Wayne State University
Digital Commons@WayneState

Wayne State University Dissertations

Reliability model for ductile hybrid frp rebar using
randomly dispersed chopped fibers

Bashar Ramzi Behnam
Wayne State University,

Follow this and additional works at: http://digitalcommons.wayne.edu/oa_dissertations

Recommended Citation

Behnam, Bashar Ramzi, "Reliability model for ductile hybrid frp rebar using randomly dispersed chopped fibers" (2012). Wayne State
University Dissertations. Paper 425.

This Open Access Dissertation is brought to you for free and open access by Digital Commons@WayneState. It has been accepted for inclusion in

Wayne State University Dissertations by an authorized administrator of Digital Commons@WayneState.


http://digitalcommons.wayne.edu?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F425&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wayne.edu/oa_dissertations?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F425&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wayne.edu/oa_dissertations?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F425&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wayne.edu/oa_dissertations/425?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F425&utm_medium=PDF&utm_campaign=PDFCoverPages

RELIABILITY MODEL FOR DUCTILE HYBRID FRP REBAR USING
RANDOMLY DISPERSED CHOPPED FIBERS

by
BASHAR RAMZI BEHNAM

DISSERTATION

Submitted to the Graduate School
of Wayne State University,
Detroit, Michigan
in partial fulfilment of the requirements

for the degree of

DOCTOR OF PHILOSOPHY

2012

MAJOR: CIVIL ENGINEERING

Approved by:

Advisor Date




DEDICATION

‘Co My Mom
‘Co the memory of my father



ACKNOWLEDGMENTS

| would like show my appreciation and gratitude oy advisor Dr.

Christopher D. Eamon, Professor of Civil Enginegridepartment for his
invaluable guidance and advice throughout the tinsonducting this work.
| sincerely thank him for the comments and academmterials provided

which paved the way for advancement in this work.
| also would like to thank the committee membersMmtaz Usmen, Dr
Hwai-Chung Wu, and Dr Wen Li for their suggestioeemments, and

encouragements.

Without those people, this work wouldn’t have baenomplished.



Dedication

TABLE OF CONTENTS

Acknowledgements

List of Figures
List of Tables
Chapter One
1-1

1.2

1-3

14

1-5

1-6

Chapter Two
2-1

2-2

2-3

2-4

2-5

Chapter Three
3-1

3-1.1

INErOdUCTION ..t e
Highway Bridges ..........ccoviiiii e
Coating for Structural Steel Reinforcing Steel Rebars.......
Fiber Reinforced Polymer FRP ...

Advantages of Using FRP Reinforcement .............ou....

Disadvantages of Using FRP Reinforcement ...................

Objectives and SCOPE ......covviii it e
Literature ReVIEW ..........ooiiiiiiii e e
FRP Rebar ... ..o e
Reliability ANalysis .......cooiiiiiiii e
Randomly Dispersed Chopped Fibers ..............cccoeeets

CUINVEd FIDEIS .o

11

17

19

24



3-1.2
3-2
3-2.1
3-21.1
3-2.1.2
3-2.2
3-3
3-3.1
3-3.2
3-4
3-4.1
3-4-1.1
3-4.1.2
3-4.1.3
3-4.14
3-4.2
3-4.3
3-5
3-6
Chapter Four
4.1
4.2

4-3

1= 3
Continuous Fibers ComposItes ..........ovvviiivmcceiinnnnnn.
Rule of MIXTUIES ......vieiie i e e
Stiffness Rule of MIXtUres...........cccoooviiii i i e
Strength Rule of MiXtures.............oovoiiiiiiiiiiii e,

Work JUSHIfication 1 .....oooveiieiee e e

Short Fiber COMPOoSIteS .......covviiiiiiii e,
Fiber Length ...

Fiber Orientation ... e e e e e

Modified Rule of MiXtUIe ... .....c.oroe e e e e

Stiffness Modified Rule of Mixtures................coovvviinnnen.
Fiber Length Efficiency Factor .............cccoiiiiiiiiinnnns
WOrk JUSHIfICAtioN 2 .......coooiii i e
Fiber Orientation Efficiency Factor .................c.coovvieenn,
Work JUustification 3 .........oooii i
Strength Modified Rule of Mixture ................coviiiiiinnn.
Work JUSHIfiCation 4 .......coooiii i
What is Random in-plane (2-D) Short Fiber Composites? ..
Curvature of Fibers ...
Models and Calculations ..............ccoceiiiii i,
Proposed Rebar Model One ...,

Proposed Rebar Model TWO .......cooiiiiiii e,

Moment-Curvature Relationship ............ccoooiiiiiiiienns

26

27

27

27

28

28

30

31

36

36

37

37

39

40

41

44

48

a0

50

53

53

55



4-4

4-5

4-6

4-7

4-3.1

4-3.2

4-3.3

4-3.3.1

4-3.4.2

4-4.1

4-4.2

4-5.1

4-5.2

4-5.3

4-5.4

Chapter Five

5-1

5-2

5-3

5-2.1

5-2.2

5-2.3

Concrete Stress-Strain Curve ...........ccovvvvivevieeieennne, 56
Steel reinforcement Stress-Strain Curve ...........ccoee..... 58
Fibers Stress-Strain Curve ...........ccoovviie v e e 60
Proposed D-H-FRP Rebar 1 Stress-Strain Curve.......... 61
Proposed D-H-FRP Rebar 2 Stress-Strain Curve ..............! 63
Model of Reinforced Concrete Section in Flexure (beyond

(o =103 (] 1 o ) PP 65
Determining Concrete Strength Parametersid K .......... 67
Moment (M) and Curvatured( Calculations ..................... 67
Rebars Optimization .............cccocvieiii i viiiiieiieeeeee e 68
Objective FUNCLION ..o s s e e e e e e 69
Types Of CONSraiNtS .......coveii i e 69
Proposed D-H-FRP rebarmodel 1 ...............ccccvivviiiin. 72
Proposed D-H-FRP rebar model 2 ......ccoeeeoveiiin. 73
19 18 o 1] 2 74
FRP Rebar Bonding to Concrete ..........cooceevivineinnnns 76
Structural Reliability ..........coooii 77
Common Statistical Parameters ................ccccovceve e 18
Probability Distributions .............cccoeveiici i, 19
Normal Distribution ..............cccoove i, 80
Log-Normal Distribution ...............oovevveiviiiiiiieieeee.... 81
The Type | Extreme Value Distribution (Gumbel) ...............82
The Concept of Reliability-Based Design ......................... 84

Vi



5-4

5-5

5-6

5-7

Chapter Six

6-1

6-1.1

6-1.2

6-1.3

6-1.4

Chapter Seven

7-1

7-2

7-2.1

7-2.2

7-3

7-3.1

7-3.2

7-4

7-5

Limit State FUNCLION ..ot e 85
Reliability INdeX ......oooii i, 86
Monte-Carlo Simulation Technique ............cccoveiiiiiin i 88
Moment Capacity in Terms of Random Variables ............... 90
Design and Analysis of Structural Components .................. 94
Bridge DeCK ..o 94
Loads t0 CONSIAEY ....vv et e 97
Design LImit State .........ooeiiiiiiiii e 99
Influence Function ... 100
The Equivalent Strip Method ... 101
Simply Supported Beam .........ccooiiiiiiiii 105
Strength Requirements .............coiviiiiiiiiiiiiiincen e e 105
DefleCtion ........cooi i 106
Calculations and ResUlts ..........oooiiiiiiiiii e 111
Critical Fiber Lengtl Calculations .............ceoiiieiini. 111
Fiber Length Efficiency Factor Calculation ........................ 112
Effect on Modulus of Elasticity .................ooo i 112
Effect on Composite Ultimate Strength ............................ 115
Fiber Orientation Efficiency Factor Calculation .................. 115
Effect on Modulus of Elasticity ......................co i ienennl . 115
Effect on Composite Ultimate strength ..............c.coooeeiiini. 115
Composite Ultimate Stress Calculations .......................... 115
Optimizing Proposed Rebars .........ccoovviiiiiiiii e 117

vii



7-6

7-6.1

7-6.2

7-6.3

-7

7-8

7-9

7-9.1

7-9.2

7-9.3

Chapter Eight

8-1

8-1.1

8-1.2

8-2

8-2.1

8-2.2

8-3

8-4

8-5

8-6

8-7

Chapter Nine

Optimum Volume Fractions .........ccccovevviiviiiiiiiieienen. 129
Volume Fraction Bridge DeckK ..o innn. 129
Volume Fraction Beam/Girder for Buildings .....................129

All Purposes Final Volume Fractions ..............................130
Deflection of Beam/Girders ...........ccoeviiiiiiiininnnnnns 130
Balanced FRP Reinforcement Ratig) ...................... 132
Continuous Fiber Rebar ..o e 135
Two-Material Continuous FRP Rebar ..................... 135
Three- Material Continuous FRP Rebar ................... 137
Four-Material Continuous FRP rebar ................cocoevvie. 138
DISCUSSION ...viiieiiiiieiie e e e e ie e e eeeee 140
Chopped Fibers Performance ..................cco i veeeennenn.. .. 140
FiberLength ... 140
Fiber Randomness DiSpersion ..........cccecvvvvvveennnn. 140
Proposed Rebars Relative Performance ...................o.o.. ... 141
Stress-Strain Curves COMPAariSON ...... e eeeveeiennennns 141
Moment-Curvature Curves Comparison .................. 142
Deflection Control ............cocooiiiiiiiiii e 144
Cost, Ductility, and Ultimate Strain ...................c.eeevveene.. 146
CoSt COMPANISON ...uieieie et e e e aee e 147
Reliability Indexes of The New Proposed Rebars ................ 148
Capacity Reduction Factor............coccevvievieiie e ennns 150
Conclusions and Recommendations ........................ 152

viii



9-1

9.2

Appendix A
Appendix B
Appendix C
Appendix D
Appendix E
References

Abstract

CONCIUSIONS ...t e e e e e
Recommendations for Future Studies .................ceeeneen.
Moment Diagram for Bridge deck

Stress-Strain Curves

Moment-Curvature Curves

Optimization Example

Different Moment-Curvature Curves

Autobiographical Statement ...

152

..153

155

171

182

193

196

198

213

214



Figure 1-1

Figure 1-2

Figure 2-1
Figure 2-2
Figure 3-1

Figure 3-2

Figure 3-3

Figure 3-4

Figure 3-5

Figure 3-6

Figure 3-7

Figure 3-8

Figure 3-9

Figure 3-10

Figure 3-11
Figure 3-12

Figure 3-13

LIST OF FIGURES

Direct costs associated with metallic corrosion in U.S. mekist.

Cost of infrastructure corrosion and classifications §2ifliéns
(16.490) ..ottt e e

Derivation of rotational quadratic forms .....................ccvee.

Fitting of semiparabola in rotated standard space

Stress-strain curves for different types of fibedssteel .............

Experimental and theoretical results of streasisicurves by
Belarbi, etal.,, 1999 ... e

Experimental and theoretical results of streasistcurves by
Somboonsong, 1999 ... s

Experimental and theoretical results of streasisturves by Terry,

20006 ...

Shear stresses induced around short fiber due tooramastrains

of matrix and fiDEIS ... e

Tensile and shear stresses distributions at the interfhecfibler ..

Fiber length to critical fiber critical fiongth ratio versus fiber
average stress to maximum fiber stress ratio .................ccecu..

Tensile stress distribution in short fibersl @) (b) | = 1. (c) | >

Different geometrical packing configigfas............................

Experimental and theoretical data by Owens/Corniperdrass

(@701 0T0] =1 1 [0] o TSN

Experimental and theoretical data by Manera (1977) .......c......

1

2

12

14

25

29

29

30

31

33

35

36

38

42

42

Experimental and theoretical data by Andersons et al., 2006 ..... 43.

Experimental and theoretical data by Thomason and Viug



Figure 3-14

Figure 3-15

Figure 3-16

Figure 3-17

Figure 4-1
Figure 4-2
Figure 4-3a

Figure 4-3b

Figure 4-4

Figure 4-5
Figure 4-6

Figure 4-7

Figure 4-8

Figure 4-9
Figure 4-10
Figure 5-1

Figure 5-2

Figure 5-3
Figure 5-4

Figure 5-5

Fiber length efficiency factor versus fibemgtanfor both stiffness

andstrength ... AT
Fiber Orientation factor as a function of Bta........................ 48
Correlation between theoretical and experimental loegad on

Thomason, Vlug, Kirkor and Schipper, 1996 .....cc.c............. 49
In-plane of the layer (top) and normal to the ptaEnthe layer

(S0 1) 50
A cross sectional area of proposed rebar model 1 ............... 54
A cross sectional area of proposed rebar model 2 ............. 56

Proposed Moment-Curvature model for confined and unconfined

070 163 ] 57
Original Hognestad Moment-Curvature curve for ctacie
(o0] 101 0] (=151 [0 o PP 57

Typical Moment-Curvature curves for steel grade 60 and grade 460

Moment-Curvature diagram for the fibers used in this study ......! 61
A typical Moment-Curvature curve for proposed rebaf 20%

steel and 80% FRP ... 63
A typical Moment-Curvature curve for proposed rebaf 200%

FRIP o 64
(a) beam cross-section. (b) strain distribution te3ssdistribution

(d) force diagram .......cooue it e 65
Load deflection curve with more than one slope.................. 75
Different types of commercial available FR#areand braided FRP

1= .= 1 76
Typical shapes of PDF and CDF of normal distribution ......... 81
Typical shapes of PDF and CDF of Type | Extreratie

distribution (Gumbel) for different values ...........ccceoiinnil. 83
The concept of safe design and failure probability ............... . 85
Limit state functiog() of two continuous random variables ....... 86
Reliability iINndeX .......o.uieii 87

Xi



Figure 6-1
Figure 6-2

Figure 6-3

Figure 6-4

Figure 6-5

Figure 6-6

Figure 6-7

Figure 6-8

Figure 7-1

Figure 7-2

Figure 7-3

Figure 7-4

Figure 7-5

Figure 7-6
Figure 8-1

Figure 8-2

Figure 8-3

Figure 8-4

A typical 1 ft cross section of concrete bridge deck slah........ 95
Five-bay bridge deck used inthiswork .........cccceeeiiiiiin. 97

The three types of dead load considered in analyzingearghing
the concrete bridge deck slab .......ccoeei i 98

Typical HL-93 truck axel load to be used in bridge deck design .....

Locations where maximum positive and negative moments

EXPECLEA. ettt et e e e e 101
Influence function for five-bay bridge deck at sesti(1-1), (2-2),

AN (3B-3) ottt 101
Expected locations for (+) and (=) moments of 9dtegispacing

on influence function diagram ............ccoooiiiiiiiiiiii i e 103
Simply supported reinforced concrete beam/girddr Meiigth L

subjected to uniformly distributed dead and live loads .......... 106
Fiber length and the corresponding fiber lengtbiefity factor for

IM- Carbon fiberE, =650GPa (E; =95000KSi) ......c...eereevnens 113
Fiber length and the corresponding fiber lengtbieficy factor for

SM-Carbon fiberE, =230GPa (E,; =34000kSi) ........cccevvnennnnn. 114

Flowchart to conduct RBDO for proposed rebar 1 for building
beam/girder ...... ..o 119

Flowchart to conduct RBDO for proposed rebar 2 for building

beam/girder ... ..o i 121
Deflection based on minimum beam/girder thickness ih4AC

and 318 for different reinforcements ................ccoiiiiinn.. 132
¢ for different number of materials used in D-H-FRP rebars ....... 138

Stress-strain curves for proposed rebars and conventiohbhstee 141

Moment-curvature curves for proposed rebars and conventional

Steel DArS ... 142
Deflection of different types of rebars and limiting values....... 145
Relative costs of different D-H-FRP models ........................... 147

Xii

99



Figure 8-5

Figure 8-6

Figure 8-7

Figure 8-8

Figure A-1

Figure A-2

Figure A-3
Figure A-4

Figure A-5

Figure A-6
Figure A-7

Figure A-8

Figure A-9
Figure A-10

Figure A-11

Figure A-12
Figure A-13

Figure A-14

Figure A-15

Reliability indexes for bridge deck reinforced vidtiH-FRP rebar
1, bending limitstate ...............ccoeiiiiiiii . 148

Reliability indexes for bridge deck reinforced wittH-RP rebar
2, bending limit state .............cooooi it e 149

Reliability indexes for beam/girder reinforcathviD-H-FRP rebar
1, bending limitstate .............ccccoeiiiiiii e, 149

Reliability indexes for beam/girder reinforcathviD-H-FRP rebar
2, bending limit state .............cccoo i e e 150

Moment diagram due to the deck own weight of 1 k/ft for S=6 ft ...

Moment diagram due to asphalt future wearing ceirdd 1 k/ft for
S T B e 157

Moment diagram due to parapet weight of L kforS=6ft ...........
Moment diagram due to the deck own weight of 1 k/ft for S = 8 ft ..

Moment diagram due to asphalt future wearing ceirdé 1 k/ft for
S T Bt i 160

Moment diagram due to parapet weight of 1 kfor S=8ft ............
Moment diagram due to the deck own weight of 1 k/ft for S =9 ft ..

Moment diagram due to asphalt future wearing ceirdé 1 k/ft for

T 1 P 163
Moment diagram due to parapet weight of 1 kfor S=9ft ......... 164
Moment diagram due to the deck own weight of 1 k/ft for S = 10 ft.
Moment diagram due to asphalt future wearing g 1 k/ft for

T 0 1 166
Moment diagram due to parapet weight of 1 k for S = 10.ft.... 167

Moment diagram due to the deck own weight of 1 k/ft for S = 10 ft .

