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ABSTRACT

The programme of research described in this thesis has investigated the effect of con-

finement 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 detail-

ing 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 com-

pression 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 de-

veloped 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 de-

sign 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 con-

crete 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 struc-

tural 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 be-

haviour. The design approaches which have been developed are based on a thorough

understanding of the actual structural behaviour of beams and the actual mechan-

ical 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 under-

taken 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 ca-

pacity 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 capac-

ity 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 con-

clusively solved 	 ," "Committee 326 wishes strongly to encourage further research

work, not only to explore other areas of the problem, but to establish a basically ra-

tional 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 funda-

mental nature of shear and diagonal tension strength is not yet clearly understood.

Further basic research should be encouraged to determine the mechanism which re-

sults 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 Re-

inforced 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 rein-

forced 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 agree-

ment 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 consider-

ation 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 seis-

mic 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 ap-

proaches 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 enhance-

ment 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 longitu-

dinal 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 re-

alistic 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 distract-

ing 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 uni-

fied 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 exam-

ining 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 di-

agonal failures in beams.

4. To extend the applicability of the flexure-shear interaction design model to ad-

dress the factors which are traditionally believed to influence diagonal failures

in beams including: the shear span to depth ratio, the longitudinal reinforce-

ment 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]
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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 ex-

tended to account for the factors which were believed to influence diagonal

failures in beams e.g. the shear span to depth ratio, the longitudinal reinforce-

ment 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 char-

acteristics.
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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 cor-

responding 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 ob-

tained 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 ap-

proaches 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 rect-

angular beams under lateral static loadings. Emphasis has been placed on

shear transfer and the resulting failure mechanisms, and on the recently devel-

oped 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 determina-

tion 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 ac-

count 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 flex-

ural 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 compres-

sion 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 con-

finement 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 com-

mon 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 cal-

culations 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 de-

velopment 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 rectan-

gular 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 rectan-

gular 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 com-

monly 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 (11-1,-) and to either decrease or increase the a/d
1 I

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 --.---- Mf ) and fail in flexure.

Long beams, in which a/d > 6.0 and the value of p ':•_-' 1.8%, 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 ) decreases as the a/d_	 mi

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 (-/-'1.-) increases as the a/d
Alf

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 de-

scribed 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 (split-

ting) 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 (over-

reinforced 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 struc-

tural 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 be-

tween 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 differ-

ent 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 addi-

tional 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 compres-

sion 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 bear-

ing 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 com-

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

2.4.1 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

V	 b.jd — b.d

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 longitudi-

nal flexural stresses[331.

(2.1)

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).

1
ftma • = —2 ft +

ft(_)2 + v2
2

(2.2)

The direction of the maximum principal tensile stress is found from equation (2.3).

a = -
1	 v
tam- 

2	 1
jt

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 de-

scribe 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 re-

ferred 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

(2.3)
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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 pre-

cracked 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 aggre-

gate 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 compres-

sive 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 con-

sidered 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
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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 contribu-

tion 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 mecha-

nisms. 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 as-

sumed 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] esti-

mating 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 aggre-

gate 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 sig-

nificant 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 REINFORCE-
MENT

2.5.1 Introduction

The work described in this thesis is concerned amongst other things with the devel-

opment 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 ob-

tained from numerous investigations. In these equations, factors which were be-

lieved to influence the shear strength were considered. The factors included con-

crete 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	 i

K = c . = .79 (1°M.8 ) 3 ( 400vbd	 0	 ) 4 I I 1	 1 ‘ I	 ‘— .oa— kiv, ram)
bd	 d	 -y n,

where:

(2.5)

7 rn is the partial safety factor = 1.25.
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121±a	 3.0.
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)	 (2.6)

Vd
V, = (0.16IT + 17.2p—

m 
.bd < 0.29 1/7f.bd (N, mm)	 (2.7)

where 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)
	

(2.9)
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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] re-

spectively 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
P -5 A 7V, = au  
d°255 8

bd (N, mm) (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)	 At ultimate capacity

(2.11)v„ = 59 Lfc , Pd/a 	(psi )

Vu = 63.4 \3.1 fepd1 a	 (psi) (2.12)

For Short Beams

( 2.5 \ d

vu =

\3/
C-1-17t) (59	 LI P a)

.
(psi)

(2.13)

2.5.3	 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 ver-

tical 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 longitudi-

nal 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).

7 ft2 112 AX a
1/4Cr ==	 oa

8 6	 s (7/
AX a

Mo	 —
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

0.9 a
(2.15)

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,„ = -

2 
k qi + v

, 
qi + q2) (N, mm)

where:

_-..- 1.75(Ec (10) -5 + rd).

--, 67.4(10)- 7 KE8 d 1 C ÷1 .

=-- 4.12(db) :1 b. NTg.

= b - Edb.

. 1.2 for gravel concrete.

(2.16)
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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.

b d (0.4 ft) + vu =
(1 + 0.1q A (5 — 1))

where

A—
Lasp	 nu

(2.17)

Vd 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 ex-

ists 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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(2.18)

(2.19)

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 ei-

ther 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 
or 

w<
—P

ii

T V4wv -v-2u (:)2 ci — 2

(\li	 )2	
f cn. w > —

2

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.

b is the width.

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).

V!, r:-- K1 PP (Cal + K2-

(

VI)

Dr
) (1 + - ,liad )

 
-Z	

(2.21)

Where Ki. , K2, p, q, A o , 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.

	

10.‘3/15	 P ) psi	 (2.22)

	

vu = . /-1 _,.. d	  (Ili .1- 3°°0 \/(97
V - ' 25da
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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 mac-

curacy of the predicted average shear strength ( I . mvc 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 diag-

onal 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 indi-

cator 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 REINFORCE-
MENT

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 stir-

rups 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 Fig-

ure 2.12.a.
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jd
V = Avfv-

sv
(2.23)

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 rein-

forcement 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.

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 relation-

ship.

(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 as-

sumed 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.

V8	 st,b
At, = 	 	 (2.24)

sin0(cote + cot /3) fy„

where:
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v,
fed == 	

sin2 (cot0 cot/3)
(2.25)

svb
A t,	 v,

jyy

fed = 2v,

(2.26)

(2.27)

vs 	— c.

vs is the shear stress carried by the stirrups =

v is the total shear stress =

vc is the shear stress carried by the concrete =

.4, 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).

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.
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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 en-

ergy considerations. The CEB-FIP 1990 Model Code[55] suggests that the flat-

test 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 as-

sumed 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

49



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 provi-

sions. 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 in-

cluding 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 stir-

rups 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

(a) General

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 gen-

eral 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 lin-

ear 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, distur-

bance, 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 re-

gions 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 ob-

tained assuming that loads are transferred along a pre-determined path with mini-

mum 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.

L i 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 result-

ing 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

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

(2.29)

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 prac-

tical 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 deter-

mined 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 satis-

fied. 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 pro-

visions 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 neces-

sary 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 mem-

ber 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 arrange-

ments 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:

N

< \l(pt ft)(134 fy+ Pp fyp+ -67d ) 5_
	

Pt ft — (pt fyt)2

where:

fug 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.

vu (2.30)
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N is the applied axial force.

pi	 is the reinforcement ratio for the transverse steel and is equal to 
Sv b'

Pp is the reinforcement ratio of the prestressing steel.

A difficulty exists in determining the limiting value of the average diagonal com-

pressive stress (fdti ) 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:

fd. 	 3.6 

(1+ t.)

where:

Ern = et + et + 2Ed.

(2.31)

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:

t2 )1{2 ( V u)2 + [11 )](1 + (Vu
f

3.6t

0.0
(1+	 + t2) ( 1+

Spit	 t3 n it	 t2 1 + t2

(2.32)
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where:

t	 represents tana (tana -, el---5-1)vu • •

n is the modular ratio , ELEc -

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, be-

cause 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 ( 61 )•

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

fc2 = fc2max {2 (12-) _ ( 
62 ) 1

CO )	 €0 ) i

where fc2rnaz =	 1	 < 1.0.

,f 
Co

(2.33)

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 in-

cluded 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 com-

patibility 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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K0
= vIA(K0 — A) for 0.0 < A < --2—

K0	K,

—2-
for
	 >

vu

fc

vu

F,
Jc

(2.35)

(2.36)

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).

where:

bdi

d'	 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

_ v
Vu
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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 over-

reinforced in shear.

2.6.7 Equilibrium Analysis

It was suggested that the provision of shear reinforcement be based on the shear-

compression 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 unre-

inforced 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

64



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 load-

ing 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 repre-

sented 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 cross-

sections 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 horizon-

tal 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 (con-

finement) 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 tra-

jectories 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 con-

secutive 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 inten-

sity 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 de-

rived empirically by Bobrowski and Bardhan-Roy[87]. This expression was modified

slightly by Kotsovos[126] as detailed below:
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(M1 \IZ) 16.66 
M„ = 0.875S d 0.342 bl + 0.3	 4 	 	 (N, ram)

d2	S	 p fy
(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 consid-

ered 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„	 (2.38)
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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 sim-

plicity, 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 fCtriaxial= 0.8 A

Ojc = 0.8f -I- 5 Crconfinement•

where Crconfinement	 5 -

5. Assume Crt 	 —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:

2( M f — Ma) _ Asv fuuTs „ =  	 a (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 indi-

vidual 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 con-

ducted 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 p < Pb (at

the balanced-failure condition), Es > Ey and hence the longitudinal steel yields and

a tension failure occurs. When p > Pb, Es < Ey 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 Fig-

ure 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 in-

crease 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 de-

scribe 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 maxi-

mum 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 por-

tion 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 rela-

tionship 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 speci-

men and the loading platens of the test machine. Kotsovos and Cheong[132] tested

prisms under different boundary conditions. In order to minimise the friction be-

tween 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 con-

crete 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 spec-

imens 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 com-

pression zone as the ultimate load is approached is difficult. In accordance with

the approach to structural concrete which is based on simplicity rather than mis-

leading 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 devel-

opment of the tensile stresses which significantly reduces the concrete compressive

strength. The provision of transverse reinforcement in columns implies that com-

pression 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 bend-

ing 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 "em-

pirical 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 trans-

verse 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 mul-

tiaxial 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 cur-

rently 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 promi-

nence 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 ap-

proaches 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 con-

crete below the neutral axis. This implies that the load carrying capacity

of beams depends on the residual strength of cracked concrete, assum-

ing concrete exhibits strain-softening material characteristics. Concepts

such as; critical sections for shear, "staggering" effects, and the mech-

anism 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 diag-

onal failures in beams should be based on the restraint of the tensile
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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 vu may reach 1500%

depending on the value of p and the a/d ratio[17]. The relative flexural ca-

pacity of beams (-/----u-; ) represents a more realistic indicator of the load carrying"Ai

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 (flexural-

shear 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 load-

ings.
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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

Shear Resistance

Parameters Investigated

fc a/d P

Long

Beams

Aggregate Interlock 8-48% 25-40% 25-50%

Dowel Action 22-42% 40-60% 32-55%

Compression Zone 10-62% 0-35% 20-32%

Deep

Beams

Aggregate Interlock 7-12% 5-42% 7-13%

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.

I,
 Crushing jr

(splitting)

it
	

Yielded (under-reinforced beams) 

	
IA

Un-yielded (over-reinforced beams) 

Figure 2.2: Flexural Failure Mode.
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(i) Flexure-Shear Crack

• •

t

4.

,Alla
Inclined Crack Tension Steel

(ii)Web-Shear Crack

(i) Diagonal-Tension Failure

(ii)Shear-Tension Falkire

(iii)Shear-Compression Failure

(a)
	

(b)

Figure 2.3: (a) Types of Diagonal Cracking. (b) Modes of Diagonal Failure.

Compression Arch

(a)

(1) Anchorage Failure

(2) Beating Failure

(3) Flexure Failure

(4) and (5) Arch-ftib Failure

(b)

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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Yleid of Stirrups
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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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(i) After the Second Crack (ii) Prior to Failure

Figure 2.7: Behaviour of Concrete-Cantilever.

out Bond. (b) Ideal Concrete Cantilever.

(after Kani[17])

( a) Longitudinal Reinforcement with-

(a)

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.
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(c)

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) Upper-

Bound 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 Anal-

ogy. (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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Figure 2.17: Uniaxial Stress-Strain Relationship. (a) Typical Curves. (b) Effects of

Boundary Restraints.

(after Kotsovos[129])
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Figure 2.18: Longitudinal Strain-Transverse Strain Relationships For a Uniaxial

Compression Test and for Flexure.

(after Kotsovos[131])
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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 flex-

ural 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 com-

pression 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: Compres-
sive 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 load-

ings. 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 DIAG-
ONAL 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 vary-

ing 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 devel-

opment 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 compression-

compression 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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relative ultimate flexural capacity at diagonal failure ( 112-) increases. The trend is
Alf 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

constant moment) increases. The Mx ratio thus decreases until it reaches a critical
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 tensile-

compressive 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 Fig-

ure 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 flex-

ural 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 pro-

gramme 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 horizon-

tal 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 stir-

rups 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

97



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 intro-

duction 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 con-

ditions 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' ap-

peared 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 indi-

cate 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 re-

spect 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 with-

out 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 un-

reinforced 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 criti-

cal 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, diag-

onal 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 Uni-

versity Test Programme

The results from the beams in Test Series '1' and the Birzeit University test pro-

gramme appear to contradict the findings from the investigation conducted by

Kotsovos. It was noted from these test programmes that a brittle diagonal fail-

ure 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. How-

ever, the type II beams tested by Kotsovos in which the inclined leg regions were

103



not provided with stirrups reached their full flexural capacity. The conflicting ex-

perimental 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 p on the ultimate flexural capac-

ity of beams (Mu ) 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 re-

gion. 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 be-

haviour of a structure is determined by rational design concepts and detailing ap-
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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 com-

pressive force path, and the compression concrete is the resisting element. The ob-

served 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 pro-

grammes 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 con-

finement 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 ap-
proach

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 com-

pressive 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	 P	 alal ), where P1 and - actual were the calculated ultimate load capacities

of the beam for the assumed and the actual geometric and material properties re-

spectively. 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 re-

search (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 devel-

oped 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 flexu-
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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 con-

fining 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 flex-

ural 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 NA2-

1, 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 unload-

ing 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 stir-

rups 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 Fig-

ure 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 corre-

sponding 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 impor-

tant 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 con-

form 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 oc-

curred 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 con-

sideration 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 com-

pression 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 de-

velopment 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 sup-

ports 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 Fig-

ure 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 sec-

ondary 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 col-

lapse of beams (ultimate limit state), the compression concrete in the various

leg regions of the concrete compression frame must be provided with differ-

ent 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-„f ).,tai

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 pre-

vent diagonal failure must be based on the evaluation of the magnitude of the

tensile stresses. Unfortunately, the determination of the magnitude of the ten-

sile 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 sub-

sequently 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 ef-

fect 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 un-

derstanding of the actual structural behaviour of beams under static loading

and also of concrete at the material level. It is realised that concrete compres-

sion 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 struc-

ture).

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 vc (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. )
1 but also in the evaluation ofAlf 

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 = Mf — 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 de-

pendent 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 diag-

onal 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 require-

ment 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 conser-

vative flexural capacity given by Codes of Practice. However, in the proposed

design approach, evaluation of the confinement (stirrups) requirements is re-

lated 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 eval-

uation 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 sus-

tain 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 be-

haviour 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 compres-

sion 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 com-

pression strength and hence the flexural capacity of the beams.

In order to implement the proposed flexure-shear interaction model for the de-

sign 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)

Beam
size

(MM X mm)

.fct,
(MPa)

Correction
factor

(F)

Measured
load (P)

(kN)

Corrected
load (Pr))

(kN)

A1-1 2.0 70 204.7 x 308.3 46.6 0.9669 480 464.1
A1-2 204.9 x 309.3 45.9 0.9694 455 441.1

NA2-1 2.0 70 202.5 x 311 55.8 0.9416 467 439.7
NA2-2 203 x 303.5 44.9 0.9747 446 434.7
NA3-1 2.0 35 204.5 x 307 49.3 0.9579 464 444.5
NA3-2 202 x 306.5 46.9 0.9680 445 430.8

B1-1 3.2 120 204.2 x 313.4 56.8 0.9382 281 263.6
B1-2 207.4 x 308.2 62.1 0.9255 282 261.0

NB2-1 3.2 120 202.5 x 309 49.1 0.9603 271 260.2
NB2-2 202 x 309 48.8 0.9614 266 255.7
NB3-1 3.2 60 203.5 x 308 49.9 0.9570 270 258.4
NB3-2 203.5 x 310 49.2 0.9594 268 257.1

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

Corrected

measured

Corrected

measured --Ali-
At.feee.

ax.--

% reduction

in loading
Allay e.

load (Pr ) flexural capacity x100 x100 on completion

(kN) Mi (kN.m) of testing

A1-1 464.1 120.7 102.5 100 84.6

A1-2 441.1 114.7 97.5 98.9

NA2-1 439.7 114.3 97.1 96.6 37.5

NA2-2 434.7 113.0 96.0 28.3

NA3-1 444.5 115.6 98.2 96.7 -4.5 (rise)

NA3-2 430.5 112.0 95.2 -1.6 (rise)

B1-1 263.6 109.7 100.5 100 62.3

B1-2 261.0 108.6 99.5 53.6

NB2-1 260.2 108.2 99.1 98.3 11.4

NB2-2 255.7 106.4 97.5 22.9

NB3-1 258.4 107.5 98.5 98.3 3.1

NB3-2 257.1 107.0 98.0 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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Beam At half ultimate load At ultimate load Before unloading

type 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. diag.

