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ABSTRACT
The programme of research described in this thesis has investigated the effect of confinement of the compression regions on the behaviour of structural concrete beams
up to failure under the action of static loadings.

A flexure-shear interaction design model and a corresponding approach to detailing to prevent diagonal failures in beams have been developed based on the actual
physical behaviour of beams. This has been achieved by confining only the compression regions in the beam structure with closed stirrups. The increase in concrete
strength resulting from the presence of the confining stirrups was aimed at offsetting
the reduction in the flexural capacity of beams due to the presence of shear forces.
A method for the evaluation of the flexural capacity of beams in which confinement
is present has also been proposed. The approach was extended to the design of
over-reinforced beams to enable them to behave in a ductile manner.

A test programme comprising a total of fifty three simply supported beams was used
for the development (twelve beams) and for the verification (forty one beams) of the
proposed design models. The results obtained confirmed both the applicability and
the effectiveness of all of the design concepts and detailing approaches which have
been put forward in this research programme. It is believed that the concepts which
have been put forward could form a basis for the development of a rational unified
approach to the design of structural concrete members.

Chapter 1
INTRODUCTION

1.1 BACKGROUND

The approaches which are currently used for the design of structural concrete beams
under the combined actions of shear and bending moment are widely recognised as
being inadequate. A number of theories and analytical models have been put forward
in an attempt to explain the shear mechanism and thus predict the shear strength
of structural concrete members. Consequently, several design models have been developed for the prevention of diagonal failures in beams. None of these approaches,
however, have been widely accepted. To date, there is still a lack of understanding
with respect to the diagonal failure mechanism. The behavioural mechanisms which
have been assumed in many cases are in disagreement with the observed physical
behaviour of beams. The majority of the current design methods assume that two
mutually exclusive behavioural mechanisms exist simultaneously in a beam in order
to resist the applied shear loadings i.e. contributions from concrete in the form
of beam and beam/arch actions and from the stirrups in the form of truss action.
These methods also ignore the interaction between the actions of shear and flexure
in the design of a beam in which they act simultaneously.
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The lack of understanding of the mechanical characteristics of concrete at the
material level has also contributed to the difficulty in finding a unified rational design approach for structural concrete beams. It is recognised that all types of beam
failures occur as a result of the development of transverse tensile stresses in the concrete compression regions within the beam structure. It could therefore be argued
that the confinement of these regions with closed stirrups would delay failure and
thus enhance the behaviour of beams under such loadings.

The enhancing influence of confining stirrups on the strength and ductility of
structural concrete members has been recognised in the literature. However, only
a few attempts have been made to utilise this enhancement in the design of structural concrete beams under static loading conditions. This programme of research
therefore represents an attempt to utilise confinement stirrups for the prevention
of diagonal failures in beams and thus lead to an enhancement in their flexural behaviour. The design approaches which have been developed are based on a thorough
understanding of the actual structural behaviour of beams and the actual mechanical characteristics of concrete. They also took into consideration the interaction
relationship which exists between shear and flexure and concluded that in effect
only one behavioural mechanism exists within the beam structure when subjected
to such loadings.

In order to illustrate the significance of this programme of research the issues
addressed are briefly discussed in sections 1.1.1 and 1.1.2.
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1.1.1 The Riddle of the Shear Problem
During the last 100 years, a large number of research programmes have been undertaken to investigate the behaviour of structural concrete members under the action
of shear loadings. Despite the enormous amount of data available from related
theoretical and laboratory based research work the prediction of the behaviour of
structural concrete beams under transverse loading is still a formidable task. It is
only currently possible to determine with any degree of accuracy the ultimate capacity and deformation of beams under pure bending moment. Unfortunately, in
practice the majority of beams are subjected to a combination of bending moment
and shear. A wide range of analytical models have been proposed for beams under
such loadings[1, 2, 3, 4, 5]. In practical design applications; as distinct from general
theories, there is still no accurate approach for predicting the load carrying capacity of structural concrete beams under transverse loading. The truss analogy[6, 7]
which was originally developed almost a century ago, forms the basis of the design
procedures which are present in most current Codes of Practice[8, 9, 10, 11]. This
shows that the problem is far from being solved and that there is still a need for the
development of a more rigorous approach.

The ACI-ASCE Committee 326[12] report on "Shear and Diagonal Tension"
stated that between 1899 and 1960, tests on some 2,500 beams and frames have
been reported in the literature. In the same period over 450 papers on this subject
have been published in different parts of the world. The introduction to that report
closes with the following statement:
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"The problems of shear and diagonal tension have not been fundamentally and conclusively solved

," "Committee 326 wishes strongly to encourage further research

work, not only to explore other areas of the problem, but to establish a basically rational theory for effects of shear and diagonal tension on the behavior of reinforced
concrete members". Later in the report, the Committee sums up the difficulties
encountered in reaching a satisfactory design procedure for shear as follows:
"It is again emphasized that the design procedures are empirical because the fundamental nature of shear and diagonal tension strength is not yet clearly understood.
Further basic research should be encouraged to determine the mechanism which results in shear failures of reinforced concrete members. With this knowledge it may
then become possible to develop fully rational design procedures".

In the ACI-ASCE Committee 426[13] report entitled "The Shear Strength of Reinforced Concrete Members" an attempt was made to establish the state-of-the-art
by reviewing research results and design proposals from more than 300 published
papers. The following comment was included in the introduction to that report:
"Despite the tremendous number of references on this subject , the question of shear
strength is far from being settled. In some instances the explanations of behavior and
the design concepts that are presented are somewhat speculative and may change as
more information becomes available".

In 1984 MacGregor[14] described the shear provisions contained within the ACI
Code of Practice[8] as "empirical mumbo-jumbo".
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In 1987 Baiant and Sun[15] stated that: "The diagonal shear failure of reinforced concrete beams is classical yet formidable problem that has not been resolved
to complete satisfaction despite several decades of study."

Traditionally, the riddle of the shear problem was attributed to the large number
of various interrelated factors which were believed to influence diagonal failures. In
addition, the complexity of the shear problem may be regarded as being due to the
general lack of understanding of the mechanical characteristics of concrete. The
assumed diagonal failure and shear transfer mechanisms which were not in agreement with observed structural behaviour have also prevented the development of a
rational unified solution.

In conclusion, it is believed that a satisfactory solution to the shear problem
can be achieved only through a better understanding of the mechanism of diagonal
failures. Research efforts should be directed to investigate the overall structural
behaviour of beams under the combined action of shear and bending moment. The
design methods for preventing diagonal failures in beams should take into consideration flexure-shear interaction behaviour. They should also consider the enhancing
effects of confining stirrups on the ductility and strength of compression concrete.
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1.1.2

Influence of Confinement on the Flexural Behaviour of Beams

The majority of published research on confinement has been mainly related to seismic loading conditions. The ductility resulting from confinement was exploited to
enable the ultimate flexural capacity of a column to be maintained under the large
deformations experienced during earthquakes. On the other hand, the design approaches adopted by Codes of Practice require beams to be under-reinforced in
order to prevent brittle compression failures under static loading conditions. When
increased ductility due to confinement is provided these limitations are believed to
be too restrictive.

The enhancing influence of confinement on the flexural behaviour of beams is
widely acknowledged, however, no attempt has been made to utilise this enhancement in the design of beams under static loading conditions. In an attempt to utilise
the enhancing influence of the confining stirrups, it is suggested that the longitudinal reinforcement ratio should be allowed to exceed the maximum value specified
in Codes of Practice. The brittle compression failures which are characteristic of
over-reinforced beams can be prevented by confining the compression concrete with
closed stirrups.

1.2

UNIFIED DESIGN APPROACH

Structures which have shown signs of distress have indicated that the integrity of a
structure is dependent on rational design concepts and detailing approaches which
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give greater consideration to overall force paths and resisting elements. A more realistic view of structural concrete should put emphasis on the examination of overall
structural behaviour, reappraising the assumed mechanisms of failure which do not
agree with actual structural behaviour, and studying the flow of forces throughout
the structural members.

The basic objective of a rational unified design approach is to eliminate distracting artificial barriers and concepts which compartmentalise the designer's thinking
i.e. critical sections, and highly precise calculations which are neither possible nor
necessary since they are based on wild guesses of actual stiffness and crude estimates
of loadings. Instead, the development of unified design models should be based on
highly transparent design-orientated analytical tools which balance accuracy against
simplicity. In this regard, Bobrowski[16] commented: "It is a human characteristic
to approach an ordinary problem in a simplistic or in a complicated way; however,
the resolution of a complex problem in a simple way is a divine privilege".

A unified design approach should ensure reliable structural behaviour at service
(working) load levels and also ensure sufficient ductility up to failure. The fail safe
behaviour of structures should be the principal aim and brittle failures should be
avoided. The performance requirements in the ultimate limit state should include
sufficient strength, ductility, clear warning of impending failure, ductile fracture,
and possible load redistribution. In the serviceability limit state they must include
sufficient rigidity and controlled crack formation.
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1.3 OBJECTIVES
This programme of research was aimed at contributing to the development of a unified design approach by offering more realistic design models which are in agreement
with the actual physical behaviour of beams. A new design approach for structural
concrete beams has been developed in which the enhancing effects of the confining
stirrups on the ductility and strength of the concrete compression regions in the
beam structure have been utilised. Particular emphasis has been placed on examining the performance of beams at both working and ultimate load levels.

The principal objectives of this programme of research are as follows:

1. To reach a more realistic understanding of the structural behaviour of beams
under the action of lateral loadings.
2. To develop a new detailing approach for the stirrup reinforcement in a beam
in order to prevent diagonal failures.
3. To develop a flexural-shear interaction design model for the prevention of diagonal failures in beams.
4. To extend the applicability of the flexure-shear interaction design model to address the factors which are traditionally believed to influence diagonal failures
in beams including: the shear span to depth ratio, the longitudinal reinforcement ratio, the concrete strength, the shape of the cross section, size effects,
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etc.
5. To propose a method for the evaluation of the flexural capacity of beams in
which the compression regions have been confined.
6. To develop a method for the design of over-reinforced beams to ensure that
they fail in a ductile manner when their compression regions have been confined
with closely spaced closed stirrups.
7. To derive a new longitudinal reinforcement ratio ( 14) based on confinement
under balanced-failure conditions and to compare it with the case in which
confinement is not present (Pb).

1.4

RESEARCH PROGRAMME

The component parts of the research programme are as follows:

1. A detailed examination of the mechanisms of diagonal failure given in the
literature. The most realistic concept (the Compressive Force Path (CFP)
concept) was subsequently identified and subjected to further development.
2. The theoretical basis of the flexure-shear interaction design model and the
detailing approach for the prevention of diagonal failures have been developed
with reference to the actual structural behaviour of beams.
3. The applicability of the new approach to detailing of the stirrups was verified
experimentally. Eight beams were designed using the provisions of BS 8110[9]
9

and detailed in compliance with the proposed detailing arrangement.
4. Twelve tests which were required for the development of the flexural-shear
interaction design model were carried out on beams. In addition, the results
from more than twenty beams which were tested in the initial stages of the
investigation as well as results found in literature were analysed.
5. The applicability of the flexure-shear interaction design model was verified
experimentally using ten full-size beams.
6. The theoretical basis of the shear-flexure interaction design model was extended to account for the factors which were believed to influence diagonal
failures in beams e.g. the shear span to depth ratio, the longitudinal reinforcement ratio, the concrete strength, the size effects, etc.
7. The applicability of the extended flexure-shear interaction design model was
verified experimentally using one large-scale beam and seven beams made from
high-strength concrete.
8. The design approach for over-reinforced beams has been developed using a
theoretical model and the results obtained from tests on beams in which the
flexural compression regions were confined with closely spaced closed stirrups.
The new balanced-failure longitudinal reinforcement ratio (p'b ) has been based
on the proposed approach for the evaluation of the flexural capacity of beams
resulting from confinement. The relationship between

(K) and (") has been

derived theoretically and was found to be a function of the confinement characteristics.
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9. The applicability of the design method to over-reinforced beams was verified
experimentally using the results obtained from seven beams.
10. The applicability of the flexure-shear interaction design model and the corresponding detailing arrangement for beams with circular cross sections were
investigated using test results obtained from eight beams with circular cross
sections. The beams were detailed in such a way that different configurations
of stirrups were used to confine the concrete compression zone. The proposed
method for the evaluation of the flexural capacity resulting from confinement
has been verified for beams with circular cross sections using the results obtained from the test programme.

1.5 OUTLINE OF THESIS
The thesis consists of the following eight Chapters:

• Chapter 1: Discusses the present trend towards the development of unified approaches to structural concrete design and practice. It outlines the significance,
the objectives, and the organisation of the present research work.

• Chapter 2: Critically reviews previous research work into the behaviour of rectangular beams under lateral static loadings. Emphasis has been placed on
shear transfer and the resulting failure mechanisms, and on the recently developed techniques which aim to solve the shear problem. Conclusions relating
to the influence of previous work on this investigation have been outlined.
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• Chapter 3: Includes the development of a new understanding of the actual
structural behaviour of beams under transverse loading. Also, the theoretical
basis of a flexural - shear interaction design model and a corresponding

detailing approach for the prevention of diagonal failures in beams have
been developed. Tests required for the investigation of the applicability of the
proposed detailing arrangement (Test Series 'A') have been also included.

• Chapter 4: Includes the tests required for the development of the flexure-shear
interaction design model (Test Series '13'). This Chapter also describes the
implementation of the model into the analysis and design of normal-size beams
made with normal-strength concrete. In the proposed model, the determination of the amount of stirrups has been based on the confinement requirements.
The available confinement models have therefore been reviewed and the most
reliable model has been modified to make it applicable to beams subjected to
only transverse loading. Experimental verification of the proposed model for
the prevention of diagonal failures (Test Series 'C') has been included.

• Chapter 5: Extends the applicability of the proposed model to take into account the factors which are traditionally believed to influence diagonal failures
in beams. Emphasis has been placed on beam size effects and the concrete
compressive strength. Experimental verification using a large beam (Test Se-

ries '13') and several high-strength concrete beams (Test Series `E') have
also been included.
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• Chapter 6: Includes the development of methods for the evaluation of the flexural capacity of beams with confinement and for the design of over-reinforced
beams utilising the beneficial effects of confinement. A new balanced-failure
longitudinal reinforcement ratio (p0 which results from confinement has also
been derived. Experimental verification of the design method for over-reinforced
beams has been included (Test Series 'F').

• Chapter 7: Critically reviews previous research work into the behaviour of beams
with circular cross sections. The need for fundamental tests on beams with
circular cross sections has been outlined. The effect of confining the compression zone on the load carrying capacity and ductility of beams with circular
cross sections has been investigated experimentally (Test Series 'Cr').

• Chapter 8: Outlines the main conclusions obtained from the investigation and
suggests possible areas of future work in which the enhancing effects of confinement can be utilized in the design of structural concrete elements under
static loading conditions and other related subjects.

A description of the experimental work and testing procedures which were common to all the test series are given in Appendix A. The description includes concrete
and steel material characteristics, manufacture and preparation procedures of the
test specimens, loading arrangement, procedures, measurements, test data, etc. In
addition, the thesis includes three Appendices which contain the data and the calculations used in the design and analysis of the beams included in the programme
of research.
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Chapter 2
LITERATURE REVIEW OF THE BEHAVIOUR OF BEAMS UNDER
TRANSVERSE LOADING

2.1

INTRODUCTION

The principal aim of this programme of research has been directed towards the development of simple analytical models for the prediction of the behaviour of beams
under transverse static loadings. Accordingly, the most relevant published research
work, Code provisions, and basic concepts are critically reviewed in this Chapter.
The emphasis has been placed on the nature of shear strength and the approaches
which have been used for the prevention of diagonal failures in beams with rectangular cross sections. In addition, the flexural behaviour of beams in general is briefly
examined. The conclusions relating to the impact of previous work on the scope of
this proposed programme of research are also outlined.

2.2

BEAM CLASSIFICATION

It has been accepted practice for investigations into diagonal failures to test rectangular beams without shear reinforcement under a four-point loading arrangement.
The results of such tests have indicated that both the ultimate flexural capacity
(Mu ) and the mode of failure depend on the shear span to depth ratio (a/d). The
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results from such investigations are shown in Figure 2.1. The relationship is commonly referred to as Kani's Valley[17, 181. It can be noted from Figure 2.1 that
the longitudinal reinforcement ratio (p) only affects the transition point from one
type of behaviour to another. A reduction in the value of

p

tends to increase the

relative ultimate flexural capacity (111-1,I-) and to either decrease or increase the a/d
ratio which marks the transition points for the different types of beams.

Beams are somewhat artificially divided into four groups[5, 17, 19] depending
on their perceived failure mode. For comparison and discussion purposes only and
with particular reference to Figure 2.1, the following beam classification has been
adopted in this programme of research.

2.2.1

Type I (Long Beams)

Type I beams achieve their full flexural capacity (M u --.---Long beams, in which a/d > 6.0 and the value of

Mf )

p ':•_-' 1.8%,

and fail in flexure.

have a shear strength

which is higher than their full flexural capacity.

2.2.2

Type II (Normal Beams of Intermediate Length)

In this case beams do not reach their full flexural capacity

(M1 ).

Their ultimate

flexural capacity (Mu ) is equal to the diagonal cracking capacity. In normal beams
where 2.5<a/d<6
_ and the value of

p '-_-'

1.8% the ratio ( Mx
mi ) decreases as the a/d

ratio decreases to a minimum value which is dependent on the value of p. This value
is the lowest point in Kani's Valley.
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2.2.3

Type III (Short Beams)

These beams do not reach their full flexural capacity. Short beams, in which
1<

ald <

2.5 and the value of p -: 1.8%, have an ultimate shear capacity which

is higher than the inclined cracking capacity. The ratio (-/Alf
-'1.-) increases as the a/d
ratio decreases until it reaches unity (Mu = Mf).

Beams of types II 86 III are commonly provided with shear reinforcement in order
to ensure that they achieve their full flexural capacity.

2.2.4

Type IV (Deep Beams)

Deep beams, in which a/d < 1 and the value of p.'--' 1.8%, have an ultimate shear
capacity which is higher than their full flexural capacity.

2.3

MODES OF FAILURE

The different types of failure which occur in beams unreinforced for shear are described in this section. In order to avoid confusion a consistent approach to the
terminology used in this section has been adopted throughout the thesis.

2.3.1

Flexural Failure

In long beams (type I), almost vertical cracks develop in the region of the maximum
bending moments. Eventually, these cracks cause failure of the beams as shown in
Figure 2.2. The failure is due to either of the following:
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(a) excessive yielding of the longitudinal reinforcement, followed by crushing (splitting) of the compression concrete resulting in a ductile failure (under-reinforced
beams);
(b) crushing (splitting) of the compression concrete above the flexural crack before
yielding of the longitudinal reinforcement which is termed a brittle failure (overreinforced beams).
These modes of failure are collectively referred to as a "Flexural Failure".

2.3.2 Diagonal Failure
Shear distress and diagonal failure have been reported in almost all types of structural concrete members. These include, beams, corbels, shear walls, slabs, columns,
beam-column junctions, construction and expansion joints, foundations, etc. It is
recognised that the cracking pattern and the failure mode may be different for each
type of member, but, it is believed that the actual mechanisms by which shear is
transferred within members are similar regardless of their structural use.

In general, a diagonal failure occurs under a combination of shearing force and
bending moment. Axial load, torsion, or a combination of both may also be present
and contribute to failure. Diagonal cracks in webs of either reinforced or prestressed
concrete beams may develop regardless of the existence of flexural cracks in their
vicinity. Diagonal cracks which occur in beam webs which were previously uncracked
due to flexural stresses are referred to as "Web-Shear Cracks". An inclined crack
originating from the tip of a flexural crack and effectively becoming an extension
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of this crack is referred to as a "Flexural-Shear Crack" and the flexural crack as an
"Initiating Crack". In addition to the two primary inclined cracks (the web-shear
and the flexural-shear cracks), other cracks caused by either splitting stresses between the longitudinal reinforcement and the concrete, or by dowel action forces in
the longitudinal bars, are referred to as "Secondary Cracks"[19, 20, 21]. The different types of inclined cracks are shown in Figure 2.3.a.

The web-shear cracks are only common in thin-web I-shaped prestressed beams
with relatively large flanges[19]. Web-Shear cracks may also be found near a point of
inflection and at bar cutoff points in reinforced concrete continuous beams subjected
to axial tension[20].

Flexural-shear cracks are common in both reinforced and prestressed concrete
beams[22]. In non-prestressed concrete beams, almost vertical flexural cracks are
expected to develop under service loads. These cracks cause no distress to the
beams until a critical combination of flexural and shear stresses develops near the
internal extremity of one of the cracks. At this point the inclined crack forms. The
rate of transformation of the initiating crack into a flexural-shear crack depends on
the growth and height of the flexural cracks as well as on the magnitude of the
shear stresses near the tips of the flexural cracks. The resulting failure modes are
as follows:
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(i)

Diagonal-Tension Failure

Following the formation of flexural cracks in the type II beams one of the diagonal
cracks which developed in the shear span continues to propagate through the beam
until it becomes unstable. Eventually, the beam collapses as a result of splitting
of the compression concrete at the tip of the crack as shown in Figure 2.3.b. This
mode of failure is referred to as a "Diagonal — Tension Failure"[13, 23].

(ii)

Shear-Tension Failure

In short beams a curved diagonal crack forms in regions subjected to combined
shear and bending moment actions which may also lead to the initiation of additional secondary cracks. The secondary cracks may propagate backwards along the
longitudinal reinforcement resulting in a loss of bond and anchorage failure as shown
in Figure 2.3.b. Eventually, the beam collapses as a result of splitting of the compression concrete. This mode of failure is referred to as a "Shear—Tension Failure" [24]
(from reference [13]).

(iii)

Shear-Compression Failure

Alternatively, a short beam may collapse as a result of splitting of the compression
concrete above the tip of the diagonal crack but there is no accompanying anchorage
failure as shown in Figure 2.3.b. This mode of failure is referred to as a "Shear —
Compression Failure".
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2.3.3

Deep-Beam Failure

In deep beams, after the occurrence of inclined cracking, it has been suggested that
these beams behave as a tied-arch as shown in Figure 2.4.a. Five possible modes
of failure have been suggested[25, 26, 27] as shown in Figure 2.4.b and described
below:

(1)

Anchorage Failure

"Anchorage failure" occurs near the support, and may be linked to splitting of the
concrete due to dowel action.

(2)

Bearing Failure

"Bearing failure" occurs at the supports, when the bearing stresses exceed the bearing capacity of the concrete.

(3)

Flexural Failure

"Flexural failure" occurs due to either yielding of the steel reinforcement or fracture
of the concrete near the top of the arch.

(4)

Arch-Rib Failure Over the Support

"Arch-rib failure" occurs due to the presence of tension cracks over the support.

(5)

Arch-Rib Failure Along the Diagonal Crack

"Arch-rib failure" may also occur due to cracking of the concrete along the diagonal
cracks bordering the underside of the rib of the arch.
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The structural behaviour of deep beams can be studied in isolation[28, 29, 30, 31]
as a special case. It is the fundamental structural behaviour of beams which is the
principal concern of this programme of research and therefore the emphasis has been
placed on the investigation of the behaviour of beam types I, II, and III.

2.3.4

Conclusions

The final collapse of beams undoubtedly occurs as a result of splitting of the compression concrete in spite of all the attempts to identify individual modes of failure
many of which centre on the development of either diagonal cracks or bond failure.
Therefore, it is believed that collapse of beams is related directly to the state of stress
in the concrete compression zone. Consequently, it can be argued that enhancing
the load carrying capacity and ductility of beams can be achieved by delaying the
splitting of the compression concrete.

2.4
2.4.1

BEHAVIOUR OF BEAMS UNDER THE COMBINED ACTION
OF SHEAR AND BENDING MOMENT
Introduction

While, no attempt have been made to review all the previously published work
on this subject, basic concepts, Code provisions, and recently developed design
approaches have been critically reviewed in this section.
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2.4.2

Mechanisms of Shear Transfer

Traditionally, it is assumed that the behaviour and failure modes of beams subjected
to shear loading are dependent on the method by which shear is transmitted from
one plane to another. The majority of the Codes of Practice assume that shear
is transferred through a beam by means of shear stress, aggregate interlock, dowel
action, arch action, and shear reinforcement. The different mechanisms of shear
transfer which have been assumed are briefly discussed below.

(a) Shear Transfer by Concrete Stress
Assuming concrete possesses no tensile strength in flexure, the maximum shear stress
at the neutral axis in a beam subjected to a shear force (V) is given by equation (2.1).

_ V , V
b.jd — b.d
V

(2.1)

where jd is the lever arm of the internal couple.

This equation which was developed by MOrsch[32, page:273] at the turn of this
century has been widely used to date as a convenient "index" to measure diagonal
tension stress even for cracked beams. The shear stress at failure in most beams is
considerably less than the direct shear strength of the concrete. The real concern is
with diagonal tension stress, resulting from the combination of shear and longitudinal flexural stresses[331.

At a point below the neutral axis which is subjected to shear stress (v) and
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normal tensile stress (ft), the maximum principal tensile stress occurs on a diagonal
plane and can be determined from equation (2.2).

ftma

•

1
= — ft +

2

ft + v2
(_)2

2

(2.2)

The direction of the maximum principal tensile stress is found from equation (2.3).
1
v
a = - tam-1
2
jt

(2.3)

where a is approximately equal to 45 degrees assuming ft is very small.

The maximum principal tensile stress (ftniaz. ) was linked to the inclined cracking of
concrete. When the tensile stresses become excessive, diagonal cracks develop at
approximately right angles to the compressive principal stress trajectories.

(b) Interface Shear Transfer
Interface shear, aggregate interlock, shear roughness, shear friction, or tangential
shear transfer are different expressions which have been used by researchers to describe the transfer of shear forces along diagonal cracks.

If the shear plane was an existing crack, failure was assumed to involve slippage
along the crack as well as movement at right angles to the direction of the crack[34].
In this case shear can be transferred only if either lateral reinforcement or lateral
restraint is provided as shown in Figure 2.5.a. This type of shear transfer is referred to as the "shear-friction hypothesis"[8, 35]. Experimental studies on concrete
push-off specimens[34, 36] have shown that shear stiffness and strength increase with
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increasing reinforcement strength (p f y).

If the shear plane is located in monolithic concrete, diagonal cracks normally
form across that plane. In this case, it is assumed that failure involves truss action
as shown in Figure 2.5.b.

Investigations into aggregate interlock have normally been carried out on precracked specimens. The crack was either partially or totally prevented from widening
as the shear forces were increased, as shown in Figure 2.5.c and 2.5.d respectively[37].
Other tests have been carried out on plate specimens cracked using a direct tensile
force. The tensile force remained constant while in-plane shear forces were applied
across the crack[38].

It is generally assumed that the aggregate interlock mechanism results from a
combination of crushing and movement across the faces of the crack. Several models
•

have been proposed to explain and/or predict aggregate interlock behaviour. One
of the models[39] put forward two types of interlock.
(1) The first is due to local roughness which is related to the interlocking of the
fine aggregate particles (crushing action).
(2) The other is the global roughness which is related to the interlocking of the
coarse aggregate particles (sliding and overriding).
In this model, it was assumed that the predominant action results from the local
roughness as long as the initial crack width is less than 0.25mm.
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Other models have suggested that aggregate interlock is essentially related to
frictional sliding of the two rigid surfaces which are effectively considered to have a
saw-tooth shape[40] or to comprise of a series of parabolic segments[41].

A more recent model[42] considers concrete to be a two-phase material in which
aggregates are modeled as rigid spheres distributed and embedded to various depths
within a deformable rigid-plastic cement matrix. The shear forces are assumed to
be resisted by a combination of crushing and sliding of the rigid spheres into and
over the softer cement matrix. Contact and interaction between spheres projecting
from opposite faces of the crack are neglected. This model was considered[43] to
be more representative of the actual behaviour of concrete. However, applying it to
reinforced concrete is not straightforward because of the interaction between aggregate interlock and dowel action.

It was concluded, based on test results[37, 38], that the shear stiffness and
strength provided by aggregate interlock increase with increasing concrete compressive strength and the size of the aggregate in the matrix, and with decreasing crack
width.

(c) Dowel Action
When longitudinal reinforcement crosses a crack, part of the shear force is resisted by
dowel action. As a sequence of dowel action splitting cracks running along the bars
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may occur as a result of increasing tension in the surrounding concrete combined
with the wedging action due to the deformation of the bars. The occurrence of
splitting cracks decreases the stiffness of concrete around the bar and decreases the
shear strength which in turn reduces the possible contribution from actual dowel
action.

(d)

Arch Action

It has been argued that a load on a beam is transmitted to the supports through
arch and beam actions[17]. The full strength of the two actions cannot be combined
because of the assumed incompatibility of the deformation associated with the two
mechanisms. It is assumed that there is a transition in the behaviour from beam
to arch action[17]. Nevertheless, some of the recently developed models for the
evaluation of shear strength are based on the assumption that both mechanisms take
place simultaneously[44]. Kotsovos[45] has suggested that loads are transmitted to
the supports along a compressive force path i.e. at the ultimate limit state beam
action is insignificant.

(e)

Shear Reinforcement

Traditionally, shear reinforcement is viewed as tension members in a conventional
truss. Although this analogy is helpful in simplifying the design concept it was considered to oversimplify the solution because it does not consider the influence of web
reinforcement on the other shear transfer mechanisms. Test results[46, 47, 48, 49]
have shown that shear strengths can be up to 80% higher than that predicted by

26

the truss analogy because of the presence of stirrups.

The role of shear reinforcement has been very controversial among researchers.
It was considered that in addition to their direct resistance to shear, they restrict
the widening of cracks, maintain aggregate interlock, and increase dowel action[13].
Mphonde[50] argued that the increase in shear resistance was due among other things
to the role of the stirrups in enhancing the concrete compressive strength resulting
from confinement.

2.4.3

Contribution of Shear Transfer Mechanisms to Shear Resistance

In the design methods adopted by Codes of Practice it is postulated that all the
types of shear transfer mechanism occur to widely varying extents in structural
concrete members. The shear force (V) is assumed to be carried by the mechanisms
shown in Figure 2.6.a and are related in equation (2.4) below.

V = Vs + Vc z Vd Va y

(2.4)

where:
Vs is the resistance due to web reinforcement.

Ve

is the resistance due to other actions (excluding the shear reinforcement).

Vcz is the resistance due to compression concrete.
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Vd

is the resistance due to dowel action.

Vay is the resistance due to aggregate interface action.

A number of experimental investigations[51, 52, 53, 54] have been carried out
on beams without shear reinforcement in order to assess the contribution from
each of the above. It was concluded from these investigations that the contribution from Vcz, Vay, and Vd varied between 20% — 40%,33% — 50%, and 15% — 25%
respectively[19]. Etebar[36] proposed the relative contributions shown in Table 2.1.

The contribution from all of the internal mechanisms of shear transfer for beams
with shear reinforcement is assumed[13] to be as shown in Figure 2.6.b. Figure 2.6.b
indicates that before flexural cracking all the shear is carried by the concrete. After
flexural cracking but before diagonal cracking has appeared the shear is resisted by
Vcz,V3y, and Vd. After the occurrence of inclined cracking the shear reinforcement
contributes to the resistance of a section (1 73 ). When the stirrups have yielded, any
additional shear force is assumed to be carried by the other shear transfer mechanisms. As the inclined cracks widen

Vay

is reduced and the contributions from Vd

and Vcz have to increase until failure occurs.

Most ultimate load design procedures, which are based on these shear transfer
mechanisms, divide the applied shear into two components. One component is assumed to be carried by the shear reinforcement (Vs ) and the second component is
carried by the other transfer mechanisms, collectively referred to as the concrete
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shear strength (K). Empirical relationships[8, 551 and/or tabulated values[9] estimating the shear strength of concrete (17c ) are incorporated in the different Codes
of Practice.

2.4.4

Discussion and Conclusions

It is widely accepted that the main contributor to shear resistance in beams is aggregate interlock[52, 56, 57, 58]. The concept of aggregate interlock forms the basis of
current Code provisions for shear design. Sliding along the crack interface must take
place in order to mobilise this action. This concept is, however, incompatible with
the observed behaviour of beams which have failed by diagonal cracking. In this
case a crack propagates in the direction of the principal compressive stress and opens
in an orthogonal direction[59, 60]. Kotsovos[5] has argued that if there was a significant sliding movement along the crack interfaces, localised cracks would branch
out in all directions along the crack. The occurrence of such crack branching has
not been reported to date. Bobrowski[16] stated that aggregate interlock and dowel
action are only secondary mechanisms in beams. He emphasised that the principal
aspect of a diagonal failure in beams is associated with the stress conditions in the
compression zone.
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2.5

SHEAR STRENGTH OF BEAMS WITHOUT WEB REINFORCEMENT

2.5.1 Introduction
The work described in this thesis is concerned amongst other things with the development of a design model for preventing diagonal failures. The model is based on the
assumption that the load carrying capacity of beams without shear reinforcement
is known. Some of the models put forward to predict the load carrying capacity of
beams without shear reinforcement are, therefore, reviewed in the following sections.

2.5.2 Statistically Developed Models
Many empirical equations have been proposed as a consequence of the results obtained from numerous investigations. In these equations, factors which were believed to influence the shear strength were considered. The factors included concrete strength (fc ), concrete type (e.g. normal-weight and light-weight concrete),
longitudinal reinforcement ratio (p), cross section dimensions, axial load level, and
if, present prestressing force.

Equation (2.5) is included in BS 8110[9] for the prediction of the nominal concrete
strength (K) for beams under the action of shear and flexural stresses.
L

K

= vbd
c.

i

= 0 .79 (1°M.8 ) 3 ( —
400 ) 4 .oa—
II1
bd
d
-y n,

where:

7 rn is the partial safety factor = 1.25.
30

kiv,
1 ‘ I ram)‘

(2.5)

3.0.

121±a
bd

The relationship may be multiplied by (--ff51 )i when 25 MPa < fcu< 40 MPa,
where f is the cube compressive strength of the concrete.

BS 8110 also limits the applied shear stress (v L) to either 0.8V7 or 5 MPa,
whichever is lower in order to prevent crushing of the web.

The ACT Code of Practice[8] puts forward either equation (2.6) or, as a more
accurate form, equation (2.7).

= 0.17/7g.bd (N, mm)
Vd
f.bd (N, mm)
V, = (0.16IT + 17.2p— .bd < 0.29 1/7
m

where

(2.6)
(2.7)

f' is the cylinder compressive strength of the concrete.

Test results[61] have shown that the ACT equations were not conservative for low
values of p and subsequently Rajagopolan and Ferguson[61] proposed the following
equation:

V, = (0.066 +8.3p)VT.bd (N, mm) p < 0.0012

(2.8)

The CEB-FIP Model Code[10] gives equation (2.9).

= 0.092VT,(1 + 50p)K.bd (N, mm)
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(2.9)

where:
p<

0.02.

K =

1.6 — d(m) > 1.0.

The Model Code also limits the applied shear stress to 30% the compressive
strength of the web concrete in order to prevent crushing of the web.

Several relationships have been proposed by researchers. Equation (2.10) and
equations (2.11-2.13) which were derived by Rafla[62] and by Zsutty[63, 64] respectively are the more widely accepted relationships. It was found [65] that the
relationships put forward by Zsutty closely predicted the shear strength of beams
even those made from high strength concrete.

i I

V, = au P -5 A 7 bd (N, mm)
d°255 8

(2.10)

where:
au is an empirical coefficient which is dependent on the i ratio. Its value can be
found in reference [62].

Zsutty put forward the following equations:

For normal beams of intermediate length
(a) At diagonal cracking
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(b)

v„ = 59 Lfc , Pd/ a( psi )

(2.11)

(psi)

(2.12)

At ultimate capacity

Vu = 63.4 \3.1 fepd1 a

For Short Beams
( 2.5 \
vu =

2.5.3

\3/

C-1-17t) ( 59

d
LI P

a)

.

(psi)

(2.13)

Physical Models

These can be grouped into two categories. The first is based on strength criteria and
includes the concrete tooth, concrete arch, and strut and tie models. The second
category is based on stability criteria and includes models which are derived from
fracture mechanics considerations.

Several models have been proposed for each type of diagonal failure including
secondary failure modes. The most important models for the principal failure modes
are briefly reviewed below.

(a) The Comb - Like Structure Behaviour (Concrete - Tooth Models)
In an attempt to solve the riddle of the shear problem Kani[17] postulated that a
reinforced concrete beam under increasing load and without shear reinforcement,
transforms into a comb-like structure. The concrete blocks between the almost vertical flexural cracks represent the teeth and the compression concrete represents the
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backbone of the concrete comb.

The diagonal failure mechanism of beams with effectively unbonded longitudinal reinforcement which was assumed is shown in Figure 2.7.a. In this case, the
concrete body is mainly under diagonal compression (struts) and hence, diagonal
failure cannot be expected to occur.

In the case where bond exists between the longitudinal bars and the concrete,
the strut line tends to bend up to the right due to the steeper force resultant near
the end support. In this case, the behaviour of the concrete tooth was compared to
that of a short cantilever (corbel) subjected to the horizontal internal force (AT) as
shown in Figure 2.7.b.

The load carrying capacity of the beam at which the concrete tooth breaks
(M„) was determined based on the simplified concrete tooth representation shown
in Figure 2.7.b and given by equation (2.14).

1/4Cr

==

7 ft 2 112 AX a
oa
s (7/
86

Mo

AX a
—
s d

(2.14)

Failure was assumed to occur when the tensile strength of the concrete at the
root of the concrete cantilever was reached (Kani's hypothesis).

On the basis of Kani's hypothesis, the acceptance of beam theory "i.e. plane
section remains plane after bending" is incorrect and leads to inconsistencies in the
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shear strength theory.

When the concrete tooth fractures, the beam is assumed to be transformed into
a tied arch as shown in Figure 2.8.a. The transformation may occur suddenly (for
type II beams) or gradually (for type III beams).

The load carrying capacity of the remaining arch was given by equation (2.15)
based on the conditions shown in Figure 2.8.b.
M, =

Mf d

(2.15)

0.9 a

where Mf is the full flexural capacity of the beam

; d Asfy.

It was concluded, based on Kani's hypothesis and validated by his test results,
that the load carrying capacity of a beam varies with respect to the a/d ratio (a)
as shown in Figure 2.1. The behaviour of beams was divided into three categories
depending on the value of the a/d ratio. The different types of behaviour are as
follows:
1. For small a/d ratios (a < a„,,„), the concrete tooth capacity is lower than
the capacity of the remaining arch. In this region, transformation of a beam
into an arch takes place gradually when the concrete tooth capacity has been
exceeded.
2. For arm. < a < a t,-, the capacity of the arch is lower than the capacity of
the concrete tooth. Therefore, transformation into an arch occurs suddenly.
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In this case a beam fails suddenly when the concrete tooth capacity has been
exceeded.
3. For a > a tr , a beam reaches its full flexural strength i.e. a diagonal failure is
not expected to occur.

The concrete-cantilever model was later modified by other researchers to account
for dowel and aggregate interlock actions as shown in Figure 2.9. These actions were
assumed to be initiated by tangential displacements along the crack faces.
In the model developed by Hamadi and Regan[66], the loading of the tooth was
divided into two complementary systems. One system comprised partly of the bond
force, aggregate interlock, and dowel action. The other system consisted of the
remaining part of the bond force and the moment at the head of the tooth. The
relationship given by equation (2.16), was subsequently put forward.

,
1,
v,„ = - k qi + v qi + q2) (N, mm)
2
where:
_-..- 1.75(Ec (10) -5 + rd).
C
1 .
--, 67.4(10)- 7 KE8 d 1÷

=--

4.12(db) :1 b. NTg.

= b - Edb.

. 1.2 for gravel concrete.
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(2.16)

db

is the longitudinal bar diameter.

E,

is the elastic modulus of the steel.

E,

is the elastic modulus of the concrete.

Recently, Reineck[67, 68] developed a model for slender beams based on the
modified concrete tooth concept. In this model, the state of the stress in the web
was represented by a truss-model with concrete tensile struts. Reineck put forward
equation (2.17) which takes into account size effects.

vu =

(0.4 ft) +
(1 + 0.1q A (5 — 1))
bd

(2.17)

where
A—
Vd

Lasp

nu

is the dowel resistance.

Anu is the critical crack width.
fc is the concrete tensile strength.

Appraisal of the Concrete-Tooth Models
Detailed investigations have been carried out to evaluate the state of stress in the
concrete cantilevers[52, 57]. The hypothesis based on concrete cantilever action does
not explain why the critical diagonal crack invariably initiates near the tip of the
flexural crack closest to the support. It also does not explain why failure always
occurs in the support region of the cantilever (swilling of the flexural compression
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concrete) rather than in the concrete cantilever itself as is assumed in this model.

Bobrowski[16] considered that relating the ultimate strength of a member to the
stress condition below the tip of the crack was a gross over-simplification. Instead,
the real failure mechanism should be related to the actual state of stress which exists in the compression concrete. It should be emphasised that this failure condition
exists in several structural concrete members as was pointed out by Bobrowski and
is shown in Figure 2.10.

In the light of the comments above, it may be concluded that the concept of
a comb-like structure does not offer a better understanding of the diagonal failure
mechanism.

(b) Models Based on Arch Action (Strut and Tie Model Using Theory
of Plasticity)
A number of models have been proposed, based on arch action[62]. Among these
are the strut and tie models and the shear-compression theories.

The shear-compression theories[69, 70, 71] are based on the assumption that the
end of the beam is supported in such a way that any rotation takes place about a
plastic hinge at the tip of the critical inclined crack. This implies that the relative
displacement is normal to the crack, which was considered to be correct only if there
was no shear deformation[72].
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The mathematical theory of plasticity has been applied to structural concrete
beams by Nielsen and Braestrup[4, 73, 74]. The mechanism of diagonal failure was
assumed to be as shown in Figure 2.11. A vertical deformation was assumed to occur
in a yield line inclined to the axis of the beam at an angle equal to 13 as shown in
Figure 2.11.a. The concrete and the steel were assumed to have rigid and perfectly
plastic material characteristics. The tensile strength of the concrete was ignored. It
was also assumed that the longitudinal reinforcement did not yield and failure was
due solely to the crushing of the concrete.

The upper and the lower bound solutions were identical in accordance with either the assumed failure mechanism or the stress field shown in Figure 2.11.a and
Figure 2.11.b respectively.

The ultimate shear strength (v„ = 1,5) was given by equations (2.18) and (2.19).

f

—P
T V4wv -v-2u (:)2
(\li

or

ci

f cn. w > —
2

)2

ii
— 2

w<

(2.18)
(2.19)

where:
v

is the effective concrete strength factor introduced to limit the usable concrete
compressive strength.

bh fc'
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a is the distance between the edges of the support and the loading plates.

Appraisal of Applying the Plasticity Theory to Structural Concrete
In order to obtain good agreement with the test results, a complex expression for
the effective concrete strength was necessary to account for all of the factors which
were believed to affect the shear strength[62]. Nevertheless, Erizant[751 has criticised
the application of the plasticity based approaches to brittle failures.

It was deduced[76J that the upper-bound solution put forward by Nielsen and
Braestrup did not satisfy moment equilibrium for the rigid elements. Alternatively,
Kemp and Al-Safi[76] proposed a rigid-plastic-upper-bound solution, which satisfied
both force and moment equilibrium. In the solution, steel was assumed to yield at
failure.

(c) Fracture Mechanics Models
Instability was used to determine failure in the models which have been developed
from fracture mechanics. It was assumed that structures do not exceed their material
strength level. The failure occurs when a critical crack length is reached. In this
case, the energy necessary to create new surfaces is smaller than the energy released
which results in unstable crack growth and a brittle failure. Hawkins, Mattock,
and Wyss used this approach to propose equation (2.20) for a section uncracked in
fiexure[77] .
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Vc =

2.87(bh)".75Vfc.

h
(-i<

b < h) (kN, mm)

(2.20)

where:
h is the overall depth.
is the width.

b

For a section already cracked in flexure, they proposed to multiply equation (2.20)
by a reduction factor /3 where:
13 =

1.07 — 0.006 AI < 1

Several models, based on fracture mechanics, have recently been proposed[75,
78, 79]. A combination of arch and beam actions and a gradual transition from
strength criteria to instability criteria have been assumed in these models. 13g.zant
and Kim[75] proposed equation (2.21) which also took into account size effects
(Wizant size-effect law).
-Z
V!, r:-- K1 PP (Cal + K2VI) )
( Dr

Where

Ki. , K2,

,lia )
(1 + - d

(2.21)

p, q, Ao , and r are empirical parameters obtained from the

results of tests on geometrically similar specimens. The expression for the mean
ultimate nominal shear strength given by equation (2.22) was put forward after a
statistical comparison was made of the available test data.
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(2.22)

Different forms of the size-effect law were proposed[15, 78] in order to account for
the maximum aggregate size and the results obtained from several test programmes.

Appraisal of Fracture Mechanics Models
A comparison between experimental data and equation (2.20) highlighted the maccuracy of the predicted average shear strength ( vc
I . m easured varied between 0.83 and
ccalculated

1.22)[80].

The size-effect law was suggested for use in large structures and for ensuring
the serviceability requirements of all beam sizes[78]. Nevertheless, it was deduced
that the size-effect law model was over-conservative for extremely large beams[79].
In addition, in order to obtain good agreement with the test results six empirical
parameters (K1, K2, p, q, A° , and r) were introduced into the model. This reduces
the model to one of an empirical form.

2.5.4

Discussion and Conclusions

There is a considerable difference of opinions among researchers regarding the diagonal failure mechanism of beams without web reinforcement.

• In the models which were based on the concrete-tooth action, the failure was
assumed to be associated with the stress condition below the neutral axis.
In the original model[17], the failure was assumed to occur when the tensile
strength at the root of the concrete cantilever was reached (Kani's hypothesis).
In the modified models[66, 67, 68] failure was assumed to be governed by
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aggregate interlock, dowel action, and concrete tensile strength. Krefeld and
Thurston[81] and Chana[82], however, have suggested that dowel action at the
level of the longitudinal reinforcement initiates the failure of the beams.
• In the strut and tie models, failure was assumed to occur when the concrete
compressive strength was reached[69, 71, 73, 83].
• Theorems based on fracture mechanics[84, 85, 86] are solely concerned with
the instability of the diagonal crack and do not consider a crushing failure or
splitting due to dowel action.
• Bobrowski[16] and Kotsovos[451 have deduced that failure takes place in the
compression zone as a result of the development of a state of stress in which
tensile stresses initiate failure of the beams.

Many other relationships have been proposed for predicting the nominal shear
capacity of structural concrete beams[13, 23, 44, 69, 87, 88, 89, 90, 91, 92, 93, 94].
They are all found to be very similar to those reviewed above apart from the use of
different coefficients.

It is believed that the nominal shear strength of beams is not a good indicator
of the load carrying capacity of beams at diagonal failure since it is not an indicator of the actual state of stress which exists and results in the failure of beams.
Nevertheless, the development of a theoretical model to evaluate the shear strength
of beams without web reinforcement is not the principal aim of this programme of
research. However, in order to develop the required analytical model to evaluate the
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transverse reinforcement requirements it was necessary to review all the principal
published models.

2.6

SHEAR STRENGTH OF BEAMS WITH WEB REINFORCEMENT

2.6.1 Introduction
Traditionally, in order to minimise the risk of having undesirable brittle diagonal
failures, shear reinforcement is introduced into regions subjected to high shearing
stresses. The basic philosophy of the current Codes of Practice is to ensure that stirrups restrain the growth of inclined cracking, increase ductility, and give adequate
warning in situations in which diagonal cracking may result in a failure.

This section critically reviews some of the assumed shear mechanisms and the
solution techniques for beams with web reinforcement which have been put forward
in an attempt to clarify the shear problem.

2.6.2 Truss Analogy
(a) Truss Analogy-Original
In the pioneering work by Ritter (1899)[95] (from reference [13]) and MOrsch (1909)[7]
(from reference [13]), it was postulated that after diagonal cracking a beam with web
reinforcement can be replaced by an imaginary pin-connected truss as shown in Figure 2.12.a.
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The web of the equivalent truss consisted of stirrups acting as vertical tension
members and concrete struts running at 45 degrees parallel to the diagonal cracks.
The concrete compression zone acts as a compression chord and the flexural reinforcement acts as a tension chord.

