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SYNOPSTIS

A new concept in composite construction has been deve-

loped at the University of Salford*, involving the use of

fibre-reinforced cement channels, combined structurally

—

with partially prestressed composite concrete T-beams.

The British Standards Institution Code of Practice,

CP110:1972, "The Structural Use of Concrete", permits the

use of Class 2 and Class 3 (partially prestressed) concrete
members in structural design. The limiting design criteria
for such members are usually the 1imit states of deflection

and cracking and therefore, an improvement in their

flexural behaviour would be beneficial. This improvement
may be brought about by the addition of fibre-reinforce-
ment, in the form of two or three dimensionally randomly
distributed fibres. The Code of Practice, CP110:1972, does
not, however, give any guidance on the use of fibres in
structural members and it is also apjarent that the methods
outlined in the code for the calculation of the limit

states are limited and can be improved.

The flexural behaviour of twenty-two partially pre-
stressed composite concrete T-beams was investigated.
Each beam consisted of a precast partially prestressed
X-Joist web, combined with a cast-insitu lightweight
aggregate concrete flange. Alkali-resistant glass fibre-
reinforced cement channels were placed at the soffits of
siXx beams and steel fibre-reinforced concrete was used in

the webs of two beams. The T-beams were subjected to



short-term, long-term and fatigue loading and their struc-
tural performance was considered in terms of strength,

c racking and deformation.

Theoretical relationships are derived between the
applied moment and the depths of the neutral axes of stress
and bending, enabling a design equation relating applied
moment fo the steel stress_to be developed. Subsequently,
design equations for the calculation of the limit states of
deflection and cracking are developed, which are directly

applicable to both conventional and fibre-reinforced

structural members.

The use of a fibre-reinforced cement channel as anh
integral structural part of a concrete member results in
many important advantages when compared with conventional
concrete members and the test resulté show that they con-
siderably improve the structural performance of the

partially prestressed composite concrete T-beams.

*¥ University of Salford: Improvements in or relating to
constructional elements of concrete. Patent application

?;$ber 49179/72, British Patents Office, London, October
2 e '

- 11 -



ACKNOWLEDGEMENT S

The author is grateful to Professor T. Constantine,

BSe, PhD, CEng, FICE, FIMunE, Professor of Civil Engineering
and Chairman of the Department of Civil Engineering at the

University of Salford, for providing the research facilities.

The author wishes to express his extreme gratitude to
his supervisor, Professor E. R. Bryan, MSc(Eng), PhD, DSec,
CEng, FICE, CIStructE, Professor of Structural Engineering
at the Ungyersity of Salford, for his advice and guidance

during the research work.

The author is particularly indebted to Mr D. C. O'Leary,
MSc, CEng, MICE, for his general supervision and constant

advice and encouragement throughout the work.

The author would also like to thank Dr N. J. Dave,
MEng, PhD, CEng, AMIE, MASCE, MICE, for his help and advice

during the development work.

Special and sincere thanks are due to the late Mr F. W.

b ox
Simon, for his technical advice and assistance in the

laboratories.

The author also wishes to thank Mr K Naylor and all the
staff of the Civil Engineering Laboratories at the University
of Salford, for their technical assistance during the

practical work.

- 111 -



The author would like to acknowledge the financial
support provided by the University of Salford and the Science
Research Council. The author further acknowledges Mills
scaffold Company Liimited, for the supply of fibrous-cemént
channels, National Standard Company Limited, for the supply

of steel fibres, Richard Johnson and Nephew Limited, for the
supply of prestressing steel, the Cement Marketing Corporation
for the supply of cement and Fram Precast Concrete Limited

for the initial supply of X9 flooring Jjoists.

Finally, the author would like to sincerely thank his

wife for conscientiously typing the text and for her constant

support, encouragement and, above all, patience throughout

the work.

- 1V -



CONTENTS

SYNOPSIS
ACKNOWLEDGEMENTS
CONTENTS
NOTATION
ABBREVIATIONS
LIST OF TABLES
LIST OF FIGURES
LIST OF APPENDICES
LIST OF PLATES
PUBLICATIONS
CHAPTER 1 - INTRODUCTION
1.1. COMPOSITE CONCRETE CONSTRUCTION
1.2, PARTIAL PRESTRESSING
1.3. LIGHTWEIGHT AGGREGATE CONCRETE
1.4, FIBRE REINFORCEMENT
1.5. FIBROUS-CEMENT COMPOSITE CONSTRUCTION
1.5.1. INTRODUCTION
1.5.2. ADVANTAGES
1.6. LIMITATIONS OF THE UNIFIED CODE
1.7. OBJECTIVES OF THE INVESTIGATION
1.8. OUTLINE OF THESIS
CHAPTER 2 - STATE OF THE ART
2.1. COMPOSITE CONSTRUCTION
2.2. PARTIAL PRESTRESSING
2.3, FIBRE REINFORCEMENT

5.3,1. MECHANISM OF FIBRE REINFORCEMENT

2,3,2.

Page

iii

x11

xvii

xviii

xXix

XXiv

XXV

xxvi

OO ~N ~N O U o

11
12

PHYSICAL AND MECHANICAL PROPERTIES 25



CHAPTER 3 - LIMIT STATE DESIGN

3.1, . GENERAL

3.2, BASIC PRINCIPLES

3.3 DESIGN PRINCIPLES

3.4, CALCULATIONS OF THE LIMIT STATES

3.4.1. GENERAL
3.4.2, ULTIMATE LIMIT STATE
3.4.3, SERVICEABILITY LIMIT STATE .
3.4.%.,1. LIMIT STATE OF DEFLEC-
TION
3.4,%,2, LIMIT STATE OF CRACKING

CHAPTER 4 - PROPOSED METHODS FOR_CALCULATING

THE PRINCIPAL LIMIT STATES
4.1. INTRODUCTION |

4.2, ULTIMATE LIMIT STATE

4.2.1. CONVENTIONAL CONCRETE BEAM
4,2.2. FIBRE-REINFORCED CONCRETE BEAM
4.3, SERVICEABILITY LIMIT STATE
4.,3.,1, LIMIT STATE OF DEFLECTION
4.%3.1.1., UNCRACKED BEAMS
4.3.1.2. CRACKED BEAMS
4.3.1.%. PROPOSED RELATIONSHIP BE-
TWEEN THE APPLIED MOMENT
AND THE DEPTHS OF THE
NEUTRAL AXES OF STRESS
AND BENDING
4.3.1.4, RESIDUAL DEFLECTION
4.3.1.5. SUMMARY OF PROPOSED DE-
FLECTION FORMULAE

.- YVl -

Page

29



4.,3.2. LIMIT STATE OF CRACKING 60

4.3.2.1. INTRODUCTION 60
4.3.,2.2. PROPOSED CRACK WIDTH 61
FORMULAE
CHAPTER 5 - DESIGN, MANUFACTURE AND TESTING OF THE
BEAMS |

5.1.  GENERAL ' 64
5.2. DESIGN OF TEST BEAMS 64
5.2.1. RECTANGULAR BEAMS 64
5.2.2. COMPOSITE CONCRETE T-BEAMS 65
5.3, MATERIALS 70
5.3%.1. CONCRETE 70
5.3%.2. STEEL - 71
5.3.2.1. PRESTRESSING STEEL 71
5.3.2.2. REINFORCING STEEL 72
5.3.2.3. SHEAR AND BOND STEEL 73
5.3.3. FIBRES Th
5.3.3.1. STEEL FIBRES T4
5.%.3.2. GLASS FIBRES T4
5.4.  MANUFACTURE OF TEST BEAMS | 75
5.4.1. RECTANGULAR BEAMS 75
5.4.2. COMPOSITE T-BEAMS 75
5.4.2.1. PRECAST WEB 75
5.4.2.2. INSITU FLANGE 76
5.4.3. CONCRETE CONTROL SPECIMENS 7
5.5. TEST PROCEDURE 78
5.5.1. GENERAL 78
5.5.2. SHORT TERM TESTS 78
5.5.2.1. RECTANGULAR BEAMS 78
5.5.2.2. T-BEAMS 78
5.5.3. FATIGUE TESTS 79
5.5.4. LONG TERM TESTS 80

- vii -



Page

5.5.5. INSTRUMENTATION | 80
5.5.5.1. STRAIN MEASUREMENT 80
5.5.5.2. DEFLECTION MEASUREMENT 81
5.5.5.3. CRACK WIDTH MEASUREMENT 81