A1-1 232.1 16.0 484.1 46.8 71.6 59.1

A1-2 220.5 12.0 441.1 43.2 5.0 55.8

NA2-1 219.9 9.6 0.3 0.3 439.7 41.4 2.35 0.80 275 101.9 12 0.85

NA2-2 217.4 9.7 0.2 0.2 434.7 51.7 2.5 1.15 311.9 150.3 8.1 1.15

NA3-1 208.6 9.2 0.2 0.3 417.1 32.2 1.95 1.0 436 153.8 7.2 3.5

NA3-2 213.5 8.2 0.25 0.3 426.9 43.3 3.0 1.2 433.7 133.9 7.7 1.7

B1-1 131.8 9.3 263.6 28.4 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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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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(4.1)

(4.2)

AL = fcc — fc = (K, — 1)f,

A fc = Ks — 1
L

where:

fcc = ICJ,

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

Based on flexural theory:

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

IC	 Constant Mf — Mf	 Mf

In the above relationship the flexural capacity of the leg (M1 ) is a function of

the ultimate flexural capacity of a beam (Mn). Mf is the full flexural capacity of a

beam and Mfd is the design bending moment which may differ from Mf.

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

Ks = 
Mf

d
 — ME+

1 Mr= A-1--
1 

+ 1
Mf

(4.3)
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(4.4)

(4.5)

4.2.2 Shear Forces

M f -= Vf .a

M fd --= Vfd.a

MI = 'Vi.a

Mr = (Vfd — Vi).a

A fc = Mr Vfd — VI

.f.0	 M1 —	 Vf

From equation (4.3):

Vf — VI
Ks = '

VI 

+ 1

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 de-

termination of the required amount of stirrups should be based on the enhanced

flexural capacity. In the proposed design method this can be achieved by equat-

ing 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 LEG CAPACITY (M1)

4.3.1 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 (Mi i ) 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 Ca-
pacity (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, li, 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, Fig-

ure 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 hori-

zontal 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 ( Ti;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 ELA , was ob-

tained 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 increas-

ing 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 pre-

vented 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 rein-

forcement 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 diag-

onal 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

149



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 char-

acteristic 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=
Alf 	Alf

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 M decreases) as the a/d
f

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.

11114.4.6 Relative Flexural Capacity of the Horizontal Leg (--1)
Alf

Figure 4.4 shows the relative flexural capacity curve for the horizontal leg (4" =

Al!)--h-  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

nh
for the beams to achieve their full flexural capacity	 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

--h-Afi 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

(
Alf
'Ili ) are also increased due to the less severe stress conditions which are present in

these regions. On the other hand, if the stress conditions become more severe, for

example as a result of increasing the value of p,---ILAI and-ALL„ will both be reduced.
Aft 	 I .1 f

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 (Mriffx). It is

proposed for the generalisation of the flexure-shear interaction design model, there-

fore, that the new (general) relative leg capacity is determined using the following

relationship:

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

-	 Al f •

Then,

(1 — ri„,,,) (
k runew — rliold)rineW = riold + (1 _ rumd)

where:

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

properties of the beams.

(4.6)
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rlold
 is the measured relative leg capacity value obtained from the test beams,

Figures 4.3 and 4.4.

LetIr-oid = ri(oicioneasured), and Ar i(old,measured) = 1 — rl(old,measured)•

ruoid 
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, = rU(old,model)

runew 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.

Let runew = rti(new,modei)

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

rinew = ri(oid,measured)	 Arl(old,meaaured)	 (1 — rti(old,model))

(rU( new,model ) 	 ru(oid,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:

rU(new,model) = rU(old,mode1)
	 (4.8)

Then equation (4.7) becomes:
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= ri(old,mectaured) + Ar I (old,mea aured)

(r U(old,model) — ru(old,model)) 

(1 — rU(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:

(4. 10)r ti(new ,model) = 1 . 0

Then equation (4.7) becomes:

1.0Arl(old,measured) (1 _ _ . ,,,

( 1 — rU(old,modei)) _

r 'new = r i ( old,mea toured) +
-L	 ' u( Id model))

(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), equa-

tions (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
0.830M15(	 +206.90 eirr

— C
Alf	 pfy ( 1 - '41E)

where:

(4.12)

1

+ (25d.)

where cla is the maximum aggregate size.

(4.13)
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4.7 PROVISIONS OF THE CONFINEMENT REQUIREMENTS

4.7.1 Introduction

Transverse steel in structural concrete members serves a three-fold function; confine-

ment 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 rec-

tilinear 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 be-

haviour of concrete confined by transverse reinforcement[154, 155]. Several models

have been proposed with various degrees of sophistication to describe the stress-

strain 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-
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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) active-

passive 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 hy-

draulic pressure. Richart et. al.[156] (from reference [1.3]) suggested that relation-

ships 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 param-

eters.

(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 ax-

ial stresses approaching its uniaxial strength (60-70% of the cylinder strength[ 158]).

When the transverse strains become very high because of progressive internal crack-

ing, 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]. How-

ever, 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 pas-

sively 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.

161



(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 over-

come 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 neu-

tralised 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 counter-

acts 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 vari-

ation 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 pressure[32, 166], the confining pressure fi is cal-

culated from the hoop tension developed in the spiral steel. When the lateral rein-

forcement yields, the axial confined concrete compressive 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.

(4.15)
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Different confinement models with various degrees of sophistication have been

proposed by researchers to describe the stress-strain relationship of spirally rein-

forced 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 con-

crete 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. Sev-

eral 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 in-

crease 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 gradi-

ents, 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 flex-

ural 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 pro-

grammes 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 longitudi-

nal 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 compres-

sion loading[174]. The curve consists of three parts. Part 'OA' is a second degree

parabola with point 'A' at f Eg cc, - al ' •

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 re-

The term fc, represents the compressive strength
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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 con-

crete, 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):

fCC
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In equation (4.18), a = 5.5, 0 = — 9 = 4501 f = LP (test results support this141 0 1 	sv	 '

assumption[177) and in addition confinement is not sensitive to the stress in the tie

steel), and 7 = 0.5.

where:

Pb is the balanced-failure axial load.

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 < Pb •

Kp ,---- (1 — 0.15 /CA) [176] for Pb <P < Po.

Po is the axial load strength.

fsv	 is the stress in the lateral steel.

n 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,), unconfined strength of the concrete core.

.9	 is the tie spacing ( s r) .

Pt 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:

Zone 1: ( Eo < &i)

4 — Sl
a— 	

2(3 — SZ)
(4.24)
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ec 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 ap-

plicable 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:

(a) Confinement Requirement for the Horizontal Leg

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

BH1Ks	 1 [( 1	 ErL i 4)
cfAco,	

( 1 0.5 s tan()) ( 1 0.25 s tame)]= +

Pocc1 B	 ) 0(Pt.fyyrHi

(4.30)

where:

x shown in Figure 4.7, is the depth to the neutral axis calculated using normal

flexural theory.

Ac01 = BH1.

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

E:2 , 4 in this case = 2c1 2 c22.

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

the calculation of p t 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 calcu-

lated as follows:

	

= 1 + jooBx	  {(1 
EL I 4)	 0.5 tame)]

0(Pt.ftivr

	

occ2	 CeAco2	 (

(4.31)

where:

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

Ac02 -= Bx.

P0cc2 = Bx *

4 in this case equal to 2x2.

2(H+B)Aav
Pt	 HBxso •

4.7.10 General Remarks

1. The confinement enhancement factor (Ks ) exists only for the compression con-

crete inside the confined area (Aco = 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 ap-

proach is to maintain the unconfined concrete compressive strength. As a fac-

tor of safety, the direct shear resistance of the stirrups, if any, is not considered.

4.8 IMPLEMENTATION OF THE FLEXURE-SHEAR INTERAC-
TION DESIGN MODEL

4.8.1 Analysis Steps

The steps of the analysis are summarised as follows:

based on1. Calculate the required confinement enhancement factor (Ksrequired)

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 Ksprovided 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 geom-

etry 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 in-
teraction design model

4.9.1 Description of Test Beams

Test Series included ten normal-size beams made with normal-strength con-

crete, 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 de-

formed 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 load-

ing 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 tradi-

tionally 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 dis-

tance 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 proto-

type 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 comple-

tion 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 de-

sign 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 stir-

rup 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 de-

scribed 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' de-

scribed 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 ) is also given in Table 4.7. In order to evaluate theA/1

serviceability requirements the diagonal and flexural crack widths, and the mid-

span 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 exten-

sion 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 fail-

ures 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 mid-

span 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 devel-

oped 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 devel-

oped 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 ul-

timate 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. Nev-

ertheless, 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 dimen-

sional 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 ul-

timate 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 ductil-

ity 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 tra-

AI f ditionally designed beams, achieved an average 	 ratio of 113%, Table 4.7. TheAf 1

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 longitu-

dinal reinforcement ratio (p = 1.5) compared to that for beam type A2 (p = 2).

It is known that ductility increases as the value of p 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 stir-

rups 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 be-

haviour 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 (incli-

nation of the load-deflection curve), the ductility (40mm), and the load carrying

capacity ( 1;i4 = 1.19 and 1.15 for beam types B1.8 and B1.8(T) respectively) ob-

tained 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 -LAAf1I ratio of 108%, Table 4.7. Beam types C1.5

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 be-

haviour 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 straight-

forward 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 require-

ments 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 ser-

viceability (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 require-

ments 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 ob-

tained 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 normal-

size 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 approxi-

mately 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 pro-

visions 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 devel-

oped recently by Sheikh et. al.[178] was modified to comply with the proposed

design approach. Finally, the proposed model to prevent diagonal failure was val-

idated 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

Mu	ultimate flexural capacity of beam

rl	 relative ultimate flexural capacity of leg

rine , relative ultimate flexural capacity of leg for design beam

r ioid	 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

Ari	reduction 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 aid

Beam
size

f,,,
(MPa)

Correction
factor

Measured
ultimate

Corrected
load

Average
load

(mrn x mm) (F) load (kN) (kN) (kN)

A1-1 2 204.7 x 308.3 46.6 0.9669 480 464.1 452.6
A1-2 204.9 x 309.3 45.9 0.9694 455 441.1
B1-1 3.2 204.2 X 313.4 56.8 0.9382 281 263.6 262.3
B1-2 207.4 x 308.2 62.1 0.9255 282 261

Load carrying capacity of the inclined leg (Pii = Ici2Af )

Beam
type aid

Beam
size

.fct,
(MPa)

Correction
factor

Measured
ultimate

Corrected
load

Average
load

(mmxmm) (F) load (kN) (kN) (kN)

A2-1 200.9x308.6 48.8 0.9623 322 309.9
A2-2 2 204.4 x 306.8 48.9 0.9593 376 360.7 338.9
A3-1 206.3 x 310.7 46.0 0.9679 407 393.9
A3-2 207.1 x 311.3 47.1 0.9632 302 290.9
B2-1 200.8 x 302 46.7 0.9696 251 243.4
B2-2 3.2 205.6 x 311.5 71.8 0.9113 302 275.2 247.5
B3-1 208.7 x 311 50.0 0.9528 264 251.5
B3-2 207.9 x 308.9 46.2 0.9650 228 220

C2.5-1 2.5 207 x 308 37.5 1.008 322 324.6 323.7
C2.5-2 207 x 310 43.6 0.9779 330 322.7

Load carrying capacity of the horizontal leg (Pi, = 241 /3- )

Beam Beam fat Correction Measured Corrected Average
type aid size (MPa) factor ultimate load load

(mm. x mm) _ (F) load (kN) (kN) (kN)
D2.5-1 2.5 206 x 310 40.2 0.9943 349 347.0 345
D2.5-2 206 x 308 45.5 0.9713 353 342.9
D3-1 3 215 x 312 44.6 1.0071 291 293.1 287.5
D3-2 210x310 38.9 1.0362 272 281.9

D3.5-1 3.5 207x309 49.1 0.9979 230 229.5 227
D3.5-2 206 x 309 46.6 1.0069 223 224.5
D4-1 4 203 x 308 27.0 1.1420 166 189.6 187.7
D4-2 204 x 310 40.6 1.032 180 185.8
D4.5 4.5 211 x 312 40.2 1.0288 159 163.6 163.6
D5 5 210 x 310 33 1.0737 150 161.1 161.1

Table 4.2: Results from the Beams in Test Series '1' and Test Series 'B'.
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Relative flexural capacity of the inclined leg (!ti4ii-)

Beam
type a/d

Average
load
(kN)

Flexural
capacity (MO

(kN.m)

Full*
flexural

capacity (Mf )
(kN.m)

Relative
flexural
capacity

(Ifilt.)

A2-1 to A3-2 2 338.9 88.11 117.76 0.75
B2-1 to B3-2 3.2 247.5 102.96 109.12 0.94

C2.5 2.5 323.7 105.2 113.44 0.93
Ct 3.6 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)

Relative
flexural
capacity

(4,;_Ai	 )

D2.5 2.5 345 112.13 113.44 0.99
D3 3 287.5 112.13 109.12 1.03

D3.5 3.5 227 103.29 109.12 0.95
D4 4 187.7 97.6 109.12 0.89

D4.5 4.5 163.6 95.7 109.12 0.88
D5 5 161.1 104.7 109.12 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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Beam

Type

K, (Required) K, (Provided)

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 Spacing of stirrups t	(mm)

Beam 5 p section Traditional Proposed design model

type (%) (mm x mm) design horizontal Inclined leg

leg s1t s2*

A1.5 1.75 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

B1.8 3.2 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

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

Beam
size

(mmxmm)

.fcti
(MPa)

.f
(MPa)

Correction
factor

(F)

Measured
ultimate
load (kN)

Corrected
load
(kN)

A1.5 1.75 204 x 412 34.6 24.7 1.0235 591 604.9
A2 203 x 414 32.3 23.0 1.0579 762 806.1

B1.5 209 x 412 31.1 25.4 1.0414 306 318.7
B1.8 3.2 208 x 310 39.2 28.8 0.9962 291 289.9

B1.8(T) 215 x 312 34.2 31.7 1.0178 275 279.9
B2 205 x 415 35.5 31.5 1.0253 412 422.4

C1.5 3.9 208 x 416 31.3 25.4 1.0410 281 292.5
C1.8 4.0 204x312 33.5 23.9 1.0351 195 201.8

C1.8(T) 4.0 210 x 311 33.3 23.2 1.0296 204 210.0
C2 3.9 205 x 416 36.1 28.1 1.0206 317 323.5

Table 4.6: Results from Test Series 'C'.

Beam

type

3
Corrected

load

(kN)

Flexural

capacity

(M1)
(kN.m)

Theoretical

flexural

capacity (M1)
(kN.m)

(N ave

A1.5 1.75 604.9 190.5 173.6 1.10 1.13
A2 806.1 252.2 218.6 1.15

B1.5 318.7 183.6 173.6 1.06
B1.8 3.2 289.9 121.5 101.8 1.19 1.13

B1.8(T) 279.9 117.3 101.8 1.15
B2 422.4 243.3 220.5 1.10

C1.5 3.9 292.5 205.3 173.6 1.18
C1.8 4.0 201.8 105.7 101.8 1.04 1.08

C1.8(T) 4.0 210.0 110.0 101.8 1.08
C2 3.9 323.5 227.1 220.5 1.03

Table 4.7: Flexural Capacities of the Beams in Test Series 'C'.
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Beam At working load level t At ult'mate load Before unloading

type load Defl. crack width (mm) load Defl. crack width (mm) load Dell. crack width (mm)

(kN) (trim) flex.	 diag. (kN) (mm) flex. diag. (kN) (mm) flex.	 diag.
_

A1.5 383 11 0.4 0.4 804.9 35 3.5 1.2 14
_

41 20 1.2

A2 484 1.2 0.35 0.45 806.1 25 1.0 1.4 174 38 15 1.4

81.5	 191 10. 0.3 0.25 318.7 26 1.8 2.0 145 33 3.0 5.0

B1.8	 174 IL 0.2 0.15 289.9 33 1.7 1.0 92 40 5.0 2.0

B1.8(T)	 1168 12 0.3 0.4 279.9 31 2.0 1.7 92 44 10 1.8

82	 253 10 0.3 0.3 422.4 28 1.4 1.2 200 39 2.5 1.2

C1.5	 176 10 0.2 0.2 292.5 29 1.2 1.5 194 48 3.5 4.0

C1.8	 121 12 0.3 0.3 201.8 36 2.5 3 25 39 4.0 6.0

C1.8(T)	 126 11 0.3 0.2 210.0 26 0.7 0.9 135 50 6 1.2

C2	 194 12 0.3 0.4 323.5 34 0.8 1.7 152 47 1.0 5

f	 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 Se-

ries
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Strains in stirrups of beam type B1.8 	 (mm I rnm x 106)

Load

level

(kN)

Adjacent to loading point t Inside shear spank

Vertical

chord

Horizontal chord Vertical

chord

Horizontal

chordUpper Lower

291 (Max. load)

92 (Failure)

470.5

350.9

998.6

895.3

458.5

287.2

1233.4

572.3

1460.6

1048.1

Strains in stirrups of beam type B1.8(T)	 (mm/mm x 106)

Load

level

(kN)

Adjacent to loading point Inside shear span

Vertical

chord

Horizontal chord Vertical Horizontal

chordUpper Lower chord

275 (Max. Load)

91 (Failure)

1067.4

556.3

1453.5

788.0

-

-

2012.9

1387.2

2377.3

1703.6

t	 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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Figure 4.5: Mode of Failure of Beam Type D4 in Test Series 'B'.