In the original truss analogy, the shear strength of the vertical stirrups (V) was
calculated using equation (2.23) which was based on only equilibrium requirements
i.e. compatibility of deformation was not considered.

jd
V = Avfv sv

(2.23)

where:
jd is the lever arm of the internal couple.
.s, is the spacing of the stirrups.

The contribution of the concrete to shear resistance was ignored in this relationship.

(b) Truss Analogy-Improved
The original truss analogy was considered to be over-conservative in estimating the
shear reinforcement requirements because it ignored the shear forces which were assumed to be carried by concrete and by dowel action[13]. Also, actual crack patterns
indicated that the diagonal cracks were not inclined at an angle of 45 degrees.
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Talbot[96] (from reference [13]) in 1907 deduced from test results that shear
strength is dependent on the concrete strength, the amount of flexural steel, the
length of the beam, and the amount of shear reinforcement. He also indicated that
the stirrup stresses were smaller than those predicted by the relationships based on
the truss analogy approach and that part of the shear force must be carried by the
concrete. Richard[97] (from reference [13]) reached a similar set of conclusions in
1927.

In attempt to improve the truss analogy, the changes in either the inclination of
the compression chord or the slope of the concrete struts were proposed as shown
in Figure 2.12.b (improved truss analogy)[56, 98].

(c) Truss Analogy-General Case
In another modification aimed at generalising the truss analogy approach only part
of the shear force was assumed to be carried by the stirrups (V,), while the remaining
shear force (Vc ) was assumed to be resisted by other actions. It was also recognised
that concrete struts may form at an angle which was not equal to the assumed
value of 45 degrees. The general case of the modified truss analogy is shown in
Figure 2.12.c. The required amount of shear reinforcement A t, was determined from
equation (2.24) which was based only on equilibrium requirements.

At, =

st,b
V8
sin0(cote + cot/3) fy„

where:
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(2.24)

vs—

c.

is the shear stress carried by the stirrups =

vs

v is the total shear stress =
vc

.4 ,

is the shear stress carried by the concrete =
is the yield strength of the stirrups.

s„ is the stirrup spacing.
is the inclination of the diagonal struts.
(3 is the inclination of the transverse reinforcement.

In this relationship, it was assumed that all the stirrups had reached yield.

The compression stress in the concrete struts (f, d ) was found from equation (2.25).

fed ==

v,
sin2 (cot0 cot/3)

(2.25)

In the case where = 90° and 9 = 45° (common truss analogy), the required
amount of shear reinforcement (A„), and the compression stress in the concrete strut
(fed) were obtained from equations (2.26) and (2.27) respectively.

v,

At,

svb

(2.26)

jyy
fed

= 2v,
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(2.27)

Most Codes of Practice assume that 8 = 45 degrees and that the contribution of
the concrete is equal to the shear force carried by beams without shear reinforcement
when diagonal cracking first appears. This estimate has been judged[13] from test
results to be conservative. Also, the actual diagonal cracking process indicated that
8 varies along the span of the beam. Steeper diagonal cracks were usually found to

develop near the loading points.

The optimum angle of 8 is about 38 degrees[32, page:296] based on strain energy considerations. The CEB-FIP 1990 Model Code[55] suggests that the flattest angle 9 is equal to 18.4 degrees (cote) = 3). The limiting ranges for 8 in the
1984 Canadian[99] and the 1987 ACT draft[100] Codes of Practice are 15 degrees to
75 degrees and 25 degrees to 65 degrees respectively. Thiirlimann[101] has suggested
that in order to prevent excessive inclined crack widths, 8 should not be less than
25.6 degrees.

When 9 is less than 45 degrees, the number of stirrups which intersect a diagonal
crack is more than those encountered when the inclination of the crack is assumed
to be 45 degrees. This is frequently given as one of the reasons why design equations
based on the truss analogy tend to be conservative.

Flat diagonal concrete struts and steep stirrups imply larger compression stresses
in the concrete struts. In order to prevent crushing of the concrete struts, most
Codes of Practice place a limit on the applied shear stresses e.g. BS 8110[9] limits
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this value to either 0.8 .Vfc, or 5.0 MPa whichever is the minimum. However, other
factors which will affect the compression stresses in the concrete struts are believed
to exist. These include:
1. Secondary moments which are present because of the absence of true "pin
joints".
2. Stirrups transfer tensile stresses thus producing a state of biaxial stress in the
concrete struts. It is known that the concrete compression strength is reduced
significantly due to the existence of these transverse tensile stresses.
3. The compression force which is applied at the imaginary truss joint is far from
being evenly distributed across the web.
4. Some inclined cracks might form at an angle considerably less than the assumed value of 0 and as a result compression stresses in the concrete struts
will tend to be much higher than predicted.
Different forms of the truss analogy have been proposed by a number of researchers[13,
62, 80, 100, 102, 103, 104, 105]. These models included the option to vary the angle
of inclination of the diagonals. The design techniques used in some of these models
were related to the ultimate and the serviceability limit state conditions.

(d) Discussion and Conclusions
Generally, the truss analogy is considered to be a powerful tool in the study of
the behaviour of reinforced concrete beams with web reinforcement. It permits the
determination of stirrup stresses, compression stresses in the concrete struts, and
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shows the effect of varying the inclination of the stirrups upon these stresses.

The classical 45-degree truss model which was put forward by MOrsch has been
adopted by most Codes of Practice as a basis for their shear and torsion design provisions. The original simple and straightforward approach was subsequently obscured
by many empirical modifications such as those which exist in the design procedures
for a section under either flexure and axial force or shear and torsion. As a result,
rather than being simple and generally straightforward the approach has become
complex, empirical, and too restricted.

This analogy was considered[131 to over-simplify the shear design problem. This
is because, the influence of stirrups in the enhancement of aggregate interlock and
dowel action was ignored. This reason was also given as an explanation for the
conservative nature of the results obtained from the truss analogy.

The truss analogy cannot be applied to all static and geometric conditions including those involving discontinuities. This analogy would not give safe solutions
when applied to beams failing due web-shear cracking since failure occurs before
yielding of the stirrups. Kuttab and Haldane[1061 have tested beams in which stirrups did not extend down the entire depth of the beams. As such, truss action
could not possibly have developed yet the beams were found to have reached their
full flexural strengths. The behaviour of such beams cannot be explained in terms
of the assumptions put forward in the approach based on the truss analogy.
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Despite these shortcomings and limitations, the truss analogy is still to date the
only basis for designing reinforced concrete structures in many Codes of Practice[8,
9, 10, 11].

2.6.3

Strut-and-Tie Models

General

(a)

The standard truss model was found not to be applicable to all types of members,
particularly at static and geometric discontinuities. In these cases, approaches based
on available test results, rules of thumb, and past experience were usually applied.

In order to apply a design concept to all parts of any structure a generalised
form of the truss analogy was proposed in form of strut-and-tie-models]1, 107].

(b)

Model Elements-Development

In the strut-and-tie model, the reinforced concrete is considered to carry loads
through a set of compressive fields (struts) which are distributed and interconnected
at nodes by either reinforcement bars (ties) or concrete tensile stress fields. The general form of the concrete strut is assumed to be in the shape of a prism, a bottle,
or a fan as shown in Figure 2.13. The struts and ties are designed by orientating
them along elastic stress fields and, if necessary, modifying them to conform to the
prevailing practical considerations.
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Nodes are considered to represent the intersection of three or more assumed linear stress fields which themselves represent either stress fields, or reinforcing bars.
This implies that there is an abrupt change in direction of the force in the node
region. For struts and ties which represent concentrated stress fields, the nodes are
referred to as either singular or concentrated nodes. If they are representative of
wide stress fields or several distributed reinforcing bars, the forces may be smeared
(or spread). In this case they are called smeared (or continuous) nodes.

For design purposes, a beam is divided into "D"- and "B"-regions (near the
loading points, openings, corners, or bends, and the rest of the beam respectively).
Where "B" stands for beam, or Bernoulli, and "D" stands for discontinuity, disturbance, or detail. In B-regions, the Bernoulli hypothesis of plane stress distribution
is assumed to be valid. These regions can easily be designed to a high degree of
accuracy prior to cracking. After cracking, normally one of the truss models can
be applied. In D-regions, the strain distribution is nonlinear. In the case where
the concrete is not cracked, regions are designed using linear elastic analysis. After
cracking, the strut and tie models are used. The boundary conditions for these regions are obtained using a general structural analysis approach and the results from
the B-regions.

In D-regions the most appropriate load carrying model is suggested to be obtained assuming that loads are transferred along a pre-determined path with minimum forces and deformations. This assumed criteria of optimisation was modeled
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using equation (2.28).

EFtLt€,„; = minimum

(2.28)

where:

Ft is the force in the strut or tie member.
Li is the length of the member.
Erni is the main strain in the member.
(c) Compressive Strength of Cracked Concrete (fcd.)
The compressive strength of concrete (fcd. ) in compression fields or within nodes is
assumed to be dependent on the actual state of stresses and the disturbance resulting from the cracks and the reinforcement. Collins[108] has suggested that fcd is
a function of the strain perpendicular to the direction of the principal compressive
stress. Kollegger and Mehlhorn[100] concluded from test results that Lc!* is more
accurately described as a function of the transverse tensile stresses rather than the
transverse tensile strain. The 1978 CEB Model Code[10] and the First Draft of the
1990 CEB-FIP Model Code[55] gave Le as a function of the shape of the cracks.
The existence of cracks which were not parallel to the compression stress fields is
considered to be detrimental to the load carrying capacity of the member.

It was suggested[1] for practical purposes that the concrete compressive strength
(fcd. ) in the concrete struts, and in the nodal zones should be taken as 1.0f, d for a
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prismatic compressive field type. When tensile strains or tensile reinforcement result
in cracks parallel to the compressive stresses, L c/. was to be taken equal to 0.8f,d.
If the cracks or reinforcement were not parallel to the compressive stresses, f, d• was
taken as 0.6f,d and in the case where cracks were very wide, fcd was taken as 0.4/(4.

Based on the CEB-FIP Model Code[10], fcd can be found from equation (2.29).

0.8M
fcd —

-lc

(2.29)

where: 7, =- 1.5 (partial safety factor).

It should be emphasised that in the strut and tie model, the increased strength
due to the existence of the transverse compression stresses which may result from
confinement is normally neglected. Also, it was considered that the cracks would
not develop if the theory of elasticity was closely followed i.e. the inclination of the
struts should not be at a too shallow angle.

(d) Model Elements-Dimensioning
In the case of the singular nodes, it was assumed that forces normally balance each
other in the interior of the node throughout direct compressive stresses. For practical purposes, the anchorage and lap length requirements from Codes of Practice
were suggested[1]. In the design of the nodes, the geometry of the node is determined by the applied forces. The concrete pressure is checked to ensure that it
is within the allowable concrete compressive strength limits. This is automatically
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satisfied if the stresses at the boundaries and the anchorage requirements are satisfied. If singular nodes are safe, it is not considered necessary to check smeared nodes.

In the design of a compression strut, it was assumed that fan and prismatic
shaped stress fields do not develop transverse stresses and therefore the concrete
uniaxial strength can be used. Transverse tensile stresses are assumed to develop
in the case of bottle shaped compression stress fields. In this case, the required
concrete compressive strength is obtained from the shape of the stress field[107]. In
the case of tensile stress fields in uncracked concrete it has been suggested that the
tensile strength of the concrete is used.

In relation to serviceability, it has been suggested that satisfying detailing provisions is normally better than using sophisticated crack calculation techniques.
Nevertheless, the same model was assumed to be valid for the serviceability limit
state.

(e) Appraisal of the Strut-and-Tie Model
The strut and tie model has proved to be a very powerful technique in the solution
of geometric and static discontinuities[83, 109, 110, 111, 112, 113, 114, 115, 116].
A disadvantage of this model is that a different set of internal forces and hence
member sizes is required for each loading case. As a result, multiple load cases must
be considered separately and the use of different loading cases may require different
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models. Such an approach is generally regarded as being too tedious for the design
of conventional beams.

In addition, the model is dependent on the theory of elasticity (modified if necessary to comply with practical considerations) in order to develop the struts and ties
which provide the internal structural system. It is also assumed that the structure
will comply with such a system. The adoption of the theory of elasticity in ultimate
load design approaches does not reflect the actual behaviour of the concrete. In
general, structures do not behave in the way they are modeled. The reason for this
is that modeling is usually based on concepts which do not give full consideration to
important aspects of the behaviour of concrete. Relating the load carrying capacity
of a beam to the strength of the cracked-concrete web implies an acceptance of the
concepts of concrete softening and aggregate interlock mechanism. These concepts
have been proved to be incorrect[16, 45, 117]. In this model, the confinement effect
of the stirrups on the strength and the ductility of concrete have not been adequately
considered.

2.6.4

Diagonal Compression Field Theory

(a) General
In 1929 Wanger[108] proposed a theory to predict the post-buckling shear resistance
of thin metal beams. Wanger assumed that after buckling, metal would not resist
compression and that shear would be carried by a diagonal tensile field. In 1978
Collins[108] investigated the applicability of this theory to structural concrete. He
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assumed that after cracking, concrete cannot resist tension, and that shear would
be carried by a diagonal compression field. The ultimate shear capacity of a member was assumed to be reached either when the longitudinal or the transverse steel
reached yield, or when the average concrete compressive stress reached its limiting
value.

The theory was first developed for rectangular sections with symmetrical arrangements of longitudinal reinforcement. The stirrups were assumed to be perpendicular
to the beam axis and it was also assumed that the crack widths would be controlled.
The effect of bending moment and local disturbances were neglected. The average
stresses and strains were considered in the approach, Figure 2.14.a.

(b) Lateral Load Capacity of Beams
At ultimate load, an upper limit for shear capacity was set by assuming yielding of
the longitudinal steel. The resulting ultimate shear strength (v,i ) was given by the
following equation:

vu
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where:

fu g

is the yield strength of the transverse reinforcement.

fyp is the yield strength of the prestressing tendons.
fdt,

is the average diagonal compressive stress in the beam.
57

(2.30)

N is the applied axial force.
pi

is the reinforcement ratio for the transverse steel and is equal to

Pp

is the reinforcement ratio of the prestressing steel.

Sv b'

A difficulty exists in determining the limiting value of the average diagonal compressive stress

(fd ti )

in a beam, however, from the analysis of 153 shear tests on

simple T-beams Nielsen and Braestrup[4] proposed that fdt,

0.72E. Collins put

forward the following relationship to account for the strain state in the concrete:

3.6

fd.

(1+

(2.31)

t.)

where:
Ern = et + et + 2Ed.

Et

is the transverse strain in the concrete.

€1 is the longitudinal strain in the concrete.

Ed

is the diagonal strain in the concrete.

ec, is the strain in concrete corresponding to the maximum compressive stress.
To determine the shear strength of a beam, the equations above were rearranged
in the following form:
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1 + t2

0.0
(2.32)
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where:
represents tana (tana -, el---5-1)
vu • •

t

n is the modular ratio , EL
Ec -

E,

is the modulus of elasticity of the concrete.

E,

is the modulus of elasticity of the steel.
is the strain parameter which indicates the intensity of the prestress and the
axial load.

Pit

= pi + pp•

(c) Discussion and Conclusions
The compression field theory attempted to outline a framework for developing a
rational theory for evaluating not only the shear strength of all types of structural
concrete elements, but also their overall load-deformation response. However, because of the ideal conditions considered, which rarely exist in practice, and because
of the large number of assumptions required to develop this theory, it was very
difficult for it to be adopted as a rational approach for the solution of the shear
problem.
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2.6.5 Modified Compression Field Theory
(a)

Introduction

Vecchio and Collins[3, 1181 proposed the modified compression field theory because
of the perceived limitations in the original compression field theory. The modified
theory studied the plane state of stress which influences the concrete compressive
strength as well as the presence of the tensile stresses between cracks which had
been ignored in the original approach.

(b)

Modified Behavioural Characteristics of Structural Concrete

In the modified theory, it was assumed that the strain in the concrete was equal
to that in the steel. The principal stress axes were assumed to coincide with the
principal strain axes in the concrete. The relationships between the principal stresses
and principal strains were evaluated for both tension and compression stresses using
Mohr's circle, Figure 2.14.b. The principal compressive stress (fc2 ) was given as a
function of the compressive strain ( 62 ), and the corresponding tensile strain

( 6 1 )•

The average stress/strain relationship which was derived is given below:

fc2

where fc2rnaz =
,f

1

= fc2max {2 (12-) _ (
CO )

62 )

1

(2.33)

€0 ) i

< 1.0.
Co

The inclination of the compression fields was given by the following equation.
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tan2 a =

El + Ed

(2.34)

The full behavioural response of the structural concrete members in shear can be
predicted using the compatibility condition given in equation (2.34), the equilibrium
equation of the truss model, and the stress-strain relationship of the concrete and
the steel.

(c) Generalisation of the Modified Compression Field Theory
In another attempt to simplify the design approach and to generalise the theoretical
approach in order to make it applicable to any shape of cross section, Vecchio and
Collins[119] proposed dividing the cross section into layers and treating the concrete
and steel layers separately. The principle of plane sections remaining plane after
bending was assumed. The equilibrium conditions included:
1. Balancing of vertical shear, moment, and normal forces.
2. Balancing of the horizontal shear.
In order to evaluate the shear strength using this approach it was necessary to
estimate the longitudinal strain and the shear distribution. The longitudinal stresses
in the steel were found directly from the strain in each layer. The longitudinal
stresses in the concrete layers were found from the modified compression field theory.
If the conditions of equilibrium were not satisfied, the assumed longitudinal strain
was required to be modified. This procedure was repeated until equilibrium was
achieved.
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(d)

1984 Canadian Code of Practice

Collins and Mitchell[2] outlined the new design procedure for shear which was included in the 1984-Canadian Code of Practice[99]. The approach was largely based
on the modified compression field theory. In the proposed design procedure, the
inclination of the diagonal compression was given an arbitrary value assumed to be
constant along the length of the beam. The longitudinal and the transverse strains
in the concrete were assumed to have a value equal to 0.002. For sections subjected
to variable shear, the "staggering" concept[120, 121] in which a section is designed
for a shear force less than that indicated by the shear diagram was adopted. The
strut and tie models were recommended for the design of the D-regions.

(e)

Conclusions

The compression field theory can be considered to be an attempt to promote a
rational theory for solving the shear problem. It is based on equilibrium and compatibility considerations as well as material characteristics.

On the other hand, this theory is suited to conditions, where stress trajectories
are parallel and the shear distribution is uniform. The traditional truss analogy,
however, offers a simpler and an adequate solution to these conditions. The theory
was not applied, to static and geometric discontinuities (D-regions). Instead the
Canadian Code of Practice adopted strut and tie models. In addition, the design
was based on the concept of critical sections for shear (sectional design) rather
than considering the overall behaviour of the beam under load (member design).
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The enhancing influence of stirrup confinement on the strength and the ductility
of concrete was also not considered. The modified compression field theory cannot
therefore be considered as a rigorous and straightforward approach which could be
followed for the solution of different shear problems in a similar manner.

2.6.6 Plasticity Theory Model
The mathematical theory of plasticity[4, 73, 74, 122] was applied to beams with
web reinforcement. In this approach, the shear resistance was obtained by equating
the internal and the external work done in a beam under the assumed deformation
pattern shown in Figure 2.11.c. The ultimate shear strength (v,i ) was given by
equations (2.35) and (2.36).
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= vIA(K0 — A) for

fc
vu

K0K,

F,
Jc

—2-

for

>

K0

0.0 < A < --2—

(2.35)
(2.36)

where:

Vu

d'

_v
bdi

is the truss height (distance from the centre of the compression zone to the
tensile reinforcement).

A_
K,

is the effective concrete strength factor (concrete compressive strength =
Kaa

63

Campbell[123] showed that the rigid plastic theory over-estimates the amount
of reinforcement required for a balanced section when the elastic deformation was
considered. It also over-estimates the shear capacity of a section which is overreinforced in shear.

2.6.7 Equilibrium Analysis
It was suggested that the provision of shear reinforcement be based on the shearcompression theory[13] for short beams failing in shear-compression. In the analogy,
equilibrium was satisfied by summing moments about a point in the compression
zone above the tip of the inclined crack.

Regan[56] assumed that failure was caused by normal tensile stresses in the
compression zone of the beam. These stresses were obtained using equilibrium and
approximate compatability equations. Regan admitted that the resulting equation
for the ultimate shear strength was too complex and recommended the use of a
graphical or other related types of solutions.

2.6.8 Arch Action Theory
The remaining tied arch theory which was developed by Kani[17] for beams unreinforced for shear was extended to beams with web reinforcement. The transverse
loading was assumed to be carried by arch action. Kani[124] postulated that after
cracking a beam was transformed into a number of tied arches hanging into the
compression zone by stirrups. Only the outer arch was supported directly at the
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supports. The purpose of stirrups, based on this theory, was to provide reactions for
the internal concrete arches which support the compression zone, and not to carry
the shear force as widely accepted and adopted in Codes of Practice. This theory
was intended to be regarded as a rational approach, however, it is a qualitative and
impractical theory[16].

2.6.9 Compressive Force Path Concept
(a)

Introduction

The aim of the Compressive Force Path (CFP) concept was to promote a better
understanding of the behaviour of reinforced concrete beams under transverse loading and to produce a more realistic explanation of the causes of diagonal failure. In
this concept the applied loads were assumed to be carried to the supports along a
compressive force path.

(b)

Shape of the CFP

The shape of the CFP as shown in Figure 2.15.a is based on the diagonal failure
mode. The failure mode characterising type II behaviour, is represented by a curved
path comprising two intersecting and almost linear portions connected by a smooth
transitional curve. The failure mode, characterising type III behaviour, is represented by an almost linear path connecting the load point to the support.

The CFP can be visualised as a flow of compressive stresses with varying crosssections perpendicular to the path. The compressive force represents the resultant
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of the stresses at each section[5]. In the case of a simple beam at the ultimate limit
state, the shape of the path was considered to be bi-linear (horizontal and inclined
legs) as shown in Figure 2.15.a. The horizontal projection of the inclined leg is
approximately equal to 2d in the case of two point loading with ald > 2, and also
equal to 2d in the case of uniformly distributed loads with span to depth ratios (1/d)
greater than 6.0. For smaller a/d or l/d ratios the point at which the force direction
changes was assumed to coincide with the load points. In the case of uniformly
distributed loads it was assumed that the load can be replaced by an equivalent
two-point loading positioned at the third points along the span.

(c) Causes of Failure
In this approach, the failure was related to the development of transverse tensile
stresses in the region of the path along which the loads were transmitted to the
supports.

Some of the reasons for the development of the tensile stresses, Figure 2.15.a,
are detailed below.

1. The change in the path direction produces a tensile force (T). This is to satisfy
the equilibrium requirements at that location.
2. The variation in the intensity of the compressive stresses along the horizontal leg of the CFP which results in the development of tensile stresses (a).
The highest stress intensity exists at the point where the cross section of the
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compression zone is smallest. The adjacent concrete provides restraint (confinement) at this section. A critical level of stress intensity would be reached
before the stresses in the adjacent sections reach similar intensities. This
critical stress level marks an abrupt and large dilation in the concrete which
induces transverse tensile stresses in the surrounding concrete.
3. Large tensile stresses(t2) develop perpendicular to the compressive stress trajectories in the region of the crack tip[59, 60, 125].
4. Bond failure between the longitudinal reinforcement and the concrete results
in changes in the compressive stress distribution in the zone between two consecutive flexural cracks, as shown in Figure 2.15.b. The rise of the neutral axis
at the right-hand side of the crack which is required to maintain equilibrium
after loss of bond can be noted from Figure 2.15.b. The change in the intensity of the compressive stress produces tensile stresses in the adjacent concrete
region in a similar way to that discussed previously (t1).

The behaviour of type II and type III beams is discussed below based on the
compressive force path concept.

(d) Behaviour of Type II Beams
An analytical representation of the two applied actions (shear and bending) was derived empirically by Bobrowski and Bardhan-Roy[87]. This expression was modified
slightly by Kotsovos[126] as detailed below:
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M„ = 0.875S d 0.342 bl + 0.3
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(2.37)

where:
S is the distance of the cross-section from the support i.e. the shear span for a

two-point loading system and 2d for uniformly distributed loading.
Z is the lever arm.

b1 is the effective width.

Transverse reinforcement will be required if M„ is less than M1 The amount of
transverse reinforcement required to resist the development of the tensile forces was
determined as follows:

(a) A significant tensile force (T) develops in the region where the compressive
force path changes its direction as shown in Figure 2.15. The action of the
transverse reinforcement not only balances the vertical component (V) of the
inclined compression, but also subjects the concrete block at that region to a
•

compressive force (D), Figure 2.15.c. This force balances the shear force (V)
acting at the right-hand side of the above concrete block. This action is considered to be activated only when the concrete carrying capacity is exceeded. The
amount of transverse reinforcement required was determined[127] as follows:

Ts?,

V = Kyy — V, = A.,„ fy„
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(2.38)

where:
Va pp

is the applied shear force.

Vc is the portion of the

Vapp

sustained by concrete alone = Mu/S.

A.„ is the transverse reinforcement required to resist T.

(b) In the case of point loading, it was[5] confirmed that it was possible that a
significant tensile force developed within the horizontal leg of the CFP in the
region of the point-load. In such a case, the shear capacity may be lost when
bond failure occurs between two adjacent flexural or inclined cracks. For simplicity, the internal force condition, shown in Figure 2.15.b, was considered.
The required transverse reinforcement was determined as follows:

1. AZ = VXI2T; V =

Vapp

2. X' = 2(d — Z — AZ) > 0.0; for X' < 0.0, the cross section should
be enlarged.
3. cr'c = C lb X'.
4. For fC triaxial= 0.8 A

c = 0.8f -I- 5 Crconfinement•

Oj

where Crconfinement
5. Assume Crt

5 -

—Crconfinement•

6. T„ = at b d.
7. A„ =

7157, fy,
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In this case, the transverse reinforcement is to be placed in the horizontal leg
region starting at a distance equal to d/2 from the point at which the path
changes direction.

(e) Behaviour of Type III Beams
In this type of beam, failure is associated with a large reduction in the depth of
the neutral axis in the region of the tip of the main inclined crack, which in turn
will lead to the development of tensile forces within the compression zone. As a
result, a compressive-tensile state of stress exists. A failure can be prevented in this
case by either, providing stirrups to carry the tensile stresses or by enhancing the
concrete compressive strength. Since, calculating the tensile stresses is difficult it was
proposed[128] to enhance the compressive strength by providing stirrups throughout
the horizontal projection length of the inclined leg of the CFP. It was proposed
that the required transverse reinforcement, in reference to Figure 2.15.d, would be
determined using the following relationship:

Ts„ =

2( M

f — Ma) _ Asv

a

fuu

(2.39)

It was emphasised[129] that shear reinforcement should be extended outside the
shear span region for a distance equal to the depth of the neutral axis.

(f) Conclusions
It can be concluded that the compressive force path concept has the advantage of
considering the overall behaviour of the beam (member design). It also offers a
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realistic explanation based on a better understanding of concrete at the material
level, of the causes of diagonal failure. The failure, in this context, is related to the
actual state of stress in the compression zone of the beam structure (CFP) in which
the transverse tensile stresses initiates the failure.

It is believed that an artificial classification of beams and the corresponding individual solution techniques have been imposed unnecessarily. In addition, an active
confinement model was used for determining the stirrup requirements for type II
beams, although, the confinement for such a case is a passive one. Moreover, the
detailing arrangement for type II beams implies that stirrups may not be needed in
the shear span near the supports. However, exploratory tests[130] which were conducted as part of this programme of research indicated that such detailing (absence
of stirrups for a distance equal to 1.5d from the support) may result in a brittle
diagonal failure.

2.7

BEHAVIOUR OF BEAMS IN FLEXURE

2.7.1 General
The currently accepted theory for evaluating the flexural capacity, equilibrium, and
compatibility requirements of beams is based on the assumption that plane sections
remain plane after bending. Concrete compressive and longitudinal reinforcement
stresses are found by considering the unia)dal stress-strain relationships for the two
materials. Transverse stresses in the concrete are assumed not to influence the be-
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haviour of the beams and are therefore ignored. Figure 2.16 shows the strain profiles
used to determine the flexural strength at a section in a beam. The longitudinal
reinforcement ratio

(p)

is used to determine the type of failure. When

the balanced-failure condition),

Es > Ey

a tension failure occurs. When

p > Pb, Es < Ey

p < Pb

(at

and hence the longitudinal steel yields and
and a brittle failure occurs in the

concrete compression region without yielding of the longitudinal reinforcement.

2.7.2 Multiaxial Stress Behaviour
The stress-strain relationships for concrete under uniaxial loading are shown in Figure 2.17.a[129]. Figure 2.17.a shows the ascending and descending parts of the curves
for the longitudinal strains developed. The transverse strains show an abrupt increase in value just before the load reaches its peak level. The volumetric strain
(et, = AV/V) relationship indicates that the peak load is reached when the volume
reaches its minimum level at which point an abrupt increase in transverse strain is
initiated.

To investigate the validity of using the uniaxial stress-strain relationship to describe the actual behaviour of concrete in the design of beams, the longitudinal and
the transverse strains were measured in the region of the beams subjected to maximum bending[131]. The results from these measurements are shown in Figure 2.18.
Figure 2.18 indicates that while the first part corresponding to the ascending portion of the curve is correct the other part corresponding to the descending portion
is totally different.
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It was concluded, from the above test results, that in the case of the unia)dal
concrete compression tests, the descending portion of the longitudinal strain relationship does not exist. The appearance of this part was attributed to secondary
effects resulting from the test machine i.e. due to the restraint between the specimen and the loading platens of the test machine. Kotsovos and Cheong[132] tested
prisms under different boundary conditions. In order to minimise the friction between the specimens and the loading platens of the test machine the axial load was
applied through loading plates smaller than the cross section of the specimen. The
results from the tests confirmed that the true stress-strain relationship consists of
only the ascending portion of the curve as shown in Figure 2.17.b.

It can be concluded from the above discussion that the uniaxial stress-strain
characteristics cannot describe the post ultimate behaviour of the compression concrete in beams under bending action i.e. the descending portion does not exist.
The ascending portion of the curve only partially describes the response of the specimens because it ignores the multiaxial state of stress which develops during the
later stages of loading at about 90 percent of the failure load. Test results have
indicated increases of up to 75 percent in the uniaxial concrete compressive strength
in the compressive stresses in beams[131].

In cases where there are no stirrups a flexural failure may be related to the
development of a multiaxial state of stress resulting from dilation of the concrete
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in a localised region within the compression zone. This region coincides with the
position of a deep flexural crack. The localised transverse expansion of the concrete
is restrained by the concrete in the adjoining regions. This may be considered to
have the same effect as confinement. At the same time, this restraint induces tensile
stresses in the adjacent areas of concrete. These tensile stresses reduce significantly
the compressive strength of the concrete and eventually initiate failure by splitting
of the compression zone in the region between two flexural cracks. The crushing of
the compression concrete appears to be a post-failure phenomenon which occurs as
a result of the loss of the restraint in the adjacent concrete regions.

2.7.3 Over-Reinforced Beams
Most Codes of Practice limit the reinforcement ratio (p) to a value less than ph in
order to provide warning of impending failure (e.g. in the ACI Code of Practice[8]
P <0.75pb).

Test results[133] have indicated that confining the concrete compression regions
with helical binding improves the ductility of beams. Furthermore, by utilising
the enhanced ductility, it was possible for over-reinforced beams to fail in a ductile
manner. Therefore, it can be concluded that design recommendations which exclude
over-reinforced beams in practice, in order to avoid brittle failures, are too restrictive
when confinement is present.
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2.7.4

Conclusions

The evaluation of the multiaxial stress conditions which develop within the compression zone as the ultimate load is approached is difficult. In accordance with
the approach to structural concrete which is based on simplicity rather than misleading precision, is considered sufficient for practical purposes to assess the flexural
capacity on the basis of the rectangular stress block as specified by Codes of Practice.

It should be noted, however, that despite the presence of a multiaxial state of
stress in concrete compression regions, Codes of Practice do not always insist on
providing these regions with transverse reinforcement in order to restrain the development of the tensile stresses which significantly reduces the concrete compressive
strength. The provision of transverse reinforcement in columns implies that compression concrete requires such reinforcement. In the case of a beam this requirement
depends mainly on whether or not shear stresses are present. This inconsistency in
Codes of Practice appears to have originated from the adoption of design principles
based on an uniaxial state of stress. The introduction of confining stirrups in the
compression zone in the beam structure will enhance the strength and ductility of
the concrete which in turn prevents brittle failures which are characteristic of the
behaviour of over-reinforced beams.
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2.8

GENERAL REMARKS AND CONCLUSIONS

2.8.1 General
The literature review has highlighted the inadequacy of current design approaches
for structural concrete beams subjected to the combined action of shear and bending moment. The design approaches assume an artificial separation between the two
actions. A beam is first designed for flexure using the moment envelope and then
it is designed for shear using the shear envelope (section design). The interaction
between shear and bending is usually ignored, or at best dealt with empirically. In
the design for shear these models assume that part of the shear is carried by the
concrete (IQ by beam and/or arch actions. The stirrups are assumed to carry the
shear (V.,) in excess of the concrete capacity through truss action. It is believed
that the assumption of the presence of different load resisting mechanisms is behind
the confusion in the Code provisions for shear described by MacGregor[14] as "empirical mumbo jumbo". In addition, V, is normally related to the strength of the

cracked concrete below the level of the neutral axis through the so called aggregate
interlock action which, if indeed it exists, is to be regarded as only a secondary
mechanism[16, 45]. The design methods adopted by the different Codes of Practice
do not relate the failure of beams to the actual state of stress which exists in the
region of the path along which loads are transmitted to the supports.

The following general conclusions regarding the behaviour of beams under transverse loadings have emerged from the literature review:
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2.8.2 Flexure Behaviour of Beams
1. The flexural failure of beams occurs as a result of the development of a multiaxial state of stress resulting from the dilation of the concrete in a localised
region within the compression zone. The evaluation of the multiaxial stress
state in this region is difficult. The acceptance of the unified design approach
which is based on simplicity rather than misleading precision, it is considered
sufficient for practical purposes to assess the unconfined flexural capacity of
beams using the rectangular stress block specified by the Codes of Practice.
2. Test results[133] have indicated that confining the compression concrete with
closed stirrups improves the ductility of beams. Furthermore, it was possible to
make over-reinforced beams fail in a ductile manner. Therefore, it is concluded
that the limitations on the longitudinal reinforcement ratio (p) imposed by
Codes of Practice are too restrictive when the compression concrete is confined
with closed stirrups. In this case the concrete compression block used for the
determination of the flexural capacity of beams must be related to the amount
of confinement provided.

2.8.3 Behaviour of Beams Under the Combined Action of Shear and
Bending
1. Behaviour of beams under the combined action of shear and bending is currently not well understood. An accurate mathematical model to represent
shear in structural concrete is still elusive. Several models have been proposed
for the solution of the shear problem. At the national level, a lot of prominence has been given to recently developed techniques. At the international
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level, none of these techniques have been widely accepted. At present, there
is an urgent need for unified and consistent rational analytical and design approaches for the entire range of structural concrete members. The difficulties
in reaching a unified design approach arise from the following factors:
(a) A lack of understanding of concrete at the material level: The adoption
of unia,)dal stress-strain curves based on unia)dal compression tests do not
represent the actual behaviour of the compression concrete in beams.
(b) The inability to define the actual mechanism of diagonal failure: Current
accepted models for shear design, excluding perhaps those based on the
CFP concept, link diagonal failure to the state of stress in the cracked concrete below the neutral axis. This implies that the load carrying capacity
of beams depends on the residual strength of cracked concrete, assuming concrete exhibits strain-softening material characteristics. Concepts
such as; critical sections for shear, "staggering" effects, and the mechanism of aggregate interlock, are usually considered in these proposed
models. These models have proved not to agree with the actual physical
behaviour of beams failing by diagonal cracking. Although failure starts
to develop from diagonal cracks in the web, the failure occurs as a result
of splitting of the compression concrete. This indicates that the stress
state in the concrete compression region plays a more significant role in
diagonal failures than that assumed in the traditional design approaches.
Therefore, rational detailing and design procedures for preventing diagonal failures in beams should be based on the restraint of the tensile
78

stresses in the concrete compression regions of the structure of the beam.
2. Traditional design models for shear consider the nominal ultimate shear strength
(v„ =

-Itii ) as an indicator of the load carrying capacity of beams at diagonal

failure. The evaluation of

vu

as given by Codes of Practice is based on results

obtained from a large number of tests. The variation in
depending on the value of

p

vu

may reach 1500%

and the a/d ratio[17]. The relative flexural ca-

pacity of beams (-/"Ai
----u-; ) represents a more realistic indicator of the load carrying
capacity of beams at diagonal cracking and therefore is used in this research
programme. The results from tests on beams have shown that all the values
of Mu range between 50% to 100% of

Mf[17].

3. Rational design models for preventing diagonal failures should account for
the presence of shear on reducing the flexural capacity of beams (flexuralshear interaction design approach). The evaluation of the amount of stirrups
needed to prevent diagonal failure should be related to the level of the applied
bending moment which is usually larger than the flexural strength predicted
from flexural theory.

2.8.4 Unified Design Approach
The aim of this programme of research is to develop a rational unified analytical
model for the prediction of the behaviour of beams under the combined action of
shear and bending moment resulting from the application of transverse static loadings.
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In the following Chapters, physical models based on experimental results and
theoretical approaches leading to analytical-predictive models have been developed
for structural concrete beams.
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Contributions to

Parameters Investigated

Shear Resistance

fc

a/d

P

Long

Aggregate Interlock

8-48%

25-40%

25-50%

Beams

Dowel Action

22-42%

40-60%

32-55%

Compression Zone

10-62%

0-35%

20-32%

Deep

Aggregate Interlock

7-12%

5-42%

7-13%

Beams

Dowel Action

31-43%

30-50%

33-42%

Compression Zone

45-65%

2-65%

45-60%

Table 2.1: Percentage Contributions to Shear Resistance.
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Figure 2.1: Classification of Beams Based on Kani's Valley.
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Figure 2.2: Flexural Failure Mode.
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(i) Flexure-Shear Crack
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(iii)Shear-Compression Failure
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Figure 2.3: (a) Types of Diagonal Cracking. (b) Modes of Diagonal Failure.
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Figure 2.4: Deep-Beam Failures. (a) Arch Action. (b) Types of Failures.
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Figure 2.5: Mechanism of Aggregate Interlock. (a) Shear-Friction Hypothesis.
(b) Formation of Truss Action. (c) Partial Lateral Restraint. (d) Full Lateral
Restraint.
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Figure 2.6: Traditional Concepts of: (a) Mechanisms of Shear Transfer. (b) Effect
of Web Reinforcement on Shear Capacity.
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Figure 2.7: Behaviour of Concrete-Cantilever. ( a ) Longitudinal Reinforcement without Bond. (b) Ideal Concrete Cantilever.
(after Kani[17])

(a)

(ii) Prior to Failure

(i) After the Second Crack

Figure 2.8: Kani's Hypothesis: (a) Arch Action. (b) Process of Transformation into
a Tied Arch.
(after Kani[17])
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Figure 2.9: Behaviour of the Modified Concrete-Tooth.

(c)

(b)

Figure 2.10: Modes of Failure. (a) Axial Compression Failure. (a') Column Failure.
(b) Flexural Failure. (c) Diagonal Failure.
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Figure 2.11: Mechanisms of Failure Based on the Theory of Plasticity. (a) UpperBound Solution. (b) Lower-Bound Solution. (c) Beam with Web Reinforcement.
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Figure 2.12: Truss Analogy. (a) Original Truss Analogy. (b) Improved Truss Analogy. (c) Modified General Truss Analogy.
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Figure 2.13: Basic Types of Compression Fields. (a) The Fan. (b) The Bottle.
(c) The Prism.
(after Schlaich et. aL[107])
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Figure 2.14: Compression Field Theory. (a) Free-Body Diagram of a Beam Section.
(b) Compatibility Conditions for Average Strains in Concrete.
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Figure 2.15: (a) Compressive Force Path. (b) Effect of Bond Failure. (c) Equilibrium
Conditions at Force Changing Direction. (d) Equilibrium Condition for Type III
beams.
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Figure 2.16: Strain Profiles at the Flexural Strength of a Section.
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Chapter 3
NEW APPROACH TO THE DESIGN OF BEAMS UNDER
TRANSVERSE LOADING

3.1 INTRODUCTION
The main objective of the design of structural concrete beams is to achieve full flexural capacity and to prevent a brittle diagonal failure. This is normally achieved by
providing transverse reinforcement in the critical regions of the shear spans. The
actual structural behaviour of beams has shown that a diagonal failure starts from
the development of cracks in the region below the neutral axis and extends up into
the compression zone. Eventually, collapse occurs as a result of splitting of the compression concrete. A new design approach for the prevention of diagonal failures in
beams utilising the effect of confinement of the concrete compression region has been
put forward in this Chapter. The proposed design model is only concerned with the
determination of the confinement requirements (the amount of stirrups required to
prevent a diagonal failure). However, to develop the model it is essential that a
better understanding of the actual structural behaviour of beams under transverse
loading is put forward. This can be achieved by using more realistic concepts for
the diagonal failure mechanisms.
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3.2

REALISTIC DIAGONAL FAILURE MECHANISM: Compressive Force Path (CFP) Concept

It was concluded in Chapter 2 that the difficulty in the solution of the shear problem
exists because of the difficulty in defining the actual mechanism of diagonal failure
and also because of the lack of understanding of the true behaviour of concrete at
the material level. It is realised that the most important fundamental characteristic
of concrete is its splitting strength and not its compressive strength as implied in
most Codes of Practice. In the Compressive Force Path (CFP) concept, the causes
of diagonal failure are related to the actual state of stress in the region of the CFP.
Failure occurs as a result of the development of secondary transverse tensile stresses
in the concrete compression zone. It is interesting to note that in the design of
beams with large openings, the compression regions (top chords) are considered to
resist all of the applied shear[134, 135, 136, 137]. It was also noted[135] that when
openings were placed in the tension region of beams, their ultimate capacity was not
correspondingly reduced. These observations also show the important role that the
concrete compression regions of the beam structure have in resisting lateral loadings. The CFP concept, therefore, offers a more realistic explanation of the causes
of diagonal failures in beams.

3.3

STRUCTURAL BEHAVIOUR OF BEAMS FAILING BY DIAGONAL CRACKING

The structural behaviour of various types of beams is discussed in this section from a
theoretical perspective and also using the results available from tests on beams. The
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variables in the test beams included the shear span to depth ratio, detailing of the
transverse reinforcement, and the amount of longitudinal reinforcement. The beams
were tested under static loading using a typical four-point loading arrangement in
which the mid-span region was subjected only to a constant bending moment and
the two shear spans were subjected to a constant maximum shear and linearly varying bending moment.

In the following discussion, the possible failure mechanisms in the various regions
of the load path are based on the CFP concept as shown in Figures 2.15 and 3.1. The
classification of the beams has been based on Kani's Valley as shown in Figure 2.1.

3.3.1 Beams without Web Reinforcement
In type II beams, the diagonal failure, Figure 3.2.a, occurs as a result of the development of tensile stresses in the compression concrete in the horizontal leg region
of the CFP inside the shear span (region 1 in Figure 3.1) and in the region where
the compressive force changes direction (region 2 in Figure 3.1). The tensile stresses
which develop in the inclined leg regions as a result of the presence of shear (region 3
in Figure 3.1) are not significant enough to cause a final tensile-compressive state of
stress which may lead to failure. In this case the final state of stress is compressioncompression as shown in Figure 3.2.a. It can be concluded that for this type of beam
the stress conditions present in the horizontal leg region are more severe than those
which exist in the inclined leg region. The load which is transmitted to the supports
(at a constant moment level) decreases as the a/d ratio increases. As a result, the
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increases. The trend is
relative ultimate flexural capacity at diagonal failure ( 112-)
Al f i
towards full flexural behaviour with increasing a/d and a decrease in the value of
p

i.e. decreasing the load carried at failure. On the other hand, as the a/d ratio

is reduced and the value of

p

is increased, the load carried to the supports (under

ratio thus decreases until it reaches a critical
constant moment) increases. The Mx
Alf
value which corresponds to the lowest point in Kani's Valley.

In the type III beams, a relatively large load needs to be transmitted to the
supports in order for them to reach their full flexural capacity

(M f ).

The subsequent

large shear force results in the development of tensile stresses, which influence the
behaviour of the inclined leg regions (region 3 in Figure 3.1). A critical tensilecompressive state of stress develops in the concrete compression region at the tip
of the diagonal crack as shown in Figure 3.2.b. The critical tensile-compressive
stress state which develops in the inclined leg region eventually causes failure. In
this case, the state of stress in the horizontal leg (regions 1 and 2 in Figure 3.1)
appears to be less critical. The load transmitted through a beam increases (to
reach the full flexural capacity) as the a/d ratio reduces which means that the
critical tensile-compressive stress state will become more severe. This implies that
contrary to experimental evidence the -1:11=L
ratio should have decreased. However, in
Alf
the case of type III beams the M-Y,
ratio increases as the a/d ratio decreases. This
Alf
apparent contradiction can be illustrated by noting that as the a/d ratio decreases
more load is transmitted directly to the support with no corresponding increase
in the shear stresses. As a result, the flexural capacity at diagonal failure (M.)
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increases. The increase in the flexural capacity continues until it reaches the full
flexural capacity. The trend as the a/d ratio decreases is therefore towards that of
deep beam behaviour. For type III beams the effect of the longitudinal reinforcement
ratio (p) is the same as for the type II beams i.e. as the value of

p

increases the full

moment capacity (M f ) increases which requires a relatively large load (shear) to be
transferred to the supports in order to reach the full flexural capacity level. As a
result, at diagonal failure, the M.ratio decreases.
Alf

3.3.2 Beams Traditionally Detailed for Shear
In the type II beams, the critical tensile stresses which develop in the horizontal
leg (regions 1 and 2 in Figure 3.1) are restrained by the stirrups as shown in Figure 3.3.a. Other possible causes of failure which influence the inclined leg (region 3
in Figure 3.1) although less critical, are also restrained. The absence of confinement
stirrups in the mid-span region does not prevent beams from reaching their full flexural capacity, however, it reduces their ductility.

In type III beams, the critical tensile-compressive stress state which exists in
the inclined leg region inside the shear span is restrained. However, beams may
fail by spalling of the compression concrete outside the shear span but close to the
loading points as shown in Figure 3.3.b because of the absence of confinement at
that location.
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3.3.3 Beams Specially Detailed for Shear: Test Series '1'

The beams in Test Series '1' were examined during the initial stages of this programme of research at Heriot-Watt University[130].

A total of eight beams with a longitudinal reinforcement ratio (p) of 1.8% were
detailed to resist shear as shown in Figure 3.4. Four beams had a shear span to depth
ratio (a/d) of 3.2 (type II beams) and the other four beams had an a/d ratio of 2.0
(type III beams). Two of the type II beams had a stirrup spacing of 120mm and
the corresponding spacing in the other two beams was 60mm. Two of the type III
beams had a stirrup spacing of 70mm and the other two had a spacing of 35mm.

In the type II test beams the critical tensile stresses which develop in the horizontal leg were restrained. Consequently, the ultimate load carrying capacity increased
compared with that for beams without shear reinforcement. Some of the test beams
were able to reach their full flexural capacity (Mf ) and failed in a flexural mode.
However, in the cases of the other beams, prevention of the diagonal failure in the
horizontal leg region, did not prevent the critical diagonal crack from propagating
deeply into the concrete compression zone in the inclined leg region where no stirrups had been provided. It appears that improving the resistance of the horizontal
leg provided a stiffer path which enabled the load to be transmitted to the support
along a new path. In the case of this path, the point at which the force changed
direction may have moved nearer to the supports as shown in Figure 3.4.a. Hence,
the behaviour of these beams was similar to that of the type III beams without web
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reinforcement, in which the stress condition at the tip of the inclined crack initiated
a diagonal failure. To prevent this type of failure, stirrups are also required in the
inclined leg region starting from the support. The diagonal failure in some of the
test beams could have been attributed to the absence of such stirrups. The introduction of the short stirrups into the test beams starting from a distance of 1.5d
from the support appears not to be sufficient to fully restrain the tensile stresses in
the region where force appeared to have changed direction. Another stress condition
which might have been attributed to the diagonal failure is the abrupt change in
beam stiffness along the load path. The stiffness of the horizontal leg which was
confined with short stirrups, was higher than that for the remaining parts of the
beam. This should have resulted in a stress concentration in the region where the
confinement was terminated and would have added to the critical stress condition
in that region. It is believed that the uncertainties which were caused by the factors
discussed above have contributed to the different modes of failure and variations in
the flexural capacities. The failure modes varied randomly between shear, flexure,
and shear-flexure. It is anticipated that as the a/d ratio is increased, the stress conditions in the inclined leg will become less critical. This is due to the smaller load
that will be transmitted to the supports at the full flexural capacity of the beam. In
such cases, beams are expected to reach their full flexural capacity if the a/d ratio
was large enough.

