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BSTRA

Development of co_ntinuity between precast prestressed bridge girders by
post-tensioning the insitu top slab in the regions of hogging moment is a
relatively new technique which forms the basis for this research study. Compared
to the more conventional method of using reinforcing steel in the slab over the
interior supports, prestressed slabs will ensure a crack free more durable bridge
deck, and will therefore reduce the maintenance costs.

The effect that such a slab has on flexural and shear behaviour of the

bridge deck has been studied both analytically and experimentally by considering

composite beams based on M-8 standard precast beam section. Comparison of the

design of bridge decks with a prestressed slab and a reinforced concrete slab
indicated that a partially prestressed slab with a prestress considering up to 50%
of the live load will ensure the slab remains crack free under total service load.

Although secondary effects and the two stage construction of such a slab tend to
increase the prestress requirement for the slab, the same two effects considerably
reduce the positive midspan moments, resulting in a decrease in the prestress
required in the precast beams (and thus a possible increase in the span range) for
given standard precast beam sections.

The experimental investigation consisted of testing eleven 1/3-scale M-8
continuous composite beams in two series, Series-A and Series-B. Series A, in

which three beams were tested as double cantilevers was planned to study the

effects of prestressed slab on overall flexural behaviour. A considerable

improvement in crack control under service loads and a higher ratio of measured

to calculated ultimate moment capacity was obtained in beams with a prestressed
slab. The continuity developed using insitu prestressed slabs was very effective at
all levels of loading. Recommendations have been made for the flexural design of

continuous bridge decks with this type of prestressed slabs.



In Series B, effect of prestressed slabs on shear strength at the
continuity connection has been studied. A considerable increase in web shear
cracking load was obtained for beams with prestressed slabs, resulting in a
decrease in the amount of shear reinforcement required for such beams. The
different methods of predicting web shear cracking strength and web crushing
strength according to current design codes were compared with experimental

values, and based on the results, recommendations for the design for vertical

shear of composite beams subjected to hogging moments have been made.



ACKNOWLEDGEMENTS

| would like to thank Professor A.R. Cusens, Head of the Department of
Civil Engineering of the University of Leeds for the opportunity to carry out
this project. | wish to express my gratitude and sincere thanks to
Mr. A.E. Gamble for his invaluable suggestions, encouragement and helpful
supervision throughout the course of this research work.

| would like to thank the technical staff of the Department for their
ready assistance in the preparation and testing of specimens, and photography.

| wish to express my gratitude to the Commonwealth Scholarship
Commission (U.K.) for the scholarship and the University of Moratuwa
(Sri Lanka) for the study leave which enabled me to complete this work.

| would like to extend my thanks to Dr. N. Gowripalan for checking the

manuscript of this thesis. Thanks are also due to my friends who helped me in

the preparation of the thesis.

Finally, | am greatly indebted to my parents and sisters for their

patience and encouragement.



Page
Title Page
Abstract
Acknowledgements
~ Table of Contents
List of Tables

List of Plates

Principal Notation

Chapter 1 : Introduction

1.1 General 1
1.2  Continuity Between Precast Girder 2
1.2.1 Importance of Continuity 2
1.2.2  Different Methods of Developing Partial Continuity 3

1.2.3  Proposed New Method for Developing Partial Continuity 5

1.2.4  Advantages of the New Method | 6

Chapter 2 : Review of Previous Work on Continuity of Composite

Beams
2.1  General | ‘ 12
2.2  Portland Cement Association Tests 12
2.2.1  Pilot Tests on Continuous Composite Girders 14
2.2.2  Bridge Design Studies(PCA Tests) 17
2.2.3  Shear Tests of Continuous Girders 19

2.3  Burns (University of Texas) 22



2.4

2.5

2.6

Chapter 3 :

3.1

3.2

3.3

3.4

Gamble (University of lllinois)

Prestressed Slabs in Steel-Concrete Continuous Composite

Beams

2.5.1 Basuetal

2.5.2 Kennedy and Grace
Comments

Analysis of Prototype Bridge Deck
Main Objectives of the Study

The Effect of Prestress in the Slab on Bending Moment

Distribution in Composite Beams

3.2.1 The Effect of Two Stage Construction of the Top élab

3.2.2  Secondary Effects of Prestress in the Top Slab

3.2.3 FFactors Affecting Secondary Moment due to Prestress
in the Slab

3.2.3.1 Ratio of Length of Prestressed Slab to Span

3.2.3.2 Stiffness Ratio between Composite Section and Precast

Beam
3.24  The Effect of Secondary Moments on Other Parts of the
Beam
3.2.5 Selection of Length of Prestressed Segment of Slab
3.2.6 Resultant Bending Moment due to Prestress in the

Slab and Service Loads

Details of Prototype Bridge

3.3.1  Type of Beams
3.3.2  Span and Layout of Beams
3.3.3  Length of Prestressed Segment of Slab

Loadings on Prototype Bridge

24

29

26

28

30

35

37

37

38

40

40

41

41

42

43

43

43

44

45

45



3.9

3.4.1 General
3.42  Deadloads

3.4.2.1 Self Weight of Precast Beams
3.4.2.2 Self Weight of Top Slab
3.4.2.3 Finishes and Surfacing

3.4.3 Live Loads
3.4.3.1 HALoading
3.4.3.2 HB Loading

3.4.4

Application of HA and HB Loading
Analysis of Bridge Deck for Loads
3.5.1 Analysis of Bridge Deck for Permanent Loads

3.5.2 Analysis of Bridge Deck for Live Loads

3.5.2.1 ldealisation of Bridge Deck for Grillage Analysis
3.5.2.2 Flexural and Torsiona!l Inertias of Members

3.5.2.3 Application of HA and HB Loading to Grillage

3.6 Design Moment and Shear Forces in the Prototype Bridge

Beam with Prestressed Slab

3.7 Design of Prototype Beams with Prestressed slab

Mo Jndar rahd -

3.7.1 Design of Interior Support

3.7.1.1 Serviceability Limit State

3.7.1.2 Ultimate Moment Capacity of Composite Beams at the

Interior Supports

3.7.1.3 Ultimate Shear of Composite Beams with Prestressed

Slabs

3.7.2  Design of Composite Section Subject to Maximum

Positive Moment

3.7.2.1  Serviceability limit State

3.7.2.2 Ultimate Moment Capacity of Composite Beams

45
45
45
46
47

46

47

47

48

49

49

o0

o0
o1

51

02

52

52

o3

05

56

S7

57

57



3.8 Design of Composite Bridge Beams with Reinforced Concrete Slab 58

3.8.1 Ultimate Moment at Interior Support 58
3.8.2  Ultimate Shear at Interior Support 59
3.8.3  Design of Mid-span Section | 59
3.9 Comments on the Results of the Analysis 60

Chapter 4 : Test Programme,Design and Fabrication of Model Beams

4.1  Modelling of Beams for the Study 73
4.1.1  Scale and Details of Model Beams 73
4.1.2  Design of Model Beams 74
42  Experimental Programme 74
421  Series A- Flexural Tests 75
4.2.1.1 Details of Model Beams in Series A | 75
4.2.1.2 Design Moments and Shear Forces for Model Beams 76
4.2.1.3 Applied Prestress to the Model Beams in Series A 76
4.2.1.4 Loading Arrangement for Series A | 77
4.2.1.5 Test Procedure 78
4.2.2  Series B - Shear Tests /8
4.2.2.1 General L 1 78
4.2.2.2 Deign of Model Beams for Shear Tests 79
4.2.2.3 Range of Variables 79
4.2.2.4 Design of Test Beams in Series B 81
4.2.2.5 Prestress in Model Beams for the Shear Tests 81
4.2.2.6 Loading Arrangements for Shear Tests 82
4.2.2.7 Test Procedure 83
4.3  Fabrication of Mode! Beams 83
4.3.1 Materials 83

4.3.1.1 Prestressing Steel 83



Glorin
1 Mvu* ’

4.3.1.2 Non-prestressed Steel 84

4.3.1.3 Concrete Mixes 84
4.3.2 Moulds and Prestressing Bed 85
4.3.3  Pretensioning of Strands of Precast Beams 86
4.3.4  Concreting the Precast Beams 87
4.3.5  Fabrication of Top Slab and Diaphragm 87
4.3.6 Post-tensioning of the Top Slab 88
4.3.7 Grouting 89
4.4  Instrumentation 89
4.4.1 Strain Measurements 89
44.1.1 Steel Strain 89
4.4.1.2 Strain Measurements on Concrete Surface 90
4.4.2 Measurement of Electrical Resistance Gauges 91
4.4.3 Deflection 91
444  Crack Width 92

4.4.5 Relative Displacement at the Interface between Slaband 92

Precast Beam.

Chapter 5 : Flexural Behaviour of Composite Beams.

51  General | 110
5.2  Analysis of Composite Beams in Bending 111
5.2.1 Stress - Stain Curve for Steel 112
5.22  Stress - Strain Curve of Concrete 112
—> 8.3  Serviceability Requirements of Composite Beams 114
5.3.1 Limiting Tensile Stresses for Prestressed Concrete 114

Beams

5.3.2 Limiting Compressing Stresses for Prestressed Concrete 115

Beams



5.4

5.5

5.6

5.7

Chapter 6 :

6.1

6.2

Analysis of Interior Support Section under Negative Moments

5.4.1

5.4.2

543

5.4.3.1

Uncracked Section
Cracking Moment

Analysis of Cracked Section

Reinforced Concrete Section

5.4.3.2 Partially Prestressed Concrete Section

Deflection of Composite Beams

5.5.1

5.5.2

9.9.2.1

5.5.2.2

0.6.1

0.6.2

5.7.1

0.7.2

5.7.2.1

0.7.3

Uncracked Section
Cracked Section

British Codes Method

ACI| Code Method

Crack Control in Composite Beams

General

Calculation of Crack Width According to BS 8110

Ultimate Flexural Strength of Composite Beams

General

Methods of Calculation of Ultimate Strength of

Composite Beams

Strain Compatibility Method

5.7.2.2 Design Formulae Given in BS 8110

5.7.2.3 ACI Building Code Equations

Maximum and Minimum Steel Areas for Reinforced and

Prestressed Concrete Beams

Experimental Observations and Analysis of Results of

Flexural Test Series

General

Flexural Cracking of Test Beams

115
115

116

117

117
119

121

121

122

122
123

124

124
125

127

127

127

128

129

130

130

138

139



6.3

6.4

6.5

6.6

6.7

6.8

6.2.1 Cracking Load

6.2.2  Propagation and Distribution of Cracks

6.23  Crack Width

Load-Deflection Relationships

6.3.1 Load - Deflection Curves for Flexural Test Series
6.3.2 Comparison of Measured and Calculated Deflection
Strains in Steel

6.4.1 Strains in the Non-Prestressed Steel in the Slab
6.4.2  Strains in Prestressing Steel

Surface Strains of Concrete

6.5.1 Concrete Strain Distribution due to Prestress in the Slab

6.5.2  Concrete Strains during Loading

6.5.2.1 Strain Distribution in the Diaphragm

6.5.2.2 Concrete Strains of Composite Section in the

Cracked Zone

Flexural Strength of Beams

6.6.1 Mode of Failure

6.6.2  Comparison between Measured and Calculated Ultimate
Strength of Beams

Shear Stresses in Beams

6.7.1 Vertical Shear at the Continuity Connection

6.7.2  Horizontal Shear at the Interface

Conclusions and Design Implications

Chapter 7 : Shear Strength of Composite Beams.