207





E CC
	

STRAIN E c

f C C
	 ZONE 2

STRESS BLOCK

ZONE 3
STRESS BLOCK

i

I
E

cc

aEc
f cc

Tie level

Effectively

Confined

Concrete

1

4"--)4
HI

NA.

• • •

cl

ZONES

I i i	 2	 3	 4

e SI	 E 52 E585

f cc K s feP L	 A	

Determining effectively confined concrete area
	 Stress-strain curves for confined concrete

Figure 4.6: Confinement Model.

(after Sheikh and Yeh[175, 178])

(a)	 (b)

Figure 4.7: Concrete Confined Area for the Prevention of Diagonal Failure. (a) Hor-

izontal leg and Inclined Leg Regions Away from the Supports. (b) Inclined Leg Near

to the Supports.

208



200

20	 2020	 2:1

2010
4010

• • •eel
2020.102B 2620.1025

1440

2800

530 1440

2800

3500

200

20

• • •

Section II-11

200 

20	 20

2010
4010

400

30263625

Section I-I

P

1.7!d630
460

+4. I

[
1 8 10 GT 170	 1 ow grisr	 Ir..

10100115

300 100	 530 
Section I-I Section II-II

3500

Beam Type A1.5

Beam Type A2

Figure 4.8: Details of Type A Beams in Test Series 'C'.



+I	 -1-. Ii .1.

1 0 8 0 175 2810

LA
44 101 8 8 0 220

400a	
• • •

T	 4-10	 4-1. II 2$ 20+1 5 26 24roogiao

Section 11-111060300 i100i Section 1-1

1

400
2800

35C°	 Beam Type B1.5

-
5810

303

3520 L.

y

20 12m,

ao

7301100i iln 1040

2803
3600

1880160
1480196, 188 0 150.	

Section 1-1
	

Section 11-11

28 10

3520

s-----0

IM.

201
260 NO

20

44 10

3420

300 1100i 730	
P0i

Beam Type B1.81

1040
2900
3600

I+

	 490	 4	 525
	 1 

+

3 .50

I-1-1.1	 -1-n 11
200 

lr 2i 

28 10

3436

44 10

342626

E]
• • •

so

400

20

T -4 II

Section 1-1 Section 11-11

3.2d - 1160

480	 626	 1 
4	 i

3.2d.830

I
1 48 0 140

.4;	 ....

T

Beam Type B1.8(T)

32d = 833
303	 480

-1-1-1	 -1-1* 11 I

4-3. 1	 4-3. II

1 8 8 4, 176
1080200	 1 +80 leo 4	 P.
4-11.41-11.

k. 	

1 300 floolL	 1030
1(4 	

400 11
2900 
3500 Beam Type B2

T

Figure 4.9: Details of Type B Beams in Test Series 'C'.

210



200

1,20	
2+10

4 +10
400 120°

23 • • •
2.20+1428 2+20+1028

Section I-I	 Section II-II1300

T 4-.1

300 f10131' 2800 f

3503

200

/120	 2? -pns9r.

1 se IDS
	4.n

940 620 

2800

200

MALI.

3500

T

198.120
1 408	 195

2+10

3828

44 1040
4

480

+IP II 1

Section I-1 Section II-II

20	 20

3.9d 1400

1375

II
ISIS

1 di a 125 4410
400

3+20 3+2820 • • •

1300
2000 f

-1--• I

1 8 270

4-0.1

360 $1001. 

203

20	 20

[--41 

Section I-1	 Section 11-11

3.9d 1403

1350

+.1

1 4,130 270

+I. II

1 a' s 0150

Beam Type 01.5

441040

2810

SOO

3+28 ID • •

Beam Type 01.8(T)

200 

120	 271 

4010	 16°

3+28 • • •

300100 	 940	 00}	 623 

2800

3500	 Beam Type C1.8

3500
	

Beam Type C2

Figure 4.10: Details of Type C Beams in Test Series 'C'.

211



80t

300

BOt BO

900

320 1160 

4.

Section l- Section II-II

3.2d .830

280	 140 

300 41004	 730	 100	 1040

2800

3500

Beam Type B1 .8(T)

3.2d .830

UT
300 i100i 730 ;00i 1040 

2800

3500

Beam Type B1.8

_ + Location of strain gauges (+ end view)

Figure 4.11: Location of the Strain Gauges used in Beam Types B1.8 and B1.8(T).

212



700—

600 —

500—

400 —

300 —

200 —

100— -El- Beam Type A1.5

I	 I	 I	 I	 I	 I	 I	 I	 I

5	 10	 15	 20	 25	 30	 35

Mid-Span Deflection (mm)

504540

900 	

800—

700—

600—

500—

400—

300—

200—

100—

0 15	 20	 25	 30	 35	 40	 455	 10

-E- Beam Type A2

Mid-Span Deflection (mm)

Figure 4.12: Load-Deflection Curves for Type A Beams in Test Series 'C'.

213



Beam Type B1.5

10	 15	 20	 25	 30	 35	 40

Mid-Span Deflection (mm)

350

300—

250—

200—

160—

100—

SO-
Beam 'Typo B1.8

-e- Beam Type Slam

0

0
I	 I	 II	 I

5	 10	 15	 20	 25	 30	 35	 40	 45 SO

..••••n

Mid-Span Deflection (mm)

500

450—

400—

3
-o

350—

o	 300—
—1

3	 250 -

.2.	 200—

150 —

100—
E4sem Typo B2

SO —

110	 115 20	 25 30	 35	 40
	

45

Mid-Span Deflection (mm)

Figure 4.13: Load-Deflection Curves for Type B Beams in Test Series 'C'.

214



43- Balm Type 01.5

200 —

150 —

-ES- Beam Typo 012
49- Beam Type 01.5(1) g

I	 I	 I	 I
5	 10 15 20 25 30 35 40 45 50 55

Mid-Span Deflection (mm)

5 110
I	 I	 1II

15	 20	 25	 30	 35
Mid-Span Deflection (mm)

40	 45 50 55

350

300 —

250—

200 —

150 —

100 —

50 — -la- Beam Type 02

0
150 110 15 20 25	 30	 35 40 45 SO

Mid-Span Deflection (mm)

Figure 4.14: Load-Deflection Curves for Type C Beams in Test Series 'C'.

215



111111/ra•••1111111MEDAmitilE11111•110•MNII
MMIIIEME111111111VEMNIMEIMINIM

h..
11111,4MMIVEN 'MM.11 •1P- ..411•1111U0••••
MiSP3MMILIINfighlitaM11111111MONCUME

4a1
MINIIIII•011/.211111nalliM1111161-11111: n•
Enimurpmnimeraismalima n

woridarmurmintursompanwealla
111EllitZIEM11115111/11:Mat.11:2211117111111

indunimusurirnismummuna
reffidkindrAMIZIPMEIM11111111111111111111t.

11111MEN'AIMIEMMISICIIMION11111

n
•PMIN••PNIIPOIMMIESIMIIIIIMME111
alEiliVERE:i111/111111•1131111iiiiiieNEV -

0•1/111PAWKIIIIIIMIriNfOZ-Slii1111M n

=1•11E11••1111111111•..._ 411EN•EIIII•somenranwmumatemmtmwswima
MTAIIIIME11/1111EIMMIIIIIICINNIgi OWE.

11111111MNIMP-Zirams•BIONIILIERIIME
110111111/AUMWPMAIIMIIIII n11111n1101•111

Beam Type A1.5

Beam Type A2

Beam Type B1.5

Beam Type B1.8

Beam Type B1 .8(T)

Beam Type B2

Beam Type C1.5

Beam Type C1.8

Beam Type 1.8(T)

Beam Type C2

Figure 4.15: Crack Patterns after Failure for all of the Beams in Test Series 'C'.

216



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 diago-

nal 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 ) ofAlf

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-) increased as the a/dAff

ratio increased. On the other hand, for type III beams, L'IlL increased as the a/dAI 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 ( i
M

ii-)
7 

which has been adopted in the proposed
f 

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 p increases.
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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 (fy). The shear strength was found to de-

crease when the value of p 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 re-

inforcement 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 con-

clusion 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 Shape of the Cross Section

(a) 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 nom-

inal 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 al-

most 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
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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 rectangu-

lar 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 influ-

ence 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-

ment. These factors influence the relative ultimate flexural capacity (-- xig ) of a beam..•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 be-

haviour 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 impli-

cations 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 ca-

pacity 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 consid-

ered 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 lon-

gitudinal 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 con-

crete, 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.

226



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 (aggre-

gate 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 confine-

ment 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 sta-

tistical 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 pre-

diction 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 pre-

dictions 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,-) in order to calculate the relative ultimate flexuralAi/

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-- IL" for 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 inter-

action 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, Ta-

ble 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 qual-

ity 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,
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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 sur-

face 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 ca-

pacity. 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 respec-

tively), 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 geomet-

ric 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 car-

rying 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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the beams in which .f 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 con-

crete strength. Therefore, the concrete strength would have less of an effect on the

shear strength of type II beams.

236



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 car-

ried 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 conser-

vative for all beams with stirrups regardless of concrete strength. A similar conclu-

sion 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 underes-

timate 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 ac-

cordance 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 com-

pressive 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 con-

crete 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 Se-

ries '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 Chap-

ter 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 ( ) of beams with web reinforcement, that the ratio ( —IL" )
Alf	A If

increases with increasing concrete strength. However, the efficiency of web rein-

forcement 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 ef-

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

5.6.1 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 high-

strength 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 provi-

sions 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 deter-

mination of the location of the neutral axis. Typical concrete strains were measured

243



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 Ta-

ble 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 Ta-

ble 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 	 obtained from the
Ali

normal-strength concrete beams included in Test Series 	 was 1.11. It can be con-

ELcluded from a comparison of the values of 	 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 	 ratios obtained from the beams designed using the pro-
AIL

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 ap-

proach 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 ob-

tained 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
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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 re-

quirements 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 ob-

tained 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 carry-

ing 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 work-

ing 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 estab-

lishment 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 inter-

action 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 ap-

proach 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 pre-

vented diagonal cracks from extending into the failed compression concrete

which was found in some of the beams in Test Series 'C'. It is therefore rec-

ommended 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 lon-

gitudinal 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

no.

L.

MPa

.f

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

(kN)

Defl.

(mm)

crack width (mm) load

(kN)

Defl.

(mm)

crack width (mm) load

(kN)

Defl.

(mm)

crack width (mm)

flex. diag. flex. diag. 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

Water

Sand

Aggregate (10mm)

Aggregate (20mm)

643

180

700

830

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 con-

crete).
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Spacing of stirrups tv	(mm)

Beam 5 p Traditional Proposed design model

type design 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

B2.78(T) 90 - - -

C1.86 4.0 1.86 130 105 130 130

C2.78 4.0 2.78 115 100 130 130

C2.78(T) 115 - - -

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

Beam
size

(mm x mm)

fcti
(MPa)

.f
(MPa)

Correction
factor

(F)

Measured
ultimate

load (kN)

Corrected
load
(kN)

-	 A1.86 1.75 203x 320 79.6 58.1 0.9990 518 517.5_
B1.86 202x 310 70.1 57.2 1.0127 285 288.6
B2.78 3.2 210 x 330 79.4 62.1 0.9937 410 407.4

B2.78(T) 209 x 330 83.9 67.3 0.9863 389 383.7
C1.86 205 x 315 77.6 59.8 1.0006 227 227.1
C2.78 4.0 204 x 325 80.7 63.4 0.9955 318 316.6

C2.78(T) 210 x 315 83.3 66.9 0.9937 321 319.0

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

Corrected Flexural Theoretical

Beam I load capacity flexural livi
All

OlIL \
k mi j ave

type (kN) (Mf) capacity (M1)
(kN.m) (kN.m)

A1.86 1.75 517.5 119.0 121.52 0.98 0.98
B1.86 288.6 121.2 121.52 1.00
B2.78 3.2 407.4 171.1 173.2 0.99 0.97

B2.78(T) 383.7 161.2 173.2 0.93
C1.86 227.1 119.2 121.52 0.98
C2.78 4.0 316.6 166.2 173.2 0.96 0.97

C2.78(T) 319.0 167.5 173.2 0.97

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

type load

(kN)

Defl,

(mm)

crack width (mm) load

(kN)

Defl.

(mm)

crack width (mm) load Defl.

(mm)

crack width (mm)

flex. ding. flex. ding. (kN) flex. ding.

A1.86 336 1.7 0.3 0.18 517.5 63.2 5 0.5 3 663.2	 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

C2.78 206 14 0.2 0.14 316.6 33.1 1.5 0.4 72.7 39.8 5 0.4

C2.78(T) 207 15 0.26 0.2 319 33 3 0.5 106.3 33 4 0.5

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 Inside shear spant

level Vertical Horizontal chord Vertical Upper

(kN) chords Upper Lower 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) 	 (mm/mm x 106)

Load Adjacent to loading point t Inside shear span.t

level Vertical Horizontal chord Vertical Upper

(kN) chords Upper Lower 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	 (mm/mm x 106)

Load

(kN)

Front face Back face Average

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.
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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 5.11: 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 con-

finement 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 mod-

ified 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 mo-

ments 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 over-

reinforced beams can be made to behave in a ductile manner when the compression

region is confined[133]

6.2 EVALUATION OF FLEXURAL CAPACITY DUE TO CON-
FINEMENT

6.2.1 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 con-

sidered 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 compres-

sive 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 en-

sure 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 (Esi ) 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, =	 = 1.0.

- For 1 = 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' pre-

sented 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 112 °: / averagel(  5 )	 = 96.6%). This is in agreement with the test results, which,,	 1 

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 flex-

ural 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 lim-

ited 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 = esi . 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 cal-

culated 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 confine-

ment 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 com-

pression 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 devel-

oped 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 con-

crete 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:
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,	 A,	 0113K X (  ec E,	 d1) b'

I 36 bd =	 h	 E.cE.9 + fy 7) 7)-

(bid,	 2b1 	 EcEs  )
+0.85a 

bd	 b E,E, + fy

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 .

b 1 =

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:

A,	 a,8 K s.f	 EcEs = — =
bd	 fy	 ec E, + fy

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,.

(6.1)

1

Pb (6.2)
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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

Pb — bd =	 fy	 0.0022K, Es + h

This relationship has been used for the determination of the longitudinal rein-

forcement 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:

(6.3)

(6.4)
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pb	 ecE, + fy 0.85 * 0.00301
a0K8e, 0.003E3	

(6.5)

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):

Pb	
re- 

Pb
	

(6.6)

Equation (6.5) indicates that the ratio	 isis directly related to Ks . In a compar-

ison with the ACT Code of Practice this equation also indicates that for the same

amount of confining stirrups the ratio 	 increases with increasing concrete strength
Pb

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 in would not to the samepb

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 Se-

ries '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 	 ratiosratios for beam
Pb

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

of the values of the 6i ratios, Table 6.2. The maximum difference was less than
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 with-

out warning in a brittle manner. Also, since the failure is governed by the character-

istics of the compression concrete, failure occurs in the compression concrete before

the longitudinal reinforcement reaches its maximum tensile strength which is gov-

erned 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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(6.7)

(6.8)

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.

2. The values of pr" and pm., are compared and if a "). aif r req - 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:

A, fu
C = 	

ce,ebiKsf

M = As fy (cr — 0.5625 AS fW )
Ksb'f

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 pC, is obtained for the calculated value of K,.

5. If p„q > lib , 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 con-

finement, which was included in the proposed flexure-shear interaction design

model. If K„„„,, controls the design, it is not necessary to re-check the con-

finement requirements corresponding to the flexural capacity of the section.

This is because the change in the flexural capacity due to the increased con-

finement 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 de-

sign 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 TEST SERIES 'F': Verification of the design method for over-
reinforced beams

6.5.1 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 longitu-

dinal 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 rein-

forcement 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, --= 483.8mm2 , 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 lon-

gitudinal 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 effec-

tive 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

284



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 com-

pression 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 char-

acteristics 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 rein-

forcement 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 over-

reinforced 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 compres-

sion 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 ex-

tremely 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 re-

spectively as shown in Table 6.4. The longitudinal reinforcement ratios (p) in these

beams were higher than the corresponding values of plb 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

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.

= 0.0027).
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(c) Serviceability

The main reason for not using over-reinforced beams in practice is that they fail sud-

denly 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 maxi-

mum 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 rea-
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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 assump-

tion, 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 maxi-

377 mum stirrup strain (e„ of 0.0043 (Ey =	 =. 0.002)) was obtained in beam191000

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 ca-

pacity 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 under-

reinforced 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 Se-

ries '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 en-

hancement 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 con-

crete 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 pro-

posed 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 confine-

ment (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 M1n M1c0n Mcon Mn ittn Alf.11.1.onn

type (kN.m) (kN.m) (kN.m) (kN.m) x 100 x100

NA2-1 111.35 107.23 114.3 97.1 96.3

NA2-2 107.56 103.72 113.0 117.7 96.0 96.4

NA3-1 109.45 107.47 115.6 98.2 98.2

NA3-2 108.3 106.9 112 95.2 98.7

NB2-1 109.18 103.54 108.2 99.1 94.8

NB2-2 109.05 103.43 106.4 109.15 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

where:

M1n is the predicted flexural capacity of the unconfined section.

