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Aberfeldy bridge, 21
American Concrete Institute (ACI),

design guides, 34, 128, 214
test methods, 121

American Composites Manufacturers
Association (ACMA), 37, 129

Active bond length, 297
Active strengthening system, 323
Additives:

fire retardants, 68
low-shrink, 68
pigments, 68
release agents, 68
UV inhibitors, 68

Adhesively bonded connection, 491
Adhesively bonded strengthening system, 12,

70, 216
Allowable Stress Design (ASD), 370
Analysis example:

flexural and shear rigidity, 394
laminate theory, 94, 99
load-moment diagram, 336
micromechanics, 82
pultruded beam deflection, 399
timoshenko beam theory, 391

Anchorage, 111, 245, 262, 297
Angle of inclination, 187, 292
Aramid fiber, 44
ASTM test methods, 108, 118, 371
Axial capacity, 325, 440
Axial deformation:

columns, 439
tension members, 468
limits, 440, 468

Axial load effect on shear strength, 308

Balanced laminate, 93
Balanced reinforcement ratio, 134, 146, 243
Balloon frame, 486
Bar spacing, 202
Basalt fiber, 45
Beam, 143, 227, 384
Beam-column, 333, 436, 471

Beam-to-column connection, 486, 492
Bearing connection, 492, 497, 501
Bend radius, 136, 201
Bent bar, 133, 188
Binder, 45
Blast retrofit, 16
Block shear failure, 499, 509, 511
Bolt torque, 491, 492
Bolted connection, 487, 496, 504
Bond critical effective stress, 205
Bond critical strengthening system, 218, 220,

293
Bond dependent coefficient, 231
Bond reduction coefficient, 297
Bond related coefficient, 169
Bond strength, 204
Braced frame, 360, 485
Bracing connection, 488
Branson equation, 167, 272
Bridge:

Aberfeldy, Scotland, 21
Dayton, Ohio, 8
Dickey Creek, Virginia, 21
highway, 23, 162
Kolding, Denmark, 22
Morristown, Vermont, 165
pedestrian, 21, 485
Point Bonita, California, 485
Storchen (Stork), Switzerland, 22, cover
Waupun, Wisconsin, 8

Bridge Deck:
reinforcement, 6, 143
strengthening, 286
pultruded, 22

Bridge parapet, 162
Buckling of pultruded beam:

global lateral-torsional, 401
local in-plane: 403

approximate method, 411
box-shaped profile, 409
i-shaped profile, 407

local web shear, 413
local web transverse, 414
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Buckling of pultruded column:
global flexural (euler), 440
global torsional, 440
local in-plane, 443

approximate method, 447
box-shaped profile, 447
i-shaped profile, 445

local-global mode interaction, 450
Building code, 2, 369
Building:

eyecatcher, 21
Electromagnetic Interference (EMI), 18
cooling tower, 19, 490

Cage, 130
Catalyst, 66
Centrifugal casting, 371
Circular concrete column, 327
Classical Lamination Theory (CLT), 89
Clip angle connection, 487, 490, 503, 508
Clipping connection, 490
Codes, 34
Coefficient of restraint, 407, 446
Column, 227, 317, 324, 436
Combined bending-tension, 477
Compression molding, 490
Compression reinforcement, 139
Compression strengthening, 223
Composite section, 167, 267
Confined compressive strain, 334
Confined compressive strength, 320, 325
Confinement, 316
Confining pressure, 323, 326
Connection:

adhesively bonded, 491
beam-to-column, 486, 492
bearing, 492, 497, 501
bolt spacing recommendations, 500
bolted, 487, 496, 504
bracing, 488
clip angle, 504
clipping, 490
custom, 488
efficiency, 497
failure modes: 494

bearing, 499
block shear, 499
cleavage, 499
net-tension, 499
splitting, 499

frame, 317, 495, 503
lap joint, 499

multibolt, 502
prying action, 508
pultruded, 484
rotational stiffness, 495
seated, 504
semi-rigid, 494
shear, 488
single bolt, 499
slip-critical, 492, 497
staggered bolt, 506
stresses, 505
telescoping, 499
truss, 498
vector analysis method, 504

Contact critical strengthening system, 220,
293, 323

Continuous Filament Mat, 58, 360
Continuous wrap, 294, 324
Cooling tower, 19, 490
Coordinate systems:

laminates, 83
pultruded profiles, 364

Corrosive environment, 3, 137, 221, 368, 490
Coupling agent, 43
Cracked section, 166, 266
Crack width:

calculation, 169
limits, 140

Creep, 168, 368, 398
Creep rupture, 43, 140, 170, 223
Cross-ply laminate, 93
Curing, 54, 68, 377
Curing agent, 66
Custom connection, 488

