Contents

Preface
About the authors

PART |
Materials and test methods

1 Introduction

1.1  Background 3

1.2 FRP reinforcement 4

1.3 FRP reinforced concrete §

1.4  Acceptance by building officials 8
1.4.1  Premise on code adoption 8

1.4.2  Therole of acceptance criteria from ICC-ES 9

1.5  Applications 10
References 21
2 Material properties

2.1 Introduction 23
2.2 FRP bar 23

2.3 Constituent materials: Fibers and resin matrices 23

2.3.1 Fibers 24
2.3.1.1  Glass fiber 24
2.3.1.2  Carbon fiber 24
2.3.1.3  Aramid fiber 24
2.3.1.4  Basalt fiber 26
2.3.2  Matrices 26
2.3.2.1 Epoxies 26
2.3.2.2  Polyesters 28
2.3.2.3  Vinyl esters 28

XV
X1X

23

vii



viii Contents

2.4 Manufacturing by pultrusion 28

References 32

2:4.1

Gel time and peak exothermic temperature 31

3 FRP bar properties

3.1
32

3.3

314

References 58

PART Il

Physical and mechanical properties of FRP bars 35
Test methods 38

3241
3.2.2

ASTM test methods 38
ACI 440 test methods 44

Product certification and quality assurance 50

3.3.1
3.3.2
8:3.3
3.3.4
3.3.9
3.3.6

Constituent materials 51

Glass transition temperature (T.;) 54
Bar size 54

Mechanical properties 55
Durability properties 56

Bent bars 57

Performance of FRP RC under fire conditions 57

Analysis and design

4 Flexural members

Notation 67

4.1
4.2

4.3
4.4
4.5

Introduction 71
Structural analysis 72

4.2.1

4.2.2
4.2.3

Loading conditions for ultimate
and serviceability limit states 72
Concrete properties 72
Cross-sectional properties 74

Initial member proportioning 75
FRP design properties 77
Bending moment capacity 78

4.5.1
492

4.5.3
4:5.4
4509

Failure mode and flexural capacity 79
Nominal bending moment capacity
of bond-critical sections 89
Minimum FRP reinforcement 90
Maximum FRP reinforcement 91
Examples—Flexural strength 92

35

65
67



Contents

ix

4.6 Strength-reduction factors for flexure 101
4.6.1 ACI440.1R-06 approach 101
4.6.2  New approach 103
4.6.3  Examples—Flexural strength-reduction factor 104
4.7  Anchorage and development length 108
4.8  Special considerations 110
4.8.1  Multiple layers of reinforcement 110
4.8.2  Redistribution of moments 112
4.8.3  Compression FRP in flexural members 113
4.9  Serviceability 114
4.9.1  Control of crack width 115
4.9.2  Control of deflections 117
4.9.2.1  Elastic immediate deflections
of one-way slabs and beams 117
4.9.2.2  Elastic immediate deflections
according to Bischoff 122
4.9.2.3  Elastic immediate deflections
of two-way slabs 123
4.9.2.4  Concrete creep effects on
deflections under sustained load 123
4.9.3  FRP creep rupture and fatigue 124
4.10 Shear capacity 125

4.10.1 Concrete contribution, V, 126

4.10.2 Shear reinforcement contribution, Vi 130
4.10.3 Strength-reduction factor for shear 133
4.10.4 Examples— One-way shear strength 137
4.10.5 Examples—Two-way shear strength 139
4.10.6 Shear friction 140

4.10.7 Shear stresses due to torsion 141

4.11 Temperature and shrinkage reinforcement 144
4.12 Safety fire checks for bending moment capacity 144
References 146

Members subjected to combined axial load and
bending moment

Notation 151

5.1 Introduction 153

5.2 ERP bars as compression reinforcement 154

5.3 Owerall design limitations for FRP RC columns 155

151



x Contents

54

5.9

3.6

8.7

5.8
5.9

Reinforced concrete columns subjected to axial load 155
5.4.1  Steel RC columns 155
5.4.2  FRP RC columns 157
Design recommendations for FRP RC columns 160
5.5.1  Minimum longitudinal reinforcement 160
5.5.2  Equivalency under compression between
GFRP and concrete 161
5.5.3  Limit on maximum tensile strain in GFRP 161
5.5.4  Limit on maximum spacing of
transverse reinforcement 162
5.5.5  Modified column stiffness 163
5.5.6  Slenderness effects 165
Bending moment and axial force 166
5.6.1 Interaction diagram for rectangular cross section 166
5.6.2  Interaction diagram for circular cross section 169
5.6.3  Example—P-M diagram 171
Strength-reduction factor for combined
bending moment and axial force 173
Columns subjected to axial load and biaxial bending 175
Shear strength, V, 177
5.9.1  Concrete contribution, V., for rectangular sections 178
5.9.2  Shear reinforcement contribution,
V,, for rectangular sections 179
5.9.3  Shear strength-reduction factor 180
5.9.4  Examples—Shear strength for square columns 180
5.9.5  Circular sections 182
5.9.6  Example—Shear strength for circular columns 183
5.9.7  Shear walls 184
5.9.8  Examples—Shear wall strength and shear friction 186

References 187

PART Il
Design examples 191
6 Design of a one-way slab 193
6.1 Introduction 193
6.2  Design summary 193
6.3  Step 1—Define slab geometry and concrete properties 195

6.3.1 Geometry 195
6.3.2  Concrete properties 199



Contents  xi

6.4
6.5
6.6

6.7

6.8

6.9

6.10

6.11

6.12

6:3:3

Analytical approximations of concrete compressive
stress—strain curve—Todeschini’s model 199