5.5.6. CONTROL TESTS | 81

5.5.6.1. CONCRETE CONTROL SPECIMENS 81

5.5.6.2. STEEL CONTROL SPECIMENS 84
5.5.6.3. FIBROUS CEMENT CONTROL SPECIgENS
CHAPTER 6 - ANALYSTIS OF CONCRETE AND STEEL STRESSES
6.1. INTRODUCTION 85
6.2. STRESSES PRIOR TO TESTING 85
6.2.1. STRESSES AT TRANSFER 85
6.2.2. STRESSES DUE TO SELF-WEIGHT 86
6.2.3. LOSSES OF PRESTRESS | 86
6.2.3.1. THEORETICAL ANALYSIS 86
6.2.3.2. EXPERIMENTAL ANALYSIS 88
6.2.4. DIFFERENTIAL SHRINKAGE STRESSES 92
6.2.4.1. GENERAL 02
6.2.4.2. THEORETICAL ANALYSIS 92
6.2.4.3., EXPERIMENTAL ANALYSIS o7
6.3, STRESSES AFTER THE START OF THE TESTS 98
6.3.1. EXPERIMENTAL ANALYSIS 98
6.3.1.1. UNCRACKED BEAM 98
6.3.1.2. CRACKED BEAM 99
6.4. NEUTRAL AXES OF STRESS AND BENDING 101
6.4.1. GENERAL 101
6.4.2. SHORT TERM TESTS 102
6.4.3. FATIGUE AND LONG TERM TESTS 103

- viil -



Page

6.5. CONCRETE FORCES 104
6.5.1. GENERAL 104
6.5.2. COMPRESSIVE CONCRETE FORCE 105
6.5.3. TENSILE CONCRETE FORCE 105
CHAPTER 7 - DISCUSSION AND CORRELATION OF TEST
RESULTS WITH PROPOSED THEORIES
7.1. INTRODUCTION 109
7.2. GENERAL BEHAVIOUR OF TEST BEAMS 109
7.2.1. STRESSES PRIOR TO TESTING 109
7.2.1.1. LOSSES OF PRESTRESS 110
7.2.1.2. DIFFERENTIAL SHRINKAGE STRESSES
7.2.1.3. RESIDUAL PRESTRESS iié
7.2.2. TEST RESULTS FOR SERIES X 119
7.2.2.1. ULTIMATE LOADS 119
7.2.2.2. DEFLECTIONS 121
T.2.2.3. CRACKING 124
7.2.3. TEST RESULTS FOR RECTANGULAR BEAMS 125
7.2.3.1. UNREINFORCED CONCRETE BEAMS 125
7.2.3.2. REINFORCED CONCRETE BEAMS 126
7.3. ANALYSIS OF TEST RESULTS 128
" 7.3.1. NEUTRAL AXES OF STRESS AND BENDING 128
7T.3.1.1. GENERAL 128
7.3.1.2., SHORT TERM TESTS 128
7.3.1.3. LONG TERM TESTS 130
7.3.1.4. FATIGUE TESTS 130
7.%.2. STEEL STRESSES 131
7.3.2.1. SHORT TERM TESTS 131
7.3.2.2. LONG TERM TESTS 133
7.3.2.3. FATIGUE TESTS 134

- {Ix -



T4, ULTIMATE LIMIT STATE
7T.4.1. SHORT TERM TESTS
7T.4.2. LONG TERM TESTS

7.4.%. FATIGUE TESTS
7.5. SERVICEABILITY LIMIT STATE

7.5.1. LIMIT STATE OF DEFLECTION
7.5.1.1., SHORT TERM TESTS
7.5.1.2. LONG TERM TESTS
7.5.1.3., FATIGUE TESTS

7.5.2. LIMIT STATE OF CRACKING
7.5.2.1. SHORT TERM TESTS
7.5.2.2. LONG TERM TESTS

fe5e2.3. FATIGUE TESTS

CHAPTER &8 -~ CONCLUSTONS

8.1. CONCLUSIONS FROM PRESENT INVESTIGATION
8.1.1. CONVENTIONAL CONCRETE COMPOSITE

CONSTRUCTION

8.1.1.1. COMPOSITE CONSTRUCTION

8.1.1.2. PARTIAL PRESTRESSING

8.1.1.3. LIGHTWEIGHT AGGREGATE
CONCRETE

8.1.1.4. COMPRESSION REINFORCEMENT
8.1.1.5. ILOSSES OF PRESTRESS
8.1.1.6. - DIFFERENTTIAL SHRINKAGE

8.1.1.7. ULTIMATE LIMIT STATE
8.1.1.8. SERVICEABILITY LIMIT STATE
8.1.2. FIBRE CONCRETE COMPOSITE CONSTRUC-
TION
8.1.3. FIBROUS CEMENT COMPOSITE CONSTRUC-
TION

»

8.2. SUGGESTIONS FOR FUTURE INVESTIGATIONS

- X =

Page

134
134
137
138
139
139
139
144
147
149
149
155
157

159
159

159

159
160

160
161
161
162
162
163

164

166



REFERENCES

TABLES

FIGURES

APPENDICES

PLATES

Page

167




NOTATTON

GENERAL

Ac - Area of transformed concrete section

Ai - Area of cast-insitu flange

Ap - Area of precast web

A, - Area of compression steel

Ast - Area of tensioned steel

Asu - Area of untensioned steel

Asf - Equivalent area of reinforcing steel

b - Width of cast-insitu flange

bw - Width of precast web

d - Effective depth of tension steel

dSc - Effective depth of compression steel

dst ~- Effective depth of tensioned steel

dSu - Effective depth of untensioned steel

d, - Depth to centroid of compression force, C

dCh - Depth to centroid of tensile force in fibrous
cement channel, Tch

dct - Depth to centroid of tensile force in concrete, TC

ddC - Depth to centroid of compressive force at decompression

Ec - Modulus of elasticity of concrete

Ei - Modulus of elasticity of cast-insitu flange

Ep - Modulus of elasticity of precast web

Es - Modulus of elasticity of steel

ESc - Modulus of elasticity of compression steel

ESt - Modulus of elasticity of tensioned steel

ESu - Modulus of elasticity of untensioned steel

e - Eccentricity of differential shrinkacge force -

h - overall depth of beam
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hf - Depth of cast-insitu flange
Io - Second momént of area of transformed concrete section -
1 -~ Clear span
M B Esc/Ei
H - Age/Ay
a - 8rst/8rsu
T - Ast/Asu
tf - Age of cast insitu flange
tw - Age of web when flange cast
Vf - Volume fraction of fibres
X - Depth to neutral axis
Xh - Depth To neutral axis of bending
X - Depth to neutral axis of stress at instant of first
cracking
X - Depth to neutral axis of stress
1/1"b - Curvature of beam at mid point
1/.. - Curvature of beam at point x
= d
) g - Partial safety factor for materials
@ - Creep coefficient
DEFORMATIONS
a - Mid point deflection
& oy - Maximum deflection on previous cycle
Ares - Residual deflection
W - Crack width
wmax - Maximum crack width
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FORCES

Q

N
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0
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0
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ct
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n
C

MOMENT S

Total compressive force

Compressive force in concrete

Compressive force in steel

Differential shrinkage force

Total tensile force

Tensile
Tensile
Tensile
Tensile

Tensile

Applied moment

force
force
force
force

fforce

in concrete

in fibrous-cement channel
in steel

in tensioned steel

in untensioned steel

Increase in applied moment

Applied moment causing cracking

Dead load moment

Applied moment causing decompression

ILive load moment

Maximum moment on previous cycle

Tofal external moment at decompression

Ultimate moment

Maximum moment on precracking cycle
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STRAINS

e - Strain in concrete

€.h - Applied strain in fibrous-cement channel

ey - Free shrinkage strain of cast-insitu flange

'Ei - Apparent shrinkage of cast-insitu flange

ep - Shrinkage plus creep strain in precast web

S - Applied strain in compression steel

€.t - Applied strain in tensioned steel

S - Applied strain in untensioned steel

ey - Concrete strain measured at bottom of section

e), - Concrete strain measured at top of section

p - Differential shrinkage strain

STRESSES

L, - Compressive stress in concrete

fop - Tensile stress in concrete at instant of cracking
fmr - Modulus of rupture of precast concrete

fS - Tensile stress in steel

fst - Tensile stress in tensioned steel

fsu - Tensile stress in untensioned steel

Beot - Increase 1in stress in tensioned steel

stu - Increase in stress in untensioned steel

fstdc - Tensile stress in tensioned steel at decompression
fsudc - Tensile stress in untensioned steel at decompressi&n
fsto ~ Tensile stress in tensioned steel at start of test
fsuo' - Tenslle stress in untensioned steel at start of test
ft - Hypothetlcal tensile stress in concrete

ftmax - Maximum hypothetical tensile stress in concrete

fl - Differential shrinkage stresses at bottom of beam
fmt - Stress in tensioned steél
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R

mu

yu

C C H B M

Stress in untensioned steel

Characteristic strength of tensioned steel
Characteristic strength of untensioned steel+
Nominal tensile stress in concrete
Characteristic cube strength at transfer .