Moment diagram due to asphalt future wearing g 1 k/ft for
S T 5 169

Moment diagram due to parapet weight of 1 k for S =12 ft....... 170

Xiii

156

158

159

161

162

165

168



Figure B-1
Figure B-2
Figure B-3
Figure B-4
Figure B-5
Figure B-6
Figure B-7
Figure B-8
Figure B-9
Figure B-10
Figure B-11
Figure B-12
Figure B-13
Figure B-14
Figure B-15
Figure B-16
Figure B-17
Figure B-18
Figure B-19
Figure B-20

Figure C-1

Figure C-2

Figure C-3

Stress-Strain curve for +ve moment of a bridge deck and (S6,#1172

Stress-Strain curve for -ve moment of a bridge deck (S6,#1).. 172
Stress-Strain curve for +ve moment of a bridge deck (S9,#1) ....173
Stress-Strain curve for -ve moment of a bridge deck (S9,#1).. 173
Stress-Strain curve for +ve moment of a bridge deck (S12,#1) ..174
Stress-Strain curve for -ve moment of a bridge deck (S12,#1) ...174

Stress-Strain curve for +ve moment of a bridge deck (S6,#2).....175
Stress-Strain curve for -ve moment of a bridge deck (S6,#2)..
Stress-Strain curve for +ve moment of a bridge deck (S8,#2) .........
Stress-Strain curve for -ve moment of a bridge deck (S8,#2) ....176.
Stress-Strain curve for +ve moment of a bridge deck (9,#2) ..... 177
Stress-Strain curve for -ve moment of a bridge deck (S9,#2) ....171..
Stress-Strain curve for +ve moment of a bridge deck (S10,#2) .178.
Stress-Strain curve for -ve moment of a bridge deck (S10,#2) ..178
Stress-Strain curve for +ve moment of a building beam (L=20,#1)/9
Stress-Strain curve for +ve moment of a building beam (L=25,#1)/9
Stress-Strain for +ve moment of a building beam (L=30,#1)......180
Stress-Strain for +ve moment of a building beam(L=20,#2) ...........
Stress-Strain curve for +ve moment of a building beam (L=25,#281

Stress-Strain for +ve moment of a building beam (L=30,#2)......181

Moment-Curvature curve for +ve moment of a bridge deck

(SB,HL) e eee ettt 183

Moment-Curvature curve for -ve moment of a bridge deck (S6,#133.

Moment-Curvature curve for +ve moment of a bridge deck (S9,#1) .

Xiv

180

184



Figure C-4
Figure C-5
Figure C-6
Figure C-7
Figure C-8
Figure C-9
Figure C-10
Figure C-11
Figure C-12
Figure C-13
Figure C-14

Figure C-15

Figure C-16

Figure C-17

Figure C-18

Figure C-19

Figure C-20

Figure E-1
Figure E-2

Figure E-3

Moment-Curvature curve for -ve moment of a bridge deck (S9,#1) ..
Moment-Curvature curve for +ve moment of a bridge deck (S12185)
Moment-Curvature curve for -ve moment of a bridge deck (S12,#1)
Moment-Curvature curve for +ve moment of a bridge deck (S6,#2) .
Moment-Curvature curve for -ve moment of a bridge deck (S6,#2) ..
Moment-Curvature curve for +ve moment of a bridge deck (S8,#2) .
Moment-Curvature curve for -ve moment of a bridge deck (S8,#2) ..
Moment-Curvature curve for +ve moment of a bridge deck (9,#2) ...
Moment-Curvature curve for -ve moment of a bridge deck (S9,#288.
Moment-Curvature curve for +ve moment of a bridge deck (S1Q182)
Moment-Curvature curve for -ve moment of a bridge deck (S10,#2)

Moment-Curvature curve for +ve moment of a building beam

Moment-Curvature curve for +ve moment of a building beam

(LE25,80) et e e e e 190
Moment-Curvature curve for +ve moment of a building beam
(L=30,0) oot e e e e e 191
Moment-Curvature curve for +ve moment of a building
DEAM(L=20,2) ..o 191
Moment-Curvature curve for +ve moment of a building beam
(Lm25,2) e e e 192
Moment-Curvature curve for +ve moment of a building beam
(L=30,82) et e e e e 192
Moment-curvature curve for Terry's experimental work ........... 196

Moment-curvature curve for Somboonsong’s experimental workL97.

Moment-curvature curve for Belarabi’'s experimental work ....... 197

XV

184

185

186

186

187

187

188

189



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 5-1

Table 5-2

Table 6-1

Table 6-2

Table 6-3

Table 6-4

Table 6-5

Table 6-6

LIST OF TABLES

Values and ranges of the engineering and mechproperties of

some common fibers ... 26
Typical mechanical properties of Epoxy, Polyester, and
Polypropylene resins .........ccoovoviiiiiiiiiiiiiciie s 26

Theoretical fiber length efficiency factor forfeliént fiber lengths
and fiber volume fractions ..........c.coo i 39

Experimental fiber length efficiency factor f@ntnuous aligned
fiber composites ..........covciiiiiiiiii e, 39

Fiber orientation efficiency factor for several systenfigurations 41

Mechanical properties of the materials used in the podFeRP

TS oo 60...

Specific costs and densities of different mateasésimed in this

WOTK ot e e e e e e e e 69
List of design variables .............cccoceviiicii e, 11
Resistance statistical properties ..........cccovvivii i i e, 92
Load statistical properties ..........ccoevvvieiieiie i e e v 93

Assumed dimensions for the concrete bridge deck slabusebe
throughout thiswork ... e, 96

Part from AASHTO-LRFD Bridge Specifications for loaddex... 100

Positive and negative moments for the three different ldaa
components at the three candidate sections .......................... 104

Positive and negative moments for the live load at thee th

candidate SeCtionS ...........ccoceiiiiiiii it eeeee e 105
Maximum moments at the center of the simple beam thdiora

uniformly distributed dead and live loads .............................. 106
Maximum permissible computed deflections (ACI-318) ...............

XVi



Table 6-7 Minimum thickness of nonprestressed beams or one-way slabs

unless deflections are calculated ...........ccooeieiii i, 110
Table 6-8 Minimum thickness of FRP-reinforced flexural members....... 110
Table 7-1 Critical fiber length vs. used values ..................coviieeennn. 111

Table 7-2 Fiber length and the corresponding fiber length efitgi factor and
reduction associated ..........cooiiiiiiiiii e —— 113

Table 7-3a  Carbon fibers reduced moduli of elasticity due to fibegtlh
efficiency factor ... ... 114

Table 7-3b  Composites of carbon fiber layers reduced moduli dfcglasiue
to fiber length efficiency factor ... e, 114

Table 7-4 Carbon fiber modulus of elasticity after deducting fifecteof
randomness of dispersed chopped fibers ....................ceeee. 115

Table 7-5 Maximum stresses reached for proposed rebar 1 and Zemses
0N €AaCH [AYErS ... 116

Table 7-6 Strength of the composite materials made of chopped fibers.....116

Table 7-7a  Characters of concrete section reinforced with propebed t

Pridge deCK .....eeee e 123
Table 7-7b  Optimized constituents of proposed rebar 1 bridge deck ......... 123
Table 7-8a  Characters of concrete section reinforced with propesed 2

Pridge decCK ... 124
Table 7-8b  Optimized constituents of proposed rebar 2 bridge deck ..........125

Table 7-9a  Characters of concrete section reinforced with propesed t
building Beam/GIrder ..........co.oveiiiie i e aaes 126

Table 7-9b  Optimized constituents of proposed rebar 1 building Beam/Girder ...

Table 7-10a Characters of concrete section reinforced with propebed 2
building Beam/GIrder ..........oooiiiiiiii i 127

Table 7-10b Optimized constituents of proposed rebar 2 building Beam/Girder ...

Table 7-11  Total volume fractions of the constituents of the propoddd-BP
FEDAIS .ttt 128

XVii

126

127



Table 7-12  Suggested volume fractions for proposed rebars used in bridge deck 129

Table 7-13  Suggested volume fractions for proposed rebars used in
beams/girders ...........coooiiiiiiii .. 130

Table 7-14  Suggested volume fraction for proposed rebars used in all purposes

Table 7-15  Deflection in inches for both proposed rebars for diffespah
lengths and maximum permissible deflections ..................... 131

Table 7-16  Minimum thickness of FRP-reinforced flexural members ......... 131

Table 7-17 Reinforcement ratios and balanced reinforcement ratps f

proposed rebars for different span-lengths ........................... 134
Table 7-18  Strain in D-H-FRP rebars when concrete strain is 0.003 ...........135
Table 7-19a Characteristics of concrete section reinforced contiritiRBsfor

Pridge deck ... e 136
Table 7-19b Constituents of continuous FRP rebar for bridge deck .......... 136
Table 7-20a  Characters of concrete section reinforced with contin&susebar

building Beam/GIrder ..........ccvvviiiiiie e e 136
Table 7-20b Constituents of continuous FRP rebar for building Beam/Girder .....
Table 8-1 Cross-section dimensions and material properties .........ccc.... 144
Table 8-2 Dimensions and properties used for deflection calculations ...... 145
Table 8-3 Capacity reduction factor for flexure to use in design ............ 150

Xviii

. 130

137



Chapter One

Introduction

In 2002, the U.S. Federal Highway Administration (FHWA) releasemmprehensive
study on the direct costs associated with metallic corrosioimiosa every U.S. industry
sector: infrastructure, transportation, production and manufacturinggrrguent, and
utilities (Figure 1-1) (Brongers, Koch, Thompson, Payer, and Virmani, 20@8pite the
fact that corrosion management has improved over the past Isdeeaales, the total
annual direct cost of corrosion in the U.S. was estimated toduma $276 billion—
approximately 3.1% of the nation’s Gross Domestic Product (GDP)edlzxe this cost,
there is a need to encourage, support, and implement optimal corrosiami poadtices

or find and use alternatives, non-corrosive materials.

Infrastructure
16.4%

$22.6 billion Utilities

34.7%

$47.9 billion

Government
14.6%

$20.1 billion

$17.6 billion

$29.7 billion

Production &
Manufacturing

12.8% Transportation

21.5%

Figure (1-1): Direct costs associated with metallic corrosion in U.S.timekis



In the FHWA study, infrastructure was divided into the followingi@esc high-
way bridges, gas and liquid transmission pipelines, waterways ats, pazardous
materials storage, airports, and railroads. The annual directrcastrastructure was
estimated to be $22.6 billion (Figure 1-2).

Highway Bridges
37%
($8.3 Billions)

Gas and Liquid Transmission
Pipelines 31%
($7 Billions)

Waterways and Ports 1%
($0.3 Billions)

Hazardous Materials Storage
31%
($7 Billions)

Figure (1-2): Cost of infrastructure corrosion.

1-1 Highway Bridges

According to FHWA (Brongers, Koch, Thompson, Payer, and Virmani, 2002),

there are approximately 583,000 bridges in the U.S. Of this total, 200,000resteucted

of steel, 235,000 are conventional reinforced concrete, 108,000 are construoted usi

prestressed concrete, and the balance is made with othetucbostmaterials. Because
of corroded steel and steel reinforcement, approximately 15%hesfe bridges are
structurally deficient. Annual direct cost estimates total $8.Bobjl including $3.8

billion to replace deficient bridges over the next 10 years, $2rbfior maintenance and
capital costs for concrete bridge decks and $2 billion for theiretssubstructures, and

$0.5 billion for maintenance painting of steel bridges. Indirect costiset user, such as



traffic delays and lost productivity, were estimated to be dsdsgl0 times that of direct
corrosion costs.

According to Brongers, Koch, Thompson, Payer, and Virmani (2002) “thardoll
impact of corrosion on reinforced-concrete, prestressed concretesteel bridges is
considerable, but the indirect costs, those incurred by users, m@epsnses tenfold.
For example, a traffic tie-up or detour caused by a bridge failuits rehabilitation and
maintenance can result in wear and tear on automobiles, increaséidegase, delays in
product transport, missed appointments, and other inconveniences that mekgt i
dollars. Increasing use of corrosion-resistant alloys, improwadings, and durable
concretes will further reduce the large direct and indirectresggeassociated with bridge

corrosion.”

1.2 Coating for Structural Steel Reinforcing SteeRebars

Coatings are sometimes used on steel reinforcing bars to providectfmot from
corrosion. Currently, there are two common types of coating used:

1- Epoxy coating: This is a process of painting the reinfgréiar surface with a
layer of epoxy. Although this is the most common way to protect $texl
corrosion, the epoxy-coated rebar is subjected to several problems, which are:

» Pits or discontinuities in the epoxy film can lead to immedarrosion at
the uncoated site,

» The coating lacks abrasion resistance, and thus is easilygddma
transport to the job site and installation,

» Concrete vibrators (which are supposed to be covered with rubber) can
damage the coating by vibrating a sharp piece of aggregatesata bar.
(Ask Dr. Kalv, 2011).

2- Hot-dip galvanized bars: Hot dip galvanizing is the process dihgo@on, steel,

or aluminum with a thin zinc layer, by passing the metal threugiolten bath of



zinc at a temperature of around 860 °F (460 °C). When exposed to the
atmosphere, the pure zinc (Zn) reacts with oxygei t@form zinc oxide (ZnO),
which further reacts with carbon dioxide (CO2) to form zinc carleo(@nCQ),
(Hot-dip galvanizing, 2011). However, this coating may cause itdhabrent.
There are three basic embrittlemfemiechanisms (Lesay and Mraz, 2009):

» liquid metal embrittlement: liquid metal influences the plastiaf steels.
The ductility decreases with increasing Zn content. The changesticjiia
is associated with fracture.
» hydrogen embrittlement: this embrittlement is due to cracks indibge
hydrogen. This is well know as “hydrogen induced cracking”
» strain ageing embrittlement: A loss in ductility accompanig@ib increase
in hardness and strength that occurs when low-carbon steel is aged

following plastic deformation.

One solution to overcome the “painting” protection problems of structigsl is
to use different materials. Fiber reinforced polymer (FRP)pusite bars have been
developed for this purpose. However, the two major problems with &&tRgrebars are

high costs and lack of ductility.

1-3 Fiber Reinforced Polymer FRP

Fiber Reinforced Polymers (FRPs) has been used in variouseagiheering
applications to retrofit and strengthen structural members saghcolumns in
compression and beams in moment, and shear. FRP rebars haveedmgnzed by
many standards, such as ACI-440 (Guide for the Design and Constrottgtructural
Concrete Reinforced with FRP, 2006), AASHTO (AASHTO LRFD Bridgsign Guide
Specifications for GFRP-Reinforced Concrete Bridge Decks arfticTRailings, 2009),
and PCI (PCI Bridge Design Manual, 2011) as reinforcementiiforeed concrete

! Embrittlement is a loss of ductility of a materiadaking it brittle.



structures. Because of the linear elastic properties and haglgiirof FRP materials, the
design of structural beams is often based on an over-reinfeein with a great
reduction factor ). This reduction factor is to account for lack of ductility of tHePF
rebar. For example, according to ACI-318 for an under-reinforced beetmnsevith
steel reinforcementyp is equal to 0.9, while is equal to 0.55 for an under-reinforced

beam section using FRP reinforcement, according to ACI-440.

1-4 Advantages of Using FRP Reinforcement

The following are some advantages of current FRP reinforcemecunicrete
structures (Somboonsong, 1997).

1- Corrosion resistant: since FRP is a nonmetallic materidbesn’t corrode when
it comes in contact with water and air or salt water and reoitconditions.
Therefore, durability problems associated with steel reiefoent do not exist.
Consequently, the life cycle of the composites is potentially longg lower
maintenance costs.

2- High strength: the tensile strength of some FRP composig®ader than steel
when the load applied in the direction of loading. For example, theletensi
strength of S-glass fibers is 4300 MPa (625 ksi) whereas theatdt tensile
strength of steel grade 60 is 650 MPa (95 ksi).

3- High specific Modulus: which is defined as the modulus of elagtaitthe
unidirectional fibers divided by the density of the material. xan®le; specific
modulus of carbon fiber is between 15.7 to 85.6 whereas the specdiduamf
steel is 3.9.

4- Lightweight: FRP composites are very light in general ansl whil reduce the
cost of shipping and handling significantly. Moreover, the installatioe tmay
be reduced and the total weight of the structure will be ERP weighs three to

six times less than steel.



5- Non-conductive and electromagnetic permeability: FRP composites a
nonconductive and have electromagnetic transparency (permeable) mdkes
them suitable for structural applications involvilggnetic Resonance Imaging
(MRI) medical equipment and when radar transparency is needeuilftary
installations where conventional steel cannot be used.

6- Tailor-ability: FRP materials are more versatile tharlsbtecause the properties

of FRP can be tailored to meet specific functional requirements.

1-5 Disadvantages of Using FRP Reinforcement

The following are some disadvantages of current FRP reinforgeme concrete

structures (Somboonsong, 1997).

=
1

FRP materials are more expensive than steel. For exampleMdidulus-Carbon

fiber is 120 times more expensive that steel for the same volume.

2- Lack of consideration of the uncertainties associated with FRRe&tance:
since FRP composites are relatively new, few reliabilitalyses have been
conducted on this material.

3- Lack of ductility: one of the biggest problems associated withoti§&P in civil
engineering applications is ductility. However, hybrid beas overcome brittle
failure.

4- Small modulus of elasticity: Glass fiber reinforced polyn@FRP) and aramid
fiber reinforced polymer (AFRP) composites have small elastcluli which
may affect serviceability of the structure, particularly eetibn. However, carbon
fiber reinforced polymer (CFRP) has an elastic modulus clogeatmf steel and
higher.

5- Lack of standards: although FRP composites have been recogniza€lby

AASHTO, PCI and other agencies, still there are no unifornmufia@turing

standards. For example, different manufacturers provide diffeRIatddemposite

mechanical properties under the same designated name.