M1c0n 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 32,1-

Pb

type (MPa) = lib '-, K, x100

NA2-1 44.64 0.0274 0.0206 0.0174 0.0313 1.14 1.15 -1

NA2-2 35.92 0.024 0.0180 0.0174 0.0265 1.11 1.19 -7

NA3-1 39.44 0.0255 0.0191 0.0173 0.0340 1.33 1.32 1

NA3-2 37.5 0.0247 0.0185 0.0175 0.0330 1.34 1.34 0.0

NB2-1 39.25 0.0254 0.0191 0.0174 0.0250 0.99 1.08 -9

NB2-2 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

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

type

a/d Cross Section

(mm x mm)

fct,

(MPa)

.f

(MPa)

IL Pmast

(kN)

Mmaxt

(kN.m)

T2 2 208 x 235 30.5 25.9 0.85 452 84.8

C2 208 x 230 34.5 30.5 0.88 480 90

T3.2-1 3.2 177 x 220 22.5 19.6 0.87 196 55.7

C3.2-1 178x215 227 64.5

T3.2-2 3.2 180 x 240 28.6 21.8 0.76 261 74.1

C3.2-2 179 x 240 255 72.4

C3.2-3 3.2 178 x 225 42.3 30.1 0.71 247 70.2

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 100 -f2:-,b p,-,P,T. tPlhip7b1P'" X

T2 - 0.0347 0.0219 - - - 1.58 2.11 -

C2 1.4 0.0347 0.0251 0.0337 0.0351 -4 1.38 1.84 1.03

T3.2-1 - 0.0462 0.0140 - - - 3.30 4.40 -

C3.2-1 1.69 0.0473 0.0140 0.0241 0.0243 -1 3.38 4.50 1.96

T3.2-2 - 0.0408 0.0156 - - - 2.62 3.49 -

C3.2-2 1.62 0.0411 0.0156 0.0252 0.0253 0.0 2.63 3.51 1.63

C3.2-3 1.64 0.0447 0.0168 0.0277 0.0276 0.0 2.66 3.55 1.61

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

type

P max t

(kN)

Mmaxl t

(kN.m)

Mmax2*

(kN.m)

Itim	 r'aiZAl2mzi

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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Beam At working load level' At ultimate load Before unloading

type load Deft. crack width (mm) load Defl. crack width (mm) load Defl. crack width (mm)

(kN) (mm) flex. diag. (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

type

Load

(kN)

Strains in concrete"

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

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'.

299



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

type (kN) 1 2 3 4 5 6 7 8 9 10

241 1 1552 2338 1547 2387 724 754 415

T3.2-2 261* 1576 2652 1568 2611 761 864 446

100 7 167 3178 -61 3041 599 584 356

238 1 1426 2375 1389 2465 336 1005 286 539 566 722

C3.2-2 259* 1431 3719 1411 4499 1065 1496 - 705 612 802

2327 2463 9996 - 7689 - - - 887 769 910

2271 1400 2069 434 265 366 316 409 261

C3.2-3 247* 7121 10897 1732 1458 2137 390 465 263

2407 - - 3865 4351 - 394 454 257

t 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'.
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Figure 6.1: Flow Chart showing the Design Steps for Over-Reinforced Beams.
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Figure 6.5: Shape of Failure in Beam Type C3.2-3 in Test Series 'F'.

305





P/2 P/2

P/2 P/2

P=206 kN

IIMFAMEINJECAE!

P=442 kN

Interaha. ...at111111
41511111/111NORtillERI

P=440 kN
(prior to unloading)

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 con-

struction 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 gen-

eral 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 sec-

tions under predominantly transverse loadings.

Although shear failures in members with a circular cross section have been com-

mon 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 rein-

forcement 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 re-

quires 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 PREVIOUS RESEARCH ON BEAMS WITH CIRCULAR CROSS
SECTIONS

7.2.1 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 percent-

ages 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 per-

centage of longitudinal steel (which was recommended to be uniformly distributed

within the members) and the a/d ratio. They also confirmed that expressions pro-

posed by the ASCE-ACI Committee 326[12] were adequate for the evaluation of

the shear strength. They proposed the introduction of minor modifications to ac-

count 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, how-
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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 compres-

sion 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 circu-

lar 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 speci-

mens 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 confin-

ing 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 con-

finement 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 ax-

ial 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 car-

ried out recently (March 1993) at the British Cement Association. Fourteen of

the specimens were without web reinforcement. The remaining beams were pro-

vided 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 ap-

plicable. 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 mecha-

nisms 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 longitudi-

nal reinforcement, size effect and the effect of the transverse reinforcement

configuration.

6. A considerable amount of the research work has investigated the effect of seis-

mic 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 concen-
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trated on post-ultimate behaviour. Little emphasis has been put on either service-

ability 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 empiri-

cal 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 es-

tablishment 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 poly-

thene 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 cor-

rected 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 de-

flection 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 duc-

tility 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 ex-

tended 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 com-

pression 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 de-

tailed 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 cbd). 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 ductil-

ities 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 trans-

fer 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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n

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 compres-

sion 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 con-

crete 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 mo-

ment). The adoption of the same approach for the provision of the resistance to ap-

plied 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 spac-

ing 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 B3-

B7, where there was no variation in the bending moment, increased the duc-

tility 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 aver-

age 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 flexu-

ral 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 nec-

essarily 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. How-

ever, 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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Beam

Concrete

Strength

Beam

size

Correction

factor

Corrected

load(Pr) 17,1=t. x

% reduction

in load onx

`f.'(MPa) (mm) (F) (kN) 100 100 completion

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)

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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Beam

At half ultimate load At ultimate load Crack width when

midspan defl.=60mmCrack width (mm) Defl.

(mm)

Crack width (mm) Defl.

(mm)Flexure Diagonal Flexure Diagonal Flexure Diagonal

Bl f 0.2 4 0.8 0.3 12 N/A N/A

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

type

% of enhancement

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 7.2: Cross-Section of the Beams.
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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 con-

crete 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).

3. The relative ultimate flexural capacity of beams (0 is a more realistic in-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 con-

finement 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 struc-

tural 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 Se-

ries '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 compres-

sive 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 in-

clined 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 ) rather than the nominal shearAt/

strength (v = -16,i) 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 compres-

sive 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 eco-

nomical 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.
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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 neces-

sary to evaluate the ultimate relative flexural capacity for the horizontal and

the inclined leg regions (Pf-). The leg capacity curves, Figures 4.3 and 4.4-

Chapter 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 (	 is developed. The model could bemi

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 ap-

plicability 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 recom-

mended 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 possi-

bility 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 enhanc-

ing 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 rein-

forcement (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 flex-

ure. 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 charac-

teristics 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 com-

partments 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 parti-

cles 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 di-

ameters 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 sep-

arate 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 CONCRETE MIX DESIGN

A.2.1 Normal-Strength Concrete (NSC)

A recognised concrete design method[230] was used to determine the required pro-

portions 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 mea-

sured 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 com-

pressive 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 water-

reducing 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 MANUFACTURE OF THE SPECIMENS

A.3.1 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 cylin-

ders) 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 re-
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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 en-

able 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 ar-

rangement. 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 con-

nection 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 sand-

wiched 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, displace-

ments, 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 MEASUREMENTS

A.5.1 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 deflec-

tion 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-

357



mately 200mm. The resolution of the indicators was approximately 0.01mm.

A.5.3 Strain Measurement

(a) 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 mea-

sured 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 ten-

sile 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 KFG-

5-120-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 manufac-

tured 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 De-

velopments 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 unload-

ing. 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:

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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Sieve Size

(mm) or Am

Retained

(g)

Passing

(g)

% Passing

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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Type

Nominal

Diameter

(mm)

Measured

Diameter

(mm)

Measured

Area

(mm2)

Yield

Strength

(MPa)

Ultimate

Strength

(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

Table A.2: Tensile Strength of Reinforcing Steel Bars.
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Test Date: 14 August 1991

Control
Displacement

(mm)

Load
P

(kN)

Displacement Readings Crack Width
(mm)

Notes
(Voltage) (mm) (mm)

1 2 3 4 5 Flex. Diag.
0 18510 15960 15120 5.961 6.842

88.5 40 18460 15700 15020 5.690 6.740
86.4 69 18290 15500 14820 5.640 6.660
84.1 99 18120 15300 14620 5.569 6.586 0.15 0.15
81.9 124 17920 15100 14440 5.541 6.530 0.2 0.25
79.7 148 17750 14900 14250 5.512 6.487 0.3 0.65
77.6 169 17570 14690 14090 5.431 6.431 0.35 0.7
75.0 197 17360 14400 13850 5.397 6.370 0.4 1.4
72.5 220 17130 14100 13670 5.325 6.302 0.45 1.95
70.1 247 16930 13800 13450 5.298 6.253 0.5 2.4
67.8 253 16740 13500 13220 5.248 6.220 0.85 2.55 1
65.6 256 16570 13200 13050 5.239 6.197 1.25 2.6
63.4 261 16380 12900 12750 5.211 6.172 1.85 2.9
60.9 263 16170 12590 12530 5.189 6.146 2.4 2.9
58.7 258 16030 12300 12200 5.153 6.132 4.0 3.0 2
55.3 258 15750 11890 11830 5.120 6.121 4.2 3.0
51.6 257 15420 11400 11430 5.074 6.097 4.2 3.0 3
46.6 257 15000 10800 10990 4.905 6.075 4.2 3.1
39.3 259 14510 10000 4.751 6.057 4.5 3.1
30.9 257 13920 9000 4.646 6.055 5.0 3.25
23.4 258 13330 7960 4.453 6.055 5.05 4.1
16.8 257 12830 7000 4.147 6.073 5.1 5.6
9.6 261 12260 6000 3.959 6.173 5.45 6.25
1.1 262 11640 5030 3.688 6.178 5.9 7.2
-7.1 270 10950 3970 3.353 6.237 6.25 8.0

-26.4 255 8920 1570 1.522 6.330 6.35 9.1 4

Unloading

-1.76 125 9700 2600 3.083 6.450 6. 3 8.6
4.3 11 10950 4000 3.894 6.587 5.5 7.5

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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Test Date: 14 August 1991

Load

(P)
(kN)

Corrected Load

(P,. = P * nt
(kN)

Deflection

(mm)
1 2

(Mid-Span)
5

0 0.0 0.000 0.000 0.000
40 38.3 0.270 2.429 0.820
69 66.0 1.947 4.376 2.817
99 94.7 3.607 6.316 4.802
124 118.7 5.612 8.286 6.615
148 141.6 7.312 10.262 8.535
169 161.7 9.070 12.306 10.109
197 188.5 11.171 15.176 12.534
220 210.5 13.443 18.124 14.315
247 236.4 15.450 21.104 16.543
253 242.1 17.339 24.080 18.866
256 245.0 19.060 27.082 20.600
261 249.8 20.969 30.073 23.659
263 251.7 23.086 33.016 25.899
258 246.9 24.480 36.060 29.266
258 246.9 27.304 40.163 33.047
257 246.0 30.625 45.057 37.124
257 246.0 34.763 50.998 41.535
259 247.9 39.627 58.960
257 246.0 45.553 68.966
258 246.9 51.408 79.332
257 246.0 56.257 88.846
261 249.8 61.930 98.862
262 250.7 68.028 108.487
270 258.4 74.797 119.012
255 244.0 94.008 141.4

Unloading

125 119.6 87.353 132.766
11 10.5 75.302 119.156

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 = s t,= 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)

Acon = 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):

, = 1 +	
12399 	 K

1
	27458.95  ) (1 0.5	 x7 0)	 (1 — 0.25 x 70)1

K8
	 ) 553.5	 5.5 x 12399	 150	 82.66 )i

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. r equiv. ed)

_ Arj_ = n—rI measured	 Ai/	 (Figure 4.3)

From equations (4.12) and (4.13),

r U(old, model)
M f

rU(oid,model)

ru( old,model)

(0.83(0.018)i (32)i x 2.0 + 206.9(0.018)i (2.00  )= C
532.6 x 0.018 (1	 0.018x532.6)

1.7x32

0.811(2.46 + 2.57) 
=	 = 0.52

7.9
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532.6 x 0.0174 O.	 .1
.7x

74 x 532.6)
1	 44.64

( 	 i0.83(0.0174)(44.64)i 	 1x 2.0 + 206.9(0.0174)R(2.0) 
(JO 	

-

= Cru(new,model)

0.811(2.88+ 2.5) 

	

? u(di)	 0.54

	

--( new ,model)	 8.14

Substituting into equation (4.7):

0.54 — 0.52
rinew = 0.77 + 0.23 	  = 0.78

1 — 0.52

From equation (4.3),

K, = 1 + (1 — 0.78) = 1.22

Ka required = K, = 1.22

B.1.2 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)	 220
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(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)

Concrete strength: fc. = 40 MPa,	 0.8fc. = 32 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

—	 — o• 95	 (Figure 4.4)r 1 measur ed	 A( — 

From equations (4.12)

ru ( old model)

r t.( =old model)

ru(old,model)	
=

=rU (new, model)

and (4.13),

)

M

C
(0.83(0.018)i (32)1 x 3.2 + 206.9(0.018)i(3.2)A

532.6	 0.018

(3.2)A

0.811(3.94

0.018x532.6)x	 (1	 1.7x32

+ 1.271)
0.535

 C

=
7.9

0.83(0.015)e (32)1 x 3.2 + 206.9(0.015)i

°	 3513	 0.015x	 (1	 .175x3x52I )

ru(new,model)
0.763(3.707+ 1.092) =

0.554
6.6065

Substituting into equation (4.7):
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rine. = 0.95 + 0.05
0.554 — 0.535 

= 0.952
1 — 0.535

From equation (4.3),

K, = 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):

14151.2  If	 32101.6 	 (1	 0.5 x .․ ) (1	 0.25 x 3)1
1.048 = 1 +

140 x 452.8
1
 5.5 x 14151.2)	 152 j	 93.1 jj

\/12±1 x 420.8

3, = s 175mm

(b) Design for the Inclined Leg

rin.aured =	 = 0.94	 (Figure 4.3)

rine. = 0.94 + 0.06
0.554 — 0.535 

= 0.942
1 — 0.535

K, = 1.058
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(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):

14151.2	 32101.6	  ) (	 0.5 x s) (
1 

0.25 x syl
1.058 = 1 + 	  1	 1

140 x 452.8 K	 5.5 x 14151.2	 152	 93.1

—
s
 x 420.8

Lv = s = 160rarn

(b.2) Near the Supports

The geometry of the cross section is shown in Figure B.2.c.

Acon = 17799mm2

Pocc = 569.6 kN

--= 27424.8mm2

0.94
Pt

Substituting into equation (4.31):
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1779927424.8  ) (1	0.5 x .9)]
V1194 x 420.81.058 = 1 +	 1

140 x 569.6 K	 5.5 x 17799)	 152	 s

sv = 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

type aid

Stirrup

spacing
mm

Beam

size
mm xmm

feu
(11.1Pa)	 P Pt

Ksre.u n red

1111111111NIMilliffill
K 5 .rovided

NA2•1 2.0 TO 202.5 x311 55.8 0.0174 0.0286 - 1.22 • 1.21
NA2•2 203x303.5 44.9 0.0174 0.0286 - 1.23 - 1.26
N A3- I 2.0 35 204.5x307 49.3 0.0173 0.0572 - 1.22 - 1.43
NA3-2 202 X306.5 46.9 0.0175 0.0572 - 1.23 - 1.45

NB2-1 3.2 120 202.5x309 49.1 0.0174 0.0167 1.05 1.06 1.11 1.11
NB2-2 202.t309 48.8 0.0175 0.0167 1.05 1.06 1.11 1.11
NB3-1. 3.2 60 203.5X308 49.9 0.0174 0.0334 1.05 1.06 1.25 1.25
NB3-2 203.5X310 49.2 0.0174 0.0334 L.05 1.06 1.27 L.27

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)

Required K, Stirrup spacing t	 (mm)
Horizontal

leg
Inclined

leg
Traditional

design
Proposed design model

horizontal
leg

Inclined leg
s11	 62*

A1.5 1.75 1.5 200 x 400 - 1.14 110 - 115 170
A2 2 200 x 400 - 1.16 85 - 100 115

B1.5 1.5 200 x 400 1.048 1.058 155 175 160 220
B1.8 3.2 1.8 200 x 300 1.05 1.06 140 160 150 195

B1.8(T) 1.8 200 x 300 - - 140 - - -
B2 2 200 x 400 1.06 1.065 115 175 160 200

C1.5 3.9 1.5 200x400 1.072 1.00 215 150 270 270
C1.8 4.0 1.8 200 x 300 1.11 1.01 195 120 195 195

C1.8(T) 4.0 1.8 200 x 300 .. - 195 - - -
C2 3.9 2 200 x 400 1.12 1.02 155 125 270 270

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	 (mm/mm x 106)

Load
level
(kN)

Adjacent to loading point Inside shear span
Vertical

leg
Horizontal leg Vertical

leg
Horizontal

legUpper Lower

0.0 4.4 -4.5 3.1 1.1 3.4
67 13.0 -20.3 40.1 34.6 24.7
98 7.1 491.0 65.7 54.9 24.3

125 5.0 472.2 93.4 93.2 16.3
150 44.0 480.8 139.7 263.2 119.5
175 158.8 516.0 182.4 418.8 308.3
199 196.5 534.5 215.9 543.8 489.5
223 262.3 591.3 251.7 710.0 737.0
249 370.9 710.4 308.2 903.8 1029.5
266 425.6 794.8 356.5 1012 1217.6
282 458.3 901.5 399.0 1104.4 1365.5
286 463.5 948.2 426.4 1164.1 1422.1
287 461.2 971.5 440.3 1196.0 1436.0
291 470.5 998.6 458.5 1233.4 1460.6
260 454.9 1013.8 447.1 1222.7 1454.4
92 350.9 895.3 287.2 572.3 1048.1