Step 2— Compute the factored loads 200
Step 3— Compute bending moments and shear forces 201
Step 4—Design FRP primary reinforcement 203

6.6.1
6.6.2
6.6.3
6.6.4
6.6.5

Case 1—Exterior support 205

Case 2—Midspan 213

Case 3—Interior support 219

Ultimate bending moment diagram—Exterior bay 226
Ultimate bending moment diagram—Interior bay 226

Step 5—Check creep-rupture stress 226

6.7.1
6.7.2
6:7.3

Case 1—Exterior support 226
Case 2—Midspan 228
Case 3—Interior support 229

Step 6—Check crack width 230

6.8.1
6.8.2
6.8.3

Case 1—Exterior support 230
Case 2—Midspan 231
Case 3—Interior support 232

Step 7— Check maximum midspan deflection 234

6.9.1
6.9.2
6.9:8

Case 1—Exterior support 235
Case 2—Midspan 235
Case 3—Interior support 235

Step 8—Check shear capacity 238
6.10.1 Case 1—Exterior support 238
6.10.2 Case 2—Interior support 238
Step 9—Design the FRP reinforcement
for shrinkage and temperature 239
Step 10—Fire safety check for flexural
strength per Nigro et al. 241
References 244

Design of a T-beam 245

dnd
72
7.3

Introduction 245
Design summary 24§
Step 1—Define beam geometry and concrete properties 247

7:3:1
732
733

Geometry 247

Concrete properties 251
Analytical approximations of
concrete compressive stress—strain
curve—Todeschini’s model 251



xii Contents

7.4  Step 2— Compute factored loads 252
7.5 Step 3—Compute bending moments and shear forces 254
7.6  Step 4—Design FRP primary reinforcement
for bending moment capacity 255
7.6.1  Case 1—Exterior support 257
7.6.2 Case 2—Midspan 268
7.6.3  Case 3—Interior support 277
7.7  Step S—Check creep-rupture stress 284
7.7.1  Case 1—Exterior support 284
7.7.2  Case 2—Midspan 286
7.7.3  Case 3—Interior support 287
7.8  Step 6—Check crack width 288
7.8.1 Case 1—Exterior support 288
7.8.2 Case 2—Midspan 289
7.8.3  Case 3—Interior support 290
7.9  Step 7—Check maximum midspan deflection 291
7.10 Step 8—Design FRP reinforcement for shear capacity 296
7.11 Step 9—Compute FRP contribution to torsional
strength 300
References 302

8 Design of a two-way slab 303

8.1 Introduction 303
8.2 Design summary 304
8.3  Step 1—Define slab geometry and concrete properties 307
8.3.1 Geometry 307
8.3.2  Concrete properties 308
8.3.3  Analytical approximations of concrete compressive
stress—strain curve—Todeschini’s model 308
8.4  Step 2—Compute the factored loads 309
8.5  Step 3—Compute bending moments and shear forces 310
8.6 Step 4—Design FRP reinforcement
for bending moment capacity 311
8.6.1 Thickness control 313
8.6.2  Temperature and shrinkage FRP reinforcement 314
8.6.3  Bending moment capacity 315
8.6.4  Flexural strength with newly proposed ¢-factors 317
8.6.5  Embedment length at exterior support 319
8.6.6  Development length for positive
moment reinforcement 322



Contents  xiii

8.7
8.8
8.9
8.10

8.6.7  Tension lap splice 322

8.6.8  Special reinforcement at corners 322

8.6.9  Check for shear capacity 323

Step S—Check creep-rupture stress 323

Step 6—Check crack width 325

Step 7—Check deflections 326

Step 8— Check for punching shear (no perimeter beams) 327
8.10.1 Check at column A1 327

8.10.2 Check at column B1 328

8.10.3 Check at column B2 329

Reference 330

9 Design of a column 331

2.1

Introduction 331

9.2 Design summary 333
9.3  Step 1—Define column geometry and concrete properties 338
9.3.1 Geometry 338
9.3.2  Concrete properties 339
9.4  Step 2— Compute ultimate loads 340
9.5 Step 3—Design longitudinal FRP reinforcement 341
9.5.1 Point 1—Pure compression 344
9.5.2  Point 2—Neutral axis at the level
of the lowest section fibers 345
9.5.3  Point 3—Neutral axis within the cross section 346
9.5.4  Point 4—Balanced conditions 348
9.5.5  Point 5—Neutral axis at the level
' of the highest section fibers 349
9.5.6  Point 6—Pure tension 350
9.6 Step 4—Design FRP shear reinforcement 352
9.7  Step S—Check creep-rupture stress 355
10 Design of square footing for a single column £ LY
10.1 Introduction 357
10.2 Design summary 358
10.3 Step 1—Define concrete properties 359
10.3.1 Concrete properties 359
10.3.2  Analytical approximations of concrete compressive
stress—strain curve—Todeschini’s model 362
10.4 Step 2— Compute service axial

loads and bending moments 363



Xiv

Contents

10.5 Step 3—Preliminary analysis 363
10.5.1 Design footing base area 363
10.5.2 Verify effects of eccentricity 364
10.5.3 Ultimate pressure under the footing 366
10.5.4 Design for depth 369
10.6 Step 4—Design FRP reinforcement
for bending moment capacity 376
10.7 Step S—Check creep-rupture stress 381
10.8 Step 6—Check crack width 382
10.9 Step 7—Recheck shear strength 383
Reference 384

Index

385