6- Lack of long term performance data: the performance of FRP caegpase still
under research regarding fatigue, creep, creep rupture, relaxatemmat
expansion, moisture, chemical deteriorations, and other environment effects.

7- Lower temperature of combustion: it has been concluded that botigtstrand
stiffness of the FRP composite decrease when temperaturesAtiskigh
temperatures, the resin becomes flammable. Fire resistans i@ currently
under research.

8- Anisotropy of material properties: the mechanical propertres different in

different directions, resulting in more complex analysis and design.

1-6 Objectives and Scope

The two primary objectives of this study are to:

1- develop the concept for a new Hybrid Ductile Fiber Reinforced Paolyebar (H-
D-FRP rebar) that could potentially replace conventional seseforcement in
reinforced concrete structures. The bar uses randomly dispersed clibppetb
lower the manufacturing cost, and multiple materials to providetilitgc
addressing the two major shortcomings of current FRP bar consirudiisting

analytical approaches are appropriately modified to model thzRRP bar
behavior.

2- address H-D-FRP rebar resistance uncertainties. A probabitidel of bar
resistance is developed, and uncertainty in bar resistancpastified. A
reliability analysis is conducted on the developed bars, and rdqoiegerial
resistance factors are determined to insure that the developethéeirsurrent

target reliability levels.

These two issues will be directly integrated in this re$eardhat a reliability-

based design optimization procedure will be developed and conducteditoizai bar



costs while accounting for uncertainties is bar performancenppsing probabilistic

safety limits in the optimization procedure.

These two issues will be directly integrated in this researchat a reliability-
based design optimization procedure is developed and implemented to minintastba
while accounting for uncertainties is bar performance by imfmgoprobabilistic safety
limits in the optimization procedure. Two schemes have been proposkis iresearch
using randomly dispersed chopped fibers to develop a new Hybrid Déchkr
Reinforced Polymer rebar (H-D-FRP rebar) approach. Riffetypes of fibers will be
proposed to build these two H-D-FRP rebars: E-glass, Aramid (ké9)acarbon with a
small modulus of elasticity (SM-Carbon), and carbon with mediumhrgdiate modulus
of elasticity (IM-Carbon) fibers. A small volume fraction ¢éal (20%) will be used in
one of the schemes to add stiffness and ductility. The rebaigpéimized to determine
volume fractions of each fiber type. The optimization processnsglucted for two civil
engineering applications, with bars placed in reinforced conaeet®ss of bridge decks
and building beams/girders. Ductility, moment capacity, and othporitant constraints
are imposed. Many factors associated with chopped fibers ande@usin designing the
rebars such as chopped fiber length, orientation of these fibers, and thewm@as.vat

Due to the uncertainties in the mechanical properties of theriaiateand
dimensions of cross sections used in developing these two schegnalsalailistic model
of bar resistance is constructed to properly propagate these uriestan a reliability
analysis. The reliability analysis will be used to insure thatnew schemes developed
meet currently accepted target reliability levels assediatith reinforced concrete beam

design.



Chapter Two

Literature Review

2-1 FRP Rebar

One of the earliest attempts to use light engineering rakdn control stress-
strain behavior was done by Bunsell and Harris (1974). They used pe® ¢f fibers,
carbon and glass, in a resin to construct their hybrid mateaderBand Manders (1981)
used hybrid composites fabricated from glass and carbon fibersejpoag matrix. They
found that failure strain in the carbon phase increased as theerelalume fraction of
the carbon fiber was decreased and more finely dispersed. Mydtipke modes were
observed when both constituents, carbon and glass were fibers, wgetder, and no
catastrophic failure occurred until a considerable number of ligaractures had
accumulated. Tamuzs and Tepfers (1995) studied the ductility behavemmposite
FRP rebars with necessary elongation and stress hardeningu3ée braided aramid
fiber strands around a core of foam plastic, thin glass or cdibers. Somboonsong
(1997), based his ductile hybrid FRP rebar model on core yarns, wiiglesponsible
for giving high stiffness, covered by a braided yarn structure hwisiaesponsible for
giving ductility. Based on three different combinations of sleexe Gore yarns, it was
shown that twisting the core yarns did not significantly improvecthraposite initial
yield strain. Furthermore, it reduced the composite initial modsifyrsficantly. He also
found that twist, crimp, and braiding angle on sleeve yarns hadisef® composite

initial modulus and the ratio of ultimate strain to yield strain. The new ductiechiyRP

rebar improved bonding with concrete though ribs in the braiding. Belarabi,

Chandrashekhar, and Watkins (1999) achieved ductility of hybrid FRP rélyars
selecting fibers that would fail at different stains caugiraglual failure. They tested two
types of hybrid FRP rebars as reinforcement embedded in cobe@ates. In the Three-
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Fiber Hybrid rebar, Epoxy 9500 was used as resin and Mitsubishi K13VIH€aibishi
K13710, and Zoltek Panex-33 used as fibers. In the Two-Fiber Hydat,rthey used
Shell Epoxy 9500 as resin, and Mitsubishi K137HG, and Zoltek Panex-3Beas. fin
both cases, Zoltek fibers were used in the core, while Mitsublshsfwere used around
the core at an angle 20 degrees. The hybrid rebars used nesiwrch by Saikia,
Thomas, Ramaswamy, and Rao (2005) consisted of glass fiber reinfoobeder
(GFRP) strands, helically wound on a steel rod, with epoxy bindé¢eriada They
observed that failure of the hybrid rebar reinforced concrete $@as primarily due to
delamination at the level of reinforcement, leading to anchoralgeefaesulting in loss
of bond between rebar and concrete.

Terry (2006) came up with new model. It is a core-shell configuratith
carbon fibers and Kevlar in the outer shell respectively and glassteel fibers in the
core. He used Epoxy as resin. About half of the reinforcementsteas$ fiber. The
ductility indexes computed on the energy considerations of the RRBroced beams
were found to be very similar to those of companion steel-reinfdreachs. Wu (2006)
came up with a brilliant method for design reinforced concrete flerugatbers by using
non ductile FRP bars in tension face and ductile steel mechanishe icompression
face. Won, Park, and Jang (2007) found that their FRP bar showed le¢destvior up to
the point of early fracture with very irregular behavior thasrafFibers in the sleeve
were broken in very irregular lengths, while the fibers in ¢bee were broken in a
regular pattern. The new developed hybrid FRP bar by Cui, Cheung,i&orutee,
and Tao (2008) possess characteristics of alkaline resistance, dgmtiity, and
increased modulus of elasticity with slightly higher cost thdassgy composite
reinforcement bars. The core consists of steel and glass fibker thve shell consists of
Twaron and carbon fibers. In the work by Wu (2008), a new structafame of
providing ductility to RC members through compressive yielding (i@3tead of tensile
yielding has been developed. The ductility demand of the compregsidimg zone has
been developed with a perforated block. The main reinforcement wasli-Rie study
by Cui and Tao (2009), a new hybrid composite rebar has been developbd. Bot
unidirectional tensile and corrosion resistance tests were pedorAccelerated alkali

exposure tests with different durations were conducted. Thehtatsshown promising
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potential for application in reinforced concrete structures. Zhou, YWl Laung (2009)
investigated the ductility behavior of compression yielding of FBiRfarced beams
numerically to illustrate the effects of key variables on thetility performance.
Wierschem and Andrawes (2010) used NiTi (nickel titanium) in thRe#? Febar beside

plastic fibers to add damping capability to reinforced concrete structures.

2-2 Reliability Analysis

Ang and Cornell (1974) introduced calculation of reliability indgx With the
First Order Second Moment (FOSM) method, and illustrated how itl cmicalculated
instead of failure probability directly, to save significant comiponhal effort by avoiding
simulation. This calculation gave exact answers (in termsilafdgprobability) only for
problems linear in standard normal space, however. Additionally, the appsa#ered
from the ‘invariance problem’, whereby different formulations of $hene problem that
were equivalent mathematically would result in different betaega The invariance
problem was corrected by Hasofer-Lind when the most probable pdiR Mas
introduced. In their work, Hasofer and Lind (1974) developed the well-knélasdfer-
Lind (H-L) Method” to calculate the safety indef), applicable for random variables
which are statistically independent and normally distributed. Mieithod is also known
as the Advanced First Order Second Moment Method (AFOSM), and stieed
invariance problem associated with the FOSM method. They presgmiecbordinate
systems: the original coordinate system and the transforme@docad coordinate
system. The first system is in basic variable space whdesacond system is in standard
normal space. Nowf] can be calculated as the shortest distance from the ofigfe
axes in the second coordinate system to the limit state surface. The pointionit thtate
surface from which beta is calculated is called the “designtpathecking point”, or
“most probable point of failure (MPP)”. The MPP represents thek pd the joint
probability density function (PDF) of the limit state function fftgt intersects the failure
boundary g=0. This point is found by iteration. The Rackwitz-Fieq4874; 1878)

procedure is a beta-based method that expands the Hasofer-Linddpfr@account for
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non-normal random variables (RVs) by transforming them to ‘equivatemtal’ RVs at
the MPP. This method, referred to as the First Order Reliability M€EFORM) is based
on equating the cumulative distribution function (CDF) and the PDF @fdtual random
variables and the equivalent normal random variables at the MPP. ni@tant

parameters are the mean and standard deviation. This method i® éagpyement but
becomes inaccurate if the actual non-normal distribution getdyhsikewed. Fiessler,
Neumann, and Rackwitz (1979), based their work on expanding the latet sirface
g(xX) = 0 into a second order Taylor series about the checking Bbi(it*) shown in

equation (2-1).

(=% +

X*

60 = g(¢) + iiag(_x)

%)+ {Z 909

S 0%g(X)
22 z X0X; |,

i=1 j=i+1

o x o - )} ................ 1)

and letting the original coordinate system (X) be rotated inteva system (Y) with the
same origin such that the poidt is on the Y;-axis and has coordinates (0, 0, .)..as
shown in Figure (2-1).

i linear expansion
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Figure (2-1): Derivation of rotational quadratic forms.

and by using some results of the statistical theory of quadoatits in normal variants,

the failure probability estimate can be obtained by use of thediigire distribution. In
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their work, Chin and Lind (1983) proposed an extension of the Rackwitzdti¢BsF)
algorithm using a three-parameter approximation. The approximatiorade such that
the values of the cumulative distribution function F(x), the probaldigysity function
f(x), and its derivativd’(x) are identical at the approximation point x*. In addition to
using the mean and standard deviation, a new constaas introduced. For some cases,
the proposed algorithm is more efficient than the R-F algoriththd sense that it is fast,
gives smaller errors, and does not require double precision computation.

Ayyub and Haldar (1984) based their work on FORM to calculate relialitigx
or safety index [f) with a modification to reduce the iteration numbers by introducing
(B*) which is an initial value for the index which can be calculdtedlividing the mean
of the limit state function by its standard deviation. Taking thiex as 3 often gives a
good starting point for many realistic problems. Breitung (1984) usedtheory of
asymptotic approximation to present a simple closed-form solutioth&jprobability
computation with a second order approximation (quadratic) by usingymrTseries
expansion. He also ignored the mixed terms and their derivativie iffiaylor series
approximation which is also called a parabolic approximation. The oewufa of
probability of failure was given in terms of the distancehef limit surface [f) from the
origin and the curvatureg) of the surface at the minimal distance points. This method is
accurate wherg is large. Harbitz (1986) developed an adaptive sampling method for
failure calculations to improve both Monte Carlo and acceptance isgnipthniques.
The method is in terms of cumulative Chi-squared distributigp?). Three assumptions
must be fulfilled: the limit state function defining the combinationhef basic variables
for which failure will occur is known, basic variables are indelemt and normally
distributed, and the reliability indeX, is known. The main idea is to restrict the
sampling domain in the basic variable space to the tail pénegbint distribution of the
basic variables. A remarkable increase in efficiency is obtaicompared to simple
Monte-Carlo technique. he sampling reduction is proportional to 1 divige the
probability content outside thg-sphere (IFk(B%). Der Kiureghian, Lin, and Hwang
(1987) considered second-order approximations in a rotated stapdaed ¥ in which

the y, axis coincides with design point as shown in figure (2-2). Thi¢ §tate surface
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has been approximated by two semi-parabolas (paraboloid). The apphogiseai-
parabola is defined by fitting to a set of discrete pointtaieon the limit-state surface
at prescribed distances. This procedure helps to avoid the computation sfcond-
order derivative matrix which can be prohibitively costly when thwedision of the
matrix is large. The advantages of this method are that #mpler and needs less
computation than the regular SORM. It is insensitive to noise itirtliestate surface,
approximately accounts for higher-order effects, and fa@ftdhe use of an existing
formula for the probability content of semi-parabola sets.

Yo -

LIMIT-STATE
SURFACE

FITTING .
SEMIPARABOLA
#*
_DESIGN POINT ¥

, POINT —y
SEMIPARABOLA -ﬂfi/

INTERSECTING
PARABOLA

TANGENT
PLANE

A i

Figure (2-2): Fitting of semiparabola in rotated standard space.

Hohenbichier, Gollwitzer, Kruse, and Rackwitz (1987), applied theyhadirst
and second order reliability methods to a complex system (more thdailone surface).
They improved results by using the concept of asymptotic analyses. computations
reduced the system to a problem of non-linear multi-constraint igation and simple
algebraic manipulations instead of solving multi-normal integrals.rvheik was also
based on probabilistic rules of unions and intersections. The goabvezsarch for an
optimal approximation poirft on the boundary of the failure domain.

In the importance sampling method, the region of importance is lysuat
known in advance. The efficiency of the simulation can be impraved can be
estimated. Karamchandani, Bjerager, and Cornell (1989) proposed anaoolalt

sampling method based on the idea that as one samples, the knowledgefaiure
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domain increases. If one keeps modifying the importance samplisgyde reflect this
increasing state of knowledge, one can develop a good sampling dexségtenate the
failure probability efficiently. In this paper by Karamchand&®90), the failure-path
approach was used with a multistate model. The multistate modestednsf a linear
relationship between load and deformation. For tension brace membaestaplastic
relationship was assumed, and for compression brace members, stdlgeeeiodel was
assumed (an initial elastic state, back-slope negative sffseate, and final zero
stiffness state). For non-brace elements, a two stage nwdeinkion and compression
was assumed. FORM was used in computing the probability of occearoérthe union
of the individual sequence events.

Ayyub and Chia (1992) suggested a simulation-based structural ligliei@thod
which is a generalization of the conditional expectation method. (@&his method,
Generalized Conditional Expectation (GCE), the conditional expectdtasn been
generalized by allowing the number of control variables to tgetahan one. GCE is
used together with a variance reduction technique (VRT). This methodetermined to
be highly efficient, and converged to the correct probability of failure itatively small
number of simulation cycles. However, the level of computational difficultyasad.

Bucher and Bourgund (1992) developed a response surface (RS) with a simple
second degree polynomial with or without mix terms. The mean and sdateldation
values were used to calculate the coefficients of the polynomaathee center point in
each step was calculated using linear interpolation. Wu (1992) proposefticant,
adaptive importance sampling (AlS) method for structural system tilianalysis. The
features of the proposed AIS are: The initial sampling domadineigailure side of the
system limit state surface constructed from approximate, paraunfaces; the sampling
domain is varied incrementally by changing the curvatures of the parabdices at the
most probable point of failure;, and the final sampling domain contairsy/gem failure
domain. The adaptive limit state surface provides high flexibititgevelop a minimal
sampling domain that contains, but is very close to, the system failure domain.

Engelund and Rackwitz (1993), reviewed 4 different methods of importance
sampling and a set of evaluation criteria for comparison of timetbods was chosen.

These methods are; Direct, Static or Nonadaptive methods, Updatthgds, Adaptive
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schemes, and Spherical schemes. It is not possible to identify treeraethods as being
the best under all circumstances. The three major criteriacdinétol which importance
sampling method is the best are: accuracy and efficiency, senstivityriber of random
variables, sensitivity to multiple important regions, and noisy limit statetions.

Saliby (1997) discussed an interesting issue which is the sitregabetween
Descriptive Sampling (DS), which is based on a fully deternéngsiection of the input
sample values, and Latin Hypercube Sampling (LHS), which isriancg reduction
technique in which the selection of sample values is highly cordrdfle found that DS
represents an improvement over LHS, being more efficient bothtistist terms and
computing terms. The goal of Au and Beck’s (2001) work was to compuléfaihuae
probabilities in reliability analysis of an engineering syst&arkov chain Monte-Carlo
simulation technique based on the Metropolis algorithm is presentedsfionating
conditional probabilities which cannot be estimated efficientlytapdard Monte Carlo
procedure. Atadero, Lee, and Karbhari (2004) used reliability analgstbree-layered
carbon FRP strengthened bridge decks. Based on reakdttaihd using the Chi-square
test, statistical distributions were assigned for strength, medaind thickness of the
layers of the CFRP. Mote-Carlo simulation with 50,000 cycles wsasl to model the
moment capacity of the section. Finally, the reliability indexs walculated for two cases
based on load and resistance as normally and log-normally distributed variables.