Characteristic cube strength
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CHAPTER ONE

INTRODUCTION

l.1l. COMPOSITE CONCRETE CONSTRUCTION

A popular form of floor construction consists of
composite concrete T-beams (figure 1l.1.). Each beam con-
sists of a precast prestressed concrete web, combined with
a cast-insitu reinforced concrete flange. Composite con-
crete construction is an attempt to economise over pre-
stressed concrete design and yet retain its advantages. It
leads to simplification of construction on site and to sav-
ings in formwork and labour costs (101). There is also a
- substantial saving in the cost of steel in a composite pre-
stressed concrete beam (102). The use of high strength
concrete is restricted to the precast web, allowing lower
strength concrete to be used in the cast-insitu flange,

resulting in a further saving in material costs.

I properly designed and constructed, a composite beam
will exhibit all the characteristics such as resilience,
strength, stiffness and elasticity of conventional pre-

stressed concrete beams (103, 104).

A composite concrete T-beam may be constructed with or
without the use of temporary supports to the precast web.
When .temporary supports are not used, the precast web
carries its own weight, the dead weight of the cast-insitu
flange and the form work, whilst the composite section
carries the live load only. When temporary supports are

used, the composite section carries the dead load of the



cast-insitu flange as well as the live load. The use of
temporary supports can lead to a more economic design
(105) and were therefore used during the construction of

the T-beams tested in this investigation.

l.2. PARTIAL PRESTRESSING

The British Standards Institution Code of Practice
CP110:1972, "The Structural Use of Concrete" (106), hence-
forth referred to as the Unified Code, classifiés
structural concrete members according to the degree of
flexural tensile stress or to the degree of cracking that

1s permitted under design loads. The four classes of

structural concrete members are:-

Class 1: Fully prestressed concrete members
in which no tensile stresses are allowed in

the concrete under design loads.

Class 2: Prestressed concrete members in

which limited tensile stresses, but no

'cracks, are allowed under design loads.

Class 3: Prestressed concrete members in
which cracking is allowed under design loads,
although the surface width of the cracks
must not exceed O.lmm f&r meﬁbers exposed to

aggressive environments and 0.2mm for all.

other members.

Class 4: Reinforced concrete members. The

permissible crack width is 0.1lmm for members

in aggressive environments and O.3mm for all

other members.



Class 2 and Class 3 structural concrete members are
termed as limited or partially prestressed concrete
members. Terms such as "Reinforced Prestressed Concrete
Members" (107) and "Prestressed Reinforced Concrete
Members" (108) have also been used. This investigation
is concerned with the structural behaviour of Class 2 and

Class*j members, otherwise referred to as partially pre-

stressed members.

Further economies in composite concrete construction
can be achieved by the use of partial prestressing. The
advantages of partial prestressing over full prestressing

are: (109)
1. Lower cost of prestressing.

2. Reduced camber minimising difficulties
in construction involving precast mem-

bers.

3., Possible economy resulting from the
use of smaller and therefore lighter

sections.

4, Increased deflection and crack widths
at loads in excess of the design load,
giving adequate warning before approa-

ching failure.

5. Increased flexibility and resilience

to shock.



The quantity and type of steel required in a partially
prestressed concrete member will depend upon the amount of
steel required to produce the required tensile force for
the ultimate load condition and the amount required to
produce the effective prestress, ie, it will depend upon
the magnitude of_the design load and the degree of tensile
stress or crack width that is permitted under that design

load.

There are basically three different ways of applying
the prestressing force and simultaneously providing the
total quantity of steel required to ensure an adequate

factor of safety against collapse, namely:-

1. The total quantity of steel required

is prestressing steel, all of which

is tehsioned to a stress less than
the maximum permitted. The degree
0f prestress will depend upon the

effective prestress required.

-

2. The total quantity of steel required
is prestressing steel, part of which
is fully tensioned to the maximum

stress permitted. The remainder of

the steel is left untensioned.

3. A proportion of the required quantity
of steel 1s prestressing steel, which
is tensioned to the maximum stress
permitted. The remainder of the steel

is untensioned and consists of mild

steel or high strength.feinforcing bars.

_ h _



The first method is seldom used, as it is the least
practical and economic. - The second method is preferable
for pretensioned members where reinforcement cages are not
" used. In practice, a nominal stress will be applied to
both the "tensioned" and "untensioned" wires in order to
position them accurately in the mould. The stress in the

"tensioned" wires will then be increased to the maximum

stress permitted. The nominal stress 1is designed such
that after losses, the stress in the "untensioned" wires
will have reduced to zero, ie prior to the application of
the external load the stress in the "untensioned" wires

will be zero. The third method is preferable for post-

tensioned members where reinforcement cages are required

(110). The second method of partial prestressing was used

during this investigation.

1.3 LIGHTWEIGHT AGGREGATE CONCRETE

The lightweight aggregates that are suitable for
use 1in concrete are known commercially as Lytag, Leca and
Aglite. The strength, durability and sound insulation
properties of The concrete produced from these lightweight
aggregates are, at their best, equal to those of conven-

tional concrete, whilst other properties make them desirable

and economic building materials. They are: (111)

1. Lower unit welight.

2. Increased fire resistance.

3. Increased thermal insulation.
Y

. Ease of construction.



In addition, in areas where natural aggregates are not

available or are in short supply, lightweight aggregates

provide an economic solution for the manufactureof concrete.

This investigation is concerned with the structural
use of Lytag (sintered pulverised fuel ash) lightweight

aggregate (Plate 1.1.) in composite concrete construction.

1.4. FIBRE REINFORCEMENT

Recent improvements in cement quality and concrete mix
design methods, coupled with more efficient compacting
techniques have made it possible to achleve concrete
compressive strengths in excess of 100N/sq.mm. at 28 days.
The tensile strengths have not, however, increased in the
same proportion. Consequently, in the design_ of reinforced
and partially prestressed concrete members, the limiting
design criteria are increasingly the limit states of déflec-
tion and cracking. An improvement in the tensile charac-
teristics of the concrete would, therefore, be beneficial
to its flexural behaviour. This:'improvement may be brought

about by the addition of fibre-reinforcement to the cement

Or concrete matrix.

The choice of fibres available for use as fibre-~rein-
forcement in a cementitious matrix, covers a wide range of
natural and man-made fibres. The particular fibre employed
will be dependent upon the physical properties required of
the composite. The primary reasons for incorporating
fibres in a cement or concrete matrix are to increase the

extensibility and fensile strength of the matrix before

cracking, to hold the matrix together after cracking and to
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change the failure mechanism from a brittle to a auctile
form. The fibres used for this purpose are the high
modulus types of which asbestos, glass and steel are
examples. The low modulus fibres, polypropylene and nylon,
have been used to increase the energy absorption capacity

of structural concrete subject to shock or impact loading.
However, they are not suitable as a means of improving the

tensile properties.

The distribution of fibres in a matrix (figure 1.2.),
may be one (1D), two (2D) or three-dimensional (3*D). The
fibres may be continuous or diséontinuous and in a 2D or 3D
system, the distribution can be random or orderly. The
efficlency of fibre-reinforcement in a preferred direction
is 100% for a 1D distribution and may be as low as 33% and
16% for 2D and 3D random distributions, respectivelf (112).

This investigation is concerned with the use of two-
dimensionally randomly distributed alkali-resistant glass
fibres (Plate 1.2.) and three-dimensionally randomly distri-

buted steel fibres (Plate 1l.3.).

l.5. FIBROUS-CEMENT COMPOSITE CONSTRUCTION

1.5.1. Introduction

The idea for a new form of construction emerged from
the desire for an economic form of floor construction that
would make full use of the new provisions for partially
prestressed concrete in the Unified Code (106). It has
already been shown in the previous sections, that composite

T-beams, incorporating a precast partially prestressed web,



combined with a lightweight aggregate concrete flange, can
form the basis for an extremely economic flooring system
and that the addition of fibre-reinforcement to the precést
web can provide for an adequate-degree of serviceability.

It only remains to optimise the fibre-reinforcement.

Previous work by Hannant (113%), has indicated that
deflections in structural members can be significantly
reduced by the addition of thrée-dimensionally randomly
distributed steel fibres. He also suggested that the use of
steel fibres could be of benefit, in association with
normal or high tensile reinforcement, as a means of limit-
ing crack widths in éoncrete beams. However, the uée of a
5D distributlion is far less efficient than a 2D distribution
(112). 1In addition, the priAary reason for adding fibre-
reinforcemént Co structural concrete is to improve its
tensile strength, the inclusion in the compression zone of
a member is, therefore, neither beneficial nor economic.
Thus, thé optimum solution is to have a 2D distribution,
with the fibres concentrated in the zone of maximum tensile
_stress. This may be achieved by using a fibrous-cement
sheet, covering all or part of the surface of the tensile
zone of the structural member. Thus, the concept of a
fibrous-cement/structural concrete composite was evolved.

In addition, by using fibres in a cementitious matrix, a

material is produced which will form a natural and complete

bond with the structural concrete member cast on to it.