In the type III test beams, Figure 3.4.b, the tensile stresses which develop in
the inclined leg region were not restrained. The critical tensile-compressive state
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of stress in the inclined leg region eventually caused failure. Collapse of the beams
occurred as a result of spoiling of the compression concrete above the tip of the
critical crack near the applied load but inside the shear span where no confinement
had been provided.

The provision of short stirrups as detailed in the beams in Test Series '1' appeared from the test results to have improved the load carrying capacity of the type II
beams. However, providing the mid-span region with stirrups failed to clearly indicate how much improvement in the ductility had occurred in the beams which failed
by diagonal cracking. On the other hand, in the case of the type III beams the short
stirrups did not significantly influence the behaviour of the test beams.

Behaviour of Series '1' Beams Based on Kani's Valley
The test results obtained from the type II beams and the shape of the diagonal cracks
which caused failure of these beams, lead to the conclusion that the behaviour of
the beams had been changed from type II to type III beam behaviour with a new
theoretical shear span equal to a', Figure 3.5.b. The new imaginary shear span (a')
may be estimated by comparing the behaviour of the type II beams and the type III
beams without web reinforcement but with the same load carrying capacity with respect to Kani's Valley (Figure 6[18]). The introduction of short stirrups enabled the
type II test beams to achieve an average flexural capacity of 94% of their full flexural
capacity. The new imaginary shear span (a') of the equivalent type III beams without web reinforcement but with the same relative flexural capacity (94%) is equal

99

to approximately 1.5d, Figure 3.5.a. It is interesting to note, that this distance is
equal to the unconfined length of the beam measured from the support. A study
of the shape of the diagonal cracks found in the test beams showed that they were
similar to those found in the type III beams without web reinforcement. It can be
concluded that the role of the short stirrups was to change the behaviour from that
of type II to type III beams without web reinforcement as shown in Figure 3.5.b. It
can also be deduced that confining the horizontal leg region will prevent the failure
of this region which is characteristic of the failure of type II beams. As a result of
confining the horizontal leg, a relatively large load was transmitted to the support
through the inclined leg. It is, therefore, anticipated that the unrestrained tensile
stresses which cause failure of the inclined leg had initiated failure in the beams.

The difference in the role of confinement between the type II and type III beams
in Test Series '1' can be explained as follows:
In the case of a constant level of flexural capacity, the type II beams transmit
less load (P11 ) to the support compared to that (.P111) for the type III beams
(P111 Ls,' 2P11 ). As a result, the stress conditions in the inclined leg regions which
were not provided with stirrups was not as critical as that for the type III beams.
Subsequently, the type II beams were able to achieve a much higher relative flexural
capacity (M. = 0.94Mf ) compared to that for type III beams (M. = 0.75M 1 ). The
short stirrups succeeded in restraining the most critical stress state which exists in
the horizontal leg region of the type II beams. On the other hand, the short stirrups
did not have a significant effect on the behaviour of the type III beams because they
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were placed in the less critical region of the load path.

3.3.4 Beams Specially Detailed for Shear: Beam Tests Conducted at
Birzeit University
An exploratory series of tests[106, 138] to investigate the behaviour of beams was
conducted at Birzeit University before the start of this programme of research. The
following discussion is based on the results from these tests.

Nine beams having a longitudinal reinforcement ratio (p) of 1.8% were detailed to
resist shear in a similar way to the beams in Test Series '1' except that they were unreinforced for shear along a distance equal to 2d measured from the support. Three
type II beams had an a/d ratio equal to 3.2 (three identical beams-type C4[138])
and three type II beams had an a/d ratio of 3.6 (three identical beams-type C[106]).
The remaining three type III beams had an a/d ratio of 2.0 (the three beams were
identical).

The type II test beams failed in shear and achieved load carrying capacities
equal to approximately 80% of their full flexural capacity. The tensile stresses in
the region where the compression force changes direction, which influence the critical conditions in the horizontal leg region of type II beams, had not been adequately
restrained due to the absence of stirrups in that region. Subsequently, only a slight
improvement in the load carrying capacity was obtained. A new imaginary shear
span (a') equal to 2d, similar to the beams in Test Series '1', as shown in Figure 3.5.a,
may have influenced the behaviour of the beams. It is interesting to note that once
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again, this distance was equal to the length which was unreinforced for shear i.e. 2d
from the support.

The type II test beams with an a/d ratio equal to 3.6, almost reached their full
flexural capacity and showed improved ductility. This was due to the relatively small
load which was transmitted to the supports (at a constant moment level) compared
with that for the type II beams with an a/d ratio of 3.2. As a result, the stress
conditions in the inclined leg (region 3 in Figure 3.1) did not influence the behaviour
of the beams although the unconfined length was 2d.

All the type III test beams failed by diagonal cracking in the shear span region
in a similar way to that which occurred in the type III beams in Test Series '1'.

3.3.5 Beams Specially Detailed for Shear: Beams Tested by Kotsovos
Four type II beams with a/d ratios of 3.3 (two nominally identical beams) and 4.4
(two nominally identical beams) were detailed to resist shear in a similar way to
that adopted in the test programme conducted at Birzeit University, except that
long stirrups were used instead of the short ones[5]. In all of the test beams, diagonal cracks developed in the shear span where there was no confinement. Further
extension of the cracks into the compression zone was prevented by the presence of
the long stirrups. Eventually, the beams failed in flexure.

The test programme also included two type III beams with an a/d ratio equal
to 1.5 in which the long stirrups were placed under the load points and were also
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placed in the mid-span region instead of the shear span region. The beams failed by
diagonal cracking with a load carrying capacity equal to 96% of the corresponding
capacity of traditionally detailed beams. The increase in the flexural capacity of
the test beams was relatively small compared to the corresponding point in Kani's
Valley[18]. However, confining the compression concrete outside the shear span
region, restrained the development of the critical tensile-compressive state of stress
near the load points. This type of detailing resulted in a ductile diagonal failure.
Kotsovos[128] proposed providing the entire length of the shear span with traditional
stirrups in order to prevent diagonal failures. In order to prevent splitting of the
compression concrete outside the shear span, Kotsovos suggested that the stirrups
be placed in the mid-span region near to the loading points for a distance equal to
the depth of the neutral axis. The critical state of stress which develops in regions 2
and 3 (Figure 3.1) of the load path was restrained by this type of detailing. Beams
detailed as described above normally behave in a flexural ductile manner.

Comparison with Type II Beams in Test Series '1' and the Birzeit University Test Programme
The results from the beams in Test Series '1' and the Birzeit University test programme appear to contradict the findings from the investigation conducted by
Kotsovos. It was noted from these test programmes that a brittle diagonal failure may occur in type II beams which may result in the beams not necessarily
reaching their full flexural capacity if the inclined leg region is not confined. However, the type II beams tested by Kotsovos in which the inclined leg regions were
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not provided with stirrups reached their full flexural capacity. The conflicting experimental evidence which has arisen from the beam tests conducted by Kotsovos
can be explained as follows:
1. The beams had larger a/d ratios (3.3 and 4.4) compared to those in Test
Series '1' (a/d = 3.2). This resulted in the transmission of less load at full
flexural capacity of the beams. The smaller loads were not sufficient to result
in the development of a critical stress condition in the inclined leg regions.
Consequently, the absence of the stirrups in that region did not reduce the
overall capacity of the beams.
2. The change in stiffness throughout the load path was less severe because of
the use of long stirrups. As a result, the stress concentration in the inclined
leg region was less critical.
3. The use of long stirrups restrained the growth of the diagonal cracks compared
with the cracks in the other beams. This maintained the integrity of the
flexural stiffness of the beams.
4. The long stirrups seem to be more effective in restraining the tensile stresses
which usually develop at the point at which the load path changes direction
(region 2 in Figure 3.1).
5. The reduced size of the test beams (d = 90mm) compared with the beams
included in this series (d = 260mm) may have affected their capacity. It is
known that small size beams exhibit a larger ultimate flexural capacity at
diagonal cracking[139]. This may be attributed to the confinement effect of
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the compression concrete due to the large strain gradient present in small
beams.
3.3.6 Structural Behaviour of Beams under Transverse Loading

The effect of variations in the values of a/d and
ity of beams

(Mu )

p

on the ultimate flexural capac-

reflects their influence on the critical state of stress along the

load path. A relatively higher load is transmitted to the support (under constant
bending moment) in the case of beams with small a/d ratios (type III beams). This
initiates the critical state of stress in the inclined leg region particularly when the
longitudinal reinforcement ratios are high. On the other hand, a relatively small
load is transmitted to the supports when the a/d ratios are large (type II beams).
In this case, the state of stress in the inclined leg region is not critical and failure
occurs in the horizontal leg region.

(a) Behaviour of Type II Beams
In the type II beams, the most critical stress conditions exist in the horizontal leg region. However, restraining these stresses by confining the horizontal leg with closed
short stirrups forces the critical state of stress in the inclined leg region to be the
dominating parameter. This means that the capacity of the inclined leg is less than
that which corresponds to the full flexural capacity

(M1 )

of the beam. This also

shows that, although, the shear span is subjected to a constant shear force, the
inclined and the horizontal leg regions have different load carrying capacities.

Despite the fact that the causes of failure and the load carrying capacities of the
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various regions of the shear span (load path) are different, the design approaches
present in Codes of Practice are based on the existence of a critical section for shear.
In the four-point loading system, the entire length of the shear span is subjected
to a constant shear force and hence designs based on the Codes result in the same
requirements for shear reinforcement for the entire shear span. If Codes of Practice
were based on actual structural behaviour and realistic causes of diagonal failures,
different arrangements of transverse reinforcement would have been required for the
various regions of the shear span.

(b) Behaviour of Type III Beams
In the case of type III beams, the critical tensile-compressive state of stress exists in
the inclined leg regions. The confinement of the inclined leg regions (shear spans)
alone enables the beams to achieve their full flexural capacity. However, some beams
may fail in a less ductile manner due to possible spalling of the compression concrete
outside the shear span region but close to the loading points. This implies that the
transverse reinforcement is also needed for part of the horizontal leg.

3.3.7 Conclusions

The proposed flexural-shear interaction design model has been developed based on
the understanding of the actual structural behaviour of beams under transverse
loading discussed above. The following remarks are drawn from that discussion:
1. The actual structural behaviour of beams under transverse loading can be
explained from the understanding that failure is associated with the actual
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state of stress which exists in the concrete compression region as given by the
CFP concept.
2. The collapse of a beam occurs as a result of the development of transverse
tensile stresses along the CFP which consists of horizontal and inclined leg
regions.
3. For each type of beam, the critical state of stress exists in either the horizontal
(beam type II) or the inclined (beam type III) leg regions. However, restraining
only the most critical stress state does not necessarily prevent diagonal failures
in beams.
4. Conclusions on the effect of confinement on the enhancement of the flexural
capacity cannot be deduced from available test results. The addition of double
the amount of stirrups required to prevent diagonal failure, did not result in
significant increases in the flexural capacity of the beams included in Test
Series T. This is because the beams failed by diagonal cracking.
5. To prevent diagonal failures in beams, the horizontal and the inclined legs
should be provided with stirrups.

3.4

NEW DETAILING ARRANGEMENT FOR BEAMS

3.4.1 Introduction
In the case of the unified structural concrete design approach the satisfactory behaviour of a structure is determined by rational design concepts and detailing ap107

proaches which give more attention to overall force paths and resisting elements.
The behaviour of structures is usually influenced by the way they are detailed. A
new detailing arrangement for stirrups is proposed in the following section.

3.4.2 Proposed Detailing for Preventing Diagonal Failures
The requirements of the unified structural concrete design approach can be achieved
by utilising the effect of confinement to enhance the strength and ductility of the
compression concrete which is the main element in resisting axial, flexure, and shear
forces in structural concrete members.

In the case of beams subjected to transverse loading, the load path is the compressive force path, and the compression concrete is the resisting element. The observed structural behaviour of beams indicates that diagonal failures initiate from
critical diagonal cracks in the inclined leg regions and collapse of beams occurs as a
result of splitting of the compression concrete in either the horizontal or the inclined
leg regions. In this case, a rational detailing procedure is proposed such that the
compression concrete in the region of the compressive load path is confined by closed
stirrups.

The principal requirement of the proposed detailing arrangement for preventing
diagonal failures, Figure 3.6.a, is that the inclined leg regions are to be provided
with long (traditional) stirrups starting from the supports and extending over a
length equal to either '1.5d' (type II beams) or 'a' (type III beams). On the other
hand, the horizontal leg region (except in the mid-span region away from the loading
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points which is not subjected to shear) must be provided with short stirrups as a
continuation of the long stirrups. The short stirrups only extend down to half of
the beam depth. They overlap the neutral axis in order to provide anchorage to the
horizontal leg thus preventing its possible instability. This also enables the stirrups
to resist the tensile stresses which develop in the region where the force changes
direction (region 2 in Figure 3.1). To prevent spoiling of the compression concrete
inside the mid-span region in type III beams, short stirrups must be placed outside
the shear span for a distance equal to approximately half of the beam depth starting
from the loading points.

3.4.3 Proposed Detailing Arrangement for the Evaluation of the Effect
of Confinement on Flexural Capacity
To evaluate the effect of confinement on the flexural behaviour of beams, test programmes in which the horizontal legs were provided with closely spaced short closed
stirrups were carried out at Heriot-Watt University (Test Series '1')[130] and Birzeit
University[106, 138]. However, because the test beams failed by diagonal cracking
in the inclined leg regions, the effect of confinement on the flexural capacity could
not be determined. In the proposed detailing arrangement for preventing diagonal
failures, failure of the horizontal and the inclined legs is prevented. To evaluate
the effect of confinement on flexural behaviour, the proposed detailing approach is
modified slightly such that short stirrups are provided along the entire length of the
horizontal leg including the mid-span region which is subjected to the maximum
bending moment as shown in Figure 3.6.b. This change in the stirrup arrangement
should not affect the resistance of beams with respect to diagonal failures since the
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mid-span region is subjected to only bending moment. Consequently, the test beams
served two purposes; the investigation of the applicability of the proposed detailing
approach for the prevention of diagonal failures and the study of the effect of confinement on the flexural capacity of beams.

The suitability of the proposed detailing approach for the prevention of diagonal
failures and for the study of the flexural behaviour was investigated experimentally
(Test Series 'A'). For comparison purposes, geometric and material properties of
the test beams were chosen to be consistent with those used in the beams in Test
Series '11130].

3.5 TEST SERIES 'A': Applicability of the proposed detailing approach
3.5.1 Description of Test Beams
The test programme consisted of eight rectangular beams of 200mm x300mm cross
section. All the beams had an overall length of 3500mm and an effective span of
2800mm. The shear span to depth ratio was either 2.0 (4 beams) or 3.2 (4 beams).
Two nominally identical beams of each beam type were cast and subsequently tested.
The detailing of the test beams (beam types NA2, NA3, NB2, and NB3) are shown
in Figure 3.7. Beam types Al and B1 which were included in Test Series '1' are
also shown in Figure 3.7 for comparison purposes. The test beams were identical
except for the lateral reinforcement. The only variable investigated was the spacing
of the stirrups. Each beam was reinforced longitudinally with three 20mm nominal
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diameter deformed steel bars with a yield strength of 532.6 MPa. Two types of
stirrups were used; short stirrups (extending down to only half of the beam depth)
and normal stirrups (extending down the effective depth of the beams). The stirrups
were fabricated from 10mm nominal diameter plain round mild steel bars with a
yield strength of 453.6 MPa. The short and the normal size stirrups were used in
the horizontal and the inclined leg regions respectively. The determination of the
stirrup spacing was based on the provisions of BS 8110[9]. The same stirrup spacing
was used along the entire length of some of the beams (beam types NA2 and NB 2).
In the remaining beams (beam types NA3 and NB3) the spacing of the stirrups in
the horizontal leg region was reduced by 50% in order to investigate the effect of the
level of confinement on the strength and ductility of the beams.

3.5.2 Experimental Work
Details of the concrete mix used are given in Table 3.1 and the corresponding compressive strengths of the concrete used in the beams are given in Table 3.2. The
beams were cast horizontally in steel shutters. One beam was cast from each batch
of concrete. The beams and the control cubes were cast, compacted, and then left
in the moulds in the laboratory under ambient conditions. The top cast surfaces
were covered with damp hessian over which polythene sheeting was placed. The
beams were removed from the shutters prior to testing and whitewashed for easier
identification of cracking under loading.

The beams were tested under a four point loading system. The beams were
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loaded using a servo-controlled universal test machine.

Three Linear Variable Differential Transducers (LVDT's) were used to measure
the deflection of the beams at the loading points and at the mid-span. Two dial
gauges were used to measure the relative displacements between the beam and the
supports.

The loading system was operated under displacement control at a constant rate of
1mm/minute for two minutes. On completion of each increment of displacement the
beams were inspected for cracks which were then measured using a crack micrometer.
Cracks were marked on the beam surface. The magnitudes of the applied loads,
deflections, and crack widths were also recorded at each stage. A more detailed
description of the test procedures used is included in Appendix A.

3.5.3 Test Results

The measured loads were corrected for comparison purposes to allow for the actual
geometric and material properties. Each load was multiplied by a correction factor

(F = paP2 al ), where P1 and -Pactual were the calculated
al
ultimate load capacities
of the beam for the assumed and the actual geometric and material properties respectively. The behaviour of the test beams with respect to failure mode, strength,
ductility, and stiffness should be compared with the corresponding results obtained
from the traditionally detailed beams. In the initial stages of this programme of research (Test Series `11130]), beams similar to the beams included in this test series
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except that the stirrups were traditionally detailed, were tested (beam types Al and
B1[130]). Therefore, the results obtained from these beams were corrected in the
same way as discussed above and were considered together with the corrected test
results from Test Series 'A'. The corrected measured loads for all the beams (beam
types Al, NA2, NA3, B1, NB2, and NB3) are shown in Table 3.2. A comparison of
the load capacities obtained from the beams which were detailed in accordance with
the proposed detailing approach with those obtained from the traditionally detailed
beams are shown in Table 3.3. Table 3.4 summarises the crack width and deflection
measurements at different load levels. The crack patterns after failure for the four
beam types NA2, NA3, NB2, and NB3 are shown in Figure 3.8.

The load-deflection curves show the maximum load capacities, the stiffnesses,
and the ductilities of the beams. The load-deflection (at mid-span) curves for the
beams are shown in Figure 3.9. It should be emphasised that testing of the beams
with closely spaced stirrups was stopped, on the ground of safety, when a mid-span
deflection of approximately 120mm was reached.

3.5.4 Discussion of Test Results
(a) Modes of Failure
All beams, regardless of the stirrup spacing and the shear span to depth ratio, failed
in flexure as shown in Figure 3.8. In all the beams hair-line flexural cracks developed in the lower part of the beams and extended vertically towards the neutral
axis before the appearance of diagonal cracks. As loading was continued, the flexu113

ral cracks proliferated and widened and diagonal cracks appeared in the shear spans.
The short stirrups succeeded in preventing further extension of the diagonal cracks
into the compression zone, thus preventing diagonal failures in all of the beams. The
concrete cover in the compression regions started to crack in all of the beams at a
load level close to the maximum value. Spoiling of the concrete cover occurred at
strain levels in excess of the corresponding ultimate load levels. In the beams in
which the stirrup spacing was reduced by 50% (beam types NA3 and NB3) the confining stirrups delayed failure after spalling of the concrete cover. In the remaining
beams (beam types NA2 and NB2) the compression bars buckled and spalling of
the compression concrete occurred at failure.

At load levels equal to half of the maximum load (refer to Table 3.4), the flexural and the diagonal crack widths were almost equal and had an average value of
0.25mm for all beams with a shear span to depth ratio equal to 2.0 (beam types NA21, NA2-2, NA3-1, and NA3-2). These beams had larger flexural crack widths (about
2.5mm) compared with their diagonal crack widths (about 1.0mm) under maximum
loading. On completion of the tests on these beams but just before unloading the
flexural crack widths reached values approaching 12mm while the diagonal crack
widths remained almost unchanged. On the other hand, for all of the beams with
a shear span to depth ratio equal to 3.2 (beam types NB2-1, NB2-2, NB3-1, and
NB3-2) the widths of the flexural and diagonal cracks were similar (0.2mm and
0.3mm respectively) at half the maximum load level. These crack widths were also
similar to those found in beam types NA2 and NA3. However, the flexural crack
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widths at maximum load levels for beam types NB2 and NB3 (1.6mm) were smaller
than the corresponding values for beam types NA2 and NA3 (2.5mm). This could
have resulted from the relatively large maximum loading capacities experienced in
beam types NA2 and NA3 (exceeding 460 kN) compared with those obtained from
beam types NB2 and NB3 (about 260 kN). The widths of the diagonal cracks at the
maximum load level for beam types NB2 and NB3 (2.5mm) were larger than those
obtained from beam types NA2 and NA3 (1.0mm). It seems that the absence of long
stirrups over most of the shear spans in beam types NB2 and NB3 resulted in wider
diagonal crack widths. The widths of the cracks in these beams just before unloading support this conclusion. While the diagonal crack widths for beam types NA2
and NA3 remained almost unchanged after reaching the maximum load level, the
widths of the corresponding diagonal cracks in beam types NB2 and NB3 reached
a value approaching 12.0mm while the maximum widths of the flexural cracks at
this level approached 8.0mm. It is concluded that up to the maximum load level
additional long stirrups placed along the entire length of the inclined leg region are
not necessary for restraining the growth in the widths of the diagonal cracks found
in beam types NB2 and NB3. However, to restrain the diagonal crack widths at
post ultimate load levels, additional long stirrups may be necessary in these beam
types. It should be noted that the proposed detailing arrangements are intended to
be applied to beams subjected to static loading conditions for which post ultimate
behaviour is not important. Nevertheless, it is suggested that additional long stirrups are introduced over a distance equal to 2d, Figure 3.6, (instead of 1.5d) from
the support for all beam types.
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(b) Load Carrying Capacity and Ductility
The test beams, based on current Code approaches for shear design, should have
attained a load carrying capacity similar to those obtained from beams without
web reinforcement since the assumed truss action could not possibly have developed
(stirrups did not extend down the full depth of the beams). All the test beams,
however, achieved their full flexural behaviour and had an ultimate flexural load
capacity similar to the capacity of the traditionally detailed beams (beam types Al
and B1) as shown in Tables 3.3 and Figure 3.9. The load carrying capacities ranged
from 95.2% (beam type NA3-2) to 99.1% (beam type NB2-1) of the flexural capacity
of the traditionally detailed beams.

Double the amount of stirrups used in beam types NA2 and NB2 were provided
in beam types NA3 and NB3 respectively. However, beam types NA3 and NB3
did not exhibit any increase in load carrying capacity compared with that obtained
from beam types NA2 and NB2. The flexural capacities of beams resulting from
confinement are discussed in Chapter 6.

All beams exhibited flexural ductile behaviour which is judged to be better than
that obtained from the traditionally detailed beams (refer to Table 3.4 and Figure 3.9). The ductility (mid-span deflection at failure) of beam type NA2 was
double that which was obtained in the traditionally detailed beams. The corresponding increase in the ductility of beam type NB2 was 150%. When the spacing
of the stirrups was reduced by 50%, the increase in ductility was approximately
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three times greater than that for the two traditionally detailed beam types. The
increased ductilities can only be attributed to the confinement of the compression
regions of the beam structures with closed stirrups. When the level of confinement
was increased (stirrup spacing reduced by 50%) the ductility increased significantly.

Confinement of the compression concrete had also a significant effect on the
post ultimate load carrying capacity of the beams (refer to Table 3.3). In beam
types Al and B1 which were traditionally detailed to resist shear the reduction in
load carrying capacity on completion of the test (at failure) approached 99% and
63% respectively. When stirrups with the same spacing used in the traditionally
detailed beams were extended to confine the mid-span region of beam types NA2
and NB2 the decrease in the load carrying capacity was of the order of 28% and
23% respectively. However, when the spacing of the stirrups was reduced by 50% an
increase in load carrying capacity of up to 4.5% was recorded (beam type NA3-1).

(c) Serviceability
The serviceability of concrete structures has recently become a much more important design consideration, mainly because more efficient design procedures have
enabled engineers to satisfy the ultimate limit state requirements with lighter but
more highly stressed structural concrete members[140, page 156]. Somerville[141]
predicted that the serviceability of concrete structures will be one of the important
requirements in future as the time factor will be the single most dominant issue in
structural concrete design.
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The methods for either the prediction or the improvement of the serviceability
of structures is not within the scope of this investigation. However, the influence of
the new detailing approach on the serviceability of the beams should be investigated
in comparison with traditionally detailed beams assuming that these beams do conform with the Code provisions with respect to the serviceability limit state. Ideally,
to judge the effect of the proposed detailing approach on the serviceability of the
test beams, the crack history and deflections of these beams should be compared
with those obtained from the traditionally detailed beams. Unfortunately, crack
widths were not measured in the traditionally detailed beams i.e. beam types Al
and B1 which were included in Test Series T[130]. As an alternative a comparison
was based on their respective crack patterns (Figure 3.8), stiffnesses (Figure 3.9)
and between the flexural and diagonal crack widths of each test beam (Table 3.4).

The development of cracking under loading was similar in both beam types i.e.
the traditionally detailed beams and the beams in this test series. The cracks were
closely spaced in the test beams. All beams had similar stiffnesses (inclination of
the load-deflection curve), Figure 3.9. In all beams, Table 3.4, flexural cracks occurred before the diagonal cracks and the widths of the flexural cracks were either
smaller or almost equal to the widths of diagonal cracks up to the maximum load
level. The serviceability limits of the test beams were therefore based on a consideration of the flexural rather than diagonal cracks which in turn should not be
affected by the proposed detailing approach since Code provisions[8, 9] do not re-
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quire stirrups to be provided for the control of flexural cracking. Crack widths are
normally controlled by limiting the maximum distance between bars in tension[8, 91.

Crack width measurements for traditionally detailed beams were recorded and
compared with those obtained from the beams designed and detailed using the
proposed design approach and included in Test Series 'C' which is discussed in
detail in Chapter 4.

3.5.5 Summary and Conclusions

1. Prevention of failure by diagonal cracking was achieved by confining the compression concrete with closed stirrups in the region of the path along which the
loads are transmitted to the supports. The definition of the path was based
on the compressive force path concept.
2. The test beams were provided with either the same or double the amount of
stirrups, based on the provisions of BS 8110, which were required to prevent
diagonal failure.
3. The level of serviceability of the test beams was not adversely affected by
the proposed detailing approach. The diagonal cracks occurred after the development of the flexural cracks. As a result, they cannot be considered in
the evaluation of the serviceability limits of the beams. The increased widths
of the diagonal cracks, after the maximum loading had been reached, could
be considered to be an advantage because they give an additional warning of
impending failure.
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4. The absence of long stirrups in the horizontal leg regions in the beams reduces
the bond strength of the longitudinal bars which may result in a local bond
failure. Nevertheless, this did not reduce the overall carrying capacities of the
test beams. It is acknowledged[142, pages: 280-284] that the occurrence of
bond failure along a length of up to 75% of the total beam length does not
reduce the average bond strength. Also, test results[143] have indicated in the
case of type II beams the load carrying capacity is increased with poor bond.
The local bond failure did not impair the serviceability of the beams since
it occurred at an advanced stage of loading after yielding of the longitudinal
reinforcement.
5. Confinement of the mid-span region with short stirrups did not enhance the
flexural capacity of the test beams. However, the ductility of the beams was
improved significantly by increasing the amount of stirrups in this region.

3.6 THEORETICAL BASIS OF FLEXURE-SHEAR INTERACTION
DESIGN MODEL

3.6.1 Introduction
The philosophy in most current design approaches to shear imposes an artificial
separation between the shear and the flexural resistances of beams. The design
procedures adopted by Codes of Practice do not relate a given level of moment
capacity to a given amount of shear reinforcement. This artificial separation could
result in a design that prevents the development of the full moment capacity of a
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beam (e.g. the diagonal failure of members during earthquakes). It would therefore
be better to determine the optimum amount of shear reinforcement which will ensure
attainment of the full moment capacity of a member.

3.6.2 Main Features of the Proposed Model
1. At the ultimate limit state, loads are assumed to be transmitted to the supports in accordance with the Compressive Force Path (CFP) concept. In the
case of a simple beam the shape of the path at ultimate load is considered
to be bi-linear thus forming a concrete compression frame as shown in Figure 3.10. The frame consists of a horizontal and two inclined members or legs.
The depth of these members is equal to the depth of the concrete compression
zone calculated using normal flexural theory.
2. The causes of diagonal failure are associated with the actual state of stress
which exists in the concrete compression regions rather than the tension zone
below the neutral axis. Failure occurs as a result of the development of secondary tensile stresses which lead to degradation of the concrete compressive
strength thus leading to a reduction in the load carrying capacity of beams.
3. In diagonal failures, collapse of beams occurs as a result of spalling of the
compression concrete in either the inclined leg region (type III beams) or in
the horizontal leg region (type II beams). In order to prevent the ultimate collapse of beams (ultimate limit state), the compression concrete in the various
leg regions of the concrete compression frame must be provided with different amounts and configurations of closed stirrups. The inclined leg regions
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irrespective of the a/d ratio must be provided with conventional full length
stirrups and the horizonal leg regions in the shear spans with short stirrups
(the stirrups must be extended into the mid-span region for a distance equal to
approximately a half of the beam depth for type III beams). In order to ensure
confinement of the entire concrete compression region, the short stirrups must
extend down beyond the neutral axis to half of the beam depth.
4. In the proposed model, the role of stirrups is to restrain the development of the
secondary transverse tensile stresses which cause failure. This can be regarded
as enhancing the tensile strength of the concrete.
5. The proposed design approach for the type II and the type III beams is the
same. The required amount of stirrups for each leg region is to be determined
from the reduction in the concrete compressive strength due to shear and the
relative flexural capacity of each leg ( 111,taif „ ).

The ultimate flexural capacity of each leg region without web reinforcement
(M1 ) is less than the full flexural capacity of the beams (M 1 ). The reduction
in the flexural capacity occurs as a result of the development of the tensile
stresses in the concrete compression region. Ideally, design methods to prevent diagonal failure must be based on the evaluation of the magnitude of the
tensile stresses. Unfortunately, the determination of the magnitude of the tensile stresses is difficult [144]. Also, there is disagreement between researchers
on the significance of transverse tensile stresses on the concrete compressive
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strength[145, 146, 147]. Therefore, a simpler approach for the prevention of
diagonal failures is proposed. It is considered that the development of the
tensile stresses reduces the concrete compressive strength by Af c . It will subsequently reduce the flexural capacity of the beams by M. To regain the full
flexural capacity of the beam (Mf ), the reduction in the concrete compressive
strength (Af) must be offset. It is proposed to achieve this by utilising the effect of confinement to enhance the concrete compressive strength by the same
amount i.e. Afc . After determining Afc , the amount of stirrups required to
achieve this added strength can be determined.

3.7

ADVANTAGES OF THE PROPOSED DESIGN APPROACH

The advantages of the proposed design concept over traditional design approaches
such as the truss analogy are summarised below:

1. The development of the new design approach has been based on a better understanding of the actual structural behaviour of beams under static loading
and also of concrete at the material level. It is realised that concrete compression failure occurs as a result of the development of transverse tensile stresses
resulting from the dilation of concrete under the action of compression stresses.
Thus all types of beam failures including diagonal failures are associated with
the multiaxial stress state in the concrete compression region[16].
2. The proposed design approach relies on the concrete compression regions (the
stronger part of the beam structure) to resist the applied loads rather than
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the traditional approaches for shear design which rely mainly on the strength
of cracked concrete below the neutral axis (the weaker part of the beam structure).
3. The conventional design methods for structural concrete beams treat shear and
flexural actions separately although in practice they occur simultaneously. The
traditional design approach for shear relies on the transverse reinforcement at
the ultimate limit state to resist the shear stress in excess of that assumed to
be carried by the concrete section (vc). Such an approach assumes that two
types of mechanisms act simultaneously in the beam structure, namely the
beam/arch action for v c (concrete contribution) and the truss action for v,
(steel contribution). The acceptance of the presence of two mutually exclusive
mechanisms in beams thus leads to the confusion in the design procedures
for shear. On the other hand, in the proposed new design approach only one
mechanism is assumed to be required to resist the applied loads (flexure and
shear). The stirrups are intended to enhance the strength of the concrete in the
compression zone, which is the main element in the beam structure to resist
the imposed loadings (axial, shear, and bending moment) when the load level
exceeds the capacity of the compression concrete. The adoption of an approach
based on the use of a single mechanism to resist the applied loadings could
form the basis of a unified design approach for structural concrete members.
4. The proposed design approach considers the interactive relationship between
flexure and shear not only in the evaluation of the relative flexural capac-
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ity of beams without web reinforcement ( M.
) but also in the evaluation of
Alf 1
the amount of confinement (stirrups) required to prevent diagonal failures in
beams. This is directly related to the reduction in flexural capacity due to the
presence of shear i.e. AM = M f — Mi.

The consideration of the ultimate flexural capacity at diagonal failure (Mu)
rather than the nominal shear strength (v u ) of beams is regarded to be a better
basis for the development of design methods for preventing diagonal failures
in beams. This has been the aim of many researchers[18, 44, 148] for the
following reasons:

(a) The upper limit for Mu is the actual flexural strength (M1 ) which is dependent on a limited number of parameters and therefore can be obtained
using a simple calculation.
(b) The lower limit for Mu is usually in the vicinity of 0.50Mf . Thus, all
the values of Mu range between 50% to 100% of Mf,, instead of the large
variation in the ultimate shear strength (v u ) which may reach 1500%[18].
(c) The prevention of premature failure because of the formation of a diagonal crack is commonly associated with the term "shear failure". As an
example, if we obtain a diagonal failure at 70% of the flexural failure load,
this means, that we are just 30% short of our goal, i.e. the full flexural
capacity of the cross section.
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(d) The purpose of the web reinforcement is, of course, to increase the strength
of the beam so that it reaches 100% of Mf . Thus, a result where M, is
equal to 0.7Mf for a beam without web reinforcement shows the requirement for the provision of "web reinforcement which increases the capacity
of the beam by 30% of

Alf " .

Thus the problem of "shear strength" would

become an investigation of, and a search for, the type and quantity of
web reinforcement required to increase the ratio ( MIL
) to 1.0.
A if
5. Failure of structural concrete members by diagonal cracking has frequently
been experienced particularly during recent earthquakes[149]. The failure was
related mainly to the evaluation of stirrup requirements based on the conservative flexural capacity given by Codes of Practice. However, in the proposed
design approach, evaluation of the confinement (stirrups) requirements is related directly to the full flexural capacity of beams (Mf ) and expressed in the
form of AM = Mf — M1 . So any enhancement in the flexural capacity can be
accounted for directly in the design. Such a design approach would minimise
the risk of diagonal failures during earthquakes.
6. The confinement requirements of the various leg regions of the different beam
types (beam types II and III) are determined using the same approach i.e.
confinement requirements are determined from the required enhancement of
the concrete compressive strength (AL) for the various leg regions. This
is unlike the design method based on the compressive force path concept[5]
which proposes different design approaches for the different regions and types
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of beams.
7. It is anticipated that the proposed design approach would result in a more
economical design compared with the traditional approach to design. This is
attributed to the fact that this approach is derived from the actual structural
behaviour of beams under load. It will result in less uncertainties in the evaluation of the confinement requirements to prevent diagonal failures. Also, the
additional strength from the other contributors to shear resistance, although
they are believed to be secondary, is not considered. The reduced significance
of the uncertainties and overlooking the possible additional strength would
consequently allow a reduction in the risk factors (safety factors) which are
usually introduced in the design. In addition, the use of short stirrups instead
of conventional full length (normal) stirrups in the horizontal leg regions also
leads to a more economical design.
8. The proposed new detailing arrangement is more efficient in the case of the
upgrading and the maintenance of existing structural concrete elements such
as beams or slabs in existing bridges in order to allow them to be able to sustain more demanding loading levels by increasing their load carrying capacity
and ductility. In this case, the enhancement of the major parts of the elements
(the horizontal leg regions) can easily be achieved since the short stirrups do
not need to be extended down the entire depth of the members. The overall
depth of the members may only require treatment in the inclined leg regions.
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3.8 SUMMARY
In this chapter, a new approach to the understanding of the actual structural behaviour of beams has been developed from a theoretical basis and from available test
results of beams either without stirrups or with stirrups of different configurations.
It was concluded that the diagonal failure of beams occurred primary as a result
of the development of transverse secondary tensile stresses in the concrete compression region of the beam structure. Therefore, a new detailing arrangement for the
prevention of diagonal failures was proposed such that the stirrups are positioned in
such a way as to confine the compression concrete in the region of the load path (the
compressive force path). The applicability of the proposed detailing arrangement
was verified experimentally. The theoretical basis of the flexure-shear interaction
design model, based on the new understanding of the behaviour of beams under
transverse loading, has been outlined. In the proposed model, the reduction in the
flexural capacity of each leg region along the compressive force path is regained by
utilising the effects of confinement from the stirrups to enhance the concrete compression strength and hence the flexural capacity of the beams.

In order to implement the proposed flexure-shear interaction model for the design of beams, it is necessary to determine the influence of shear on reducing the
flexural capacity of beams and concrete compressive strength. Also, it is necessary
to evaluate the flexural capacity of the various leg regions of the load path (M1)
for the whole of Kani's Valley (leg capacity valley). The implementation as well as
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the experimental verification of the proposed model are addressed in the following
Chapter.
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Material

Weight
(kg/m3)

Cement

500

Water

225

Fine Aggregate

537

Coarse Aggregate (20mm)

1065

Water/Cement ratio

0.45

Slump

30-60 (mm)

Table 3.1: Concrete Mix Constituents used in Test Series 'A'.

Beam
type

aid

Stirrup
spacing
(Innl)

A1-1
A1-2
NA2-1
NA2-2
NA3-1
NA3-2
B1-1
B1-2
NB2-1
NB2-2
NB3-1
NB3-2

2.0

70

2.0

70

2.0

35

3.2

120

3.2

120

3.2

60

Beam
size
(MM X mm)

.fct,
(MPa)

204.7 x 308.3
204.9 x 309.3
202.5 x 311
203 x 303.5
204.5 x 307
202 x 306.5
204.2 x 313.4
207.4 x 308.2
202.5 x 309
202 x 309
203.5 x 308
203.5 x 310

46.6
45.9
55.8
44.9
49.3
46.9
56.8
62.1
49.1
48.8
49.9
49.2

Correction
factor
(F)
0.9669
0.9694
0.9416
0.9747
0.9579
0.9680
0.9382
0.9255
0.9603
0.9614
0.9570
0.9594

Measured
load (P)
(kN)

Corrected
load (Pr))
(kN)

480
455
467
446
464
445
281
282
271
266
270
268

464.1
441.1
439.7
434.7
444.5
430.8
263.6
261.0
260.2
255.7
258.4
257.1

Table 3.2: Summarised Results from Test Series '1' and Test Series 'A'.
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Corrected

Corrected

measured

measured

--AliAt.feee.

ax.-Allay e.

load (Pr )

flexural capacity

x100

x100

(kN)

Mi (kN.m)

A1-1

464.1

120.7

102.5

A1-2

441.1

114.7

97.5

NA2-1

439.7

114.3

97.1

NA2-2

434.7

113.0

96.0

NA3-1

444.5

115.6

98.2

NA3-2

430.5

112.0

95.2

B1-1

263.6

109.7

100.5

B1-2

261.0

108.6

99.5

NB2-1

260.2

108.2

99.1

NB2-2

255.7

106.4

97.5

NB3-1

258.4

107.5

98.5

NB3-2

257.1

107.0

98.0

Beam

% reduction
in loading
on completion
of testing
100

84.6
98.9

96.6

37.5
28.3

96.7

-4.5 (rise)
-1.6 (rise)

100

62.3
53.6

98.3

11.4
22.9

98.3

3.1
15.7

where:
Mfave. is

the average capacity of two identical beams of types Al or Bl.

Table 3.3: Comparison between Test Results.
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At half ultimate load

Beam

At ultimate load

Before unloading

load

Defl.

crack width (mm)

load

Defl.

crack width (mm)

(kN)

(mm)

flex.

(kN)

(mm)

flex.

A1-1

232.1

16.0

484.1

46.8

A1-2

220.5

12.0

NA2-1

219.9

9.6

NA2-2

217.4

9.7

0.2

0.2

434.7

NA3-1

208.6

9.2

0.2

0.3

417.1

NA3-2

213.5

8.2

0.25

0.3

426.9

43.3

B1-1

131.8

9.3

263.6

28.4

type

0.3

ding.

0.3

441.1

43.2

439.7

41.4

ding.

load

Defl.

crack width (mm)

(kN)

(mm)

flex.

diag.

71.6

59.1

5.0

55.8

2.35

0.80

275

101.9

12

0.85

51.7

2.5

1.15

311.9

150.3

8.1

1.15

32.2

1.95

1.0

436

153.8

7.2

3.5

3.0

1.2

433.7

133.9

7.7

1.7

99.5

44.3

B1-2

130.5

10.0

281

28.9

121.2

49.8

NB2-1

130.1

9.0

0.1

0.2

260.2

26.8

1.0

2.8

230.5

64.1

4.0

4.0

NB2-2

127.9

9.4

0.1

0.1

255.7

31.2

1.7

2.1

197.1

64.5

4.5

6.0

NB3-1

125.9

9.2

0.25

0.3

251.7

33

2.4

2.9

244

141.4

8.35

9.1

NB3-2

128.9

8.5

0.35

0.38

257.1

30.8

1.35

2.2

218.8

115.9

8.0

12.0

_

Table 3.4: Summary of Crack Width and Deflection Measurements.
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Figure 3.1: Causes of Diagonal Failures at Different Regions along the CFP.
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133

2d

4.

d

Jft

ittitit 1

CFP

(a)

IL
a  2d

CFP

d

(b)

It

Figure 3.3: Failure of Beams Traditionally Detailed for Shear. (a) Type II Beams.
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Figure 3.4: Test Series '1'. (a) Type II Beams. (b) Type III Beams.
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Figure 3.5: Behaviour of the Beams in Test Series '1' based on Kani's Valley.

(a) Kani's Valley. (b) Transformation from Type II to Type III Beam Behaviour.
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Figure 3.7: Detailing of the Beams in Test Series 'A'.
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Chapter 4
IMPLEMENTATION OF THE FLEXURE-SHEAR INTERACTION
MODEL IN THE DESIGN OF BEAMS

4.1

INTRODUCTION

In order to implement the proposed concept in the analysis and design of structural
concrete beams, it is necessary to determine the magnitude of the reduction in the
concrete compressive strength (AM and in the flexural capacity of the leg regions
(AM =

Mf - M1)

in the beam due to the presence of shear. Also, it is important to

adopt and if necessary modify a suitable confinement model in order to determine
the amount of stirrups needed to achieve the required added strength (An. These
requirements as well as the experimental verification of the proposed design model
are discussed in this Chapter. The notation used in the derivation of the proposed
equations is detailed in Table 4.1.

4.2

EVALUATION OF THE SHEAR EFFECT ON REDUCING THE
CONCRETE COMPRESSIVE STRENGTH (CONFINEMENT
REQUIREMENTS)

4.2.1 Bending Moments
By definition,
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AL = fcc — fc = (K, — 1)f,
A fc = Ks — 1

(4.1)

L

where:

fcc = ICJ,
K, is the confinement enhancement factor (strength gain factor).

Based on flexural theory:

IC

_ C onstant ( Mid — MI) _ M fd — MI _ Mr
Mf
Constant Mf — Mf

(4.2)

In the above relationship the flexural capacity of the leg (M1 ) is a function of
the ultimate flexural capacity of a beam (Mn).
beam and Mfd

is

Mf

is the full flexural capacity of a

the design bending moment which may differ from

Mf.

Equations (4.1) and (4.2) can be expressed as follows:

Ks =

Mf — ME+ Mr
1 =A1-- + 1
d
Mf
1
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(4.3)

4.2.2

Shear Forces

M f -= Vf .a

M fd --= Vfd.a

MI = 'Vi.a
Mr = ( Vfd — Vi).a

A fc = Mr Vfd —

(4.4)

Vf

M1 —

.f.0

VI

From equation (4.3):

Ks

=

Vf —

'

VI
+

1

(4.5)

VI

Where Vf and VI are the shear forces corresponding to the full and to the leg flexural
capacities respectively and Vic, is the design shear strength corresponding to the
design flexural strength (Mfd).

4.2.3

Variable Shear Forces

When the applied shear force is not constant, such as in the case of a beam subjected
to distributed loading, and the design shear force ( Vfd ) is larger than the leg capacity
(

VI ), then the confinement requirements are determined using equation (4.5). On

the other hand, if

Vf d

is less than V/ then theoretically confinement is not required.

However, a minimum amount of stirrups may be provided in order to satisfy Code
equirements.
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4.2.4

Enhanced Flexural Capacity (Flexure-Shear Interaction)

In practice members may have an actual flexural capacity which is higher than the
theoretical value which is determined using flexural theory e.g. enhanced flexural
capacity resulting from confinement. To prevent diagonal failures in such members
under increasing load, which may be imposed on them during earthquakes, the determination of the required amount of stirrups should be based on the enhanced
flexural capacity. In the proposed design method this can be achieved by equating the design flexural moment (Mfd ) in equation (4.3) to the enhanced flexural
strength of members. Alternatively, this can be achieved by considering the design
shear loading (Vfd ) in equation (4.5) to correspond to the enhanced flexural capacity
of the members. This flexure-shear interaction design approach would minimise the
risk of the occurrence of brittle diagonal failures of structural concrete members
during earthquakes.

4.3
4.3.1

LEG CAPACITY (M1)

Introduction

The load carrying capacity of a beam is influenced by the state of stress in the various
Leg (the horizontal and the inclined) regions along the load path. To determine the
amount of stirrups needed to prevent a diagonal failure in each leg, the reduction
in the flexural capacity of that leg (M1 — Mi ) due to shear must be determined.
For this purpose, the flexural capacities of the horizontal leg (MO and the inclined
leg (Mii ) are determined from available test results including those obtained from
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Test Series '1'[130] and the Birzeit University[106, 138] test programme. However,
additional tests are still required in order to evaluate the leg capacities of beams
having a/d ratios covering the whole of Kani's Valley.

4.3.2 Beam Tests Required for the Evaluation of the Horizontal Leg
Capacity (MI,i)
The horizontal leg capacity is determined on the basis that failure of the inclined legs
must be prevented. Failures of the inclined legs (region 3 in Figure 3.1) are prevented
by considering the shape of the CFP. This is done by providing a length of the test
beams equal to 2d from the supports with conventional full length stirrups. At this
stage, as was the case with Test Series '1', the amount of stirrups is determined from
the Code of Practice[9] provisions for shear. It is acknowledged that the traditional
design of type III beams with an a/d ratio equal to or less than 2.0 prevents failure
of the inclined leg region (the shear span). Testing of beams in which the a/d ratio
only varied between 2.5 and 5.0 was, therefore, required.

4.3.3 Beam Tests Required for the Evaluation of the Inclined Leg Capacity (MO
In order to determine the load carrying capacity of the inclined legs, consideration
must be given to the prevention of failure of the horizontal leg (regions 1 and 2 in
Figure 3.1) by considering the shape of the CFP and all possible failure mechanisms
for the horizontal leg region. The horizontal leg starting from a distance equal to
1.5d away from the supports must be provided with short stirrups (extending down
to only half the depth of the beam). At this stage, the determination of the amount
of stirrups is also based on the Code provisions for shear.
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It was only necessary to test beams with an aid ratio equal to 2.5 because of the
availability of results from beams included in Test Series '11130] and in the Birzeit
University[106, 138] test programme.