7.1

7.2

7.3

General
Shear Tests of Composite Beams

Inclined Cracking in Concrete Beams

139

140
141
142
142
143
143
143
145
146
147

147

148

148

149
150

150

153
153
154

155

181
181

183



/7.4

7.5

7.3.1 Analysis for Web Shear Cracking Load

7.3.2. Determination of Principal Stresses in Prestressed
Concrete Beams

7.3.2.1 Calculation of Principal Stresses in a Beam Section

under Applied Loading

7.3.2.2 Measurement of Principal Stresses Using Strain
Rosettes

7.3.3  Factors affecting Principal Stresses in the Web

7.3.3.1 Effects of Reactions or Point Loads

7.3.3.2 Shear Span / Effective Depth Ratio
7.3.4 Location of Critical Principal Tensile Stress in the

Shear Span

7;.3.5 Analysis for Flexural Shear Cracking Load
Shear Strength of Monolithic Prestressed Concrete Beams
7.4.1 British Codes - BS 5400 : Part 4 and BS 8110
7.4.2  American Codes - AC| 31 8-53 and AASHTO

7.43  CEB - FIP Model Code

Behaviour of Beams after Internal Cracking

7.5.1 Shear Transfer Mechanisms of Cracked Beams

7.5.1.1 Shear Transfer by Uncracked Concrete Zone

7.5.1.2 Aggregate Interlock
7.5.1.3 Dowel Action
7.5.1.4 Arch Action

7.5.1.5

Web Reinforcement

7.5.2 Shear Transfer Mechanisms of Prestressed Concrete
Beams
7.5.3  Modes of Failure of Beams in Shear

7.5.3.1 Shear Compressidn

184

187

187

188

189

189
189

190

191
193
193

194

195

196
196
196

197

197
197

198

198

199

199



7.6

7.7

7.8

7.9

7.10

Chapter 8

8.1

7.5.3.2 Diagonal Tension

7.5.3.3 Web Crushing

7.54  Methods of Analysis of Beams after Inclined Cracking
7.5.4.1 Classical Truss Analogy
7.5.4.2 Modified Truss Analogy

Shear Resistance of Web Reinforcement According to Current
Design Codes

7.6.1 Minimum Area of Shear Reinforcement

Web Compression Failure and Maximum Allowable Shear

Stresses in Beams

7.7.1 Provisions for Maximum Shear Stresses in Concrete in

Current Design Codes

7.7.1.1 British Codes

7.7.1.2 American Codes

7.7.1.3 CEB - FIP Model Code

Effect of inclined Tendons on Shear Strength

Shear Strength of Composite Beams

7.9.1 Monolithic Section Method

7.9.2  Method of Superposition

7.9.3  Recommendations in Current Codes of Practice for
Design of Vertical Shear in Composite Beams

7.9.4  Shear Strength of Composite Beams Subjected to

Hogging Moments

Horizontal Shear Transfer at the Interface

Observations and Results of Shear Test Series

General

8.1.1 Details of Test Beams

199
200
200
210
202

202

203

204

205

205
206

206
207

208

208

208

211

212

213

217

217



7.6

7.7

7.8

7.9

7.5.3.2 Diagonal Tension

7.5.3.3 Web Crushing

754  Methods of Analysis of Beams after Inclined Cracking

7.5.4.1 Classical Truss Analogy

7.5.4.2 Modified Truss Analogy

Shear Resistance of Web Reinforcement According to Current

Design Codes

7.6.1 Minimum Area of Shear Reinforcement

Web Compression Failure and Maximum Allowable Shear

Stresses in Beams

7.7.1 Provisions for Maximum Shear Stresses in Concrete in

Current Design Codes

7.7.1.1 British Codes

7.7.1.2 American Codes

7.7.1.3 CEB - FIP Model Code

Effect of Inclined Tendons on Shear Strength

Shear Strength of Composite Beams

7.9.1 Monolithic Section Method

7.9.2  Method of Superposition

7.9.3  Recommendations in Current Codes of Practice for
Design of Vertical Shear in Composite Beams

7.9.4  Shear Strength of Composite Beams Subjected to

Hogging Moments

7.10  Horizontal Shear Transfer at the Interface

Chapter 8

8.1

Observations and Results of Shear Test Series

General

8.1.1 Details of Test Beams

199
200

200

210

202

202

203

204

205

205
206

206

207

208

208

208

211

212

213

217

217



8.2

8.3

8.4

8.5

8.6

8.1.2

Prestress in Test Beams

Behaviour of Beams prior to Inclined Cracking

8.2.1

8.2.2

8.2.2.1

Theoretical Principal Tensile Stresses in the Web

Principal Stresses Determined from Strain Rosettes

Principal Tensile Stress

8.2.2.2 Principal Compressive Stresses

Inclined Cracking in the Beams

8.3.1

8.3.2

8.3.3

8.3.4

8.3.5

8.3.6

8.3.7

8.3.8

Type of Cracking
Measured Inclined Cracking Load

Experimental Principal Stresses at Inclined Cracking
Propagation of Inclined Cracks

Inclination of Cracks

Influence of Prestress in the Top Slab on Inclined
Cracking Load

Influence of Shear Reinforcement Percentage on Inclined

Cracking Load

Effect of Shear Span/Effective Depth Ratio on Web Shear

Cracking

Comparison between Measured Web Cracking Strength and

Code Predictions

8.4.1

8.4.2
8.4.3

8.4.4

8.4.5

British Codes

Amerncan Codes
CEB-FIP Model Code

Other Methods

Comments on the Prediction of Web Cracking Load by

Different Codes

Flexural Shear Cracking Load of Series-A Beams

Load-Deflection Relationship

218

218
219

220
221
221
222

222

222

223

224

225

226

227

227

228

229

230

231

231

232

233

234



8.7 Strain in the Longitudinal Reinforcement in the Slab 235

8.8 Ultimate Strength of Beams 235
8.8.1 Failure Mode 235
8.8.2  Comparison of Observed Web Crushing Strength with 236
Design Code Predictions
8.8.3 Influence of Shear Span/Effective Depth Ratio on 237
Ultimate Strength

8.8.4 Influence of Prestress in the Slab on Ultimate Strength 238

8.8.5 Influence of Shear Reinforcement Percentage 238
8.8.6 Shear Reinforcement Behaviour 239
8.8.6.1 Contribution of web Shear Reinforcement to the 241

Ultimate Strength

8.9 Horizontal Shear Strength 242

Chapter 9 : Conclusions and Recommendations for Future Research
9.1 Analytical Comparison between Continuous Bridge Decks with 281
Prestressed or Reinforced Concrete Slabs

0.1.1 Crack Control 281

9.1.2  Effect of Two Stage Construction of Top Slab on Support 282

Moment

9.1.3 Effect of Secondary Moments due to Prestress in the Slab 282

9.14  Effect of Prestressed Slab on Positive Span Moment 283

9.1.5 Reduction in the Prestress Required in the Precast 284
Beam

9.1.6 Increase in the Span Range for Precast Beams 284

9.1.7  Positive Moment Reinforcement 285

9.1.8  Section for the Design of Prestress in the Slab 285



9.2

9.3

9.1.9

Compressive Stress in the Bottom Flange of Precast

Beams

Conclusions of the Flexural Tests

9.2.1

9.2.2

9.2.3

9.24

0.2.5

9.2.6

9.2.7

90.2.8

9.2.8.1

9.2.8.2

0.2.8.3

Cracking Load
Crack Width
Cracking in Diaphragm Section

Load-Deflection Characteristics

Methods of Calculation of Deflection
Analysis of the Cracked Section

Tension Stiffening
Ultimate Behaviour

Mode of Failure

Increased Strength of Diaphragm

Ultimate Strength

Conclusions of Shear Test Series

9.3.1

9.3.2

9.3.3

9.3.4

9.3.5

9.3.6

9.3.7

9.3.8

9.3.9

9.3.9.1

Inclined Cracking

Region of Inclined Cracking

Principal Stresses in the Web

Inclined Cracking under Serviceability Shear Force
Influence of Prestress in the Top Slab on Inclined

Cracking Load

Influence of Other Variables Considered on the Inclined
Cracking Load

Prediction of Web Shear Cracking Load by Design Codes
Prediction of the Flexural Shear Cracking Load

Ultimate Shear Strength of Beams

Mode of Failure

285

286

286

286

286
287
287
288

288
288

288

289
289

290

290
290

291

291

292

292

293

293

294

294



9.3.9.2 Variation of Ultimate strength with Prestress in

the Slab

9.3.9.3 Prediction of Web Crushing Strength by Different
Codes

9.3.9.4 \Variation of Ultimate Strength with Shear

Reinforcement Percentage

9.4 Recommendations for Future Research

References

294

294

295

295

297




Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 4.1

Table 4.2
Table 4.3

Table 4.4

Table 6.1

Table 6.2

Table 8.1

Table 8.2

Table 8.3

Table 8.4

Table 8.5

Table 8.6

LIST OF TABLES

Results of the Analysis of the Two Span Composite Beam
with Prestressed slab for Permanent Loads

Results of Grillage Analysis for Live Loads

Design Moments and Shear Forces for Composite Bridge
Deck with Prestressed Slabs

Details of the Precast M-Beams for Positive Moments
Summary of Results of Analysis

Designation of Beams for Series-A and Reinforcement

Details of Top Slab

Results of Control Specimen Tests of Series A
Designation and Details of Model Beams in Series B

Results of Control Specimen Tests of Series B

Flexural Cracking Load of Series-A Beams

Ultimate Flexural Capacity of Series-A Beams

Measured Web Shear Cracking Load and Location of Inclined

Cracks

Experimental Principal Tensile Stress near the Inclined
Cracking Load

Angle of Inclination of Web Shear Cracks

Measured and Calculated Web Shear Cracking Load for

Shear Test Series

Ratio of Measured Web Cracking Load to Calculated Web

Cracking Load for Main Beam (Span BC)

Ratio of Measured Web Shear Cracking Load to Calculated

Web Shear Cracking load for Short Beam (Span AB)



Table 8.7

Table 8.8

Table 8.10

Table 8.11

Table 8.12

Measured and Calculated Flexural Shear Cracking Load for

Flexural Test Series

Ratio of Measured to Calculated Flexural Cracking Load for

Flexural Test Series

Ratio of Observed Web Crushing Load to Predicted Web

Crushing Load
Comparison of shear Force Carried by Concrete According
to Truss Analogy and Inclined Cracking Load

Experimental Horizontal Shear Stress and Horizontal Shear

Strength Given in Codes



Plate
Plate
Plate

Plate

Plate
Plate
Plate
Plate

Plate

4.1

4.2

6.1

6.2

8.1

8.2

8.3

8.4

8.5

Details of the Joint before Casting Top Slab

General View of the Test Rig in Series-A

Failure Surface of Beam A-1

Typical Crack Patterns and Failure Plane of Flexural Test
Series

Crack Patterns of B-1, B-2, B-3 and B-4 at Failure

Crack Patterns of B-5, B-7 and B-8 at Failure

Failure Zone of Beam B-1
Failure Zone of Beam B-3

Failure Zone of Beam B-6



PRINCIPAL NOTATION

Cross sectional area of beam

Area of prestressing steel

Area of non-prestressed tension reinforcement

Cross sectional area of the two legs of a link

Shear span

Breadth of the beam

Breadth of the \;veb
Effective depth

Modulus of elasticity of concrete

Modulus of elasticity of steel

Eccentricity

Concrete stress
Prestress at the centroid
Compressive strength of concrete cubes

Compressive strength of concrete cylinders

Effective prestress

Characteristic strength of prestressing steel
Modulus of rupture of concrete

Steel stress

Tensile strength of concrete

Yield stress of tension reinforcement

Yield stress of shear reinforcement



Overall depth

Flange thickness

Span

Transmission length
Bending moment

Flexural cracking moment

Decompression moment

Prestressing moment due to prestress in the slab

Ultimate moment
Effective prestressing force
Shear reinforcement ratio ( r= Ag,/b s)

Spacing of shear reinforcement

Shear force

Shear force carried by concrete
Web shear cracking load

Flexural shear cracking load

Vertical component of prestressing force of inclined tendons
Shear force carried by stirrups
Ultimate shear force

Shear strength of concrete

Crack width

Neutral axis depth

Ratio of length of prestressed portion of slab to overall span



Partial safety factors applied to loads

Partial safety factors applied to load effects

Partial safety factors applied to material strength

Concrete strain

Steel strain

Poisson's ratio

Tensile steel ratio ( p= As/b d)

Curvature




CHAPTER 1
INTRODUCTION

1.1 General

Composite beams made with prestressed concrete girders and in-situ
concrete slabs have been used in medium span bridges for many years. Although
different methods of construction and different shapes of girders have been used,
they are all constructed to carry loads as monolithic beams. In the most
commonly used construction, precast girders of 'I' or inverted "T' are placed side
by side and then connected by an insitu cast concrete slab. This form of

construction became very popular and standardised precast sections have been

developed in U.K. (1) and USA leading to better economy in construction. This type
of construction can be used for simple span decks or even made continuous. This
thesis is concerned with continuity of composite beams consisting, in this
instance, of precast 'M' beams, which are normally spaced at 1.0 m centres and

an insitu concrete top slab(2),

Composite beams have many advantages over monolithic beams. They
offer all the advantages of factory fabrication of precast girders, such as
economy, good quality control, reuse of forms etc. and when some types of

composite beams are used, external formwork is not necessarily required to cast

the top insitu slab. This results in a very economical solution when the headroom
becomes high. Composite beams use a smaller area for the precast section but the
overall stiffness and strength are not reduced as a top slab is added later. This
results in a lighter, and yet structurally efficient, section. Since prestress is

applied only to the precast girder the required prestressing force is relatively

small and will not be too critical at transfer due to the intrinsic shape of the



precast section.

As long as separation between precast beam and insitu slab is prevented,
the two parts of the composite beam behave as a monolithic unit in carrying
applied loads. When loaded, horizontal shear stresses will develop at the
interface, but these can be resisted by ensuring a good bond between the precast
beam and the slab, which can be achieved by making the top surface of the precast
beam as rough as possible and providing steel stirrups extending from the

precast beam into the slab(3).