The fibrous-cement composite, if correctly designed
and produced, will have an improved deflection and crack-

ing performance. This improvement will be a function of

g .



the properties and thickness of the fibrous-cement sheet.
The fibrous-cement sheet will act as a form of surface
reinforcement to the concrete member, preventing crack
initiation and propagation and thereby limiting deflections.
By profiliné the sheet into a channel form (Plate 1.4.), it
is possible to increase the area reinforced by the fibrous-
cement sheet and, therefore, surface cracks can be
completely avoided up to and beyond the normally accepted
design load for the member. The structural member, which
may be reinforced or partially prestressed in the conven-
tional manner, is cast in conjunction with the preformed
fibrous-cement sheet, which is either placed in the mould
or forms part of the mould itself. Thus a composite is
formed in which the ?ibrous—cement sheet forms an integral

part of the beam, with a natural bond being developed at

the interface.

Fibrous-cement sheets, incorporating either glass or
asbestos fibres, are available at present. This investi-
gation is'concerned with the use of alkali-resistant glass
fibre-reinforced cement sheets, profiled into a channel

section.

l1.5.2. Advantages
The use of a fibrous-cement sheet as an integral part

of a structural concrete member can result in the following

advantages: -



10.

11.

12.

Increased resistance to tensile stresses,

resulting in delayed cracking.

Reduction in crack widths and the rate of

crack propagation.

Reduction in deflections due to

"increased" flexural rigidity.

Increased permissible working loads and
stresses or a reduction in the overall

dimensions of the member.

Reductfion in cover to the reinforcement.

Increased use of:-
(a) lightweight aggregate concrete

(b) high tensile steel

Increase in the use of partially pre-

stressed members.‘

Improved surface finish.
Increased fire resistance.
Reduction in formwork costs.
Reduction in shear reinforcement.

Potential use as anti-crack reinforce-

ment in liquid-retaining structures.



1.6, LIMITATIONS OF THE UNIFIED CODE
The Unified Code (106), does not give any guidance on

the use of fibre-reinforcement in structural members and 1t
' \

is also apparent that the methods outlined in the Code for
the design of partially prestressed concrete members are

limited in the following respects:-

1. No allowance is made for the loss of

prestress in the concrete, due to the

effect of creep and shrinkage on the

untensioned steel.

2. NoO method is presented for calculat-
ing the effects of differential shrin-

kage in composite construction.

5. NO indication is given as to the effects
of using lightweight aggregate concrete

in composite construction.

4, The method présented for the prediction
of deflections applies to the initial
loading cycle only. -No allowance 1is
made for the residual deflections and

the loss of tensile strength in the

concrete on subsequent loading cycles.

5. No method for predicting crack widths

is given.

6. No indication is given of the effects of

sustained and fatigue loading.
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l.7. OBJECTIVES OF THE INVESTIGATION

In view of the limitations of the Unified Code (106),
outlined in section 1.6., the investigation presented in

this thesis was planned with the following objectives: -

1. To investigate the general behaviour
of partially prestressed composite T-
beams, with particular reference to the
losses of prestress, the effects of

differential shrinkage and the use of

lightweight aggregate concrete.

2. TO investigate the use of fibre-
reinforcement in partially prestressed

composite concrete construction.

bR To investigate the limit state beha-
viour of partially prestressed composite
concrete T-beams with particular refere-
nce to tﬁe development of methods for
calculating the principal limit states
applicable to both conventional and

fibre-reinforced concrete beams.

4. To investigate the effects of sustained
and fatigue loading on partially pre-

stressed composite concrete T-beams.
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1.8. OUTLINE OF THESIS

Chapter 2 reviews the current "state of the art" in
composite construction, partial prestressing and fibre-
reinforcement. A brief history of their development 1is
outlined, together with the extent of existing research

work.

The principles of limit state design are described in
Chapter 3, together with an outline of the methods avail-
able at present for the calculation of the principal limit

sfates.

In Chapter 4, theoretical relationships are derived
between the applied moment and the depths of the neutral
axes of stress and bending, enabling a design equation,
relating the stress in the steel to the applied moment to
be developed. Subsequently, design equations for the cal-
culation of the principal limit states are developed,
which are directly applicable to both conventional and

fibre-reinforced structural members.

Chapter 5 covers the design, manufacture and testing of

the beams.

Chapter 6 deals with the analysis of the stresses in
the concrete and steel. The methods used for calculating
the losses of prestress by both theoretical and experimen-
tal considerations are explained. Theoretical and experi-
mental methods of analysis for the differential shrinkage
stresses are developed and the procedures for determining

the stresses 1in the steel and the depths of the neutral

axes of stress and bending from the experimental data are

described.

_]_3_



The limit state behaviour of the test beams is discus-
sed in Chapter 7, with particular reference to the use of
fibre-reinforcement. The advantages of fibrous-cement
" composite construction, compared with conventional concrete
construction are evaluated and the experimentally obtained
results are correlated with the values predicted by the

proposed design equations developed in Chapter 4.

Finally, in Chapter 8, conclusions are drawn from the

tests, and suggestions for future research are indicated.

References, tables, figures, plates and appendices

follow after Chapter 8.
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CHAPTER TWO
STATE OF THE ART

2.1. COMPOSITE CONSTRUCTION

The first attempt at using lightweight aggregate con-
crete in prestressed composite construction was reported by
Hasnat (201) in 1965. Prior to this, investigations had
been directed to beams of conventional sand and gravel
aggregate concrete (202 - 208). Hasnat tested twelve pre-
stressed composite T-beams of lightweight aggregate concrete.
The variables considered were the lengfﬁ of the shear span,
the strength of the concrete in the insitu flange and the
time interval between the casting of the web and the flange.
Hasnat agreed with the earlier findings of Ahmed (208), that
the natural bond between the precast and insitu concrete
components was erratic and should not be relied upon for the
development of the ultimate flexural strength. They also
found that the bond strength was directly proportional to
the strength of the insitu concrete. By contfast, Evans
and Parker (205), found that the relative qualities of the
concrete did not affect the bond strength, whilst Dean and
0zell (206) found that the bond was equivalent to that bet-

ween concrete and steel. In addition, both Hasnat (201) and
Ahmed (208), found that the differential shrinkage signifi-
cantly reduced the cracking stress of composite concrete
T-beams. Hasnat added that the actual reduction was signi-
ficantly less in composite beams of lightweight aggregate
concrete than in conventional composite concrete beams,

despite the higher shrinkage of lightweight aggregate
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concrete, because of its lower modulus of elasticity.

In 1966, Chung (209), investigated the problems
arising from the use of lightweight aggregate concrete 1n
prestressed composite concrete construction. The design of
the precast component was considered with particular refer-
ence being made to the losses of prestress and the permis-

sible compressive stresses at transfer. In addition, the

merits of various types of horizontal shear connector and
the influence of sectional properties on differential shrin-
kage were investigated. Chung found that the losses of
prestress in prestressed lightweight concrete amounted to
40% and over if the initial concrete stresses exceeded 0.3
of the cube strength at transfer. He also extended the
MgrSChmethod of analysis for differential shrinkage to take
into account the effect of the reinforcement in the cast-
insitu concrete. The resulting expressions for stresses

and deflections due to differential shrinkage were found to

give good correlation with his experimental results.

In contrast to conventional composite construction,
Taylor (210) introduced the idea of a new form of composite
construction in 1971, He called this new form of construc-
tion "Composite Reinforced Concrete'. A composite rein-
forced concrete beam consists of a deep haunched composite
beam in which the steel stringer is replaced by a steel
chanﬁel section. The longitudinal shear at the interface
of the concrete and channel is resisted by headed stud
shear connectors, welded at intervals along the channel.

From tests carried out on nine of these beams, Taylor and
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Burdon (211), found that this type of construction gave an
economical and viable structural form and was ideally suited
for the use of very high strength reinforcing steels. They
also found that the combined use of high tensile reinforce-
ment and a mild steel channel meant that reinforcement
stresses over 825N/sq.mm. could be used at ultimate load,
whilst the serviceability limit states would not be exceeded

at the working load.

2.2. PARTTAL PRESTRESSING

The origin of partial prestressing dates back to 1930,
when the Austrian engineer Emperger (212) suggested that the
properties of reinforced concrete could be improved by using
prestre ssed wires in addition to the conventional reinforcing
bars. In the following year, Abeles (213) suggested that the
respective merits of prestressed and reinforced concrete
could be combined, if a proportion of the high tensile steel
required for full prestressing was tensioned, whilst the
remalning tensile steel was left untensioned. Subsequent
tests by Abeles (214 - 217) substantiated this, but, however,

it was 1962 before partial prestressing received full recog-

nitition.