The additional beam tests required for the evaluation of the flexural capacity of
both the horizontal and the inclined leg regions (Test Series 'B') are described in
the following section.

4.4

TEST SERIES 13': Evaluation of the leg capacities

4.4.1 Description of Test Beams
For the purposes of comparison and in order to utilise the available related beam
test results, dimensional details and material properties (p, d, il , f, etc.) of the
beams included in this test series were selected to be consistent with those used in
Test Series T[1301 and the Birzeit University[138] and Toronto[18] test programmes.

The test series included twelve beams with a 200mm x 300mm cross section, Figure 4.1. All the beams had an overall length of 3500mm and an effective span
of 2800mm except for one beam (beam type D5) in which the effective span was
3000mm. Each beam was reinforced with three longitudinal 20mm nominal diameter
deformed bars with a yield strength of 532.6 MPa. The stirrups used were fabricated
from lOmm nominal diameter plain round mild steel bars with a yield strength of
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364.4 MPa. The determination of the amount of stirrups required for each leg was
based on the provisions of BS 8110. Two identical beams (beam type C2.5) with
a shear span to depth ratio (a/d) equal to 2.5 were used for the evaluation of the
capacity of the inclined leg. Ten beams were used for the evaluation of the horizontal leg capacity. The beams had a/d ratios of 2.5 (beam type D2.5), 3.0 (beam
type D3), 3.5 (beam type D3.5), 4.0 (beam type D4), 4.5 (beam type D4.5), and 5.0
(beam type D5). The details of all the test beams are shown in Figure 4.1.

4.4.2 Experimental Work
The casting, curing, and test procedures as well as the approach used to correct
the load measurements were identical to those used in Test Series 'A' described in
Chapter 3.

4.4.3 Test Results
The resulting concrete compressive strengths, beam dimensions, ultimate load, and
the corrections to the actual ultimate loads obtained from the various test beams
in Test Series '1' and Test Series 'B' are given in Table 4.2. The corrected relative
flexural strengths of each leg ( T...,
i;41 ) for all beams included in this test series as well
as those beams in the Test Series '11130] are given in Table 4.3. The full flexural
capacity (Mf ) which is required to permit the calculation of the ratio EL
A , was obtained from the beams in Test Series '1' (beam types Al and B1). For the purpose
of discussion the load-mid span deflection curves for the test beams are shown in
Figure 4.2. The relative flexural capacities of the inclined and the horizontal legs
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(leg capacity valleys) are shown in Figures 4.3 and 4.4 respectively. The relative
flexural capacities of the legs are discussed with reference to Kani's Valley. For this
purpose, Kani's Valley shown in Figures 4.3 and 4.4 was based on the results from
the tests[18, 138] on beams which were similar to those in the present test series.
Finally, the mode of failure of beam type D4 is shown in Figure 4.5.

4.4.4

Discussion of Test Results

The beams used for the evaluation of the inclined leg capacity (beams type C2.5)
failed by diagonal cracking in the inclined leg region where no stirrups had been
provided. Flexural cracks developed in the lower part of the beams at a load level
approximately equal to 0.2 times the ultimate load. Diagonal cracks appeared in
the inclined leg regions at a load level approximately equal to 30% of the ultimate
load. Additional flexural and diagonal cracks appeared and widened under increasing loads. The width of the flexural crack reached 0.3mm while the corresponding
width of the diagonal cracks at ultimate load was of the order of 10.0mm. The
presence of short stirrups near the point where the load path changes direction prevented propagation of the diagonal cracks into the compression zone in that region
thus resulting in an increase in the load carrying capacity of the beams. The beams
achieved 93% of their full flexural capacity as shown in Tables 4.2 and 4.3. An
increase in the flexural capacity in excess of 30% over beams without lateral reinforcement based on Kani's Valley, Figure 4.3, was achieved by preventing failure of
the horizontal leg region through the introduction of short stirrups. As a result of the
increased load carrying capacity the biaxial state of stress in the inclined leg regions
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became critical and the beams failed in a brittle manner by diagonal cracking in that
region. The maximum mid-span deflection at failure was less than 30mm, Figure 4.2.

In the test beams used for the evaluation of the inclined leg capacity (beam
types D2.5, D3, D3.5, D4, D4.5, and D5) the conventional full length stirrups in
the inclined leg regions succeeded in preventing a diagonal failure in those regions.
Most of the beams with relatively small a/d ratios (beam types D2.5 and D3) failed
in a flexural mode and achieved almost their full flexural capacity, Tables 4.2 and 4.3.

For beam type D2.5 flexural cracks appeared at load levels approaching 20%
of the maximum loads. The diagonal cracks appeared at load levels approaching
30% of the maximum loads. The number of flexural and diagonal cracks and their
widths increased with increasing load. The widths of the two types of cracks were
approximately similar up to failure. They reached a value approaching 2.6mm under
the peak loading and had reached 4.0mm at failure. The absence of stirrups in part
of the shear span near the loading points resulted in the development of excessive
diagonal cracking although the beam failed in a flexural mode by spoiling of the
compression concrete in the mid-span region. The average capacity of the beams
was 99% of their full flexural capacity, Tables 4.2 and 4.3. The prevention of a diagonal failure allowed the beams to undergo relatively large deflections (up to 47mm)
compared to that obtained, for example, from beam type C2.5 (25mm) which had
the same a/d ratio but failed by diagonal cracking. It is concluded that for this
type of beam the most critical state of stress exists in the inclined leg regions and
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that a diagonal failure can be prevented by the presence of conventional full length
stirrups in these regions.

The structural behaviour of beam type D3 was similar to that described above
for beam type D2.5. The beams achieved their full flexural capacity, Tables 4.2
and 4.3. In one beam (beam type D3-1) the critical diagonal cracks propagated into
the compression zone inside the mid-span region because of the absence of stirrups
in the horizontal leg region. At failure these cracks propagated into the compression
concrete which subsequently spoiled in the mid-span region. The diagonal crack
width approached 5.0mm at failure while the flexural crack width was only of the
order of 2.5mm. Nevertheless, the cracking mechanism did not impair either the
strength or the ductility of the test beams, Figure 4.2.

Beam types D3.5, D4, D4.5, and D5 all failed by diagonal cracking without
reaching their full flexural capacity. Flexural cracks appeared at load levels varying
from 20% to 60% of the maximum load for beams with a/d ratios equal to 3.5 and
5.0 respectively. Similarly the diagonal cracks appeared at load levels varying from
40% to 85% of the maximum loads. It should be noted that for a constant flexural
capacity the maximum loads carried decrease as the a/d ratio increases. All beams
failed suddenly when they reached their ultimate capacity. The mid-span deflections
at diagonal failure was as low as 15mm (beam type 4.5), Figure 4.2. Beam types D4,
D4.5 and D5 all failed in a typical diagonal-tension mode, Figure 4.5, which is characteristic of the behaviour of type II beams. On the other hand, in beam type D3.5
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the critical diagonal cracks at failure propagated into the compression zone inside
the mid-span region. The type of failure obtained was characteristic of that for
type III beams. For beam type D3.5 the presence of the conventional full length
stirrups in the inclined leg regions allowed the beams to achieve an increase in their
load carrying capacity. The average capacity obtained was equal to 95% of their full
flexural capacity, Tables 4.2 and 4.3. As the a/d ratio increased the biaxial state
of stress in the inclined leg regions became less critical and failure results from the
state of stress in the horizontal leg regions. Confining the inclined leg regions did
not result in any enhancement in the load carrying capacity of the beams with an
a/d ratio greater than 4 (beams type D4.5 and D5), Figure 4.4. It is concluded that
for beams with large a/d ratios (larger than 4) confinement of the inclined leg region
has no effect on the load carrying capacity of beams.

The aim of this test series was to determine the flexural capacity of the various leg
regions in the beams for the implementation of the proposed flexure-shear interaction
design model. For this purpose the test results obtained and the results from other
test programmes[106, 130], Tables 4.2 and 4.3, were used to draw the leg capacity
curves shown in Figures 4.3 and 4.4.

4.4.5 Relative Flexural Capacity of the Inclined Leg (i-)
Figure 4.3 shows the relative flexural capacity curve for the inclined leg=
Al fAlf
The curve shows that beams with an a/d ratio greater than 4.0 can reach their
full flexural capacity

I = 1.0) without having to confine the inclined leg regions.

A f

On the other hand, based on Kani's Valley, for type III beams with an a/d ratio
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less than 2.0 confinement of the horizontal leg had no effect on the load carrying
capacity of beams. Figure 4.3 also shows that in the case of beams with an a/d
ratio less than 4.0 the confinement requirements increase

Mf decreases) as the a/d

ratio decreases. The reason for this is that more load is carried to the supports as
the a/d ratio decreases which results in a more severe biaxial state of stress in the
inclined leg region. This behaviour continues until an a/d ratio equal to 2 where
more load is carried directly to the supports thus reducing the shear stresses.

4.4.6 Relative Flexural Capacity of the Horizontal Leg (--1)
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Figure 4.4 shows the relative flexural capacity curve for the horizontal leg (4" =
--hAl!)

The curve shows that for type III beams confinement of the inclined leg region

(the shear span) which is subjected to the critical biaxial state of stress, is sufficient
for the beams to achieve their full flexural capacity

nh

For such beams the

state of stress in the horizontal leg region is not critical, thus confinement of that
region is not necessary as was shown in Figure 4.3. On the other hand, for type II
beams with increasing a/d ratios less load is transmitted to the supports thus the
state of stress in the inclined leg region becomes less critical. Thus, confinement of
the inclined leg regions becomes less effective as the a/c1 ratio increases. The ratio
--hAfi

decreased from about 1.0 (full flexural capacity) for beams with an a/d ratio

equal to 3 to approximately 0.9 for beams with an a/d ratio equal to approximately
4. For beams with an a/d ratio greater than 4.0 the state of stress in the inclined
leg regions did not influence their behaviour under loading. The state of stress in
the horizontal leg is the most critical for these beams, thus providing the inclined
leg regions with stirrups had no effect on the load carrying capacity as shown in
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Figure 4.4.

4.4.7 Conclusions
The observations described above obtained from the leg capacity curves confirm
the conclusions reached in Chapter 3 regarding the proposed understanding of the
structural behaviour of beams. For beams with small a/d ratios (type III beams)
the biaxial state of stress in the inclined leg regions is the most critical and thus
it is sufficient to confine the inclined leg region in order to achieve the full flexural
capacity. For beams with a large a/d ratio (type II beams) the state of stress in
the horizontal leg region is the most critical. However, confining the horizontal leg
regions increases the load carrying capacity of beams which in turn may initiate the
critical biaxial state of stress in the inclined leg regions (for type II beams with an
a/d ratio less than 4.0). In the case of these types of beams both the horizontal and
the inclined leg regions require confinement.

4.5

GENERAL METHOD FOR THE EVALUATION OF THE LEG
CAPACITIES

Figures 4.3 and 4.4 were based on the results obtained from Test Series 'B', Test
Series '1', and the Birzeit University test programme. In practice, it is obviously
necessary to design beams with different material and geometric properties to those
used in the test beams. It is therefore necessary to evaluate the leg capacity for
such beams. This can be accomplished by modifying the resulting horizontal and
inclined leg capacity (Me) curves, Figures 4.3 and 4.4. It is proposed that the leg
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capacity curves are modified in accordance with the ultimate flexural capacity of the
design beams (Mu ). The justification for this is that Mu is influenced by the stress
conditions in both legs. The relative flexural

capacity

of a beam ( MK
) is increased in
Alf

situations where favourable stress conditions exist in both legs, which is associated
with for example a smaller value of p. This implies that the relative leg capacities
( Ili
' ) are also increased due to the less severe stress conditions which are present in
Alf
these regions. On the other hand, if the stress conditions become more severe, for
example as a result of increasing the value of

-t and-ALL
„.1 fwill both be reduced.

IL
p,--AI

Af

I

In both cases (increasing or decreasing the value of p) the relative leg capacity

--J

is a function of the change in the relative flexural capacity of the beam (M
riffx). It is
proposed for the generalisation of the flexure-shear interaction design model, therefore, that the new (general) relative leg capacity is determined using the following
relationship:

Let ru = M
and ri- =
iL
AI / 7

f

MAl
•

Then,

ri neW = r

(1 — ri„,,,) (
_ rumd) k r unew — rli old)

iold + (1

(4.6)

where:
rinew is the required relative leg capacity value for the new geometric and material

properties of the beams.
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is the measured relative leg capacity value obtained from the test beams,

rlol d

Figures 4.3 and 4.4.
LetI
r -oid =

ruoid

ri(oicioneasured),

and Ar i (old,measured) = 1 —

rl(old,measured)•

is the predicted relative ultimate flexural capacity value of the test beams

based on the assumed flexure-shear interaction model (see next section for the
model selected).
Let ru nic, =
r unew

rU(old,model)

is the predicted relative ultimate flexural capacity value for the new geo-

metric and material properties of the beams designed using the flexure-shear
interaction model which has been adopted.
L et r unew =

rti(new,modei)

Equation (4.6) can be represented in the following form:

r inew = ri (oid,measured)

Arl(old,meaaured)

(r U( new,model ) ru(oid,model))
(1 — r ti(old,model))

(4.7)

The applicability of equation (4.7) can be shown by considering the following two
cases:

1. For the geometric and material properties used in the test programmes:

r U(new,model) = r U(old,mode1)
Then equation (4.7) becomes:
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(4.8)

=

(r U (old,model) — ru(old,model))
r i(old,mectaured) + Ar I (old,mea aured)

(1 — r U(old, model))

= r 1(old,measured)

(4.9)

This implies that the relative leg capacity of the test beams is the measured
one which is the case in practice.
2. For the case of beams which are predicted to attain their full flexural capacity:

r ti (new ,model) =

(4. 10)

1 .0

Then equation (4.7) becomes:

( 1 — rU (old,modei)) _
r 'new = r i ( old,mea toured) + Arl (old,measured) (1 _ _ . ,,,
-L
' u( Id model))

1.0

(4.11)

This implies that the relative leg capacity is equal to the full flexural capacity
of the beams i.e. such beams do not need stirrups to attain their full flexural
capacity which is the case in practice.

4.6

Ultimate Flexural Capacity of Beams (Mn)

The determination of the magnitude of the required enhancement in the concrete
compressive strength (AL) is based on the evaluation of the leg capacity (A), equations (4.1) - (4.5). The evaluation of the leg capacity is a function of the ultimate
flexural capacity of the beams (Mu), equation (4.7). For this purpose, it is necessary
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to adopt a model which is able to predict the relative ultimate flexural capacity of
beams (flexure-shear interaction model).

Various analytical models have been proposed to determine the reduction in the
flexural capacity of beams because of the influence of shear[17, 18, 44, 148, 150,
151, 152, 153]. The majority of these models are based either on simplified models
derived directly from test results[151, 153] or on a separation between beam and
arch actions in the computation of the resisting moments[17, 18, 148]. There is
currently strong disagreements on the mechanism of diagonal failure and hence on
the theoretical basis of any of the proposed analytical models. Nevertheless, in this
investigation an analytical model is not intended to be used to determine the actual
relative flexural capacity of beams, but only as a measure of the change in the relative
leg capacity of beams, equation (4.7). For this purpose, a model recently developed
by Russo, et. al.[44], equations (4.12) and (4.13), which has proved to give the
most accurate prediction of the results of tests conducted by many researchers[44]
was adopted. However, other models could have been considered for comparison
purposes.
-3

Alf
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0.830M15
(
+206.90 eirr

(4.12)

pfy ( 1 - '41E)

where:

1
+
where cla is the maximum aggregate size.
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(4.13)
(25d.)

4.7

PROVISIONS OF THE CONFINEMENT REQUIREMENTS

4.7.1 Introduction
Transverse steel in structural concrete members serves a three-fold function; confinement of the compression concrete, prevention of lateral buckling of the longitudinal
reinforcement steel, and the provision of shear resistance. The properties of confined
concrete with respect to strength and ductility differ significantly from that of plain
concrete. Carefully detailed transverse reinforcement improves the properties of the
concrete through confinement.

It is generally accepted that spiral reinforcement results in increased strength
and ductility of confined concrete. It is also accepted that concrete confined by rectilinear ties leads to increased ductility but there is a division of opinion on both the
magnitude of this ductility and on the contribution from the ties to the enhancement
of the strength of confined concrete[154].

An acceptable stress-strain curve for plain concrete exists. On the other hand,
numerous laboratory based studies have been carried out to investigate the behaviour of concrete confined by transverse reinforcement[154, 155]. Several models
have been proposed with various degrees of sophistication to describe the stressstrain relationship of confined concrete. A comparative study by Sakai et. al.[155]
showed that the majority of these analytical models were only applicable to the lim-

158

ited data on which they were developed. This was attributed to the difference in the
details of the test specimens used and the variables considered in the development
of the empirically based analytical models.

While in this section no attempt has been made to review all the confinement
models, related basic concepts and important models have been reviewed in order
to assist in the adoption of the most reliable model. The model adopted will be
modified later in accordance with the proposed design methods for beams under
transverse static loadings.

4.7.2

Types of Confinement

Confinement can be divided into three types: (a) active, (b) passive, and (c) activepassive confinement.

(a) Active Confinement
Active confinement is when concrete is subjected to externally applied transverse
stresses such as in the case of axially loaded cylinders subjected to transverse hydraulic pressure. Richart et. al.[156] (from reference [1.3]) suggested that relationships derived from active confinement tests can be applied, with some reservations,
to concrete confined using spirals. The active confinement tests showed that both the
strength and the ductility of concrete increase with confinement. When the effects of
instrumentation, size, and shape of specimens on confinement were investigated[157],
it was found that the boundary constraints prevent transverse deformations of the
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specimens and will therefore result in the introduction of incorrect material parameters.

(b) Passive Confinement
In practice, concrete may be confined by transverse reinforcement, commonly in the
form of spirals or rectilinear ties. The concrete becomes effectively confined under axial stresses approaching its uniaxial strength (60-70% of the cylinder strength[ 158]).
When the transverse strains become very high because of progressive internal cracking, the concrete bears against the transverse reinforcement which then applies a
confining reaction to the concrete. In this case confinement is referred to as passive.
It was suggested[145] that, ideally, concrete should never fail as long as there is an
appropriate level of lateral pressure acting on it thus preventing the internal tensile
cracks from propagating.

Tests on passively confined specimens have shown that confinement enhances
both the ductility and the strength of concrete[156, 159, 160, 161, 162, 163]. However, circular stirrups (spirals) confine concrete more effectively than rectangular
stirrups. This is because the shape of spirals is such that they are in axial hoop
tension and thus provide continuous confining pressure around the circumference.
In this case, confinement depends on the pitch of the spirals and if the spirals are
spaced closely enough together confinement can approach that provided by uniform
lateral pressure. On the other hand, rectangular ties are subjected to both bending
and tensile stresses. In this case, confinement is provided by the arch action between
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adjacent transverse bars and to a certain extent by arch action between longitudinal
bars. The dependency of rectilinear ties on the spacing of vertical bars and the
corresponding bending stresses in these ties make rectilinear ties less efficient when
compared to spirals in confining concrete.

In studying the effect of confinement on the stress-strain relationships for passively confined concrete, the following factors are usually considered to be relevant[155].
1. Types and strength of concrete.
2. Amount and distribution of longitudinal reinforcement.
3. Amount, spacing, and configuration of transverse reinforcement.
4. Size and shape of confined concrete.
5. Ratio of confined area to gross area.
6. Strain rate.
7. Strain gradient.
8. Supplementary cross ties.
9. Cyclic loading.
10. Characteristics of lateral steel.
11. Level of axial load in the case of flexural behaviour.
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(c) Active-Passive Confinement
When failure of confined concrete is due to yielding of the transverse reinforcement,
the use of high tensile steel stirrups provides a higher degree of confinement[164].
However, to develop high stresses in the transverse reinforcement, large lateral
strains in the concrete must develop and as a result excessive internal damage occurs.
This may adversely affect the durability and serviceability of the concrete. To overcome this problem, prestressing of the spiral confinement has been suggested[165]
in order to create a triaxial state of stress which is independent of the transverse
deformation of the concrete during the initial stages of the application of the loads
(active confinement). Eventually, when the precompression in the concrete is neutralised by the concrete dilation, the concrete becomes passively confined.

This research programme includes beams with rectilinear and circular stirrups
and therefore only passive confinement models will be considered in the following
sections.

4.7.3

Confinement Models for Circular Sections

In general, for axially loaded members, a combination of lateral confinement pressure
and axial compression results in a triaxial state of stress. Lateral pressure counteracts the tendency of concrete to dilate laterally and results in increased strength.
An expression to describe the triaxial strength of concrete in terms of uniaxial stress
and lateral confinement pressure is given below:
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K1A

(4.14)

Where fL, and fL are the confined and unconfined strengths respectively of
concrete in a member. The coefficient K1 is a function of Poisson's ratio. The variation in K1 with respect to lateral pressure

A

is obtained from the results of tests

on cylinders subjected to different levels of hydraulic pressure. Richart et. al.[156]
(from reference [13]) suggests that K1 should be equal to 4.1. Other researchers[166]
have proposed different relationships, nevertheless, a value of 4.1 has been adopted
in Codes of Practice[8].

For concentrically loaded columns, assuming spirals are spaced sufficiently close
together to apply a near-uniform pre ssure[32, 166], the confining pressure fi is calculated from the hoop tension developed in the spiral steel. When the lateral reinforcement yields, the axial confined concrete c ompressive strength fc'c is calculated
as follows[32, page:25]:

J'L ==

+

8.2 4'A")
d3s

where

d, is the diameter of the spiral.
Asp is the area of the spiral bar.
is the pitch of the spiral.
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(4.15)

Different confinement models with various degrees of sophistication have been
proposed by researchers to describe the stress-strain relationship of spirally reinforced concrete[159, 166, 167, 168, 169, 170, 171, 172]. However, it is generally
considered to be sufficient to adopt the simple relationship given by equation (4.15)
to calculate the concrete confined compressive strength[32].

4.7.4 Confinement Models for Rectangular Sections
Numerous laboratory based studies have been reported on the behaviour of concrete confined with ties. Previous research was conducted on small-size specimens
with simple tie configurations. The confined core compared to the gross area was
small, so the confinement strength of the specimens did not exceed the unconfined
strength. The extra strength due to confinement was assumed to be offset only by
the reduction in strength resulting from the spoiling of the concrete cover.

A number of stress-strain curves for confined concrete have been proposed. Several variables have been considered in these models such as: the amount of lateral
reinforcement, the strength of the concrete and the steel, and the distribution of
longitudinal steel and the resulting tie configurations.

The beneficial effect of ties on the strength of concrete has generated a lot of
disagreement among researchers. Sheikh[154] and Sakai and Sheikh[155] conducted
comparative studies on several analytical models used to describe the behaviour of
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confined concrete. They reported that in all the models the amount of longitudinal
steel had no effect on the properties of the confined concrete. Also, in specimens
with only four corner bars the effectively confined concrete at the critical section
between the ties, could be very small compared with the core area bounded by the
centre lines of the tie thus resulting in poor confinement. Small size specimens,
simple steel arrangements, low volumetric ratios of lateral steel to concrete core,
and low ratios of the core area to the gross area of specimens would result in small
increases in the strength and ductility of the confined concrete.

It was concluded from the comparative studies that the most relevant models for
passive confinement are those which are based on testing full-size specimens with
various arrangements and numbers of longitudinal bars as well as overlapping ties.

Models by Park et. al.[161, 172, 173] and by Sheikh et. al.[163, 174, 175, 176,
177, 178] are considered, based on the above criteria, to be realistic models. When
predictions from various models were checked against experimental results[154], it
was concluded that the model which was developed by Sheikh[174] gave the best
prediction.

4.7.5 Influence of Strain Gradient
Studies on the influence of strain gradient on confinement have shown conflicting
results. While most researchers[154, 158, 173, 179, 180, 181] reported an increase
in strain due to strain gradient, there have been disagreement on its effect on the
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concrete compressive strength. Several researchers[158, 179, 180] reported no increase in strength due to strain gradient while others[181] reported an increase of
up to 20%. Scott et. a141731 stated that the presence of a strain gradient results
in a smaller decrease in the load and the moment carried as the strain increases
beyond that associated with the peak load when predicted using the stress-strain
curves from concentric load tests. They concluded that when the neutral axis lies
within the section, estimating the strength using stress-strain curves obtained from
concentric load tests was undoubtedly conservative.

The influence of strain gradient on the strength of confined concrete was related
to its influence on the area of the concrete which was effectively confined[175]. When
the ratio of the depth of the neutral axis to the depth of the confined concrete (-ill-)
was less than 0.5, the ratio of the concrete effectively confined area to the core area
(A) based on concentric compression overestimates the efficiency of confinement.
However, the increase in concrete compressive strength due to steep strain gradients, which produces additional confinement, compensates for the low efficiency. On
the other hand, when the (i) is larger than 0.5, the concrete strength has significant
influence on behaviour. In this case, the efficiency of confinement is at least equal
to that experienced under concentric compression. It should be noted that, due to
the presence of shear, a high confined concrete strength may be developed. This
was attributed to the early mobilisation of the lateral steel[177].

When applying the confinement model originally developed by Sheikh et. al.[174]
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to specimens under the combined action of axial load and flexure, the results were
consistently conservative under large curvatures[154]. However, the flexural strength
predictions changed from conservative to unsafe as the magnitude of the axial load
was increased[178]. It was explained that under high axial loads, the strain gradient
reduces (i.e. less confinement) which results in lower concrete strengths

It can be concluded from the above discussion that the presence of a strain
gradient has a beneficial effect on the ductility of the confined concrete. The flexural capacity of beams is not influenced significantly by a moderate variation in
concrete strength[176] even although the compressive strength of confined concrete
may increase as a result of strain gradients.

4.7.6 Summary and Conclusions
Equation (4.15) has been adopted for beams with circular cross sections in this
research programme. However, other relationships[172] will also be considered for
estimating the compressive strength of the confined concrete.

For rectangular beams, the beneficial effects of the presence of a strain gradient
on ductility[175] and the influence of high axial load levels on flexural capacity[178]
are included in the confinement model developed by Sheikh et. al.[175, 178]. The
accuracy of the model was tested against the results from different experimental programmes and gave very good results[154, 155, 175, 176, 177, 178]. Therefore, this
model has been adopted in the case of this research programme into the behaviour
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of beams with rectangular cross sections. However, modifications with respect to
the calculation of the effectively confined area of the concrete will be made to make
the model applicable to beams under only transverse loading.

In the following sections, the confinement model adopted for rectangular beams
and the proposed modifications to it have been outlined.

4.7.7 Confinement Model for Rectangular Beams
In the model[175, 178], the increase in concrete strength is calculated based on an
effectively confined concrete area, which is less than the concrete core area enclosed
by the centre line of the perimeter tie. The distribution of core concrete between the
contained and the effectively confined categories is a function of the distribution of
the longitudinal and the lateral reinforcement. Closer spacing of both the longitudinal and the lateral reinforcement results in a higher proportion of the confined area
becoming effective as shown in Figure 4.6, and also in higher strength and ductility
of the concrete.

The stress-strain curve OABCDE shown in Figure 4.6 represents the behaviour
of concrete in the core (centre to centre of the perimeter tie) for concentric compression loading[174]. The curve consists of three parts. Part 'OA' is a second degree
parabola with point 'A' at

gfcc, E
- al ' •

The term fc, represents the compressive strength

of confined concrete which is equal to K,fcp in which hp is the compressive strength
of the plain concrete and K, is the confinement enhancement factor (strength gain
factor). The terms E- al and 6,2 are the minimum and the maximum strain values re168

spectively corresponding to the maximum stress. The term Cm is the value of strain
corresponding to 85% of the maximum stress in the unloading branch of the curve.
Parts 'AB', and 'BC' of the curve are straight lines. The curve is assumed to continue
in the same straight line beyond the point 'C' until the stress drops to about 30%
of its maximum value (point 'D'). A horizontal line is assumed beyond the point 'D'.

The effect of the presence of a strain gradient on the ductility of confined concrete, was included in the model by extending part 'AB' of the stress-strain curve
to 'AB" as shown in Figure 4.6. In this case, the stress-strain curve OABB'C'D'E
represents the behaviour of confined concrete subjected to a strain gradient.

To include the influence of a high axial load level on the concrete strength, the
confined concrete strength (fcc) was multiplied by a reduction factor ()[178].

In reference to Figure 4.6, the governing equations of the confinement model
which have been adopted in this investigation are given below (Si units):
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In equation (4.18), a = 5.5, 0 = —
9 = 4501 f
141 0 1sv

= LP'

(test results support this

assumption[177) and in addition confinement is not sensitive to the stress in the tie
steel), and 7 = 0.5.
where:
is the balanced-failure axial load.

Pb

A 0 is the area of the core measured from centre to centre of the perimeter tie.
A, is the area of the longitudinal steel.
B is the core size (width) measured from the centre to centre of the perimeter

tie.
c is the distance between laterally supported longitudinal bars.
fCp

is the strength of unconfined concrete in the structural concrete member and

is equal to Kpf,'.
Kp is the ratio of unconfined concrete strength in the structural concrete member
to .f. It is evaluated assuming:
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Kp -:-- 1.0 for P
Kp ,---- (1

Po

fsv

n

< Pb •

— 0.15 C
/ A) [176] for

Pb <P < Po.

is the axial load strength.
is the stress in the lateral steel.

is

the number of arcs containing concrete which is not effectively confined and

is also equal to the number of laterally supported longitudinal bars.

Pocc = KpM(Aco — A,),

.9

Pt

is the tie spacing

unconfined strength of the concrete core.

( s r) .

is the ratio of the volume of the tie steel to the volume of the core.

60 is the strain corresponding to the maximum stress in the unconfined concrete.

Z

is the slope of the descending part of the stress-strain curve (part 'B'D").

4.7.8

Equivalent Concrete Compressive Block

To simplify the application of the stress-strain model in flexure, an equivalent stress
block, Figure 4.6, has been proposed [175]. The proposed equivalent stress block
has a width equal to 13

fcc ,

and a length equal to

ax, where x is the depth to the

neutral axis. The different parameters relating to the stress block are calculated as
follows:
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where:
e c is the extreme fibre concrete strain.
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4.7.9 Proposed Modifications to the Confinement Model
The confinement model which has been adopted was originally derived for square
columns under concentric loading. It was then modified to account for the presence
of a strain gradient and for the magnitude of the axial load. To make the model applicable to beams detailed in accordance with the proposed flexure-shear interaction
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design model, it was envisaged that the following modifications would be necessary
to account for the effectively confined area in such beams:

Confinement Requirement for the Horizontal Leg

(a)

In reference to Figure 4.7.a, it is proposed to modify equation (4.18) as follows:

1

Ks = + BH1

[(1 ErL i 4) (1
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(4.30)

where:
x shown in Figure 4.7, is the depth to the neutral axis calculated using normal
flexural theory.
A

c01 = BH1.

P0.1 = BH1* Kpfc, = BH1* fe (since P=0.0).

2 4 in this case = 2c1 2 c22.

E: ,

2(H +MA 81.1
H B sv

(b)

Confinement Requirement for the Inclined Legs

(i) Near the Point of Force Changing Direction
The same modifications required for the horizontal leg were necessary except that

t

the calculation of p is based on the conventional full length stirrup configuration as
shown in Figure 4.7.b.
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(ii) Away From the Point of Force Changing Direction

In reference to Figure 4.7.b, the confinement enhancement factor (Ks ) is calculated as follows:

=

1 +

jooBx {(1

EL I 4)

occ2

CeAco2

0.5

tame)]

0(Pt.ftivr
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(

where:
x is the depth to the neutral axis calculated in accordance with flexural theory.

A c02 -= Bx.
P0cc2 = Bx *

4 in this case equal to 2x2.
Pt

2(H+B)Aav
HBxso •

4.7.10 General Remarks
1. The confinement enhancement factor (Ks ) exists only for the compression concrete inside the confined area (A co = BH1, or Bx). The concrete compressive
strength is less than fc, due to shear. The presence of stirrups offsets the
reduction in the strength and enables the concrete to reach its unconfined
compressive stress (fe).
2. At full flexural strength, the concrete compressive strength inside and outside
the confined area will not increase beyond the ultimate strength (fe). In this
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case, flexural theory is applicable. Therefore it is justifiable to calculate the
position of the neutral axis based on flexural theory.
3. To prevent a diagonal failure, the role of stirrups in the proposed design approach is to maintain the unconfined concrete compressive strength. As a factor of safety, the direct shear resistance of the stirrups, if any, is not considered.

4.8

IMPLEMENTATION OF THE FLEXURE-SHEAR INTERACTION DESIGN MODEL

4.8.1 Analysis Steps
The steps of the analysis are summarised as follows:
1. Calculate the required confinement enhancement factor (Ksre quired) based on
either equation (4.3) or equation (4.5).
2. Calculate the confinement enhancement factor (NKSprovided) based on either
equation (4.30) or equation (4.31).
3. For safe design Ks provided should not be less than K, required'
The evaluation of the confinement requirements of the beams which were included
in Test Series 'A' has been carried out in Appendix B (a detailed discussion of
that test programme was included in Chapter 3). The final results of the analysis
are summarised in Table 4.4. The analysis shows that the confinement (stirrups)
provided and given by the factor K, (provided) is equal to or greater than the
required confinement given by the factor K, (required). These results could be
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considered as part of the experimental verification of the proposed flexure-shear
interaction design model. An experimental verification of the model for various
types of beams has been included in a following section.

4.8.2 Design Steps
The proposed design steps can be summarised as follows:
1. The required confinement enhancement factor (KO is calculated based on
the reduction in the compressive strength in the different legs due to shear
(equations (4.3) or (4.5)).
2. In accordance with flexural theory and the proposed design method the geometry of the confined section is determined (x, c1 , B, H, etc).
3. The diameter of the stirrups is specified based on practical considerations.
4. The spacing of the stirrups (s r ) is determined using either equation (4.30) or
equation (4.31). For a distance equal to approximately `d' from the support it
is suggested that equation (4.31) should be used. This equation results in lower
confinement requirements because of the relatively large effective confined area.
5. Finally, the calculated spacing is checked against the limiting values specified
in Codes of Practice.
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4.9

TEST SERIES 'C': Verification of the proposed flexure-shear interaction design model

4.9.1 Description of Test Beams
Test Series included ten normal-size beams made with normal-strength concrete, Figures 4.8, 4.9, and 4.10. All beams had an overall length of 3500mm and
an effective span of 2800mm. The test beams were selected to cover the whole of
Kani's Valley for the different beam types. The variations included the shear span
to depth ratio (3 = 1.75, 3.2, 3.9, and 4.0), the longitudinal reinforcement ratio
(p = 1.5%, 1.8%, and 2.0%), the beam cross section (200mm x 300mm and 200mm x
400mm), the loading arrangement (four and three point loading systems), and the
detailing of the lateral reinforcement (proposed and traditional approaches). The
design concrete compressive strength (L„) was equal to 40 MPa. High-strength deformed steel bars with a nominal diameter of either 20mm (A, = 310.35mm 2 and

h=

500 MPa) or 25mm (A, = 483.85mm 2 and fy = 526 MPa) were used for

the longitudinal reinforcement. The stirrups were fabricated from plain round mild
steel bars of either 8mm nominal diameter (A, = 49.9mm 2 and fy = 420.8 MPa)
or lOmm nominal diameter (A, = 78mm2 and fy = 441 MPa).

Beam type A, Figure 4.8, had an a/d ratio equal to 1.75, a cross section of
200mm x 400mm, and a value of p equal to either 1.5 (beam type A1.5) or 2 (beam
type A2). These beams were used to validate the proposed model for type III beams.
It should be noted that beams with an a/d ratio equal to 2 were included in Test
Series 'A' which was described in Chapter 3. The analysis of the beams based on
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the proposed model was discussed in an earlier section in this Chapter.

It should be noted that the resulting detailing of the type III beams based on
the proposed and the traditional design approaches is similar i.e. all of the shear
span is provided with conventional full size stirrups. However, short stirrups were
provided along a distance equal to approximately half the beam depth inside the
mid-span region of the type A beams. The similarities in the two design methods are
not just apparent in the resulting detailing arrangement but also in the calculated
stirrup spacing, Table 4.5. Thus, the inclusion of traditionally designed beams for
the purpose of comparison between the two design methods was believed not to be
necessary for this beam type.

Four type

B

beams having an a/d ratio of 3.2, Figure 4.9, and four type C

beams having an a/d ratio of either 3.9 or 4.0, Figure 4.10, were used to validate
the proposed model for the design of type II beams. The test beams had values
for p of 1.5 (beam types

B1.5

and C1.5),

1.8

(beam types

B1.8, B1.8(T), C1.8,

and

C1.8(T)), and 2.0 (beam types B2 and C2). The beams with an a/d ratio equal to
1.8

had cross sections of 200mm x300mm. The remaining beams had cross sections

of 200mm x 400mm. Beam types C1.5 and C2 were tested under a three point loading system.

Test Series 'A' described in Chapter 3 included beams with an a/d ratio of 3.2
and a value for

p

ratio of

1.8.

The discussion of the results obtained from these
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beams highlighted the need for the testing of similar beams in which the cracking
process had to be monitored. One beam was therefore designed using an approach
based on the proposed model (beam type B1.8) and one beam traditionally designed
(beam type B1.8(T)) were included in this test series. Electrical resistance strain
gauges were used to measure the strains at different loading levels in the stirrups in
the two beams. The locations of the strain gauges are shown in Figure 4.11. The
type C beams also included one traditionally designed beam (beam type C1.8(T)) for
comparison purposes. Beam type C1.8 was identical to beam type C1.8(T) except
that it was designed and detailed using the proposed model.

4.9.2 Design of Test Beams
For comparison purposes all the beams were designed in accordance with BS 8110
and the proposed flexure-shear interaction design model, Table 4.5. Only two traditionally designed beams (beam types B1.8(T) and C1.8(T)) were, however, included
in the test series. In the design of all of the beams the load and resistance factors were
not included. The actual structural steel properties, the design concrete strengths,
and the assumed dimensions of the beams were used in the design calculations. To
prevent anchorage failure all beams were extended beyond the supports for a distance equal to 350mm and the longitudinal bars were also bent up at the ends. The
anchorage lengths provided and the radii of the bends in the reinforcement were
found to satisfy the appropriate Code requirements.

In the design of the beams based on the proposed model, the design steps de-
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scribed in the previous section, the design equations, the leg capacity, the generalised
leg capacity curves, the modified confinement model, and the modified confinement
area described in this Chapter were used. The determination of the location of the
neutral axis was based on the approach put forward in BS 8110.

Table 4.5 summarises the input data and design requirements for all of the beams
included in this test series. The traditional design solution for these beams is also
included in the Table 4.5 for comparison purposes. Appendix B includes a prototype design example (design of beam type B1.5). Table B.2 in Appendix B gives a
summary of the design data and the results obtained from the design calculations
for all of the beams including the equivalent traditional design. The design results
indicate that, in general, the proposed model results in a more economical design.
The spacing of the stirrups in the inclined and horizontal leg regions is smaller in
the traditionally designed beams than in the beams which were designed using the
proposed model except for the horizontal leg regions of beam type C. Nevertheless,
the stirrups in the horizontal leg regions of the beams designed using this model do
not extend down the full depth of the beam, thus they produce a more economical
solution even if the stirrup spacing is relatively small. It is worthwhile noting that
test results[46, 47, 48, 49, 182, 183] have shown that the shear strength can be up to
80% higher than that predicted by the truss analogy. The design results based on
the proposed approach support this conclusion since the spacing of the stirrups in
some of the beams, Table 4.5, was significantly larger than that required using the
truss analogy and the beams did not fail due to diagonal cracking. A detailed cal-
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culation of the savings in the amount of stirrups provided using the proposed model
cannot be generalised for all of the beams since it depends on the dimensions of the
beams and the properties of the material. In addition, it is believed that since the
proposed model is based on concepts derived from a more realistic understanding
of the actual structural behaviour of beams, the model will reduce the uncertainties
present in current design approaches. This will increase the level of confidence in the
design process and will thus allow a reduction in the risk factors (or safety factors)
which are usually included in design. The possible reduction in the risk factors will
also result in more economical designs.

Since the design was based on the assumed concrete strength and the cross
section geometry, re-working of the design procedures was considered on completion of the test series. It was found that the variation in the concrete strength
(fCtiave. =

34.11 MPa) and in the beam dimensions (Table 4.6) from the values spec-

ified had a relatively insignificant influence on the design results. In the prototype design example in Appendix B, for example, if the actual properties (fc. = 31.1 MPa,

f'.-- 25.4 MPa, and cross section= 209mm x 412mm) were used, the required stirrup spacing was found to be 165mm instead of 155mm for the traditional design. In
the case of the proposed model, the stirrup spacings would be 190mm, 175mm, and
225mm instead of 175mm, 160mm, and 220mm for the horizontal leg region, near
the point at which the load path changes direction, and near the supports in the
inclined leg region respectively.
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In the evaluation of the confinement requirements which are necessary to prevent
diagonal failures in the test beams, the stirrups were assumed to yield at diagonal
failure. The strain measurement results at ultimate load given in Table 4.9 show
that the maximum strain in the stirrups in beam type B1.8 was 0.00146 (the stirrup
inside the shear span). The stirrup therefore reached 70% of its ultimate strength
based on the steel stress-strain curve given in Appendix A. The reason for this is
that the beam was not subjected to severe shear stresses (a/d -= 3.2) and the beam
did not fail by diagonal cracking which usually results in yielding of the stirrups. The
implication of this is that there was still a reserve capacity in the stirrups against
diagonal failure when the beam reached its full flexural capacity.

4.9.3 Experimental Work
The casting, curing, and test procedures (apart from the loading arrangement described previously for beam types C1.5 and C2) as well as the approach used to
correct the load measurements were identical to those used in Test Series 'A' described in Chapter 3. In addition, strains in the stirrups in beam types B1.8 and
B1.8(T) were measured using strain gauges having a gauge length of 5mm (for more
detailed information on the experimental work, refer to Appendix A).

4.9.4 Test Results
The concrete compressive strength (fc ti ), actual beam dimensions, actual ultimate
load, correction factors, and corrected ultimate load for all of the test beams are
given in Table 4.6. Table 4.7 summarises the theoretical (M1) and the corrected
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actual flexural capacities (Mf ) for all of the test beams. The evaluation of the
actual flexural capacity (---LAI
A/1 ) is also given in Table 4.7. In order to evaluate the
serviceability requirements the diagonal and flexural crack widths, and the midspan deflections at working load, at ultimate capacity, and just before unloading
are given in Table 4.8. Table 4.9 summarises the strains present in the stirrups
in beam types B1.8 and B1.8(T) under maximum loading and after failure. The
measured strains in the stirrups at various load levels are given in Table B.3 in
Appendix B. Figures 4.12, 4.13, and 4.14 show the load-mid span deflection curves
for beam types A, B, and C respectively. The crack patterns at failure for all of the
beams are shown in Figure 4.15. Finally, the deflected shapes of typical test beams
after failure are shown in Figure 4.16 (beam types A2, B1.8, and C1.5).

4.9.5 Discussion of Test Results
(a) Modes of Failure
All the beams reached their full flexure capacity and eventually failed in flexure by
spalling of the concrete compression zone in the regions of the beams subjected to
maximum bending moments as shown in Figure 4.15.

In the type A beams diagonal cracks developed in the shear spans as an extension of existing flexure cracks. The diagonal cracks extended towards the loading
points and were arrested by the confining influence of the stirrups in the concrete
compression region. The flexure and the diagonal cracks proliferated and widened
with increasing load. The short stirrups adjacent to the loading points inside the
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mid-span region, Figure 4.8, succeeded in preventing splitting of the compression
concrete in that region. Also, they succeeded in preventing the extension of the
diagonal cracks inside the mid-span region which is usually characteristic of the failures of short beams. After reaching ultimate load, spalling of the concrete cover
was noted in the beams. The compression concrete started to crack and the load
carrying capacity was reduced because of the absence of the stirrups in the midspan region. The beams eventually failed by spalling of the compression concrete
and widening of the flexural cracks in the mid-span region. At failure, due to the
relatively large diameter of the longitudinal steel bars ( .:k = 25mm), bond cracks
widened and joined up with the flexural cracks to extend through to the cracked
compression concrete as shown in Figure 4.16.

In beam type B, Figure 4.15, the traditionally designed beam type B1.8(T) failed
in a typical flexural failure mode. The flexural and diagonal cracks developed and
widened under increasing loads. The diagonal cracks developed after the flexural
cracks and were generally wider than the flexural cracks up to the ultimate load.
Beam type B1.8 had similar material and dimensional properties except that it was
designed and detailed using the proposed model. This beam also failed in a typical
flexural failure mode as shown in Figure 4.16. The flexure and shear cracks developed and widened under increasing loads. Spoiling in the concrete cover was noted
as the ultimate capacity of the beams was approached. Spoiling of the compression
concrete in the mid-span region occurred at failure. The diagonal cracks did not
extend into the mid-span region although the short stirrups were not provided near
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to the loading points inside the mid-span region. The diagonal cracks which developed after the flexural cracks in beam type B1.8 were always smaller in width than
the flexural cracks and the diagonal cracks which developed in beam type B1.8(T)
at the different load levels.

Beam types B1.5 and B2, Figure 4.15, also failed in a typical flexural failure
mode similar to that described for beam type B1.8. However, in beam type B1.5
the diagonal cracks were wider at a load level approximately equal to 75% of the ultimate load. At failure, the most critical diagonal crack bypassed the loading point
and entered the concrete compression region adjacent to the loading point where
spoiling of the compression concrete had occurred. This type of behaviour resulted
from not including stirrups in the mid-span region near to the loading points. This
type of cracking was not observed in the beams included in Test Series 'A' in which
short stirrups were provided along the entire length of the horizontal leg. This type
of behaviour did not prevent the beam from achieving its full flexural capacity. Nevertheless, the extension of the short stirrups into the mid-span for a distance equal
to approximately half of the beam depth is recommended for all types of beams
regardless of the aid ratio.

In type C beams, Figure 4.15, the traditionally designed beam (beam type C1.8(T))
failed in a typical flexural failure mode similar to that described previously for the
traditional beam type B1.8(T). Beam type C1.8 had similar material and dimensional properties except that it was designed and detailed using the proposed model.
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This beam also failed in a typical flexural failure mode. However, the diagonal crack
widths were larger than the flexural crack widths at load levels from 68% of the ultimate load up to failure.

Beam types C1.5, Figure 4.16, and C2, Figure 4.15, also failed in flexure which is
characteristic of the failure of beams subjected to a centrally positioned load. These
two beams were subjected to a three point loading system which forced the failure
to take place in the shear spans. Diagonal cracks developed as an extension of the
flexural cracks. The flexure and diagonal cracks proliferated and widened under
increasing loads. The short stirrups succeeded in preventing the diagonal cracks
from propagating into the concrete compression zone. The compression concrete
adjacent to the loading point started to crack just before failure. Spalling of the
cracked compression concrete occurred at failure.

(b) Load Carrying Capacity and Ductility
The validation of the model was examined by considering the strength and ductility of the test beams. For this purpose the corrected measured flexural capacities
(M1 ) were compared with the predicted theoretical values (M1), Table 4.7. All of
the test beams reached their full flexural capacity as can be noted from Table 4.7.
The ratio ( if) ranged from 1.03 (beam type C2) to 1.19 (beam type B1.8) with an
average value of 1.11. In structural design, the ductility of a beam can be related
to its ability to undergo a significant deflection in the post-elastic range without a
substantial reduction in its strength. In the following discussion the mid-span de-
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flection obtained before a significant reduction in strength occurred was considered
as a measure of ductility. The measured mid-span deflections for the test beams are
shown in Figures 4.12, 4.13, and 4.14 where it can be noted that all beams behaved
in a typical ductile manner. The ductility obtained from the test beams ranged from
30mm (beam type B1.5) to 45mm (beam type C1.5).