Gomes and Awruch (2004) carried out a comparison using RS and &aidrti
Neural Network (ANN) with FORM, Direct Monte Carlo Simulatjoand Adaptive
Importance Sampling techniques. Au, Ching, and Beck (2007), presenteslidbdity
analysis using three variants of Subset Simulation. The idea behinelt Sutnsilation is
that a small failure probability can be expressed as a profiletge conditional failure
probabilities for some intermediate failure events. In this arebe by Eamon and
Charumas (2011), an alternate approach to estimate reliabdgypnesented for cases
when other classical reliability method fail or when dealing withited computational
resources. Here, the limit state functions were simplifiedwo tandom variable
problems. The procedure is a combination of estimating the PDBBro€a portion of

the limit state and conditional expectation.
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Despite the large body of work in reliability analysis and contedmr design, to
date, uncertainties in bar resistance parameters have not beetativelyt considered,
nor has a reliability model of this relatively new technologgrbeonducted, even though
the significance of load, resistance, and modeling uncertaintiesgineering design is
well recognized. In the last few decades, a large body of waskbleen conducted to
guantify uncertainties and their effects on structural safetyvariety of other materials
such as steel, concrete, and timber (Galambos and Ravindra, 1978yvadichgt al.,
1980; Melchers 1999; Nowak and Szerszen, 2003). An example of the rebudtedfort
is the development of the Load and Resistance Factor Design cwdat flor civil
engineering structures, which relies upon probabilistic calibratonbtain structural
designs with consistent reliability levels (AASHTO 2010, ACI 20RBC 2005; NDS
2005; ASCE 2010). Recognition of the importance of reliability amalyas lead to the
development of new fields of study as well, such as reliatbbiged design optimization
(RBDO) (Lee and Kwak, 1995; Choi, Park, and Youn, 2001; Yang and Gu, 2004;
Kharmanda, Olhoff, and EI-Hami, 2004; Zou and Mahadevan, 2006; Agarwal,
Mozumder, Renaud, and Watson, 2007).

2-3 Randomly Dispersed Chopped Fibers

The first notable and distinguished work to study the effect fibenttion on
elasticity and strength was made by Cox (1952). Theoretipatgsions for strength and
elasticity were derived for cases where there are shmmtsfialigned in the direction of
loading and when there are fibers randomly oriented. An explanatiGoxs original
work in an organized and simplified way with some figures was dgnPan (1993)
since the presentation of Cox’s work was difficult to understand. ©aéaf his work
was to derive theoretically the optimum short fiber volume frachod matrix in
composite materials. His experimental work has been considersahiyy researchers to
be a reliable source of data to validate their new proposed thabnetick. Manera

(1977) conducted experimental work of randomly oriented short glasschbgposites.
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He also suggested approximate equations for elastic propertieshifortype of
composites.

Sun and Weng (1977) proposed a new method to calculate the effect of fiber
length on elastic modulus of randomly-oriented chopped fiber composited basa
composite-cylinder model. The result was compared with exiskpgrienental data and
other existing models. The new method was found to give close ré&swudigeriment
ones. Rosenthal, (1992) proposed a fiber orientation model to decouple figér le
effects from fiber orientation effects in reinforced compasikée used the modified rule-
of-mixture and its factors as a base to compare the resiilts his experiment.
Thomason, Vlug, Schipper, and Kirkor (1996) presented the effect of rapdoieted
chopped fibers on strength and strain at failure. They compardueihretical expression
with experimental results. Based on this comparison, they camethuja wingle number
for fiber orientation factor for ultimate strength of compositebé used in a strength
modified rule-of-mixtures

In their work, Fu and Lauke (1997) proposed a new equation to calculate the
elastic modulus of randomly dispersed chopped fiber reinforced polymasesd on a
laminate analogy approach. They compared their theoretical resttte modified rule-
of mixture$ and experimental data. The new method was found to be satisfacibry
agree with existing experimental work. The comparison of theoretical results gave
slightly better results than the modified rule-of mixtures. Fu, And Yue (1999)
presented a new method using the laminate analogy approach ta phedftexural
modulus of randomly oriented shot fibers. They used different probaliétysity
functions to model fiber length and fiber orientation distributions. Tikeretical result
was compared with some existing experimental data and @y ggreement was
achieved, especially when fiber length was greater than 3mmikardcontent less than
40%.

Andersons, Sparnins and Joffe (2006) used the modified rule-of-mixtores
compare the results of modulus of elasticity and strength wipkeremental data. Flax

fiber mats were used as reinforcement for polymer compositry. good agreement of

Y In their work, the called it the modified Kelly-$gn prediction.
2 In their original work, they called it the papémysics approach.
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strength and stiffness between theoretical and experimentakresd found. In order to
complete this section, Bert and Kline (1985), Chin, Lee, and Liu (1988Kartschot,
and Jayaraman (1996) proposed equations to predict the physical popedbomposite
materials with randomly dispersed chopped fibers, but presentedpeare&ntal work

for comparison.

2-4 Curved Fibers

In spite of the importance of fibers’ curvature on the behaviolRéf Eomposites
and especially on the modulus of elasticity, only a few studies lbeete done so far in
this field. Bazant (1968) theoretically studied the effect of cureadvf continuous fibers
for different curvature shapes. He came up with a set of fifereint equations; each one
represents a specific case. Tarnopol'skil, Portnov, and Zhigum (B@7Markov and
Nikolaev (1971) compared theoretical results with their experimefata, and found
excellent agreement. It should be noted that they used the saat®edar composite
modulus. Nosarev (1967) proposed a new method to calculate the eftecvature of
glass fibers on modulus of elasticity and Poisson’s ratio of cotepasaterials and
compared the theoretical results with his experimental dateastfound that his new

method was quite accurate.

2-5 Optimization

Karush (1939) and Kuhn and Tucker (1951) independently derived a new method
for solving constrained optimization problems using nonlinear programnihgs
method is an extension of the Lagrangian method with inequality raorsst Many
conditions should be satisfied before this method could be used. The conditons
known as the KKT (Karush-Kanh-Tucker) conditions. In order to usentbitiod, two

more requirements should be satisfied. For maximization probldmas,objective
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function should be concave and for minimization problem, the objective fursttouid
be convex, and for both cases, the design space should be a convex set.

Cheney and Goldstein (1959) and Kelly (1960) presented a new method or
algorithm for solving convex programming problems with neartgdr objective and
constraint functions. This method is known as thdting plane methodCP) or
sequential linear programmin@SLP). A first-order Taylor series expansion about the
current design vector can be used to generate a linear progrgrafiproblem from the
original nonlinear objective and constraint functions. The negative comsmguef using
the simplex method in solving this type of problem are: The methidstablé, and if
the algorithm is terminated before the optimal solution is obtametkasible solution is
known and the computational effort is wasted.

Rosen, (1960, 1961) presented an approach in the method of feasikiierdirec
known asRosen’s Gradient Projection Methad solving nonlinear programming with
linear or nonlinear constrains. This method is based on normalizirsg#neh directions
and uses the projection of the negative of the objective function gradienthe current
active constrains for minimization and positive of the objective fancgradient for
maximization. The advantages of this method are: it is ¢asymplement using
computers since it deals with matrices, and it doesn’'t need to wi#al linear
optimization sets. The disadvantage of this method is that iffastige only when
constraints are linear.

Zoutendijk (1960) presented his method of optimization using nonlinear
programming with feasible directions. The idea behind his method i&riovath an
initial feasible point and move in the direction that maximizesiormizes the objective
function according to a feasible direction and suitable step lengthdiantages of this
method are that it deals with many variables, and it is coniuodly lengthy since it
implies the need for solving linear programming sets. Wilson (1p&%)osed the first
sequential quadratic programming method (SQP) for the solution of @ioestr
nonlinear optimization problems. SQP is one of the most popular methods for
optimization. This method relies on the Newton method to solve @fsebnlinear

equations, and applies the KKT conditions to the Lagrangian of the ra@ioest

! The solution may be located at vertices veryfamfeach other.
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optimization problem to improve the quadratic approximation of Hegegtnx (Rao,
2009). A disadvantage of SQP is that it is difficult to implensenthat the exact second
derivatives (Hessian Matrix) can be used efficiently and bigliawWhen second
derivatives are used, the quadratic programming sub-problem can be nonconvex.

Box (1965) presented a new method to solve constrained nonlinear optmizati
problems. This method is known as the “Complex Method” which is an éxteofthe
simplex method for solving unconstrained optimization problems. This metrezby to
perform and can be implemented by computers since it doesn't réigstirer second
derivatives of the objective function or the constraints. On the btrad, it has its own
disadvantages which are: the method becomes inefficient rapithg asimber of design
variables increases; it cannot be used to solve problems havingyeqaastraints; if the
feasible region is nonconcave, there is no guarantee that theideritall feasible points
is also feasible; and the method needs an initial point vectbiakis feasible.

In his work, Box (1966) made a comparison among eight unconstrained
optimization methods applied to test problems. These methods are Rakerhavies-
Swann-Campey, simplex, Powell-Fletcher-Davidon (Powell& Rkt Powell sum of
squares, and Barnes. Davidon’s method was the most consistentlysfulcdés also
used a transformation technique to transform independent variables cortbiaints
which are functions of variableg such that all constraints are satisfied automatically.
The advantage of the transformation is that it is easier towi#ialan unconstrained
optimization problem. The disadvantage of transformation is thatotingraints have to
be simple functions, as it may not possible to find transformation for certainaiotsstr

Many researchers have tried to improve the original SQRitson. Two of them
are Han (1977) and Powell (1978) who introduced two crucial improveneritss
method. The first was the use of a QP sub-problem defined in ¢érangositive-definite
Quasi-Newton approximation. The second improvement was the useirsd aelrch
merit function, which is a scalar-valued function whose value pesval measure of
guality of a given point as an estimate of a solution of the consttgaroblem, to obtain
a sequence of improving the estimate of the solution.

Gabriele and Ragsdell (1977) presented one of the most powerful in@tion
methods in optimization known as t@eneralized Reduced Gradigviethod (GRG) for
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solving constrained nonlinear convex set of problems which convertsegjuality
constrains to equalities using slack variables. The idea behindmitiisod is the
elimination of variables using the equality constraints. This metezs on the Steepest
Descent Method which was first made by Cauchy (1847). In this még@®@), a search
direction is established tangent to the constraint lines inditextion reducing the
objective function. As the search deviates from the equalitytraamiscurves, repeated
corrections are made to maintain feasibility. The advantaget©eofGRG may be
summarized in two points: it is a very fast method that conveygiekly, and it can be
easily implemented in matrix form on a computer. On the other haadirawbacks of
this method are it depends on the initial starting points, andstfusederivatives in the
solution.

Karmarkar (1984) invented a dramatic and powerful new algorithnsdtwing
huge linear programming problems with an approach very different fihenrsimplex
method. This method is known as tierior-Point Algorithm The idea of this method
begins with an initial solution that lies in the interior of thasible region, then moves in
the direction that improves the objective function value at thestastte. The projected
gradient of the objective function onto the feasible region definesrtbiment. The
third and last step in this method is to transform the feasiglerréo place the current
trail solution near its center. Karmarkar used a sophisticaatering scheme in his
work.

Chen, Kang, and Lee (2004) used the generalized reduced gradient (GRG)
algorithm with 3 different searching methods to come up with an efficietoohet{These
methods are the Conjugate gradient method, modified Cauchy’s seambthod, and
the Broyden, Fletcher, Goldford, and Shanno (BFGS) method. A fouramite
comparison was performed that involved the effectiveness, efficispace occupation
and solution precision by testing 25 testing problems. There wasgle method that
managed to converge in all the testing problems. The complexity @Rhgub-problem
has been a major impediment to the formulation of the Hessianxnmatthe SQL
method. Gill, Murray, and Saunders (2005) have overcome this problenchgwasg
second derivatives and by solving convex QP sub-problems defined withiaegpesmi-

definite Quasi-Newton approximation Hessian. They apply an SQL ohébhe sequence
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of regularized problems with penalty in which this amount is inectgeometrically and
will be terminated when a solution is found or the penalty reaghme-assigned upper

limit.
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Chapter Three

Theories and Justifications of Fiber

Reinforced Polymer

Hybrid-Ductile Fiber Reinforced Polymer (H-D-FRP) rebars made up of 2 or more
types of different fibers plus resin. Fibers could be continuous or edojgontinuous
and chopped fibers have their own advantages and disadvantages. Themam

this work is small or chopped fibers. In this chapter, however, walisduss these two

types of fibers, with focus on chopped fibers.

3-1 Constituent of Fiber Composites

In general, FRP composites in structural engineering constgtoomajor components,

fibers as reinforcement and a matrix as a material to be reinforced.

3-1.1 Fibers

¢ Glass Fiber

This type of fiber is a common material in structural engiimg applications due
to low cost, high strength, and high temperature resistance. The douman
types of glass fibers are: Electric glass (E-Glass) kiiffness and strength glass
(S-glass), chemical glass (C-glass), and Alkali resistaglass (A-glass). The
diameter of an individual glass fiber or filament rangesveen 3-24um. Glass

fibers are sensitive to moisture in the presence of salt and elevated tglkalini
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¢ Aramid Fibers
Kevlar-49 and Twaron are the most common types of aramid diked today

because of their high modulus of elasticity. They are the BghdEthe high-
performance fibers, having a density of 1.4 g/¢Mm051 Ib/irf). Aramid fibers
have a relatively high price, and high moisture absorption. On the other hand, they

have high longitudinal tensile strength and modulus of elasticity.

¢ Carbon Fibers
Carbon fibers, in general, have stiffness (modulus of elasticibgedo that of

steel, are very durable, and perform very well in hot and moistoements. The
major obstacle of using carbon fibers is the high price. Carbonsfibave

diameter between 5-1m.

Figure (3-1) shows a typical stress-strain curve for diffefiber types and structural
steel for reinforcement, while Table (3-1) shows some engimeemd mechanical

properties of different types of fibers.
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Figure (3-1): Stress-strain curves for different types of fibers taedl s
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Table (3-1): Values and ranges of the engineering and mechanical g®pégome
common fibers.

Glass Aramid Carbon
Carbon | Carbon | Carbon
E-Glass | S-Glass| Kevlar-29 | Kevlar-49 HM M SM

Strength | (MPa) 3400 4445 2800-3600 2900-36Q0 270( 2910 3580
Young's | ooy | 73814 | 87-89 69-83 125 758-903- 380-647 230
Modulus
Density | gricm® | 2.56-2.62| 2.5-2.54 1.44 1.44 1.76-213 1.76-2 1.16
ggg‘r‘f‘te % | 44488| 4957 3.64.4 22-2.8]  027-03 04-0.5.4-15

3-1.2 Matrices

The most common matrix materials for composites are polymEne.reasons behind

using polymeric materials are:

1- The stiffness, strength and other mechanical properties aredmpaced with
metals and ceramics. So considerable benefit can be gainediffgraing

polymers and the reinforcement doesn’t have to have exceptional properties.

2- The processing of polymer matrix composites doesn’t involve high tatope
and high pressure; consequently, problems associated with degradation of

reinforcement during manufacture are less significant.

The two types of polymer matrices @hermosetsandthermoplastics Polyester resins
and epoxy resins are examples of the first type. Polypropyésme is an example of the
second type. Table (3-2) shows some typical mechanical propeftiseme matrix

materials (Mathews and Rawlings, 1999)

Table (3-2): Typical mechanical properties of Epoxy, Polyester, and Pojpnep

resins.
Epoxy Polyester | Polypropylene
Density (Mg/m) 1.1-1.4 1.1-1.5 0.9
Young’s Modulus (GPa) 2.1-6.0 1.3-4.5 1.9-1.4
Tensile Strength (MPa) 35-90 45-85 25-38
Fracture Toughneséc (MPay/m) 0.6-1.0 0.5 -
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3-2 Continuous Fibers Composites

This kind of composite is well-established and not the main conalethis study.

However, important general rules of behavior will be summarized.

3-2.1Rule of Mixtures

In order to relate the longitudinal unidirectional composite stiffreesd stiffness of the
matrix and fibers, and stress in the composite to stressége imatrix and fibers, a
relationship based on linear elastic behavior has been derived h&sitgengineering

mechanics and material properties.

3-2.1.1 Stiffness Rule of Mixtures

Tensile composite stiffness modulusan be calculated according to the following

equation

E.=EVo+>.Eive (3-1)

where

E. :tensile stiffness modulus of the composite,
Em : matrix/resin stiffness modulus,

Vm :volume fraction of the matrix/resin,

Eq : fiber tensile stiffness modulus of type

Vs . volume fraction of fiber type

Y In this work, stiffness modulus, Young’s modulasd modulus of elasticity have been used
interchangeably.
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3-2.1.2 Strength Rule of Mixtures

The corresponding tensile stress in the compositeijll be
o, = (Emvm +> Eﬁvﬁ)gc .............. (3-2a)
i
where:
& . composite strain,

If there is steel in the composite then, after reaching tbkl \8tressoy, the above

equation, with volume fraction of steglee, Will be:

o, = (Emvm +> Ev, ]gc +O0Vge e, (3-2b)
j

3-2.2 Work Justification 1

Experimental results of continuous Hybrid-Ductile FRP (D-H-FRr#ars have shown
good agreement with the results from the rule of mixtures. Therthege major works
that deal with H-D-FRP rebars. Belarbi, Chandrashekhara, and Watkg#9) used a
rebar that consists of three different types of carbon fibersybishi HG, Mitusbishi,

and Zoltek), each having different failure stress and strain, khasvdifferent stiffness

modului. The experimental and theoretical results are shown in Figure (3-2).

Somboonsong (1999) used a rebar made of 2 layers; one layer is Cantaco(A
T or P series) and the other one is Kevlar-49. Figure (3-3) skeawsrimental and
theoretical results based on this work. Terry (2006) used threzedifftypes of fibers
and steel grade 60 in his work. He used E-glass fibers, TwaronrKides, and Zoltek
carbon fibers. The result is shown in Figure (3-4). According tocbhiaments, the
difference between the theoretical and experimental resulidués to shock wave

propagation from broken fibers impacting other fibers (premature faildieens$).
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Figure (3-2): Experimental and theoretical results of stressrstuaves by Belarbi, et al.,
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Figure (3-4): Experimental and theoretical results of stressrstuaves by Terry, 2006.