At the Fourth Congress of the F.I.P. (218) held in Rome
and Naples in 1962, Theme 3 was concerned with the "Economics
of prestressed concrete in relation to regulations, partial
prestressing, lightweight concrete, ete". Various applica-
tions of partial prestressing were also reported. In the
following year, Orr (219) investigated the behaviour of six
rectangular beams, containing the same quantity and type of

steel. He showed that, by varying the proportions of steel
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tensioned, considerable economy could be achieved in the

use of steel. The economics of partial prestressing has
also been considered by Dave (220), who carried out tests
on-40 beams, most of which were pretensioned by high tensile
wires. The behaviour of the beams was considered under
short-term, long-term and fatigue loading, and the variables
considered were the total amount of steel and the propor-
tions of the total steel tensioned. He evolved a method for
calculating the steel stresses from the experimental results
and produced a theoretical method of analysis for a cracked
beam. Formulae for calculating the theoretical steel
stresses and crack widths were also derived, which gave

good correlation with his experimental results.

In 1965, Abeles (221) tested two series of high strength
concrete beams, reinforced with non-tensioned prestressing
steel., These tests simulated the nominal concrete stress
conditions at the tensile face of equivalent prestressed
concrete beams aftfer decompression: Subsequently, Abeles
developed relationships between the nominal tensile stress 1in
the concrete and the percentage of reinforcement for given
crack widths. A crack width formula was also developed by
Chandrasekhar (222), following an investigation into the
effects of variations in the properties and distribution of
the reinforcement on the limit state of local damage. More
recently, Beeby, Keyder and Taylor (223) tested sixteen
partially prestressed beams containing combinations of un-
tensioned deformed bars and pretensioned wires and showed
how the crack formulae for reinforced concrete could be

modified and applied to partially ‘prestressed concrete.
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The proceedings of a two day Collogquium (224), held in
Brussels were published in 1966. After reviewing the
historical development of partial prestressing, the various
classes of prestressed member were discussed and the
problems involved in the calculation of the various limit
states were explained. Examples of partial prestressed
structures were given and the position of partial prestress-
ing in the codes of practice of different countries was also

outlined.

In the same year, Session 1 of the Fifth Congress of
the F.I.P. (225), held in Paris, was devoted to "Surveys of
research in prestressed concrete'. Research in Europe and
the U.S.S.R., the performance of partially prestressed beams
and the effect of creeﬁ and shrinkage on untensioned reinfor-

cement was referred to.

Following tests on reinforced and prestressed beams
having the same ultimate moment of resistance, Hutton and
Loov (226), found that significant errors could be introduced
if the effect of creep and shrinkage on the untensioned steel
was ignored. Abeles and Kung (227) also made a comprehen-
sive study of the losses of prestress. They tested four
types of beam, each containing different amounts of unten-
sioned steel and they found that the greater the area of
untensioned steel, the greater was the loss of prestress and |

hence the lower the cracking load.
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Also in 1966, Veeriah (228) investigated the relative
merits of mild and high tensile steel as untensioned rein-
forcement. Mild steel was found to give a more rigid sec-
tion at service loads, whilst high tensile steel was found

to give a greater resilience at loads near ultimate.

In the following year, Branson and Shaikh (229) exa-
mined the effects of untensioned steel with particular
referencé to camber, loss of prestress, crack formation
and deflection. They tested twelve pretensioned beams
containing three types of untensioned steel and developed
formulae for predicting the camber, deflection and ultimate

strength of the beams.

The Eighth Congress of the I.A.B.S.E. (230) was held
in New York in 1968. Theme 4 was devoted to "paftially
prestressed members'" and the papers presented were concer-
ned with the characteristics of fully and partially prest-
ressed concrete members with reference to tensile stresses,

crack formulae and practical and economic considerations.

Also in 1968, Abeles, Brown and Woods (231), carried
out static and sustained load tests on fully and partially
prestressed beams of lightweight and normal weight aggregate
concrete. Prestressing strands were used for both the
tensioned and untensioned reinforcement. They found that
although the lightweight concrete beams had a lower flexu-
ral rigidity and cracking strength, there was no substan-

tial difference in the maximum crack widths obtained.
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Fatigue tests (230, 232), were also carried out on similar
beams and it was found that, even after a large number of
load repetitions, the maximum crack width showed no sub-

stantial increase 1in size.

At the Sixth Congress of the F.I.P. (23%3), held in
Prague in 1970, papers concerned with the fatigue and break-
down of class 3 structures and the relative merits of class
l, 2 and 3 structures on a materials cost basis were
presented. The effect of fatigue loading on partially
prestressed concrete beams has also been reported by Magura
and Hognestad (234). Tests were carried out on four pre-
stressed beams, two of which were pretensioned. They found
that if the maximum tensile stress was limited to 2.1N/sq.mm.,
no cracks were observed and no deterioration in servicea-
bility occurred. However, if the maximum tensile stress was
increased to 4.8N/sq.mm., cracks were observed and the post-
tensioned beams showed deterioration in both serviceability
and flexural capacity. Brenneisen (235) conducted four
series of tests to study the deformation, crack and fallure
characteristics of fully and partially prestressed concrete
beams under static and fatigue loading. The eccentricity of

the cables, the degree of prestress and the type of unten-
sioned steel were varied and he found that the laws of super-
position applied to beams reinforced with tensioned and un-
tensioned steel. He also found that, although the unten-
sioned steel was effective in controlling the distribution

of cracks, it also prevented the cracks from closing comple-

tely on removal of the load.
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The behaviour of Class 3 beams has been investigated by
Stevens (236), Veerasubramian (237) and Garwood (238). In
1069, Stevens (236) tested thirteen beams, varying from
reinforced to fully prestressed, under static and fatigue
loading. The behaviour of partially prestressed beams was
found to be similar to that of fully prestressed beams up to
cracking and similar to that of reinforced concrete after
cracking. Veerasubramian (237) in 1971, studied the effect
ofthe shape of the cross-section of a beam on its flexural
behaviour. He modified the crack width formula proposed by
Chandrasekhar (222) and also extended his method of analysis
for steel stresses in Class 3 beams so that they could be
used for non-rectangular beams. In 1972, Garwood (238),
presented the results of tests on seventeen I-beams, post-
tensioned with Macalloy bars. The beams were designed to
have the same ultimate moment, although different degrees of
prestress and different types of untensioned steel were used.
The beams were tested under static, long term and fatigue
loading. In addition, five rectangular beams, post-tensioned
with high tensile wires were tested. The relative merits of
the various types of steel as untensioned reinforcement and
the factors contributing to the loss of prestress were
examined. He found that the use of mild steel as untensioned
reinforcement, although giving the most rigid section,
induced the greatest loss of prestress. A theoretical rela-
tionship between the steel stress and the applied moment for
a cracked beam was developed which lead subsequently, to the

development of a design equation relating the crack width to

the stress in the untensioned steel. A method was also

evolved, whereby deflections could be predicted, taking in-

to account the effect of the untensioned steel. Finally, he
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outlined a general method of design for Class 3 beams contain-

ing untensioned steel.

2.% FIBRE REINFORCEMENT

2.3.1. Mechanism of Fibre Reinforcement

Probably the first mechanism suggested to explain the
behaviour of cement based fibre composites was the "crack
arrest mechanism" of Romauldi and Batson (239, 240) as
applied to continuous closely spaced wire reinforcement.
This mechanism, based on linear fracture mechanics, predicts
that the first crack strength is inversely proportional to

the fibre spacing for a given fibre volume content.

In 1964, Romauldi and Mandel (241) attempted to apply
the crack arrest mechanism to concrete reinforced by short
discrete lengths of steel wire. Théy found that the crack
arrest mechanism was still maintained, although only 41% of

the total amount of reinforcement could be assumed to be

effective in resisting the applied tensile stresses.

The crack arrest mechanism assumes that the stress
concentrations in the vicinity of the tip of a crack are
resisted by the stiffer fibres and that bond forces are set
up that act to reduce the magnitude of these stresses.

However, the assumption that there is perfect bond between

the fibres and the matrix is not necessarily valid for
discrete fibres. Kar and Pal (242) considered the bond
efficiency of short fibres and extended the fibre spacing
concept to fibres of different lengths and diameters and to
different mix proportions. Other fibre spacing equations

have been suggested by Snyder and Lankard (243) and McKee
(244).



The spacing concept does not apply beyond the propor-
tional limit and does not fully explain the mechanism of
'fibre—reinforcement; indeed there is much controversy as to
whether the spacing of fibres is in fact an important
variable. Williamson (245), Nanda (246) and Durham (247)
have all reported increases in the flexural strength of
steel fibre'reinforced concrete with a reduction in fibre
spacing, whilst Untraur and Works (248) found 1little
increase in the cracking strength and Shah and Rangan (249)
showed that wire spacing alone had little influence on the

tensile strength.

The linear fracture mechanics approach has also been
applied, by Chan and Patterson (250), to predict the crack-
ing strength of glass reinforced cement. Shah and Rangan
(249) have suggested another approach based on the'“law of
mixtures" to predict'the strength and elastic properties of

the composite, but the theory has not yet been satisfactorily

correlated with experimental data.