Strains in stirrups in beam type B1.8(T)	 (mm/mm x 106)

Load Adjacent to loading point Inside shear span
level Vertical Horizontal leg Vertical Horizontal
(kN) leg Upper Lower leg leg

0.0 -0.3 1.3 - 0.2 0.9
89 1.3 63.2 - 10.1 44.2

143 23.1 508.3 - -1.0 287
195 512.2 1098.4 - 743.3 1149.1
243 818.1 1345.6 - 1402.4 1779.5
271 1004.1 1457.7 - 1867.4 2257.9
273 1025.0 1457 - 1921.2 2326.5
275 1067.4 1453.5 - 2012.9 2377.3
266 1061.1 1423.8 - 2005.3 2343.7
91 556.3 788.0 - 1387.2 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 , 1 + 21000 1(
1 2

1302 + 1202 ) ( —
	

)0.5* 70 (	 0.5 * 70)1
1	 1

937.44	 5.5 *21000	 150	 140 )]

1	 	
—
140

N/0.0286 * 453.6

K, = 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)

0.75* 95.23)
= 3 * 306.04 *532.6(10) -6 (255

2

M1c0n = 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 682 > 0.0075,

6 *2.9642 — 4 *2.964 + 1
a=-

	

	 = 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

0.895 *71.83)
111 con = 3 * 306.04 *532.6(10) -6 (255

2

M1c0n = 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

x

C,e

CSidecover

C 0 	cover

=

=

=

=

=

=

C core + C side cover + C 0 	cover

0.889 *51.34 *0.75x *150 + 0.85

+0.85 * 44.64 * 5 * 150

69.98 mm

359.3 kN

101.2 kN

28.46 kN

*44.64 *0.726x *52.5

Let d' = d — 5mm, then:

Mlcon = Ccore (Cif — °±)
2

,	 Oi x	 „	 ,	 5
C stde cover (a — —T)	 (.." top cover (a — i)

M1con -= 359.3(10) -3 (255
0.75 *69.98	 0.726

101.2(10) -3
) +
	 (260

*69.98
2 2	

)

+28.46(10) -s (260 —

MI-con = 113 kN.m

C.1.2 Calculation of the Flexural Capacity of the Beams in Test Se-
ries '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. . d — Cb 

ec	 Cb

c s 	 d
cb =

Ec E6 3 E+ A

Equating tensile and compressive forces:

T = C

A, fy = ce0 Ks f(cb — di )bi + 0 . 8501( b' di + 2b1c6)

Substituting cb from equation (C.1) in equation (C.2):

,	 A,	 a,3If3f (  ecE, 	 d1) b'
Pb = bd =	 fy	 E.,E, + fy	d ) -b-

( b' di	 2b1 ecE,  )

bd	 b ecE, + fy )
+0.851/31

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,	 ce13K8f	 ccEs 
Pbi = bd =	 fy	 CcE, + fy

(C.5)
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Beam

Type

.9,

(mm)

pt K,

(flexure)

f

(MPa)

fcc

(MPa)

Mcon

(kN.m)

NA2-1 70 0.0286 1.15 44.64 51.34 107.23

NA2-2 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

Table C.1: Confined Flexural Capacities of the Beams in Test Series 'A'.
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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 inter-

ests 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 re-

inforced 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 deter-

mined. It was, therefore, necessary to use time consuming trial and error techniques

on beams of various sizes and with different steel configurations and material proper-

ties. 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 assum-

ing 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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63 1 =

es2 —

0.0035 
(dl —x)x)

x
0.0035

(d2 — x)

(D.4)

(D.5)
x

C =-- T	 (D.2)

3. The compression concrete area (Acc) is obtained from the following relation-

ship:

C	  (D)2
A„ =

0.67L = 8
— (2a — Sin(2cx))

„ 
(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:

6. The steel stress is obtained from the following relationship:

fs = 68 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 (Cc ) which corresponds to A„ is calcu-

lated.
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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 iden-

tical 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=
4sv

7:-(2A3fy,)d3
(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

(a) Concrete

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

e	 100cos(a) = 38.46mm

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)

	

es2	 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

P M 25.14
V= — = — = 	 = 41.9 kN

2	 a	 0.6

Vdestgn = 1.5V = 62.85 kN

Vapphed = 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)	 ok.

D.3 AMOUNT OF CONFINEMENT REQUIRED TO PREVENT
DIAGONAL FAILURES

Comparing the experimental results obtained from beam types B1 and B2

= PfradItional—
	 = 49.3 kN	 (for beam type B2 in Table 7.2)2	 2f-62- 

and
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(for beam type B1 in Table 7.2)-� 17,,	 = 37.5 kN

From equation (4.5):

= 1 +49.
349.3

.5 - 1.24 	  (a)

Alternatively, using Kani's Valley for an equivalent rectangular beam in which

b = 194.85 mm, d = 150 mm, p = 1.5%, and aid= 4.0,

0.8, and Itim = 0.20
Ali —

Therefore from equation (4.3):

= 1 + 0.20 = 1.20 	  (b)

The values of K.	 in (a) and (b) are in close agreement.

It should be noted that in the case of the rectangular beams where ald = 4.0, Fig-

ures 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 ( 1-11. 0. Therefore, for

the circular section, it is anticipated that the actual value of K„,,. would be less

than the calculated value if -1,1g-L (i.e. Vi ) was considered instead of-- m-"( (i.e. Vs).
Alf

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	 134
Ksprov• =-. 1 + 8-41504,100*29.5 	 .
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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 com-

pression 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

Type

K, fcp

MPa

fcc

MPa

Mf (kN.m) % of enhancement

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

B6t 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.

401



Bibliography

[1] J. Schlaich, K. Schafer, and M. Jennewein. Toward a consistent design of

structural concrete. PCI Journal, Vol. 32 (No. 3), May-June 1987. pp. 74-150.

[2] M. P. Collins and D. Mitchell. A rational approach to shear design-1984

Canadian Code provisions. ACI Journal, Vol. 83 (No. 6), November-December

1986. pp. 925-933.

[3] F. J. Vecchio and M. P. Collins. The modified compression-field theory for

reinforced concrete elements subjected to shear. A CI Journal, Vol. 83 (No. 2),

March-April 1986. pp. 219-231.

[4] M. P. Nielsen and M. W. Braestrup. Plastic shear strength of rein-

forced concrete beams. Bygningsstatiske Meddelelser (Copenhagen, Denmark),

Vol. 46 (No. 3), 1975. pp. 61-99.

[5] M. D. Kotsovos. Compressive force path concept: Basis for ultimate limit

state reinforced concrete design. ACI Structural Journal, Vol. 85 (No. 1),

January-February 1988. pp. 68-75.

402



[6] E. Hognestad. What do we know about diagonal tension and web reinforce-

ment ? Historical Study. University of Illinois, Bulletin, Vol. 49 (No. 50),

June 1951. 56 pp.

[7] E. MOrsh. Concrete-Steel construction. Technical report, Engineering News

Publishing Co., New York, 1909. (Translation of the 3" edition in German),

36 pp.

[8] American Concrete Institute, Detroit. Building Code Requirements for Rein-

forced Concrete and Commentary, (ACI 318-89 / ACI 318R-89), 1989. 353 pp.

[9] British Standards Institution. BS8110, British Standard, Structural Use of

Concrete, Part I, Code of Practice for Design and Construction, 1985. 145 pp.

[10] Comite Euro-International du Beton/Federation Internationale de La

Precontrainte, Paris. CEB-FIP Model Code for Concrete Structures, 3rd edi-

tion, 1978. (English Edition, Cement and Concrete Association, Wexham

Springs).

[11] Standard Association of New Zealand, Wellington. Code of Practice For The

Design of Concrete Structures (NZS 310 : 1982), 1982.

[12] American Concrete Institute, ASCE-ACI Committee 326. Shear Strength and

Diagonal Tension, January, February, and March 1962. (ACT Proceedings,

pp. 1-30, 277-334, and 353-396).

403



[13] American Concrete Institute (ASCE-ACI Committee 426). The Shear Strength

of Reinforced Concrete Members (ACI 426-74) (Re-approved 1980), Detroit,

1974. pp. 111.

[14]J. G. MacGregor. Challenge and changes in the design of concrete structures.

Concrete International: Design & Construction, Vol. 6 (No. 2), February 1984.

pp. 48-52.

[15] Z. P. Bzant and Hsu-Huei Sun. Size effect in diagonal shear failure: Influence

of aggregate size and stirrups. ACI Journal, Vol. 84 (No. 4), July-August 1987.

pp. 259-272.

[16] J. Bobrowski. Origins of Safety in Concrete Structures. PhD thesis, Depart-

ment of Civil Engineering, University of Surrey, June 1982.

[17] G. N. J. Kani. The riddle of shear and its solution. ACI Journal, Proceedings,

Vol. 61 (No. 4), April 1964. pp. 441-467.

[18] G.N. J. Kani. Basic facts concerning shear failure. ACI Journal, Proceedings,

Vol. 63 (No. 6), June 1966. pp. 675-692.

[19] Chu-Kia Wange and C. G. Salmon.	 Reinforced Concrete Design.

Harper & Row, 3rd edition, 1979. 918 pp (pp. 114-115).

[20] J. G. MacGregor, M. A. Sozen, and C. P. Siess. Effect of draped reinforcement

on research of prestressed concrete beams. In ACI proceedings, pages 649-677,

December 1960.

404



[21] M. A. Sozen and N. M. Hawkins. Discussion of: 'Shear and diagonal tension'

by ACI-ASCE Committee 326. ACI Proceedings, Vol. 59 (No. 9), September

1962. pp. 1341-1347.

[22] T. I. Campbell, B. deV. Batchelor, and L. Chitnuyanondh. Web crushing in

concrete girders with prestressing ducts in the web. Journal of Prestressed

Concrete Institute, Vol. 24 (No. 5), September-October 1979. pp. 70-88.

[23] B. Bresler and J. G. MacGregor. Review of concrete beams falling in shear.

Journal of Structural Division, ASCE, Vol. 93 (No. 2), February 1967. pp. 343-

372.

[24] A. Laupa, C. P. Siess, and N. M. Newmark. Strength in shear of reinforced

concrete beams. Bulletin no. 428, Engineering Experiment Station, University

of Illinois, Urbana, Illinois, March 1955.

[25] R. A. Crist. Static and dynamic shear behavior of uniformly reinforced con-

crete deep beams. Technical Report AFWL-TR-71-74, University of New

Mexico at Albuquerque, New Mexico, November 1975.

[26] R. F. Manual. Failure of deep beams. Shear in Reinforced Concrete Vol. 2 (SP-

42), American Concrete Institute, Detroit, 1974. pp. 425-440.

[27] H. P. J. Taylor. Shear strength of large beams. Journal of the Structural

Division, ASCE, Vol. 98 (No. 11), November 1972. pp. 2473-2490.

[28] M. D. Kotsovos. Design of reinforced deep beams. The Structural Engineer,

Vol. 66, 1988. pp. 28-32.

405



[29] K. N. Smith and A.S. Vantsiotis. Formula for the shear strength of deep

beams. ACI Journal, Vol. 79 (No. 3), May-June 1982. pp. 210-213.

[30] S. T. Mau and T. T. C. Hsu. Shear strength prediction for deep beams

with web reinforcement. ACI Structural Journal, Vol. 84 (No. 6), November-

December 1987. pp. 513-523.

[31] S. T. Mau and T. T. C. Hsu. Formula for the shear strength of deep beams.

ACI Structural Journal, Vol. 86 (No. 5), September-October 1989. pp. 516-521.

[32] R. Park and T. Paulay. Reinforced Concrete Structures. John Wiley and Sons,

1975. 769 pp.

[33] H. Nilson and G. Winter. Design of Concrete Structures. Mcgraw-Hill, 11th

edition, 1991. 904 pp.

[34] R. A. Bass, R. L. Carrasquillo, and J. 0. Jirsa. Shear transfer across new

and existing concrete interfaces. ACI Structural Journal, Vol. 86 (No. 4),

July-August 1989. pp. 383-393.

[35] G. Somerville. The behavior and design of reinforced concrete corbels. In

Shear in Reinforced Concrete, pages pp 477-520. American Concrete Institute,

Detroit, Michigan, 1974. Publication No. SP 42-22.

[36] K. Etebar. The Influence of Aggregate Interlock on the Shear Capacity of

Rectangular Reinforced Concrete. PhD thesis, University of Sussex, Sussex,

September 1987.

406



[37] P. Soroushian, 0. Kienuwa, and C. Ki-Bong. Analysis of aggregate interlock

behaviour at cracks in reinforced concrete. Magazine of Concrete Research

(London), Vol. 40 (No. 142), March 1988. pp. 43-49.

[38] S. G. Millard and R. P. Johnson. Shear transfer in cracked reinforced concrete.

Magazine of Concrete Research (London), Vol. 37 (No. 130), March 1985.

pp. 3-15.

[39] J. P. Laible and R. N. White. Experimental investigation of seismic shear

transfer across cracks in concrete nuclear containment vessels. Reinforced

concrete structures in seismic zones, ACT Special Publication SP-53, American

Concrete Institute, Detroit, 1977. pp. 203-226.

[40] R. Jimenez, P. Gergely, and R. N. White. Shear transfer across cracks in

reinforced concrete. Report 78-4, Cornell University, Ithaca (N.Y.), August

1978. 357 pp.

[41] M. N. Fardis and 0. Buyukozturk. Shear transfer model for reinforced con-

crete. Proceedings, ASCE, Vol. 105 (No. EM2), April 1979. pp. 255-275.

[42] J. C. Walraven and H. W. Reinhardt. Theory and experiments on the me-

chanical behaviour of cracks in plain and reinforced concrete subjected to

shear loading. Concrete Mechanics, Part A (Heron), Vol. 26 (No. 1A), 1981.

pp. 1-68.

407



[43] S. G. Millard and R. P. Johnson. Shear transfer across cracks in reinforced

concrete due to aggregate interlock and dowel action. Magazine of Concrete

Research (London), Vol. 36 (No. 126), March 1984. pp. 9-21.

[44] G. Russo, G. Zingone, and G. Puleri. Flexural-Shear interaction model for

longitudinally reinforced beams. ACI Structural Journal, Vol. 88 (No. 1),

January-February 1991. pp. 60-68.

[45] M. D. Kotsovos. Mechanisms of 'shear' failure. Magazine of Concrete Research

(London), Vol. 35 (No. 123), June 1983. pp. 99-105.

[46] B. Bresler and A. C. Scordelis. Shear strength of reinforced concrete beams.

ACI Journal, Proceedings, Vol. 60 (No. 1), January 1963. pp. 51-72.

[47] M. Haddadin, S. T. Hong, and A. H. Mattock. Stirrup effectiveness in rein-

forced concrete beams with axial force. Proceedings, ASCE, Vol. 97 (No. 9),

September 1971. pp. 2277-2297.

[48] A. G. Mphonde and G. C. Frants. Shear tests of high- and low-strength

concrete beams with stirrups. Technical report, American Concrete Institute,

Detroit, 1985. pp. 179-196.

[49] M. N. Palaskas, E. K. Attiogbe, and D. Darwin. Shear strength of lightly

reinforced T-beams. ACI Journal, Proceedings, Vol. 78 (No. 6), November-

December 1981. pp. 447-455.

[50] A. G. Mphonde. Use of stirrup effectiveness in shear design of concrete. ACI

Structural Journal, Vol. 86 (No. 5), September-October 1989. pp. 541-89.

408



[51] R. C. Fenwick. The Shear Strength of Reinforced Concrete beams. PhD thesis,

University of Canterbury, Christchurch, New Zealand, December 1966.

[52] R. C. Fenwick and T. Paulay. Mechanics of shear resistance of concrete beams.

Journal of Structural Division, ASCE, Vol. 94 (No. ST10), October 1968.

pp. 2325-2350.

[53] A. H. Mattock and N. M. Hawkins. Research on shear transfer in reinforced

concrete. PCI Journal, Vol. 17 (No. 2), March-April 1972. pp. 55-75.

[54] H. P. J. Taylor. Investigations of the forces carried across cracks in reinforced

concrete beams in shear by interlock of aggregate. Technical report 42.477,

Cement and Concrete Association, London, England, 1970. 22pp.

[55] CEB-Bulletin d'Information No. 195 and 196, Lausanne. CEB-FEB Model

Code, First Draft, March 1990.

[56] P. E. Regan. Shear in reinforced concrete beams. Magazine of Concrete

Research (London), Vol. 21 (No. 66), March 1969. pp. 31-42.

[57] H. P. J. Taylor. Shear stress in reinforced concrete beams without shear re-

inforcement. Technical report TRA-407, Cement and Concrete Association,

London, February 1968. 23 pp.

[58] A. Belarbi and T. T. C. Hsu. Stirrup stresses in reinforced concrete beams.

ACI Structural Journal, Vol. 87 (No. 5), September-October 1990. pp. 530-538.

409



[59] M. D. Kotsovos. Fracture processes of concrete under generalized stress

state. Materials and Structures, Research and Testing (RILEM, Paris),

Vol. 12 (No. 72), November-December 1979. pp. 431-437.

[60] M. D. Kotsovos and J. B. Newman. Fracture mechanics and concrete behav-

ior. Magazine of Concrete Research (London), Vol. 33 (No. 115), June 1981.

pp. 103-112.