)

Conclusion 1:

For continuous fiber composite rebar, equation (3-1) and
(3-2), i.e. rule-of-mixtures, can be used with good
accuracy to calculate E; and o.

\& Y,

N

3-3 Short Fiber Composites

In general, the manufacturing process of continuous fibers is expensive than other
forms of reinforcement, and tends to be slow and inflexible. Psmgegechniques
associated with continuous fiber reinforced thermosets compositésasuand lay-up,

filament winding, pultrusion, autoclave and vacuum processing aebleufor short runs
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or one-off requirements of high performance, high priced produc&th@#s and

Rawlings, 1999), but not for high-volume production.

3-3.1 Fiber Length

Fiber length in chopped (short) fiber composites plays an imporntdatin stiffness,
strength, and failure mode of these composites. Figure (3-5a)sh@ingle fiber of
length | embedded in a matrix and aligned in the direction of loading with two

assumptions:

1- the modulus of elasticity of the fiber is greater than that of the matrix, and

2- the bond between the fiber and matrix is perfect.

Then, the applying stress will be transferred from the matrix to theddress the
interface. Due to different stiffnesses for the matrix alperf different tensile strains will
be experienced in the region of the fiber ends. At that region, rdia the fiber is less
than the strain in the matrix. As a result of this differenlseasstresses will be induced
around the fiber ends and in the direction of fiber axis as showngure=i(3-5b).
Generally speaking, fiber-matrix shear strength is relgtil@v and around 20 MPa
(2900 Psi), although it can exceed 50 MPa.

r
M atrix
f Fibre Ip Undeformed
M ] B
a

— M7
- AN —

Figure (3-5): Shear stresses induced around short fiber due to variation in strains of
matrix and fibers.
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Cox (1952) showed theoretically the stress distribution along adilggred parallel to

the direction of loading. According to his work,

I
coshﬂ[ - xj
L 1——2I ................ (3-3)
coshg—
d 2
1
Opax = Ef&¢ | 1- e (3-4)
coshg -
o 2
where
1 2G 8G
p=— m = m DRY e (3-5)
"1E, In(RJ E,D* |09e(j
r.f
X . distance measured from mid-length of the fiber,

I : length of the fiber,

Gm : Shear modulus of the matrix,

E: :fiber elastic modulus,

& :strain in the fiber,

D :fiber diameter,

2R : mean center-to-center distance between fibersqtdefined later)

and the shear stress is defined in equation (3w#)3 7). Figure (3-6) shows the stress

distribution based on this work
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Figure (3-6): Tensile and shear stresses distabstat the interface of the fiber.

A very important term known asritical fiber length | should be taken into
consideration and this term is defined as the muninfiber length which will allow
tensile failure, and eventually fracture stressthef fiber rather than shear failure of the
interface (Mathews and Rawlings, 2007). Some comwadumes for critical fiber length,

Ic are: for Epoxy resin and carbon fib&yequals 0.2 mm for polyester resin and glass
fiber, I equals 0.5 mm and polypropylene resin and glass,fi equals 1.8 mm.

2
If tensile force in the fiber iz, = ”5 and the shear force at the interface

7 DI,

, then by equating these two terms we can calcatéteal fiber length as
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where

. . shear strength of the fiber-matrix interface @i the matrix itself,

whichever is lower. The shear strength for eposyres around 29 MPa.

It should be noted that; is the tensile strength of the fiber in the loodihal
direction throughout this work. If we perform a gi@ equilibrium analysis close to the

end of short fiber, we will end up with the follavg equation

There are three cases for fiber length

¢ |<l;
the maximum stress that will occur in the centerttod fiber will never be

sufficient to be break the fiber and pull-out fagduvill occur, and the maximum

stress will beo, =2—TI. The average stress, , which can be calculated as the

area under the stress-fiber length graph dividedtH®y fiber length, will be

the maximum stress just reaches the 1“racture/uitiainalsless&f of the fiber and

will be o, = 3} = ZQC , and the average stress can be calculatet as%
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o 1>l

the maximum stress will cover the central portidntlee fiber and will be

o, zg-f = ZSC . The average stress is calculatedags= [1—[2—‘]}}@ . Figure

(3-7) shows the equations as a ratiogéf vs. fiber length.
f
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Figure (3-7): Fiber length to critical fiber crigéicfiber length ratio versus fiber average
stress to maximum fiber stress ratio.

A very important observation can be drawn from #eve figure, that once the fiber
length is 5 times the critical fiber length, 90%tbé fracture stress is reached. The three
fiber length cases are shown in Figure (3-8) (Mathand Rawlings, 2007). In this study,
the chopped fiber length will be chosen to be ntbaga 8 times the critical fiber length.
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Figure (3-8): Tensile stress distribution in sHidxers (a)l <l (b)l =1 (c)| > ..

3-3.2 Fiber Orientation

Another important factor that has a major effecttha properties of the composite
mixture is fiber orientation. Fiber orientation ¢obutes to the physical properties of the

composite such as stiffness and strength.

3-4 Modified Rule of Mixtures

In order to take into account the effects of sfibdr length and orientation, the modified
rule of mixtures set has been used for randomlyailgeed chopped fiber composites. This
set consists of two equations, one for stiffnesslmhgs of elasticity, and the other one is

used to calculate the strength of the composite.
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3-4.1 Stiffness Modified Rule of Mixtures

E.=7%e Noe E; -V, +E,0-v,) (3-10)
or

E. =7 Moe - Eq Vi +EV,

E. : modulus of elasticity of the composite in theddgudinal direction,
E; : modulus of elasticity of continuous fiber,

E, :modulus of elasticity of the matrix,

n. - Fiber length efficiency factor,

noe - Fiber orientation efficiency factor,

3-4-1.1 Fiber Length Efficiency Factor

If all fibers are aligned in the direction of aggaliload, i.e. ignoring the effect of fiber

orientations;,. =1 then equation (3-11) becomes

E.=ne Evi+ENv, (3-12)
If E; >>E_ then equation (3-12) becomes
Egnoy = ie Econtiniosy e (3-13)

For continuous fibersy, . =1.

For short, equal-length fiberg, . may be calculated using equation (3-14).
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_,_tanH1/2) )
e =1 T e (3-14)

where, againg is defined in equation (3-5) as:

again;

Gy Shear modulus of the matrix,
E: : fiber elastic modulus,
D : fiber diameter.

2R mean center-to-center distance between fiber$)e'cmalculatedB = & .

e Vs

The numerical value of factdkg depends on fiber geometrical packing. For

square packing fibers, this factor equalsttdé, and for hexagonally packed fiber this

factor is calculated to bez%(Pan, 1993). Figure (3-9) shows these two fibekipac

forms.
:n? Q '::_} O ;F_
_t 0] [c_:.]g i
oo Ne!
fiber with nearest hexagonally - fiber with nearest square-packed
packed neighbors neighbors

Figure (3-9): Different geometrical packing configions.
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Fiber diameters are different for fiber types. leaample, for Glass fibers (E-
Glass and S-Glass) the diameter is L% for Aramid (Kevlar-29, 49, and 149) the

diameter is 12um; and for Carbon in general, fiber diameter isubh® (Somboonsong,
1997).

Theoretical values ofy . for several fiber lengths and types, calculatehgus

equation (3-13) are given in table (3-3) which hasn taken from Hull (1981)

Table (3-3): Theoretical fiber length efficiencytar for different fiber lengths and fiber
volume fractions.

Material Fiber length Fiber diameter D| Volume fractionvs | n,.
|(mm) (um)

Carbon-epoxy 0.1 8 0.3 0.20
1.0 8 0.3 0.89
10.0 8 0.3 0.99

Glass-nylon 0.1 10 0.3 0.21
1.0 10 0.3 0.89
10.0 10 0.3 0.99

3-4.1.2 Work Justification 2

Experimental results by Dingle, (1974) for aligndcontinuous carbon fiber/epoxy
composites have shown good agreement with the d¢healr predictions. Table (3-4)
shows that experimental length efficiency factgys are slightly less than the theoretical

efficiency factors given in Table (3-3) for simil@ngth fibers.

Table (3-4): Experimental fiber length efficien@ctor for continuous aligned fiber

composites.
Fiber length, Volume TheoreticaE. for | Experimentak. for Ne
[ (mm) fraction, v continuous fibers| discontinuous fibers
(GPa) (GPa)
1 0.49 194 155 0.80
4 0.32 128 112 0.87
6 0.42 167 141 0.84
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/Conclusion - \

For uniformly aligned short fiber composites, the
modified rule of mixtures with fiber lengths and fiber
volume fractions listed in Tables (3-3) and (3-4) can be
used with good accuracy to calculated E..

. J

To account for the possibility of a distribution fdders with different lengthg, the fiber

length efficiency factor can be modified as.

_1 tanh(A1, /2)
e _WZW{LW} .............. (3-15)

3-4.1.3 Fiber Orientation Efficiency Factor

Fiber orientation efficiency factor,. has been calculated based on fibers that have

different orientation distributions with respectdoreference axis. For aligned chopped

fibers, n,.=1. Krenchel (1964) ignored the transverse defaonabf fibers and

introducedr . as

Noe =Y. &,C08¢, L (3-16)

wherea, is the fraction of fibers with orientation anghe with respect to the reference

axis. The sum of values af must be 1. i.eZan =1, and if four groups of fibers exist,

each with same number of fibers, thql:a2=a3=a4=%, and if the have the
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following orientation anglesyg, = 0°,¢, =45°,¢, =90°,¢, = —45°, then after substitution

into (3-17),

Tow = %(1)%@4)%(0)%@4):3 .............. (3-17)

then the modified rule of mixtures can be writtsn a

Ec = (gj.nLE . Ef‘\/f + Eme .............. (3-18)

Table (3-5) showsr,. for simple fiber orientation distributions assumirelastic

deformation of the matrix and fibers, and equaditgtrains (Krenchel, 1964).

Table (3-5): Fiber orientation efficiency factor &everal system configurations.

Orientation of fibers Noe
Aligned-longitudinal 1
Aligned-transverse 0
Random in-plane (2-D) 3/8 =0.375
Three-dimensional random 0.5

3-4.1.4 Work Justification 3

Experimental results by Owens/Corning Fiberglasgp@ation (Weng and Sun, 1979)
for a randomly-oriented glass fiber/polyester resid chopped fiber composite for a two
dimensional case has shown good agreement witméloiEfied rule of mixtures as shown
in the figure below, with given fiber/resin dai&= 7.03 GPak= 72.4 GPal= 2.54 mm.
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—e— Experimental
—a— Theoretical

Composite Elastic Modulus GPA

0 0.05 0.1 0.15 0.2 0.25 0.3

Fiber Volume Fraction %

Figure (3-10): Experimental and theoretical dat&Dwyens/Corning Fiberglass
Corporation.

Also, a good agreement was found between the erpatal work by Manera (1977) and
the theoretical results from the modified rule oktures, as shown in Figure (3-11).

14

12 o Experimental
m Theoretical
10

Composite Elastic Modulus (GPa)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Fiber Volume Fraction

Figure (3-11): Experimental and theoretical datdManera (1977).
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Another example of good agreement between the etieak and experimental data has
been observed in a recent study by Andersons, Bgarand Joffe (2006) as can been
seen in Figure (3-12). They used flax fiber mat$MlF as reinforcement and
Polypropylene PP and modified Polypropylene (PP&Mezin.

E., GPa
0
—@-0—

— theoretical
2
O flax/PP
1 ® flax/PPM
4}
(0] 0.1 0.2 0.3

Vi

Figure (3-12): Experimental and theoretical databgersons et al. (2006).

To verify the validity of the theoretical work, atidnal experimental data by Thomason
and Vlug (1996) has been compared with the respfitshe theoretical equations.
Thomason and Vlug used a random, in-plane (2-Dyrtsklass fiber reinforced
polypropylene composite as shown in Figure (3-1B8).is very clear from the
experimental data that the effect of fiber lengtmegligible once it is beyond the fiber
critical length, which agrees with the theoreticeddel.
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8
= ¢ Experimental 6 mm
& "Tia Experimental 12 mm .
2 6 Theoretical
3 a

s

g 4
1]
s »
w 3
2 .
g2
£
o 11
@)

0 T T T ‘ ‘

0 0.05 0.1 0.15 0.2 0.25 0.3
Fiber Volume Fraction

Figure (3-13): Experimental and theoretical datd bgmason and Viug (1996).

. N

For 2-D in-plane randomly dispersed short fiber
composites up to 35% fiber volume fraction, the modified
rule of mixtures can be used with good accuracy to
calculate E..

o J

onclusion 3:

3-4.2 Strength Modified Rule of Mixtures

Although strength theory for short fiber reinforcedmposites (SFC) is still under
development, the modified rule of mixtures for sg#h has shown good agreement with
experimental data. The ultimate strength of reicédrcomposite polymes;, for aligned

fibers can be predicated (Kelly and Tyson, 1965) as

o, = Z{ﬂ%} + Z{aﬁvﬁ [I_ZIT,H +1-v)o, (3-19)

J
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This equation is referred as the Kelly-Tyson predic The first summation is the
contribution of fibers shorter than critical fibéength (subcritical), and the second
summation takes into account fibers longer thanctitecal fiber length (supercritical).

The fiber length efficiency facton, ; can be defined and calculated using the following

equation

which can be written in one single equation acdogntor different length short fiber

distributions as

s i{z'%+zv{1_2'TcH .............. (3-21)

Vi

o;D

recall thatl, = 5
T

The same previous argument can be used once agaéne the first summation
accounts for the contribution from all fibers sleorthan the critical length, and the
second summation incorporates the strength distoibdrom fibers whose lengths are
greater than or equal to fiber critical lengthw use just one length of chopped fibers
(uniform fiber length), then the strength of a sHdyer composite (SFC) can be written
after adding a factor to account for in-plane (2r&)domness;

O =Ns 0y -V; + (l—vf )O‘m .............. (3-22)

where:
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o, fiber strength,

o, . matrix strength at fiber failure strain,

m

n, : fiber efficiency factor.

f'Em

For linear elastic constituents; = . Fiber efficiency factory,, can be

f

decomposed into two components as follows= 7, - 77,5, Where fiber length efficiency
factor 7,4 and fiber orientation efficiency factoy,s have similar interpretations as for

modulus calculations.
Oo =Mis Nos T Vi +(1— vV, )O'm .............. (3-23)

For random in plane (2-D) short fiber compositethvliber length greater than 5

times the critical fiber length»5l;, the effect of fiber length efficiency factey; could
be ignored. Figure (3-14) shows fiber length edingy factorn s versus fiber length
according to equations (3-16) and (3-22) (Rosenit$?2)



Fiber Length Efficiency Factor
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Modulus Factor

1.0 e
rf __..- — ::_::'_'“”._,,,..,,......“..........“..“..;-...--
Vs ‘
/-
0.8 - | __.-' -+— Strength Factor
I
[
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I
0.4 |:
I
I
024§
f
0.0 T 1
0 2 a 6 8 10

Fiber Length (mm)

Figure (3-14): Fiber length efficiency factor vesdiber length for both stiffness and

strength (Rosenthal, 1992).

When the length of critical fiber length is nedlil in comparison to average

fiber length, then composite strength is

Ocy = MNosVs d-f + (1_Vf )Gm

Chou (1992) has published an equation to calcuigte for random in-plane

laminates containing fiber of uniform length gredten critical fiber length,

2 forp? WX!COSﬂ 27 {Hgﬂ
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This equation can be represented graphically as sinéigure (3-15) where the product

of A is the width of a ‘critical zone”. Chou recommedde range between 0.2-0.25 for

Mos

3 Orientation factor

0.2

0.1

0
0.01 0.1 1
Beta

Figure (3-15): Fiber Orientation factor as a fuoctof.

3-4.3 Work Justification 4

The only experimental work available to study tlifeat of in-plane (2-D) randomly
dispersed chopped fibers on the strength of cortggosvas conducted by Thomason,
Vlug, Kirkor and Schipper (1996). They used glagserfreinforced polypropylene
composites. A single value fornp,s= 0.2 was used for different fiber
concentration/fractions. Figure (3-16) shows thecedgnt correlation between

experimental results and the theoretical, the nedlifule of mixtures or the Kelly-Tyson
prediction.



49

0 Tensile Strength (MPa)
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Modified Kelly-Tyson Prediction (MPa)

Figure (3-16): Correlation between theoretical arderimental data based on
Thomason, Vlug, Kirkor and Schipper (1996).

Vs N\
'/Conclusion 4: )

For 2-D in-plane randomly dispersed short fiber
composites, the modified rule of mixtures can be used
with good accuracy to calculate o,.

\ )

N
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3-5 What are Random in-plane (2-D) Short Fiber Compsites?

If the short fibers are dispersed randomly in a wilay composite material will have
isotropic properties in the plane of the layer, prdgperties are very different normal to
that plane, then the composite is referred to a®-R& or in-plane randomly

oriented/dispersed composite as shown in Figuter}3-

/77
%/7/;/,'//////'
"
|
|
|
l'
lI|
Il
|II

Figure (3-17): In-plane of the layer (top) and nalo the plane of the layer (sides)

The reasons that in-plane (2-D) randomly dispes$euit fibers are assumed are:

¢ The thickness of the layers of the H-DFRP rebarvarg small and thus can be
considered in plane

¢ In the presence of shear and tensile stressess fibed to rotate and align in the
direction of shear and extensional flow. If we keegreasing these stresses, the

fibers will align more in the direction of flow.