1.2. Continuity Between Precast Girders

1.2.1 Importance of Continuity

Continuous composite beams offer many advantages over a series of
simple spans, if site conditions allow their use in bridge decks. In this type of

construction, the top slab is cast continuously over the supports making that part
of the bridge deck joint-free. Leakage of water and de-icing salts through these
joints in simple span beams, at the piers, can cause the deterioration of cross
heads and piers. This is a serious problem affecting the durability and
maintenance costs of many bridges in Great Britain and USA, however well these

joints are made(4). Continuity is adopted as an effective solution to this

problem(%), In addition to improving durability it also provides a smooth riding

surface for motorists.

The other advantages of continuous composite beams are related to the
structural behaviour. When the same section is used, a continuous beam can
carry a higher load than a simple beam, with mid-span moments and deflections
being reduced and allowing the use of smaller sections in continuous beams. This,

in turn, will result in economy of materials and reduction in dead weight. In the




case of an overload, redistribution of stresses can take place in continuous beams
and failure will occur only when moment capacity at two or more sections has
been exceeded. This means that a higher factor of safety against collapse can be
achieved(3.6),

Although fully continuous insitu prestressed beams have all the above
advantages, and may also save the cost of anchorages at the supports, they have
some draw backs. Developing full continuity over all the spans is not easy and
involves complicated tendon profiles, and difficult stressing operations. Higher

friction loss due to curved profiles, secondary stresses and shortening of long

members due to prestress etc. are some of the disadvantages in achieving full
continuity insitu. These effects are not so predominant in partially continuous
beams in which continuity is effective in carrying only a part of the total load
applied on the beam, mainly the superimposed dead load and live load, as
prestressing or non-prestressed steel used to develop partial continuity is
provided only in the region of internal supports. Consequently, the main
attention of this study is focussed on the development of partial continuity
between precast girders using a new technique involving prestressing the top
slab in the region of negative(hogging) moments and its practical and economic
viability. The details of this new method and some of the other methods used to

develop partial continuity will be considered later.

1.2.2 Ditferent Methods of Developing Partial Continuity

Some of the methods used for developing partial continuity between
precast girders are illustrated in Fig. 1.1 and 1.2.
Fig. 1.1.(a) shows the use of cap cables to establish continuity between

precast beams over the supports{/). Although stressing of these cables is not



difficult, the curvature of the cables makes the fictional losses very high and the

use of rods difficult.

In Fig. 1.1.(b) is shown a system using post-tensioned bolts. These
bolts are straight and therefore the frictional loss is small but difficult to stress.
An alternative arrangement is to locate the bolts horizontally near the top of the
beam by increasing the height of the beams in the support region.

It is also possible to establish continuity between precast beams by
applying a transverse prestress as shown in Fig. 1.1(c). Adaitioqal reinforced or

prestressed concrete planks are placed between the ends of adjoining beams as

tying elements. Transverse prestress is applied after erection of girders and
tying elements. Alternatively, the precast girders themselves can be tapered and

overlap each other over the supports for applying prestress. The transverse

prestress then holds the beam together and effectively makes them continuous for

subsequent loading.

Fig. 1.2 illustrates the methods of developing continuity using an
In-situ cast top slab. The added slab acts compositely with the precast beams in
carrying the loads applied after the development of continuity.

Fig. 1.2 (a) shows a method in which non-prestressed reinforcing bars
are placed in the top slab in the region of the supports to resist the hogging
moments. The advantage of this method over the methods shown in Fig 1.1 is that

no stressing is involved. The feasibility of this method was studied at Portland

Cement Association Laboratories in 1960's (8.9) and this is the widely used
method at present to connect precast beams for partial continuity.

Fig. 1.2(b) shows another method similar in concept to the previous
one. in this case, precast prestressed concrete rods are used instead of
reinforcing bars(10), It is also possible to use them in combination with

reinforcing steel. It is expected that the prestressed rods, in addition to resisting



negative moments, have a restraining effect on secondary insitu concrete to delay
the cracking and thereby increase the cracking moment. Although this method
also does not involve stressing at the site, the bond between the prefabricated
prestressed rods and in-situ concrete could cause problems.

Another method of developing continuity between precast beams Iis
shown in Fig. 1.2(c). In this method, the ends of the precast beams from adjacent
spans are embedded in a concrete crosshead which is cast while the precast
beams are being supported by temporary scaffolding. Reinforcing bars are

provided in the insitu crosshead to carry negative moments. The spans of the
bridge is increased by the inclusion of a crosshead. However, this method

requires scatfolding which is not necessary in other methods described above.

This method has been used in bridge construction in UK (11),
Very few research studies have been undertaken to study these different
methods. The method using non-prestressed reinforcement in the in-situ slab

(Fig.1.2(a)) has received the most attention from investigators(8.9,13,14), The

application of this method in connecting double T beams in building construction

has also been studied(15),

1.2.3 Proposed New Method for Developing Partial Continuity

The research work outlined in this thesis was undertaken to study a new
proposal for developing partial continuity in beam and slab bridges. In this
method, the slab near the interior supports is prestressed by post-tensioning
straight tendons between points of contraflexure. As in methods shown in
Fig.1.2.(a) and 1.2.(b), previously, the precast beams are erected first, then
the top slab is cast in the region where negative moments develop under service

loads and post-tensioned with straight tendons to create a partially prestressed



composite section near the support. After post-tensioning, the rest of the slab is
cast.

The sequence of construction for a two span bridge using this technique
is shown in Fig.1.3. The aim of prestressing the slab is to eliminate cracking of
the slab under service loads and if cracks appear under high live loads, enable
them to close after load is reduced, keeping the slab in compression. In other
words, to maintain a crack free slab under service loads while developing
continuity between precast beams in adjacent spans. This is a great advantage

over the most commonly used method of reinforced slab which is designed as a

cracked section under service loads.

1.2.4 Advantages of the New Method

The new method offers many advantages over the other conventional
methods of developing continuity, the most important one being the crack free
slab under service loads as mentioned in previous section. Therefore, the
prestressed slab is expected to improve durability of bridge decks. Bridge decks
are subjected to very unfavourable exposure and the action of de-icing salts,
freezing of water etc. A recent study has shown that the durability of deck slabs
can be improved by prestressing (16.17), In that study, durability of both
prestressed and reinforced slabs was investigated comparatively by subjecting
both types of slab to aggressive de-icing salt exposure conditions. Both types of
slabs were loaded until cracking occurred, prior to being subjected to such
exposure conditions. During the exposure test these slabs were loaded to open up
the cracks at regular intervals. The results of these tests showed that
prestressing had significantly reduced the chloride penetration and incidence of

corrosion of steel at the cracks compared to the reinforced slab. The main reason



for the improvement in durability is that when cracks are not wide and close
after unloading, chlorides, water and oxygen cannot penetrate easily into the

slab, thereby reducing the risk of corrosion. It also reduces frost damage.
Therefore, prestressing the slab will improve the durability of bridge deck and
reduce the maintenance cost. Although prestressed rods (10) are expected to delay
cracking and close cracks when loading is removed, they are not very effective as
the whole slab is not in compression.

In addition to the improvement in durability, a prestressed slab

improves the structural behaviour of the composite beam at the connection as the

cracking moment and stiffness are increased. A favourable stress distribution is
created in the composite section by the prestress in the top slab at the support

where otherwise, prestress in the pretensioned beams would be very small at
their ends due to the build up of prestress along the transmission length. Since

additional prestress is added to the precast girders, we can expect increased

shear capacity in addition to the improved flexural behaviour of the joint. These
improvements in the flexural and shear behaviour will be studied in detail, both
analytically and experimentally, in later chapters.

Another advantage of this new method is that it eases the congestion of
reinforcement in the top slab at the continuous support. Unlike other methods
described in Section 1.2.2, stressing is easier and simple anchorages can be used.
Also, as strands are straight, frictional losses are small.

In this method, the top slab is cast in two stages, and thus a greater part
of the self weight of the top slab is added to the beam after continuity has been
developed, effectively reducing the mid-span moment due to self weight of the
slab.

Although the ultimate moment capacity of the slab may be the same as a

reinforced concrete slab, there are many improvements under service load



conditions inherent in this method. These together with improved durability and
reduced maintenance cost should offset any additional cost Incurred in
prestressing.

In recent years, there has been increased attention by research workers
to the use of prestressed slabs in composite bridges. Already several research
reports have been published on the application of prestressed slabs in negative
moment regions of composite bridge beams consisting of steel girders and insitu
cast concrete slab (18,19,20), They have shown that prestressing the slab is very

satisfactory and increases the cracking load and stiffness considerably. The same

technique should be used with more benefits in concrete composite beams.
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CHAPTER_ 2
REVIEW OF PREVIOUS WORK ON CONTINUITY OF COMPOSITE BEAMS

2.1 General

Although the concept of establishing continuity between precast beams of
composite section has gained popularity and has been adopted in many bridge
construction works over the last two or three decades, there is little available
literature on the strength and behaviour of continuous composite beams subjected
to negative moments. Much research has been published on the subject of the

behaviour of monolithic reinforced and prestressed beams in negative bending,

but the continuous composite beams is a much more complex problem. Even
though a number of methods are available for developing continuity between
precast members in bridge construction, only a few have been studied

experimentally. The most widely used method, that of developing continuity by
placing non-prestressed reinforcement in the top slab, has attracted the
attention of most researchers. There was also an experimental investigation to
study the effectiveness of precast prestressed rods as tension reinforcement for
negative moments (10). In recent years, theée has been a considerable interest in
using prestressed slabs in negative moment regions of steel-concrete composite

beams. In this chapter, though, only research work related to the continuous

composite beams subjected to negative moments will be reviewed briefly.

2.2  Portland Cement Association Tests (8,21-25)

In the early 1960's, an extensive experimental programme was carried

out at the PCA laboratories in the USA to study the feasibility of establishing
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partial continuity by placing reinforcing bars in the top slab and at the same
time obtain additional information required in the design of such bridges In
practice. At that time, the use of precast prestressed beams had been well
established in bridge construction and interest was growing in this method of
developing continuity between girders, mainly due to its simplicity of
construction operations at the site and the advantages of continuity at the interior
supports. The experimental programme was completed in several stages and
covered many aspects of continuity connection. They were

(1) Pilot tests to study the feasibility of establishing live load

continuity by using deformed bars.
(2) A study on horizontal shear transfer between precast girders and

in-situ deck slab.

(3) Design of a typical two span continuous bridge using this type of

continuity connection.
(4) Flexural strength of continuous composite beams.

(5) Shear strength of continuous composite beams subjected to

negative moments.

(6) Behaviour of the continuity connection under repeated loading and

reverse bending.

(7) Effects of creep and shrinkage on continuity behaviour.

(8) Tests on 1/2 scale continuous bridge.

The results of the different stages of the experimental programme were
published in a series of PCA Laboratories Development Department
bulletins(8,21-25), |n this thesis, the main attention is given to the flexural and

shear strength of the continuous beams. Therefore, only results of tests relevant

to those two areas in particular will be discussed here.
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2.2.1 Pllot Tests on Continuous Composite Girders (8}

As the first stage of the PCA laboratory investigation, a series of pilot
tests were carried out on composite beams to study the feasibility of developing
continuity by providing deformed bars in the top slab over the support. Fifteen
T-shaped composite beams were tested in three groups. In Group 1, three
composite beams, each consisting of a single precast girder and top slab were
tested as double cantilevers. These beams did not have any joint. Nine beams were
tested in Group 2 in a similar manner, but each beam consisted of two short
precast girders connected by a top slab and diaphragm. Group 3 beams were made
from two short girders connected to one long precast girder by the top slab and

two diaphragms and were tested as continuous beams. The details of these beams
and loading arrangements are shown in Fig 2.1.
One of the main objectives of the pilot tests was to study the effects of

girder prestress and slab reinforcement on the ultimate strength of the

continuity connection. These two parameters were selected as the main variables.
Three ditferent percentages of deck reinforcement ( 0.83%, 1.66% and 2.49%)
were used together with three different percentages of girder prestress ( zero,
0.6% and 0.9% ). It was thought that the ultimate moment capacity of the
composite beams in negative bending would be limited by the compressive
stresses in the bottom flange of the precast girders which already had a
prestress. Group 1 and Group 2 beams were tested as double cantilevers to study
this effect.- To produce the most severe case, straight prestressing strands were
used in all beams. Group 1 beams, with continuous prestressing strands over the
support, had the highest compressive stress in the bottom flange at the critical
secﬁon;

The theoretical ultimate flexural strength of these beams was calculated

using a rectangular stress block for concrete. In the calculations, two separate
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cases were considered. In one case, prestress in the girder was included and in
the other, it was neglected. In the first case, it was assumed that prestress was
fully effective along the entire length of beam (i.e. transmission length is zero).
When the prestress was considered, the ultimate moment capacity was reduced
due to the reduction of the internal compressive force as a result of prestressing
forces in the compressive zone. This effect was more predominant at higher slab
reinforcement percentages (greater than 0.8%). When the slab reinforcement
percentage was low, there was a slight increase in the ultimate moment capacity
when prestressed steel was considered. This was due to the fact that some strands
could be found located above the centroid of the compressive force in the concrete.
For practical range of slab reinforcement (between 0.5% and 1.5%) the

difference between the two cases was small and can be neglected in the design

calculations if the amount of prestress is not too high.
The ultimate moments obtained from tests of Group 1 and Group 2 beams

were compared to moments calculated by both considering and neglecting the
prestressing steel on the girders. The average ratio of measured moment o
caiculated moment (neglecting prestress) decreased from 1.23 to 0.83 when slab
reinforcement increased from 0.83% to 2.49%. When the prestressing steel was
considered, the corresponding ratios were 1.23 and 1.02. This confirmed the
conclusion drawn from the results of the analysis that prestress effects may be
significant when slab reinforcement percentages are high.