Beam type A in which the stirrup detailing was similar to that used in the traditionally designed beams, achieved an average

AI f
Af 1

ratio of 113%, Table 4.7. The

ductilities of beam types A1.5 and A2 were 40mm and 35mm respectively. The
additional increase in the ductility of beam type A1.5 is due to its low longitudinal reinforcement ratio

(p =

1.5) compared to that for beam type A2

It is known that ductility increases as the value of

p

(p =

2).

decreases[32, page 207]. In

both beams the extension of the short stirrups into the mid-span region close to
the loading points prevented spoiling of the compression concrete in that region and
thus resulted in a relative improvement in ductility compared to that obtained from
beams in which the stirrups were not provided in the mid-span region. On the other
hand, the ductility of these beams decreased significantly (up to three times) when
compared to the type III beams included in Test Series 'A'. The reason for this is
the absence of confinement in the mid-span regions in the test beams. Short stirrups should therefore also be provided in the mid-span region in situations where
more ductile behaviour is required e.g. to survive severe earthquakes or to allow
redistribution of bending moments.
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Beam type B achieved an average ratio of 113%, Table 4.7. The ductility
obtained from these beams was as low as 30mm (type B1.5). The reason for the
decrease in the ductility was due to the absence of short stirrups in the mid-span
region including the region near the loading points. It is interesting to note that all
of the beams failed by spalling of the compression concrete near the loading points,
Figure 4.15, where no stirrups were provided. Beam types B1.5 and B2 achieved
similar ductilities (about 30mm) although beam type B2 had a larger value of p

(p = 2) compared to that for beam type B1.5 (p = 1.5). It appears that the increase
in concrete strength for beam type B2 (fc. = 35.5 MPa) compared to that for
beam type B1.5 (L„ = 31.1 MPa) resulted in its increased ductility. It is known
that ductility increases with an increase in concrete strength[32, page 207].

The test results, Table 4.7 and Figure 4.13, confirm the similarity in the behaviour of beam type B1.8 (designed and detailed based on the proposed model)
and beam type B1.8(T) (traditionally designed and detailed). The stiffness (inclination of the load-deflection curve), the ductility (40mm), and the load carrying
capacity ( 4
;1i = 1.19 and 1.15 for beam types B1.8 and B1.8(T) respectively) obtained from the two beams were almost identical. It can be concluded from these
results that although the traditional design approach resulted in a less economical
solution, it did not result in improved better behaviour in terms of strength and
ductility. The strain measurements in the stirrups in these two beams, Figures 4.11
and A.1-Appendix A and Tables 4.9 and B.3-Appendix B indicate the following:
• The strains in the stirrups at the ultimate load in beam type B1.8 (maximum
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strain= 0.0015) did not reach the elastic limit of the steel (-.-' 0.002). On
the other hand, the strain measurements in the stirrups in the traditionally
detailed beam type B1.8(T) (maximum strain = 0.0024) showed that they
had yielded. The reason for this is that in the traditional beam the widths
of the diagonal cracks were higher at all load levels compared with the values
obtained from beam type B1.8. The wider diagonal cracks corresponded to
the presence of higher strains in the stirrups. The implication of this is that
at the ultimate limit state beam type B1.8, which was designed using the
proposed model, had a higher reserve strength against diagonal failure than
that obtained in the traditionally designed beam.
• The actual tensile strains in the top transverse leg of all of the stirrups were
higher than those in the lower and vertical legs. The reason for this is that
the top concrete compression region is subjected to the highest compression
stresses which results in an increased dilation of the concrete thus leading to
higher strains.
• The tensile strains in the stirrups inside the shear span region were higher
than those in the stirrups near the loading points in all of the beams. The
reason for this is that the stirrups inside the shear span region were crossed
by diagonal cracks which were wider than those which crossed the stirrups
adjacent to the loading points. In addition, the confinement resulting from
the presence of the loading plates might have counteracted the dilation of the
concrete and thus resulted in lower strains in the stirrups at that location.
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Type C beams achieved an average Af1 ratio of 108%, Table 4.7. Beam types C1.5
-L
A I

and C2 did, however, fail through spalling of the compression concrete inside the
shear span (the beams did not have a mid-span region). They achieved 118% and
103% of their theoretical full flexural capacity with approximate ductilities of 45mm
and 35mm respectively.

The test results, Table 4.7 and Figure 4.14, confirm the similarity in the behaviour of beam types C1.8 (designed and detailed using the proposed model)
and C1.8(T) (traditionally designed and detailed). The stiffness (inclination of the
load-deflection curve), the ductility (about 40mm), and the load carrying capacity
(Pi = 1.04 and 1.08 for beam types C1.8 and C1.8(T) respectively) obtained from
the two beams were almost identical.

4.9.6 Serviceability
In day-to-day practical design, the serviceability limit state requirements (deflection
and flexural crack widths at service load levels) are satisfied by following straightforward procedures in which the maximum deflection and flexural crack width are
assigned limiting values. The flexural crack width should not exceed 0.3mm and the
final deflection should not exceed either the span/250 based on the requirements
of BS 8110. The corresponding values in the ACI Code of Practice are 0.41mm
and span/360 (live load deflection) respectively. In the case of the test beams the
allowable deflection under working load conditions, assuming that the long term
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deflection is included, would be approximately 11mm. In the case of the test beams
the working load level was estimated, for comparison purposes, to be equal to 60% of
the ultimate load (the average capacity reached was 111% of the theoretical ultimate
capacity and the average load factor was assumed to be 1.5). A more sophisticated
analysis for the serviceability limit state requirements is usually undertaken when
the serviceability of members is of major significance. The serviceability requirements are mainly related to the distribution of longitudinal reinforcement (related
to the limitation on the 'flexure' crack width) and the depth of members (related
to the limitation on the deflection). Therefore, detailing based on the proposed
model should not influence significantly the serviceability of the beams. However,
the actual widths of the diagonal cracks can influence the serviceability of beams.
Little work has been done on how to control diagonal crack width, but it is generally
accepted that traditional design approaches result in diagonal crack widths which
satisfy the serviceability limit state requirements with respect to crack width. A
detailed study of the diagonal cracking mechanism and the resulting crack widths
was not within the scope of this investigation. However, to validate the proposed
flexure-shear model for the design of beams it is important to compare the serviceability (deflection and crack width) obtained from beams designed using the
proposed model with those obtained from traditionally detailed beams. Also, the
serviceability obtained from the beams was checked against the requirements of the
serviceability limit state. For this purpose, deflection and crack width measurements
were taken at the estimated working load levels, the ultimate load level, and before
unloading for all of the test beams. The respective values are given in Table 4.8.
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The deflection at working load levels for all the beam types included in this test
series was approximately llmm. The measured values just satisfy the serviceability
limit state requirements. Table 4.8 shows that the deflections at working load levels
obtained from beam types B1.8 (11mm) and C1.8 (12mm) were similar to those
obtained from the traditionally detailed beam types B1.8(T) (12mm) and C1.8(T)
(11mm). This shows that the proposed detailing approach does not significantly
influence the deflection of beams at the working load level. This conclusion can be
applied in general terms based on the deflections obtained at different load levels,
Table 4.8, for all of the beams.

Table 4.8 shows that the flexural crack widths at working load levels obtained
from all of the beams were less than or equal to 0.3mm, except for beam type A
which had a crack width approaching 0.4mm. The measured crack widths satisfy
the serviceability limit state requirements (0.3mm or 0.41mm based on the requirements of either the BS8110 or ACI Codes of Practice respectively). It should be
noted that although the design of beam type A was based on the proposed model,
the detailing was similar to that for traditionally designed beams. The diagonal
crack widths at working load levels obtained from all of the test beams did not
exceed 0.4mm except for beam type A2 (0.45mm) which was traditionally detailed
to resist shear. The diagonal crack widths at working load levels obtained from
beam types B1.8 (0.15mm) and C1.8 (0.3mm) were less than or similar to that obtained from the traditionally designed and detailed beam types B1.8(T) (0.4mm)
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and C1.8(T) (0.2mm). The cracking process summarised in Table 4.8 shows that
the widths of the diagonal cracks were always smaller than the flexural cracks at
each load level for the majority of the beams. Therefore, it can be concluded that
the detailing approach based on the proposed model does not adversely affect the
serviceability limit state requirements with respect to crack width. It should also
be noted that for practical design purposes, factors of safety are usually included
which would require the introduction of additional stirrups. This could result in an
improvement in the serviceability and ductility of the beams compared with that
obtained from this test series.

4.9.7 Conclusions
The following conclusions can be drawn from the results obtained from the beams
in Test Series 'C'.
1. All the beams which were designed and detailed using an approach based
on the proposed flexure-shear interaction design model failed in flexure after
reaching their full flexural capacity. Therefore, with respect to the ultimate
limit state, the proposed model has been validated experimentally for normalsize beams made from normal-strength concrete.
2. The serviceability (deflection and crack widths at service load levels) of the
beams designed using the proposed model was found, in general, to satisfy the
serviceability limit state requirements. It was also found that the serviceability
of the test beams was at least comparable to the corresponding values obtained
from the traditionally designed beams. However, it cannot be concluded that
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the proposed detailing approach leads to a significant enhancement in the
serviceability of beams.
3. To prevent the extension of the diagonal cracks into the concrete compression
zone in the mid-span region near the loading point, short stirrups should be
placed in the mid-span region over a distance from the load point approximately equal to half the beam depth for all beams regardless of the a/d ratio.
4. The ductility of the beams designed using the proposed model was similar to
that found in the traditional beams.
5. The measured ductilities of all of the test beams, including the traditionally
designed beams, were less than those obtained from the beams which were
included in Test Series 'A'. If more ductile behaviour is required, the short
stirrups should be placed along the entire length of the mid-span region of the
beam.
6. The proposed model normally results in a more economical design compared
with that which is based on traditional design approaches. This is due to the
use of a reduced amount of stirrups (spacing and length) and the anticipated
rise in the level of confidence in the design procedure resulting from the use of
an approach based on a more realistic understanding of the actual structural
behaviour of beams. It is accepted[46, 47, 48, 49, 182, 183] that Code provisions for shear based on truss analogy are overconservative for beams with
web reinforcement.
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4.10

SUMMARY

In this Chapter the flexural-shear interaction design model which was outlined in
Chapter 3 has been developed and implemented for the design of beams. It was
necessary for the implementation of the model to determine the leg capacity curves
(Test Series 'B'). The determination of the leg capacity for all types of beams was
derived theoretically based on the measured leg capacity curves and the theoretical
relative ultimate flexural capacity of beams. To evaluate the amount of stirrups
(confinement) required to prevent a diagonal failure, the confinement model developed recently by Sheikh et. al.[178] was modified to comply with the proposed
design approach. Finally, the proposed model to prevent diagonal failure was validated experimentally for normal-size beams made from normal-strength concrete
(Test Series 'C').

In order to generalise the proposed flexure-shear interaction design model, the
sensitivity of the approach to the factors which are traditionally believed to influence
diagonal failures in beams is required to be investigated.
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a/d

shear span to depth ratio

fc

concrete compressive strength from standard tests

fcc

compressive strength of confined concrete

fcp

compressive strength of unconfined concrete in beam

K.

confinement enhancement factor

Mf

full flexural capacity of beam

Mid

design bending moment

Mi

ultimate flexural capacity of leg

Mih

ultimate flexural capacity of horizontal leg

lliii

ultimate flexural capacity of inclined leg

Mr

decrease in flexural capacity of leg due to shear

Muultimate flexural capacity of beam
rl

relative ultimate flexural capacity of leg

rine , relative ultimate flexural capacity of leg for design beam

rioid

relative ultimate flexural capacity of leg for test beam

r t,

relative ultimate flexural capacity for beam

runew predicted relative ultimate flexural capacity of design beam
ruoid predicted relative ultimate flexural capacity of test beam
Vf

shear force corresponding to full flexural capacity of beam

Vfd

shear force corresponding to design bending moment

Vi

shear force corresponding to ultimate flexural capacity of leg

Af,

reduction in compressive concrete strength due to shear

AM reduction in flexural capacity due to shear
Arireduction in relative ultimate flexural capacity of leg due to shear

Table 4.1: Notation used in the Proposed Design Approach.
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Full load carrying capacity (Pf = ?#L)
Beam
type
A1-1
A1-2
B1-1
B1-2

aid
2
3.2

Beam
size
(mrn x mm)

f,,,
(MPa)

204.7 x 308.3
204.9 x 309.3
204.2 X 313.4
207.4 x 308.2

46.6
45.9
56.8
62.1

Correction
factor
(F)
0.9669
0.9694
0.9382
0.9255

Measured
ultimate
load (kN)

Corrected
load
(kN)

480
455
281
282

464.1
441.1
263.6
261

Average
load
(kN)
452.6
262.3

ci I )
Load carrying capacity of the inclined leg (Pii = 2Af
Beam
type

aid

A2-1

A2-2
A3-1
A3-2
B2-1
B2-2
B3-1
B3-2
C2.5-1
C2.5-2

2

3.2

2.5

Beam
size
(mmxmm)

.fct,
(MPa)

Correction
factor
(F)

Measured
ultimate
load (kN)

Corrected
load
(kN)

200.9x308.6

48.8

0.9623

322

309.9

204.4 x 306.8
206.3 x 310.7
207.1 x 311.3
200.8 x 302
205.6 x 311.5
208.7 x 311
207.9 x 308.9
207 x 308
207 x 310

48.9
46.0
47.1
46.7
71.8
50.0
46.2
37.5
43.6

0.9593
0.9679
0.9632
0.9696
0.9113
0.9528
0.9650
1.008
0.9779

376
407
302
251
302
264
228
322
330

360.7
393.9
290.9
243.4
275.2
251.5
220
324.6
322.7

Average
load
(kN)
338.9

247.5

323.7

Load carrying capacity of the horizontal leg (Pi, = 4
2 1/3- )
Beam
type
D2.5-1
D2.5-2
D3-1
D3-2
D3.5-1
D3.5-2
D4-1
D4-2
D4.5
D5

aid
2.5
3
3.5
4
4.5
5

Beam
size
(mm. x mm) _
206 x 310
206 x 308
215 x 312
210x310
207x309
206 x 309
203 x 308
204 x 310
211 x 312
210 x 310

fat
(MPa)
40.2
45.5
44.6
38.9
49.1
46.6
27.0
40.6
40.2
33

Correction
factor

Measured
ultimate

Corrected
load

Average
load

(F)

load (kN)

(kN)

(kN)

0.9943
0.9713
1.0071
1.0362
0.9979
1.0069
1.1420
1.032
1.0288
1.0737

349
353
291
272
230
223
166
180
159
150

347.0
342.9
293.1
281.9
229.5
224.5
189.6
185.8
163.6
161.1

345
287.5
227
187.7
163.6
161.1

Table 4.2: Results from the Beams in Test Series '1' and Test Series 'B'.
197

Relative flexural capacity of the inclined leg (!ti4ii-)

Beam
type

a/d

A2-1 to A3-2
B2-1 to B3-2
C2.5
Ct

2
3.2
2.5
3.6

Average
load
(kN)

Flexural
capacity (MO
(kN.m)

Full*
flexural
capacity (Mf )
(kN.m)

Relative
flexural
capacity
(Ifilt.)

338.9
247.5
323.7

88.11
102.96
105.2

117.76
109.12
113.44

0.75
0.94
0.93

1.0

Relative flexural capacity of the horizontal leg (1-1,-)

Beam
type

a/d

Average
load
(kN)

Flexural
capacity (MO
(kN.m)

Full
flexural
capacity (Mf )
(kN.rn)

D2.5
D3
D3.5
D4
D4.5
D5

2.5
3
3.5
4
4.5
5

345
287.5
227
187.7
163.6
161.1

112.13
112.13
103.29
97.6
95.7
104.7

113.44
109.12
109.12
109.12
109.12
109.12

Relative
flexural
capacity
(4,;_
Ai )
0.99
1.03
0.95
0.89
0.88
0.96

* is the full flexural capacity of either type III (for a/d less than 2.5) or type II
(for a/d larger than 2.5) beams obtained from Test Series '11130]. For
a/d = 2.5 the average value was considered.
t After Kuttab[106].

Table 4.3: Relative Flexural Capacities of the beams in Test Series '1' and Test
Series `B'.
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K, (Required)

Beam

K, (Provided)

Type

Horizontal Leg

Inclined Leg

Horizontal Leg

Inclined Leg

NA2-1

-

1.22

-

1.21

NA2-2

-

1.23

-

1.26

NA3-1

-

1.22

-

1.43

NA3-2

-

1.23

-

1.45

NB2-1

1.05

1.06

1.11

1.11

NB2-2

1.05

1.06

1.11

1.11

NB3-1

1.05

1.06

1.25

1.25

NB3-2

1.05

1.06

1.27

1.27

Table 4.4: Evaluation of the Confinement Requirements (K,) for the Prevention of
Diagonal Failure of the Beams in Test Series 'A'.
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Cross
Beam

5

type

Spacing of stirrups t(mm)

p

section

Traditional

(%)

(mm x mm)

design

Proposed design model
horizontal

Inclined leg

leg

s1t

s2*

1.5

200 x 400

110

-

115

170

A2

2

200 x 400

85

-

100

115

B1.5

1.5

200 x 400

155

175

160

220

1.8

200 x 300

140

160

150

195

B1.8(T)

1.8

200 x 300

140

-

-

-

B2

2

200 x 400

115

175

160

200

A1.5

B1.8

1.75

3.2

C1.5

3.9

1.5

200 x 400

215

150

270

270

C1.8

4.0

1.8

200 x 300

195

120

195

195

C1.8(T)

4.0

1.8

200x300

195

-

-

-

C2

3.9

2

200 x 400

155

125

270

270

t Stirrup diameter was lOmm for beam types A1.5 and A2, and 8mm for the
remaining beams.

t Required spacing near the horizontal leg.
* Required spacing near the supports.

Table 4.5: Predicted Results for the Prevention of Diagonal Failure in the Beams in
Test Series 'C'.
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Beam
type

aid

A1.5
A2
B1.5
B1.8
B1.8(T)
B2
C1.5
C1.8
C1.8(T)
C2

1.75

3.2

3.9
4.0
4.0
3.9

Beam
size
(mmxmm)

.fcti
(MPa)

.f
(MPa)

Correction
factor
(F)

Measured
ultimate
load (kN)

Corrected
load
(kN)

204 x 412
203 x 414
209 x 412
208 x 310
215 x 312
205 x 415
208 x 416
204x312
210 x 311
205 x 416

34.6
32.3
31.1
39.2
34.2
35.5
31.3
33.5
33.3
36.1

24.7
23.0
25.4
28.8
31.7
31.5
25.4
23.9
23.2
28.1

1.0235
1.0579
1.0414
0.9962
1.0178
1.0253
1.0410
1.0351
1.0296
1.0206

591
762
306
291
275
412
281
195
204
317

604.9
806.1
318.7
289.9
279.9
422.4
292.5
201.8
210.0
323.5

Table 4.6: Results from Test Series 'C'.

Beam

3

type
A1.5
A2
B1.5
B1.8
B1.8(T)
B2
C1.5
C1.8
C1.8(T)
C2

1.75

3.2

3.9
4.0
4.0
3.9

Corrected
load
(kN)
604.9
806.1
318.7
289.9
279.9
422.4
292.5
201.8
210.0
323.5

Flexural
capacity
(M1)

Theoretical
flexural
capacity (M1)

(kN.m)

(kN.m)

190.5
252.2
183.6
121.5
117.3
243.3
205.3
105.7
110.0
227.1

173.6
218.6
173.6
101.8
101.8
220.5
173.6
101.8
101.8
220.5

(N ave

1.10
1.15
1.06
1.19
1.15
1.10
1.18
1.04
1.08
1.03

1.13

1.13

1.08

Table 4.7: Flexural Capacities of the Beams in Test Series 'C'.
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Before unloading

At ult'mate load

At working load level t

Beam

crack width (mm)

load

Defl.

crack width (mm)

load

Dell.

(trim)

flex.

(kN)

(mm)

flex.

(kN)

(mm)

383

11

0.4

0.4

804.9

35

3.5

1.2

14

A2

484

1.2

0.35

0.45

806.1

25

1.0

1.4

81.5

191

10.

0.3

0.25

318.7

26

1.8

B1.8

174

IL

0.2

0.15

289.9

33

B1.8(T)

1168

12

0.3

0.4

279.9

82

253

10

0.3

0.3

C1.5

176

10

0.2

C1.8

121

12

0.3

C1.8(T)

126

11

C2

194

12

load

Defl.

(kN)
A1.5

type
_

f

crack width (mm)
flex.

diag.

41

20

1.2

174

38

15

1.4

2.0

145

33

3.0

5.0

1.7

1.0

92

40

5.0

2.0

31

2.0

1.7

92

44

10

1.8

422.4

28

1.4

1.2

200

39

2.5

1.2

0.2

292.5

29

1.2

1.5

194

48

3.5

4.0

0.3

201.8

36

2.5

3

25

39

4.0

6.0

0.3

0.2

210.0

26

0.7

0.9

135

50

6

1.2

0.3

0.4

323.5

34

0.8

1.7

152

47

1.0

5

diag.

diag.

_

the working load level is assumed to be equal to 0.6 times the ultimate measured load.

Table 4.8: Crack Width and Deflection Measurements for the Beams in Test Series
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Strains in stirrups of beam type B1.8
Load

Adjacent to loading point t

level

Vertical

(kN)

chord

Upper

291 (Max. load)

470.5

92 (Failure)

350.9

(mm I rnm x 106)

Horizontal chord

Vertical

Horizontal

Lower

chord

chord

998.6

458.5

1233.4

1460.6

895.3

287.2

572.3

1048.1

Strains in stirrups of beam type B1.8(T)
Load

Adjacent to loading point

level

Vertical

(kN)

chord

Upper

275 (Max. Load)

1067.4

91 (Failure)

556.3

t

Inside shear spank

(mm/mm x 106)
Inside shear span
Vertical

Horizontal

Lower

chord

chord

1453.5

-

2012.9

2377.3

788.0

-

1387.2

1703.6

Horizontal chord

For the location of stirrups refer to Figure 4.11.

Table 4.9: Strains in the Stirrups in Beam Types B1.8 and B1.8(T).
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in Test Series 'T.
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Figure 4.5: Mode of Failure of Beam Type D4 in Test Series 'B'.
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Figure 4.12: Load-Deflection Curves for Type A Beams in Test Series 'C'.
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Figure 4.16: Beam Types A2, B1.8, and C1.5 in Test Series 'C' after Failure.
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Chapter 5
FACTORS AFFECTING DIAGONAL FAILURES IN BEAMS

5.1 INTRODUCTION
Statistical and laboratory based studies have highlighted several factors which are
believed to influence the load carrying capacity of structural concrete beams which
experience diagonal failures. In this Chapter the influence of these factors on diagonal failures is briefly discussed. The discussion is based on the understanding of the
behaviour of structural concrete beams which was developed in Chapter 3. Special
emphasis has been placed on examining the influence of beam size (size effect) and
high-strength concrete.

5.2 FACTORS AFFECTING THE LOAD CARRYING CAPACITY
OF BEAMS AT DIAGONAL FAILURE

5.2.1 Shear Span to Depth Ratio (i)
It is generally recognised that the a/d ratio has a significant influence on the load
carrying capacity and the mode of failure of beams[17, 23, 184, 185, 186, 187, 188].
The influence of the a/d ratio on the relative ultimate flexural capacity ( Ma
) of
Alf
beams was illustrated with respect to Kani's Valley as shown in Figure 2.1-Chapter 2.
The a/d ratio influences the critical states of stress which exist in the horizontal and
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diagonal leg regions of the compressive load path. It was concluded that, for type II
beams, the relative ultimate flexural capacity of beams ( Plu-)
Aff increased as the a/d
ratio increased. On the other hand, for type III beams, L'IlL
increased as the a/d
AI f
ratio decreased.

5.2.2 Longitudinal Reinforcement Ratio (p)
The results from laboratory based investigations[18, 61, 81, 189, 190], as well as
those from statistically and theoretically based studies[63, 64, 91, 93, 191] have
shown the effect that the value of

p

has on the nominal shear strength (vc = lb—',Ii)•

It was concluded from these studies that the shear strength increases as the value
of p increases. Codes of Practice[8, 9, 10] have recognised this and have included
p

in the shear equations. Test results[18, 61, 81, 189] have, nevertheless, shown

that the ACI[8] Code provisions for shear are unsafe in the case of low longitudinal
reinforcement ratios (p).

It is believed that the nominal shear strength should not be considered to be a
realistic indicator of the load carrying capacity of beams at diagonal failure. The
relative flexural capacity of beams ( iMii-)
which has been adopted in the proposed
f 7
flexure-shear interaction model, offers a more realistic representation of the capacity
of beams at diagonal failure. Test results[17, 18] have shown that the (t) ratio,
unlike the nominal shear strength, decreases as the value of
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p

increases.

5.2.3 Yield Strength of Longitudinal Reinforcement
Test results[189, 192] have shown the dependency of shear strength on the yield
strength of the longitudinal steel bars
crease when the value of

p

(fy ).

The shear strength was found to de-

was reduced to compensate for the increase in the yield

strength in order to maintain the same flexural capacity. This was believed[13] to be
due to the decrease in dowel action resulting from the decrease in the longitudinal reinforcement content. This effect may also be attributed to the increase in the width
and length of the cracks in beams in which the longitudinal reinforcement content
was low. The propagation of these cracks deep into the compression zone will also
adversely affect the critical state of stress in the compressive force path region and
will result in a relatively low ultimate flexural capacity at diagonal failure.

5.2.4 Bond Characteristics
Tests by Leonhardt and Walther[143] have shown that shear strength decreases when
the bond between the longitudinal bars and the concrete was enhanced. This conclusion was corroborated by Kani[17] who argued that the capacity of the concrete
teeth decreases as the bond between the steel and the concrete increases (good bond
results in smaller concrete teeth forming between cracks). Cairns[193] found that
the load carrying capacity of a beam with longitudinal reinforcement exposed over
63% of the length of the span was 6% higher than that obtained from a similar
beam with bonded reinforcement. He also noted that cracks did not develop in the
shear spans in the beams in which the bars were exposed. The increase in the load
carrying capacity of beams in which the bond was either poor or where the bars
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were exposed can be attributed to the insignificance or even the absence of cracking
in the shear spans which would normally adversely affect the controlling state of
stress in the load path regions.

5.2.5
(a)

Shape of the Cross Section

Width to Depth Ratio of Rectangular Cross Sections

The results from beam tests[139, 187] with different width to depth ratios have
shown that the beam width had an insignificant influence on the strengths of the
beams. Leonhardt and Walter[143] tested slab strips and found slightly higher nominal ultimate shear strengths compared with that for beams. It was also reported by
de Cossio[194] that shear strength increases with increasing values of the b/d ratio.
The reported slight increase in beam strength with increasing b/d ratio may be
attributed to the more effective confinement of the core of the concrete compression
zone when the b/d ratio was increased.

In conclusion, although there are doubts regarding the adoption of the nominal
shear strength as an indicator of the load carrying capacity of beams at diagonal
failure[16], the omission of the width parameter (b) from any of the relationships
for shear strength of rectangular beams is justified.

(b) I & T Cross Sections
The results of tests from beams with I and T cross sections[13, 195] have shown
that these types of beams possesses an increased shear strength which is usually of
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the order of 13% to 60% compared with that for rectangular beams with the same
values of b„„ d, p, and .f. It was found, based on available test results, that Codes of
Practice in general underestimate the load carrying capacity of I beams by as much
as 80%[196]. This is because Codes of Practice while overestimating the contribution
of web shear resistance, tend to underestimate the contribution of the flange. The
increase in the load carrying capacity can be attributed to the contribution of the
uncracked compression concrete (flanges of I or T sections) which is believed to be
the main element in resisting shear. Also, in this case the flanges provide the concrete
compression cores in the beams with a considerable amount of lateral confinement.
It was suggested[197] that recommendations which require closed hoops as shear
reinforcement may be somewhat conservative for flanged sections or beams cast
monolithically with slabs because of the confinement available.

(c) Circular Section
Only a few researchers have attempted to investigate the shear behaviour of beams
with circular cross sections. The circular section has been treated separately in
Chapter 7.

5.2.6 Axial and Prestressing Loads
For beams subjected to axial tensile forces, flexural cracks occur early and extend almost vertically thus reducing the shear strength[13]. In the ACT Code of Practice[8],
it is suggested that the concrete shear strength (v c ) is neglected when beams are
subjected to significant tensile forces. On the other hand, shear strength is increased

222

when beams are subjected to either axial compression or prestressing forces[13]. The
effect of these actions has been incorporated into different Codes of Practice[8, 9, 101.
The effects of axial forces on shear strength can be related to the effect these have
on the controlling state of stress which exists in the compressive force path region.
While applied axial compression forces enhance the state of stress, tensile stresses
on the other hand adversely affect the critical state of stress.

5.2.7

Web Reinforcement

The lateral load capacity of beams can be enhanced by the use of stirrups which
also change a brittle diagonal failure mode into a ductile one. The following factors
are related to the influence of web reinforcement on shear strength[198, 199].
1. Spacing of stirrups: The same stirrup content but using stirrups spaced more
closely together will increase shear capacity. This is explained in terms of the
possibility of the diagonal cracks penetrating more deeply into the beam in
the case of widely spaced stirrups. This will adversely affect the critical state
of stress in the region of the compressive force path. Also, the effectiveness of
the passive confinement of stirrups is a function of stirrup spacing[163].
2. Anchorage of web reinforcement: Stirrups should be adequately anchored by
means of standard hook ends. This is to support the diagonal compression
of the web and the bond forces in the longitudinal bars. This can also be
explained in terms of the stirrup anchorage which is essential to enable stirrups
to restrain the development of the secondary tensile stresses which result in
failure.
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3. Distribution of stirrup legs: Multiple stirrup legs distributed transversely
across the cross section of a beam are more effective than single rectangular shaped stirrups. This can be explained by recognising that the effectively
confined area is larger for a more closely knit cage[163]. This results in an
increase in the load carrying capacity of beams.

In studying the influence of web reinforcement, researchers[13, 200] found that
the existence of small amounts of stirrups had a greater effect on shear strength than
that predicted by the truss analogy[8]. This can be explained by considering the
enhancing confinement effect of stirrups upon the compression concrete, the main
element in resisting shear.

5.2.8 Implications on the Proposed Flexure-Shear Interaction Design
Model
The proposed flexure-shear interaction design model directly incorporates the influence of basic factors which affect diagonal failures in beams such as the a/d ratio,
the value of p, and the characteristics of the concrete and the longitudinal reinforce-

gi ) of a beam
ment. These factors influence the relative ultimate flexural capacity (--x
..•f
which determines the amount of confinement required for the prevention of diagonal
failures.

The main aim of this programme of research was to investigate the basic behaviour of beams under lateral loading. It is believed, however, that the theoretical
basis of the proposed model is applicable to all types of beams regardless of the
shape of their cross-section and static loading systems. Possible modifications to
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the model and subsequent validation by experiment for such cases is still required.

In the present investigation emphasis has been placed on studying the influence
of beam size and concrete strength on the diagonal failure in beams. The implications of these two factors on the proposed flexure-shear interaction design model
are investigated first of all theoretically and then experimentally in the following
sections.

5.3 SIZE EFFECTS

5.3.1 Introduction
The results from studies into the influence of beam size (size effects) on the load
carrying capacity of structural concrete beams with and without web reinforcement
are contradictory. The proposed flexure-shear interaction design model is concerned
with the determination of the amount and form of lateral reinforcement. However,
the model required the determination of the reduction in the ultimate flexural capacity of beams at diagonal failure (Mu and M1 ). Therefore, to reach a definitive
conclusion with respect to the implications of size effects on the proposed analytical
model, its effect on beams with and without web reinforcement has been considered in the following section. A detailed study of size effects has been reported
elsewhere[201].
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5.3.2 Beams Without Web Reinforcement
Laboratory based studies on beams subjected to four-point loading systems have
indicated that the nominal shear strength (v„ =

L) decreases with increasing beam

size (d or t). The magnitude of the decrease reported by several researchers has
varied considerably[18, 139, 143, 202, 203, 204, 205, 206, 207, 208].

The conflicting experimental evidence regarding size effects was thought to have
been related to several factors; the geometrical differences in the test beams, the
method used to interpret the test results, and the influence of other interrelated
factors which might affect the shear strength e.g. percentage and diameter of longitudinal reinforcement, aggregate type and size, water/cement ratio, brittleness of
concrete, etc.

A new approach to size effects based on fracture mechanics[15, 60, 75, 78, 79,
209, 210, 211, 212, 213] has been developed in an attempt to reduce the extent of
the scatter in the test results. The new approach did not treat fracture as a point
phenomenon, but recognised that in brittle heterogeneous materials such as concrete, the fracture propagates over a relatively large fracture process zone in which
progressive microcracking gradually reduces the tensile stress to zero[84, 85]. Size
effects based on fracture mechanics approach result from the release of strain energy
from the beam into the cracking zone as the cracking zone extends. The larger the
structure, the greater is the energy release and the smaller is the nominal shear
strength.
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In an attempt to solve the shear problem the influence of the size of beams having
an ratio greater than 2.5 was explained[68] in terms of frictional resistance (aggregate interlock) which in turn was based on a tooth model developed by Reineck[67].
In the model size effect was attributed to the critical crack width condition which
was assumed to be a function of the tooth friction. It is interesting to note that
tests have indicated that size effects do exist in lightweight concrete beams although
aggregate interlock action in lightweight concrete is considered to be negligible[80].

Another explanation for size effects was given by Swamy[207J who attributed the
increase in the nominal shear strength to the increased strength produced by the
extreme strain gradient which is characteristic of small beams. This explanation
was corroborated by Walraven[206].

It is believed that size effects can be related more realistically to the strain
gradient concept. Its effect can be explained in terms of the additional confinement present in the compression concrete due to the existence of extreme strain
gradients[154]. The acceptance that the failure of beams is the result of failure of
the compression concrete leads to the conclusion that failure would be delayed if
confinement of the compression concrete was provided. In the proposed detailing
approach for the prevention of diagonal failures in beams confinement is provided
by the stirrups. For small beams, without web reinforcement, the confinement is
partially provided by the extreme strain gradient. Therefore, the load carrying ca-
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pacity at diagonal failure increases with decreasing beam size i.e. by increasing the
confinement of the compression concrete.

5.3.3 Beams With Web Reinforcement
In the design approaches adopted by the majority of Codes of Practice, it is assumed
that the ultimate capacity of a beam is the sum of the beam capacity without shear
reinforcement (Vs ) plus the additional capacity due to shear reinforcement (V3 ). This
means that the size effect should also influence web reinforced beams, but, it seems
that this is not the case. The presence of shear reinforcement mitigates the influence
of size effects. Theoretically, the reduction in the safety margin with increasing size
is less significant when shear reinforcement is present[75, 82].

Wizant and Sun[15] claimed, that based on a comparison of available test results,
size-effects do exist when shear reinforcement is present. However, it is much less
significant than without stirrups but the scatter in the test results is extremely large.
There are obvious doubts on how they measured the concrete shearing capacity (vs)
for web reinforced beams. No meaningful experimental results appear to be available
to permit the measurements of the shear capacity of such beams.

5.3.4 Discussion and Conclusions
(a) Beams Without Web Reinforcement
(i) At Diagonal Failure (Ultimate limit state)
1. Test results have shown a declining trend in the nominal ultimate shear strength
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with increasing beam size.
2. For the same a/d ratio, two geometrically similar beams but with different
sizes may achieve different ultimate flexural strength levels. While, the smaller
might reach its full flexural capacity, the larger one may not.
3. The proposed design approach is in a agreement with the size effect being
based on the strain gradient concept.
4. The reported influence of size effects on the shear strength varied significantly.
It was found to vary from reductions of 5% (Alami and Ferguson[204]) to 100%
for very large beams i.e. beams cannot carry loads in excess of their own weight
(Kani[139], aizant and Kim[75], and Gustafsson and Hillerborg[211]).
5. Several equations, based either on nonlinear fracture mechanics or on the statistical analysis of published test data were proposed in order to include the
effect of beam size on shear strength. These equations not only give different
predictions, but are also contradictory e.g. the size-effect law put forward by
Fizant predicts a complete loss in the shear strength for very large beams,
while Kim and Eo[79] predicted that size effects tend to become insignificant
for such beams.
6. Several equations have been put forward to account for size effects in the prediction of the shear strength of beams. However, empirical equations e.g. the
Zsutty formula[63] which did not even consider size effects gave shear strength
predictions almost as good as the most sophisticated equations e.g. Bitzant
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size effect law[75], containing six empirical parameters which were obtained
from extensive data bases using statistical and optimisation approaches.
7. Size effect has been incorporated in some of the Codes of Practice (the Swedish
and the CEB-FIP Model Codes)[211]. However, the scatter in the shear predictions based on these Codes of Practice when compared to test results is
enormous.

(ii) At Diagonal Cracking (Serviceability Limit State)
1. Experimentally, it is very difficult to measure the load carrying capacity at
the onset of diagonal cracking.
2. It can be argued based on the above explanations, that size effects should not
exist before the onset of cracking. However, test results which indicate the
possible presence of size effects have been related to the difficulties in defining
the cracking load.

(b) Beams with Web Reinforcement
1. There is no significant experimental data which shows the influence of size
effects on the nominal concrete shear strength.
2. The presence of web reinforcement (confinement) mitigates size effects.
3. For all practical purposes, it can be concluded that size effects do not exist in
beams with web reinforcement.
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5.3.5 Proposed Design Method and Size Effects
The flexural-shear interaction design model is concerned only with detailing and with
the determination of the amount of confinement stirrups required for the prevention
of diagonal failures in beams. However, it is necessary for the implementation of
the proposed design approach to determine the relative ultimate flexural capacity
of beams at diagonal failure ( 111,-)
Ai/ in order to calculate the relative ultimate flexural
capacity ( 111 ) of the legs required for design. In this context the equations developed
by Russo et al.[44] which accounted for the size of the beams and agreed closely
with test data was adopted for the determination of-" ILfor large beams.

An experimental verification of the proposed flexure-shear interaction design
model for large beams is detailed in the following section.

5.4

TEST SERIES 'D': Large beam

5.4.1 Test Beam
One large beam was designed and detailed using the proposed flexure-shear interaction design model, Figure 5.1. The beam was designed to have a cross section of
230mm x 700mm (the actual cross section was 236mm x 715mm). The overall length
of the beam was 6300mm and the effective span was 5500mm. The aid ratio was 3.2.
Three 32mm nominal diameter high-strength deformed steel bars were used for the
longitudinal reinforcement (A, = 751.4mm 2 and fy = 527 MPa). The stirrups were
fabricated from 10mm nominal diameter plain round mild steel bars (A, = 78mm2
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and fy -= 356 MPa). The design concrete compressive strength was 40 MPa, Table 5.1.

The required stirrup spacings based on the proposed model were 205mm, 180mm,
and 210mm for the horizontal leg, for the inclined leg near the point at which the
load path changes direction, and near to the supports respectively. The stirrup
spacing which was based on the approach in BS 8110 was found to be 175mm for
the whole shear span. It should be emphasised that no partial safety factors were
included in the design calculations. The short stirrups in the test beam were placed
inside the mid-span region near to the loading points in order to prevent failure of
the compression concrete in that location. Two 20mm diameter high-strength steel
bars were used for the compression reinforcement in order to prevent accidental
failure of the beam during the handling operations. In addition, two lifting points
were placed in the beam to produce equal positive and negative bending moments
resulting from the self weight of the beam. Two electrically operated overhead
cranes were used to move the beam in the laboratory. The beam was free from all
types of cracks when it was placed in the test machine prior to testing. The end
plate arrangements shown in Figure 5.1 were used to prevent anchorage failure in the
main longitudinal reinforcement bars. All of the steel bars were welded to end plates.

Four batches of concrete were used for the casting of the beam. An effective quality control procedure was used in the casting: the same mix proportions were used
in all of the mixes with particular care being taken during the batching operation,

232

and the workability of the fresh concrete was monitored. This procedure resulted in
very little variation in the concrete compressive strengths (f.,) for all four batches
of concrete, Table 5.2. The beam was cast in four layers with the top cast surface being the compression face of the beam. Two standard control cubes and two
150mm x 300mm cylinders were also cast from each of the batches of concrete. The
beam and the control specimens were kept in the moulds inside the laboratory until
the time of testing. The loading arrangement, instrumentation and test procedures
used in this test were similar to those used in Test Series 'C'.

5.4.2

Discussion of Test Results

The beam failed in a typical ductile flexure mode after reaching its full flexural capacity. The failure occurred as a result of spalling of the compression concrete in
the mid-span region where no short stirrups had been provided. The compression
longitudinal reinforcement bars buckled at failure. The diagonal cracks developed
under increasing loads as an extension of the existing flexural cracks. The stirrup
detailing which was used prevented the widening and propagation of the diagonal
cracks into the compression zone. While the maximum flexural crack width was
4mm at failure, the diagonal crack width was only 0.6mm, Table 5.3. The presence
of the short stirrups inside the mid-span region near the loading points succeeded
in preventing failure of the compression concrete in that region. As a result, the
diagonal cracks were not able to propagate into the failed compression concrete in
the mid-span region as was experienced in some of the beams in Test Series `C'.
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The width of the flexural and diagonal cracks (0.25mm and 0.18mm respectively), and midspan deflection (21mm) obtained from the beam at working load
(423 kN) showed that the serviceability limit state requirements given by Codes
of Practice[8, 9] were satisfied, Table 5.3. Table 5.3 and Figure 5.2 show that the
ductility was acceptable. The mid-span deflection exceeded 87mm at failure. The
shape of the beam after failure is shown in Figure 5.3.

The beam was able to reach its full flexural capacity. The maximum load and
flexural capacities obtained from the beam were 705 kN and 723 kN.m respectively.
The theoretical flexural capacity of the beam using the actual material and geometric properties was 690 kN.m. The beam thus achieved 105% of its full theoretical
flexural capacity.

It is concluded that the design approach which has been developed enabled the
large beam to not only reach its full ductile flexural behaviour but also enabled it
to satisfy the serviceability limit state requirements.

5.5 HIGH STRENGTH CONCRETE (HSC)
5.5.1 Introduction
The majority of Codes of Practice divide the shear resistance of a beam into two
parts: V, provided by concrete and V, provided by shear reinforcement. The values
of V, given in Codes of Practice were based on experimental results obtained from
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large numbers of beams made from relatively low strength concrete (L, less than
42 MPa[214]). Currently, HSC with values of .f. approaching 140 MPa is used in
structural concrete construction[141, 215, 216].

The increased use of HSC has focused on the evaluation of the shear strength (K)
of HSC beams. Several investigators have studied the corresponding shear-flexure
interaction behaviour of HSC Beams[148]. The shear strength of beams with web
reinforcement has also been investigated. The results from the investigations have
shown that the concrete strength may have an important influence on the load carrying capacity of beams at diagonal failure. The research also indicated that Code
provisions for shear for HSC beams may be conservative in some cases, but may
equally be unsafe in others.

Results from previous work into the behaviour of HSC beams are briefly discussed
below in order to assess their implications on the proposed design model for the
prevention of diagonal failures in HSC beams. The implementation of the model for
beams made from HSC has been investigated experimentally and is described in the
following section.

5.5.2 Behaviour of HSC Beams
Moody[217], and Van der Berg[218] have concluded that the shear strength (17,)
increased significantly as the concrete strength (f) was increased from 1,000 to
4,500 psi (7 to 31 MPa). They found no significant increase in the shear capacity of
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f

the beams in which . was greater than 4,500 psi (31 MPa).

Taub and Neville[198] deduced from test results reported by Morrow and Viest[188j
that the influence of the a/d ratio and the concrete strength are interdependent.
The influence of the concrete strength is greater on the ultimate shear strength of
type III beams (a/d < 2.5) compared with that for type II beams (a/d > 2.5). In
order to offer an explanation of this behaviour, they assumed that as the a/d ratio
is decreased the diagonal failure mechanism changes from a beam type to a tied
arch type, in which the strength of the compression struts is more dependent on the
concrete compressive strength. The design approach developed in this investigation
may be used to explain this type of behaviour.
For type III beams, a biaxial state of stress exists in the inclined leg region of the
compressive force path as shown in Figure 3.1. A concrete element in this region
is subjected to a combination of shear stress (v c ) and normal stress (fc ). The ratio

7 which may be considered to be an indication of the critical state of stress which
causes a diagonal failure[201] would be less critical for high strength concrete, since
the concrete compressive strength (L) is relatively high. On the other hand, for
type II beams, the critical state of stress exists in the horizontal leg region of the
compressive force path. In this case, the possible causes of failure e.g. bond failure
and load path changing direction, are influenced by other factors in addition to concrete strength. Therefore, the concrete strength would have less of an effect on the
shear strength of type II beams.
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The findings of Taub and Neville were corroborated by Mphonde and Frants[219]
who investigated the effect of low and high strength concrete on the cracking and
the ultimate shear capacity of beams without shear reinforcement (the value of

p

was equal to 3.36%). They concluded that the effect of concrete strength on shear
strength is more pronounced for small a/d ratios. For an a/d ratio equal to 3.6,
they found that the shear equations given in the ACT 318-77 Code of Practice were
conservative. However, the factor of safety decreased from 1.64 to 1.2 as

f' increased

from 20 MPa to 103 MPa. For an a/d ratio equal to 2.5, they stated that the ACT
Code of Practice gives a reasonable lower bound estimate of the measured shear
capacity. For an a/d ratio equal to 1.5, they found that both Zsutty[64] and the
ACT relationships underestimated even the lowest measured strength by 40% and
70% respectively. They proposed the following equation, based on their test results,
for the prediction of the ultimate shear strength of beams.

vu = 10.16i + 71

psi

(5.1)

Elzanati et. al.[182] tested eighteen beams made from concrete with compressive
strengths (L,i ) ranging from 21 MPa to 83 MPa. Three beams were provided with
stirrups. The variables included the value of

p

(0.6% to 3.3%) and the a/d ratio

(2.0, 4.0, and 6.0). They concluded from their results that the ACT 318-83 Code
provisions for shear may overestimate the shear strength by 10 to 30% for high
strength concrete, combined with a low value of

p

and normal to high aid ratios. A

similar conclusion was reported by Roller and Russell[215]. The results of tests carried out by Mphonde and Frants[48, 65] have indicated that as the concrete strength
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increases, the shear strength increases but the ratio of measured to predicted shear
strengths decreases.

Elzanati et. al.[182] reported that the ACT Code provisions for shear are conservative for all beams with stirrups regardless of concrete strength. A similar conclusion was reported by Kaufman and Ramirez[183]. The type of behaviour obtained
can be explained in terms of the confinement provided by stirrups to the concrete
compression regions. The truss analogy adopted by Codes of Practice does not take
into account the enhancement effect of stirrups with respect to the resistance of the
compression zone. For this reason, predictions based on the truss analogy underestimate the capacity of beams.

The results reported by Johnson and Ramirez[220] and Roller and Russell[215]
from tests on beams provided with minimum amounts of shear reinforcement in accordance with the ACT 318-83 Code of Practice, showed that the overall reserve shear
strength after diagonal cracking may be less for HSC beams. In such cases, where
a minimum amount of stirrups is used, confinement would be less significant due to
the large spacings which could be used (.9, was 270mm[220]). Also, the efficiency of
the passive confinement decreases with increasing concrete strength[170, 221].

Nielsen and Braestrup[74] recommended a significant reduction in the effective
concrete strength factor (v), which was introduced to limit the usable concrete compressive strength, with increasing concrete strength. This was attributed to the
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brittle nature of high strength concrete, since

v

is considered to be a measure of the

ductility of concrete.

Ahmad et. al.[214] tested thirty six beams with the value of f ranging from
63 MPa to 70 MPa. The primary variables were the value of

p

(1.77% to 6.64%)

and the a/d ratio (1 to 4). They found that the relationships given in the ACT 318-83
Code of Practice are conservative for short beams. However, the predicted strength
was equal to the measured value in the case of slender beams made from high
compressive strength concrete and low values of

p.

They concluded that the Code

equations underestimate the effect of the value of

p

and the a/d ratio. The authors

criticised equation (5.1) for not including both parameters

(p

and a/d).

An analytical flexural-shear interaction model was proposed by Ahmad and
Lue[148, 152] based on the results obtained from tests on fifty four high strength concrete beams ranged from 66 MPa to 70 MPa). This model was then compared
with the experimental results produced by Kani[18], Leonhardt and Walther[143]
as well as their own[148]. The comparison showed a reasonably fair correlation,
however, errors in the derivation of the equations were subsequently found in the
model[44, 152]. There was a significant lack of correlation between the experimental
data and the prediction based on the corrected analytical model.
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5.5.3 Implication of the Concrete Strength on the Proposed Design
Model
(a) Evaluation of the Leg Capacities (MI)
It can be concluded from the previous discussion on the effect of concrete strength,
that the load carrying capacity of beams made with HSC is higher at diagonal failure
compared with that for normal strength concrete NSC beams. In the proposed
design model, the load carrying capacity of the leg (Mt ) shown in Figures 4.3 and 4.4
was based on test results obtained from NSC beams ( fct, '-' 40 MPa). In order to
make the proposed design model applicable to HSC beams, the value of Mi can be
determined using one of the following two approaches.