Debonding, 229, 291, 297, 324
Deflection: 166, 223, 271, 393, 474

instantaneous, 166, 397
limits, 151, 389
long-term, 168, 397

Design basis, 133, 219, 359
Design examples:

pultruded beam, 420
pultruded column, 455
pultruded connection, 513
reinforced beam (detailing), 208
reinforced beam (serviceability), 171
reinforced beam (shear), 191
reinforced beam (strength), 153
reinforced bridge deck (punching shear),

193
reinforced bridge deck (strength), 162
strengthen column (shear), 305
strengthened beam (serviceability), 273
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strengthened beam (shear), 298
strengthened beam (strength), 247
strengthened column (axial), 328

Design guides, 34
Design procedures:

pultruded beam, 419
pultruded column, 453
pultruded connection, 512
pultruded tension member, 470
reinforced beam (detailing), 207
reinforced beam (serviceability), 170
reinforced beam (shear), 190
reinforced beam (strength), 151
strengthened beam (shear), 298
strengthened beam (strength), 245
strengthened column (axial), 327
strengthened column (plastic hinge), 350

Design properties, 135, 220, 367, 378
Detailing, 198, 244, 292, 324, 501
Development length, 205
Die pressure, 59
Ductility, 10, 145, 317, 346
Ductility factor, 347, 350
Durability, 22, 137

Eccentrically loaded column, 333, 473
Effective bearing area, 388
Effective depth of shear strengthening, 291
Effective strain limit, 296, 325
E-glass fiber, 42
Efficiency factor, 326
Electromagnetic transparency, 18, 360, 490
Engineering constants:

laminates, 87, 91, 92
pultruded profiles, 364
reinforcing bars, 135
strengthening systems, 221

Environmental effects, 3, 137, 221, 368, 490
Environmental strength reduction factor, 136,

220
European Pultrusion Technology Association

(EPTA), 37
Epoxy, 48
Experimental methods, 104
Eyecatcher building, 21

Fabric, 59, 65, 73, 216
Factor of Safety, 370
Failure criteria, 88, 94
Failure modes:

pultruded connection, 499
pultruded profile, 401, 440
reinforced beam, 144
strengthened beam (strength), 232, 236

Fastener, 490
Fatigue, 44, 140, 170, 223
Fiber: 41

anchor, 262
aramid, 44
area, 56, 63, 81, 223
basalt, 45
carbon: 43

fabric, 65
galvanic corrosion, 44
TEX, 63
tow, 63
tow sheet, 72

coupling agent, 43
direction:

circumferential, 320
hoop, 57, 320
longitudinal, 57
multi-axial, 60
off-axis, 60
on-axis, 60
random, 58
transverse, 57

glass: 42
continuous filament mat, 58, 360
creep rupture, 43, 133
e-glass, 42
fabric, 59
roving, 56
yield, 56

natural, 45
polypropylene, 45
sizing, 42, 44
system, 55, 72
test methods, 105
veil, 55, 65

Filament winding, 75
Filler, 67
Fire retardant, 68
Fire safety, 47, 219, 222, 368
First ply failure (FPF), 94, 365
Flexural rigidity, 393
Frame: 317

balloon, 486
braced, 485
connection, 495, 503
cooling tower, 19
rigid, 19, 317, 495
simple, 487
stick-built, 19, 486

FRP:
bolt, 492
concrete filled tube, 8
definition, 1, 46
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FRP (Continued )
dowel bar, 6
grating, 4
grid, 5
luminaire, 25, 371
nut, 492
pile, 8
pultruded profile:

codes and design guides, 18, 35, 362
coordinate systems, 363
design basis, 359
design examples, 420, 455, 513
design procedures, 419, 453, 470, 512
design properties, 364, 421, 455, 514
history, 18, 360
load factors, 380
manufacturers, 19, 361
properties, 31, 364
resistance factors, 380
safety factors, 359
shapes, 52, 361
test methods, 107, 116

raw material, 40
reinforcing bar:

codes and design guides, 4, 34, 128
design basis, 133
guaranteed properties, 135
history, 4, 129
limits on stresses, 140
load factors, 134
manufacturers, 141
manufacturing method, 54
properties, 28, 138
reinforcement ratio, 134
resistance factors, 134
test methods, 111

stay-cable, 23
stay-in-place formwork, 7, 160
strengthening system:

codes and design guides, 14, 34, 216
design basis, 219
fabric, 13, 59, 65, 216, 318
guaranteed properties, 220
history, 10, 215, 317
limits on stresses, 223
load factors, 214
manufacturers, 15, 224
properties, 29, 218
reinforcement ratio, 243
resistance factors, 219
sheet, 13, 216, 292, 318
shell, 17
strap, 17, 292, 324
strip, 12, 216

test methods, 113
tow-sheet, 72
wrap, 12, 218, 291, 317, 335, 350

Tendon, 6
FRPRCS conference series, 3, 129, 217
Full-section modulus, 117, 421, 455
Fully-cured material, 377