All the beams with a deck reinforcement percentage of 0.83% failed due
to yielding of steel. The beams with low girder prestress and 1.66% of slab
reinforcement failed in a similar manner. The beams with 1.66% slab
reinforcement and high prestress and beams with 2.49% slab reinforcement and
low prestress behaved as balanced section at failure. Only in beams with high
prestress and the highest percentage of slab reinforcement (2.49%) was failure

controlled by compression. From these results it was concluded that compression
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in the bottom flange is not critical for the practical range of slab reinforcement
from 0.5% to 1.5%. In all tests the failure occurred out side the diaphragm but
very close to it. It was also observed that the balanced percentage of slab
reinforcement reduced when prestress in the girders was increased. Also, the
horizontal shear stresses were well resisted by the rough surface of the precast
girders and projecting shear stirrups.

Three beams in Group 3 were subjected to equal negative moments at the
two supports and a positive moment at the mid-span by the loading arrangement
shown in Fig. 2.1. This made it possible to study whether the continuity
connection allowed any redistribution of moments as in other continuous
structures. The main variable was the percentage of slab reinforcement (0.83%
and 1.66%). The results of the three tests showed that when flexural cracks
developed at the supports well below the working load, the moment of inertia of
the section was affected resulting in a change of moment distribution along the
beam. Up to cracking, the ratio between negative and positive moments remained
approximately constant and once the section at the supports cracked, the ratio
changed, depending on the relative amount of positive and negative reinforcement.
In all three beams yielding of negative moment steel took place before failure.

The results of the pilot tests showed that negative moments could be
carried successfully by this type of continuity connection in composite beams.
The compressive stress at the bottom of the beams becomes critical only if a very
high percentage of slab reinforcement is used together with high girder
prestress. At the ultimate stage, the prestressing forces reduce, due to the high
compression at the bottom of girders, and also the prestress is not fully effective
at the ends of pretensioned girders. Normally, in practice, strands are debonded
or deflected. Therefore, the conditions are not so unfavourable and full ultimate

moment capacity of the negative steel could be developed in most cases. The test

results of Group 3 beams indicated that the continuity connection developed by
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the fact that deformed bars allowed considerable redistribution of moments at the

ultimate load.

After these pilot tests of the PCA investigation, a similar experimental
study was carried out to investigate the use of a similar method of developing
partial continuity between precast beams In building construction (15), A
number of double -T beams were tested. The actual experimental investigation
carried out and the results obtained were very similar to the PCA Pilot tests and
therefore will not be discussed here. It was concluded that this method can also be

used satistfactorily in building construction to develop continuity between precast

prestressed beams.

2.2.2 Bridge Design Studies (PCA Tests) (22)

In Part 3 of the PCA experimental programme, a two span continuous
composite bridge was designed according to the existing American specifications
at that time. The objective of this was to study the application of the method of
developing continuity by using deformed bars in a more practical case and to
understand the problems associated with the design of continuous highway
bridges. The two span was selected because it was considered to represent the
more critical case in many aspects. After designing a 'two lane bridge consisting of
five precast girders to carry self weight and live loads including impact loads, it
was decided to test half scale model beams to study the behaviour of a bridge
under such loading. The model beams were fabricated and tested in a manner to
simulate as close as possible the conditions that would exist in the full scale
highway bridge by careful scaling of dimensions, loads and moments.

In the first part of the experimental study a half scale two span beam

was tested to check the general behaviour of a continuous bridge girder subjected

to design loads and subsequent higher overloads. The beam was subjected to three



18

tests. In the first test, the load was increased up to the design load and then
unloaded. In the second, up to twice the design load and the third test was
continued up to the failure. Reactions, deflections and also crack widths were
measured. The applied moment and the ratio of support moment to mid span
moment were compared with those obtained by elastic theory assuming constant
stiffness along the beam. Flexural cracks appeared in the slab before the load
reached the design load in the first test. From this stage onwards, the measured
bending moments deviated from the elastic moments. When the load was increased

above the design load, cracking became more extensive and the effects of the
reduced stiffness at the support section were reflected on the measured support

moment and mid-span moment. The ratio of support moment to mid-span moment
reduced considerably when loading was continued in the third cycle. The

deflection readings at the mid-span showed that the residual deflection increased
In the second and third tests as expected in any reinforced concrete structure. The

beam underwent a considerable deflection to give ample warning before final
failure occurred. The cracks opened very early in the second and third tests and
became wider as load and steel strain increased.

At the ultimate load, yielding of steel and crushing of the concrete was
observed both at mid-span and support, although the final failure was at the
support. The beam had an ultimate moment capacity greater than that calculated
according to the limit state design. No moment redistribution was considered in
determining the theoretical moment and this could have been one of the reasons
for the greater flexural strength at the support. The behaviour at the ultimate
state was considered to be satisfactory. At service load also, measured deflections
and crack widths satisfied the requirements for reinforced concrete members.
Several questions arose at the design phase of the highway bridge, concerning
such aspects as the shear strength of composite beams subjected to negative

moments, the strength of the connection under repeated loads and the effects of
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creep and shrinkage on the behaviour of the beam etc. To find solutions to these,

more model beams were tested.

2.2.3 Shear Tests of Continuous Girders (23)

One of the areas where uncertainty existed during the design of
continuous prestressed highway bridge, in Part 3 of the PCA investigation, was
the design criterion for sections subjected to both negative moments and shear
forces. No test data was available on the shear strength of composite beams
subjected to such loading conditions. Due to this lack of information in an

important aspect of design like shear, Mattock and Kaar (23) carried out a series

of shear tests on half scale composite beams similar to those used in previous

tests of the PCA study.

Fifteen half scale composite beams with a continuity connection were

tested to study the shear strength of beams subjected to negative moments. There
was a considerable concern before these tests about the influence of any flexural
cracks appearing in the top slab on the shear strength of the composite section.
The major variables for this test series were the influence of shear
reinforcement (varied from 0.38% to 1.14%) and the location of the applied
vehicle loads. The details of the test beams and the loading arrangement are as

shown in Fig. 2.2. The ratio of shear span(x) to effective depth(d) varied from

1.0 to 4.5.

Thirteen beams in the test series failed in shear with a typical mode of
failure being a diagonal compression failure of the web. Web crushing, in all
beams, started in the lower quarter of the web depth, near the support, and
spread along the beam at the ultimate load. Although there were many flexural

cracks near the support, they were too close to the support or too steeply

inclined to lead to a shear failure. There were some flexural cracks which merged
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with diagonal cracks but they were not critical. When diagonal cracks first
appeared, the crack widths were from 0.075 mm to 0.10 mm. The crack widths
near to failure were between 1.3 mm and 1.8 mm. Although the load deflection
curves had the same shape, the length of curve increased when the shear
reinforcement percentage was increased. Therefore, it was concluded that the
ductility increases with the increase in the shear reinforcement. Stirrup strain
measurements taken during the tests indicated that stirrup strain was very small
until the diagonal cracks had appeared, and increased rapidly in tension

afterwards. Stirrups in the region of diagonal cracking yielded immediately after

the inclined cracking.
The test results showed that the diagonal cracking load and the ultimate
shear strength increased when shear span/effective depth ratio was reduced,

especially when the ratio was less than 3.0. The ultimate shear strength also
Increased when the percentage of shear reinforcement was increased.

To explain the mode of failure of the test beams, the authors put forward

a hypothesis. Mattock and Kaar explained that web crushing at the end of struts
between diagonal cracks was not due to axial compression but due to combined
axial compression and bending. Their hypothesis was based on the observations
that failure always started at the bottom of the web and the ultimate shear
strength of beams was influenced by the amount of shear reinforcement. Fig.2.3
shows the forces acting on a single compression strut according to this
hypothesis. Two forces are present in the strut which is connected to the
compression flange at the bottom. They are a compression force (C) and shear
force (S). Magnitudes of these two depend on the amount of shear reinforcement
and the angle of inclination of the strut, which is influenced by the shear
span/ettective depth ratio. The force polygon indicates that when the stirrup
force(F) increases, S becomes smaller and struts carry higher compressive

force before failure. There is a limit for the increase of F beyond which struts
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fail in compression. This means that shear reinforcement percentage cannot be
increased indefinitely to increase the shear capacity of the beams. On the other
hand, if no shear reinforcement is provided, the shear force S would be very
large relative to C and strut will fail in tension at one face at the bottom
immediately after cracking.

It is also clear from the force polygon that for a given amount of stirrup
reinforcement, any change in the angle of inclination of struts will change C and
S. For shorter shear spans, this angle increases with the decrease of shear
span/effective depth ratio, resulting in an increase of C which in turn will
increase the shear strength. This was confirmed by the test results. In all test
beams, ultimate shear strength increased when x/d ratio was reduced. Mattock
and Kaar also concluded that the contribution of stirrups to the ultimate shear

strength of beams will decrease when the shear span/effective depth ratio is

increased.

Based on the observations made, Mattock and Kaar put forward an

expression to calculate ultimate shear strength as shown below.

(V- V) 6.24 (r 1) 0.44 (rf,, )e
—_— = - (psi) ..Egn . 2.1
bdSinB | Vi’ fo

where Vu = Ultimate shear force

Ve = Shear at inclined cracking

r = ratio of shear reinforcement

B = Angle of inclination of straight line drawn from load point to

support

This expression assumes that the shear strength of the beam is the sum of

shear strength of concrete (V) and shear strength provided by stirrups. This
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equation was simplified to

(Vy - Ve) sy
sv = e — ..EQN. 2.2
3.5d fW Sin B

It was concluded that ductile failure could be ensured if a girder was
designed in such a way that the load required to cause shear failure was at least

80% of the load required to cause flexural failure.

2.3 Burns (University of Texas ){(10)

After the PCA laboratory tests, another experimental investigation was

undertaken at the University of Texas during 1964-65, to study the use of a new
type of tension reinforcement to carry negative moments at the supports of
continuous composite beams. In this method, precast prestressed concrete rods

were used in place of, or in cormbination with, deformed bars in the top slab.
Improvements in controlling cracks in the deck slab were expected with this
method , which was considered as a modification of the method of developing
continuity by reinforcing bars, as the construction procedure was almost identical
to the latter. Both these methods do not involve any stressing operation in the
field.

Burns carried out an experimental programme similar to the pilot tests
of the PCA laboratories to study the effectiveness of prestressed rods in continuous
beams. Seven beams were tested, four as double cantilevers and three as two span
continuous beams. In these beams, the type of reinforcement varied, viz, deformed
bars, combination of deformed bars and prestressed rods and prestressed rods
only. In two beams, post-tensioned strands of curved profile were included. The

details of the test beams and loading arrangements are shown in Fig. 2.4.
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It was expected that the cracking in the top slab would be restrained due to
the fact that concrete in the slab was bonded to the prestressed rods which were in
compression. When cracks have appeared at a higher load than that for a
reinforced concrete slab, the prestressing force in the strands of precast rods
would close the cracks after unloading. These predictions on behaviour of beams
were confirmed to a certain extent by the observations made during testing of
double cantilever beams. The load deflection curves for all three beams ( beam A,B
and C) showed a linear relationship up to cracking load and became non-linear as

more cracks developed and reinforcement yielded at the support. These three
beams were designed to have the same ultimate strength. The cracking load for the
beam A having only reinforcing bars was about 25% of the ultimate load. The beam
C with only prestressed rods had a cracking load of about half the ultimate load,

showing a significant increase. the beam B with a combination of prestressed rods

and deformed bars fell in between the limiting curves of A and C. It was also
observed that the cracks tended to close when beams with prestressed rods were

unloaded. The double cantilever beam with post-tensioning( Fig. 2.4(c)) showed
similar behaviour to that of beams with prestressed rods. The only difference was
that it could sustain a larger deflection before failure.