[61] K. S. Rajagopolan and P. N. Ferguson. Exploratory shear tests emphasizing

percentage of longitudinal steel. ACI Journal, Vol. 65 (No. 8), August 1968.

pp. 634-638.

[62] J. C. Walraven. Shear in prestressed concrete members a state-of-the-art re-

port. Bulletin d'information no. 180, Comite Euro-International du Beton,

Paris, April 1987. 144 pp.

[63] T. C. Zsutty. Beam shear strength prediction by analysis of existing data.

ACI Proceedings, Vol. 65 (No. 11), November 1968. pp. 943-952, (Discussion

May 1969, pp. 435-438).

[64] T. C. Zsutty. Shear strength prediction for separate categories of simple beam

tests. ACI Journal Proceedings, Vol. 68 (No. 2), February 1971. pp. 138-143.

[65] A. G. Mphonde and G. C. Frants. Shear strength of high strength reinforced

concrete beams. Report no. CE 84-157, Civil Engineering Department, Uni-

versity of Connecticut, Storrs, June 1984. 260 pp.

410



[66] Y. D. Hamadi and P. E. Regan. Behaviour in shear of beams with flexural

cracks. Magazine of Concrete Research (London), Vol. 32 (No. 111), June

1980. pp. 67-78.

[67] K. Reineck. Model for structural concrete members without transverse rein-

forcement. In the Proceedings of the IABSE Colloquium, Structural Concrete,

pages 643-648, Stuttgart, 1991.

[68] K. Reineck. Ultimate shear force of structural concrete members without

transverse reinforcement derived from a mechanical model. A CI structural

Journal, Vol. 88 (No. 5), September-October 1991. pp. 592-602.

[69] P. E. Regan and A. Placas. Limit-State design for shear in rectangular and T

beams. Magazine of Concrete Research (London), Vol. 22 (No. 73), December

1970. pp. 197-208.

[70] B. C. Jensen. Lines of discontinuity for displacements in the theory of plasticity

of plain and reinforced concrete. Magazine of Concrete Research (London),

Vol. 27 (No. 92), September 1975. pp. 143-150.

[71] B. V. Rangan. Web crushing strength of reinforced and prestressed concrete

beams. ACI Structural Journal, Vol. 88 (No. 1), January-February 1991.

pp. 12-16.

[72] M. W. Braestrup. Plastic analysis of shear in reinforced concrete. Magazine of

Concrete Research (London), Vol. 26 (No. 89), December 1974. pp. 221-228.

411



[73] M. P. Nielsen and M. W. Braestrup. Concrete plasticity. Technical report,

Danish Society for Structural Science and Engineering, December 1976. (Ex-

tract CEB Bulletin 126).

[74] M. P. Nielsen and M. W. Braestrup. Shear strength of concrete beams

without web reinforcement. Magazine of Concrete Research (London),

Vol. 30 (No. 104), September 1978. pp. 119-128.

[75] Z. P. Wizant and Jin-Keun Kim. Size effect in shear failure of longitudinally

reinforced beams. ACI Journal, September-October 1984. pp. 456-468.

[76] K. 0. Kemp and M. T. Al-Safi. An upper-bound rigid plastic solution for

the shear failure of concrete beams without shear reinforcement. Magazine of

Concrete Research (London), Vol. 33 (No. 115), June 1981. pp. 96-102.

[77] N. M. Hawkins, A. N. Wyss, and A. H. Mattock. Fracture analysis of cracking

in concrete beams. Journal of the Structural Division, ASCE, Title ST 5, May

1977. pp. 1015-1030.

[78] P Z. B gzant and M. T. Kazemi. Size effect on diagonal shear failure of beam

without stirrups. ACI Structural Journal, Vol. 88 (No. 3), May-June 1991.

pp. 268-276.

[79] Jin-Keun Kim and Seok-Hong Eo. Size effect in concrete specimens

with dissimilar initial cracks. Magazine of Concrete Research (London),

Vol. 42 (No. 153), December 1990. pp. 233-238.

412



[80] Comite Euro-International du Beton, Paris. Member Design, April 1982. Con-

tributions by CEB-Commission IV to the 22' Plenary Session of CEB, Bul-

letin d'Information No. 146, 225 pp.

[81] W. J. Krefeld and C. W. Thurston. Studies of shear and diagonal tension

strength of simply supported reinforced concrete beams. Journal of the Amer-

ican Concrete Institute, Proceedings, Vol. 63 (No. 4), April 1966. pp. 451-476.

[82] P. S. Chana. Investigation of the mechanism of shear failure of reinforced

concrete beams. Magazine of Concrete Research (London), Vol. 39 (No. 141),

December 1987. pp. 196-204.

[83] P. Marti. Dimensioning and detailing. In the Proceedings of the IABSE Col-

loquium, Structural Concrete, pages 411-443, Stuttgart, 1991.

[84] Z. P. B gzant. Crack band model for fracture of geomaterials. In Proceedings,

4th International Conference on Numerical Methods in Geomechanics, Vol. 3,

pages 1137-1152, Edmonton, 1982. University of Alberta.

[85] Z. P. Wizant and B. H. Oh. Crack band theory for fracture of concrete. Mate-

rials and Structures, Research and Testing (RILEM, Paris), Vol. 16 (No. 93),

May-June 1983. pp. 155-177.

[86] A. Hillerborg. The application of fracture mechanics to concrete. In Conference

on Contemporary European Concrete Research, Stockholm, 9-11 June 1981.

413



[87] J. Bobrowski and B. K. Bardhan-Roy. A method of calculating the ultimate

strength of reinforced and prestressed concrete beams in combined flexural

and shear. The Structural Engineer, Vol. 47 (No. 5), May 1969. pp. 197-209.

[88]J. G. MacGregor and J. M. Hanson. Proposed changes in shear provisions

for reinforced and prestressed concrete beams. ACI Journal Proceedings, 66,

April 1969. pp. 276-288 (Discussion, pp. 849-851).

[89] S. K. Ojha. The shear strength of uniformly loaded beams without web re-

inforcement. Magazine of Concrete Research (London), Vol. 23 (No. 75 - 76),

June-September 1971. pp. 111-118.

[90] H. Ocamura and T. Hagai. Proposed design equation for shear strength of rein-

forced concrete beams without web-reinforcement. Proceedings, Japan Society

of Civil Engineering (Tokyo), No. 300, August 1980. pp. 131-141.

[91] A. Placas and P. E. Regan. Shear failures of reinforced concrete beams. ACI

Proceedings, Vol. 68 (No. 10), October 1971. pp. 763-773.

[92] K. F. Sarsam and J. M. S. Al-Musawi. Shear design of high- and normal

strength concrete beams with web reinforcement. ACI Structural Journal,

Vol. 89 (No. 6), November-December 1992. pp. 658-664.

[93] J. Taub and A. M. Neville. Resistance to shear of reinforced concrete beams,

Parts I St II. ACI Journal Proceedings, Vol. 57 (No. 2), August 1960. pp. 193-

220, No. 3, September 1960, pp. 315-336.

414



[94] R. S. Narayanan. Comparison of design requirements in EC2 and BS 8110.

The Structural Engineer, Vol. 67 (No. 11/6), June 1989. pp. 218-227, and

Discussion Vol. 50 (No. 8), 1972, pp. 309-321).

[95] W. Ritter. Die banweise hennebique. Schweiserische Bauzeitung, Vol. 33,

1899. pp. 59-61.

[96] A. N. Talbot. Tests on reinforced concrete beams. Bulletin no. 14, University

of Illinois, Engineering Experiment Station, 1907.

[97] F. E. Richart. An investigation of web stresses in reinforced concrete beams.

Bulletin No. 166, University of Illinois, Engineering Experimental Station,

1927.

[98] F. Leonhardt. Reducing the shear reinforcement in reinforced concrete beams

and slabs. Magazine of Concrete Research (London), Vol. 17 (No. 53), Decem-

ber 1965. pp. 187-198.

[99] Canadian Standards Association, Rexdale. Design of Concrete Structures for

Building (CAN3-A23.3-M84), 1984. 281 PP.

[100] J. MacGregor. Dimensioning and detailing. In the Proceedings of the IABSE

Colloquium, Structural Concrete, pages 391-409, Stuttgart, 1991.

[101] B. Thiilimann. Shear strength of reinforced and prestressed concrete beams

CEB approach. Technical report, ACI Symposium 1976, Detroit, 1977.

[102] P. Marti. Truss models in detailing. Concrete International, December 1985.

pp. 66-73.

415



[103] J. A. Ramirez and J. E. Breen. Evaluation of a modified truss-model approach

for beams in shear. ACI Structural Journal, Vol. 88 (No. 5), September-

October 1991. pp. 562-571.

[104] K. Kordina, J. Hegger, and M. Teutsch. Shear strength of prestressed con-

crete beams with unbonded tendons. ACI Structural Journal, Vol. 86 (No. 2),

March-April 1989. pp. 143-149.

[105] T. T. C. Hsu. Softened truss model theory for shear and torsion. ACI Struc-

tural Journal, Vol. 85 (No. 6), November-December 1988. pp. 624-635.

[106] A. S. Kuttab and D. Haldane. Detailing for shear with the compressive force

path concept. In the Proceedings of the IABSE Colloquium, Structural Con-

crete, pages 661-666, Stuttgart, 1991.

[107] J. Schlaich and K. Schafer. Design and detailing of structural concrete using

strut-and-tie models. The Structural Engineer, Vol. 69 (No. 6), March 1991.

pp. 74-150.

[108] M. P. Coffins. Towards a rational theory for RC members in shear. Journal

of Structural Division, ASCE, Vol. 104 (No. 4), April 1978. pp. 649-666.

[109] K. Bergmeister, J. E. Breen, and J. 0. Jirsa. Dimensioning of the nodes

and development of reinforcement. In Proceedings of the IABSE Colloquium,

Structural Concrete, pages 551-556, Stuttgart, 1991.

[110] 0. L. Burdet, D. H. Sanders, C.L. Roberts, J. E. Breen, and G. L. Fenves.

Models and tests of anchorage zones of post-tensioning tendons. In the Proceed-

416



ings of the IABSE Colloquium, Structural Concrete, pages 454-550, Stuttgart,

1991.

[111] A. Harisis and M. N. Fardis. Computer aided automatic construction of strut-

and-tie models. In the Proceedings of the IABSE Colloquium, Structural Con-

crete, pages 373-377, Stuttgart, 1991.

[112] J. 0. Jirsa, J. E. Breen, K. Bergmeister, D. Barton, R. Anderson, and

H. Bouadi. Experimental studies on nodes in strut-and-tie models. In the

Proceedings of the IABSE Colloquium, Structural Concrete, pages 325-532,

Stuttgart, 1991.

[113] D. Mitchell and W. D. Cook. Design of disturbed regions. In the Proceedings of

the IABSE Colloquium, Structural Concrete, pages 533-538, Stuttgart, 1991.

[114] K. J. Riickert. Design and analysis with strut-and-tie models-computer-aided

methods. In the Proceedings of the IABSE Colloquium, Structural Concrete,

pages 379-384, Stuttgart, 1991.

[115] A. Windisch. Strut-crack-and-tie model in structural concrete. In the Proceed-

ings of the IABSE Colloquium, Structural Concrete, pages 539-544, Stuttgart,

1991.

[116] W. Zeller. Conclusions from tests on corbels. In the Proceedings of the IABSE

Colloquium, Structural Concrete, pages 577-582, Stuttgart, 1991.

[117] M. D. Kotsovos. Toward a consistent design of structural concrete, Reader

Comments. PCI Journal, November-December 1988. pp. 171-179.

417



[118] F. Vecchio and M. P. Collins. The response of reinforced concrete to in-

plane shear and normal stresses. Technical Report Publication No. 82-03,

Department of Civil Engineering, University of Toronto, March 1982. 332 pp.

[119] F. J. Vecchio and M. P. Coffins. Predicting the response of the reinforced

concrete beams subjected to shear using modified compression theory. ACI

Structural Journal, Vol. 85 (No. 3), May-June 1988. pp. 258-268.

[120] T. T. C. Hsu. Is the 'Staggering Concept' of shear design safe ? ACI Journal,

Vol. 79 (No. 6), November-December 1982. pp. 435-443.

[121] P. Marti. Staggered shear design of simply supported concrete beams. ACI

Journal, Vol. 83 (No. 1), January-February 1986. pp. 36-42.

[122] B. Thfilimann. Plastic analysis of reinforced concrete beams. In the Pro-

ceedings of the IABSE Colloquium on Plasticity in Reinforced Concrete, pages

71-90, Copenhagen, 1979.

[123] T. I. Campbell, L. Chitnuyanondh, and B. deV. Batchelor. Rigid plastic

theory v. truss analogy method for calculating the shear strength of reinforced

concrete beams. Magazine of Concrete Research (London), Vol. 32 (No. 110),

March 1980. pp. 39-44.

[124] G. N. J. Kani. A rational theory for the function of web reinforcement. ACI

Journal, Proceedings, Vol. 66 (No. 3), March 1969. pp. 185-197.

418



[125] M. D. Kotsovos. Deformation and failure of concrete in a structure. In In-

ternational Conference of Concrete Under Multiaxial Conditions, Toulouse,

1984.

[126] M. D. Kotsovos and J. Bobrowski. Design model for structural concrete

based on the concept of the compressive force path. ACI Structural Jour-

nal, Vol. 90 (No. 1), January-February 1993. pp. 12-20.

[127] M. D. Kotsovos. Behavior of beams with shear span-to-depth ratios greater

than 2.5. ACI Journal, Vol. 83 (No. 6), November-December 1986. pp. 1026-

1034.

[128] M. D. Kotsovos and I. Lefas. Behavior of reinforced concrete beams designed

in compliance with the concept of compressive force path. ACI Structural

Journal, Vol. 87 (No. 2), March-April 1990. pp. 127-139.

[129] M. D . Kotsovos. Consideration of triaxial stress condition in design: A ne-

cessity. ACI Structural Journal, Vol. 84 (No. 3), May-June 1987. pp. 263-273.

[130] X. Su and D. Keenlyside. Test series '1' beams. Interim report, Department

of Civil and Offshore Engineering, Heriot-Watt University, Edinburgh, April

1991.

[131] M. D. Kotsovos. A fundamental explanation of the behavior of reinforced

concrete beam in flexure based on the properties of concrete under multiaxial

stress. Materials and Structures, Vol. 15 , 1982. pp. 529-537.

419



[132] M. D. Kotsovos and H. K. Cheong. Applicability of test specimen results

for the description of the behaviour of concrete in a structure. ACI Journal,

Vol. 81 (No. 4), July-August 1984. pp. 358-363.

[133] G. D. Base and J. B. Read. Effectiveness of helical binding in the compression

zone of concrete beams. ACI Journal, Vol. 62 (No. 4), July 1965. pp. 763-781.

[134] K. W. Nasser, A. Acavalos, and H. R. Daniel. Behaviour and design of large

openings in reinforced concrete beams. ACI Journal, Vol. 64 (No. 1), January

1967. pp. 25-33.

[135] R. M. Barker. Discussion of: 'Behaviour and design of large openings in

reinforced concrete beams' by Nasser, et. al. ACI Journal, Disc. 64-3, July

1967. pp. 418-419.

[136] P. Kocsis. Discussion of: 'Behaviour and design of large openings in reinforced

concrete beams' by Nasser, et. al. ACI Journal, Disc. 64-3, July 1967. pp. 419-

421.

[137] G. B. Barney, W. G. Corley, J. M. Hanson, and Parmelee R. A. Behavior and

design of prestressed concrete beams with large web openings. PCI Journal,

Vol. 22 (No. 6), November-December 1977. pp. 32-61.

[138] Z. S. Abu Hassanein and H. Skik. Shear design of simple beams based on mul-

tiaxial state of stress. Final Year Dissertation, Civil Engineering Department,

Birzeit University, West-Bank, June 1987.

420



[139] G. N. J. Kani. How safe are our large reinforced concrete beams ? ACI

Journal, Proceedings, Vol. 64 (No. 3), March 1967. pp. 128-141.

[140] F. K. Kon and R. H. Evans. Reinforced and Prestressed Concrete. Chapman

and Hall Ltd, London, 3 rd edition, 1987. 508 pp.

[141] G. Somerville. Concrete structures: what next? Technical Report BCA

Reprint2/90, British Cement Association, Wexham Springs, July 1990. 14 pp.

[142] S. U. Pillai and D. W. Kirk. Reinforced Concrete Design. McGraw-Hill,

Ryerson Limited, 2' edition, 1988. 641 pp.

[143] F. Leonhardt and R. Walther. The Stuttgart shear tests, 1961; Contribution

to the treatment of the problems of shear in reinforced concrete construction.

Translation no. 111, Cement and Concrete Association, London, England,

1964.

[144] M. D. Kotsovos. Behavior of reinforced concrete beams with a shear span to

depth ratio between 1.0 and 2.5. ACI Journal, Vol. 81 (No. 3), May-June

1984. pp. 279-286.

[145] M. D. Kotsovos and J. B. Newman. Behaviour of concrete under multiaxial

stress. ACI Journal, Vol. 74 (No. 9), September 1977. pp. 443-446.

[146] Gerstle et. al. Strength of concrete under multiaxial stress state. Special

Publication No. S.P. 55-5, American Concrete Institute, Detroit, 1976. pp. 103-

131 pp.

421



[147] J. Linhua, H. Dahai, and X. Nianxiang. Behaviour of concrete under

triaxial compressive-compressive tensile stresses. ACI Material Journal,

Vol. 88 (No. 2), March-April 1991. pp. 181-185.