Galvanic corrosion, 44
Glass transition temperature, 46, 75, 132, 219,

377
Guaranteed rupture strain, 135, 220
Guaranteed tensile modulus, 135, 221
Guaranteed tensile strength, 135, 220
Gusset plate, 484, 491

Hardener, 66
Hand lay-up method, 11, 68, 216
Heel of angle, 507
Hooked bar, 206
Hoop direction, 57, 320

In-plane engineering constants, 87, 364
Interaction equation for beam-columns, 475
Interaction equation for bending-tension

members, 478
Interaction equation for block shear, 511
Interaction equation for buckling mode

coupling, 450
Intermittent wrap, 294, 324
International Institute for FRP in Construction

(IIFC), 3, 37

Jacket, 12, 215, 320
Joint, 317
Japan Society of Civil Engineers (JSCE) test

methods, 122

Lamina, 83, 106
Laminate, 89, 107
Lap joint, 499
Lap splice, 207, 317, 347
Lateral displacement, 316
Limit States Design (LSD), 375
Load factors, 134, 214, 380
Load path, 485
Long-term deflection, 168, 397
Long-term stresses, 140, 170, 223
Low shrink additive, 68
Limits on stresses, 140, 223, 268, 323
Load and Resistance Factor Design (LRFD),

133, 219, 375
Luminaire, 25, 371
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Manufacturing methods, 51
centrifugal casting, 371
filament winding, 75
hand lay up: 68

fiber system, 73
pot life, 71
resin system, 73
wet-out, 71

pultrusion: 52
die pressure, 59
fiber system, 55
history, 53
pulling force, 54
resin system, 65
wet-out, 57

resin transfer molding, 76
Masonry strengthening, 1, 23
Material partial factor, 376
Matrix, 78
Mat, 58, 360
Metal strengthening, 10, 23
Micromechanics, 79
Minimum reinforcement, 151, 189
Minimum properties of pultruded materials,

366
Modulus:

compressive, 87, 421, 455, 514
flexural, 92
full-section bending, 117, 421, 455
full-section shear, 117, 421, 455
in-plane shear, 117, 421, 455, 514
longitudinal, 87, 421, 455, 514
tensile, 87, 135, 221, 421, 455, 514
transverse, 87, 421, 455, 514

Multiaxial laminate, 89
Multibolt connection, 502

Natural fibers, 45
Near surface mounted (NSM) reinforcement,

11, 130, 215
Nonlinear analysis, 94, 143, 240

Off-axis lamina(te), 86
On-axis lamina(te), 84
Orthotropic lamina(te), 84, 93, 364

Passive strengthening system, 323
Performance based design, 371, 380
Plastic hinge, 317, 349
Plate flexural rigidity, 365
Phenolic resin, 50
Ply (plies), 83, 231, 364
Pigment, 68
Plastic, 46

Polyester resin, 47
Polymer resin: 45

curing, 54, 68
glass transition temperature, 46, 75, 132,

219, 377
phenolic, 50
polyurethane, 50
properties, 51
thermoplastic, 46, 50
thermosetting, 46
unsaturated polyester, 47
UV degradation, 47
vinylester, 49

Polyurethane resin, 45
Prying action, 508
Pulling force, 54
Pultruded connection, 484
Punching shear, 189

Quasi-isotropic laminate, 93

Random mat, 58, 360
Rectangular concrete column, 335
Reliability index, 374
Reinforced Concrete:

balanced reinforcement ratio, 134, 146
bar spacing, 202
bend radius, 136, 201
bond critical effective stress, 205
bond strength, 204
crack width calculation, 169
deflection, 166
design examples, 153, 171, 191, 208, 162,