The two span beams (D and E) were identical in many aspects and
exhibited very similar load-deflection response. The curves were linear even
after the first cracking at the support up to cracking at mid-span.. The beam D

developed a weaker bond between precast rods and concrete causing the failure at

a slightly lower ultimate load. The beam E failed after developing plastic hinges at
the sections subjected to both positive and negative moments. The two span beam
with post-tensioned strands failed at a higher load after following a very similar

behaviour to the other two up to the cracking. This was mainly due to the higher

moment capacity given by the post-tensioned strands.

The observations made during the tests led to the conclusion that precast
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prestressed rods acted satisfactorily in restraining the cracking in the top slab. It
was also shown that there could be difficulties in developing a good bond between

prestressed rods and surrounding concrete which is very important for the

performance of this connection.
2.4 Gamble (Unliversity of lllinols){13:14)

At the University of lllinois, two three span continuous composite beams
of 1/8-scale were tested in two stages after a study of long-term effects of
continuous composite beams. The objective of the first stage, reported by Anderson

et al.l13) was to study the effectiveness of continuity connection developed by
providing reinforcement in the top slab at low load levels. The influence lines for
reactions and mid span deflections were obtained experimentally by applying a
small point load of 815 N (equivalent to a concentrated load of 52 kN in the
prototype beam) at different locations along one of the beams. The experimental
influence lines for reactions and deflections agreed very closely with the
theoretical values obtained assuming full continuity and constant moment of
inertia. These results indicated that this type of continuity connection is very
effective at low load levels.

In the second stage which was reported by Gamble{!4), two composite
beams were subjected to overloads. The beams were tested in seven loading stages
in which the location three point loads was changed to produce either maximum
sagging moment in one of the spans or relatively high shear force and large
hogging moment at one of the supports. Even though high shear forces were
applied, shear behaviour was not considered due to the small scale of the test
beams. Due to the limitations of the loading capacity of the rig, beams could not be
loaded ub to the failure. Therefore, the study was limited to the comparison of

experimental cracking loads, deflections and reactions at high overloads with those
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calculated using elastic theory.

It was discussed that the observed cracking moments were greater than
those calculated using elastic theory. A reasonable agreement between theoretical
and experimental values was obtained for reactions but measured deflections
showed some deviations from the theoretical values.

Although the results indicated that the flexural behaviour of the

continuous beams could be predicted with reasonable accuracy using elastic theory

at overload conditions, the reliability of the results were affected by the use of

very small scale model beams.

2.5 Prestressed Slabs in Steel-Concrete Continuous Composite

Beams

Composite beams made of steel girders and in-situ cast concrete slab are

still used In bridge construction. These also are best used as continuous beams,
where the negative moments are resisted by reinforcing bars in the top deck slab.
The reinforced concrete slab develops cracks under service loads, thereby
reducing the effectiveness of the slab and composite action of the beam at the
supports in carrying negative moments. It also causes reduction of moment
capacity and stiffness of the section. In addition, the cracking exposes
reinforcement bars for corrosion. Prestressing of the deck in the negative moment
region has been under consideration as a possible solution to these problems.

It is expected that prestressed slabs would lead to crack free, more
durable decks as well as to an increase in moment capacity of the support section.
Already, several research works have been carried out in Canada and USA to study
the application of prestressed deck slab in steel-concrete composite
beams(18:1%.20) " Although prestressing is used mainly as a means of controlling

cracking in the deck slab in continuous steel-concrete composite beams (and such
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beams made of two materials greatly differ in strength and other properties do not
have the same characteristics of continuous prestressed composite beam at
interior supports ), the practical application of prestressed slabs in bridge decks
and its effect on the cracking and structural behaviour are of interest to the
research work outlined in this thesis. Therefore, some of the research studies on

the use of prestressed slabs in composite beams will be discussed briefly.

25.1 Basu et al (1819)

Analytical and experimental investigations were carried out by Basu et

al{18:19) on the behaviour of partially prestressed composite beams consisting of

a concrete slab supported by a steel beam .

In Part 1 of the study (18), the possible methods of applying prestress to
the concrete slab were considered. One of the methods considered was jacking the
interior supports upwards or stressing the steel girders before casting the slab

and releasing them after concrete has hardened. Although this could induce some
prestress to the slab, it was considered to be difficult and ineffective.
Post-tensioning of the slab in the region of negative moment by prestressing
strands in the slab was regarded as the most effective and adopted for the
investigation. At the time of stressing, composite action must have developed and

both slab and steel girders are stressed. After stressing, the rest of the slab is

cast.

In the analytical investigation, the factors influencing the length of
portion of the slab to be prestressed were considered. The compressive stress
created in the concrete slab by the prestressing force is considered as the sum of
axial compressive stress and stress due to prestressing moment. The positive
primary moment at the support due to prestressing force acting at an eccentricity

on the section is reduced by the negative secondary moment induced due to the
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reactions of the indeterminate structure. This secondary moment increases when
the length of the prestressed part of the slab Is increased. This effect was found to
be less significant when the number of spans is increased. Normally, the length of
the prestressed part of the slab depends on the locations of the points of
contraflexure of the bending moment envelope.

A two span composite beam with a prestressed slab subjected to two point
loads on each span at one third points was analysed up to collapse. The case of a
non-prestressed slab was also considered for comparison purposes. The ratio of
prestressed length of the slab to span length was taken as 0.25. Theoretical
moment-curvature relationships, load-deflection curves etc. were developed for

both elastic and plastic stages. Theoretical cracking loads and ultimate moments

were also calculated.

The results of the analysis showed that prestressing of the slab prevents
cracking up to a load about 42% of the collapse load. It also increased the uitimate
capacity by about 20% compared to the case without prestressing. The deflections
of the beam without prestressing were about 30% greater than the deflections of
beam with prestressed slab. These results indicated that smaller sections can be

used for steel girders if slab is prestressed.

In Part 2 of the study (19), a two span composite beam was tested to
verify the results of the analysis by experimental results. The details of the beam
tested were identical to those of the beam used in the analysis. The testing was
completed in two stages. In the first stage, the load was increased up to cracking of
the slab at the interior support and then the beam was unloaded. In the second

stage, the load was increased up to the maximum capacity of the loading system in

a humber of increments.

The results of the tests showed a close agreement with analytical results.
The measured cracking load was almost equal to the calculated value. After

unloading at the end of first stage, cracks closed completely. The load-deflection
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curve of the second stage followed the curve of the first cycle very closely up to
the cracking load, indicating that prestressing the slab had prevented the loss of
stiffness of the section due to cracking In the first cycle, in addition to the
increase In cracking load. The beam behaved linearly in the initial stages of
loading.

Although the beam could not be loaded to failure due to the limitations of
the capacity of the loading system, and occurrence of local buckling in the bottom
flange of the steel girder, the other measured properties such as curvature at
interior support, redistribution of moments, strains in the steel girder etc.
showed a close resemblance to the theoretical values. The advantages of

prestressed slabs predicted in the analysis were confirmed by the experimental

results.

2.5.2 Kennedy and Grace (University of Windsor) (20)

Another research study on prestressed slabs in continuous composite

bridges carried out at the University of Windsor, Canada (20), yielded similar
results to those obtained by Basu et al{18:19), |t also confirmed the advantages of
prestressing the concrete slab in negative moment regions of the slab and thereby
preventing the loss of stiffness and composite action.

Kennedy and Grace!29) developed a theoretical solution to analyse
composite bridge decks as a whole consisting of longitudinal and transverse steel

beams and in-situ cast concrete slab, using equivalent orthotropic plate theory.

Using this method they analysed a two span continuous composite bridge deck for
two cases.
(a) Reinforced concrete deck slab over the entire length of the bridge deck.

(b) Prestressed slab in the region of negative moments and reinforced

concrete slab for the rest of the bridge deck.
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The bridge deck considered had five longitudinal steel girders and five
steel beams as diaphragms. The length of the prestressed part of the slab was 0.27
of the span length.

To verify the results of theoretical analysis, two 1/8th scale models of
the two span composite bridge were tested. Model 1 had a reinforced concrete deck
while the concrete deck of model 2 was post-tensioned longitudinally in the region
of the intermediate support. Steel angles were used as shear connectors. Each

model was subjected to two tests.

In the first test, a point load was applied successively to the mid-spans of

the exterior girder, the first interior girder and the middle girder. The objective
of this test was to check whether the analytical method predicted the distribution

of moments, deflections etc. accurately when a point load is applied on the bridge

deck. The measured moments and deflections of the bridge models agreed well with
the theoretical values. Therefore the method of analysis was found to be

satisfactory in analysing composite bridge decks.

In the second stage, the model bridge decks were subjected to two point
loads at the mid-span of the middle girders. The load was increased to a load close
to the calculated ultimate load. The following observations were made during the
testing.

(1) In model 1, which had not been prestressed, the first cracks

developed at a load of about 13% of the designed failure load whereas
no cracks were detected at about 26% of the failure load in model 2.
(2) Very severe cracks developed in model 1 at about 55% of failure

load. Some cracks were about 0.3mm in width. At the same load,

cracks in model 2 were not so severe.

(3) When cracks appeared in model 1 at low loads, mid-span deflection

of the model 1 was about 15% greater than that of model 2.
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Based on the these observations and the results of the analysis, it could be
concluded that prestressing the top slab could prevent cracking of the slab under

service loads and increase the cracking load as well as the stiffness considerably.

2.6 Comments

The review of the avallable literature shows that the structural
behaviour of continuous composite beams has not been fully investigated. Research
on the most widely used method of developing continuity by reinforcing bars in the

top slab in hogging moment regions has established that the continuity developed

by this method is effective under small load levels as well as under
overloads{®:1422) However, the serviceability conditions, specially cracking,
and shear strength at the continuity connection have not received sufficient
attention. Although shear tests of the PCA investigation looked into some aspects of
shear behaviour of composite beams in hogging moment regions, the lack of data on
the shear strength of continuous composite beams is clearly reflected from the
insufficient guidance given in the design codes in this respect.

The research outlined in this thesis will deal with the serviceability
conditions in flexure and shear strength of continuity connection developed using
prestressed slabs in the hogging moment regions. The investigations on the
application of prestress to the slab of composite bridge decks consisting of steel
girders and concrete slab have indicated that considerable improvement in crack
control and durability by this prestressing. The present investigation will be
directed to study the effects of the prestressed slab on the flexural and shear

behaviour of continuous composite beams consisting of precast concrete beams and

in-situ concrete slab.
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CHAPTER 3
ANALYSIS OF PROTOTYPE BRIDGE DECK

3.1 Main Objective of the Study

The proposed method of developing continuity between precast beams by
prestressing the composite top deck slab is a relatively new technique in bridge
deck construction. Although there have been a few research studies carried out in

recent years on the use of a prestressed slab in hogging moment regions of steel
composite beams-mainly for controlling cracking in the top slab(18:19:20).n0

research literature is available on the use of this technique with prestressed

composite beams. Also, continuity between composite precast beams has received
less attention from researchers. Therefore, before a method like this is used in
practice, it is necessary to study all the important features of bridge decks which

could use this method. It is considerably different from the conventional method of
developing continuity in which no stress is applied to the top slab. Only the most
important changes in the structural behaviour brought about by the application of
prestress to the top slab will be studied in the research work outlined in this
thesis.

The main objective of prestressing the slab at the interior support is not
only to develop continuity but also to create a positive prestressing moment which
together with the axial effects of prestressing force would keep the top slab in
compression under total or part of the service moments applied after the
development of continuity. This will ensure a crack free, more durable slab in the
hogging moment region and increase the prestress in the precast girders near the

joint. This can increase the web shear cracking strength and the flexural shear

cracking strength at the support. In this study, the improvement in the behaviour
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of the continuous composite beam in flexure and shear will be given the main

points of consideration.

To study the above mentioned changes in the structure due to the
prestressed slab, analytical and experimental studies Involving this type of
construction will be carried out. In the analytical study, a full scale continuous
composite bridge deck with a prestressed slab in the hogging moment will be
analysed and designed according to the BS 5400 for concrete bridges (26,27), The
size and the type of sections and layout of the bridge deck will be chosen 1o be
similar to those commonly used in medium span bridge construction in Great

Britain. The objective of this analytical study is to evaluate effects of the

prestressed slab using a continuous bridge model and to obtain necessary data for

the design of reduced scale model beams for an experimental investigation which

will be carried out to study the effectiveness of the prestressed slab in developing

continuity and controlling the negative moment cracking at the support. Flexural
and shear behaviour will be the main topics studied in this programme. In both the

analytical and the experimental studies, comparisons will be made between
continuous bridges with reinforced slab (conventional method) and continuous

bridges with prestressed slabs(proposed method). Also, the difference between

bridges with a fully prestressed slab and a partially prestressed slab will be

considered.