Approach I
To undertake additional beam tests similar to those already completed in Test Series 'B' using a range of high strength concretes (fcu > 40 M Pa). The influence
of the concrete strength on Mi can then be determined from the test results. The
corresponding leg capacity curves can thus be generated.

Approach II
To use the general method for the evaluation of the leg capacity described in Chapter 4.

Obviously, the first approach (Approach I) requires a large number of beam
tests to be conducted in order to investigate a wide range of a/d ratios and concrete
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strengths. On the other hand, the second approach (Approach II) is more general
and does not require additional testing.

Conclusion
Approach II was adopted in this programme of research. The same flexure-shear
model developed by Russo et. al.[44] was used to determine the relative flexural
capacity of the beams ( A1
The model accounted directly for the influence of
Alf ).
concrete strength on the "ILL
ratio. The correlation between the model and the test
A lf
results obtained from beams made with a wide range of concrete strengths[44] was
good.

(b) Evaluation of the Required Confinement (ifs)
It can be concluded, from the previous discussion on the effect of HSC on the rel" )
ative flexural capacity (Alf)A
of beams with web
reinforcement, that the ratio ( —IL
If
increases with increasing concrete strength. However, the efficiency of web reinforcement decreases with increasing concrete strength. This is attributed to the
brittleness of HSC and, therefore, the confinement provided by stirrups becomes
less effective. This is believed to be the main reason for the decrease in the efficiency of stirrups with increasing concrete strength which has been reported by
several researchers[170, 221, 222].

The influence of concrete strength has been included in the confinement model
which was adopted and described in Chapter 4. There was good correlation between
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the results from the model and the results from tests conducted on HSC specimens
Cfcu up to 80 MPa[178]).

Conclusion
The implementation of the proposed flexure-shear interaction design model for
beams made with HSC, in which values of fc,, up to 80 MPa, has been included
in this research programme. The confinement model which has been adopted has
been validated for concrete strengths up to this value. No further modifications to
the confinement model are believed to be required. However, for concrete strengths
outside this range, validation of both models (the confinement and the proposed
flexure-shear interaction design models) needs further investigation.

5.6
5.6.1

TEST Series 'E': Validation of the flexure-shear interaction design
model for high-strength concrete beams
Description of Test Beams

This test series included the seven HSC beams shown in Figure 5.4. All of the beams
had an overall length of 3500mm and width to depth dimensions of 200mm x 300mm.
The effective spans were either 2600mm (beam types A1.86, B2.78(T) and C2.78(T))
or 2800mm (beam types B1.86, B2.78, C1.86 and C2.78). For the validation of the
proposed model the test beams were selected to cover most of Kani's Valley. The
variations included the a/d ratio (1.75, 3.2, and 4.0), the value of

p

(1.86% and

2.78%), and the detailing arrangement of the lateral reinforcement (proposed and
traditional detailing approaches). The traditionally designed and detailed beam
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types B2.78(T) and C2.78(T) were included for comparison purposes. The design
cube concrete compressive strength was 80 MPa. 25mm nominal diameter highstrength deformed steel bars were used for the longitudinal reinforcement (A, =
483.8mm 2 and fy = 526 MPa). The stirrups were fabricated from lOmm nominal
diameter plain round mild steel bars (A, = 78.13mm 2 and fy = 346 MPa).

5.6.2 Design of Test Beams
All of the test beams were designed using either the proposed model or the provisions of BS 8110, Table 5.5. However, only beam types B2.78(T) and C2.78(T) from
the traditionally designed beams were included in this test series. The partial safety
factors were not used in the design of the beams. The actual mechanical properties
of the reinforcement, the assumed concrete strength, and the assumed dimensions
of the beams were used in the design. To prevent anchorage failure, the beams were
extended beyond the supports for a distance of either 300mm or 400mm, Figure 5.4.
Also, the longitudinal bars were bent up a distance of 250mm at their ends. The
anchorage lengths provided and the diameters of the bends were found to satisfy
Code requirements.

The design procedures used in this test series were similar to those used in the
design of normal-strength concrete beams (Test Series 'C'). However, the dimensions
of the confined areas were determined using the provisions from the ACT Code of
Practice because it takes a more realistic account of concrete strengths in the determination of the location of the neutral axis. Typical concrete strains were measured
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on the two faces of beam type A1.86, Table 5.10 and Figure 5.6. The depth of the
neutral axis was found to be 105mm. The corresponding position of the neutral
axis would have been 52.8mm, 56.3mm, and 76.8mm using the simplified and the
idealized stress blocks in BS 8110, and the ACT Code of Practice respectively. It is,
therefore, concluded that the determination of the neutral axis for the design of the
HSC beams based on the simplified concrete compression block given in BS 8110
would be over conservative. This is because of the resulting smaller confined areas
compared with those obtained using the ACT Code of Practice.

The strains measured in the stirrups, Figure 5.5 and Table 5.9 indicated that
the stirrups did not yield when the maximum capacity of the beams was reached.
The implication of this is that there was still a reserve of strength against diagonal
failure when the beams reached their full flexural capacity. Thus all the beams failed
in a flexural mode.

5.6.3 Experimental Work
The mix proportions of the high strength concrete (f,„ = 80 MPa) used in this
test series are detailed in Table 5.4. The casting, curing, and test procedures, as
well as the method used to correct the load measurements obtained in this test
series were similar to those used for the normal strength beams included in Test
Series 'C'. Additional information on the experimental work including the design of
the high-strength concrete is included in Appendix A.
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5.6.4 Test Results
The concrete compressive strengths, actual beam dimensions, correction factors,
and the actual and corrected maximum loads for all of the test beams are given
in Table 5.6. The corresponding flexural capacities of the beams are given in Table 5.7. The crack width and deflection measurements obtained at several loading
levels are given in Table 5.8. These measurements allow the behaviour of the beams
at working load levels (serviceability limit state) and up to the failure to be studied.
Table 5.9 summarises the actual strains found in the stirrups in beam types B2.78
and B2.78(T). The concrete strains measured in beam type A1.86 are given in Table 5.10. The location of the neutral axis in beam type A1.86 is shown in Figure 5.6.
The load-mid span deflection curve obtained from beam type A1.86 is shown in
Figure 5.7. The load-mid span deflection curves obtained from the traditionally
designed beam types B2.78(T) and C2.78(T) are shown for comparison purposes in
Figures 5.8 and 5.9 together with the corresponding curves obtained from beams
types B2.78 and C2.78 respectively. The crack patterns after failure for all of the
beams are shown in Figure 5.10. Finally, typical failure modes found in beam types
B2.78 and C1.86 are shown in Figure 5.11.

5.6.5 Discussion of Test Results
(a)

Modes of failure

All of the beams failed in flexure, Figure 5.10. Diagonal cracks developed as an
extension of the flexural cracks. The conventional full length and short stirrups
succeeded in preventing the increase in widths and lengths of the diagonal cracks
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into the compression zone. The maximum diagonal crack widths were small in all of
the beam types up to the failure, Table 5.8. It was recommended in Test Series
that the short stirrups should be placed into the mid-span region near to the loading
points in order to prevent the diagonal cracks extending into the failed compression
concrete. The short stirrups in the beams included in this test series were extended
into the mid-span region as required, Figure 5.4. All of the beams detailed as such,
failed in a typical ductile flexural mode, Figures 5.10 and 5.11.

(b) Load Carrying Capacity and Ductility
For the validation of the flexure-shear interaction design model the ultimate strength
as well as the ductility obtained from the test beams had to be investigated. For
this purpose Table 5.7 includes a comparison between the actual flexural strengths
obtained from the test beams and the theoretical values of (4L). The ductility of
the beams can be judged from the mid-span deflections given in Table 5.8 as well as
from the load-deflection curves shown in Figures 5.7, 5.8, and 5.9.

Table 5.7 shows that values of IEL ranged from 0.93 (beam type B2.78(T)) to
1.00 (beam type B1.86) with an average value of 0.97. It can be concluded that
since all of the test beams failed in flexure their respective full flexural capacities
were achieved in each case. The average value of the ratio
normal-strength concrete beams included in Test Series

Ali

obtained from the

was 1.11. It can be con-

cluded from a comparison of the values of EL obtained from this test series (0.97)
that flexural designs are less conservative for HSC than for NSC beams. This con-
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clusion has been corroborated by other researchers[152] who stated that the validity
of Whitney's uniform stress distribution for HSC should be re-evaluated.

The values of the

AIL

ratios obtained from the beams designed using the pro-

posed model (beam types B2.78 and C2.78) compared to that obtained from the
traditionally detailed beams (beam types B2.78(T) and C2.78(T)) were 1.06 and
0.99 respectively. Therefore, it can be concluded that the proposed detailing approach does not have a significant influence on the maximum flexural capacity of
the beams.

The load-deflection curves given in Figures 5.7, 5.8, and 5.9 indicate the following:

1. The ductilities obtained (the mid-span deflection exceeded 60mm) were higher
than those obtained from the NSC beams included in Test Series 'C' (the
maximum mid-span deflection was approximately 50mm). The increase in
the ductility is due to the increase in the concrete compressive strength. It
is recognised that the ductility of beams increases with increasing concrete
compressive strength[32, page:2071.
2. The ductilities of beam types B2.78 (45mm) and C2.78 (40mm) which were
detailed in accordance with the proposed model were larger than those obtained from the traditional beam types B2.78(T) (36mm) and C2.78(T) (33).
This is due to the presence of the short stirrups inside the mid-span region
close to the loading points. The presence of these stirrups prevented splitting

247

of the compression concrete in that region. As a result failure was suppressed
which in turn allowed more deflection to take place before failure.

(c) Serviceability
It can be concluded, based on the crack width measurements at working load levels
shown in Table 5.8, that the serviceability limit state requirements with respect to
crack width (0.3mm and 0.41mm based on the provisions of the BS 8110 and the
ACI Codes of Practice respectively) are satisfied for all of the beams (the maximum
measured value was 0.36mm). The maximum crack widths at working load levels
obtained from the traditional beam types B2.78(T) and C2.78(T) were 0.34mm and
0.26mm respectively. The corresponding widths obtained from beam types B2.78
and C2.78 were 0.36mm and 0.2mm respectively. Therefore, it can be concluded that
the proposed detailing approach does not influence the serviceability limit state requirements with respect to crack width. It is interesting to note that diagonal crack
widths remained small until failure (maximum crack width was equal to 0.6mm at
failure, Table 5.8).

Generally, the deflections at working load levels obtained from all of the beams,
including those which were traditionally detailed, were high in comparison with the
corresponding values normally obtained from NSC beams. The large deflection obtained can be explained in terms of two factors. Firstly, the use of high strength
concrete normally results in an increase in ductility. Secondly, the large load carrying capacity of the beams resulting from the use of high strength concrete combined
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with high longitudinal reinforcement ratios (the maximum value of

p

used was equal

to 2.78%).

The deflection of the beams was believed to be mainly influenced by the depth
of the beams. Therefore, it is believed that the proposed approach to the detailing
of stirrups had an insignificant influence on the deflections obtained under working load conditions (refer to the corresponding deflections for beam types B2.78,
B2.78(T), C2.78 and C2.78(t) in Table 5.8). To satisfy the serviceability limit state
requirements on deflection the depth of the beams should be increased. The establishment of new limitations on the depth of high-strength concrete beams in order
to control deflection is beyond the scope of this thesis.

5.6.6 Conclusions

The following conclusions can be made from the results obtained from this test
series.
1. All of the beams which were designed using the proposed flexure-shear interaction model failed in flexure after reaching their full flexural capacity. The
model has therefore been verified for HSC beams with concrete strengths (f,u)
up to 80 MPa. The applicability of the proposed model for higher concrete
strengths needs further investigation.
2. The serviceability of beams (crack widths and deflection) was not adversely
affected by the proposed detailing approach. It seems that the detailing approach used does not have a significant influence on the performance of beams
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at the serviceability limit state. However, the deflections obtained at various
load levels including working load for all of the beams were higher than those
normally obtained from NSC beams.
3. The ductility of all of the beams were higher than those normally obtained
from normal-strength concrete beams. This is due to the influence of concrete
strength on ductility.
4. The placement of short stirrups in the mid-span regions near to the loading
points enhanced the ductility of the beams. Also, this type of detailing prevented diagonal cracks from extending into the failed compression concrete
which was found in some of the beams in Test Series 'C'. It is therefore recommended that short stirrups should always be provided near to the loading
points inside the mid-span region.

5.7

SUMMARY

The influence of factors traditionally believed to affect diagonal failures in beams
was investigated in this Chapter. The factors discussed included the shear span
to depth ratio, the longitudinal reinforcement ratio, the characteristics of the longitudinal reinforcement, the shape of the beam cross section, the type of loading,
the web reinforcement, size effects, and the concrete compressive strength. It has
been concluded that the proposed approach to the understanding of the behaviour
of beams developed in Chapter 3 offers a better explanation of the various factors
which influence the behaviour of beams. Particular emphasis was put on the study
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of the behaviour of large beams and beams made from high-strength concrete. The
implications of these two factors on the proposed flexure-shear interaction design
model were considered both theoretically and experimentally. Two test series: Test
Series 'D' and Test Series 'E' were undertaken in order to verify the proposed design
model with respect to large and high strength concrete beams respectively. The
test results obtained from the beams included in these test series confirmed that the
proposed flexure-shear interaction design model was applicable to large and high
strength concrete beams.
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Material

Weight
(kg/m3)

Cement

490

Water

225

Sand

750

Aggregate (10mm)

460

Aggregate (20mm)

460

Water/Cement ratio

0.46

Slump

30-60 (mm)

Table 5.1: Concrete Mix Constituents used in Test Series `D'.
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Batch

L.

.f

no.

MPa

MPa

1

46.1

30.5

2

50.4

30.1

3

48.7

-

4

47.6

32

Table 5.2: Concrete Compressive Strength obtained from the beam in Test Series 'D'.

At working load level t

At ultimate load

Before unloading

load

Defl.

crack width (mm)

load

Defl.

crack width (mm)

load

Defl.

crack width (mm)

(kN)

(mm)

flex.

diag.

(kN)

(mm)

flex.

diag.

(kN)

(mm)

flex.

diag.

423

21

0.25

0.18

705

78.7

3.2

0.6

440

87

4

0.6

the working load level is assumed to he equal to 0.6 times the ultimate measured load.

Table 5.3: Summary of the Crack Width and Deflection Measurements at Different
Load Levels found in the Beam in Test Series 'D'.
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Material

Weight
(kg/m3)

Cement

643

Water

180

Sand

700

Aggregate (10mm)

830

Aggregate (20mm)

100

Superplasticiser

2 lit/100 kg cement

Water/Cement ratio

0.28

Slump

30-60 (mm)

Table 5.4: Concrete Mix Constituents used in Test Series 'E' (High strength concrete).
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Spacing of stirrups tv(mm)
Beam

5

p

type

Traditional
design

Proposed design model
horizontal

Inclined leg

leg

s1t

s2*

A1.86

1.75

1.86

65

-

55

120

B1.86

3.2

1.86

130

125

115

130

B2.78

3.2

2.78

90

130

125

130

90

-

-

-

B2.78(T)
C1.86

4.0

1.86

130

105

130

130

C2.78

4.0

2.78

115

100

130

130

115

-

-

-

C2.78(T)

t 10mm diameter stirrups used in all of the beams.
V Maximum spacing between stirrups was 130mm[8].
$ Spacing required near the horizontal leg.
* Spacing required near the supports.

Table 5.5: Details of Stirrup Configurations required to prevent Diagonal Failure in
the HSC Beams in Test Series 'E'.
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Beam
type

aid

-_ A1.86
B1.86
B2.78
B2.78(T)
C1.86
C2.78
C2.78(T)

1.75
3.2

4.0

Beam
size
(mm x mm)

fcti
(MPa)

.f
(MPa)

Correction
factor
(F)

Measured
ultimate
load (kN)

Corrected
load
(kN)

203x 320
202x 310
210 x 330
209 x 330
205 x 315
204 x 325
210 x 315

79.6
70.1
79.4
83.9
77.6
80.7
83.3

58.1
57.2
62.1
67.3
59.8
63.4
66.9

0.9990
1.0127
0.9937
0.9863
1.0006
0.9955
0.9937

518
285
410
389
227
318
321

517.5
288.6
407.4
383.7
227.1
316.6
319.0

Table 5.6: Summarised Results from the Beams in Test Series 'E'.

Beam

I

type
A1.86
B1.86
B2.78
B2.78(T)
C1.86
C2.78
C2.78(T)

1.75
3.2

4.0

Corrected
load

Flexural
capacity

(kN)

(Mf)

517.5
288.6
407.4
383.7
227.1
316.6
319.0

All

k mi j ave

(kN.m)

Theoretical
flexural
capacity (M1)
(kN.m)

119.0
121.2
171.1
161.2
119.2
166.2
167.5

121.52
121.52
173.2
173.2
121.52
173.2
173.2

0.98
1.00
0.99
0.93
0.98
0.96
0.97

0.98

livi

OlIL \

0.97

0.97

Table 5.7: Actual Flexural Capacities of the Beams in Test Series `E'.
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At working load level L

Beam

At ultimate load

Before unloading

load

Defl,

crack width (mm)

load

Defl.

crack width (mm)

load

Defl.

crack width (mm)

(kN)

(mm)

flex.

ding.

(kN)

(mm)

flex.

ding.

(kN)

(mm)

flex.

ding.

A1.86

336

1.7

0.3

0.18

517.5

63.2

5

0.5

3

63.2

6

0.5

B1.86

188

13

0.32

0.16

288.6

61.7

5

0.25

86.1

61.7

6

0.2.5

B2.78

265

17

0.36

0.36

407.4

43.4

2.6

0.6

108.3

45.4

3

0.6

B2.78(T)

249

14

0.34

0.3

383.7

32

2

0.5

70.0

35.7

3

0.5

C1.86

148

13

0.26

0.04

227.1

50.9

4

0.3

66

50.9

5

0.3

0.14

316.6

33.1

1.5

0.4

72.7

39.8

5

0.4

0.2

319

33

3

0.5

106.3

33

4

0.5

type

C2.78

206

14

0.2

C2.78(T)

207

15

0.26

the working load level is assumed to be equal to 0.65 times the ultimate measured load.

Table 5.8: Summary of the Crack Width and Deflection Measurements at Different
Load Levels for the Beams in Test Series 'E'.
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Strains in stirrups in beam type B2.78

(mm/mm x 106)

Load

Adjacent to loading point t

level

Vertical

(kN)

chords

Inside shear spant

Horizontal chord
Upper

Lower

Vertical

Upper

chords

chord

322

219

-20

117

127

166

888

974

407.4 (Max. load)

241

104

221

132

267

1200

1268

108.3 (Failure)

218

159

47

120

224

579

599

Strains in stirrups in beam type B2.78 (T)
Load

Adjacent to loading point t

level

Vertical

(kN)

chords

(mm/mm x 106)
Inside shear span.t

Horizontal chord
Upper

Lower

Vertical

Upper

chords

chord

326.5

950

524

178

-

885

-

-

383.7(Max. Load)

769

1208

294

-

1124

-

-

70 (Failure)

698

316

129

-

551

-

-

t

For the location of the stirrups refer to Figure 5.5.

Table 5.9: Strains in the Stirrups in Beam Types B2.78 and B2.78(T).
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Concrete strains t
Load

Front face

(mm/mm x 106)
Average

Back face

(kN)

Top

Middle

Bottom

Top

Middle

Bottom

Top

Middle

Bottom

0

0

0

0

0

0

0

0

0

0

123

-370

240

750

-320

240

830

-350

240

790

290

-1010

490

1840

-890

540

2020

-950

520

1930

487

-2100

1270

3850

-1810

1170

4340

-1960

1220

4100

t

For the location of the demec buttons refer to Figure 5.6.

Table 5.10: Concrete Strains obtained from Beam Type A1.86.

259

210

380

1025

10110

II

01

I

1 4, 10 180

18 1O@205
ga.n•••

T +4.1
400 300

3.2d • 2050

400

5500
8300
230

230

120
r20

•

2 23

350
24 10

703

;:2
2:

•••

3.25

709

-

111. 20mm

• riir‘ f260

1625
60

50

50

t

Section II-II

Section I-1

Section 111-11I

Figure 5.1: Details of the Beam in Test Series 'D'.
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Figure 5.2: Load-Deflection Curve obtained from the Beam in Test Series 'D'.
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Figure 5.3: Shape of the Beam in Test Series 'D' after Failure.
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Figure 5.4: Details of the Beams in Test Series 'E'.
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Figure 5.6: Location of the Neutral Axis in the HSC Beam Type B1.86.
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Figure 5.7: Load-Deflection Curves obtained from Beam Type A in Test Series 'E'.
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Figure 5.8: Load-Deflection Curves obtained from Beam Type B in Test Series 'E'.
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Figure 5.9: Load-Deflection Curves obtained from Beam Type C in Test Series 'E'.
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Figure 5.10: Crack Patterns after Failure for all of the Beams in Test Series 'E'.
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Figure 5.11: Shape of Beam Types B2.78 and C1.86 in Test Series 'E' after Failure.
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Chapter 6
FLEXURAL BEHAVIOUR OF BEAMS RESULTING FROM
CONFINEMENT

6.1

INTRODUCTION

The compressive strength of the concrete in the compression regions of beams can
be enhanced by the introduction of closely spaced closed stirrups which will also
lead to improvements in the ductility of the beams[133]. A large number of confinement models have been developed to predict the stress-strain relationship for
the compression concrete and to evaluate the load carrying capacity of tied concrete
columns under the action of concentric loads. Some of these models have been modified to account for the presence of strain gradients[175], shear forces[167], loading
rates[168, 173], and the magnitude of the applied axial loads[178]. These models
have not been verified using experimental data for beams subjected to bending moments with either low or no axial loading.

Test Series A' described in Chapter 3 included under-reinforced beams (p
1.8%) in which closely spaced stirrups were provided. The increase in confinement
did not affect the flexural capacity of these beams. The first part of this Chapter
therefore examines the flexural capacity of beams when their compression regions
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have been confined. The second part of the Chapter examines the fact that overreinforced beams can be made to behave in a ductile manner when the compression
region is confined[133]

6.2
6.2.1

EVALUATION OF FLEXURAL CAPACITY DUE TO CONFINEMENT
General

It is possible that the evaluation of the flexural capacity of beams can be based on
the same confinement model (Sheikh and Yeh model)[175, 178] as was adopted for
the prevention of diagonal failures. However, all the available confinement models
including the model which has been adopted in this research programme were based
on the results of tests conducted on columns. The following modifications were considered to be necessary in order to make the adopted confinement model applicable
to the evaluation of the flexural capacity of beams which were not subjected to axial
loadings.

6.2.2

Confinement Enhancement Factor (KO

The compressive strength of the concrete inside the confined area (fcc) because
of confinement exceeds its corresponding unconfined value (fq,) at ultimate load
before spalling of the concrete cover. In this case, flexural theory cannot be used to
calculate the depth of the neutral axis which is required for the determination of the
strength gain factor (I(,) and the geometry of the equivalent concrete compressive
block. The effective confined area is therefore found using the configurations of the
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stirrups given by equation (4.18) which offers a safer design because it assumes a
less effective confined area (4.61,0).

6.2.3

Concrete Compressive Strain (Ec)

Laboratory based studies[161, 173, 178] have indicated that the maximum compressive strain at which the first hoop fractures is very high in the case of confined
concrete. Scott et. al.[173] reported that this value is in the range of 0.02 to 0.038
for concentric loading whereas in the case of eccentric loading the reported value
was in the range of 0.061 to 0.0743.

In this investigation, the enhancing confinement effect is intended to be utilised
under static loading conditions before spalling of the concrete cover in order to ensure an acceptable level of serviceability. In the case of concentric loading, Scott et.
al.[173] reported that the concrete cover outside the reinforcement cracks when the
compressive strains are of the order of 0.004 or higher. Sheikh and Uzumeri[163]
reported that, for concentric loadings, at compressive strain levels of approximately
0.0045 tapping of the specimens gave a hollow sound indicating that the concrete
cover had separated. In the case of eccentric loadings, the compressive strain at
which the cover concrete started to crack and separate from the core concrete was
reported by Scott et. al.[173] to be of the order of 0.005.

There are no measurements of the compression strains either when the first hoop
fractured or at the point when spalling of the concrete cover occurred in beams under
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pure flexure. Nevertheless, it is generally accepted that the strain gradient results
in an increase in the compressive strain[154, 158, 173, 179, 180, 181]. Therefore, it
can be concluded that for beams not subjected to axial load, the compressive strains
will not be less than those found in columns subjected to strain gradients (0.061 to
0.0743 when the first hoop fractures and 0.005 when spalling of the concrete cover
occurs).

In order to determine the enhanced flexural capacity of beams at the ultimate
limit state the design compressive strain (e c ) will be taken equal to the minimum
strain (E si ) corresponding to the maximum compressive strength in the confinement
model which has been adopted. However, in any case it must not exceed the strain
at which spoiling of the concrete cover occurs (0.005).

6.2.4

Modified Concrete Compression Block

The resulting concrete compression block parameters a and 13 are determined using
the corresponding equations relating to either zone 1 (equations (4.24) and (4.25))
or zone 2 (equations (4.26) and (4.27)) of the stress-strain curve for the confinement
model which has been adopted. These equations result in the following parameters:
- For e,

=

- For 1 = 1.0,

= 1.0.
a = 0.75, and = 0.889.
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6.3 FLEXURAL CAPACITY OF UNDER-REINFORCED BEAMS
The flexural capacities obtained from the beams included in Test Series 'A' presented in Chapter 3 have been calculated using the approach described above. The
measured and the predicted flexural capacities are summarised in Table 6.1. Further
details of the calculations can be found in Appendix C.

The prediction shows that although the concrete compressive strength increased
by up to 34% there was no corresponding increase in the flexural capacity of the
beams l(
5
°: )
/ average
,, 112 1

=

96.6%). This is in agreement with the test results, which

also showed no enhancement in the flexural capacity of the beams with increasing
/ 1 Mon
confinement kk
Ain )average = 97.5%).

The insignificant influence of confinement on the flexural capacity of beams is
attributed to the limited amount of longitudinal reinforcement. The tensile force
in the longitudinal reinforcement (T) is the same for all the beams regardless of
the level of confinement i.e. regardless of the concrete compressive strength. It
appears that the increase in the lever arm between the internal forces (the tensile
force 'T' in the longitudinal reinforcement and the compressive force 'C' in the flexural compression concrete) as a result of the higher concrete compressive strength
due to confinement is insignificant. In such cases if e c > esi is used, the calculated
flexural capacities of the beams would not change significantly because of the limited amount of longitudinal reinforcement. This is demonstrated in the example in
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Appendix C in which e c was assigned a high value equal to 0.0075. The increase in
the flexural capacity was only 1.6% compared with that which was calculated using
ee = e si . The flexural capacity (M1, 0„) was also calculated assuming that either
the whole of the concrete compression area or the confined core balances the tensile
force (T). The increase in the predicted flexural strength was only 3.6% when the
whole section was considered. This also shows the limited effect that the concrete
compressive strength has on the flexural capacity of beams for a constant value of
tensile force (T).

The flexural capacities (M1,0 ) of the test beams shown in Table 6.1 were calculated using the assumption that only the compressive force (C) in the confined
concrete core balances the tensile force (T) in the longitudinal reinforcement. The
strain hardening effect need not be taken into account as the results are being used
for comparative purposes.

In conclusion, a significant increase in flexural capacity resulting from confinement can only be achieved by increasing the amount of longitudinal reinforcement.
In addition, over-reinforced beams can be designed to fail in a ductile manner after
reaching their full flexural capacity because of the enhanced ductility of the compression concrete due to confinement.
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6.4

FLEXURAL CAPACITY OF OVER-REINFORCED BEAMS

The design approaches adopted by most Codes of Practice require beams to be
under-reinforced in order to prevent brittle compression failures. For example the
ACT Code of Practice limits the value of the longitudinal reinforcement ratio (p.)
to 0.75 and 0.5 of Pb for static and seismic loadings respectively. When increased
ductility due to confinement is provided these limitations are believed to be too
restrictive.

In an attempt to utilise the enhancing effects of confinement upon the structural
behaviour of beams under the action of static loadings, it is suggested that the
value of p should be allowed to exceed the value of pmax . A new balanced-failure
condition (cracking of the concrete cover at the yielding of the longitudinal bars)
would therefore exist as a result of confinement. These conditions would result in a
new balanced-failure longitudinal reinforcement ratio (Pb').

6.4.1

New Balanced-Failure Longitudinal Reinforcement Ratio

(g)

The modified concrete compression block used in the confinement model was developed as a modified form of the concrete compression block given by the ACT Code
of Practice using a statistical analysis of available results from tests on confined concrete specimens. Therefore, for comparison purposes, the ratio p'b has been derived
with reference to the provisions of the ACT Code of Practice. This ratio has been
derived in Appendix C and is given below:

275

,

A,
I 36 bd =

0113K X (
h

d1) b'
E.cE.9 + fy 7) 7)e c E,

(bid,
+0.85a

bd

2b1

EcEs )

b E,E, + fy

(6.1)

where:
di is the effective depth of the section measured from the centreline of the stirrup,
and not from the top of the section.
b' is the width of the confined core.
d1 =

d — di .

b1 =

The ratio pil, in equation (6.1) is a function of the geometry of the section in
addition to the characteristics of the steel and the confined concrete. In order to
simplify this equation, it is reasonable to assume that all of the compression region
is confined. The results from Test Series 'A' have shown that the variation in the
concrete compressive strength does not influence significantly the flexural capacity
of the beams, hence:

1
Pb

A,
= — =
bd

a,8 K s.f

fy

EcEs

ec E, + fy

(6.2)

Equation (6.2) indicates that pib is a function of the characteristics of the concrete
and the steel (similar to pb ) in addition to the confinement characteristics represented
here by the factor K,.
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a and 13 are material characteristics of the confined concrete and are equal to
0.75 and 0.889 respectively in the case where

Ec = Esi

=

0.0022K3 . Equation (6.2)

then becomes:

,A,
0.667K3 0.0022K, Es
fy
Pb — bd =
0.0022K, E s + h

(6.3)

This relationship has been used for the determination of the longitudinal reinforcement ratio (K) for the test beams detailed in Tables 6.2 and 6.5.

In order to ensure a good level of serviceability, it is suggested that the value of
ec in

equation (6.2) should not be greater than the minimum concrete compressive

strain at which the concrete cover starts to crack i.e. 0.005.

In order to ensure reasonable ductile behaviour, a maximum allowable spacing
's e '

between the stirrups is proposed beyond which the longitudinal bars would

buckle before fracture of the stirrups[223, 224]. A value of 's r ' not greater than
6 x db is recommended[223] where db is the diameter of the longitudinal bars.

6.4.2 Relationship Between p'b and Pb
In the ACT Code of Practice, Pb is given by:

A,
0.85,8if
0.003E3
Pb = bd =
A
0.003E3 + A
thus:
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(6.4)

a0K8e, 0.003E3
pb

(6.5)

ecE, + fy 0.85 * 0.00301

where a, 0, and Ec are equal to 0.75, 0.889, and 0.0022K 3 respectively.

Equation (6.5) could be expressed in the following simple form for a normal
strength confined concrete (01 is of the order of 0.8) and high strength steel (E,
200, 000 MPa and fy

500 MPa):

re-

(6.6)

Pb

Pb

Equation (6.5) indicates that the ratio

is directly related to Ks . In a comparis

ison with the ACT Code of Practice this equation also indicates that for the same
amount of confining stirrups the ratio

Pb

increases with increasing concrete strength

i.e. with decreasing 0 1 . It should be noted, however, that Ks decreases as the value
of f increases equation (4.18). Hence the net increase inpbwould not to the same
extent be directly proportional to the decrease in 01.

In the case of beam types NA3-1, NB2-1, NB2-2, NB3-1, and NB3-2 in Test Series 'A' where the concrete strengths were similar, Table 6.2, the ratio fiz increased
Pb

from 0.99 to 1.33 as K, increased from 1.08 to 1.32. If the

Pb

ratios for beam
ratios

types NA2-1 and NA2-2 were compared then it can be noted that although K, for
beam type NA2-2 (1.19) was larger than that for beam type NA2-1 (1.15) the 12):
ratio for beam type NA2-2 (1.11) was smaller than that for beam type NA2-1 (1.14).
This is because the value of f for beam type NA2-2 (35.92 MPa) was smaller than
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that for beam type NA2-1 (44.64 MPa).

In general, the relationship given by equation (6.6) gave a reasonable estimate
ratios, Table 6.2. The maximum difference was less than
of the values of the 6i
Pb
+10%. The accuracy of this equation was less conservative for small values of Ks
combined with large values of 13 1 (low strength concrete). The results from beam
types NB2-1 and NB2-2 in Table 6.2 support this conclusion where the error was
9% (the highest). K, was equal to 1.08 (the lowest) in the case of these two beams.

It worthwhile noting that when Ks < 1.1 the increase in Pb was insignificant. It
is therefore recommended in this case that the value of

p

should be limited to the

value of ()max.

6.4.3

Design Method for Over-Reinforced Beams

Traditionally, over-reinforced beams are not used in practice because they fail without warning in a brittle manner. Also, since the failure is governed by the characteristics of the compression concrete, failure occurs in the compression concrete before
the longitudinal reinforcement reaches its maximum tensile strength which is governed by its yield strength. The tensile capacity of the longitudinal reinforcement
and hence the flexural capacity of beams are not fully utilised.

It is proposed in order to overcome the restriction on the use of over-reinforced
beams, that the region of the beam subjected to high bending moment is provided
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with closely spaced closed stirrups. The longitudinal reinforcement ratio in this case
may be increased beyond the maximum ratio allowed by Codes of Practice (Ai.)
and even beyond the value of ilb since ductility is ensured by the use of confining
stirrups.

The steps in the design process for over-reinforced beams are outlined as follows:

1. The section, in which the overall depth is restricted, is designed for the applied
design bending moment (M) in the normal way (under-reinforced beam). The
longitudinal reinforcement ratio required (pr" ) is then calculated.
").- a
2. The values of pr" and pm., are compared and if rareq
r max then the value of
Preq

is used.

3. For the value of pr„, the corresponding value for Ks is calculated using the
equilibrium of the internal couple (the tensile force from the longitudinal steel
and the compressive force from the modified concrete compression block) which
results in the following equations:

C =

A, fu
ce,ebiKsf

M = As fy (cr — 0.5625 AS fW )
Ksb'f

(6.7)
(6.8)

where c is the depth to the neutral axis measured from the centreline of the
stirrup.
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The contribution of the concrete cover to the flexural capacity of the beam is
ignored thus erring on the side of safety.
4. The value of
5. If p„ q

> lib ,

pC,

is obtained for the calculated value of K,.

the area of the stirrups required is calculated for the larger value

of K, in order to result in p'b

= p„q.

6. If the confinement factor required for the prevention of a diagonal failure
K8 a hear is larger than the calculated value, the value of K„ shear is used. It
is important to note that the proposed design approach for beams (under the
action of shear and flexure) is an interactive one. Therefore, K„hear has to be
determined from the actual flexural strength, resulting in this case from confinement, which was included in the proposed flexure-shear interaction design
model. If K„„„,, controls the design, it is not necessary to re-check the confinement requirements corresponding to the flexural capacity of the section.
This is because the change in the flexural capacity due to the increased confinement is not significant, as long as the longitudinal reinforcement content
remains unchanged.
7. Practical configurations for the stirrups are assumed and the required spacing
of the stirrups is calculated based on the controlling value of K, using the
confinement model which has been adopted.
8. If the calculated spacing is impractical, the longitudinal reinforcement content
is modified accordingly and the design procedure is repeated starting from
step 3 above.
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It should be noted that no material reduction factors were considered in the design procedure described above. The design method for over-reinforced beams can
be represented in the form of a flow chart as shown in Figure 6.1.

6.5
6.5.1

TEST SERIES 'F': Verification of the design method for overreinforced beams
Design and Description of Test Beams

This test series included seven over-reinforced beams, Figure 6.2. Beam types T2
and C2 were designed to have an overall length of 2200mm, an effective span of
1400mm, an a/d ratio of 2.0, a longitudinal reinforcement ratio (p) of 0.036, and a
cross-section of 200mm x 230mm. High-strength deformed steel bars with a nominal
diameter of 25mm (A, = 450.52mm2 and fy = 477 MPa) were used for the longitudinal reinforcement. The stirrups were fabricated from plain round mild steel bars
with a nominal diameter of lOmm (A, = 74.45mm2 and fy = 441.5 MPa).

The degree of confinement (spacing of stirrups) required to prevent a compression
failure in beam type C2 was determined using the design method for over-reinforced
beams detailed in the previous section. Beam type T2 with similar material and
geometric properties except that the mid-span region was not provided with stirrups
was included for comparison purposes. To ensure yielding of the longitudinal reinforcement before cracking of the concrete cover the longitudinal reinforcement ratio

(p = 0.036) in beam type C2 was designed to be equal to the maximum allowable
ratio resulting from confinement

(p0.
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The remaining beams were designed to have an overall length of 2500mm, an
effective span of 1750mm, an a/d ratio of 3.2, a longitudinal reinforcement ratio

(p) of 0.0465, and a cross-section of 176mm x220mm. High-strength deformed steel
bars with a nominal diameter of 25mm (A, --= 483.8mm 2 , E, = 190,000 MPa,
and fy = 526 MPa) were used for the longitudinal reinforcement. The stirrups
were fabricated from plain round mild steel bars with a nominal diameter of lOmm
(A, = 74.45mm 2 , E, = 200,000 MPa and fy = 441.5 MPa). The stirrups used
in beam type C3.2-3 had a nominal diameter of 8mm (A, = 49.02 MPa, E, =
191,000 MPa, and fy = 377 MPa). The three type C3.2 beams were designed to
have the same level of confinement as used in beam type C2 (K, '--' 1.4). The longitudinal reinforcement ratio for these beams (p = 0.0465) exceeded the maximum
proposed value of (p) in order to examine the behaviour of highly over-reinforced
beams. A different configuration of stirrups was used in beam type C3.2-3 as shown
in Figure 6.2. The two type T3.2 beams which were not provided with stirrups in
the mid-span region were also included for comparison purposes.

6.5.2 Experimental Work
The majority of the test beams were provided with closely spaced stirrups. The
concrete mix used in this investigation, Table 6.3, was designed to have a high
workability level (a slump value between 60mm and 180mm) and was made using
a relatively small maximum size aggregate (10mm) in order to make the casting
operation easier. All the beams, except beam types T2 and C2, were cast in the
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horizontal position with the compression concrete face upwards, again to make the
casting operation easier. This, however, resulted in variations in the actual effective depths of the beams and the cover at the compression faces. The width of
beam types T2 and C2 was larger (200mm), therefore, these beams were cast with
the concrete compression face at the base of the shutter because it was possible to
insert the vibrator between the main longitudinal reinforcement bars in these beams.

In general, one batch of concrete was used to cast two beams, and six control
cubes and cylinders. The test beams and cubes were cast, vibrated, cured, and
tested in a similar way to those included in Test Series 'A'. The concrete strains were
measured using demec buttons bonded to the surfaces of the beams. The strains
in the longitudinal bars were measured using strain gauges with a gauge length of
lOmm bonded to the surfaces of the bars. The gauges used to measure the strains
in the stirrups had a gauge length of 5mm. Figure 6.3 shows the locations of the
demec buttons and the strain gauges. Appendix A contains additional information
on the strain measurement techniques and the data acquisition equipment used in
the investigation.

6.5.3 Test Results
The concrete compressive strength, the beam dimensions, the maximum applied
total load, and the maximum flexural capacity obtained from the beams are given
in Table 6.4. The resulting longitudinal reinforcement ratios for the test beams
are summarised in Table 6.5. The maximum flexural capacities of the beams were
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compared with those predicted using the proposed method for the evaluation of the
flexural capacity of over-reinforced beams. The resistance of the whole of the compression concrete was assumed for the prediction of the flexural capacity of beam
type C2. However, the normal and the modified concrete compression blocks were
used for the unconfined and for the confined core concrete respectively. This is
because in the beams in which p p'b the ultimate capacity was reached before
cracking of the concrete cover. On the other hand, the resistance of the concrete
compression cover in beam type C3.2 was ignored since in these beams the concrete
cover cracked before yielding of the longitudinal reinforcement (p > p). The characteristics of the confined concrete in these beams had been obtained from zone 2
of the confinement model with

Ec

taken to be equal to 0.0075 (this is in agreement

with the strain measurements obtained from the test beams, Tables 6.8 and 6.9,
which show that the longitudinal bars had yielded). The results of the comparisons
between the predicted and the actual capacities of the beams are summarised in
Table 6.6. Typical crack histories are summarised in Table 6.7 together with the
corresponding deflection measurements to permit the evaluation of the performance
of the beams at the serviceability limit state and to examine the behaviour of the
beams up to failure. Typical strain measurements in the concrete and in the reinforcement are summarised in Tables 6.8 and 6.9 respectively.

The actual load-mid span deflection curves for beam types T2 and C2, beam
types T3.2-1 and C3.2-1 and beam types T3.2-2, C3.2-2 and C3.2-3 are shown in
Figure 6.4. The load-deflection curves were grouped on the basis of either the ge-
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ometric or the material similarities which existed between the beams. The curves
obtained from the beams without confinement were included in the corresponding
group for comparison purposes. The shape of failure in beam type C3.2-3 is shown
in Figure 6.5. Finally, the development of cracks in the confined beam type C2 is
shown in Figure 6.6.

6.5.4

Discussion of Results

(a) Modes of Failure
Beam types T2 and T3.2 in which the mid-span regions were not confined failed
in a typical brittle manner which is characteristic of the flexural failure of overreinforced beams. The sudden collapse of these beams occurred as a result of spalling
of the compression concrete and buckling of the compression reinforcement in the
mid-span regions. In the remaining beams flexural cracks developed and widened
prior to spalling of the concrete cover. The flexural cracks under increasing loads
continued to widen and it was possible to see the concrete arches forming between
the closely spaced stirrups, Figure 6.5. This cracking process continued until testing
was stopped on the grounds of safety. A defined failure point was not obvious during
the testing of the confined beams. The majority of the beams continued to carry the
applied maximum loads without a significant reduction in load carrying capacity up
to the completion of testing.
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(b) Flexural Capacity and Ductility
The unconfined beam types T2, T3.2-1 and T3.2-2 had ultimate flexural capacities
of 84.8 kN.m, 55.7 kN.m and 74.1 kN.m respectively, Table 6.4. The concrete and
steel strain measurements given in Tables 6.8 and 6.9 indicate that the compression concrete cracked and the failure of the beams occurred before yielding of the
longitudinal reinforcement. In addition, as expected the ductilities of these beams
were extremely low. The maximum mid-span deflection obtained from these beams
ranged from 15mm to 20mm as shown in Figure 6.4. It is, therefore, concluded that
excluding over-reinforced beams in practice as recommended by Codes of Practice
is fully justified for beams without confinement.

The confined beam type C2 achieved a flexural capacity of 90 kN.m, Table 6.4.
The longitudinal reinforcement ratio for this beam

(p =

0.0347) was equal to the

maximum allowed ratio resulting from confinement (K) as shown in Table 6.5. The
observations made during the test and the load-deflection curve obtained from this
beam, Figure 6.4, showed that the maximum load was reached before cracking of
the concrete cover took place. In addition, the flexural crack widths at the various
load levels were higher than those obtained from the highly over-reinforced beam
type C3.2-2 because of the relatively low value of

p

which was used, Table 6.7. It is

interesting to note that this beam achieved 166% of the maximum capacity allowed
by the ACI Code of Practice corresponding to the value of

', max .

The ductility

resulting from the confinement of the compression concrete in this beam was extremely high. The final mid-span deflection obtained exceeded 80mm, Figure 6.4
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and Table 6.7. This deflection is high not only in comparison with the unconfined
over-reinforced beam type T2, but also in comparison with the deflection obtained
from the traditionally designed under-reinforced beams included in Test Series 'C'
and described in Chapter 4.

The highly over-reinforced

(p > jib )

beam types C3.2-1, C3.2-2 and C3.2-3

achieved maximum flexural capacities of 64.5 kN.m, 72.4 kN.m and 70.2 kN.m respectively as shown in Table 6.4. The longitudinal reinforcement ratios
beams were higher than the corresponding values of

p lb

(p)

in these

resulting from confinement,

Table 6.5. Spoiling of the concrete cover in these beams occurred before yielding of
the longitudinal reinforcement took place. The concrete and steel strains obtained
from the beams, Tables 6.8 and 6.9 support this conclusion (e y = isu2uoo = 0.0027).
The ductilities resulting from confinement found in the highly over-reinforced beams
were also high, Figure 6.4 and Table 6.7, in comparison with beam type C2.

It is concluded that the highly over-reinforced beams can be designed to fail in
a ductile manner. However, such beams would not reach their full flexural capacity
before spoiling of the concrete cover. In this case if the concrete cover is large,
a significant reduction in their ultimate capacity may occur. It is believed that
further work is still needed to determine the limitations which must be placed on
the dimensions of the unconfined concrete compared to the size of the confined
concrete in order to prevent a significant reduction in the capacity of such beams.
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(c)

Serviceability

The main reason for not using over-reinforced beams in practice is that they fail suddenly in a brittle manner if the concrete is not confined. There may be little visible
warning of impending failure because the widths of the cracks at the failure section
are small, owing to the low steel stress. This implies that one of the serviceability
requirements for such beams i.e. control of the crack widths, will be satisfied. The
crack widths at the working and maximum load levels, and before unloading found
in the test beams, Table 6.7, were small in comparison with those usually obtained
from under-reinforced beams.

The other serviceability requirement is the control of the deflection at working
load levels. The beam depth is usually considered to be the main factor which
control deflection. The allowable deflection of these beams would be approximately
7mm based on BS 8110. Table 6.7 shows that the deflection found in the beams
at the working load level satisfy the serviceability requirement for the majority of
the beams. An increase in the beam depth should be considered in the cases where
reduced deflections were required.

(d)

Prediction of Test Results

1. In the design method for over-reinforced beams it was assumed that the maximum concrete compressive strain at cracking of the concrete cover in confined
beams would not be less than 0.005. The typical concrete strains which were
found in the beams with confinement, Table 6.8, indicated that this is a rea289

sonable assumption. The average concrete strain measured 20mm below the
top face of the beams before cracking of the concrete cover was 0.0054.
2. In the confinement model which has been adopted, it was assumed that the
stress in the stirrups under maximum loading reached its yield value. The
strains obtained from the stirrups which were located in the mid-span region
which was subjected to the maximum bending moment confirmed this assumption, Table 6.9. In some of the beams the strains in the stirrups reached a very
high value which exceeded the operating range of the strain gauge. A maximum stirrup strain (e„ of 0.0043 (Ey

=

377
191000

=.

0.002)) was obtained in beam

type C3.2-3 which was very well confined as shown in Figure 6.2.
3. The simplified equation (6.6) gave a reasonably accurate prediction of the
value of p'b , Table 6.5. The maximum difference between the predicted values
and those obtained using the more accurate equation (6.3) was 5%.
4. Finally, the prediction of flexural capacity resulting from confinement using
the proposed approach was found to be reasonably accurate, Table 6.6. The
maximum difference between the results was 4%.

6.5.5 Practical Applications
In practical applications, the overall depth of a beam is normally restricted in order
to satisfy aesthetic requirements, etc. If such a beam is to be subjected to high
bending moments, prestressing is occasionally used in order to increase the flexural
capacity of the beam. In situations where the use of prestressed concrete is either
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impractical, or uneconomical, an alternative method for increasing the flexural capacity could be to use over-reinforced beams. Over-reinforced beams can also be
used in situations where confinement is already available through the provision of
either stirrups or some other means e.g. the confinement provided by slabs when
slabs are cast monolithically with beams.

The stirrup spacings which were used in the confined beams included in this
test series were small. This was because the longitudinal reinforcement ratios used
were very large ((-qave
= 2.5) and (, p.-P-a . ., )a ve := 3.4). Also, the cross sections of the
Pb
beams were small which resulted in limited effectively confined areas requiring large
amounts of stirrups in order to provide the required amount of confinement. In
practical situations, however, the cross sections of beams are normally larger than
those used in this test series. Therefore, it is anticipated that the resulting stirrup
spacing would be practical in such situations, particularly if a reasonably large value
of p is used.