For continuous fibre composites, a theory of multiple
fracture (251, 252) has been applied to brittle matrices
and the theoretical results show good correlation with
published data for steel, glass and asbestos in a cementi-
tious matrix. A cémbined mechanism of fibre pull out and
fibre fracture has also been suggested for two dimensionally
randomly distributed fibres 1in gypsum plaster (253). Most
cement bésed composites, however, fall by fibre pull out

and the currently available theories do not adequately



correlate theory with experimental data.

2.3.2. Physical and Mechanical Properties

Fibres have been used to reinforce brittle materials
since ancient times (254). The fibres compensate for the
low tensile strength and brittle nature of the matrix and in
fibre-reinforced cement and concrete, the fibres also
improve the mechanical and physical properties of the

composite.

" One of the first applications of randomly orientated
reinforcement for concrete was made by Porter (255) in 1910.

He added cut nails and spikes to concrete and obtained some
dramatic increases in its physical properties. 1In 1914,
Ficklin (256) patented the idea of adding pieces of metal to
concrete mixes to improve its resistance to abrasion and
spalling. More recently, Romvaldi (257) carried out fatigue

tests on randomly reinforced concrete beams and showed that

they had properties far superior to those of plain concrete.

The properties of fibrous concrete are influenced by
many interdependent parameters; the fibre aspect ratio
being perhaps the most critical. It influences almost all

aspects of fibre reinforcement, ing}uding fibre handling,

dispersion, mixing, workability, bond and strength.

Romgaldi and Mandel (241) reported that both the fibre aspect
ratio and the water cement ratio are critical factors in
preventing balling up of the fibres during mixing. Nanda
(246) and Durham (247) used randomly distributed short

lengths of steel wire as reinforcement for concrete and found
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that there was increased difficulty in mixing the fibres
into the concrete as the aspect ratio was increased. They
also found that the workability was reduced such that it
could not be compacted by conventional techniques. Satis-
factory compaction was, however, obtained by using an
electric vibrating hammer. Agbin (258) and Williamson (245)
also reported difficulty in mixing steel wires into the

concrete.

In addition to the fibre aspect ratio, the surface
treatment of fibres by such methods as chemical cleaning,
galvanising and the provision of mechanical indentations can
have considerable effect on bond. Improvements in flexural
strength of up to 300% have been obtaiﬁed (259). The bond
strength of fibre reinforced composites has also been investi-
gated by deVekey and Majumdar (260, 261) and the results

show that the bond between glass.fibres and cement is of the

¥

same order as that between steel fibres and cement.

Another important parameter is fibre orientation (figure
1.2.). With random fibre orientation, the orientation or
efficiency factor can be as low as 16% (262, 263), although
the method of compaction and the relative size of.the mould

to the length of fibre can influence this factor considerably.
Edgington and Hannant (264) have reported that steel fibre-

reinforced concrete, which is normally randomly reinforced

in three dimensions, can exhibit anisotropic behaviour due

to fibre orientation during compaction. They have shown that
table vibration can cause the fibres to rotate and orientate

themselves parallel to the table surface, resulting in a



50% to 100% increase in flexural strength. Abolitz (265)

has stated that wires close to the surface of the concrete
will be preferentially aligned in that plane and will,
therefore, have a higher efficiency factor compared to those
in the middle of the concrete. He added that scale effects
are, therefore, important and the cross-sectional dimensions
of specimens should be compared to the lengths of the fibres
in order to see if wires at the surface or in the centre
predominate. He also added that the low effectiveness of
randomly distributed fibres is economically unfavourable with
regard to their use in reinforced concrete beams and one way
slabs, but however, they are more competitive in two way

d abs.

Probably the most critical property of fibrous-cement
composites is their durability. Plastic fibres such as nylon
and polypropylene are known to be stable in the strongly
alkaline (ph 12 to 13) environment of the hydrating cement
matrix. Fibres such as cotton and rayon are, however, sub-
ject to alkaline attack and are, therefore, unsuitable as
reinforcement in cementitious composites. Low alkali
borosilicate glass fibres such as E-glass are also subject

to corrosion (266), however, they can be utilised quite
successfully in high alumina cement (267, 268) and gypsum

plaster (269, 270). Corrosion resistant coatings have been
used for glassfibres (271) and more recently, with relative-
ly more success, alkali resistant glass fibres have been
produced (272). Steel fibres are relatively free from corro-

sion, showing adequate resistance to corrosion by salt water
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(273) and freeze-thaw environments (274). The avallable
data on the long term durability of glass and steel fibres
is still very limited (275, 276), however, the results do
show that the use of high alumina cement and pulverised fuel
ash can improve the durability of glass fibres and that

alkali-resistant glass fibres have adequate strength reten-

tion properties for one to two years.
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CHAPTER THZREE
LIMIT STATE DESIGN

3 @ 1 . GENERAL
The British Code of Practice for Reinforced Concrete

(301), permits the use of elastic and load factor analysis
in the design of structural concrete members. In elastic
analysis, permissible stresses are limited to a fraction of
the Specified strength of the materials, whilst in load fac-
tor analysis sections are designed t£o have ultimate
strengths some multiple of the working loads, this multiple

being the factor of safety or load factor.

The British Code of Practice for Prestressed Concrete
(302) stipulates that the désign of prestreésed concrete
must satisfy two requirements, one related to permissible
stresses under working load conditions, and the second to
the provision of a minimum load factfor. The American

Standard A.C.I. 318-63 (303) includes similar requirements.

These design procedures, however, when considered in
view of the purpose of design and the phenomena related to
it, present certain shortcomings (204): No direct account
is taken of the variability of the material strengths or of
the magnitudes of the loading in the finished structure.

In addition, the changes in permissible stresses and load
factbrs that have occurred in successive codes, have been
introduced as a result of the satisfactory performance of
the materials and the general improvement in construction

techniques without giving specific indications of the result-
ing reduction in structural safety. Also, although deflec-
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tions and crack widths effectively govern the serviceabllity

of a structure, no detailed design procedures are given.

These problems were considered by the Russians as early
as 1930 and since then various attempts have been made to
overcome them (305 - 307). As a result of the early work in
Russia, a new design philosophy was evolved, which was
called the Limit State Approach. This approach, adopted by
the Russian Code in 1954 (308), forms the basis of the
recent C.E.B. - F.I.P. recommendations (309) and is evident
in the revised American Standard A.C.I. 318-71 (310).

The philosophy of limit state design is based on the
application of the methods of statistics to the variations
that occur in the strengths of construction materials and
the expected loads. The British Unified Code, CP110:1972
(311) is based on this limit state philosophy.

3.2. BASIC PRINCIPLES

A limit state is defined as that condition which
renders a structure or a member unfit for the purpose for
which it is required. It follows that the purpose of design
may be defined as the achievement of an acceptable probabili-

ty that the structure will not reach any relevant limit state
during it working life.

The principal 1limit states to be considered are the
ultimate and serviceability limit states. The ultimate limit

state is concerned with the maximum load carrying capacity of

the structure, whilst the serviceability limit states are



concerned with the durability and deformation behaviour of
the structure. The importance of a particular limit state
will depend upon the function of the structure and upon the

environmental conditions.

Characteristic loads and strengths are used as reference
values in 1limit state design and are, ideally, defined in
statistical terms to take into account any variations in the
magnitude of the loading, which are likely to occur during
the life of the building, and anticipated variations in the
actual strength of the materials. At the present time, the
statistical evidence required to establish characteristic
loads is not available and the values used in design are

taken from CP3 - Chapter 5 (312).

3,%. DESIGN PRINCIPLES

The design of a structure for a specific function is

best considered in two parts:-

1. Analysis of the structure: involving
an assessment of the loads acting on
the structure, the provision of a suit-
able structural system to support those

loads and a calculation of the forces

and moments produced in individual

membe rs.

2. Analysis of sections: 1involving the

provision of members which satisfy the
requirements of all applicable limit
states under the action of the forces

and moments calculated in (1).
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For each specific limit state, two partial safety

factors, one on loads and one on materials, are introduced

to define the design loads and material strengths relevart

to that l1imit state. The partial safety factors are intro-
duced to take account of any unforseen effects of the load
due to inadequacies of the methods of analysis or dimensional
inaccuracy in construction and possible differences between
the strength of the materials in the actual structure and

the strength derived from the test specimens.

Thi s ensures a more uniform degree of safety throughout
the structure and enables improvements in quality control,
construction and design practices and increased knowledge of
loading conditions to be incorporated more readily into the
design process, to give a greater overall economy with a

defined degree of safety.

3.4, CALCULATION OF THE LIMIT STATES

3.4,1. General

All relevant limit states should be considered in design
so as to ensure an adequate degree of safety and serviceabili-
ty. The usual approach will be to design on the basis of the

most critical limit state and then check that the remaining

limit states will not be reached.