This research work will also study the adverse effects of applying prestress
to the slab. One of such effects is the secondary moments induced by the application

of prestressing moment to a continuous structure. This will cause a reduction in
the applied prestressing moment at the support. The two stage construction of the
slab which is necessary in this new method creates additional negative moment at
the support due to weight of the slab. Although these two effects will increase the
prestressing steel requirement for the slab at the interior supports, they have a

desirable effect in mid-span region reducing the positive moment applied on the
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beam. These effects will be evaluated in the analysis and the design of the

prototype bridge deck. Also, the effects of increasing the compressive stress at the

bottom of precast beams as a result of the post-tensioning of the slab will be

studied.

3.2 The Effect of Prestress In the Slab on Bending Moment

Distribution In Composite Beams

The use of a prestressed slab to develop continuity in composite bridge
beams involves two stages of construction for the top slab and the application of a

prestressing force to it. Both processes produce changes particularly in the

bending moment distribution along the beam, compared with the conventional

method of using a reinforced slab over the support. The most important effects are

the inducement of a prestressing moment over the prestressed segment of slab and

a change in the beams's behaviour in carrying the weight of the top slab. These

effects will be discussed here with a prestressed slab. The span and the length of

the prestressed portion of the slab in each span are L and ol respectively. Later,

these will be numerically evaluated when a two span M-beam bridge deck is

studied as a design model.

3.2.1 The Effect of Two-Stage Construction of the Top Slab

The top slab of a continuous composite beam has to be cast in two stages.
First, the portion of the slab to be post-tensioned is cast. The weight of this slab
Is carried by two simply supported precast beams (see Fig. 3.1(a)). The
maximum positive bending moment due to the weight of this slab occurs close to
the interior support. As the bending moments due to the weight of the girders is

smaller in this region, the moment due to the weight of the prestressed slab is not

UNIVERSITY LIBRARY LEEDS
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significant.

When the remaining portions of the slab in the two spans are cast,
continuity between the two spans has already been established. Therefore, the
weight of the slab cast in the second stage is carried by a continuous beam with a
composite section at the interior support and precast beam section in the

remainder of the span (Fig. 3.1(b)). The composite section in the hogging moment

region has a greater stiffness than the precast section along the rest of the beam.

This difference in stiffness results in the support section carrying a greater
portion of the load due to the weight of the slab than in the case where the beam
has a uniform stiffness. The bending moment diagram is shown in Fig. 3.1(c).

Although the continuity and the variation of stiffness creates an additional

bending moment at the interior support due to the weight of the slab, it

considerably reduces the mid-span moment due to self weight of the slab. Also, the

location of the section where bending moment due to the weight of the slab s

maximum shifts from mid-span towards the end support. As a result, the
maximum positive moment carried by the precast beam alone is reduced. In a
beam with a reinforced slab, the maximum moment due to both self weight of

girder and the slab occurs at the mid-span. This reduction in the span moment is

very useful as prestressing steel required at the mid-span has to be provided for
the entire length. This fact partly offsets the disadvantages of having an additional

moment at the support where the amount of prestressing steel provided in the
hogging moment region of the slab is relatively small. Also, any reduction in the

span moment would allow an increase in the span range for a particular section of

precast beam.

3.2.2 Secondary Effects of Prestress in the Top Slab

Post-tensioning of the portion of the top slab at the interior support

UNIVERSITY LIBRARY LEEDS
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creates a compressive stress in the top slab to help overcome tensile stresses due
to applied loads. This compressive stress, due to the prestressing force, is made
up of two components, viz. component due to axial force and component due to the
prestressing moment. When a prestressing force P is applied to the slab, It
creates a positive uniform bending moment over the length of the prestressed slab
as shown in Fig. 3.2.(a) and (b). This moment is equal to the product of the
prestressing force P and the eccentricity e, and is called the primary moment due
to prestressing.

At the time when prestress is applied to the slab, continuity has already
been established, even though any significant hogging moment would only be
carried after prestressing. The application of primary prestressing moment on an
indeterminate structure such as a continuous beam, induces reactions at the

supports, which in turn, produce negative bending moment along the entire beam

(see Fig. 3.2(c)). These are considered as secondary moments due to prestressing.

The reactions and secondary moments can be determined by using any method of
linear elastic analysis taking into consideration the difference in stiffness of the

beam AD(precast girders) and BD (composite section). The secondary moment at

the support for this beam can be expressed as

30(2-0)

x Pe .. EQN. 3.1
2R (1) +20a (-3 o +3)

where R is the ratio of second moment of area of composite section to that of

precast beam and o is the ratio of the length of the prestressed slab to the span.

As a result of the secondary moments induced along the beam, the
prestressing moment at the interior support is reduced. The resultant moment
over the interior support due to prestressing force in the slab is equal to the

algebraic sum of primary and secondary moments. This also can be expressed in
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terms of R, o, P and e as shown below.

2R (1-a )3 + 203 - 302
M = -_———————— x Pe  ..Eqnal
2 R (1-00 )3 + 200 (@°-300 +3)

The resultant bending moment diagram due to prestress for the two span

beam is shown in Fig. 3.2(d). The values given in the diagram are for R=2.46 and

a=0.225, which refer to the prototype bridge deck consisting of M-8 beams

which will be considered later.

3.2.3 Factors Affecting Secondary Moment due to Prestress In the

Slab

The Eqn.3.1 indicates that the secondary moment depends on the ratio of

the length of prestressed segment of the slab to span (), the ratio of stifiness

(R) and the primary prestressing moment (P e). It is also clear that the length of

the span has no direct effect on secondary moment.

3.2.3.1 Ratio of Length of Prestressed Slab to Span

For a given span and beam section, when the length of prestressed segment
of the slab is increased, the secondary moment due to prestress increases causing

a corresponding decrease in the applied prestressing moment at the support. The

secondary moment and resultant moment at the support given by Eqns. 3.1 and 3.2

respectively have been plotted against «, the ratio of length of prestressed slab to

span in Fig.3.3. Therefore, it is important that the length of the prestressed

portion of the slab is kept to the smallest possible value as required by the
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bending moment envelope due to applied loads.
Basu et all®) have shown that in composite beams made of steel girders

and prestressed concrete slab at the interior support region, the effect of

increasing o becomes less critical when the number of spans is increased from

two to four. The same effect is applicable to prestressed composite beams.

3.2.3.2 Stiffness Ratio Between Composite Section and Precast Beam

This is a parameter which remains fixed for a given section of precast
beam and top slab. However, if different sizes of beams are considered, the
secondary moments reduce when the stiffness ratio R is increased. The influence of
this ratio over secondary moment reduces when the number of spans is

increased(18),

If the ditference in stiffness of precast beam and composite section for a

two span beam is ignored (i.e. the value of R is taken as 1.0), the secondary

moment effects will be much more significant than when the difference in

stiffness is considered. The equation for resultant prestressing moment then

becomes,

M = (15a°-30 +1)Pe ..EQn. 3.3

For a=0.2, this represents 34% reduction in the resultant prestressing

moment at the support. Fig. 3.3 also shows the variation of prestressing moment

at the interior support of the two span beam for R=1.0 and R=2.46.

3.2.4 The Effects of Secondary Moments on Other Parts of the Beam

Although the secondary moments due to prestress in the top slab have an

adverse effect on the prestressing moment at the interior support, it can be
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beneficial in other parts of a continuous beam which are subject to sagging
moment. As the secondary effects induces a negative moment throughout the beam
 (see Fig.3.2.(c)), it reduces the positive moment acting in the beam. This
beneficial effect is enhanced by the fact that secondary moments are applied on the
precast beam. Although the secondary moment in the mid-span region is small, any
reduction in the span moment is very advantageous due to the reasons given in
Section 3.2.1. As for the two stage construction of the slab, the secondary moments
due to prestress in the top slab will be quantitatively analysed in the design of

prototype M-beam bridge deck later in the report.

3.2.5 Selection of Length of Prestressed Segment of Slab

The length of the prestressed portion of the top slab can be decided by

considering the locations of the inflection points of the bending moment envelope
which depend on the applied loading. By slightly increasing the length of the
prestressed segment of the slab beyond these inflection points into the span, it is
possible to ensure that the entire portion of the slab remains in compression. Any

increase in the length of the slab more than absolutely necessary for the applied

loading will result in an increase in the secondary effects, thereby reducing the

effectiveness of prestress in the slab. Both these factors must be considered in

selecting the ratio o for a continuous composite bridge.

A value of o between 0.20 and 0.25 will be suitable for most cases. The

resultant moment at the support due to post-tensioning the slab for these two

values of o (and R=2.46) are 0.7 Pe and 0.6 Pe respect?ively.
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3.2.6 Resultant Bending Moment due to Prestress in the Slab and

Service Loads

The resultant bending moment diagram due to both prestress and service
loads can be obtained by superimposing one on the other. This Is illustrated in
Fig.3.4. For a two span continuous beam, a smooth continuous bending moment
envelope is assumed as shown in Fig. 3.4.(a). The prestressing moment diagram as
shown in Fig. 3.2.(d) is superimposed on this to produce the resulting bending
moment envelope (Fig. 3.4.(b)). In an actual bridge , the bending moment
envelope will not be a continuous curve as assumed in Fig.3.4.(a) and therefore

the negative moment peaks at the end of the prestressed segment of the slab will

not be significant.

3.3 Detalls of Prototype Bridge

3.3.1 Type of Beams

Of the many forms of standard precast beams used in bridge construction,
M-beams introduced by C & CA/MoT{1) have become the most widely used type for
short and medium span bridges in U.K. Therefore, it was decided to consider an
M-beam bridge deck for the study of the application of prestressed slabs in
continuous bridges. The present standard M-beam range(z) from M2 to M10,
when positioned at the normal spacing of 1.0 m, can be used for spans from 16 m
to 29 m. Since the advantages of post-tensioning the slab are more predominant
for longer spans, an M-8 section was chosen for the study. It was assumed that

the prototype beams were pretensioned with 15.2 mm low relaxation strands

which were deflected at the ends.
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3.3.2 Span and Layout of Beams

A two-span continuous bridge deck has been considered. This case was
considered as it normally represents the more critical case for many effects of
continuous beams such as the hogging moment and the shear forces at interior
supports. Although it is possible to have a sagging moment at the interior support
due to live load acting on remote spans in bridges with three or more spans, it
was not included in this research study.

Although the span range for M-8 beam is from 25m to 27 m{2), this was
increased to 30 m to see whether the effects of post-tensioning the slab would
allow an increase in span range. The M-beams, when they were first introduced,

were intended to be spaced at 1.0m centre to centre but it is now common practice

to have this spacing increased to more than 1.0 m. By increasing the spacing to

2.0 m, it is possible to save up to 25% in the cost of the bridge deck(39), It will
also allow the economic use of M-beams for spans shorter than 16 m. For the

bridge under consideration in this study, a spacing of 1.25 m was adopted.

The thickness of the in-situ top slab was taken as 200 mm. The increase
in the slab thickness from the standard 160 mm was made to have a sufficient slab
thickness to accommodate ducts for post-tensioning in smaller scale mode! beams

which were to be subsequently tested. However, the standard slab thickness of

160 mm will be sufficient for full scale beams. Fig. 3.5 shows the details of the

M-8 beam with the top slab.

In the prototype design model, seven M8 precast beams were provided in
the deck to support a two lane carriageway. The width of each traffic lane was
3.65 m. Transverse diaphragm beams were provided at the two abutments and the

interior support. The details of the bridge deck are illustrated in Fig.3.6.
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3.3.3 Length of Prestressed Segment of Slab

The value of the ratio of the length of prestressed portion of the slab to
span was chosen as 0.225. The resultant prestressing moment at the interior

support is 0.643 Pe for two-span composite beams made of M-8 precast section

and 200 mm thick top slab which has a stiffness ratio of 2.46. For 30 m span

bridge, this value of o requires a 6.75 m long portion of slab in each span to be

prestressed at the interior support.

3.4 Loadings on Prototype Bridge

3.4.1 General

Only permanent loads due to self weight of components of the deck,
finishes, surfacing etc. and live loads as specified by BS 5400: Part 2 (26) were
considered in the analysis of prototype bridge deck. The loading and analysis of

partially continuous composite bridge beams are more complicated than
monolithically cast fully continuous beams. This is mainly due to the fact that
several loading stages are involved and the beam's response to these loads can be
either as a precast beam alone or a composite section after development of
composite action and continuity. The following are the loads considered for the two

span continuous composite bridge with prestressed slab in the negative region, as

they come into effect in sequential order.

3.4.2 Dead Loads

3.4.2.1 Self Weight of Precast Beams

This was calculated on the basis of a concrete density of 24 kN/m3: The

uniformly distributed load due to self weight was 9.45 kN/m and was carried by
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the precast beams as simply supported.

3.4.2.2 Self Welght of Top Slab

Assuming the same concrete density, the UDL due to weight of slab was

6.25 kN/m. In bridge decks with a prestressed portion of the slab, this is cast In

two stages. The portion of the slab to be post-tensioned is cast first and the weight

of the slab is carried by precast beams which are still simply supported. When
the remaining portions of the slab in two spans are cast, continuity between the

precast beams has developed due to post-tensioning of the previously cast slab.