3-6 Curvature of Fibers

The fiber mean stiffness modulug, with allowance for curvature, based on a

continuous sinusoidal curvature (Bazant, 1965) is
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where
. 72-2
K. —
2
C : amplitude of the sinusoid
E
Gy, : shear modulus of fibers and can be calculate@,as !
2(L+v)
v . Poisson’s ratio of fibers
| . fiber length of 1/2 sinusoidal wave
Then, the rule of mixture becomes;
E.=Ev +Ev, (3-27)
and the modified rule of mixture becomes
E.=EVv +nenc BNV, e, (3-28)

The assumptions in deriving equation (3-22) are:

=
1

The fiber curvature is relatively smatl<l/4)

N
1

The wavelength is sufficiently long compared tcefibliameter

w
1

The fibers are closely spaced.

P

The fibers have a much higher modulus than theixnatr

Deformations are small.

o
1

6- The matrix and the fibers are linearly elastic.
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Equation (3-27) can be written in term of the wheté@fness modulus of the fiber
reinforced plastic composite rather than the fibean stiffness modulus (Tarnopol’skil,

Portnov, and Zhigun, 1967) as

£ 3-29
C_TECP .............. (3-29)
1+—
2 G,
where
E. : stiffness modulus of the fiber reinforced plastbomposite,

C

Ec,p, : stiffness modulus of the material with perfeaitraight fibers,

Gxzp : shear modulus of ideally reinforced material,

f=c™ isthe degree of curvature, and

x . the number of half-waves on the bhse

Since the fiber orientation factor represents thetion of fiber volume close to
parallel with the loading direction that contribsited that specific mechanical property
(Thomason, Wug, Schipper and Krikort, 1996) andesithe assumption is in-plane (2D)
randomly dispersed chopped fibers for the reasa#ioned in Section 3.5, the effect of

fiber curvature can be ignored
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Chapter Four

Models and Calculations

Two models of D-H-FRP rebars are proposed in tesearch. In this chapter we will
show the scheme of each rebar and the materiats A0, the stress-strain curves for
the materials are identified, and the objectivectiom and set of constraints for each
proposed rebar are listed to ensure that the désigharacteristics are satisfied and
maintained. Since moment curvature plays an impore in this work, the procedure

to construct this crucial curve has been mentioned.

4.1 Proposed Rebar Model One

This model consists of three different types oéfgband steel. The scheme, from core to

out side layer, is as follows:

1- steel with volume fraction of 20%.

2- continuous Kevlar-49 fiber layer.

3- randomly dispersed chopped SM-Carbon fiber layer.
4- randomly dispersed chopped IM-Carbon fiber layer.

Figure (4-1) shows the cross section of this predosebar and materials used. The

reasons of using steel grade 60 with small voluaetibn are:

¢ The stiffness of steel is high which would give ii@e contribution to the
composite total stiffness.
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¢ Using a small volume fraction of steel in the cof¢he rebar can be easily
protected from water by FRP fibers and resin.

¢ The low price of steel compared to fibers.

The reason for using IM-Carbon and SM-Carbon appéd fibers is:

¢ The stiffness moduli of these two types of fibenes lsigher than that of Kevlar-49.
Even after the stiffness reduction associated walithpped fibers, a great deal of
stiffness remains.
The reasons for arranging the carbon chopped fiyers on the first two outside layers
are:

1- to reduce the effect of the chopped fiber curvaséifect.

2- to eliminate the creation of shock waves insidert®ar, having a less adverse
effect on the ultimate stress-strain behavior efritbar (Terry, 2006).

3- When carbon fibers are allocated on the outsidertaythey will protect steel

from alkaline attack in the cementitious environmen

IM Carbon chopped fiber layer

SM Carbon Chopped fiber

Continuous Kevlar-49 fiber layer

______ o s Steel grade-60 core

Figure (4-1): A cross sectional area of proposédrenodel 1 (not to scale).
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4.2 Proposed Rebar Model Two

This model consists of four different types of fib&vith no steel. The scheme, from core

to outside layer, is as follows:

1- continuous E-Glass fiber core

2- continuous Kevlar-49 fiber layer

3- randomly dispersed chopped SM-Carbon fiber layer
4- randomly dispersed chopped IM-Carbon fiber layer

Figure (4-2) shows the cross sectional area ofpfuposed rebar and the materials used.
The reason for using IM-Carbon fibers, despitehitgh price, is because of its high
stiffness. The reason of using IM-Carbon and SMbGaras chopped fibers is:

¢ The stiffness moduli of these two types of fibawrs lsigher than that of Kevlar-49

and glass fibers.

The reasons for arranging the carbon chopped lidyers on the first two outside layers

are:

1- to reduce the effect of chopped fiber curvaturecff

2- to eliminate the creation of shock waves inside rislgar, having less adverse
effects on the ultimate stress-strain behaviohefrebar.

3- When carbon fibers are allocated in the outsider®ythey will protect glass

fibers from alkaline attack in the cementitious ieowvment.

It is worth to note that the choice of these typkdifferent fibers is primarily driven by

the need to satisfy the ductility requirement.
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Continuous E-glass fiber corg

IM Carbon chopped fiber layer

SM Carbon chopped fiber layer

Continuous Kevlar-49 fiber

Figure (4-2): A cross sectional area of proposéadrenodel 2 (not to scale).

4-3 Moment-Curvature Relationship

One of the most important steps in this work isdastruct moment curvature curves for
different concrete sections reinforced with thepmsed rebars. In order to accomplish
this step, stress-strain curves are needed foretmcteel, and D-H-FRP rebars.

4-3.1 Concrete Stress-Strain Curve

To model the concrete stress-strain relationshimodified Hognestad’'s second degree
parabola with a linear tail (Kent and Parker, 19743 been used, as shown in Figure (4-

3a), while Figure (4-3b) shows the original Hogad& model.
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F
P
: Unconfined concrete
< |
w -
@ I Confined concrete
h_ | .
o5f bd——4———— 508
| | |
| [ [
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| I | .
£,=0.002 E50u Esoc E20c
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Figure (4-3a): Proposed stress-strain model fofiwed and unconfined concrete, (Kent
and Park 1971).

Pm’“.::rﬁafa']

f

Srress, 1o —

e,=2f 7k, 6,=3.8%o
SHratr, €, —

Figure (4-3b): Original Hognestad stress-strairvedor concrete in compression
(Hognestad, 1951)

+ Region 1 (Parabola)

0<g.<g,
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E, L&,
fo=f[-2z(e.-¢) (4-2)
where Z=———. &, Iis the strain corresponding to the stress equ&lOfé of the
€500 ~&c

maximum concrete strength for unconfined conciétgpically taken as:

Z = 150 for unconfined reinforced concrete and,

Z =50 for confined reinforced concrete.

Here we should clarify that the concrete compressivengthf, used in this work is

taken as 4500 psi for a bridge deck application 8800 psi for beams/girders. The
reason for avoiding low values for concrete comgixvesstrength isthe ductility of the
concrete section reinforced with FRP composites comes from a sequence of fiber
failures, and because the tensile strength of fibers is high, to maintain ductility, the

concrete cannot crush before the sequence of fiber failures occurs.

4-3.2 Steel Reinforcement Stress-Strain Curve

Since conventional steel has been used in propesed 1, the stress-strain curve needs
to be identified. For evaluation purposes of theppsed rebar models, a comparison
between the steel rebars and the proposed FRPsrebae been done. For both steel
grade 40 and grade 60, Figure (4-4) shows stresistglationship and the following

equations have been assumed and used:
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If &,<e, then; f,=E;- ¢
If &, <&, <égg then; f = f,
If &, <&, <z then f = f, +(f, - f,)[2 - &

If ¢, <e&sthen; f =1,
where

fs . stress in steel reinforcement,
fy  :yielding stressd),

fsu  : ultimate stress in steel, and

. . E.— €&
& :ration defined as=—=-
€su ™ €sn

& . strain in steel reinforcement,
& :Yyielding strain of steel,
& = 40/29000 for steel grade 40 and 60/29000 fal gpade 60

&n Strain hardening of steel (Chen and Duan, 1999),

14¢, for steelGraded0

y
En=3 e

5¢ for steelGrade60

y
&y - Strain corresponds to ultimate stress in stéke and Duan, 1999),

014+ ¢, forsteelGrade40

012 for steelGradec0



60

100

90

— Steel grade 40
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Figure (4-4): Typical stress-strain curves for sggade 60 and grade 40.

4-3.3 Fibers Stress-Strain Curve

The two major problems in using FRP rebar are castslack of ductility. The second

one can be observed clearly from the stress-stiaimes, which are straight lines, as

shown in Figure (4-5). The mechanical propertiesaifh type of fiber used in modeling

the proposed FRP rebars are shown in Table (4-1).

Table (4-1): Mechanical properties of the maternimed in the proposed FRP rebars

Stiffness GPa | Strength MPa | Ultimate Strain _F|ber
(ksi) (ksi) mm/mm (infiny|  diameter
mm (in)
HM-Carbon 903 (131000) 2700 (395) 0.003 10 (0.4)
IM-Carbon fibers 650 (95000) 3037.5 (441 0.0045 (aa)
SM-Carbon fibers 230 (34000) 3570 (518 0.015 10)(0
Kevlar-49 fibers 125 (18130) 3125 (460)
102 (14790) | 2550 (370) 0.025 12(0.5)
E-glass fibers 74 (10733) 3256 (472) 0.044 16.5)(0
Steel grade 60 200 (29007 400 (60) 0.00207 N/A
Epoxy resin 3.5 (510) - 0.06 N/A
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600
500
400
%\
<
@ 300
o — IM-Carbon
2 —— SM-Carbon
200 Kevlar-49
—— E-Glass
100
0
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Strain

Figure (4-5): Stress-strain diagram for the fibesed in this study.

4-3.3.1Proposed D-H-FRP Rebar 1 Stress-Strain Curve

Figure (4-6) is a typical stress-strain curve foogomsed rebar 1. The general equations

that govern stresses as s function of strains are:

If O<ep<e, then; o ,n = Errpr - Eerp
If &y < Errp < Eim_carbon then; O comp = Errpo * Errp + O Vsieel

If €\M—carbon < Errp < €sm-carbon then; O comp = EFRP3 “Eprp T Oy Vsteel

<

If oy caron < Errp < Exeviaras  tEN; O comps = Errpa  Erre + O Vsteel

< Erpp S &g, then; o,

compb = O-yVSteeI

If gKevIar—49

Where:

EFRPl = EIM—CarbonVIM—Carbon+ ESM—CarbonVSM—Carbon+ EKevIar-49VKevIar-49 +

ErcsiViesin T EeVigel  weereerreeinenns (4-5)
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EFRPZ = EIM —Carbonv IM —Carbon + ESM—CarbonVSM—Carbon + EKevlar —49VKevIar -49 + Eresinvresin

................ (4-6)
Erres = Esv-camonVsm-cabont ExeviaraoVieviarao T EresitViesin -~ +e-eereseereeens (4-7)
Errrs = ExevaraoViceviaras + EresiViesn e (4-8)
and
Errp > ultimate strain in FRP rebar
&, . yielding strain in steel
£ . ultimate strain in steel

su

Em_camon - Ultimate strain IM-Carbon fibers
Esm_camon - UlItimate strain SM-Carbon fibers
Eveviarag - Ultimate strain in Kevlar-49 fibers
Vsteel : volume fraction of steel

Viv_camon - VOlume fraction of IM-Carbon fibers
Vou_camon - VOluMe fraction of SM-Carbon fibers
Vievaras - VOlume fraction of Kevlar-49 fibers

\Y/

resin

: volume fraction of resinvg,)

En_camon - Modulus of elasticity of IM-Carbon fiber layer
Esy_canon - Modulus of elasticity of SM-Carbon fiber layer
Eveviras - Modulus of elasticity of Kevlar-49 fibers

E : modulus of elasticity of steel

The maximum value that,,, can reach is when steel starts yielding, the
maximum value thato,,,, can reach is when IM-Carbon fibers start breakimg,
maximum value that,,,, can reach is when SM-Carbon fibers start brealkang, the

maximum value that,,,, can reach is when Kevlar-49 fibers start breakisghown in

Figure (4-6).0,m,s IS the stress when there is steel only.
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Figure (4-6): A typical stress-strain curve for posed rebar 1 of 20% steel and 80%
FRP.

4-3.3.2 Proposed D-H-FRP Rebar 2 Stress-Strain Curve

Figure (4-7) is a typical stress-strain curve adgmsed rebar 2. The general equations

that govern stresses as a function of strains are:

If 0< &rrp < €m_carbon then; O comp. = Erre - Errp
If &M _camon< Errp < Esm_camon  thEN; O comp = Ecrpe - Erre
If Es_caon < Errp < Exeviar4o then; O com = Erres - Erre
If &xeviarao < Errp < €& Glass then; O comps = Errps - Erre

Where:

EFRF!I. = EIM—CarbonVIM—Carb0n+ ESM—CarbonVSM—Carb0n+ EKevIar~49VKevIar~49 + EE—GIassV E-Glass

FE Vo oeeeereernnnns (4-9)

resin resin

EFRP2 = ESM—CarbonVSM—Carbon+ EKevIar49VKevIar49 + EE—GIassV E—Glass+ Eresinvresin

EFRPB = EKevIar49VKevIar49 + EE—GIasV t BasiViesn ~ eeereeeeeeens (4'11)

s' E-Glass resin” resin

Errrs = EecasVeciassT EresiViesn e (4-12)

resin" resin
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and
Eecass - Ultimate strain in E-Glass fibers
Veomss - Volume fraction of E-Glass fibers
Eccnss - Modulus of elasticity of E-Glass fiber

The maximum value that:
breaking, the maximum value that, ., can reach is when SM-Carbon fibers start
breaking, the maximum value that

breaking, and the maximum value that, ., can reach is when E-Glass fibers start

compl

comp3

breaking as shown in Figure (4-7).

can reach is when IM-Carbon fibers start

can reach is when Kevlar-49 fibers start

Strain (in/in)

45
O-compl O-compz O-comp3 O-comp4
40 4 / / /
1
"] /| __F |
]
FRP3 FRP4 l
E e / / En. / ——Proposed | |
by / / | = Rebar 2
1 1
$ 20 : :
‘n 1
N 4 : : :
/ : \ !
— | 1 1
101 Errpl | i E
1 ]
5 E ! ! :
0 : gIM—Carbon : gSM—Carbon : 8Kev|ar—49 gE-GIass:
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

Figure (4-7): A typical stress-strain curve for posed rebar 2 of 100% FRP.
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4-4 Model of Reinforced Concrete Section in Flexurébeyond

cracking)

The five basic assumptions in flexure theory are:

1- sections perpendicular to the axis of bending wrach plane before bending
remain plane after bending.

2- The strain in the reinforcement is equal to thaistin the concrete at the same
level.

3- The compressive stress-strain relationship for m@achas been assumed to
follow the Modified Hognestad’'s model

4- The tensile strength of concrete is not neglected eontributes in flexural
strength calculations.

5- Concrete fails when the compressive strain readl@33, which is the limiting

value in this study.

Figure (4-8) shows the reinforced concrete secttmajn and stress distributions.

K, f,
f—Ee——H  f— o
7] 7] 7]
KZ.CI
¢+¢ —
C " C:c
d h
“ Tc.
......... . ._4_X.__.i._Z¢,=E‘f._._._._._._. | 58
fr/{% —fc\ave T
K— b — reinf
() (b) (© (d)

Figure (4-8): (a) beam cross-section. (b) stragtrittiution. (c) stress distribution (d)
force diagram
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For equilibrium

where

where

T

r

einf +Tc = Cc

Treint © tensile force in reinforcement A, . cerent * |

reinforcenent

T. : tensile force in concrete%- f,-b-x

C. : compressive force in concrete = area of stressklx width of beam section

clave

, the
fl

3" e

Ky : ratio of the average compressive stress to t#mamum stress =

most common number fog; is 1.
K, : ratio of the distance between the extreme cesgon fiber and the resultant
of the compressive force to the depth of the néaiis, c

Ks : ratio of the maximum stres§’, in the compression zone of a beam to the

cylinder strength,f/

f. : modulus of rupture 5,/ f.(psi)

c : distance from top of compression fiber to thatred axis (N.A.),

& . concrete strain in top compression fiber,

&  limiting concrete cracking straig; =%(Iinear in tension).

C
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4-4.1 Determining Concrete Strength Parameters K and K,

WhenO<¢g,<¢,,

cu —

f

clave _ 1 2
Ki=—"—=n-=np° . 4-15
Ty (4-15)
¥y oo (4-16)
1-(Y3)
wheneg,, > ¢,
1 Z
Kl:—i C—g—;—z(gc—go)z} .............. (4-17)
1|5 C C
K2 :1—€|:1—2C180 + C4(Cl +2—;:j + C{Cl +2—:‘cj:| .............. (4'18)

1
wheren:%; q:ﬁ; C,=6.—&,; 03:22022; c,=C,—2c¢; c&.,:gc—égo—c3

Ee

4-4.2 Moment (M) and Curvature (@) Calculations

Since the Modified Hognestad’'s model can be usetthemnset of concrete cracking, the
moment capacity up to cracking shall be calculdteded on the elastic section as

follows:

where

M¢ : Cracking moment,
f :modulus of rapture 75,/f,,

Il : moment of inertia of the concrete section,
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y: :distance from centroid to extreme tension fiber

After concrete cracks, the resisting moment caodbeulated by taking the summation of

moments around the centroid of the reinforcement:
2
M =Cc(d—ch)—Tc(d—c—§x) .............. (4-20)

and the corresponding curvatdrean be calculated as

4-5 Rebar Optimization

An objective of this study is to develop a low cBsH-FRP rebar. In order to achieve
this goal, an objective function and a set of camsts have been set up for each
proposed rebar. The prices and mechanical propestighe fiber types used are widely
variable in the market. For the purpose of comparibetween different materials,
specific cossq which is defined as ratio of price of fib€& multiplied by fiber densityx

to steel priceCs multiplied by steel densitgr. as shown in equation (4-22). Table (4-2)
shows specific costs of the materials used inwlugk and their corresponding densities
(Terry, 2006, Bank, 2006).