Analysis of the structure for all the limit states may
be based on elastic methods using the gross, transformed or
concrete section, modified if required by redistribution of
peak moments. Anab;sis of sections for the ultimate limit

state must be based on inelastic methods using short term

stress~-strain curves appropriate to the design strength of



" the materials. Analysis of sections for the serviceability
limit states may be based on elastic methods making suitable

allowances for créep and shrinkage strains where appropriate.

The suitability of partially prestressed concrete mem-
bers for limit state design has been eétablished by many
investigators, notably Abeles (313, 314). They will
generally be designed to comply with the requirements of the
serviceability limit states of cracking and deflection and
will subsequently be checked for compliance with the ultimate
1imit state. It my also be'necessary to consider the limit

states of fatigue, vibration and fire resistance.

3.4.,2. Ultimate Limit State

Many theories have been established for the calculation
of the ultimate flexural strength of structural members,
notably by Whitney (315), Evans (316) and Baker (317). The
basic procedure is to obtain an equilibrium between the
internal forces acting across the section considered by using
the principles of strain compatability. A value for the
ultimate concrete strain in the extreme compression fibre
and a suitable stress distribution for the concrete are
assumed. In addition, it is assumed that concrete resists
no tension and that the strain distribution across the sec-

tion 1s linear. Then, by a trial and error process, the

neutral axis depth is adjusted until the algebraic sum of
the internal forces is zero. The ultimate flexural strength
is then determined by taking moments of the internal forces

about a convenient point.
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The assumption that concrete does not resist tension
is of course untrue. However the force is so small that its
effect on the ultimate moment can be neglected éhd provided
that the beam is in the under-reinforced category, then the

linear strain distribution assumption is also Justified

(318).

The Unified Code (311) provides design tables for cal-
culating the ultimate flexural strength of rectangular
beams. For non-rectangular beams, the use of the above
analysis is recommended. The ultimate concrete compressive
strain 1s assumed to be 0.0035 and a rectangular-parabolic
stress distribution is assumed for the concrete. The design
strengths for the materials used are the characteristic
strengths divided by the partial safety factors for the
ultimate limit state of 1.5 and 1.15 for concrete and

steel, respectively. The design assumptions for the ultimate

limit state are illustrated diagramatically in Figure 3.1.

3.4.3. Serviceability Limit State
%.4.%3.1. Limit State of Deflection
The general approach used is to assess the curvature of
sections under the appropriate moments and then to calculate

the deflection from the curvatures by normal numerical inte-

gration procedures. The deflected shape of a member is rela-

ted to the curvature by the equation: -

1 d2y

rx dxe

where 3%- is the curvature of the beam at point Xx.
X



Alternatively, the following simplified approach may be used:-

2

a = k1™ 1
b
where: a is the deflection

1l is the effective span
k is a constant depending on the shape

of the bending moment diagram

1l 1is the curvature of the beam at mid-span.
r

b

Existing formulae for the calculation of deflections
(319 - 323) are usually derived from consideration of a
bilinear moment-curvature relationship. In the first stage,
the concrete is uncracked and the section behaves elastically.
In the second stage, the concrete in tension is cracked and
factors are introduced to account for the tension stiffening
effect of the uncracked concrete in the tension zone. The
Unified Code (311), however, relates the curvature of sec-
tions to the stress in the steel reinforcement a; that sec-

tion on the basis of the followling assumptions:-

1. Plane sections remain plane.

2. The reinforcement, whether in tension or
compression, is assumed to be elastic.-

Its modulus of elaéticity i1s taken to be

200 KN/sq.mm.

e The concrete in compression is assumed to

be elastic. Under long term loading, an



effective modulus may be taken, having

a value of 1/(1+¢) times the short

term modulus where ¢ is the appropriate

creep coefficient.

Stresses in the concretfe in tension may

be calculated on the assumption that the

stress distribution is triangular, having

a value of zero at the neutral axis and a

maximum value at the centroid of the ten-

sion steel of 1 N/sq.mm. instantaneously,

reducing to 0.55 N/sq.mm. in the long

Cerm.

These assumptions are illustrated diagramatically in

Figure 3.2..

For both the uncracked and cracked case, the curvature

can be obtained from the relationships: -

is

1s
is
is
1S
is
is

1
r

b
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curvature of the beam at mid-span

maximum compressive stress in the concrete

depth of the neutral axis

modulus of elasticity for concrete

stress in the steel

effective depth of the tension reinforcement

modulus of elasticity for steel.



Alternatively, the following formula may be more con-

venient for the uncracked case:-

L - M
b EcIo
where: M is the applied moment,

I, 1s the second moment of area of the

Ctransformed section.

The advantage of this method over many of the semi-
empirical formulae developed to predict deflections is that
1T permits creep effects to be dealt with in a more correct
way by allowing for the difference in creep behaviour between

concrete in compression and in tension.

3.4.3.2. Limit State of Cracking

Formulae for the calculation of crack widths relate
crack widths either to the steel stress or to the hypothetical
tensile stress at the soffit of the beam. The "ciassical"
theory of the mechanism of crack formation assumes that
cracks are produced by slip of the concrete*relative to the
reinforcement. It also assumes that the crack spacing is
governed by the bond characteristics of the steel and that
at the steel level the crack is approximately uniform in
width between the steel and the side of the beam. This
theory has been adopted by the C.E.B. (309), Hognestad
(324) and Broms (325). In contrast, the "no-slip" theory
assumes that crack widths taper from a maximum at the sur-
face of the beam to zero at the steel, implying that the
bond does not breakdown. The C, and C.A. (326), whose

formula is based on this theory, found that crack widths



are directly proportional to the distance from the point of
measurement to the surface of the nearest reinforcing bar.
In both these theories, the crack width is related to the

steel stress.

Abeles (327), however, from the results of tests
carried out at the University of Southampton (328), devised
a concept relating crack widths to the hypothetical tensile

stress in the concrete. The hypothetical tensile stress in

the concrete is the tensile stress at the soffit of the
beam, calculated on the basis of an uncracked section, even
though the tensile stress has been exceeded. Bennet and
Chandrasekhar (329), Veerasubramanian (330) and Beeby and

Taylor (331), have all produced similar relationships.

The Unified Code (311), adopts this latter concept and
relates allowable crack widths to hypothetical tensile
Stresses. The allowable crack width depends upon the
environmental conditions and the related hypothetical ten-
sile stress depends upon the method of stressing and the

distribution of the prestressing steel.

It must be remembered that cracking is a semi-random

phenomenon and absolute crack widths cannot be predicted.
Hence, the hypothetical tensile stresses are designed to
give a crack width with an acceptably small chance of being

exceeded.



CHAPTER F OUR

PROPOSED METHODS FOR CALCULATING THE
PRINCIPAL LIMIT STATES

4.1. INTRODUCTION

In the design of partially prestressed concrete members,
the two principal limit states to be considered are the

ultimate and serviceability limit states, the latter compris-
ing the limit states of deflection and cracking. For each
specific limit state, two partial safety factors are intro-
duced to define the design loads and material strengths
relevant to that limit state, e.g. the design strength of a
material is itfs characteristic strength, divided by the
respective partial safety factor. It follows that in the
determination of the ultimate flexural strength of a beam,
for example, the value so calculated is referred to as the
"design ultimaﬁe strength". If, however, the actual
material strengths are known and used in the calculation,
then the material partial safety factors assume a value of
unity and the ultimate flexural strength is referred to as

the "calculated ultimate strength'.

In the following sections, the proposed methods for
calculating the principal l1limit states relate to the
calculation of "design" strengths and loads etc., whilst
the sample calculations given in the appendices relate to

the calculation of "calculated" strengths and loads etc.



4.2. ULTIMATE LIMIT STATE

4,2.1. Conventional Concrete Beam

The strain compatability method, outlined in Section
3.4,.2,, for the calculation of the design ultimate strength
of a member, can be applied to beams of any shape of cross-
section and to partially prestressed concrete beams contain-
ing any type and combination of tensioned and untensioned
reinforcement. The method is based on certain assumptions,
illustrated diagramatically in Figure 3.l1., which are as

follows: -

1. The strain distribution across the depth

of the section is linear.

2 e The maximum compressive strain in the

outermost concrete fibre is 0.0035.
3. The concrete has no tensile strength.

4, The concrete in compression has a rec-
tangular-parabolic stress distribution,
i.e. at strains less than e, =,/U_/5000,
the distribution is parabolic and at

strains greater than e, the distribution

is uniform.

5e The maximum compressive stress in the

concrete is 0'67Uw/5’m'

6. The stress-strain curve for the reinforce-
ment 1s trilinear as given in the Unified
Code (401).



A graphical method (Figure 4.1.) is proposed for the
actual calculation, which involves a trial and error

process as follows:-

1, The effective prestrain, after losses, in
the tensioned steel is calculated
(Section 6.2.) and plotted on the

abscissa axis to give point X.