The weight of the slab is carried by a continuous composite section at the interior

support and continuous precast section at mid-span.

3.4.2.3 Finishes and Surfacing

A uniformly distributed load of intensity 2.2 kN/m® was considered for

finishes and surfacing of the bridge deck. This load is considered as a superimposed

dead load and carried by the continuous composite beams.

3.4.3 Live loads

The live loads were applied to the continuous composite bridge deck.
According to BS 5400: Part 2(26) two types of live loads have to be considered for
highway bridges in Great Britain. They are HA loading which represents normal
traffic loads and HB loading which represents an abnormally heavy vehicle load on
bridges. For the application of both types of loadings, notional lanes were
considered. These are the notional parts of the carriageway used solely for the

purpose of applying the live loads. In the present case, two notional lanes were
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considered and they had the same width of 3.65 m as the traffic lanes.

3.4.3.1 HA Loading

HA loading consists of either a uniformly distributed load (UDL) and a
knife edge load (KEL) or a single wheel load of magnitude 100 kN. The magnitude
of UDL depends on the loaded length of bridge deck. The loaded length is taken as the
base of the positive or negative portion of the influence line for a particular effect

at the section under consideration. The knife edge load is 120 kN/lane.

The following are the values of the UDL for the two span bridge deck under

consideration.
For span moment and shear force at interior support:
Loaded length = 30 m

UDL of HA loading = 30 kN/m/lane
~ For interior support moment:

Loaded length =60 m

UDL of HA loading = 21.6 kN/m/lane

3.4.3.2 HB Loading

HB loading consists of a four axle vehicle with four equally spaced wheels
per axle as shown in Fig. 3.7. The spacing between the two inner axles can be
varied from 6 m to 26 m so that the four axles can be positioned to produce the
most critical case for any particular effect such as support moment, mid-span
moment etc. HB loading is applied as units with each unit representing 10 kN axle
load. For all highway bridges in Great Britain, a minimum of 25 units must be

considered. The number can be increased up to 45 units if so desired by the

appropriate authority.
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For the two span prototype bridge, 37.5 units were considered. Therefore
the total load per axle was 375 kN (93.75 kN/wheel). The critical position of the

HB vehicle for the negative moment at the interior support, shear force at the

same support and positive span moment were determined using the Influence lines

of two span continuous beam for those effects.

3.4.4 Application of HA and HB Loading

The application of HA and HB loads on the two span two lane bridge deck

was undertaken according to the specifications of BS 5400: Part 2. The bridge

deck must be analysed for HA loading alone or HB loading alone or a combination of

HA and HB loadings.

When HA loading alone is considered, the full HA UDL and KEL are applied

to two notional lanes at the appropriate parts and 0.6 times these loads to all other

lanes. Since a two-lane bridge deck was considered, full HA loading was applied to

both lanes.

When HB loading is considered, only one HB vehicle needs to be considered

for a bridge deck. It can be wholly in one lane or can straddle two lanes. In either

case, no other live load(i.e. HA loading) is considered for 25 m in front of and 25
m behind the HB vehicle. When the HB vehicle occupies only one lane, one other
lane Is loaded with full HA loading and all other lanes with 0.6 times HA loading.
The case in which the HB vehicle straddles two lanes was considered as the
critical one for the individual beams of the two lane bridge deck of study. The
middle beam was subjected to the maximum effects of loading. The largest axle
spacing (26 m) was used in the critical case for interior support moment in
which axles were positioned in peaks of influence line ordinates of the two spans.

For span moment and shear force at the interior support, only one span had to be

loaded for the critical case and therefore, the smallest axle spacing (6.0 m) was
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used.

3.5 Analysis of Bridge Deck for Loads

3.5.1 Analysis of Bridge Deck for Permanent Loads

Except for live loads, for which the entire bridge deck was analysed, a

simply supported or continuous individual beam consisting of an M8 precast beam

with or without the top slab (as relevant to the stage of loading) was considered in
the analysis of two span bridge. The beam and loads were chosen to represent an

interior beam of the two span bridge deck. The difference in stiffness of ditferent
parts of the beam, when its length was made up of both precast portion and

composite portion, was taken into consideration in the analysis of the beam. The

analysis of the two span continuous beam was carried out using elastic theory

available for the analysis of statically indeterminate beams.

The following partial safety factors (y;) as specified in BS 5400: Part 2

were applied 1o the loads to obtain design loads.

Type of Load Partial Safety Factor( ;)

Serviceabili Ultima

(1) Dead loads (Concrete) 1.00 1.20
(2) Superimposed dead load 1.20 1.75
(3) Live loads HA alone 1.20 1.50

HB alone 1.10 1.30

The results of the analysis for dead load and superimposed dead load are

given in Table 3.1.
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3.5.2 Analysis of Bridge Deck for Live Loads

The two-span bridge deck was analysed for live loads by grillage analysis.
Grillage analysis is one of the most widely used methods in the analysis of bridges.
it can be used to analyse most types of bridge deck with any type of support
conditions and is cheaper than the finite element to run on computers(31:32:33),

In using the grillage analogy, the bridge deck has to be idealised into a
two-dimensional grillage consisting of rigidly connected longitudinal and
transverse beams. Therefore, the grillage analogy is ideally suited for M-beam
bridge decks as considered in this study because they can be conveniently idealised

into a grid consisting of longitudinal precast beams and transverse beams made of

insitu cast top slab (31), It can also accommodate continuity. Each beam of the
grillage is considered to have both a flexural stiffness and a torsional stiffness.

In the analysis of the two span bridge deck for HA and HB loading, the
computer programme for grillage analysis called 'HECB /B/9 Grids' by the

Highway Engineering Computer Branch of Department of Environment in United

Kingdom‘3%) was used.

3.5.2.1 ldealisation of Bridge Deck for Grillage Analysis

The first step in the analysis of a bridge deck is to idealise it into a
suitable grillage. In the idealisation of the two span M beam bridge deck, the
recommendations of West (32) were followed. For beam and slab bridges, the
longitudinal members of the grid are positioned to coincide with the actual beams.
Usually, an odd number of beams are preferred so that there is a member on the
centre line of the bridge. The top slab is divided into a number of transverse

strips which are orthogonal to the longitudinal beams to form the members of the

grillage in other direction.
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For the analysis of the bridge deck considered In this study, the
longitudinal members of the grillage were positioned to coincide with seven M-8

beams which are at 1.25 m spacing. The top slab was divided into transverse

beams at a spacing of 3.0 m giving a total number of 21 beams in two spans. A part

of the idealised grillage layout for the two span bridge is shown in Fig. 3.8.

3.5.2.2 Flexural and Torsional Inertias of Members

After idealisation of the bridge deck, the flexural and torsional stiffness of

longitudinal and transverse members was evaluated following the guidance given
by West (32), In the evaluation of torsional stiffness, non-rectangular parts of the

composite section were idealised to rectangles and torsional inertia of the section

was considered as the sum of the inertias of individual rectangles. Only half of the

torsional inertia of the top slab was considered in each direction.

3.5.2.3 Application of HA and HB Loading to Grillage

The bridge deck was analysed using HECB B/9/ GRIDS programme(34) for
different loading arrangements of HA and HB loading separately, for critical cases

of span moment, interior support moment and shear force at the interior support.
Several positions of the HB vehicle were considered as indicated by influence lines
for above effects. For the cases in which the wheel loads of HB vehicle did not
coincide with nodes of the grillage, they were apportioned to the nearest

nodes(31:32)

Results of the grillage analysis for live loads are given in Table 3.2. The

partial safety factors for loads have been included in the values.
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3.6 Desigh Moments and Shear Forces In the Prototype Bridge

Beams with a Prestressed Slab

The desigh moments and shear forces of the prototype bridge were
obtained by considering the load combination of permanent loads and primary live
loads acting together on the structure. The results of the analysis which are given
in Table 3.1 and Table 3.2 were combined to determine the total value at a

particular section. Wind loads were neglected. The final design moments and shear

forces were obtained by multiplying the results of the analysis by a partial safety

factor v,4 (¢8) . v, values for serviceability limit state and ultimate limit state

are 1.0 and 1.1 respectively (¢6), The critical design moments and shear forces

for the two span composite bridge beams with prestressed slab are given in

Table3.3.
3.7. Design of Prototype Beams with Prestressed Slab

The design of the prototype bridge beams for bending and shear are given
below. Attention was primarily given to the design of the section at the interior
support. As the sequence of construction and prestress in the slab affect the
positive span moments, the design of the beams for the maximum positive bending

moments was also included. The design was carried out according to the

specifications of BS 5400: Part 4 (27)

3.7.1 Design of Interior Support

At the interior support, two types of sections have to be considered. They

are the rectangular section of the diaphragm and the composite section consisting

of an M8 precast beam with insitu, composite top slab. The same maximum design
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moment was considered for both sections. The prestressing steel requirements in
the precast beam and the top slab were determined for service moments. The

section was then checked for the ultimate moment and shear forces. Any additional

non-prestressed steel was provided if necessary to satisfy the ultimate limit state

check.

3.7.1.1 Serviceability Limit State

The stresses in the composite beam and the diaphragm due to service
ﬁﬁf’w » 5o = 003

moments are given below. A modular ratio of 0.91 was considered in evaluating
=TT G pege €F)

stiffness to account for the difference in concrete strength of the precast beam and

Attt hawe wotd  Bawt L

the top slab. € Yerm e
o Meria
~Composite Section =~ Diaphragm
Top of the Slab -7.90 -5.70
Top of the Precast Beam -6.25 -4.30
Soffit of the Beam 10.40 5.70

( All stresses are in N/mm?)

Although the stresses in the diaphragm were low, the greater cross
sectional area and section modulus make it uneconomical to design prestressing

steel for the slab based on the requirements of the diaphragm section. As the length

of the diaphragm is also very short, it was decided to consider only the composite

e s g

section for the determination of prestressing steel requirement for top slab.

The ends of the precast M beams were designed as Class 1 members. By
deflecting and debonding the strands provided for positive span moments, a
satisfactory prestress distribution can be created at the end of precast beams. The

arrangement of prestressing strands shown in Fig. 3.9 (a) was considered. 15mm

diameter Bridon Drawn Dyform L-R type prestressing strands of 300 kN
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breaking load were used and assumed to be stressed up to 70% of breaking load.
The same type of strand and the same level of stress will be used throughout the
design of prototype bridge. After a calcqla}qu pr_es_tr_gsqugs "of 20%, a prestress
distribution with a 5.0 N/mm< at the top as shown in Fig. 3.9.(b) resulted. This
prestress will be sufficient to ensure a Class 1 precast beam for composite beams

with fully prestressed, partially prestressed or reinforced concrete slab. For

beams with a prestressed slab, the remainder of the prestress required will be

provided by the prestress in the slab.
3.7.1.1.1 Fully Prestressed Slab

The top slab was designed to avoid tension developing under service

moment ( Class 1). The prestressing strands were assumed to be located 70 mm

below the top of slab providing adequate cover for strands. The compressive stress

at the top of slab due to both axial force and moment due to prestressing force in

the slab (considering secondary effects also) can be written in the general form,

fF) = P (1/A + 0.643 e / ZtC )x0-91 ........... Eqn. 3.4

where Z,. is the section modulus of the composite section.

Seventeen prestressing strands of 15.2 mm diameter and Bridon Drawn
Dyform L-R were found to be sufficient to create the required prestress. This was
after a prestress loss of 19%. The prestress distribution due to prestress in the

top slab is shown in Fig. 3.10 (a) and the total prestress in the composite section

due to prestress in precast beam and slab is shown in Fig. 3.10(b)

3.7.1.1.2 Partially Prestressed Slab

In this case, the prestress was applied to the slab to keep it in

compression up to about 50% of the live load moment at the interior support.
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From the values of moments given in Tables 3.2 and 3.3, the required prestress
was found to be 5.9 N/mm<. Using the same type of prestressing strands as In the
fully prestressed slab, it was found that 12 strands stressed up to 70% of their
breaking load would produce a prestress distribution with compressive stress of
5.8 N/mm? at the top of the slab and approximately zero stress at the soffit of the
beam. The prestress losses were calculated to be about 16%. This prestress at the
top of the slab represents a degree of prestress (°/) of 0.73 for the composite
section. The prestress distribution due to prestress in the top slab alone and
combined prestress distribution due to prestress in top slab and precast beam are

also shown in Fig. 3.10.

With the applied prestress of 5.8 N/mm? to the top slab, the maximum
tensile stress in the slab under service loads was limited to 2.1 N/mm¢. According

to British codes BS 5400 (27) and BS 8110 (28), this type of section can be

classified as Class 2. With 12 strands, although tensile stresses can develop under

service loads, they will not be enough to cause cracking in the top slab.