6.6 SUMMARY
In this Chapter a method for the evaluation of the flexural capacity of underreinforced beams with confinement has been proposed based on the confinement
model which was used previously for the flexural-shear interaction design model.
Prediction of the results obtained from the confined beams included in Test Series 'A' using the proposed approach was found to be reasonably accurate.
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The literature review showed the enhancing influence of confinement on the
behaviour of beams. However, no attempt has yet been made to utilise this enhancement in the design of beams under static loadings. It was concluded that
over-reinforced beams can be designed to fail in a ductile manner when the concrete compression regions are provided with closely spaced closed stirrups. The
method used for the evaluation of the flexural capacity of under-reinforced beams
was therefore extended to the design of over-reinforced beams. The beams in Test
Series 'F' included seven over-reinforced beams which were designed using the proposed method. The prediction of the test results based on the proposed method was
found to be reasonably accurate.

A new balanced-failure longitudinal reinforcement ratio resulting from confinement (pt) was also developed in this Chapter. A unique relationship between the
value of p'b and the value of

Pb

given by ACT Code of Practice was found to be a

function of confinement characteristics.
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Beam

M1 n

M1c0n

Mcon

Mn

type

(kN.m)

(kN.m)

(kN.m)

(kN.m)

NA2-1

111.35

107.23

114.3

NA2-2

107.56

103.72

113.0

NA3-1

109.45

107.47

NA3-2

108.3

NB2-1

ittn

Alf.1
1.1.onn

100

x100

97.1

96.3

96.0

96.4

115.6

98.2

98.2

106.9

112

95.2

98.7

109.18

103.54

108.2

99.1

94.8

NB2-2

109.05

103.43

106.4

97.5

94.9

NB3-1

109.55

105.97

107.5

98.5

96.7

NB3-2

109.27

105.71

107.0

98.0

96.7

117.7

109.15

x

where:
M1 n is the predicted flexural capacity of the unconfined section.
M1 c0n is the predicted flexural capacity of the confined section.
Mcon is the measured flexural capacity of the confined section.
Mn is the measured flexural capacity of the unconfined section.

Table 6.1: Flexural Capacities of the Beams in Test Series 'A'.
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Beam

f

Pb

Pmax

P

P:max

7,:

(,:-)1

32,1Pb

type

(MPa)

NA2-1

44.64

0.0274

0.0206

0.0174

0.0313

NA2-2

35.92

0.024

0.0180

0.0174

NA3-1

39.44

0.0255

0.0191

NA3-2

37.5

0.0247

NB2-1

39.25

NB2-2

'-, K,

x100

1.14

1.15

-1

0.0265

1.11

1.19

-7

0.0173

0.0340

1.33

1.32

1

0.0185

0.0175

0.0330

1.34

1.34

0.0

0.0254

0.0191

0.0174

0.0250

0.99

1.08

-9

39.04

0.0253

0.0190

0.0175

0.0249

0.99

1.08

-9

NB3-1

39.9

0.0257

0.0193

0.0174

0.0298

1.16

1.2

-3

NB3-2

39.36

0.0255

0.0191

0.0174

0.0294

1.15

1.2

-4

=

lib

where:
111L is obtained from equation (6.5).

Pb

is obtained from equation (6.6).

Table 6.2: Longitudinal Reinforcement Ratios for the Beams in Test Series 'A'.
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Material

Weight (kg/m3)

Cement

414

Water

240

Sand

785

Coarse aggregate (10mm)

850

Water/Cement ratio

0.58

Slump

60-180 (mm)

Table 6.3: Concrete Mix Constituents used in Test Series 'F'.
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Beam

a/d

type
T2

2

C2
T3.2-1

3.2

3.2

C3.2-2
C3.2-3

fct,

.f

(mm x mm)

(MPa)

(MPa)

208 x 235

30.5

25.9

208 x 230

34.5

177 x 220

22.5

Pmast

Mmaxt

(kN)

(kN.m)

0.85

452

84.8

30.5

0.88

480

90

19.6

0.87

196

55.7

227

64.5

261

74.1

255

72.4

247

70.2

IL

178x215

C3.2-1
T3.2-2

Cross Section

180 x 240

28.6

21.8

0.76

179 x 240
3.2

178 x 225

42.3

30.1

0.71

t Maximum total measured load.
$ Maximum measured flexural capacity.

Table 6.4: Summarised Results obtained from the Beams in Test Series 'F'.
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Beam type

K,

p

Pb

titbit

Pfb2t

T2

-

0.0347

0.0219

-

-

C2

1.4

0.0347

0.0251

0.0337

T3.2-1

-

0.0462

0.0140

C3.2-1

1.69

0.0473

T3.2-2

-

C3.2-2
C3.2-3

-f2:,b

-,P
p, ,T.

t

-

1.58

2.11

-

0.0351

-4

1.38

1.84

1.03

-

-

-

3.30

4.40

-

0.0140

0.0241

0.0243

-1

3.38

4.50

1.96

0.0408

0.0156

-

-

-

2.62

3.49

-

1.62

0.0411

0.0156

0.0252

0.0253

0.0

2.63

3.51

1.63

1.64

0.0447

0.0168

0.0277

0.0276

0.0

2.66

3.55

1.61

Plhip7b1P'"

X

100

t Calculated using equation (6.3).
$ Calculated using equation (6.6).

Table 6.5: Evaluation of the Longitudinal Reinforcement Ratios for the Beams in
Test Series 'F'.
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Beam

P max t

Mmaxl t

Mmax2*

r'
Itim aiZ Al2mzi

type

(kN)

(kN.m)

(kN.m)

x100

T2

452

84.8

-

-

C2

480

90

88.8

-1

T3.2-1

196

55.7

-

-

C3.2-1

227

64.5

65.1

1

T3.2-2

261

74.1

-

-

C3.2-2

255

72.4

69

-5

C3.2-3

247

70.2

73.2

4

f Maximum total measured load.
$ Maximum measured flexural capacity.
* Predicted maximum flexural capacity.

Table 6.6: Comparison between the Measured and Predicted Flexural Capacities for
the Beams in Test Series 'F'.
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At working load level'

Beam
type

Deft.

load
(kN)

Before unloading

At ultimate load

crack width (mm)

(mm)

flex.

diag.

load

Defl.

crack width (mm)

load

Defl.

crack width (mm)

(kN)

(mm)

flex.

diag.

(kN)

(mm)

flex.

ding.

T2

271

7

0.25

0.3

452

15

1.0

0.9

106

15.1

3.0

0.9

C2

288

6

0.3

0.4

480

16

0.9

1.3

440

85.7

12.0

1.2

T3.2-1

118

6

0.1

0.05

196

1.7

0.25

0.15

84

20

0.3

0.15

C3.2-1

136

8

0.05

0.02

227

87.8

1.5

0.1

227

87.8

1.5

0.1

T3.2-2

157

6

0.1

0.1

261

14

0.2

0.1

100

18

0.4

0.1

C3.2-2

153

6

0.1

0.05

255

14

0.2

0.1

232

53.4

4.0

0.1

C3.2-3

148

7

0.05

0.05

247

38.3

2.0

0.1

240

59.2

4.0

0.1

The working load level is assumed to be equal to 0.6 times the actual ultimate load.

Table 6.7: Summary of the Crack Width and Deflection Measurements at Different
Load Levels for the Beams in Test Series 'F'.

Beam

Load

type

(kN)

Top

Middle

Bottom

T3.2-1

174

0.0031

0.0003

-0.0025

C3.2-1

178

0.0051

0.0011

-0.0022

T3.2-2

241

0.0039

0.0003

-0.0023

C3.2-2

238

0.0056

0.0011

-0.002

Strains in concrete"

For the locations of demec buttons refer to Figure 6.3.
Average strains just before cracking of the concrete cover.

Table 6.8: Typical Concrete Strains obtained from the Beams in Test Series 'F'.
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Beam

Load

type

(kN)

1

2

3

4

5

6

7

241 1

1552

2338

1547

2387

724

754

415

261*

1576

2652

1568

2611

761

864

446

100 7

167

3178

-61

3041

599

584

356

238 1

1426

2375

1389

2465

336

1005

259*

1431

3719

1411

4499

1065

232 7

2463

9996

-

7689

2271

1400

2069

434

247*

7121

10897

240 7

-

-

T3.2-2

C3.2-2

C3.2-3

t

Strains (mm I mm x 10 6 ) obtained from the strain gauges numbers1:
8

9

10

286

539

566

722

1496

-

705

612

802

-

-

-

887

769

910

265

366

316

409

261

1732

1458

2137

390

465

263

3865

4351

-

394

454

257

For the locations of the strain gauges refer to Figure 6.3.

$ Just before cracking of the concrete cover.
* At maximum measured load.
V Just before unloading.

Table 6.9: Strains in the Reinforcement Bars at various Loading Levels obtained
from the Beams in Test Series 'F'.

300

Traditional
design

No

Continue with
traditional
design

Yes

Find the
required
K.
Yes y

Find the
corresponding

V

Yes

Find required
stirrup spacing
(s)

Change p
accordingly

No
Is s
Yes
Design is
complete

Figure 6.1: Flow Chart showing the Design Steps for Over-Reinforced Beams.
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Figure 6.2: Detailed of the Beams in Test Series 'F'.
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Figure 6.3: Loactions of the Strain Gauges and the Demec Buttons used in the
Beams in Test Series 'F'.
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Figure 6.4: Load-Deflection Curves obtained from the Beams in Test Series 'F'.
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Figure 6.5: Shape of Failure in Beam Type C3.2-3 in Test Series 'F'.
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Figure 6.6: Development of Cracks in Beam Type C2 in Test Series 'F'.
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Chapter 7
BEAMS WITH CIRCULAR CROSS SECTIONS

7.1 INTRODUCTION
Structural concrete members with a circular cross section are used in many types
of structures. They are preferred for bridge columns due to the simplicity of construction and their omnidirectional strength characteristics under wind and seismic
loads. Bridge columns are usually subjected to lateral loads arising from impacts
or the effects of a vehicle braking on the bridge in addition to wind and earthquake
loadings. Circular sections are also frequently used as impact barriers and bollards.
Although, less common in buildings because of difficulties of detailing beam-column
connections, glazing, and installing curtain walls, they currently appear to enjoy
an architectural revival. Circular piles are used extensively in the foundations of
buildings. In addition they are used in the form of secant piling to form diaphragm
walls. In many cases piles are subjected to lateral loads, particularly when they are
being used as retaining walls.

Despite the prevalence of circular sections in practice, their behaviour under
transverse loading is still not fully understood. This is mainly due to[225] the general lack of understanding of the mechanisms of diagonal failure and the relatively
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limited research work which has been conducted into the behaviour of circular sections under predominantly transverse loadings.

Although shear failures in members with a circular cross section have been common in recent earthquakes[149], their shear strength has not yet received as much
attention as their flexural strength and ductility. This has been attributed to the
following reasons:

1. Shear failures were related to poor detailing, such as overlapping shear reinforcement in the concrete cover, which spalled during earthquakes.
2. It was much easier to adopt more conservative design provisions to ensure
against shear failures since the actual shear strength of circular sections was
not known precisely, rather than conducting more research.
3. Shear failures in many cases occurred as a result of underestimating the design
shear force. During earthquakes, the prediction of the design shear force requires an accurate knowledge of the actual flexural strength. This means that
members should be designed for shear forces higher than those theoretically
required to develop the maximum flexural strength at the designated locations
of plastic hinges. Design for shear corresponding to conservative provisions for
flexural capacity, seems to be one of the main reasons for diagonal failures
during earthquakes.
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7.2
7.2.1

PREVIOUS RESEARCH ON BEAMS WITH CIRCULAR CROSS
SECTIONS
Capon and de Cossio (Mexico)

In order to evaluate the shear capacity of circular sections, a test programme[226]
consisting of 25 beams was conducted by Capon and de Cossio in Mexico in 1965.
The beams were tested in the horizontal position and loaded with either a single
load at mid-span or with a load at each of the third span points. The corresponding
shear span to depth ratios were 2.4 and 4.2. The majority of the beams were tested
under pure bending and without web reinforcement. Two beams were subjected to
combined bending moment and axial force. Four beams were provided with circular
hoops at different spacings. Longitudinal reinforcement including different percentages and distributions which covered almost all possible practical configurations
were investigated.

The authors concluded from the test results that the shear strength is dependent
on the concrete strength, the gross sectional area and to a lesser extent on the percentage of longitudinal steel (which was recommended to be uniformly distributed
within the members) and the a/d ratio. They also confirmed that expressions proposed by the ASCE-ACI Committee 326[12] were adequate for the evaluation of
the shear strength. They proposed the introduction of minor modifications to account for the increased shear strength due to the presence of axial loads. They
confirmed with respect to the contribution of stirrups to shear strength that the
MOrsch analogy[6] adequately estimated the strength. Their test programme, how309

ever, included only four beams with web reinforcement which may have impaired
their findings. Nevertheless, to date this work is still regarded as the basis for shear
design for such members in many Codes of Practice[8, 9, 10, 11, 55].

7.2.2

Khalifa and Collins (Canada)

A test programme[227] consisting of five 445mm diameter circular beams was carried
out at Toronto University in 1981. The beams were subjected to double bending
and an axial loading of 1000 kN. One beam was subjected to load reversals. All
beams failed in shear.

Khalifa and Collins reported that the shear strength was 20% higher than that
predicted by the ACT-Code equations[8]. They argued that the modified compression field theory[119] gave a more reliable prediction of the shear strength of beams
with circular cross sections.

Obviously, due to the small number of test beams, the results of their research
cannot be widely applied. The limitations of the compression field theory (refer
to Chapter 2) has resulted in the shear provisions given by the Canadian Code of
Practice being based on the strut and tie models recently developed in Europe as
well as on the compression field theory[2].
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7.2.3

Yan, Masahide, and Kenji (Japan)

In order to prevent the diagonal failure of structural concrete members with circular cross sections under seismic loads, a new method called the Super-Reinforcing
Method[228] was introduced in Japan 1986. The diagonal failure was prevented
by confining the critical regions with steel tubes. The test programme consisted
of seven specimens having a shear span to depth ratio of 1.0. The specimens were
provided with hoops, cast in steel tubes and then tested by inducing deformation
corresponding to double bending. The test specimens were fixed at their ends. Four
out of the seven specimens were tested with axial loading. The remaining specimens were subjected to transverse cyclic deformations in order to investigate the
behaviour of beams under seismic loading.

The authors concluded from the test results that ductility, shear and flexural
strengths, and energy absorption capacities can be significantly improved by confining the critical regions of members in steel tubes.

The proposed method of confinement proved to be very efficient in preventing
diagonal failure at critical regions under load reversals. It showed the effect of confinement on enhancing strength, serviceability and ductility of members. However,
the research was restricted to a limited number of test specimens and variables.
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7.2.4

Ghee, Priestley, and Paulay (New Zealand)

Twenty five 400mm diameter structural concrete members were tested under cyclic
reversals of lateral inelastic displacements[149]. The test variables included the axial load level, the longitudinal and transverse reinforcement ratios and distributions
and the a/d ratios which varied between 1.5 and 2.5. The members were tested as
vertically positioned cantilevers. A lateral displacement was applied to the free end.
Eleven members were also subjected to axial load. The contribution of the concrete
to shear strength was measured at the onset of diagonal cracking. The contribution
of the transverse reinforcement to shear strength was measured assuming that the
contribution of the concrete remained unchanged as the total shear increased, with
the balance being carried by the 45° truss action.

The authors concluded from their tests that the shear strength was dependent
on the axial load level, the a/d ratio, the amount of transverse reinforcement, and
the flexural ductility. They proposed design recommendations and suggested the
introduction of modifications to the relationships for shear in the both ACI[8] and
New Zealand[11] Codes of Practice.

This research could be regarded as being comprehensive for the prediction of
the shear behaviour of members with circular sections during earthquakes. The
application of the proposed recommendations is, however, limited to the range of
variables investigated in the test programme. It is believed that the findings were
impaired by the use of the 45 degree-truss analogy which ignores the influence of
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confining stirrups on the contribution of the concrete to the overall resistance to
loadings.

7.2.5 Clarke and Birjandi (UK)
A test programme[229] including fifty beams with circular cross-sections was carried out recently (March 1993) at the British Cement Association. Fourteen of
the specimens were without web reinforcement. The remaining beams were provided with either links or spirals as shear reinforcement. The variables included
the diameter of the beams (152mm, 300mm and 500mm), the concrete strength
(f,„ = 25 MPa, 35 MPa and 50 MPa) and the longitudinal reinforcement ratio

(p = 0.9% to 5.6%).

The authors concluded from the results of their test programme that the same
approach which is used for the shear design of rectangular sections in BS 8110 can be
used for circular sections. The geometrical properties were defined for the circular
section as follows:
• the area of tension reinforcement is the area of the steel below the mid-depth
of the section.
• the effective depth (d) was taken as the distance from the extreme compression
fibre to the centroid of the tension reinforcement.
• the term `13d' was taken as the area of concrete from the extreme compression
fibre down to the depth 'd'.
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The authors admitted that they did not include all the possible variables in
their test programme. They stated that hundreds of tests would be needed for
that purpose. The aim of their tests was to compare the actual behaviour of these
beams with that of a corresponding rectangular section. They assumed that if good
correlation could be obtained, the behaviour of specimens outside the range tested
could be predicted with confidence.

7.2.6 Summary and Conclusions
A review of previous research on circular sections[149, 226, 227, 228, 229] and Code
provisions[8, 9, 10, 11, 99], resulted in the following points:
1. Most Codes of Practice, do not put enough emphasis on the shear strength of
circular sections. They usually relate it to that of an equivalent rectangular
section assuming that the empirically based shear relationships are still applicable. Considerable concerns had been expressed by piling specialists, who
felt that the current situation was unsatisfactory and that a design method
for circular sections had to be developed[2291.
2. The enhancing effect of confinement upon the strength and the ductility of
concrete was recognised and utilised in the design of columns subjected to
seismic loading. However, in the design of beams, the enhancing effect of
confinement was overlooked.
3. To explain the mechanism of shear and thus predict the shear strength, a
number of theories have been put forward[1, 4, 5, 18, 67, 119]. Despite the
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prominence given to these recently developed techniques they have failed to
produce a rigorous general solution for all static and geometric conditions.
Nevertheless, only a few of these techniques have ever been applied to circular
sections [119] .
4. Earlier research did not place much emphasis on the examination of the mechanisms of diagonal failures experienced in tests on rectangular sections, however,
it was suspected that the main contributor to shear strength at the ultimate
limit state was the compression zone[5, 106]. The main aim of the work on
members with circular cross sections was to compare their behaviour with that
predicted by Codes of Practice with respect to strength and ductility.
5. The research work did not cover the wide range of values applicable to each
variable which might affect the behaviour of such a section e.g. the aspect
ratio, the axial load level, the percentage and distribution of the longitudinal reinforcement, size effect and the effect of the transverse reinforcement
configuration.
6. A considerable amount of the research work has investigated the effect of seismic loading on shear strength. Therefore, the results were confined to their
respective practical applications.

7.3 AIMS OF THE PROPOSED TEST PROGRAMME
Historically, most of the diagonal failures in members with circular cross sections
occurred during earthquakes. Consequently, previous research has mainly concen315

trated on post-ultimate behaviour. Little emphasis has been put on either serviceability requirements under monotonic loadings or on the examination of the basic
structural behaviour of these beams under transverse loading. There is little point
in conducting more tests using more specific loading configurations in an effort to
refine the existing empirically based shear equations. These equations are empirical and as a result neither explain the shear behaviour, nor adequately predict the
shear strength for most geometric and static loading conditions. On the other hand,
a better understanding of the basic shear mechanism will assist in predicting the
behaviour of members irrespective of the loading conditions thus leading to the establishment of a basis for a rational and unified design method to prevent brittle
diagonal failures in all members regardless of the shape of their cross section.

Tests[149,178] to investigate the effect of confinement on flexural behaviour have
shown that the flexural strength of columns subjected to axial loads and bending
moments was significantly enhanced by confinement irrespective of the shape of the
cross section of the members. However, tests on rectangular beams subjected to
only transverse loading have not shown similar improvements (Test Series 'Al. In
the case of beams with circular cross sections subjected to only transverse loading,
conclusions regarding the effect of confinement upon their flexural strength cannot
be made from the available test data.

Therefore, the main objectives of testing beams with circular cross sections in
this investigation are:
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1. To investigate the contribution of the compression zone to the resistance to
transverse loading (shear) thus validating the Compressive Force Path (CFP)
concept with respect to the circular section.
2. To determine the role of stirrups in the prevention of diagonal failures.
3. To examine the effect of confinement upon the flexural behaviour of beams.
4. To compare the effect of confining the compression concrete on the behaviour
of beams with circular cross sections to that of rectangular beams.
5. To investigate the applicability of the proposed models for the prevention of
diagonal failures and for the evaluation of the flexural capacity of beams with
circular cross sections.

7.4

TEST SERIES `G': Influence of confinement on the behaviour of
beams with circular cross sections

A series of tests was undertaken on simple beams with circular cross sections which
were reinforced with conventional stirrups and stirrups which did not extend down
the full depth of the beam. In the latter case, the stirrups had the sole purpose of
confining the concrete in the compression region.

7.4.1 Description of Test Beams
A total of eight 200mm diameter structural concrete beams were cast and tested. All
the beams had an overall length of 2000mm and an effective span of 1600mm. The
shear span to depth ratio was 4.0. The beams are shown in Figure 7.1. Figure 7.2
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shows the geometry of the cross section of the beams as well as the stress and strain
diagrams used in the design. The only variable investigated was the effectiveness of
the lateral reinforcement and hence the beams were identical except for the lateral
reinforcement. Eight 12mm nominal diameter longitudinal deformed steel bars with
a yield strength of 515 MPa were uniformly distributed around the perimeter of the
beams. The stirrups were fabricated from 8mm nominal diameter plain round mild
steel bars with a yield strength of 377 MPa. Circular and a combination of circular
and semi-circular shaped stirrups were used for the traditionally detailed beams and
for beams detailed to confine the concrete compression region respectively. For some
beams, the spacing of the stirrups, which was based on the provisions of BS 8110,
was reduced by 50% in order to investigate the effect of confinement on the strength
and the ductility of the beams.

It can be deduced from the above description of the test beams that only the
design of the traditional beams was required. All of the other beams were detailed in
accordance with the above design procedure and the shape of the CFP. The design
approach for the traditional beams is given in Appendix D.

7.4.2

Experimental Work

The concrete mix used in the investigation is given in Table 7.1 and the resulting
compressive strengths for the various beams are given in Table 7.2. The beams were
cast in vertically positioned PVC tubes. Two beams were cast from each batch of
concrete. The beams and the control cubes were cast, compacted and remained in
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their tubes/moulds in the laboratory under ambient conditions until testing. The
top cast surfaces of the specimens were covered with damp hessian over which polythene sheeting was tightly wrapped. The beams were removed from the PVC tubes
prior to testing and whitewashed for early identification of cracks under loading.

A more detailed description of the programme of experimental work is given in
Appendix A.

7.4.3

Test Results

The measured loads were corrected in order to allow for variations in the materials
and the dimensions using the same method as applied in Test Series 'A' The corrected measured loadings are shown in Table 7.2. Table 7.3 gives the values of the
crack widths at 50% of the ultimate load, ultimate load, and when the mid-span deflection reached a value of 60mm. Figure 7.3 shows the loading arrangement which
was used in the testing of the beams with the circular cross sections. Figure 7.4
shows the typical crack patterns for the following three types of beams just before
removal of the load.

• Beams unreinforced for shear, beam type Bl.
• Beams conventionally reinforced for shear, beam type B2.
• Beams detailed to provide confinement to the compression concrete, beam type
B6.
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The load-deflection curves show the maximum load capacity, stiffness, and ductility of the beams. The test results have been divided into two groups for ease
of discussion. However, for comparative purposes, beam type B1, which was not
reinforced for shear, was included in the two groups. The first group, Figure 7.5.a,
consisted of beams having conventional circular shaped stirrups in the shear span
region (beam type B2) and the other beams in which the stirrups were also placed
in the mid-span region (beam types B3 and B4). The second group, Figure 7.5.b,
consisted of beams in which the CFP was confined with reinforcement (beam types
B5 and B6). Finally, Figure 7.5.c presents comparative results for all beams. Testing
of beam types B4-B7 was stopped when the mid-span deflections exceeded a value
of 80mm on the grounds of safety.

7.4.4

Discussion of Test Results

(a) Modes of Failure
Beam type B1 which was unreinforced for shear behaved as expected. A diagonal
crack developed in the shear span, resulting in the failure of the compression zone
near to the loading point. In all the other types of beams, the diagonal cracks extended up to the compression region and were prevented from propagating further
by the presence of the transverse reinforcement. Flexural failures occurred in beam
types B2-B7 at load levels at least equal to the anticipated maximum load capacity
of the section and were accompanied by large deflections and spalling of the compression zone in the mid-span region. Figure 7.4 shows typical crack patterns for
the various beams at failure. In the case of the beams in which the spacing of the
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transverse reinforcement was 50mm spalling of the concrete cover took place after
the ultimate load was reached. In the case of these beams, it was possible to see the
concrete arches[154] which had formed between the circular stirrups. On the other
hand, in the beams in which the spacing of the stirrups was 100mm, the compression
steel buckled and spalling of the concrete in the compression zone occurred because
of the lack of confinement due to the relatively large spacing of the stirrups.

In accordance with the concepts underlying conventional shear design, the failure
mode of beam types B5 and B6 should have been similar to that of beam type Bl.
However, the test results indicated that the diagonal cracks in the two beams were
restrained near the neutral axis. Both beams exhibited strengths and ductilities
which were either similar to or greater than those found in the conventionally detailed beam type B2. The widths of the flexural and the diagonal cracks in beam
types B5 and B6 satisfied the crack width requirements of the serviceability limit
state. They were similar to those found in the conventionally detailed beam type B2
at 50% of the ultimate load, Table 7.3. The combination of circular and semi-circular
shaped stirrups in beam type B7 succeeded in significantly reducing the diagonal
cracks as shown in Table 7.3.

(b) Load Capacity and Ductility
Beam type B1 had an ultimate load carrying capacity of 75 kN (76% of the full
flexural capacity of beam type B2), which compares closely with the results from
Kani's Valley[18]. The ultimate shear capacity, as predicted by the Code provisions,
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was expected to be 65.8 kN (=1.25v c bd). Alternatively, if the calculated strength
was based on the model developed by Bobrowski et. al.[87] the predicted capacity
would have been 65.7 kN.

The conventionally detailed beam type B2, reached an average transverse load
of 98.6 kN. This was 18% higher than the flexural load capacity predicted by the
Code of Practice.

All beams exhibited a typical flexural ductile behaviour except beam type B1
which was unreinforced for shear. Beam type B3 had a similar strength to beam
type B2. However, when the spacing of the stirrups was reduced to 50mm in beam
type B4, the resulting strength was 17% higher. Beam types B3 and B4 had ductilities at least one and a half times that exhibited by beam type B2. The enhanced
strength exhibited by beam type B4 can only be attributed to the closer spacing of
the transverse reinforcement. Similarly, the increased ductility is attributed to the
presence of the transverse reinforcement in the mid-span region[106]. The strengths
and ductilities of beam types B1-B4 are illustrated in Figure 7.5.a.

Beam types B5 and B6, based on the present Code provisions, were expected to
have the same strength as beam type B1 since the truss structure required to transfer the "shear" load to the support could not have been present. The test results
have indicated that those beams achieved higher strengths i.e. 1.29 and 1.74 times
the corresponding strength of beam type B1 respectively. The two beams exhibited
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high ductilities before failure i.e. approximately four times that exhibited by beam
type B1. The results from the tests on beam types Bl, B5 and B6 are summarised
in Figure 7.5.b.

The comparative results for beam types B1-B7 are summarised in Figure 7.5.c.
The comparison shows that for beams in which the transverse reinforcement was
spaced at 100mm, regardless of the stirrup configurations, strengths were higher than
those predicted by the Code of Practice. The ductility was significantly higher when
the transverse reinforcement was extended across the mid-span region. In the case of
the beams in which the transverse reinforcement was spaced at 50mm, the strength
and ductility were enhanced significantly. The flexural strength was increased by
up to 1.36 times the strength of beam type B2. In similarly detailed rectangular
beams (Test Series 'A') the increases in strength were found to be insignificant.
However, in the case of the rectangular section, the tensile force in the longitudinal
bars was limited (T = EAs .fy ). The increase in the lever arm (jd) between the
internal forces (the tensile force in the longitudinal bars and the compression force
in the concrete) was small and the corresponding increase in the flexural capacity

(T.jd) was insignificant. On the other hand, for the circular section, the ductility
which was found allowed an increase in the tensile forces in the second and third
layers of the longitudinal bars from the upper face of the section. This resulted in an
increase in the tensile forces (T = Eils .f8 ) thus leading to a significant increase in
the flexural capacity of the section. This explanation shows why beam types B6 and
B7 exhibited large increases in their flexural capacities (32% and 36% respectively)
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when compared to the corresponding value from beam type B4 (17%) as shown
in Table 7.2. The second layer of longitudinal reinforcement from the top in these
beams was 34mm lower than the corresponding layer in beam type B4. This resulted
in an increase in both the lever arm and in the tensile force in that layer thus leading
to the relatively large increases in the flexural capacities of beam types B6 and B7.

7.4.5

Contribution of Compression Zone to Shear Capacity

The detailing used in beam types B5 and B6 tests the hypothesis that the compression zone plays a more significant role than is normally assumed in resisting shear
forces. These beams achieved strengths and ductilities at least comparable to those
found in beam type B2 which was reinforced in accordance with Code provisions.

The detailing used in beam types B5 and B6 assumes the same mechanism for
resisting moment and shear, irrespective of the level of loading. When the concrete capacity is exceeded, the transverse reinforcement is intended to enhance the
strength of the concrete in the compression zone, which is the main element in the
beam structure which resists the imposed loadings (axial, shear and bending moment). The adoption of the same approach for the provision of the resistance to applied loads would lead to a unified design approach for structural concrete members.

The analytical work presented in Appendix D was based on the proposed models
for the prevention of diagonal failures and for the evaluation of the flexural capacity
of beams due confinement, presented in Chapters 3, 4, and 6. The results of this
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work have shown that the volumetric ratio of the transverse reinforcement, which
was based on the design recommendations in the Code of Practice[9], was sufficient
to offset the reduction in concrete strength (AL), but was not sufficient to result in
an increase in flexural capacity (beam type B3) as shown in Table 7.4. The spacing
of the stirrups in this beam was 100mm, which is larger than the recommended
spacing required to prevent buckling of the longitudinal bars (6db [223]). Indeed, the
longitudinal bars buckled and initiated a failure thus leading to the conclusion that
the confinement provided by the stirrups was ineffective. However, when the spacing was reduced to 50mm in beam types B4, B6 and B7, the amount of transverse
reinforcement was high enough to increase the ductility and compressive strength
to levels above the unconfined strength thus resulting in an increase in the flexural
capacity of the beams. For example, beam types B4 and B6 had flexural capacities
17% and 32% higher than beam type B2 which attained its full flexural capacity.
The corresponding ratios predicted by the proposed model were found to be in close
agreement (15.7%, and 30.8% respectively).

Therefore, the rigorous design of a beam structure should take into consideration
the interactive relationship between shear and bending moment in order to prevent
possible brittle diagonal failures during earthquakes.

7.4.6

Conclusions

1. The uncracked concrete in the compression regions makes a larger contribution
to shear resistance than is usually assumed by Codes of Practice, particularly
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for beams with web reinforcement. Confinement of the compression region
in beams with a circular cross section was found to increase the capacity of
the beam structure to resist transverse (shear) loadings. The reduction in the
flexural capacity due to shear stresses is offset by the increase in strength of
the compression concrete due to confinement.
2. Confinement of the compression zone in the mid span region of beam types B3B7, where there was no variation in the bending moment, increased the ductility of the beams by at least one and a half times compared to that of beam
type B2 which was detailed in accordance with current Code provisions. Also,
in the case of beam types B4, B6 and B7 where the spacing of the transverse
reinforcement was reduced to 50mm, the flexural capacity increased on average by 28% compared to the results obtained from beam type B2. Such a
significant increase in flexural carrying capacity has not been found in tests
conducted on equivalent rectangular shaped beams.
3. The detailing approach used in beam types B5 and B6 which had previously
been found to prevent diagonal failures in rectangular beams, was also found to
be applicable to beams with circular cross sections. The respective strengths
of beam types B5 and B6 were found to be either similar to or higher than the
strength obtained from beam type B2. The ductility of beam types B5 and
B6, was also at least one and a half times that found in beam type B2.
4. The proposed flexure-shear interaction model adequately predicted the amount
of transverse reinforcement required to ensure a ductile flexural failure in the
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beams. Also, according to the proposed method for the evaluation of the flexural capacity of the member due to confinement, the prediction of the enhanced
flexural capacity resulting from confinement compared favourably with the
experimental results obtained from the laboratory based test programme.
5. The development of truss action as assumed in Codes of Practice is not necessarily required to transmit lateral loading (shear) to the supports. It is
concluded that the circular stirrups resisted shear loads as a result of the
confinement they provided to the compression region. They thus restrained
the development of the transverse tensile stresses which cause failure and also
compensated for the reduction in the concrete compression strength. However, the circular stirrups proved to be more effective than the semi-circular
stirrups in restraining the growth of diagonal cracks. Circular stirrups will
also be necessary to provide the confinement required for members subjected
to load reversals.

7.5

SUMMARY

In this chapter the concept of preventing diagonal failures in beams by confining
the concrete compression regions with closed stirrups were validated experimentally
for beams with circular cross sections. The test results obtained were also used to
prove the applicability of the proposed flexure-shear interaction design model and
the proposed method for the evaluation of the flexural capacity due to confinement
of the circular section. The effects of other factors which usually influence the
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behaviour of structural concrete members with a circular cross section such as the
concrete strength, the presence of axial loads, etc, require further investigation.

328

Material

Weight
(kg/m3)

Cement

429

Water

235

Sand

798

Coarse Aggregate (10mm)

798

Water/Cement ratio

0.55

Slump

60-180 (mm)

Table 7.1: Concrete Mix Constituents used in Test Series 'G'.
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Concrete

Beam

Correction

Corrected

Strength

size

factor

load(Pr)

17,1=t. x

`f.'(MPa)

(mm)

(F)

(kN)

100

100

B1

43.46

194.0

1.0134

75

76

90

B2*

36.87

194.85

1.0720

98.6

100

118

33.5

B3

30.22

192.7

1.2023

97.4

99

117

16

B4

33.05

195.7

1.1236

115.7

117

138

4

B5

43.46

195.9

1.0027

96.3

98

115

23

B6

33.05

193.0

1.1444

130.5

132

156

1

B7

30.22

193.0

1.1990

134.3

136

160

-2(rise)

Beam

% reduction
x

in load on
completion

t Ptrad. is the corrected measured load for beam type B2.
$ Pam = 83.8 kN is the calculated flexural load for the assumed dimensions and
material properties.
* Average of two identical beams.

Table 7.2: Test Results.
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At half ultimate load
Beam

At ultimate load

Crack width when

Crack width (mm)

Defl.

Crack width (mm)

Defl.

midspan defl.=60mm

Flexure

(mm)

Flexure

Diagonal

(mm)

Flexure

Diagonal

4

0.8

0.3

12

N/A

N/A

Diagonal

Bl f

0.2

B2

0.2

0.05

5

3.0

0.2

27

6.0

0.2

B3

0.2

0.05

5

2.3

0.3

26

7.5

0.3

B4

0.2

0.05

5

1.9

0.2

28

3.4

0.3

B5

0.25

0.05

6

1.3

0.7

21

7.5

0.8

B6

0.3

0.1

6

1.7

0.5

25

6.8

0.6

B7

0.25

0.05

6

1.5

0.2

23

10.0

0.3

t Beam type B1 failed at a mid-span deflection of 19mm.

Table 7.3: Crack History.
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Beam

% of enhancement

type

Calculated

Actual

B2

0.0

0.0

B3

0.6

-1.0

B4

15.7

17

B6t

30.8

32

f The second layer of longitudinal bars was positioned at a distance of
106.5mm from the compression face of the beam (see Figure 7.1).

Table 7.4: Enhanced Flexural Capacities.
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Figure 7.1: Detailing of the Beams.
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Figure 7.2: Cross-Section of the Beams.
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Figure 7.3: Loading Arrangement.
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Chapter 8
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

8.1 CONCLUSIONS

8.1.1

Current Design Approaches to Structural Concrete Beams

(a) Flexure Design
1. In the absence of stirrups the flexural failure of beams occurs as a result of the
development of a multiaxial state of stress resulting from dilation of the concrete in a localised region within the concrete compression zone. However, it
is considered sufficient for practical purposes to assess the flexural capacity on
the basis of the simplified rectangular stress block given by Codes of Practice.
2. Test results[133] have indicated that confinement of the compression concrete
with closed stirrups improves the ductility of beams. Furthermore, it has
been shown that it is possible for over-reinforced beams to fail in a ductile
manner. Therefore, it is concluded that the limitations on the longitudinal
reinforcement ratio (p) imposed by Codes of Practice (e.g. in the ACI Code
of Practice p < 0.75pb) are too restrictive when confinement is present.
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(b) Design of Beams Under the Combined Action of Shear and Flexure
1. At present, there is an urgent need for the establishment of an unified approach
for the analysis and design of the entire range of structural concrete members.
2. Rational design models for the prevention of a diagonal failure should account
for the reduction in the flexural capacity of beams due to the influence of shear.
The determination of the amount of stirrups required to prevent diagonal
failures in beams should be related to the magnitude of the flexural capacity
of the beams (flexural-shear interaction design approach).
(0 is a more realistic in3. The relative ultimate flexural capacity of beams Ai/
dicator of the load carrying capacity of beams at diagonal failure than the
nominal shear strength (a). It should thus be used as the basis for design
models for the prevention of diagonal failures.

8.1.2

Flexural Behaviour of Beams with Confinement

A method for the evaluation of the flexural capacity of beams in which confinement
is present has been proposed in Chapter 6. The method was extended to the design
of over-reinforced beams in order that they could be made to behave in a ductile
manner. The applicability of the proposed analytical methods were investigated
experimentally on beams with rectangular cross sections (Test Series 'A' and Test
Series 'F') and beams with circular cross sections (Test Series `G'). The conclusions
from this part of the investigation are given below:
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1. It is possible to design over-reinforced beams so that they fail in a ductile
manner and achieve their full flexural capacity.
2. The flexural capacity of under-reinforced beams is mainly influenced by the
characteristics of the longitudinal reinforcement rather than the degree of confinement of the compression concrete. On the other hand, for over-reinforced
beams the confinement characteristics have a major influence on behaviour.
3. The ductility of all types of beams increases as the confinement is increased.
4. The serviceability of over-reinforced beams satisfied Code requirements.
5. As a result of confinement a new longitudinal reinforcement ratio

(pib )

under

balanced-failure conditions was found to exist. A unique relationship between
'
Pb

and the value given by Codes of Practice

(Pb)

was found to be a function of

the confinement characteristics.
6. The prediction of the flexural capacity resulting from confinement based on
the proposed method for all types of beams which have been investigated was
found to be reasonably accurate.

8.1.3

Flexure-Shear Interaction Design Model

The development of the proposed flexure-shear interaction design model for structural concrete beams was described in Chapters 3 and 4. The model was then verified
experimentally using normal-size beams (Test Series 'C'), large beams (Test Series 'D'), beams made from high strength concrete with cube strength up to 80 MPa
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(Test Series 'E') and beams with circular cross section (Test Series `G'). The main
conclusions obtained from this part of the research programme is given below:

1. The loads applied to beams are transmitted to the supports along a compressive force path which consists of horizontal and inclined leg regions. The actual
structural behaviour of beams under the action of lateral loading is influenced
by the critical state of stress which exists in either the horizontal or the inclined leg regions. In type II beams, the most critical stress condition exists
in the horizontal leg region. However, restraining these stresses by confining
only the horizontal leg with closed short stirrups forces the critical state of
stress to occur in the inclined leg regions. Confinement of both leg regions is
therefore required in order to prevent diagonal failures in these types of beams.
On the other hand, the critical tensile-compressive state of stress exists in the
inclined leg regions in the case of type III beams. The confinement of the
inclined leg regions (shear spans) alone enables beams to achieve their full
flexural capacity.
2. The proposed flexure-shear interaction model is more realistic because:
(a) The model is based on only one load carrying mechanism i.e. when
the capacity of the concrete alone is exceeded the confining stirrups are
intended to enhance the strength of the compression concrete which is
the principal resisting element.
(b) The model was derived from a better understanding of the behaviour of
concrete at the material level and of the actual behaviour of structural
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concrete beams. It is recognised that failures in beams occur as a result
of the development of transverse stresses in the concrete compression
regions. Therefore, the presence of confining stirrups in this region will
restrain these stresses and delay failure.
(c) The load carrying capacity of beams without stirrups are determined from
the relative flexural capacity of beams ( Mx
At/ ) rather than the nominal shear
strength (v = -16i, ) which was considered not to give a true representation
of the load carrying capacity of beams at diagonal failure.
3. The confined concrete compression regions in the beam structure make a larger
contribution to the load carrying capacity of beams than is normally assumed
in traditional design methods. It was confirmed in this investigation that the
confined concrete compression region is the main contributor to the resistance
of beams to applied loading. The diagonal failure of the beams was prevented
by confining the concrete compression regions, as defined by the compressive
force path concept, with closed stirrups. The increase in the concrete compressive strength resulting from the presence of the confining stirrups was aimed at
offsetting the reduction in the load carrying capacity of beams because of the
presence of shear. Therefore, the presence of truss action assumed by Codes
of Practice is not necessarily required to enable beams to carry loads in excess
of the capacity of the concrete.
4. The proposed flexural-shear interaction design model which is based on a single
behavioural mechanism and takes into consideration the interactive relation-
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ship between shear and flexure, adequately predicted the amount of transverse
reinforcement required to ensure ductile flexure behaviour in the range of beam
types included in this programme of research.
5. The serviceability of the beams designed and detailed based on the proposed
approach was similar to that obtained from the traditionally designed and
detailed beams.
6. The proposed flexure-shear interaction design model resulted in a more economical design for the following reasons:
(a) The use of short stirrups in the horizontal leg regions.
(b) The amount of stirrups required for the majority of the beams, particularly
that required for the inclined legs, is normally smaller than that required by
the traditional design approaches.
(c) The anticipated reduction in the partial safety factors resulting from the
increased confidence in the design approach.
7. The design approach proposed for the prevention of the diagonal failures in
beams is not restricted to the adoption of the detailing arrangement. It can
readily be used in situations in which conventional full length stirrups are more
practical. The confinement requirements in that case are calculated using the
corresponding effectively confined area provided by the conventional stirrups.

342

8.1.4

Miscellaneous

1. The proposed new detailing arrangement is anticipated to be more efficient in
the case of the upgrading and the maintenance of existing structural concrete
members such as beams or slabs in existing bridges. The approach could be
applied to such structures to enable them to sustain more demanding loading
levels. In this case, the enhancement of the major parts of the members (the
horizontal leg regions) can easily be achieved since only short stirrups need be
provided. It is only the inclined leg regions which require treatment over the
full depth of the members.
2. The confinement model developed by Sheikh et. al.[178] which was derived
from results of tests on columns was modified to make it applicable to beams.
The prediction of the results obtained from beams in this research programme
based on the modified confinement model was found to be reasonably accurate.

8.2

RECOMMENDATIONS FOR FUTURE WORK

1. In order to implement the flexure-shear interaction design model it was necessary to evaluate the ultimate relative flexural capacity for the horizontal and
the inclined leg regions (Pf-). The leg capacity curves, Figures 4.3 and 4.4Chapter 4, were based on a limited number of beam tests. It is therefore
recommended that a more general model for the determination of the relative
ultimate flexural capacity of the legs ( mi is developed. The model could be
developed either theoretically based on the CFP concept, or experimentally
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using a statistical analysis of large number of beam tests covering all the major
factors.
2. The effects of axial and prestressing forces on shear strength can be related to
the effect these have on controlling the state of stress which exists in the region
of the compressive force path. Axial tensile forces adversely affect the critical
state of stress but axially applied compression or prestressing forces enhance
the state of stress. It is recommended that the implication of the presence
and the magnitude of axial loads on the proposed flexure-shear interaction
model, particularly for circular sections which are usually required to carry
axial loads is investigated. It is also recommended that the models which have
been developed are extended to prestressed concrete beams.
3. Currently, high-strength concrete with cube compressive strengths exceeding
150 MPa are available for use in the construction industry[215]. The applicability of the flexure-shear interaction design model was investigated for
concrete strengths up to 80 MPa. It is therefore recommended to investigate
the applicability of the model for concrete with a higher compressive strength.
4. Highly over-reinforced beams were included in Test Series 'F'. The results
obtained from these beams indicated that a significant reduction in capacity
may occur as a result of cracking of the concrete cover. It is therefore recommended that further research work is conducted in order to impose limitations
on the size of the unconfined concrete cover in comparison with the size of the
confined core.
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5. The proposed detailing approach for stirrups is anticipated to have a significant
advantage over the traditional approaches to detailing in the maintenance and
upgrading of existing structural concrete members. It is recommended that
the feasibility of enhancing the strength and ductility of existing structural
concrete elements to enable them to carry more demanding loading levels is
studied. The underlying approach to this particular problem is in the possibility of casting a new concrete layer to act as a compression zone in the beam
structure. In this case, only the inclined leg regions require major modification.
6. Codes of Practice normally place a limit on the maximum applied shear stress
(v =) in order to prevent web crushing in beams e.g. the provisions of
BS 8110 limit v to the smaller of either 0.8 or 5.0 MPa. The enhancing effect on the concrete compressive strength and the ductility which results
from confinement of the concrete web with closed stirrups is generally ignored.
In this investigation the shear stress in several of the beams with web reinforcement (e.g. beam type A2 in Test Series 'C') exceeded the maximum value
allowed by the Code of Practice by more than 30% but they still failed in flexure. It is recommended that a more general relationship is developed for the
concrete compressive strength in the webs of the beams which accounts not
only for the adverse effects of the cracks but also for the possible enhancement
resulting from confinement.
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Appendix A
EXPERIMENTAL PROCEDURES

A.1

MATERIALS

The quality and performance of concrete depends to a large extent on the characteristics and proportions of its constituent materials. It was therefore important
that the quality of the material remained consistent throughout this programme of
research. A brief description of all the materials used is included in the following
sections.

A.1.1

Cement

Ordinary Portland cement (Blue Circle) was used throughout the investigation. The
cement was stored in bulk in a purpose built silo with a capacity of 10 tonnes.

A.1.2

Aggregates

Washed and dried uncrushed coarse and fine aggregates were used. The different
sizes of the aggregates were stored in bulk in an air-dry condition in separate compartments inside the concrete batching plant.
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(a)

Coarse Aggregates

The uncrushed coarse aggregates which were used had a maximum size of either
lOmm or 20mm and were rounded in appearance. The aggregates comprised particles from a number of rock sources and were free from any impurities which might
have adversely affected the bond between the aggregates and the cement paste. The
concrete mix design method[230] used did not require the grading of the coarse
aggregates. However, by inspection it was possible to judge that they were well
graded.

(b)

Fine Aggregates (Sand)

The fine aggregate was locally available washed concrete sand. Details of the grading
of the sand used is shown in Table A.1. The results from the sieve analysis indicated
that the sand conformed to a zone 2 classification[230].

A.1.3

Reinforcement

Two types of reinforcement: high tensile strength deformed bars with nominal diameters of 12, 20, 25, and 32mm were used for the longitudinal reinforcement and
plain round mild steel bars with nominal diameters of 8 and lOmm were used for
the stirrups and the secondary reinforcement.

In order to determine the tensile strength of the reinforcing bars, at least three
tensile tests were carried out on each type of steel in accordance with the procedure
detailed in BS EN 10 002 : 1990[231]. Typical results from these tests are shown in
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Table A.2. The resulting average yield strengths were used in the design calculations.
Typical stress-strain curves for the mild steel (8mm nominal diameter) and the high
strength (25mm nominal diameter) steel bars are shown in Figure A.1. To obtain
the stress-strain curve for the large diameter steel bars (nominal diameters larger
than 12mm), two lOmm electrical resistance strain gauges were bonded to each bar.
A typical 25mm nominal diameter steel bar under such a test is shown in Figure A.2.