2 . The stress-strain curve for the tensioned
steel (see Unified Code) is plotted, using

point X as the origin.

e The stress-strain curve for the unten-
sioned steel is plotted using point 0 as
the origin, i.e. the effective prestrain

in the untensioned steel is assumed to be

zero (Section 1.2.).

L, The levels of the centroids of the ten-

sioned and untensioned steels are

plotted.

5 e A value for the ratio x/d is assumed and

is plotted on the ordinate axis to give
point Y.

6. A linear strain profile is drawn through
point Y having the limiting strain of
0.0035 as the origin.

[ The Intersection points, Z. and 2., of

t
the strain profile and-the levels of the



tensioned and untensioned steels
respectively are projected on to the
respective stress-strain curves and

the values of f ,/f , and f are

yt mu/fyu
read off.

8. The total force, T, in the reinforce-

ment is then calculated from:-

T =7T_,+ Tt (Figure 3.1.)
where: Tsu.= Asu o fmu
Tsy = Ast + Tt

9. The total compressive force, C, is

calculated from:-

C =C, + Cg (Figure 3.1.)
U U
2 W (b.X - A - b e X ® W )
where: C = =, — SC —
C 3 " ¥ 3 17.5
X

10. If C = T, then the assumed value of x/d
is correct, if not, steps (5) to (9) are
repeated until the desired degree of

accuracy 1is obtained.

11, The design ultimate strength of the beam,

M 1s calculated by summing the moments

ult’
of all the internal forces about a conven-

ient point.
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12. If the design dead load moment for the
beam is given by'Md, then the design
working or live load moment for the

beam,,Ml, is given by:-

v . Mo = L1e4My
1 1.6

where the constants 1.4 and 1.6 are the
partial safety factors for the ultimate
limit state applied to the dead and 1live

loads, respectively.

4.2.2. Fibre-Reinforced Concrete Beam

The primary reason for incorporating fibre-reinforcement
in the tension zone of a flexural concrete member is to
improve its serviceability performance before and after crack-
ing. Any improvement in its load carrying capacity is, there-
fore, of secondary importance and should not be relied upon in

the calculation of factors of safety against collapse due toO

the variability of fibre bond.

In fibrous-cement composite construction (Section 1.5.),
the fibre-reinforced cement channel has an ultimate strain
capacity less than that of the steel reinforcement and will
therefore fail prematurely. No improvement in the load
carrying capacity of the concrete is, therefore, expected.
The premature and ductile failure of the channel, however,

adds a further advantage to this type of composite construc-

tion in that it gives adequate warning of approaching
failure or overload without any sudden decrease 1in

serviceability.



In fibre-reinforced concrete construction, where the
fibres are distributed randomly throughout the concrete
section, some continuity will be provided across the cracks
by the fibres (Plate 4.1.), even at high loads, and there-
fore some increase in the load carrying capacity of the mem-

ber can be expected.

The proposed method for allowing for this increase 1is
to substitute an equivalent area of reinforcing steel for
the fibres in the strain compatability calculation
(Section 4.2.1.). It has already been stated (Section 1l.4.)
that the efficiency of a three-dimensional random distribu-
tion of fibres is 16% and therefore the equivalent area of

reinforcing steel, Asf’ 1s given by:-

Agr = 0.16 . Voo Ao .eeee (H.1.)

where: Ap 1s the area of the fibre-reinforced

concrete section

Vf is the volume fraction of fibres.

For a steel fibre-reinforced concrete beam, a volume
fraction of fibres of between 1.4% and 1.6% is generally
used. The equivalent area of reinforcing steel, calculated
from the above equation, i1s then assumed to act at the

centroid of the fibre-reinforced concrete section.

4y



4.3. SERVICEABILITY LIMIT STATE

4.3.1. Limit State of Deflection

The general method, outlined in Section 3.4.3.1., for
the calculation of deflections can be applied to partially
prestressed concrete beams as well as beams containing fibre-

reinforcement. The equations used in the calculation are as

follows: -
a —_— klgl T EEEEEEEREE. e o0 0 @ (I'I'-Q-)
b
. f
1 S
Where: — — e o 0 8 00 060 0 0 @ (4-3-)

The actual method proposed for calculating the mid-point
deflection of a beam is in two parts, the first part is
applicable to beams in the uncracked condition, i.e. acting
under an applied load less than the cracking load on the
initial or precracking cycle and less than the decompreésion
load on the subsequent or post-cracking load cycles. The
second part is applicéble to beams in the cracked condition.
In addition, the formulae are extended to allow for the

residual deflection at the start of the second and subsequent

loading cycles.

4.3.1.1. Uncracked Beam
The uncracked beam is treated as a homogeneous elastic
section and therefore the concrete and steel stresses may be

calculated on the basis of a transformed concrete section.

If the concrete at the level of the tensioned steel is

considered, then the increase in stress in the concrete, fc’

due to an applied moment, M, will be given by:-



o

f =

where: d_, is the depth to the tensioned steel

Yo is the depth to the centroid of the

transformed concrete section

I is the second moment of area of the

transformed concrete section.

The corresponding increase in strain in the concrete,
e, will be given by:-

M(dSt - yg)

C O

The corresponding increase in stress in the tensioned

steel, (f st will be given by:-

M.Egy (dst B y2)

C IO

oo (B.0)

O

|—b
&
ct

|
]

Now, 1f the stress in the tensioned steel, when the
applied moment is zero, is given by fsto and the stress
under the applied moment, M, is given by fst’ then the
increase in stress in the tensioned steel, § fops Will be

given by: -

&1 = T - f

st st SEO veeeeceenceees (4.5.)

From equations 4.4, and 4.5,

1

C - O

’
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Similarly, the stress in the untensioned steel, fsu’

will be given by:-

EC

Lo

Now, substituting st from equation 4.4, into the

T
general equation 4.3. gives:-

1 M cecvrsseasassscesscscs(H4.8.)

Let EC.IO=kl\/—g_W_. Io(49)

Where kl is a constant, depending on the type of fibre-

reinforcement, if any, values of which can be determined from

the slope of the load-deflection curves for the beams.

From equations 4.8. and 4.9.

4
!

L —_ M /g'rp' lll.lliiilllli(ullo.)
Iy kl.Io U,

For this investigation (section 7.2.2.2.) the following

values of kl were obtained: -

Il

kl 5.15 for composite T-beams with a
normal weight aggregate concrete

flange

k. = 3.61 for composite T-beams with a
lightweight aggregate concrete
flange



= 3,65 for steel fibre-reinforced
composite T-beams with a light-
weight aggregate concrete

flange

ki = 3.81 for fibrous-cement composite
T-beams with a lightwelight

aggregate concrete flange.

Similar values of k, = 5.08 and k, = 5.51 for normal
weight aggregate concrete beams are given by Beeby (402)

and the Unified Code (401), respectively.

4.3,1.2. Cracked Beam
The following analysis applies for a cracked beam with-
in its normal working range of applied loads and can be used
for calculating the average stresses in the tensioned and

untensioned steel. The analysis is based on the following

assumptions, illustrated diagramatically in Figure 3.2, :-

1. The reinforcement, whether in compression

or tension, remains within its elastic limict.

2 . The concrete in compression remains within

its elastic limit.

D The concrete in tension has a triangular

stress distribution.

4, After decompression at the soffit, the
additional strains in the tensioned and un-

tensioned steel are directly proportional

to the respective distances of the steels

from the neutral axis ‘of stress.
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The starting point for the analysis of a cracked beam

- 1s the decompression load stage (figure 4.2.). The total

external moment, Mo, acting across the section is given by:-

My, = Md + Mdc
where: Md 'is the dead load moment
Mdc 1s the applied moment causing

decompression.

By taking moments of the steel forces about the centroid
of the total compressive force, C, the moment equilibrium

equation can be written as:-

Mq + My, = A f

de (d

sudc(dsu"ddc)
ceee (4.11.)

st'fstdc st_ddc) + Asu'

Figure 4.2. also shows the condition at a general load
stage after cracking, when the applied moment, M, has been
increased by an increment, § M.

i.e. M=Mdc+ E M

The moment equilibrium equation, for this load stage,

can be written as: -~

Md M= Ast(fstdc T stt)(dst-dc) + Asu(fsudc"'stu)
(dgy=dg) *+ Teldpg=dg) + Topldgp=-dg) «vnen. (4.12.)

where: dc is the depth of the centroid of the

total compressive force, C.

dct is the depth of the centroid of the

concrete tensile force, Tc'



d is the depth of the centroid of

ch
the tensile force in the fibrous-

cement channel, Tchf

The tensile force ;n the concrete, TC, is a function
of the nominal tensile stress in £he concrete, T, at the
level of the centroid of the tensile reinforcement and 1is
introduced to allow for the tension stiffening effect of
the uncracked concrete in the