3.7.1.2 Ultimate Moment Capacity of Composite Beams at the

Interior Support

The ultimate moment at the interior support of beams with a prestressed

slab was 3250 kNm. This was obtained by multiplying moments given in Table 3.1

and Table 3.2 by the load factor Yi3- The two composite sections designed in

Section.3.7.1.1 with two levels of prestress in the slab were checked for ultimate
moment by using design formula given in BS 5400 (27), Both sections were found
to have a greater moment capacity than the ultimate moment due 1o applied loads
and hence no additional non-prestressed steel was necessary. This was mainly due
to the fact that a greater area of prestressing steel was required in the top slab of

both types of sections due to secondary effects. Even though not required for
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flexure, it would be better to provide a small amount of reinforcing bars to resist

stresses in the slab due to shrinkage.

3.7.1.3 Ultimate Shear of Composite Beams with Prestressed Slabs

Vertical shear of composite beams is considered at the ultimate limit
state. The sequence of loading has to be considered as the shear forces at the
interior support are applied to the precast section and the composite section at
different stages. BS 5400 does not specify a definite method for the design of

prestressed composite sections for shear other than that the same procedure for
prestressed concrete beam could be followed by the assuming that the uitimate

shear force is resisted by the precast section or by composite section. For this

design model, the composite section was designed for vertical shear by considering

the appropriate section at different stages of loading (38),

The ultimate shear forces on the precast beam and composite section due

to permanent loads and live loads were 247 kN and 716 kN respectively. The
shear strength was checked at a section 850 mm from the support which is at the

end of the transmission length of strands. Due to high prestress at the top of the

precast beams, the shear strength of the section cracked in flex'ure was not

critical and only web shear strength was considered in the design. Considering the
entire composite section, and limiting the principal tensile stress to 0.24+Vf,, at
the centroid of the composite section, the shear force to cause web shear cracking

(Veo) Was determined for beams with two levels of prestress in the slab. The

values of V., were 680 kN and 640 kN for beam with fully prestressed slab and

with partially prestressed slab respectively. Accordingly, shear reinforcement

was designed in the form of 8 mm diameter high yield stirrups at spacings of

140 mm and 125 mm.

/
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3.7.2 Design of Composite Section Subjected to Maximum Positlve

Moment

As a result of the two stage construction of the top slab, the location of the
critical section for the positive moment shifts from its usual midspan position
towards the end support. From the analysis the location of the critical section for
the design of the two span prototype bridge beams was found to be 12.0 m from the

end support. Only the design of the most critical section is given here.

3.7.2.1  Serviceability Limit State

The prestress in the precast M beams is governed by the total tensile
stress at the soffit of the beam due to the service moments ( first applied on the

precast section alone and later on the composite section). In Britain, most bridge

beams are designed to be Class 1 prestressed members and therefore M beams of

the model bridge deck were designed to be similar.

At the section under consideration, the tensile stress at the bottom of the
beam due to self weight of beam and top slab which are carried by precast section
alone is 9.65 N/mm® and the stress due t& subsequent loads which are applied on
the composite section is 7.44 N/mm®. As a result of the negative moment due to
secondary eftects of the prestress in the top slab, the stress in the bottom fibres
was reduced by 1.60 N/mm<© and 1.15 N/mm2 in beams with fully prestressed
and partially prestressed slab respectively. The M-beams were provided with a
prestress of not less than the resultant tensile stress at the bottom of beam due to
service moment by 15.2 mm diameter Bridon Drawn Dyform L-R type
prestressing strands located at standard positions given in the PCA publication(2),

The beam with fully prestressed slab required 19 strands while the beam with
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partially prestressed slab required 21 strands. Detalls of the two beams are given

in Table 3.4.

3.7.2.2 Ultimate Moment Capacity of the Composite Section

Subjected to Positive Moment

The total ultimate moment at the critical section for positive moment was

calculated to be 4150 kNm. When checked using design formula given in the code,
prestressing steel provided in both types of beams were found to have a greater

ultimate moment capacity than 4150 kNm. Therefore no additional steel was

necessary.

3.8 Design of Composite Bridge Beam with Reinforced Concrete Slab

To compare the design details of continuous composite beams with a

prestressed slab and beams with a reinforced concrete slab and evaluate
numerically the changes brought about by new method compared to the
conventional method, a two span composite beam made with the same M8 section
and with a reinforced concrete top slab was analysed and designed. The only
difference in the analysis was that the entire weight of the top slab is carried by
the precast section before the development of continuity, and the corresponding
absence of any secondary moments. The slab is assumed to be cast span by span. As

in the design of beams with prestressed slab, only bending and shear at the

interior support and positive moment at the mid-span will be discussed here.

3.8.1. Ultimate Moment at Interior Support

The ultimate moment at the support due to loads applied after the
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development of continuity is 2185 kNm. The area of reinforcing bars required in

the slab to resist this moment was calculated using code formulae and found to be

4350 mm2, This can be provided by 14 bars of 20 mm diameter high yleld

reinforcement which have a steel area of 4398 mm&.
3.8.2 Ultimate Shear at Interior Support

The composite beam section with a reinforced concrete slab was checked
for ultimate shear using the same procedure adopted for beams with prestressed
slab. The total ultimate shear force was 930 kN of which 326 kN was carried by

the precast beam alone and 604 kN by the composite section. While there is a

small reduction in the total shear force( 3.4%) compared to the beams with

prestressed slab, the shear carried by precast beam alone has increased by 32%

due to the construction sequence.

To calculate the shear capacity, the same prestress distribution in the
precast beam (Fig. 3.9) was assumed. For beams with a reinforced concrete slab

also, it was web shear cracking force which was critical. The shear strength of

composite section uncracked in flexure (V,,) was 500 kN. The spacing of 8 mm

diameter high yield stirrups required at the interior support was 100 mm. This

means the beam requires 20% more shear reinforcement than that is required for

beam with a partially prestressed slab.

3.8.3 Design of Mid-Span Section

In the two span composite beam with the reinforced concrete slab at the
interior support, the maximum positive service moment in the mid-span region
Is considerably greater than that of the beam with a partially prestressed slab.

The moment carried by the precast beam is 1765 kNm while that carried by the
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composite section is 1575 kNm. As a result of the increase in service moment, the

tensile stress at the soffit of the beam Increased to 19.6 N/mm?&. Prestressing

strands of 15.2 diameter were provided in the bottom flange at standard positions
to make the beam a Class 1 member with no tensile stress under service loads. For
that, 29 strands were required, increasing then prestressing steel requirement

by about 38% compared with the beam with partially prestressed slab. The

prestress provided at the bottom after losses of 35% is 20.3 N/mm&. The area of

prestressing steel was sufficient to resist the moment at ultimate limit state.

3.9 Comments on the Resultis of the Analysis

The analysis and design of the two span prototype bridge decks produce
several important design criteria for the design of the model beams in the
experimental programme. It also made it possible to have a direct comparison
between the bridge decks with prestressed slab and bridge decks with reinforced
concrete slab at the interior support. The comparison of the results of three types
of slabs considered in the study are summarised in Table 3.5.

It is clear from the results that the bridge decks with the slab having two
levels of prestress will remain uncracked under service loads while that with
reinforced concrete slab will be cracked in the negative moment region under
service loading. This is one of the main advantages of developing continuity with
prestressed slabs, especially as the top slab of the bridge decks is subjected to
very severe exposure conditions. When the two levels of prestress used in the
study are considered, the partially prestressed slab with a degree of prestress of

0.73 is more economical than the fully prestressed slab. Neither of which

develops cracks under service loads.

The results also indicated that adverse effects such as secondary moments

associated with the use of prestressed slab become advantageous in the mid-span



61

reglon. These effects reduce the positive span moment. Savings of up to 34% and
28% In the amount of prestressing steel required in the precast beam can be
achieved when the slab at the interior support is fully prestressed and partially
prestressed to a degree of 0.73 respectively. This decrease is due to the reduction
in the tensile stress at the bottom fibres of the precast beam as a result of etfects
of prestress in the top slab at the interior support.

The prestressing steel required Iin the precast beam in the mid-span
region has to be provided for the entire length of the beam. Most of these are not

needed at the ends and have to be debonded. Therefore, any reduction in the amount

of prestress required in the precast beam is a great advantage. It also causes a
reduction in prestressing losses, especially those due to elastic deformation and
creep.

Another beneficial effect of the prestressed slab is the reduction in shear

reinforcement required near the interior support. The reductions in shear

reinforcement for beams with the fully prestressed slab and partially prestressed

slab are 40% and 25% respectively.

These points generated from the design comparisons for the full scale
bridge, can now be investigated in more detail in the programmed Investigation

using a 1/3 scale model M8 beams in the laboratory, and are reported in the later

chapters.
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Table 3.1 Results of the Analysis of the Two Span Composite
Beam with Prestressed Slab for Permanent Loads

Ultimate
Limit

State

Section] State

(1) Moment at midspan (kNm))

(a) Due to self weight of girders
(b) Due to weight of slab (first stage)

(c) Due to weight of slab (second stage)
(d) Due to superimposed dead load

(2) Moment at the section where span
moment is maximum (12m from end)

P
P
P
C
(kKNm)
(a) Due to self weight of girder P
(b) Due to weight of slab(first stage) P
(c) Due to weight of slab (second stage) P
(d) Due to superimposed dead load C
C
C
P
P
C
C

(3) Moment at the interior support
(kNm)
(a) Due to weight of slab (second
stage)
(b) Due to superimposed dead load

(4) Shear force at the interior
support (kN)
(a) Due to selfweight of girder
(b) Due to weight of slab (first stage)
(c) Due to weight of slab (second stage)
(d) Due to superimposed dead load

Note : P - Precast Section

C - Composite Section
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Table 3.2 Results of Grillage Analysis for Live Loads

Loading Arrangement Serviceability | Ultimate

1. Loading arrangement for maximum

interior support moment

(a) Support moment HA Loading
HB Loading

(b) Span moment HA Loading
HB Loading

(c) Shear force at interior support

HA Loading
HB loading

2. lLoading arrangement for maximum
span moment
(a) Support moment HA Loading
HB Loading
(b) Span moment HA Loading
HB Loading
(c) Shear force at interior support
HA Loading

HB Loading

3. Loading arrangement for maximum
shear force at interior support

(a) Support moment HB Loading 742.0
(b) Span moment HB loading 931.0
(c) Shear force at the support

HB Loading 434.0

Note : All bending moments in kNm

All shear forces in KN
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Table 3.3 Design Moments And Shear Forces For Composite Bridge
Deck With Prestressed Slab

| oy

1. Bending moment at mid-span
section (kNm)
(a) Precast beam alone 1380.0 1825.0
(b) Composite Section 1440.0 2017.0

2. Bending moment at a section 12.0 m
from end (kNm)
(a) Precast beam alone 1385.0 1018.0
(b) Composite section 1598.0 2236.0
3. Bending moment at interior support
(composite section only) kNm u

4 Shear force at interior support
(kN)
(a) Precast beam alone 179.0 247.0
(b) Composite section 511.0 716.0

Table3.4. Details of the Precast M-Beams for Positive Moments

Fully Partially
Prestressed | Prestressed .

-17.1 -17.1

beam due to permanent and live loads
2. Compressive stress at the bottom due “-

to secondary effects
[ I
4. Number of 15.2 mm diameter

prestressing strands
BT N T
LT N

( Note : All stresses are in N/mm

1. Total Tensile stress at the bottom of
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Table 3.5 Summary of Results of Analysis

Relnforced

Partially
P.C.

slab

Concrete
Slab

(1) Interior support

(a) Service moment (kNm)

(b) Stress at the top of slab
(N/mrr? )

(c) Number of 15.2 mm strands

in the slab

(d) Prestress at the top of slab
(N/mm2)

(e) Design ultimate moment (KNm)

(f) Non-prestressed steel
required

(g) Shear force on M-beam (kN)

(h) Shear force on composite beam
(kN)
() Agy/s y required (%)

(2) Span section

(a) Service moment on precast beam
(kNm)

(b) Service moment on composite
section (kNm)

(c) Stress at the bottom of beam
(N/mm2)

(d) Number of prestressing strands
(15.2 mm) required

(e) Prestress Losses

(f) Prestress at the bottom
(N/mm*<)

() Ultimate design moment (kNm)

(h) Non-prestressed steel required
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Weight of Slab (w/ Unit Length)
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Bending Moment Diagram

(a) Two Simply Supported Beams Carrying the Welght of the

Top Slab Cast In the First Stage
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(b) Continuous Composite Slab Carrying the Weight of the

Remaining Parts of Top Slab
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(c) Bending Moment Diagram Due to Weight of Slab Cast in
Second Stage

Fig. 3.1. Bending Moment Due to Construction of Top Slab
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Application of Prestress to the Top Slab
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(d) Final Bending Moment Diagram D