[148] S. H. Ahmad and D. M. Lue. Flexural-Shear interaction of reinforced high-

strength concrete beams. ACI Structural Journal, Vol. 84 (No. 4), July-August

1987. pp. 330-341.

[149] A. B. Ghee, M. J. N. Priestly, and T. Paulay. Seismic shear strength of

circular reinforced concrete columns. ACI Structural Journal, Vol. 86 (No. 1),

January-February 1989. pp. 45-59.

[150] R. D. de Cossio and S. Loera. Discussion of "Basic facts concerning shear

failure, by G. N. Kani. ACI Journal, Proceedings, Vol. 63 (No. 12), December

1966. pp. 1511-1514.

[151] T. Krauthammer and W. J. Hall. Modified analysis of reinforced concrete

beams. Proceedings, ASCE, Vol. 108 (No. ST2), February 1982. pp. 457-474.

[152] A. Arroyo, N. Holland, T. Krauthammer, and Authors,. Discussion of:

'Flexure-shear interaction of reinforced high-strength concrete beams' by S.

Ahmad and D. M. Lue. ACI Structural Journal, Vol. 85 (No. 3), May-June

1988. pp. 354-358.

[153] T. Krauthammer, S. Shahriar, and H. M. Shanaa. Analysis of reinforced con-

crete beams subjected to severe concentrated loads. ACI Structural Journal,

Vol. 84 (No. 6), November-December 1987. pp. 473-480.

422



[154] S. Sheikh. A comparative study of confinement models. ACI Journal,

Vol. 79 (No. 4), July-August 1982. pp. 296-306.

[155] K. Sakai and S. Sheikh. What do we know about confinement in reinforced

concrete columns? (A critical review of previous work and Code provisions.

ACI Structural Journal, Vol. 86 (No. 3), March-April 1989. pp. 192-207.

[156] F. E. Richart, A. Brandtzaeg, and R. L. Brown. The failure of plain and

spirally reinforced concrete in compression. Bulletin no. 1909, University of

Illinois, Engineering Experimental Station, 1927. 74 pp.

[157] Gerstle et. al. Behaviour of concrete under multiaxial stress states. ASCE

Journal, Vol. 106 (No. EM6), December 1980. pp. 1383-1403.

[158] M. Sargin. Stress-Strain relationships for concrete and the analysis of struc-

tural concrete sections. Solid Mechanics Division Study No. 4, University of

Waterloo, 1971. 167 pp.

[159] S. H. Ahmad and S. P. Shah. Stress-Strain curves of concrete confined by

spiral reinforcement. A CI Journal, Vol. 79 (No. 6), November-December 1982.

pp. 484-490.

[160] J. B. Mander, M. J. N. Priestley, and R. Park. Observed stress-strain be-

haviour of confined concrete. Journal of Structural Engineering, ASCE,

Vol. 114 (No. 8), August 1988. pp. 1827-1849.

423



[161] R. Park, N. Priestley, and W. Gill. Ductility of square-confined con-

crete columns. Journal of the Structural Division, ASCE, Proceedings,

Vol. 108 (No. ST4), April 1982. pp 929-950.

[162] R. Park. Ductility of structural concrete. In the Proceedings of the IABSE

Colloquium, Structural Concrete, pages 445-456, Stuttgart, 1991.

[163] S. Sheikh and S. M. Uzumeri. Strength and ductility of tied concrete columns.

Journal of the Structural Division, Proceedings, ASCE, Vol. 106 (No. ST5),

May 1980. pp. 1079-1102.

[164] H. Muguruma, F. Watanabe, H. Tanaka, K. Sakurai, and E. Nakamura. Effect

of confinement by high yield strength hoop reinforcement upon the compressive

ductility of concrete. In The 22nd Japan Congress on Material Research, pages

377-382, March 1979.

[165] E. Ben-Zvi, G. Muller, and I. Rosenthal. Effect of active triaxial stress on

strength of concrete elements. ACI Publication, SP-13, Paper No. 9, 1966.

[166] M. Saatcioglu and S. Razvi. Strength and ductility of confined concrete. Jour-

nal of Structural Engineering, ASCE, Vol. 118 (No. 6), June 1992. pp. 1590-

1607.

[167] H. Abdel-Fattah and S. H. Ahmad. Behaviour of hoop-confined high-strength

concrete under axial and shear loads. ACI Journal, Vol. 86 (No. 6), November-

December 1989. pp. 652-659.

424



[168] S. H. Ahmad and S. P. Shah. Behaviour of hoop confined concrete under

high strain rates. ACI Journal, Vol. 82 (No. 5), September-October 1985.

pp. 634-647.

[169] S. H. Ahmad and H. Abdel-Fattah. A rational model for the stress-strain

relationship of circular hoop-confined concrete. Magazine of Concrete Research

(London), Vol. 43 (No. 154), March 1991. pp. 23-28.

[170] A. Fafitis and S. P. Shah. Prediction of ultimate behaviour of confined columns

subjected to large deformations. ACI Journal, Vol. 82 (No. 4), July-August

1985. pp. 423-433.

[171] K. T. S. R. Iyengar, P. Desayi, and K. N. Reddy. Stress-Strain characteristics

of concrete confined in steel binders. Magazine of Concrete Research (London),

Vol. 22 (No. 72), September 1970. pp. 173-184.

[172] J. B. Mander, M. J. N. Priestley, and R. Park. Theoretical stress-strain

model for confined concrete. Journal of Structural Engineering, ASCE,

Vol. 114 (No. 8), August 1988. pp. 1804-1826.

[173] B. D. Scott, R. Park, and J. N. Priestley. Stress-strain behaviour of concrete

confined by overlapping hoops at low and high strain rates. A CI Journal,

Vol. 79 (No. 1), January-February 1982. pp. 13-27.

[174] S. Sheikh and S. M. Uzumeri. Analytical model for concrete confinement

in tied columns. Journal of the Structural Division, Proceedings, ASCE,

Vol. 108 (No. ST12), December 1982. pp. 2703-2722.

425



[175] S. Sheikh and C. Yeh. Flexural behaviour of confined concrete columns. ACI

Journal, Vol. 83 (No. 3), May-June 1986. pp. 389-404.

[176] S. Sheikh, C. Yeh, and S. Khoury. Concrete strength in tied columns. ACI

Structural Journal, Vol. 87 (No. 4), July-August 1990. pp.379-385.

[177] S. Sheikh and C. Yeh. Tied concrete columns under axial load and flexure.

Journal of Structural Engineering, ASCE, Vol. 116 (No. 10), October 1990.

pp. 2780-2800.

[178] S. Sheikh and C. Yeh. Analytical moment-curvature relations for tied concrete

columns. Journal of Structural Engineering, ASCE, Vol. 118 (No. 2), February

1992. pp. 529-544.

[179] E. Hognestad, N. W. Hanson, and D. MacHenry. Concrete stress distribu-

tion in ultimate strength design. ACI Journal, Proceedings, Vol. 52 (No. 4),

December 1955. pp. 455-480.

[180] I. D. Karsan and J. J. Jirsa. Behaviour of concrete under varying strain

gradient. Proceedings, ASCE, Vol. 96 (No. St8), August 1970. pp. 1675-1696.

[181] G. M. Sturman, S. P. Shah, and G. Winter. Effects of flexural strain gra-

dients on the microcracking and strain behaviour of concrete. ACI Journal,

Proceedings, Vol. 62 (No. 6), July 1965. pp. 805-822.

[182] A. H. Elzanati, A. H. Nilson, and F. 0. Slate. Shear capacity of reinforced

concrete beams using high-strength concrete. ACI Journal, Vol. 83 (No. 2),

March-April 1986. pp. 290-296.

426



[183] M. K. Kaufman and J. A. Ramirez. Re-evaluation of the ultimate shear

strength behavior of high-strength concrete prestressed I-beams. ACI Struc-

tural Journal, Vol. 85 (No. 3), May-June 1988. pp. 295-303.

[184] J. E. Bower and I. M. Viest. Shear strength of restrained concrete beams

without web reinforcement. ACI proceedings, Vol. 57, July 1960. pp. 73-98.

[185] A. P. Clark. Diagonal tension in reinforced concrete beams. ACI Journal,

Vol. 48 (No. 10), 1951. pp. 145-156.

[186] P. M. Ferguson. Reinforced Concrete Fundamentals. John Wiley and Sons,

New York, N. Y., 4rd edition, 1979.

[187] K. T. S. R. Iyengar, B. V. Rangan, and R. Paloniswamy. Some factors affecting

shear strength of reinforced concrete beams. Indian Concrete Journal, V. 42,

December 1968. pp. 499-505.

[188] J. Morrow and I. M. Viest. Shear strength of reinforced concrete frame mem-

bers without web reinforcement. ACI Journal Proceedings, Vol. 53 (No. 9),

March 1957. pp. 833-869.

[189] R. Mathey and D. Watstein. Shear strength of beams without web rein-

forcement containing deformed bars of different yield strength. ACI Journal,

Vol. 60 (No. 2), February 1963. pp. 183-208.

[190] K. G. Moody. Shear strength of reinforced concrete beam-Parts 1, and 2. ACI

Journal, Proceedings, Vol. 51 (No. 4), December 1954. pp. 317-332, and No. 5,

June 1955, pp. 417-434.

427



[191] A. H. Mattock. Diagonal tension cracking in concrete beams with axial forces.

Journal of Structural Division, ASCE, Proceedings, Vol. 95 (No. ST9), Septem-

ber 1969. pp. 1887-1900.

[192] R. Taylor. Some shear test on reinforced concrete beams without shear rein-

forcement. Magazine of Concrete Research (London), Vol. 12 (No. 36), 1960.

pp. 145-154.

[193] J. Cairns and Z. Zhao. Behaviour of concrete beams with exposed reinforce-

ment. Proceedings, Institution of Civil Engineers, Structural & Buildings,

Vol. 99 (Issue 2), May 1993. pp. 141-154.

[194] R. D. de Cossio. Discussion of Shear and diagonal tension paper by ACI-ASCE

Committee 326. ACI Journal, Proceedings, Vol. 59 (No. 9), September 1962.

pp. 1323-1332.

[195] M. D. Kotsovos, J. Bobrowski, and J. Ebl. Behaviour of R. C. T-beams in

shear. The Structural Engineer, Vol. 65B, 1987. pp. 1-10.

[196] S. Seraj. Compressive Force Path Concept. PhD thesis, Imperial College, 1991.

[197] C. F. Scribner and D. R. Wilhelm. Behavior of T-beam sections with varied

shear reinforcement. ACI Journal, Title No. 79-15, March-April 1982. pp. 139-

146.

[198] J. Taub and A. M. Neville. Shear strength of reinforced concrete beams loaded

through framed in cross beams. In 6th Congress of the International Associa-

428



tion for Bridge and Structural Engineering, pages 77-84, Stockholm, June-July

1960. (Preliminary Publication).

[199] N. S. Anderson and J. A. Ramirez. Detailing of stirrup reinforcement. ACI

Structural Journal, Vol. 86 (No. 5), September-October 1989. pp. 507-515.

[200] S. A. Kiger, S. C. Woodson, and F. D. Dallriva. Role of shear reinforcement in

large-deflection behaviour. ACI Structural Journal, Vol. 86 (No. 6), November-

December 1989. pp. 664-671.

[201] M. M. Ziara. Size effect. Interim report, Department of Civil and Offshore

Engineering, Heriot-Watt University, Edinburgh, January 1992. 36 pp.

[202] T. S. Chang and C. E. Kesler. Static and fatigue strength in shear of beams

with tensile reinforcement. ACI Journal, Proceedings, Vol. 54 (No. 12), June

1958. pp. 1033-1057.

[203] M. Lorentsen. Theory for the combined action of bending moment and shear

in reinforced and prestressed concrete beams. ACI Journal, Proceedings,

Vol. 62 (No. 4), April 1965. pp. 403-420.

[204] Z. Y. Alami and P. M. Ferguson. Accuracy of models used in research on

reinforced concrete. ACI Journal, Proceedings, Vol. 60 (No. 11), November

1963. pp. 1643-1663.

[205] J. G. MacGregor. Discussion of: 'How safe are our large reinforced concrete

beams ?' by G. N. J. Kani. ACI Journal, Proceedings, Vol. 64 (No. 9),

September 1967. pp. 603-604.

429



[206] J. C. Walraven. The influence of depth on the shear strength of light weight

concrete beams without shear reinforcement. Report no. 5-78-4, Stevin Lab-

oratory, Delft University of Technology, 1978. 36 pp.

[207] R. M. Swamy and S. A. Qureshi. Strength, cracking, and deformation simili-

tude in reinforced T-beams under bending and shear. ACI Journal, Proceed-

ings, Vol. 68 (No. 3), March 1971. pp. 187-195.

[208] P. S. Chana. Some aspects of modeling the behaviour of reinforced concrete

under shear loading. Technical Report No. 543, Cement and Concrete Asso-

ciation, Wexham Springs, July 1981. 22 pp.

[209] H. W. Reinhardt. Similitude of fracture of structural concrete. In Advanced

Mechanics of Reinforced Concrete, IABSE Colloquium, pages 175-184, Delft,

1981.

[210] Z. P. Bizant and Jin-Keun Kim. Author's Closure to Discussion of 'Size effect

in shear failure of longitudinally reinforced beams'. A CI Journal, Proceedings,

Vol. 81 (No. 4), July-August 1985. pp. 580-583.

[211] P. J. Gustafsson and A. Hillerborg. Sensitivity in shear strength of longitudi-

nally reinforced concrete beams to fracture energy of concrete. ACI Structural

Journal, Vol. 85 (No. 3), May-June 1988. pp. 286-294.

[212] A. Hillerborg. Results of three comparative test series for determining the frac-

ture energy GF of concrete. Materials and Structures, Research and Testing

(RILEM, Paris), Vol. 18 (No. 107), September-October 1985. pp. 407-413.

430



[213] M. E. Raiss, J. W. Dougill, and J. B. Newman. Development of fracture process

zones in concrete. Magazine of Concrete Research (London), Vol. 42(No. 153),

December 1990. pp. 193-202.

[214] S. H. Ahmad, A. R. Khaloo, and A. Poveda. Shear capacity of reinforced

high-strength concrete beams. ACI Journal, Vol. 83 (No. 2), March-April

1986. pp. 297-305.

[215] J. Roller and H. G. Russell. Shear strength of high strength concrete beams

with web reinforcement. A CI Structural Journal, Vol. 87 (No. 2), March-April

1990. pp. 191-198.

[216] L. J. Parrott. A literature review of high strength concrete properties. Tech-

nical report, British Cement Association, Wexham Springs, January 1988.

87 pp.

[217] K. G. Moody. An investigation of reinforced concrete beams failing in shear.

University of Illinois, Department of Theoretical and Applied Mechanics, June

1953.

[218] F. J. Van der Berg. Shear strength of reinforced concrete beams without shear

reinforcement. Part 2," ACI Journal, Proceedings, Vol. 59 (No. 11), November

1962. pp. 1587-1600.

[219] A. G. Mphonde and G. C. Frants. Shear test of high- and low-strength concrete

beams without stirrups. ACI Journal, Vol. 81 (No. 4), July-August 1984.

pp. 350-357.

431



[220] M. K. Johnson and J. A. Ramirez. Minimum shear reinforcement in beams

with higher strength concrete. ACI Structural Journal, Vol. 86 (No. 4), July-

August 1989. pp. 376-382.

[221] S. M. Morales. Spirally-reinforced high-strength concrete columns. Report

no. 82-10, Cornell University, Ithaca, August 1982. 255 pp.

[222] M. A. Salandra and S. H. Ahmad. Shear capacity of reinforced concrete light

weight high-strength concrete beams. ACI Structural Journal, Vol. 86 (No. 6),

November-December 1989. pp. 697-704.

[223] N. G. Bunni. Discussion of Stress-Strain behavior of concrete confined by

overlapping hoops at low and high strain rates, Paper by B. D. Scott, R. Park,

and M. J. N. Priestley. ACI Journal, November-December 1982. pp. 496-498.

[224] S. T. Mau. Effect of tie spacing on inelastic buckling of reinforcing bars. ACI

Structural Journal, Vol. 87 (No. 6), November-December 1990. pp. 671-677.

[225] M. M. Ziara, D. Haldane, and A. S. Kuttab. Shear and flexural strengths

resulting from confinement of the compression regions in circular sec-

tion structural concrete beams. Magazine of Concrete Research (London),

Vol. 45 (No. 164), September 1993. pp. 211-219.

[226] M. J. F. Capon and R. D. de Cossio. Diagonal tension in concrete members of

circular section. Ingenieria, April 1965. pp. 257-280. (Translation by Portland

Cement Association, Foreign Literature Study No. 466).

432



[227] J. U. Khalifa and M. P. Collins. Circular concrete members subjected to shear.

Publication no. 81-08, Department of Civil Engineering, University of Toronto,

December 1981. 103 pp.

[228] Y. Xiao, M. Tomii, and K. Sakino. Experimental study of the design method

to prevent the shear failure of reinforced concrete short circular columns by

confining in steel tube. Translations of the Japan Concrete Institute, Vol. 8,

1986. pp. 535-542.

[229] J. L. Clarke and F. K. Birjandi. The behaviour of reinforced concrete circular

sections in shear. The Structural Engineer, Vol. 71 (No. 5/2), March 1993.

pp. 73-81.

[230] D. C. Teychenne, R. E. Franklin, and H. C. Erntroy. Design of Normal Con-

crete Mixes. Department of the Environment (Revised edition), London, 1988.