A.1.4

Storage Conditions

When the coarse and fine aggregates were delivered they were passed through a
fluidised bed drier to remove any moisture. The aggregates were then stored in separate compartments inside a covered silo which was also used to store the cement.
The reinforcing steel bars were stored on racks inside the laboratory.

A.2
A.2.1

CONCRETE MIX DESIGN
Normal-Strength Concrete (NSC)

A recognised concrete design method[230] was used to determine the required proportions of the mix constituents. Two trial mixes were normally made to confirm
the design for each of the required concrete strengths (f,u ). The slump was measured in accordance with BS 1881 Part 102 and a total of approximately eighteen
100mm cubes were cast, cured, and tested after 3, 7, and 28 days in accordance with
BS 1881 Parts 108 and 116 for each trial mix. The cube test results indicated that
the control on quality was acceptable for the majority of the concrete mixes.
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The mixes used in the investigation were designed to give an average cube compressive strength at 28 days (L,i ) equal to the specified strength i.e. the target mean
strength was taken to be equal to the characteristic strength.

The mix proportions used, the results from the slump tests, and the compressive
strengths obtained from the control cubes and cylinders for each beam in all the
test series are detailed in the corresponding sections in the thesis.

A.2.2

High-Strength Concrete (HSC)

The design compressive strength of the concrete cubes for all the HSC beams was
80 MPa. The level of strength required in the mixes was achieved using Ordinary
Portland cement, a very low water-cement ratio (0.28), and careful quality control
in the production of the mix. The required workability was achieved using a waterreducing admixture i.e. a superplasticiser. The superplasticising admixture used
was CONPLAST 430 which complies with BS 5075 and ASTM C4994 Type F and
was supplied by FOSROC Limited.

The design method outlined in the Concrete Society Current Practice Sheet
Nos. 94[232] and 95[233] was used for the design and production of the trial mixes.
Six 100mm cubes and six (6 inch (152mm) x 12 inch (305mm)) cylinders were cast
and stored in water at constant temperature of approximately 21° C until testing.
The measured slump was 110mm. The control specimens were either tested after 14
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days or after 28 days. The mix constituents were subsequently modified to achieve
the required strength (L t, = 80 MPa). The actual concrete mix proportions used
in the high strength concrete beams are detailed in the relevant section in the thesis.

A.3
A.3.1

MANUFACTURE OF THE SPECIMENS
Steel Cages

(a) Rectangular Beams
High-yield strength deformed steel bars were used as main reinforcement in the
beams. Normally either two 8mm or lOmm diameter mild steel bars were placed in
the concrete compression zone to assist in the assembly of the reinforcement cage
and not to contribute to the flexural capacity of the beams. The steel bars were
cleaned to remove any traces of oil, paint, or loose scale i.e. surface rust, in order
not to weaken the bond with the concrete. To prevent anchorage failure of the
longitudinal steel bars, the beams were extended beyond the supports. The end
zones of the beams were reinforced with either 8mm or 10mm diameter mild steel
stirrups. The stirrups were securely tied to the main reinforcement bars using soft
wire ties. Plastic spacers were fixed on either the main bars or on the stirrups to
avoid any movement of the reinforcement cage during compaction of the concrete
and to ensure that the required cover distances were maintained. Typical steel cages
are shown in Figure A.4. The details of the individual steel cages are included in
the relevant sections throughout the thesis.
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(b) Beams with Circular Cross-Sections
The longitudinal steel bars were cut and bent in the normal way. The circular
shaped stirrups were made from a single bar. The ends were overlapped and welded
together. The semicircular shaped stirrups were made from one circular and one
straight steel bar. The straight bar was bent at the ends, overlapped, and welded
to the semicircular bar in order to prevent anchorage failure.

Two circular wooden templates were used to assist in the assembly of each steel
cage in order to ensure that the longitudinal bars were placed in the correct position
inside the steel cage. Slightly oversized holes were drilled around the perimeter of
the templates into which the longitudinal bars were placed in their correct position
and fixed to the stirrups.

A.3.2

Mixing

Concrete was mixed in a Liner Cumflow (pan) mixer with a maximum capacity of
approximately 0.3 cubic metre. The required amounts of the constituent materials
were weighed and then fed into the mixer in the sequence detailed below. The
required quantity of water was weighed and added to the mix by hand. The following
sequence was used in the production of the concrete mixes:

1. Coarse and fine aggregates were mixed for one minute approximately.
2. Cement was added, and mixed for a further minute.
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3. Tap water was added and mixing continued for about 2 minutes. (mixing was
in fact continued until the concrete was of uniform consistency and colour).
Some of the water was added prior to this stage in the case of very large mixes
in order to ease the mixing operation.
The required amount of the superplasticiser was added to the mix water for the
high strength concrete.

A.3.3

Casting

(a) Casting of Rectangular Beams
The beams were cast in shutters made from structural steel channel sections. The
inside surfaces of the shutters, were lightly coated with a layer of release agent before
casting. The cage was then placed inside the shutter. Plastic spacers were used to
ensure the required cover spacing was obtained.

Each beam together with its own set of control specimens (cubes and/or cylinders) normally required only one batch of concrete. A concrete batch was sufficient
to cast two of the small-size beams. Four batches of concrete were used to cast the
large beam (230mm x 700mm x6300mm) which was included in Test Series 'D'. The
consistency of the concrete used to cast the large beam was achieved by ensuring
good quality control with respect to the batching and mixing of the mix constituents
also by monitoring the resulting workability of the individual mixes. In addition,
four control specimens (two cylinders and two cubes) were taken from each of the
four batches of concrete used to cast the large beam in order to determine the re352

suiting strength of each batch of concrete.

In general, the beams were cast with the compression face of the concrete at the
base of the shutter. This was to ensure that any bleeding of the concrete, etc did not
occur in the concrete compression region. The concrete was placed in the shutters
in two layers. Each layer of concrete was compacted using a poker vibrator. The
vibration was terminated when air bubbles stopped appearing at the top surface of
the concrete. Three control cubes and cylinders were normally cast with each test
beam. The control specimens were compacted using a standard electrically operated
vibrating table for a period of approximately 90 seconds.

(b) Casting of Beams with Circular Cross Section
The beams with a circular cross section were cast in the vertical position inside
200mm nominal inside diameter PVC tubes with a wall thickness of approximately
3mm. The base of each tube was sealed using wooden blocks to prevent the escape
of the concrete mortar. A highly workable mix was used to facilitate casting (slump
ranged from 110mm to 145mm). Each batch of concrete was shared equally between
two beams. The concrete was placed in through the top of each tube and compacted
in 5 layers. These beams and the control specimens were compacted using a similar
procedure to that adopted for the rectangular beams.
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A.3.4 Curing
The beams and the control specimens were cast and stored in their moulds inside
the laboratory under ambient conditions. They were normally covered with damp
hessian over which polythene sheeting was tightly wrapped.

A.3.5 Preparing the Specimens for Testing
The beams were removed from the shutters before testing and whitewashed to enable the early identification of cracks under loading. A grid consisting of horizonal
lines and vertical lines was drawn on the surface of each beam to act as a reference
for the cracks.

A.4

TESTING

A.4.1 Testing Machine
All beams were loaded using a servo-controlled universal test machine which had a
vertical load capacity of up to 2000 kN with a resolution of 1 kN. The total load
applied was displayed on a digital indicator on the control panel of the test machine.
A Tonipact 3000 cube crushing machine which has a minimum vertical load capacity
of 3000 kN with a resolution of 1 kN was used to test the control cubes and cylinders.

A.4.2 Loading Arrangement
The test beams were loaded using either a four point or a three point loading arrangement. The load was distributed from the test machine to the test beams using
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a structural steel spreader beam. A hinge, designed to ensure that the load was
centrally applied and to permit rotation of the spreader beam was used at the connection point between the test machine and the spreader beam.

The loading arrangement used in the tests on the beams with a circular cross
section differed slightly from that used in the case of the rectangular shaped beams.

(a)

Loading Points for the Rectangular Beams

The beams were supported at one end on an assembly consisting of a roller sandwiched between two steel plates. The width of the plate which was in contact with
the beam was 100mm in order to prevent bearing failures in the concrete. At the
other end a rocker arrangement was used to prevent accidental lateral movement
of the beams, however, the bearing plate was free to rotate during testing. The
localised areas of the beams which were in contact with the loading and the support
assemblies were normally smooth enough to permit the plates to be in direct contact
with the beams. In cases where this was not possible an epoxy resin free-flow grout
was placed between the plates and the beams. The testing machine and the loading
arrangements used to test rectangular beams are shown in Figure 5.3 in Chapter 5.

(b)

Loading Points for the Beams with Circular Cross Section

The test beams were supported at the each end on steel saddles which were designed
to prevent localised bearing failures. The saddles were clad with a short length of
the PVC tubing which had been used in the casting of the beams to ensure a smooth
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contact surface. At one end, the saddle was placed on a roller which was welded to
a base plate resting on a plinth. The other support was similarly detailed, except
that the roller was not welded to the base plate. Similar arrangements were used at
the loading points. The loading arrangements for the beams with a circular cross
section is shown in Figure 7.3 in Chapter 7.

The loading arrangement described above, permitted rotational and small lateral
movements to take place at the supports and the loading points thus ensuring equal
load distribution and stability of the test arrangement.

A.4.3

Loading Procedures

All the beams were tested under displacement control at a predetermined rate of
2mm/minute. The displacement rate was automatically controlled and checked
against the readings from the deflection gauges positioned at the centre of the beams.

In general, the data generated during each test (loads, crack widths, displacements, etc.) was recorded after each 2 mm increments of displacement after which
the load was kept constant. The test sequences were continued until either the
beams failed or they were stopped on the grounds of safety because of excessive
beam deflections. The beams were usually unloaded in two equal steps. The time
required to record a complete set of readings at each load stage varied between 10
to 30 minutes. The overall testing time of a beam varied from 2 to 5 hours.
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A.5
A.5.1

MEASUREMENTS
Load

The total load (P) applied to each beam was continuously displayed on the control
unit of the test machine. The accuracy of the load readings was checked and found
to be correct using a load cell which had been calibrated using a reference test
machine.

A.5.2

Deflection

Linear Variable Differential Transducers (LVDT's) were used to measure the deflection at the supports (in several cases dial gauges were used at these points), the
loading points, and at the mid-span of each beam. However, during the tests on the
first beam (B2) with a circular cross-sections it was noted that rotation of the middle
saddle was taking place. A transducer was positioned on the top of the saddle. The
saddle was subsequently removed and the mid-span deflection was measured using a
dial gauge resting on the base of the test machine. The dial gauge had a resolution
of 0.01mm. Dial gauge readings equivalent to the initial transducer readings for this
beam were estimated from the equivalent set of readings obtained from an identical
beam.

The displacement transducers were mounted on an independently supported
frame and connected to a series of general purpose electronic indicators (APR685
Dynisco R). The displacement transducers were calibrated over a span of appro)d-
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mately 200mm. The resolution of the indicators was approximately 0.01mm.

A.5.3
(a)

Strain Measurement

Concrete Strains

The longitudinal strains in the concrete were measured at predetermined positions
in several of the beams. This was carried out to determine the strain at which the
concrete cover started to spall and also to determine the location of the neutral axis
in the beams made from high strength concrete. The strain in the concrete was measured using a Demec gauge and an arrangement of Demec buttons bonded to the
external surfaces of the beams using an epoxy adhesive. The positions of the Demec
buttons on the surfaces of the beams are shown in the relevant sections in the thesis.

(b)

Steel Strains

The strains in the longitudinal steel bars and in the stirrups in several of the beams
were measured in order to calculate the level to which they were stressed. The
strains were also measured in the steel bars used in the tests to determine the tensile stress-strain relationships of the steel.

Two types of electrical resistance strain gauges (ERSG's) manufactured in Japan
by KYOWA Electronic Instruments Co., Ltd. were used in the investigation. Strain
gauges with gauge lengths of lOmm (Type KFG-10-120-C1-11) and 5mm (Type KFG5-120-C1-11) were used to measure the strain in the 25mm nominal diameter steel
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bars and in the 8mm nominal diameter stirrups respectively.

Parts of the ribs on the longitudinal steel bars were removed and the bars were
locally flattened at each of the strain gauge positions to facilitate the placement of
the strain gauges. At those locations the bars were rubbed down with emery paper
and cleaned with a water-based degreasing surface cleaner. Finally, the gauges were
bonded to the bars using an epoxy adhesive. Once the epoxy had hardened, three
layers of protective coating were applied to waterproof the installation. The gauges
were wired in such a way that each gauge formed a quarter-bridge circuit.

An ORION Delta (3531D) data acquisition system (designed and manufactured
by the Solartron Electronic Group Ltd.) was used for recording the strain gauge
readings. It had a display with front panel controls, a built in printer and an Epson
SMD-280H, 3.5 inch micro floppy disk drive. The control and programming of the
unit was accomplished using the front panel keys in conjunction with "prompt"
messages which appeared on the integral display. The data acquisition program was
already available and it was only necessary to input the specified characteristics of
strain gauges. The built-in disk drive could either be used for the storage of the
recordings directly or to replay previously logged data. The printer gave instant
printouts of the recordings. Conversion of the measurements to strain values was
carried out automatically. In the case of the strain gauge measurements the initial
resistance and bridge imbalances were measured and stored for subsequent use in
the strain calculations.
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A.5.4

Cracking

After each load increment, the beams were inspected for cracks. Two crack width
microscopes were used in the investigation. One with a resolution of 0.1mm manufactured by FLUBACHER & Co. This one was used in Test Series 'A', 'EV, 'C' and `G'.
The other one had a resolution of 0.02mm and was manufactured by Wexham Developments and used in Test Series 'D', `E', and 'F'.

The cracks were marked on each face of the test beams normally at load levels
close to 50% and 100% of the maximum anticipated loads and just prior to unloading. The development of each crack was recorded on the beam surfaces with the
corresponding applied load level. The crack patterns were photographed and hard
copy sketches were also made. Figure A.3 shows typical crack patterns at various
loading levels obtained from beam type B5 which was included in Test Series `G' and
described in Chapter 7. On the completion of a test, the beam was photographed
to record the final deflected shape.

A.5.5

Beam Testing Results

At each load stage, the following recordings were made:

1. The displacement increment which was shown in millimetres on the display
panel on the control unit of the test machine (resolution of 0.1mm).
2. The total applied load (P) in kN.
3. The displacement readings on the dial gauges in millimetres.
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4. The LVDT readings in voltages shown on the electronic indicators.
5. The flexural and the diagonal crack widths in millimetres.
6. Comments on the physical state of the beam.
A typical set of test results (beam type NB3-1 used in Test Series 'A') is given
in Table A.3.

Additionally, the control cubes were also tested and the concrete compressive
strengths were recorded at the time of the corresponding beam test.

A.6

PROCESSING OF THE TEST RESULTS

A.6.1 Loads
It was necessary for comparison purposes to correct the measured loads using the
actual geometric properties of the test beams and the compressive strength of the
concrete. The corrected loads (PR) were obtained by multiplying each of the test
loadings (P) by a correction factor (F). The factor (F) was determined for each beam
as follows:

M1
F= ,,,
ill actuai
where:
M1 is the theoretical ultimate bending moment capacity which was calculated
using the geometric and material properties used in the design of the beams.
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Mactual

is the theoretical ultimate bending moment capacity based on the actual

measured geometric and material properties of the beams.

A.6.2 Deflection
Normally, the deflections were recorded at three points i.e. at the centre of the two
loading plates and at the mid-span of each beam. The method used to calculate the
deflections is summarised below.

1. The total deflections at the different points in the beams (including the support
points) were determined either using the calibration relationships obtained for
each transducer or directly from the readings on the dial gauges.
2. The deflection at the three points for each loading increment was found by
subtracting the deflection corresponding to the movement at the supports
from the total deflection calculated during the previous load increment.

A computer program written in Fortran was used to perform these calculations.

A typical processed set of test results (beam type NB3-1 used in Test Series 'A')
is given in Table A.4.
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% Passing

Sieve Size

Retained

Passing

(mm) or Am

(g)

(g)

10

0.0

500'

100.0

5

14.4

485.6

97.1

2.36

104.7

380.9

76.2

1.18

84.7

296.2

59.2

300

148.2

148.0

29.6

150

70.8

77.2

15.4

Base

73.5

3.7

0.7 (loss)

Table A.1: Sieve Analysis of Fine Aggregate.

1 Mass of the sample = 500 g
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Nominal

Measured

Measured

Yield

Ultimate

Diameter

Diameter

Area

Strength

Strength

(mm)

(mm)

(mm2)

(MPa)

(MPa)

4, 32

32

30.93

751.4

527

665

4, 25

25

24.82

483.8

526

621.6

4, 20

20

19.74

306.04

532.6

646.3

4, 12

12

11.667

106.9

514.5

629.9

4, 10

10

9.61

72.53

453.6

530.8

cb8

8

7.90

49.02

377

596

Type

Table A.2: Tensile Strength of Reinforcing Steel Bars.
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Test Date: 14 August 1991
Control
Displacement
(mm)
88.5
86.4
84.1
81.9
79.7
77.6
75.0
72.5
70.1
67.8
65.6
63.4
60.9
58.7
55.3
51.6
46.6
39.3
30.9
23.4
16.8
9.6
1.1
-7.1
-26.4

Load
P
(kN)
0
40
69
99
124
148
169
197
220
247
253
256
261
263
258
258
257
257
259
257
258
257
261
262
270
255

1
18510
18460
18290
18120
17920
17750
17570
17360
17130
16930
16740
16570
16380
16170
16030
15750
15420
15000
14510
13920
13330
12830
12260
11640
10950
8920

Displacement Readings
(Voltage)
(mm)
2
3
4
15960 15120 5.961
15700 15020 5.690
15500 14820 5.640
15300 14620 5.569
15100 14440 5.541
14900 14250 5.512
14690 14090 5.431
14400 13850 5.397
14100 13670 5.325
13800 13450 5.298
13500 13220 5.248
13200 13050 5.239
12900 12750 5.211
12590 12530 5.189
12300 12200 5.153
11890 11830 5.120
11400 11430 5.074
10800 10990 4.905
4.751
10000
4.646
9000
4.453
7960
4.147
7000
3.959
6000
3.688
5030
3.353
3970
1.522
1570

(mm)
5
6.842
6.740
6.660
6.586
6.530
6.487
6.431
6.370
6.302
6.253
6.220
6.197
6.172
6.146
6.132
6.121
6.097
6.075
6.057
6.055
6.055
6.073
6.173
6.178
6.237
6.330

Crack Width
(mm)
Flex. Diag.

0.15
0.2
0.3
0.35
0.4
0.45
0.5
0.85
1.25
1.85
2.4
4.0
4.2
4.2
4.2
4.5
5.0
5.05
5.1
5.45
5.9
6.25
6.35

0.15
0.25
0.65
0.7
1.4
1.95
2.4
2.55
2.6
2.9
2.9
3.0
3.0
3.0
3.1
3.1
3.25
4.1
5.6
6.25
7.2
8.0
9.1

6. 3
5.5

8.6
7.5

Unloading
-1.76
4.3

125
11

9700
10950

3.083
3.894

2600
4000

6.450
6.587

Notes:
1- Cracking in concrete near the loading points.
2- Spoiling of the concrete cover near the loading points.
3- Spoiling of concrete cover in the mid-span region.
4- Loading was stopped on the grounds of safety.

Table A.3: Test Records for Beam Type NB3-1.
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Notes

1

2
3

4

Test Date: 14 August 1991
Load

Deflection
(mm)
2
(Mid-Span)

(P)
(kN)

Corrected Load
(P,. = P * nt
(kN)

0
40
69
99
124
148
169
197
220
247
253
256
261
263
258
258
257
257
259
257
258
257
261
262
270
255

0.0
38.3
66.0
94.7
118.7
141.6
161.7
188.5
210.5
236.4
242.1
245.0
249.8
251.7
246.9
246.9
246.0
246.0
247.9
246.0
246.9
246.0
249.8
250.7
258.4
244.0

0.000
0.270
1.947
3.607
5.612
7.312
9.070
11.171
13.443
15.450
17.339
19.060
20.969
23.086
24.480
27.304
30.625
34.763
39.627
45.553
51.408
56.257
61.930
68.028
74.797
94.008
Unloading

0.000
2.429
4.376
6.316
8.286
10.262
12.306
15.176
18.124
21.104
24.080
27.082
30.073
33.016
36.060
40.163
45.057
50.998
58.960
68.966
79.332
88.846
98.862
108.487
119.012
141.4

125
11

119.6
10.5

87.353
75.302

132.766
119.156

1

5
0.000
0.820
2.817
4.802
6.615
8.535
10.109
12.534
14.315
16.543
18.866
20.600
23.659
25.899
29.266
33.047
37.124
41.535

t The correction factor (F) = 0.9570

Table A.4: Processed Test Results for Beam Type NB3-1.
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Figure A.1: Typical Stress-Strain Curves for Steel Reinforcement Bars. (a) 8mm
Nominal Diameter Bars. (b) 25mm Nominal Diameter Bars.
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Figure A.2: Typical Steel Bar of Nominal Diameter of 25mm Used in a Tensile Test.
)
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Figure A.3: Crack Patterns at Various Load Levels for Beam Type B5 in Test
Series 'G'.
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Figure A.4: Typical Steel Cages inside shutters.
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Appendix B
CONFINEMENT REQUIREMENTS TO PREVENT DIAGONAL
FAILURES

B.1

EVALUATION OF K, FOR THE BEAMS IN TEST SERIES 'A'

B.1.1

Prototype Example: Beam Type NA2-1

Input Data:
fcp f-s _-' 0.8L. = 44.6 MPa
010 Steel

A, = 72.53mm 2 , fy = 453.6 MPa
020 Steel
A, = 306.04mm 2 , fy = 532.6 MPa

p= 0.0174
s = st,= 70mm
Pt =

0.0286

The geometry of the cross section is shown in Figure B.1. The location of the neutral
axis was based on the provisions of the ACT Code of Practice.
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(a) Evaluation of the Confinement Required for the Inclined Leg Near
the Point where the Load Changes Direction (Ks„ovicid)
A con = 150 x 82.66 = 12399mm2
Pocc = 12399 x 44.64(10) -3 = 553.5 kN
(130) 2 + 2 x (72.66) 2 = 27458.95mm2

Substituting into equation (4.30):

) 0.5 x 0 (1 — 0.25 x 70)1
12399 K 27458.95 7) (1
1
82.66 )i
150 ) 5
5.5 x 12399
53.5

K8, = 1 +

V0.0286 x 453.6
K, = 1 + 0.16[0.597 x 0.767 x 0.79]3.6 = 1.21
KSprovided

=

K3= 1.21

(b) Evaluation of the Confinement Required for the Inclined Leg ( K.
j_ = n—
r I measured _ Ar
Ai/

(Figure 4.3)

From equations (4.12) and (4.13),

r U (old, model)
r

U(oid,model)

ru( old,model)

M f

=C

(0.83(0.018)i (32)i x 2.0 + 206.9(0.018)i (2.00 )
532.6 x 0.018 (1

=

0.811(2.46 + 2.57)

7.9

= 0.52
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0.018x532.6)
1.7x
32

.

r equiv ed)

r u(new,model)
?u--((di)
new ,model)

=C

-1
( 0.83(0.0174)(44.64)i
i
x 2.0 + 206.9(0.0174)R(2.0)

532.6 x 0.0174 O.

0.811(2.88+ 2.5)

8.14

(JO
.1 74 x 532.6)
1 .7x 44.64

0.54

Substituting into equation (4.7):

rinew = 0.77 + 0.23

0.54 — 0.52
= 0.78
1 — 0.52

From equation (4.3),

K, = 1 + (1 — 0.78) = 1.22
Ka required =

B.1.2

K, = 1.22

Remaining Beams

The results of the calculations for the confinement requirements as well as the input
data for the remaining beams are summarised in Table B.1.

B.2

DESIGN OF THE BEAMS IN TEST SERIES 'C'

B.2.1

Prototype Example: Beam Type B1.5

Design Data
Beam size = 200mm x 400mm
a/d = 3.2
Longitudinal reinforcement = 14, 25 (A, = 483.8mm2 , ft, = 526 MPa)
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220

(A, 2 x 310.35 = 620.7mm 2 , fy = 500 MPa)
ha

y e for longitudinal reinforcement= 513 MPa

Stirrup: 4. 8 (A, 49.9mm 2 , f= 420.8 MPa)
0.8fc. = 32 MPa

Concrete strength: fc. = 40 MPa,

Traditional Design
The required stirrup spacing is 155mm based on the provisions of BS 8110. The
same spacing is required for the whole of the shear span.

Design Based on the Proposed Flexure-Shear Interaction Design Model
(a) Design of the Horizontal Leg
r 1 measur ed —

— 95

(Figure 4.4)

o•
A( —

From equations (4.12) and (4.13),

r u ( old model)
r t. ( old model)
ru(old,model)

rU (new, model)
ru(new,model)

M

= C
=

(0.83(0.018) i (32)1 x 3.2 + 206.9(0.018)i(3.2)A )
532.6 x 0.018 (1 0.018x532.6)
1.7x
32

0.811(3.94 + 1.271)
= 0.535
7.9

=C

0.83(0.015)e (32)1 x 3.2 + 206.9(0.015)i (3.2)A
513 x 0.015 (1 ° .175x3
x52I 3 )

0.763(3.707+ 1.092) =
0.554
6.6065

Substituting into equation (4.7):
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rine.

=

0.95 + 0.05

K,

=

0.554 — 0.535
= 0.952
1 — 0.535

From equation (4.3),

1 + (1 — 0.952) = 1.048

The geometry of the cross section is shown in Figure B.2.a.
Awn = 14151.2mm2
= 452.8 kN

= 32101.6mm2
= 1.24

Pt

Substituting into Equation (4.30):

1.048 = 1 +

(1
14151.2 If
32101.6
1
5.5 x 14151.2)
140 x 452.8

0.5 x .․ ) (1
152 j

\/ 12±1 x 420.8
3, = s 175mm

(b) Design for the Inclined Leg
ri n. aur ed =

= 0.94

rine.
K,

(Figure 4.3)

=

0.94 + 0.06

=

1.058

0.554 — 0.535
= 0.942
1 — 0.535
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3)1
93.1 jj

0.25 x

(b.1)

Near the Horizontal Leg

The geometry of the cross section is shown in Figure B.2.b.
Acon 14151.2mm2
Pocc --= 452.8 kN
Ec

32101.6mm2

Pt =

0.94

Substituting into equation (4.30):

1.058 = 1 +

14151.2

140 x 452.8

K1

32101.6

5.5 x 14151.2

)(

1

0.5 x s) (

152

—x 420.8
s
Lv = s

(b.2)

= 160rarn

Near the Supports

The geometry of the cross section is shown in Figure B.2.c.
Acon = 17799mm2
Pocc = 569.6
--=

Pt

kN

27424.8mm2

0.94

Substituting into equation (4.31):
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1

0.25 x syl

93.1

1.058 = 1 +

1779927424.8 ) ( 10.5 x .9)]
1
V1194 x 420.8
140 x 569.6
5.5 x 17799)
152
s

K

s v = 8 = 220mm

B.2.2

Design of the Remaining Beams

The results from the design calculations as well as the input data for the remaining
beams are summarised in Table B.2.
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Beam

Stirrup

Beam

type

aid

spacing
mm

size
mm xmm

NA2•1
NA2•2
N A3- I
NA3-2

2.0

TO

2.0

35

NB2-1
NB2-2
NB3-1.
NB3-2

3.2

120

3.2

60

K

K 5 .rovided

feu
(11.1Pa)

P

Pt

202.5 x311
203x303.5
204.5x307
202 X306.5

55.8
44.9
49.3
46.9

0.0174
0.0174
0.0173
0.0175

0.0286
0.0286
0.0572
0.0572

-

1.22
1.23
1.22
1.23

•
-

1.21
1.26
1.43
1.45

202.5x309
202.t309
203.5X308
203.5X310

49.1
48.8
49.9
49.2

0.0174
0.0175
0.0174
0.0174

0.0167
0.0167
0.0334
0.0334

1.05
1.05
1.05
L.05

1.06
1.06
1.06
1.06

1.11
1.11
1.25
1.27

1.11
1.11
1.25
L.27

sre.u n red

1111111111NIMilliffill

Table B.1: Confinement Requirements to Prevent Diagonal Failures in the Beams
in Test Series 'A'.

Beam
type

i

p

Cross
section
(mm x mm)

A1.5
A2
B1.5
B1.8
B1.8(T)
B2
C1.5
C1.8
C1.8(T)
C2

1.75

1.5
2
1.5
1.8
1.8
2
1.5
1.8
1.8
2

200 x 400
200 x 400
200 x 400
200 x 300
200 x 300
200 x 400
200x400
200 x 300
200 x 300
200 x 400

3.2

3.9
4.0
4.0
3.9

Required K,
Horizontal Inclined
leg
leg
1.14
1.16
1.058
1.06
1.065
1.00
1.01
1.02

1.048
1.05
1.06
1.072
1.11
..
1.12

Stirrup spacing t
(mm)
Proposed design model
Traditional
design
horizontal Inclined leg
leg
s11
62*
170
110
115
85
115
100
220
155
175
160
150
195
140
160
140
160
200
175
115
150
270
215
270
195
195
195
120
195
270
155
125
270

Stirrup diameter was lOmm for beam types A1.5 and A2 and 8mm for the remaining beams.
Required spacing near the horizontal leg.
Required spacing near the supports.

Table B.2: Prevention of Diagonal Failures in the Beams in Test Series 'C'.
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Strains in stirrups in beam type B1.8
Load
level
(kN)
0.0
67
98
125
150
175
199
223
249
266
282
286
287
291
260
92

Adjacent to loading point
Vertical Horizontal leg
Upper Lower
leg
4.4
13.0
7.1
5.0
44.0
158.8
196.5
262.3
370.9
425.6
458.3
463.5
461.2
470.5
454.9
350.9

-4.5
-20.3
491.0
472.2
480.8
516.0
534.5
591.3
710.4
794.8
901.5
948.2
971.5
998.6
1013.8
895.3

3.1
40.1
65.7
93.4
139.7
182.4
215.9
251.7
308.2
356.5
399.0
426.4
440.3
458.5
447.1
287.2

(mm/mm x 106)

Inside shear span
Vertical
Horizontal
leg
leg
3.4
1.1
34.6
24.7
54.9
24.3
93.2
16.3
263.2
119.5
418.8
308.3
543.8
489.5
710.0
737.0
903.8
1029.5
1012
1217.6
1104.4
1365.5
1164.1
1422.1
1196.0
1436.0
1233.4
1460.6
1222.7
1454.4
1048.1
572.3

Strains in stirrups in beam type B1.8(T)
Load
level
(kN)
0.0
89
143
195
243
271
273
275
266
91

Adjacent to loading point
Vertical Horizontal leg
leg
Upper Lower
-0.3
1.3
1.3
63.2
23.1
508.3
512.2
1098.4
818.1
1345.6
1004.1
1457.7
1025.0
1457
1067.4 1453.5
1423.8
1061.1
556.3
788.0
-

(mm/mm x 106)

Inside shear span
Vertical
Horizontal
leg
leg
0.2
10.1
-1.0
743.3
1402.4
1867.4
1921.2
2012.9
2005.3
1387.2

0.9
44.2
287
1149.1
1779.5
2257.9
2326.5
2377.3
2343.7
1703.6

Table B.3: Strains in the Stirrups in Beam Types B1.8 and B1.8(T) in Test Series 'C'.
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Figure B.1: Cross Section Geometry for Beam Type NA2-1.
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Figure B.2: Cross Section Geometry for Beam Type B1.5. (a) The Horizontal Leg.
(b) The Inclined Leg near the Horizontal Leg. (c) Near the Supports.
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Appendix C
FLEXURAL CAPACITY RESULTING FROM CONFINEMENT

C.1 PREDICTION OF THE FLEXURAL CAPACITY OF THE BEAMS
IN TEST SERIES 'A'.
C.1.1 Prototype Example: Beam NA2-1
Input Data:
fcp '2= 0.8L. = 44.64 MPa
4)10 Steel
Diameter = 9.61 mm, A, = 72.53 mm 2 , fy = 453.6 MPa

ok20 Steel
Diameter = 19.74 mm, A, = 306.04 mm 2 , fy = 532.6 MPa

s„ = 70 mm
pt = 0.0286
Details of the beam are given in Figure B.1.

Confinement Enhancement Factor (K,)

44,0 = 150 *140 = 21000 mm2
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Pocc = 21000 * 44.64(10) -3 = 937.44 kN
Ks ,

K, =

) (
1 + 21000 1(
1302 + 120 2 ) ( — 0.5* 70
1
1
1 2
150
937.44
5.5 *21000
1
— N/0.0286 * 453.6
140

0.5 * 70)1

140 )]

1.15

fc, = 1.0 * 1.15 *44.64 = 51.34 M Pa

Predicted Confined Flexural Strength (M10)
(i) Assume that the tensile force (T) is balanced by the compressive force (C) in
the confined core.

C=T
0 fccaxb =

EA, fy

0.889 * 51.34 *0.75x *150 = 3 *306.04 *532.6
x = 95.23 mm

= EA, fy (ct — 7)
= 3 * 306.04 *532.6(10) -6 (255
M1 c0n

=

0.75* 95.23)

2

107.23 kN.Trz.

(ii) Consider the case where

Ec =

0.0075 .

This is to show that the increase in the flexural capacity of beams is not influenced
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significantly as a greater proportion of the concrete compression block reaches its
ultimate confined strength (Le).

ci =

0.0075
= 2.964
0.0022 *1.15

For 6 82 > 0.0075,

a=-

6 *2.9642 — 4 *2.964 + 1
= 0.895
2 * 2.964(3 *2.964 — 1)
2(3 *2.964 — 1)2
3(6 *2.9642 — 4 *2.964 + 1) = 0.992

C=T
0.992 * 51.34 * 0.895x *150 = 3 * 306.04 *532.6

x = 71.83 mm

111 con =

M1 c0n

=

3 * 306.04 *532.6(10) -6 (255

0.895 *71.83)
2

108.98 kN.m

(iii) Assume that the tensile force (T) is balanced by the compressive force (C)
over the whole compression area (confined core and cover).

T=C
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T

3 *306.04 * 532.6

=

C core + C side cover + C 0 cover

= 0.889 *51.34 *0.75x *150 + 0.85 *44.64 *0.726x *52.5
+0.85 * 44.64 * 5 * 150

x

=

69.98 mm

C,e = 359.3 kN
CSidecover

=

101.2 kN

C 0 cover

=

28.46 kN

Let d' = d — 5mm, then:

Mlcon

=

Ccore (Cif — °±)

M1con

-= 359.3(10) -3 (255

2

C stde cover

, Oi x
(a — —T )

, 5
„
(.." top cover (a — i)

0.75 *69.98 ) +
101.2(10) -3 (260
2

0.726 *69.98 )
2

+28.46(10) -s (260 —
MI-con

=

C.1.2

113 kN.m

Calculation of the Flexural Capacity of the Beams in Test Series 'A'.

The predicted flexural capacities of the test beams are summarized in Table 0.1.

C.2

DERIVATION OF 14

(i) Pb' is derived from a consideration of the actual characteristics of the core and the
cover concrete. The concrete compression block given by the ACI Code of Practice
is used for the cover concrete and the modified concrete compression block shown
in Figure 0.1 is used for the core concrete.
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From Figure C.1:

_il_
f

E. .

ec
cb =

d—

Cb

Cb
c s

d

E c E6 3 E+ A

Equating tensile and compressive forces:

T = C
A, fy = ce0 Ks f( cb — d i )bi + 0 . 8501( b' di + 2b1c6)
Substituting cb from equation (C.1) in equation (C.2):

,
A,
Pb = bd =

a,3If3f ( ec E,
d1) b'
E.,E, + fyd ) -bfy
( b' di
2b1 ec E, )
+0.851/31
bd
b ecE, + fy )

where:
d' is the effective depth of the beam cross section measured from the centreline
of the stirrup and not from the top of the section.
b' is the width of the confined core.
d1 = d — d'
bi = .(b — b')
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(ii) Pb' is

determined on the assumption that the modified concrete compression

block is applicable to the whole compression concrete including the cover,

Equating tensile and compressive forces:

T = C
Asfy = a43K3f cb b(C.4)

Substituting cb from equation (C.1) into equation (C.4):

A,
Pb
i

= bd =

ce13K8f

fy
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ccEs

CcE, + fy

(C.5)

K,

f

fcc

Mcon

(flexure)

(MPa)

(MPa)

(kN.m)

0.0286

1.15

44.64

51.34

107.23

70

0.0286

1.19

35.92

42.75

103.72

NA3-1

35

0.0572

1.32

39.44

52.06

107.47

NA3-2

35

0.0572

1.34

37.5

50.25

106.9

NB2-1

120

0.0167

1.08

39.25

42.39

103.54

NB2-2

120

0.0167

1.08

39.04

42.16

103.43

NB3-1

60

0.0334

1.2

39.9

47.88

105.97

NB3-2

60

0.0334

1.2

39.36

47.23

105.71

Beam

.9,

Type

(mm)

NA2-1

70

NA2-2

pt

Table C.1: Confined Flexural Capacities of the Beams in Test Series 'A'.
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b
bl b,
.
c,

bl
}

E.

dl
cb*

N .A.
,

d

Ey

Cross section

Strain Diagram

Concrete Compression Block

Figure C.1: Modified Stress and Strain Diagrams Under Balanced-Failure Condi-

tions.
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Appendix D
BEAMS WITH A CIRCULAR CROSS SECTION

D.1

TRADITIONAL BEAM DESIGN

In this case it was important to follow a formal design procedure similar to that
which was adopted for the rectangular beams in order to obtain an acceptable and
comparable design solution. Unfortunately, most Codes of Practice do not place
much emphasis on the design of beams with a circular cross section. In the interests of consistency, wherever possible, the provisions of BS8110 have been adopted,
however, other sources of information[149, 229, 234, 235, 236] have been used. The
load and the capacity reduction factors which are present in Codes of Practice to
safeguard against failure were ignored. It should be noted that in the case of beams
designed to fail in flexure a relatively large load factor was used in the design for
shear in order to prevent shear failures. This was to allow for the uncertainties
involved in the design of beams with a circular cross section.

D . 1.1 Flexural Design
The application of the basic principles of equilibrium and compatibility offers the
most direct approach for the determination of the ultimate strength design of reinforced concrete members. However, in the case of circular sections where the
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reinforcement bars are located at discrete points around the perimeter of a circle,
the equations of equilibrium are complex and no explicit solutions can be determined. It was, therefore, necessary to use time consuming trial and error techniques
on beams of various sizes and with different steel configurations and material properties. The beams which are discussed here are those which were selected for inclusion
in the test programme. The evaluation of the flexural capacity of the test beams
was carried out assuming that the contribution from the compression longitudinal
reinforcement was either ignored or included.

The steps which were followed in the determination of the flexural capacity of
the test beams are summarised below:

(a) Ignoring the Longitudinal Compression Steel
The beam cross section is shown in Figure 7.2.

I. The tensile force in the longitudinal reinforcement bars (T) is found by assuming an initial value for the steel tensile stress:

T=

E

A.,f,

(D.1)

all tensile steel

2. The compressive force (C) in the compression concrete is found by equating
the compression and tensile forces across the section:
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C =-- T

(D.2)

3. The compression concrete area (Acc) is obtained from the following relationship:

A„ =

C
(D)2
— (2a — Sin(2cx))
0.67L
„
=8

(D.3)

4. Dimensional details of the section (a, e, s, and x) are subsequently obtained.
5. Strains in the steel are found from the following relationships:

63 1

=

e s2 —

0.0035
(dl —x)
x)
x
0.0035
(d2 — x)
x

(D.4)
(D.5)

6. The steel stress is obtained from the following relationship:

fs = 6 8 E

fy

(D.6)

7. The steel stresses are checked and if they are found not to be as assumed in
step 1, all the steps described above are repeated until a satisfactory agreement
is reached.
8. The distance to the centroid of the compressive concrete from the middle of
the section (Y) is obtained from the following relationship:
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Y

2 ( DSin3a
3 k 2a — Sin2cx)

(D.7)

9. The ultimate moment capacity is calculated from the following equation:

E fs A.,(Y Kl, or K2)

(D.8)

The results obtained from the design calculations are given in the following
section.

(b) Considering the Longitudinal Compression Steel
The beam cross section is shown in Figure 7.2.
1. The location of the neutral axis is assumed.
2. The geometrical properties of the section (a, e, c, x) are subsequently obtained.
3. Acc is obtained using the geometrical properties of the section.
4. The longitudinal steel stresses (fsi, La, f53, fs4) are hence calculated.
5. The tensile steel force (T) is determined from the following relationship:

T

E

f,A,

all tensile steel

6. The compressive force in the concrete (C c ) which corresponds to A„ is calculated.
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7. Hence the compressive concrete area A„ is calculated.
8. The values of A„ from steps 3 and 7 are compared and if they are not identical the steps described above are repeated until a satisfactory agreement is
reached.
9. The location of the centroid of the compressive concrete (Y) is determined.
10. The ultimate bending moment capacity Mde8.gn is obtained.

The results from the calculations are found in the following section (D.2).

D.1.2

Design for Shear

The provisions of BS8110 assume that the applied shear force (V) is resisted, if
necessary, by the concrete and the steel. It requires that a portion of the shear stress
(v3 ) in excess of the concrete shear capacity (IQ is to be carried by the steel stirrups.
While the determination of the required amount of stirrups is based on the 45° truss
analogy approach, the design concrete stress is given empirically in the Code of
Practice[9]. The concrete contribution (17c ) was taken[8, 11] to be equal to v c bd.
It was necessary to re-define the parameters b and d for the circular section. The
effective depth (d) could not be less than the distance from extreme compression fibre
to the centroid of the tension reinforcement in the opposite half of the member[8,
229]. The parameter 'b' was taken as the diameter of the member[149]. The diameter
tnd spacing of the stirrups were determined using equation (D.9) which was derived
or circular sections by Ghee et. al.[149].
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v3=

7:-(2A3fy,)d3
4sv

(D.9)

where:
V, is the shear force in excess of the concrete shearing capacity which is required
to be resisted by the stirrups.
A„ is the cross-sectional area of one leg of a stirrup.

f,,,

is the yield strength of the stirrup.

.9 v

is the spacing of the stirrups.

d,

is the stirrup overall diameter (centre to centre).

The results of the shear design calculations for the test beams are detailed in the
following section.

The following steps were included in the design process of the test specimens to
prevent unwanted failures.

• To prevent anchorage failure of the longitudinal bars, the beams were extended
150 mm beyond the centreline of the supports. The effective lengths of the
bars were in excess of that required by BS 8110. In addition, the ends of the
bottom four bars were bent through an angle of 90 0 for a distance of at least
100mm.
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• To prevent bearing failure inside bends, the minimum bend radius specified
by the provisions of BS 8110 was adopted.
• The ends of the stirrups were overlapped and welded to prevent anchorage
failure.

The details of the calculations for the test beams and a complete description of
this test programme have been published elsewhere[237].

D.2

DESIGN CALCULATIONS FOR THE BEAMS IN TEST SE-

RIES 'G.'

D.2.1

Assumed Geometrical Properties

The following dimensions were obtained from Figures 7.1 and 7.2.

k1 = 66 sin(67.5) = 60.98mm
k2 = 66 sin(22.5) = 25.26mm
dl = 100 + 60.98 = 160.98mm
d2 = 100 -I- 25.26 = 125.26mm
The effective depth (d) = 143.12 mm (to the centroid of the tensile steel)
Or,

d = 0.8D = 160.0 mm
For shear calculations, the lower value was adopted.
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D.2.2

Assumed Material Properties

Concrete

(a)

fc. = 40 MPa

(b)

Steel

1,8

Diameter = 7.9 mm
Area -= 49.02 mm2
fy = 377 MPa
T12
Diameter = 11.667 mm
Area = 106.9 mm2
fy = 514.5 MPa

D.2.3

Flexural Capacity

(a) Ignoring the Effect of the Compression Steel
All longitudinal steel was found to have yielded.

T = C = 220000.2 N
A„ = 8208.96 mm2
396

a = 67.38
100cos(a) = 38.46mm

e

Y = 63.87 mm

M=

= 23.54 kN.m

(b) Influence of the Compression Steel

= 64.36
e

43.27mm

c

56.73mrn

x

63.03mm

es4

1.333 x (10)-3

f34

266.65 MPa (Compression)

683

6.5 x (10)-4

L3

130.05 MPa (Tension)

e s2

3.456 x (10)-3

f32 = fsi = 514.5 MPa (Tension)

T = 247804.89 N
Cc = 196524.96 N
Acc = 7333.02 mm2
Y=--- 66.625mm
M

Mdestgn =

25.14 kN.m
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D.2.4 Design for Shear
25.14
P M
V= — = — =
= 41.9 kN
2
a
0.6
Vdestgn

=

1.5V = 62.85 kN

V apphed

=

2.196 MPa < 5 < 0.8 N/feu = 5.06 MPa

ok.

ve = 0.92 MPa
v, = 1.276 MPa
V, = 36524 N
s„ = 120.8 mm
SVmax.

= 0.75d = 107.34 mm

Use .9„ = 100 mm.

D.2.5 Anchorage Length
ldre,„ = 124) = 144 mm (beyond the centre-line of the support).
ldprovid,d = 250 mm (actual length)

ok. or,

= 1241 d/2 = 216 mm (beyond the face of the support).
4/provided = 300 mm (actual length)

D.3

ok.

AMOUNT OF CONFINEMENT REQUIRED TO PREVENT
DIAGONAL FAILURES

Comparing the experimental results obtained from beam types B1 and B2
= PfradItional— f-6249.3 kN
2
2 =

(for beam type B2 in Table 7.2)

and
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=

- 17,,

(for beam type B1 in Table 7.2)

37.5 kN

From equation (4.5):

= 1 +49.

349.3

(a)

.5 - 1.24

Alternatively, using Kani's Valley for an equivalent rectangular beam in which
b=

194.85 mm,

Ali —

d =

150 mm,

p =

1.5%, and aid= 4.0,

0.8, and Itim = 0.20

Therefore from equation (4.3):
=

1 + 0.20 = 1.20

The values of

K.

(b)

in (a) and (b) are in close agreement.

It should be noted that in the case of the rectangular beams where ald = 4.0, Figures 4.3 and 4.4, the inclined leg only requires nominal stirrups. On the other hand,
the corresponding relative flexural capacity of the horizontal leg ( Alf ) is slightly
larger than the relative ultimate flexural capacity of the beam ( 1-1 . 0. Therefore, for
the circular section, it is anticipated that the actual value of K„,,. would be less
than the calculated value if -11,g-L

(i.e.

Vi ) was considered instead of-(m-" (i.e.
Alf

Vs).

Equation (4.7) which was developed for circular columns [155] was used to relate
the value of K, to the characteristics of the transverse reinforcement.

Hence,
377*49.02

Ksprov• =-. 1 + 8-41504,100*29.5

134
.
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Alternatively, using the model developed by Mander [172]:

K3,„„ = 1.37.

Therefore, it is concluded that the confinement provided (Ks proV.) was in excess
of the required level of confinement (K „eq.).

D.4

FLEXURAL CAPACITY

In calculating the flexural capacity of the test beams, the equivalent concrete compression block was used. In the evaluation of the enhanced flexural capacity due
to confinement, the modified equivalent concrete compression block developed by
Sheikh and Yeh [178] was adopted. The calculated flexural capacities, based on
equilibrium and compatibility requirements, for beam types B2, B3, B4, and B6 are
shown in Table D.1.
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Beam

K,

Type

Mf

(kN.m)

% of enhancement

fcp

fcc

MPa

MPa

Calculated

Observed

Calculated

Observed

B2

1.0

36.87

36.87

21.96

29.58

0.0

0.0

B3

1.42

30.22

42.91

22.09

29.22

0.6

-1.0

B4

1.75

33.05

57.84

25.4

34.71

15.7

17

B6 t

1.75

33.05

57.84 ,

28.72

39.15

30.8

32

f The second layer of the longitudinal bars was positioned at a distance of

106.5mm from the compression face of the beam (see Figure7.1).

Table D.1: Enhanced Flexural Capacities.
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