193
design procedures, 151, 170, 190, 207
detailing, 198
development length, 205
failure modes, 144
flexural strength, 151
hooked bars, 206
lap splices, 207
long-term deflection, 170
minimum flexural reinforcement, 151
minimum shear reinforcement, 189
minimum thickness, 151
moment capacity, 143
neutral axis depth, 146
nonlinear analysis, 150
over-reinforced section, 147
punching shear, 189
reinforcement ratio, 146
serviceability, 170
shear stirrups, 187
shear strength, 185
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Reinforced Concrete (Continued )
surface deformations, 199
temperature and shrinkage, 140
under-reinforced section, 148

Reinforcement ratio, 134, 243
Release agent, 68
Resin, 45, 65, 73
Resin transfer molding, 76
Resistance factors, 134, 219, 380
Rigid frame, 317, 495
Rotational stiffness, 495
Roving, 56

Saturant, 70
Seismic retrofit, 14, 16, 317, 346
Semi-rigid connection, 494
Serviceability limit state, 393
Shear connection, 488
Shear deformation, 368, 388
Shear strengthening schemes, 293
Shear wall, 17, 290, 314
Sign support structure, 371
Single bolt connection, 499
Sizing, 42
Slab, 143, 193, 227
Slip-critical connection, 492, 497
Soft-eye, 6
Specially orthotropic lamina(te), 84, 363
Stick-built frame, 6, 19, 385, 485
Stiffener:

bearing, 417
connection, 487
web, 416

Stirrups, 187, 289
Strength:

bearing, 364, 514
compressive, 88, 421, 455, 514
flexural, 514
in-plane shear, 88, 421, 455, 514
interlaminar shear, 364, 421, 455, 514
longitudinal, 88, 421, 455, 514
reduction factor, 219, 235, 293
short beam shear, 364, 421, 455, 514
tensile, 88, 135, 221, 421, 455, 514
through-the-thickness shear, 421, 455, 497,

514
transverse, 88, 421, 455, 514

Strengthened Concrete:
active bond length, 297
active strengthening system, 323
anchorages, 262, 297
angle of inclination, 292
axial capacity, 325
axial load effect, 308

balanced Reinforcement ratio, 243
bar lap splice, 317, 350
bond critical system, 220, 293
circular concrete column, 327
confined compressive strain, 334
confined compressive strength, 320
confinement, 316
confining pressure, 323, 326
contact critical system, 220, 293, 323
continuous wrap, 294, 324
debonding, 229, 291, 297, 324
deflection, 223, 271
detailing, 245
drift, 316
ductility factor, 347
eccentrically loaded column, 333
effective depth of shear strengthening, 291
effective strain limit, 296, 325
failure modes, 236
fiber anchors, 262
fiber area calculation, 223
flexural strength, 245
intermittent wrap, 294
lateral displacement, 316, 350
limits on strengthening, 222, 298
load-moment diagram, 333
moment capacity, 235
neutral axis, 234
nonlinear analysis, 240
passive strengthening system, 323
plastic hinge confinement, 350
plastic hinge, 317, 349
rectangular concrete column, 335
reinforcement ratio, 243
serviceability, 273
shear capacity, 293
shear crack angle, 292
shear overstrength, 352
shear strengthening schemes, 293
sheet spacing, 292
sheet width, 292, 302
spiral column, 325
strengthening limits, 222
stress in FRP, 270
stress in steel, 269
substrate strain, 235
tied column, 325
truss analogy, 293
u-wrap, 262, 291

Stress-strain relations, 84, 86, 89
Structural Plastics Research Council (SPRC),

3, 18
Structural reliability, 373
Substrate strain, 235
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Surface deformations, 199
Symmetric laminate, 90, 93

Temperature effect, 368
Test methods, 105, 108
TEX, 63
Thermoplastic polymer, 46, 50
Thermosetting polymer, 46
Thread, 492
Timber strengthening, 1, 23
Timoshenko beam theory, 388, 391
Torsional constant, 402
Tow, 63
Tow-sheet, 72
Transformed section analysis, 167, 250, 266
Transverse shear rigidity, 394
Truss, 360, 485
Truss connections, 498
Truss analogy, 293

UV degradation, 47

Unidirectional composite, 80, 84
Unsaturated polyester resin, 47
U-wrap, 262, 291

Vector analysis method, 504
Veil, 55, 65
Vinylester resin, 49
Viscoelastic modulus, 398
Volume fraction, 78, 360
Void content, 47, 78, 218

Wall, 227, 290, 317, 486
Warping constant, 402
Web crushing, 414
Web-flange junction, 368, 412, 494, 503
Wet lay up, 11, 68
Wet out, 57, 71
Weight fraction, 78
Wrap, 12, 218, 291, 317, 335, 350

Yield, 56