C
sc= =P, (4-22)

~ C,p,
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Table (4-2): Specific costs and densities of défgmmaterials assumed in this work.

Material | Specific costgo | Density (gr/cr)
HM-Carbon fibers 120 1.76
IM-Carbon fibers 70.00 1.76
SM-Carbon fibers 6.00 1.76
Kevlar-49 fibers 8.00 1.45
E-Glass 1.00 2.56
Steel Grade 60 1.00 7.8
Epoxy Resin 1.5 1.05

4-5.1 Objective Function

The objective function is simply the multiplicatioh the volume fraction of each type of
fibers by its corresponding relative price. Theutewill be the total relative price which
means how many times are the proposed rebar is expensive than steel for the same

cross-sectional area and the same length.

4-5.2 Types of Constraints

For both proposed D-H-FRP rebars, there are sgypas f constraints.

1. Volume fraction constraintsvolume fractions should be satisfied at all times
Volume fraction could refer to the overall volunmadtion or a partial volume
fraction for a specified material. For example, Wiodume fraction of all materials
should equal to 1.0, while the volume fraction @gin for continuous fibers could
be set to 0.1 (the percentage of resin to contisdiners will be around 50/50
which is a common ratio in FRP composites). Siryilathe volume fraction of
steel could be set to 0.2 (see Section 4-1), wthiée volume fraction of IM-
Carbon, SM-Carbon, Kevlar-49, and E-glass fibeiwsukh be greater than zero.
Constraints I, Il, and IX are volume fraction coastts.

2. Failure pattern constraintthis constraint describes how D-H-FRP rebar ghoul
fail. When the first fiber type fails, the remaigifiber types and resin should be
able to carry the applied load. If the second fitype fails, the remaining fiber
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types and resin should be able to carry the load,s@ on so forth, until the last
material fails. Constraint (lIl) is failure patteconstraint.

3. Ductility constraint if the ductility index is higher than 3.0, the FRebar will be
considered ductile and this is one of the objestiokthis work (to be discussed
later in this chapter). Constraint (1V) is a dutfikonstraint.

4. Design moment constrainthe moment at which the first type of fibers lkga
which in this case is IM-Carbon, will be used as dlesign moment. The breakage
will happen due to the material reaching its falstrain. This constraint means
that the moment capacity of the cross section éstgr or equal to the applied

momentgM , > M. Constraint (V) is a design moment constraint.

5. Reliability index constraintthis will be discussed in detail later in Chapfer
Constraint (VI) is reliability index constraint.

6. Efficiency constraintit desirable to have concrete crushing and failarthe last
remaining fiber type occur simultaneously. Howewbe chances to have zero
feasible solutions from the optimization processtfos condition are extremely
high. By reducing the desirable failure strain &/@of the fiber ultimate failure
strain, a feasible solution will be reached. Tisatthe concrete crushes when the
strain in the last rebar material is 85% of itduia strain. One more important
characteristic for having the efficiency constragatisfied is the final moment-
curvature diagram will be more uniform in that tmeltiple peaks are closer in
value to each other. Constraint (VI1l) is an effiag constraint.

7. Deflection constraintfor beams/girders in buildings, the deflectioroslid not
exceed the maximum limit stated in ACI-318 speaificns. Constraint (VII) is a

deflection constraint.

Table (4-3) shows the design variables althoughespraliminary design had been made
to narrow the solution’s range. Also, uniformity aincrete compression strength was a

goal for each type of design member.
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Table (4-3): List of design variables.

Symbol description Starting values Ending values

Viu_canon | VOlUMe fraction of IM-Carbon 0.01 0.5
fibers

Vo canon | VOlUMeE fraction of SM-Carbon 0.01 0.5
fibers

Vioviardo volume fraction of Kevlar-49 0.01 0.5
fibers

Ve Glass volume fraction of E-Glass 0.01 0.5
fibers

Voean volume fraction of resin >0.1

Acre reinforcement area 0.1 6

f! concrete compressive strength 4500, 5000 5500

b width of the designing membel 12 20

d depth of the designing member 20 38

O flexural reduction factor 0.9 0.7
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4-5.3 Proposed D-H-FRP rebar model 1

Objective Function: Minimize:

Z = Sc;M—CarbonVIM—Carbon + SCSM—CarbonVSM—Carbon—i_ SQ(evIaMQVKevIaMQ + SCSteeIVSteeI+ SC}'es.invres.in

.............. (4-23)
Subjected to
(I) VIM —Carbon + VSM—Carbon + VKevIar—49 + Vsteel + Vresin =1 \
(1) Ve > 0.1
(l l I) O-compz < Gcomps < O-comp4
(V) gy = Eeey1]5 30
2 elastic
M, 1
(V) M, > y at Ey camorluimae e (4-24)
(V1) B, >35
(V”) Eeviar-49 2 0'858K6V|af—49|ultimate
(Vi A< L (for beams)
36(
(IX) Vsteel = 02 ; VIM—Carbon > O ; VSM—Carbon > O ; VKevIar49 > Oj
where:

O-comp2 = (EIM—CarbonVIM—Carbon + ESM—CarbonVSM—Carbon + EKevIar49VKevIar49)‘9IM—Carbon +oV.

y "steel
.............. (4-25)
O-comp3 = (ESM—CarbonVSM—Carbon + EKevIar~49VKevIar49)€SM—Carbon + O-yvsteel
.............. (4.26)
O-comp4 = (EKevIar49VKevIar49)8Kevlar~49 + Gyvsteel """"""" (4-27)

L within + 1%.
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4-5.4 Proposed D-H-FRP rebar model 2

Objective Function: Minimize

Z = SQM—CarbonVIM—Carbon+ SCSM—CarbonVSM—Carbon—i_ SQ(evIar49VKevIar49 + SqE-GL’:lSSV E—Glass+ SCfesinVresin

.............. (4-28)
Subjected to
(I) VIM —Carbon + VSM—Carbon + VKevIar49 + VE—GIass+ Vresin = 1 \
(”) Vresin 2 01
(I I I) O-compl < O-comp2 < Gcomp:% < O-comp4
v =Y B ) a0
2 elastic
M, 1
(V) M, > ; at £ caborl yiimate SN (4-29)
(V1) Br>35
(V“) & E—GlassZ 0'85‘9E7G|aSSIUItimate
(Vi A< L (for beams)
36C
(IX) VIM—Carbon > 0 , VSM—Carbon > 0’ VKevIar49 > O’ VE—GIass> Oj
where

O-compl = (EIM —CarbonVIM —Carbon + ESM—CarbonVSM—Carbon + EKevIar49VKevIar49 + EE—GIassV E—Glass)

X EoptCarban +eeveeeeeee (4-30)

O-comp2 = (ESM—CarbonVSM—Carbon+ EKevIar~49VKevIar~49 + EE—GIassV E—Glass) 8SM—Carb0n

.............. (4-31)
O-comp3 = (EKevIar49VKevIar49 + EE—GIassV E—Glass)gKevlaMQ """"""" (4-32)
O-comp4 = (EE—GIassV E—Glass) 8E—Glass """"""""" (4'33)

L within + 1%.
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4-6 Ductility

Ductility can be defined as an increase in deforwnatvithout an increase in capacity.
Excessive deformations give warning to the occupdhat failure of the structure is
expected to happen. Carbon, Aramid, and Glasssfibave very high tensile strength;
however, they are undesirable since no ductilityevgdent due to their linear elastic
properties. In order to over come this problem, amtficial” technique of using multi-

layers of different polymer fiber properties is gagted with the condition that after the
failure of the first layer, the remaining layer layers should have the capability of
carrying the load until we reach the desired digtilFor concrete beam members
reinforced with FRP rebars, ductility indexwill be used to evaluate ductility. Most

common ductility indices are given in terms of arfehese three: curvatures, rotations,

. 7 A . .
or deflections y, :ﬁ, Uy :H—“, Uy :A—“ or respectively. The subscript y stands for
y y y

yielding, and subscript u stands for ultimate. Hogre since FRP rebars do not yield, the

conventional definition of ductility cannot be used

For non-yielding materials, Naaman and Jeong (198&)osed a new definition
to calculate ductility index in terms of the ratbthe total energy to the elastic energy
based on perfectly elasto-plastic behavior. Theg@nerms were obtained from the area

under the load deflection curves as follows:

“=ay 2lE

elastic

_Au_ 1(@”} .............. (4-34)

where
Ewtal : the total energy computed as the area undep#tedeflection curve.
Eelasiic : the elastic energy which is part of the totalrgge

Figure (4-9) below shows these terms
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Figure (4-9): Load-deflection curve with more thare slope (Naaman and Jeong, 1995).

In this work, however, ductility index will be callated from the moment curvature

curve proposed by Naaman and Jeong (1995) usirfgltbeing equation:

_@_1 Etotal _
,u¢—¢y—2(—E +1j .............. (4-35)

elastic

Maghsoudi and Bengar (2010) found that ductilitgex of 3.0 is an acceptable lower
bound for reinforced concrete continuous beamsngthened with carbon fiber
reinforced polymer CFRP sheets. On the other h&hdh, Kang, Ahn, and Kim (2010)
sought a ductility index of 3.0 and above for aldeueinforced beam and 2.0 and above
for singly reinforced beam reinforced with convenal steel and ultra high strength
concrete. In this work, the minimum acceptable iliticindex has been set to 3.0. See

Figure (8-2) in section 8-2.2 and observation #o2nfthe same section.
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4-7 FRP Rebar Bonding to Concrete

FRP bars with a sand-coated exterior have beenrstmwevelop a satisfactory bond to
concrete (Bank, 2006). Quayyum, (2010) studiedotiteavior and failure modes of FRP
rebars with different type of surfaces. Using aided layer of FRP material is another
method to develop such bond (Somboonsong, 1998)it 110 times more expensive
than pultrusion. Throughout this work it is assurtteat the exterior layer is sand-coated
for bonding and bond is adequate. Figure (4-10yshdifferent surface textures of FRP
rebars.

Pultrusion

Sand coated Plain rebar Spiral wound Ribbec
Section A-A

Figure (4-10): Different types of commercial avblaFRP rebar and braided FRP rebar
(Quayyum, 2010) (Somboonsong, 1998)
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Chapter Five

Structural Reliability

For good design of structures and their componentajmber of aspects like strength,
performance, safety, serviceability, and durabgitpuld be satisfied. A desirable level of
reliability of the structure should be reachedtidev to account for uncertainties. Sources
of uncertainties are applied loadsS) (and resistance/capacity parameteiR). (

Uncertainties in structural resistance/capacityluide mechanical properties of the
materials, and geometry of the structure. In @wbineering, however uncertainties are
accounted for by using a probabilistic evaluatidmebiability. All uncertain parameters

should identified and quantified using the aidaridom variables (RV)s.

In civil engineering, due to direct involvement kwvithe public, acceptable levels of
capacity adequacy, or of risk of failure, are reggi An unreliable structure is in a state
which it does not fulfill design requirements relatto its function and desirable
performance. Failure may entail a collapse of ttnecture, a deficiency in structural

resistance, or unfulfilled service demands of ttracsure, i.e. excessive deformations,
excessive vibrations, etc. Structures usually lmameimber of possible failure scenarios.
For most of the structures it is impossible to exemall possible failure modes.

Therefore, representative failure scenarios havédochosen. The analysis usually
includes an estimation of structural reliabilitythvrespect to specified failure modes. All
modes must be treated separately. Thus, relialofligystructure is the probability that the
system will not reach a specified failure mode teglato a specified limit state during a

specified period of time (Lutomirska and Nowak. 200
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5-1 Common Statistical Parameters

In order to describe a random variable, the prdivaldistribution that best fits that
random variable must be identified, as well asghmmeters of that distribution. These
parameters are generally mean value, variancegtauwleviation, and bias factor.

¢ Mean

The mearu or expected value of, is a measure of central tendency in the data.
The mean can be calculated by taking the firstraemhoment. For continuous
random variables witlprobability density functioPDF fx(x), the mean can be
calculated as

E(X) = u, = ]Dx LY e (5-1)

and for discrete random variables wpttobability mass functiopx(x)

EX)=pmy =2 % P(X) e, (5-2)

all x;
¢ Variance

The variances® of X, is a measure of spread in the data about the .néan
variance can be calculated by taking the seconttatanoment. For continuous

random variables, the variance can be calculated as

[’e]

Var(X) = j (X=py Y E X s (5-3)

—00

and for discrete random variables
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Var(X)=>1(x = F P (X) e, (5-4)

allx;
¢ Standard Deviation

The standard deviatiom of a random variable is the square root of theanae.
¢ Bias Factor

The bias factor of a random variabl¥, can be calculated as

MeanValue  u,
NominalValue N,

Bias factor 51 =

¢ Coefficient of Variation

The coefficient of variation c.o.v a8 of a random variable, is simply the

standard deviation divided by the mean.

s=cov=2" (5-6)

Some structural reliability references use the mb for the coefficient of

variation.

5-2 Probability Distributions

Some commonly used probability distributions irustural reliability are: Normal, Log-
Normal, Gamma, and some kind of extreme value sischthe Type | Extreme Value
Distribution (Gumbel).
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5-2.1 Normal Distribution

The normal distribution (Gaussian distribution)hie most commonly used probability

distribution in civil engineering. The PDF of thdsstribution can be expressed as

ol Axem ) :
FX(X)_J;GX\/ZG{ 2( - j}dx ...................... (5-8)

a special form of normal distribution is when thean equals 0 and the standard
deviation equals 1. This form is known as stendard normal distributionThe PDF and
CDF of a standard normal distribution a(g), and®(s) respectively. The transformation

variable S can be calculated as

S-0_X-me g XK= (5-9)
1 Oy Oy
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PDF of standard normal variable
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Figure (5-1): Typical shapes of PDF and CDF fooamal distribution.

5-2.2 Log-Normal Distribution

If a random variable has a lognormal distributithen its natural logarithm has a normal
distribution. This distribution is very useful imgneering applications where a random
variable cannot have negative values due to theipdlynature of the problem. The PDF

of a lognormal variable is giving by

1 nx=4) . _
fx(x)_mgxxex;{ 2( 3 J],O<x< .................... (5-10)

where A, and J, are the parameters of lognormal distribution
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It can be proven that, and J, can be related to the mean and the standard deviation

o,, respectively as shown in equation (5-11) andqp-1

A, =E(nx)=Ing, —%gﬁ .................... (5-11)

X

£2 =Var(Inx) = In{1+ ("—J ]_ n(+62) e, (5-12)

Note to distinguish between the lognormal paramgtesind bias factok.

This type of distribution has been suggested fa yield strength of steel and for
calculating moment capacity of a cross-section@h af a structural member (Melchers,

1999) although other distributions could be usedtis physical property.

5-2.3 The Type | Extreme Value Distribution (Gumbe)

In many engineering applications, the extreme ahferandom variables are of special
interest. The CDF and PDF forms of type | of th&trdhution of largest value, known as

Gumbel, can be expressed in equations (5-13) add)(Bespectively
Fo (x)=exg-eatesl| (5-13)
fo (%)= e @ exg-e @t )| —ocx <o s (5-14)

where ¢, and u, are parameters of the distribution and are relaethe mean and

standard deviation as shown
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Figure (5-2): Typical shapes of PDF and CDF of Tiypatreme value distribution
(Gumbel) for different values.
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In this work the Type | Extreme Value Distributi@umbel) has been used to model the

live load when present.

Tables (5-1) and (5-2), at the end of the chambgw the statistical properties of
resistance and load RVs used in this work whichaalgpted from Nowak and Collins
(2000), Nowak and Szerszen (2003), Eamon and Ratsuit (2008), Ellingwood,
MacGroger, Galambos, and Cornell (1980), Melch#899), Nowak (1999), Lutomirska
(2009), and finally Mertz, Kulicki, Prucz, Clanand Nowak (2007).

5-3 The Concept of Reliability-Based Design

Figure (5-3) shows a case of two continuous vagmlbésistance/capaciB and loadS
and their corresponding PDF;(r and f(s), respectively. The shaded area, which is
the area of overlap of the two curves, represdmsprobability of failure. In order to
achieve an increasingly safe design, this arealdhoe minimized by narrowing the
shape of the curves and the two curves should iiedtaway from each other. The
nominal resistanc®y is usuallykg fractions of standard deviatiosk below the mean
value. The nominal loa&y is usuallyks fractions of standard deviatiosis above the

mean value.

Ri=ma—keow (5-15)

S\l = /’IS + kSO-S .................... (5'16)
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Figure (5-3): The concept of safe design and faifunobability (Haldar and Mahadevan,
1999).

5-4 Limit State Function

When the limit state functiog(x), as a function of RVs (x), is set to zero, efides the

boundary between safe/desirable and unsafe/unbiesiraf the specific structural
performance state measured. Limit states could rbeéeims of ultimate capacity,
serviceability, fatigue, or any other criteria wican be quantified. If all loads are
incorporated into one single variab® and the resistance of the structure is incorpdrat

into one single variableRj then, the limit state function takes the formtlod following
equation:

gRS)=R-S e, (5-17)

The probability of the safe/desired performanca sfructure which is equal to the safety
margin @s) and the probability of an unsafe/undesired pentorce of a structure which

is equal to the probability of failurgxf can be related to each other lpy + p, =1.0.

Figure (5-4) shows the limit state function of tramdom variables R and S.
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G > 0: Safe
domain

G < 0 : Failure
g domain D

Figure (5-4): Limit state functiog(x) of two continuous random variables (Melchers,
1999).