42 pp.

[231] British Standards Institution. BS EN 10 002-1: 1990, British Standard, Ten-

sile Tests of Metallic Materials, Part 1, Method of Test at Ambient Tempera-

ture, 1990.

[232] P. C. Hewlett, C. Chem, and R. Edmeades. Superplasticised concrete: Part 1,

Concrete Society Current Practice Sheet No. 94. Concrete, April 1984. pp. 31-

32.

433



[233] P. C. Hewlett, C. Chem, and R. Edmeades. Superplasticised concrete: Part 2,

Concrete Society Current Practice Sheet No. 95. Concrete, May 1984. pp. 31-

32.

[234] S. R. Davalath and K. S. Madugula. Analysis/design of reinforced concrete

circular cross section. ACI Structural Journal, Vol. 85 (No. 6), November-

December 1988. pp. 617-623.

[235] T. Brq5ndum-Nielsen. Ultimate flexural capacity of circular and annular

cracked concrete sections. ACI Structural Journal, Vol. 85 (No. 4), July-

August 1988. pp. 437-441.

[236] G. R. Sigmon and S. H. Ahmad. Flexural rigidity of circular reinforced concrete

sections. ACI Structural Journal, Vol. 87 (No. 5), September-October 1990.

pp. 548-556.

[237] M. M. Ziara. Testing of the circular section. Research report no. 01-cir-

92, Department of Civil and Offshore Engineering, Heriot-Watt University,

Edinburgh, May 1992. 111 pp.

434


	DX191807_1_0001.tif
	DX191807_1_0003.tif
	DX191807_1_0005.tif
	DX191807_1_0007.tif
	DX191807_1_0009.tif
	DX191807_1_0011.tif
	DX191807_1_0013.tif
	DX191807_1_0015.tif
	DX191807_1_0017.tif
	DX191807_1_0019.tif
	DX191807_1_0021.tif
	DX191807_1_0023.tif
	DX191807_1_0025.tif
	DX191807_1_0027.tif
	DX191807_1_0029.tif
	DX191807_1_0031.tif
	DX191807_1_0033.tif
	DX191807_1_0035.tif
	DX191807_1_0037.tif
	DX191807_1_0039.tif
	DX191807_1_0041.tif
	DX191807_1_0043.tif
	DX191807_1_0045.tif
	DX191807_1_0047.tif
	DX191807_1_0049.tif
	DX191807_1_0051.tif
	DX191807_1_0053.tif
	DX191807_1_0055.tif
	DX191807_1_0057.tif
	DX191807_1_0059.tif
	DX191807_1_0061.tif
	DX191807_1_0063.tif
	DX191807_1_0065.tif
	DX191807_1_0067.tif
	DX191807_1_0069.tif
	DX191807_1_0071.tif
	DX191807_1_0073.tif
	DX191807_1_0075.tif
	DX191807_1_0077.tif
	DX191807_1_0079.tif
	DX191807_1_0081.tif
	DX191807_1_0083.tif
	DX191807_1_0085.tif
	DX191807_1_0087.tif
	DX191807_1_0089.tif
	DX191807_1_0091.tif
	DX191807_1_0093.tif
	DX191807_1_0095.tif
	DX191807_1_0097.tif
	DX191807_1_0099.tif
	DX191807_1_0101.tif
	DX191807_1_0103.tif
	DX191807_1_0105.tif
	DX191807_1_0107.tif
	DX191807_1_0109.tif
	DX191807_1_0111.tif
	DX191807_1_0113.tif
	DX191807_1_0115.tif
	DX191807_1_0117.tif
	DX191807_1_0119.tif
	DX191807_1_0121.tif
	DX191807_1_0123.tif
	DX191807_1_0125.tif
	DX191807_1_0127.tif
	DX191807_1_0129.tif
	DX191807_1_0131.tif
	DX191807_1_0133.tif
	DX191807_1_0135.tif
	DX191807_1_0137.tif
	DX191807_1_0139.tif
	DX191807_1_0141.tif
	DX191807_1_0143.tif
	DX191807_1_0145.tif
	DX191807_1_0147.tif
	DX191807_1_0149.tif
	DX191807_1_0151.tif
	DX191807_1_0153.tif
	DX191807_1_0155.tif
	DX191807_1_0157.tif
	DX191807_1_0159.tif
	DX191807_1_0161.tif
	DX191807_1_0163.tif
	DX191807_1_0165.tif
	DX191807_1_0167.tif
	DX191807_1_0169.tif
	DX191807_1_0171.tif
	DX191807_1_0173.tif
	DX191807_1_0175.tif
	DX191807_1_0177.tif
	DX191807_1_0179.tif
	DX191807_1_0181.tif
	DX191807_1_0183.tif
	DX191807_1_0185.tif
	DX191807_1_0187.tif
	DX191807_1_0189.tif
	DX191807_1_0191.tif
	DX191807_1_0193.tif
	DX191807_1_0195.tif
	DX191807_1_0197.tif
	DX191807_1_0199.tif
	DX191807_1_0201.tif
	DX191807_1_0203.tif
	DX191807_1_0205.tif
	DX191807_1_0207.tif
	DX191807_1_0209.tif
	DX191807_1_0211.tif
	DX191807_1_0213.tif
	DX191807_1_0215.tif
	DX191807_1_0217.tif
	DX191807_1_0219.tif
	DX191807_1_0221.tif
	DX191807_1_0223.tif
	DX191807_1_0225.tif
	DX191807_1_0227.tif
	DX191807_1_0229.tif
	DX191807_1_0231.tif
	DX191807_1_0233.tif
	DX191807_1_0235.tif
	DX191807_1_0237.tif
	DX191807_1_0239.tif
	DX191807_1_0241.tif
	DX191807_1_0243.tif
	DX191807_1_0245.tif
	DX191807_1_0247.tif
	DX191807_1_0249.tif
	DX191807_1_0251.tif
	DX191807_1_0253.tif
	DX191807_1_0255.tif
	DX191807_1_0257.tif
	DX191807_1_0259.tif
	DX191807_1_0261.tif
	DX191807_1_0263.tif
	DX191807_1_0265.tif
	DX191807_1_0267.tif
	DX191807_1_0269.tif
	DX191807_1_0271.tif
	DX191807_1_0273.tif
	DX191807_1_0275.tif
	DX191807_1_0277.tif
	DX191807_1_0279.tif
	DX191807_1_0281.tif
	DX191807_1_0283.tif
	DX191807_1_0285.tif
	DX191807_1_0287.tif
	DX191807_1_0289.tif
	DX191807_1_0291.tif
	DX191807_1_0293.tif
	DX191807_1_0295.tif
	DX191807_1_0297.tif
	DX191807_1_0299.tif
	DX191807_1_0301.tif
	DX191807_1_0303.tif
	DX191807_1_0305.tif
	DX191807_1_0307.tif
	DX191807_1_0309.tif
	DX191807_1_0311.tif
	DX191807_1_0313.tif
	DX191807_1_0315.tif
	DX191807_1_0317.tif
	DX191807_1_0319.tif
	DX191807_1_0321.tif
	DX191807_1_0323.tif
	DX191807_1_0325.tif
	DX191807_1_0327.tif
	DX191807_1_0329.tif
	DX191807_1_0331.tif
	DX191807_1_0333.tif
	DX191807_1_0335.tif
	DX191807_1_0337.tif
	DX191807_1_0339.tif
	DX191807_1_0341.tif
	DX191807_1_0343.tif
	DX191807_1_0345.tif
	DX191807_1_0347.tif
	DX191807_1_0349.tif
	DX191807_1_0351.tif
	DX191807_1_0353.tif
	DX191807_1_0355.tif
	DX191807_1_0357.tif
	DX191807_1_0359.tif
	DX191807_1_0361.tif
	DX191807_1_0363.tif
	DX191807_1_0365.tif
	DX191807_1_0367.tif
	DX191807_1_0369.tif
	DX191807_1_0371.tif
	DX191807_1_0373.tif
	DX191807_1_0375.tif
	DX191807_1_0377.tif
	DX191807_1_0379.tif
	DX191807_1_0381.tif
	DX191807_1_0383.tif
	DX191807_1_0385.tif
	DX191807_1_0387.tif
	DX191807_1_0389.tif
	DX191807_1_0391.tif
	DX191807_1_0393.tif
	DX191807_1_0395.tif
	DX191807_1_0397.tif
	DX191807_1_0399.tif
	DX191807_1_0401.tif
	DX191807_1_0403.tif
	DX191807_1_0405.tif
	DX191807_1_0407.tif
	DX191807_1_0409.tif
	DX191807_1_0411.tif
	DX191807_1_0413.tif
	DX191807_1_0415.tif
	DX191807_1_0417.tif
	DX191807_1_0419.tif
	DX191807_1_0421.tif
	DX191807_1_0423.tif
	DX191807_1_0425.tif
	DX191807_1_0427.tif
	DX191807_1_0429.tif
	DX191807_1_0431.tif
	DX191807_1_0433.tif
	DX191807_1_0435.tif
	DX191807_1_0437.tif
	DX191807_1_0439.tif
	DX191807_1_0441.tif
	DX191807_1_0443.tif
	DX191807_1_0445.tif
	DX191807_1_0447.tif
	DX191807_1_0449.tif
	DX191807_1_0451.tif
	DX191807_1_0453.tif
	DX191807_1_0455.tif
	DX191807_1_0457.tif
	DX191807_1_0459.tif
	DX191807_1_0461.tif
	DX191807_1_0463.tif
	DX191807_1_0465.tif
	DX191807_1_0467.tif
	DX191807_1_0469.tif
	DX191807_1_0471.tif
	DX191807_1_0473.tif
	DX191807_1_0475.tif
	DX191807_1_0477.tif
	DX191807_1_0479.tif
	DX191807_1_0481.tif
	DX191807_1_0483.tif
	DX191807_1_0485.tif
	DX191807_1_0487.tif
	DX191807_1_0489.tif
	DX191807_1_0491.tif
	DX191807_1_0493.tif
	DX191807_1_0495.tif
	DX191807_1_0497.tif
	DX191807_1_0499.tif
	DX191807_1_0501.tif
	DX191807_1_0503.tif
	DX191807_1_0505.tif
	DX191807_1_0507.tif
	DX191807_1_0509.tif
	DX191807_1_0511.tif
	DX191807_1_0513.tif
	DX191807_1_0515.tif
	DX191807_1_0517.tif
	DX191807_1_0519.tif
	DX191807_1_0521.tif
	DX191807_1_0523.tif
	DX191807_1_0525.tif
	DX191807_1_0527.tif
	DX191807_1_0529.tif
	DX191807_1_0531.tif
	DX191807_1_0533.tif
	DX191807_1_0535.tif
	DX191807_1_0537.tif
	DX191807_1_0539.tif
	DX191807_1_0541.tif
	DX191807_1_0543.tif
	DX191807_1_0545.tif
	DX191807_1_0547.tif
	DX191807_1_0549.tif
	DX191807_1_0551.tif
	DX191807_1_0553.tif
	DX191807_1_0555.tif
	DX191807_1_0557.tif
	DX191807_1_0559.tif
	DX191807_1_0561.tif
	DX191807_1_0563.tif
	DX191807_1_0565.tif
	DX191807_1_0567.tif
	DX191807_1_0569.tif
	DX191807_1_0571.tif
	DX191807_1_0573.tif
	DX191807_1_0575.tif
	DX191807_1_0577.tif
	DX191807_1_0579.tif
	DX191807_1_0581.tif
	DX191807_1_0583.tif
	DX191807_1_0585.tif
	DX191807_1_0587.tif
	DX191807_1_0589.tif
	DX191807_1_0591.tif
	DX191807_1_0593.tif
	DX191807_1_0595.tif
	DX191807_1_0597.tif
	DX191807_1_0599.tif
	DX191807_1_0601.tif
	DX191807_1_0603.tif
	DX191807_1_0605.tif
	DX191807_1_0607.tif
	DX191807_1_0609.tif
	DX191807_1_0611.tif
	DX191807_1_0613.tif
	DX191807_1_0615.tif
	DX191807_1_0617.tif
	DX191807_1_0619.tif
	DX191807_1_0621.tif
	DX191807_1_0623.tif
	DX191807_1_0625.tif
	DX191807_1_0627.tif
	DX191807_1_0629.tif
	DX191807_1_0631.tif
	DX191807_1_0633.tif
	DX191807_1_0635.tif
	DX191807_1_0637.tif
	DX191807_1_0639.tif
	DX191807_1_0641.tif
	DX191807_1_0643.tif
	DX191807_1_0645.tif
	DX191807_1_0647.tif
	DX191807_1_0649.tif
	DX191807_1_0651.tif
	DX191807_1_0653.tif
	DX191807_1_0655.tif
	DX191807_1_0657.tif
	DX191807_1_0659.tif
	DX191807_1_0661.tif
	DX191807_1_0663.tif
	DX191807_1_0665.tif
	DX191807_1_0667.tif
	DX191807_1_0669.tif
	DX191807_1_0671.tif
	DX191807_1_0673.tif
	DX191807_1_0675.tif
	DX191807_1_0677.tif
	DX191807_1_0679.tif
	DX191807_1_0681.tif
	DX191807_1_0683.tif
	DX191807_1_0685.tif
	DX191807_1_0687.tif
	DX191807_1_0689.tif
	DX191807_1_0691.tif
	DX191807_1_0693.tif
	DX191807_1_0695.tif
	DX191807_1_0697.tif
	DX191807_1_0699.tif
	DX191807_1_0701.tif
	DX191807_1_0703.tif
	DX191807_1_0705.tif
	DX191807_1_0707.tif
	DX191807_1_0709.tif
	DX191807_1_0711.tif
	DX191807_1_0713.tif
	DX191807_1_0715.tif
	DX191807_1_0717.tif
	DX191807_1_0719.tif
	DX191807_1_0721.tif
	DX191807_1_0723.tif
	DX191807_1_0725.tif
	DX191807_1_0727.tif
	DX191807_1_0729.tif
	DX191807_1_0731.tif
	DX191807_1_0733.tif
	DX191807_1_0735.tif
	DX191807_1_0737.tif
	DX191807_1_0739.tif
	DX191807_1_0741.tif
	DX191807_1_0743.tif
	DX191807_1_0745.tif
	DX191807_1_0747.tif
	DX191807_1_0749.tif
	DX191807_1_0751.tif
	DX191807_1_0753.tif
	DX191807_1_0755.tif
	DX191807_1_0757.tif
	DX191807_1_0759.tif
	DX191807_1_0761.tif
	DX191807_1_0763.tif
	DX191807_1_0765.tif
	DX191807_1_0767.tif
	DX191807_1_0769.tif
	DX191807_1_0771.tif
	DX191807_1_0773.tif
	DX191807_1_0775.tif
	DX191807_1_0777.tif
	DX191807_1_0779.tif
	DX191807_1_0781.tif
	DX191807_1_0783.tif
	DX191807_1_0785.tif
	DX191807_1_0787.tif
	DX191807_1_0789.tif
	DX191807_1_0791.tif
	DX191807_1_0793.tif
	DX191807_1_0795.tif
	DX191807_1_0797.tif
	DX191807_1_0799.tif
	DX191807_1_0801.tif
	DX191807_1_0803.tif
	DX191807_1_0805.tif
	DX191807_1_0807.tif
	DX191807_1_0809.tif
	DX191807_1_0811.tif
	DX191807_1_0813.tif
	DX191807_1_0815.tif
	DX191807_1_0817.tif
	DX191807_1_0819.tif
	DX191807_1_0821.tif
	DX191807_1_0823.tif
	DX191807_1_0825.tif
	DX191807_1_0827.tif
	DX191807_1_0829.tif
	DX191807_1_0831.tif
	DX191807_1_0833.tif
	DX191807_1_0835.tif
	DX191807_1_0837.tif
	DX191807_1_0839.tif
	DX191807_1_0841.tif
	DX191807_1_0843.tif
	DX191807_1_0845.tif
	DX191807_1_0847.tif
	DX191807_1_0849.tif
	DX191807_1_0851.tif
	DX191807_1_0853.tif
	DX191807_1_0855.tif
	DX191807_1_0857.tif
	DX191807_1_0859.tif
	DX191807_1_0861.tif
	DX191807_1_0863.tif
	DX191807_1_0865.tif
	DX191807_1_0867.tif
	DX191807_1_0869.tif
	DX191807_1_0871.tif
	DX191807_1_0873.tif
	DX191807_1_0875.tif
	DX191807_1_0877.tif
	DX191807_1_0879.tif
	DX191807_1_0881.tif
	DX191807_1_0883.tif
	DX191807_1_0885.tif
	DX191807_1_0887.tif
	DX191807_1_0889.tif
	DX191807_1_0891.tif
	DX191807_1_0893.tif
	DX191807_1_0895.tif
	DX191807_1_0897.tif
	DX191807_1_0899.tif
	DX191807_1_0901.tif
	DX191807_1_0903.tif
	DX191807_1_0905.tif
	DX191807_1_0907.tif
	DX191807_1_0909.tif
	DX191807_1_0911.tif
	DX191807_1_0913.tif
	DX191807_1_0915.tif
	DX191807_1_0917.tif
	DX191807_1_0919.tif
	DX191807_1_0921.tif
	DX191807_1_0923.tif
	DX191807_1_0925.tif
	DX191807_1_0927.tif
	DX191807_1_0929.tif
	DX191807_1_0931.tif
	DX191807_1_0933.tif
	DX191807_1_0935.tif