The probability of failure ) can be calculated in terms of the PDF of two cand
variables, capacity/resistand®) @nd the loadS); the joint probability distribution of all

random variables; or the CDF of capacity/resistamcePDF of the load. Equation (5-18)
shows the last case whBrandS are independent random variables.

p; =P(R-S<0)= T Fr(X) f(x)dx 0<X, <0 v (5-18)

5-5 Reliability Index

Reliability index,, can be defined as the shortest distance fronottigen to the limit
state function in a system of reduced variablegdinates (Hasofer and Lind, 1974).

Using Lagrange Multipliers or analytic geometry wan calculate the shortest distance
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from a line ax+by+ k =0 and the origin ask—. Then, if g(x) is the simple linear

va® +b’
limit state given by equation (5-17) above, ddand S are normally distributed and

uncorrelated

p=—Hr"Hs e, (5-19)

[ 2 2
Og+0Og

Zp N limit state function

SAFE

IR

FAILURE

Figure (5-5): Reliability index (Nowak and Collirg)00}.

If RandSare correlated then the reliability ind@xan be calculates as (Harr, 1997)

b= Hr—Ms (5-20)
\/ ci+ol-2poog,

In reduced coordinates, all variables should exg@esn dimensionless terms using the

following standard normal transformation equations:

1 In this dissertatiorSis equivalent t® in the reference.
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7, =RZde (5-21)
ORr

z =Rowus (5-22)
Og

The probability of failure i§) can be calculated in terms of reliability indgxand the

standard normal distribution functidm using the following formula .

p=®-8) s (5-23)

This equation can give exact results if fiecalculated represents a true measure of
reliability. Otherwise it provides only an approxtion. In this research this equation has

been used to calculate the reliability index.

5-6 Monte-Carlo Simulation Technique

Monte Carlo simulation technique is the most comiynased technique in simulation. In
this method, the computer generates a set of namibet simulates a phenomenon
without conducting real experiments. This theosedt&imulation is called numerical or
computer experimentation (Lutomirska, 2009). Insthiissertation, Monte Carlo
simulation has been used to calculate the prolabii failure and eventually the

reliability index £ by following these steps:

1- Define the problem in terms of all random variables

2- Quantify the probabilistic characteristics of @hdom variables in terms of PDFs
and the corresponding parameters.

3- Identify the limit state functiog(x) in terms of all random variables

4- Generate random numbarsbetween 0 and 1 for each random variable. In Visua
Basic for Application VBA, this function can be pemmed using command
RND.
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5- The numbers generated from above will be enteredtive appropriate CDF. For
normal and log-normal distributions, the standacdnral random number is

calculated using the equation

S = q>‘1(ui ) .................... (5-24)

In Visual Basic for Application VBA, this functioman be performed using

command

WorksheetFunction.NormSInv(ui) for normal distribution, and

WorksheetFunction.Loglnv(ui) for log-normal distribution.

Then the valug will be transformed to a normal or lognormal vatiasing the

following transformation equation

zZ =5 oy + u, for normal distribution, or

z =5 &, + A, for log-normal distribution

6- substitutez in their corresponding distributions in the lirstate function.

7- calculate the probability of failure using the et

D, = numberof failures _ numberof timesg(x) <0
" totalnumberof simulatiors  totalnumberof simulatedy()
.................... (5-25)
or
13 N
p==Ya(x,)<0] (5-26)
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wherel[ ] is an indicator, which equals to 1 if [ ] isue’ and 0 if [ ] is ‘false’, and

g()“(j) Is the limit state function of thjéh vector of random observations. The

symbol * means ‘generated’ not ‘true’.

5-7 Moment Capacity in Terms of Random Variables

If concrete tensile force is ignored, which playsnaor role in section resistance, an
expression of the moment capacity of the concreitgfarced cross section in terms of
random variables which represeisn the limit state function g(x) can be developed.

For proposed rebar 1, the resistance moment irstefmandom variables is

(vf1+vf2 +Vy, +Vm)Af
K,-f.-b

{(vflEfl +v By v B +vam)gfl + V- fy}}

V. +V, +V, +V
Kl' f(b ( fl f2 1:3 m)A’
K, /b

{(vflEfl +vy B +v, B +vam)gf1 + V- fy}}

For proposed rebar 2 the resistance moment in tefmadom variables is

&y
M, = [de - Kz—K . flr' b(vflEfl +vf2Ef2 +vf3Ef3 +vf4Ef4 +vam)(vfl +Vy + Vg,
1 c

&y,
K, - f

B (vfl Efl +Vg, Efz +Vi, Efs +Vy, Ef4 val +Ve + Ve + Vg, )Ar

C

+Vy, +vm)ArJ K, fc'-b{
where

v, :volume fraction of IM-Carbon fiber layer
v, :volume fraction of SM-Carbon fiber layer

Vv, :volume fraction of Kevlar-49 fiber
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v;, :volume fraction of E-glass fiber

v, :volume fraction of steel

v,,: volume fraction of matrix/resin

;. young's modulus of IM-Carbon fiber layer
;, :Young's modulus of SM-Carbon fiber layer
: Young'’s modulus of Kevlar-49 fiber

t, :Young's modulus of E-glass fiber

: Young’'s modulus of matrix/resin

f. :Yield stress of steel grade 60

. Effective depth of reinforcement

f. : Compressive strength of concrete

¢y, Failure strain of IM-Carbon fiber

Ar :Total area of reinforcements
K1, Kz : Hognastd'’s coefficients (constants)
b : Width of the cross section (for bridge declsitonstant and equal to 1, but

for beams/girders it is a RV)

in both cases the units & is (k-in). 200,000 cycles were used for all MotaHo
simulations. It has been observed that increadiegnumber of simulations did not

change the solution.



Table (5-1): Resistance Random Variables.

Description Distribution Type d=c.ov Bias FactorX)
Viu_canon | VOlUMe fraction of IM-Carbon layer Normal Distriboih 0.05 1.0
Vaucanon | VOlUMe fraction of SM-Carbon layer Normal Distrifmrt 0.05 1.0
Vicoviar 49 Volume fraction of Kevlar-49 Normal Distribution (1) 1.0
Ve Glass Volume fraction of E-Glass Normal Distribution 0.05 1.0
Voo Volume fraction of steel Normal Distribution 0.05 .01
Ve Volume fraction of resin Normal Distribution 0.05 .01
Ew_canon | Modulus of elasticity of Carbon-IM Normal Distriban 0.045 1.0
Ecv_canon | Modulus of elasticity of Carbon-SM Normal Distrilbor 0.045 1.0
Evevarss | Modulus of elasticity of Kevlar-49 Normal Distriban 0.045 1.0
Ec_giass Modulus of elasticity of E-glass Normal Distributio 0.045 1.0
E csin Modulus of elasticity of resin Normal Distribution 0.045 1.0

y Yielding strength of steel Lognormal Distribution .085 1.145
Ec m Strain failure of Carbon-IM Normal Distribution @0 N/AT
f! Compressive strength of concrete
C: = 4500 psi (Bridge deck cast-in-place) ........ Normal Distribution 0.042 1.14
¢ =5500 psi (Beam/Girder cast-in-place) ...... . 0.05 1.14

d Effective depth of the reinforced cross sectional

Slab cast-in-place (bridge deck) ................. Normal Distribution 0.12 0.92

Beam/Girder cast-in-place ......................... 0.04 0.99
b Width of the reinforced cross section Beam/GirdeNormal Distribution 0.04 1.01

Table (5-2): Load Random Variables

! The mean value will be calculated from the factsupplier value “0.0045” according 0 g = Hc m — 20y (2 standard deviation below the mean).

c6



Description Distribution Type c.o.v Bias FactorX)
Bridge Deck
DL own Dead load of own slab weight (IB)ft Normal Distribution 0.1 1.05
DL FWS Deag load of Asphalt future wearing surfaceNormal Distribution 0.25 1.0
(Ib/ft?)
DL par Dead load of parapet (I5jft Normal Distribution 0.1 1.05
LL-DT Axel load of two 16 kips spaced at 6 feet GhehDistribution 0.12 1.2
Beam/Girder
DL Dead load of the member (own weight + Normal Distribution 0.1 1.0
imposed)
LL Live load on the member (based on 50-year Gumbel Distribution 0.23 N/A

live load)

1 A mean value will be used directly.

€6
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Chapter six

Design and Analysis of Structural

Components

In this chapter the proposed chopped fiber D-H-F&tr reinforcements will be used in
designing two structural components: a concretégerdeck slab, and a concrete simply

supported beam.

6-1 Bridge Deck

Figure (6-1) shows a typical 1-ft cross sectiorcafcrete bridge deck slab of thicknéss

The cross section usual consists of

1- asphalt future wearing surfaceFWS of 2.5 inch. This is a non-structural
component.

2- integrated wearing surfad®VSof 0.5 inches. This is a non-structural component.

3- top coverCi, AASHTO-LRFD Bridge design Specification@010) requires a
minimum top cover of 2.5 inches for concrete tisagxposed to deicing salt. The
top cover may be decreased to 1.5 inch when epoaied reinforcement is used.
However, a clear top cover of 1.0 inch has beem use two FRP-reinforced
bridge decks built in Wisconsin (Berg et al., 20@&nk et al., 2006). In this
work, the top cover is similarly set to 1.00 inahce a non corrodible and salt
resistant reinforcement is being used.

4- top reinforcing bars. Reinforcing bars will be #6 proposed rebar 1 and #7 for

proposed rebar 2.
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5- bottom reinforcing bars. Reinforcing bars will b@ fiér proposed rebar 1 and #7
for proposed rebar'2

6- bottom covelCyottomWhich is usually 1 inch for an 8 inch-slab deck 45 inches
for an 8.5 inch-slab deck. In this work, the bottocover is set to 1.00 inch.

The thickness of the concrete bridge deck slabsisally between 8-10 inches that
includes thdWSand excludes theWS However, in this work the thicknebsncludes 8

inches of structural components including 0.51\WS non-structural component. Non-
structural component means the specific componees dot contribute to the structural

strength of the member or cross section and shoeilteated and added as a dead load

only.
A
h de‘bottom
de‘top I%
+|Le @ G—+- .
+~ bottom

Figure (6-1): A typical 1 ft cross section of coster bridge deck slab.

Where the effective depths are calculated usingalf@ving equations:

h-=--C

NIRSY

WS e, (6-1)

de|bottom - bottom

- h—g—cmp WS (6-2)

e|top -

! These two sizes and very common bar sizes in etmbridge deck design.
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Table (6-1) shows the dimensions used throughasiintbrk and the type of components

whether there are structural or non-structural.

Table (6-1): Assumed dimensions for the concregiglerdeck slab.

Component type| description Dimension (in) | Rebar type
Non-structural Asphalt future wearing surface FEW .250
Integrated wearing surface IWS 0.5
Structural Overall depth 8.0
Top cover 1.0
Rebar diamete 0.75 for #6
0.875 for #7
Bottom cover 1.00
de|bottom 6.0625 for #7
Effective depths 6.125 for #6
e|top 6.0625 for #7
6.125 for #6

The AASHTO-LRFD Specifications (2010) allow five theds of deck design. These
methods are:
1- The equivalent strip method,
2- The empirical design method.
3
4
5

The yield-line method which is excellent for exte@vent limit states,

The refined method using finite element methodrotd strip methods,

The grillage method.

In this study, the AASHTO equivalent strip methodl Wwe used to perform the bridge
deck analysis and design. A five-bay bridge dedk wio 4.5 ft cantilevers, one at each
end, will be considered for design as shown in FEgé-2). Different girder spacing S
will be used: 6, 8, 9, 10, and 12 ft. The bridgekdbas concrete compressive strength
f. of 4500 psi.
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|_{7 Parapet 1— Bridge Deck

f

—

Bridge Girders

Figure (6-2): Five-bay bridge deck used in this kvor

6-1.1 Loads to Consider

¢ Dead Loads

Three different components of dead load are corside this work as shown in

Figure (6-3):

1- The deck self weightpc) of thickness 8 inches plus 0.5 indN'S of density
Y. = 0.145 k/ff which covers the entire deck and will be consideas
uniform distributed load

2- Asphalt future wearing surfac®gw) of thickness 2.5 inches and density

Y asphar = 0-140 k/ff which covers the deck up to the two inside endpets

and will be considered as uniform distributed load

3- Parapet load<Jpc) close to the ends of the deck and will be considlas
concentrated loads although it can be expressadifssmly distributed load
of 0.457 k/ft



% Parapet 1— Own weight dead load
y ]

. j:r
t
Bridge Girders
S

Figure (6-3): The three types of dead load consmll@r analyzing and designing the

concrete bridge deck slab.

To analyze a bridge deck, the following steps @exdlu

Consider one unit width along the deck.

Place a uniformly distributed load of 1 k/ft ovédretentire bridge deck to
represent the dead load of self weight.

Perform structural analysis to develop the momedrdm.

Place a uniformly distributed load of 1 k/ft ovletentire bridge deck except
where the parapets are to represent the dead foasgpbalt future wearing

surface.

Perform structural analysis to develop the momedrdm.

Place a concentrated load of 1 k on each sideeobtlige deck where the
centers of gravity of the parapets pass through.

Perform structural analysis to perform the momeagim.

Multiply the ordinates from unit loading by reablding values.

Appendix (A) shows the analysis of the bridge déwkdifferent girder spacing

(S) and for different load types with values of /it kand 1 k. The moment
diagrams were constructed using SAP2000 softwasé, 1984).

¢ Liveloads
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Two 16 kip wheel loads spaced 6 feet (LL) apartl wé multiplied by the
multiple presence factor of 1.2 since the numbetesign lanes considered is 1.0,
which is the dominate case for the concrete bratbyk slab. Figure (6-4) shows a

typical HL-93 truck axle load.

T T T F T T Fr

6 ft

Figure (6-4): Typical HL-93 truck axel load to beed in bridge deck design.

¢ Impact load/ Dynamic effect

In order to account for impact factor (IM), thediload should be multiplied by
1.33.

6-1.2 Design Limit State

The general expression in the AASHTO-LRBIdge Specification§2010) that must be

satisfied is given as

ZUi yQ<gR (6-3)

where

Q :force effect,
R, :nominal resistance,

n . modification factor,
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»# . statistically based load factor applied tofibree effects, and

¢ : statistically based load factor applied torleninal resistance
in the specifications, however, there are four $ypé limit states: strength, service,

extreme events, and fatigue. In this study we wihsider one strength limit state,
specifically, Strength limit state |, which canderessed by the following equation

MRo=7,Q0c+7,Qow *175Qu.m e, (6-4)

The load factors for the permanent loagiscan be taken from Table (6-2). The factors

are chosen to generate the highest load effect.

Table (6-2) Part from AASHTO-LRFD Bridge Specificats for load factors

Type of load Load Factor
Maximum Minimum

DC : component and attachments 1.25 0.90

DW: Wearing surface and utilities 15 0.65

6-1.3 Influence Function

The influence function represents the load effé@ point in the structure as a unit load
moves along a path or over a surface. In caseoakadimensional problem, this function

is called an influence line. According to BarkeddPuckett (2006), Two critical sections

located at 40% and 50% of the first interior bawy gositive moments are expected to be
maxima, section (1-1) and (2-2) respectively, and oritical section located at the inner
support of the first interior bay for negative morés expected to be the maximum

section (3-3), as shown in Figure (6-5).

! For conventional steel, this value is 0.9.



| ) |
Figure (6-5): Locations where maximum positive aedative moments expected.
The influence functions for the three critical $aa$ for the bridge deck considered are

shown in Figure (6-6). This is a very crucial sepce the analysis and design will be

based on the constructed influence functions.

0.3 §
0.2 —e— (+ve) Momentl
' —a&— (+ve) Moment2
01+—m—— (-ve) Moment
0 — VWJM‘ AvAcAzAcAzAcAAA-A
2 3 4 >

-0.1 4
-0.2 4

-0.3 4
-0.4 /
-0.5

Figure (6-6): Influence function for bridge decksattions (1-1), (2-2), and (3-3)

Influence Function (moment)

Bridg Deck

6-1.4 The Equivalent Strip Method

In this method, the deck slab may be considered ase-way slab system since the

aspect ratio, which is panel length divided by pandth, is large.
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According to AASHTO-LRFD (2010) the strip width SW inches for an interior panel
can be calculated as

M*:SW=260+66S e, (6-5)
M~ :SW=48+ 30S

whereSis the girder spacing of the bridge in feet. Trhisthod of design can be
summarized as follows:

1- Construct the influence function for the criticatfons mentioned earlier

2- Place the HL-93 truck axle load on the critical t&et then multiply moment
values by 16 k. Figure (6-7) shows the expectedtions for maximum positive
and negative moments for a 9-ft girder spacing.

3- Multiply the above moments by girder spacing anddd by the strip width SW.

Finally, to get the required nominal capacity, ageation 6-4 as follows

_ 7/pQDC + 7pQDW +1.75Q i

i ¢

Table (6-3) shows the maximum expected positive reghtive moments at the three
candidate sections induced from dead load compsnevitile Table (6-4) shows the

maximum expected positive and negative momentseasame sections induced from the
HL-93 truck axle load.
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—&— (+ve) Momentl
—— (+ve) Moment2
(-ve) Moment

R T - e
B T e

/A\\\‘f/bhkhkkkkkk

Influence Function (Moments)

Bridge Deck Position

Figure (6-7): Expected locations for (+) and (-)memts for 9-ft girder spacing on the
influence function diagram.



Table (6-3): Positive and negative moments fortlinee different dead load components
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at the three candidate sections.

Unfactored moments (k-ft) from dead load bridge deck analysis

Self weight dead loag

Asphalt FWS dead

Parapet dead load

load
S=6ft
Section 1-1 -0.217 0.00725 -0.877
Section 2-2 -0.112 0.02059 -0.65351
Section 3-3 -0.114 -0.07134 0.44786
S=8ft
Section 1-1 -0.006 0.07018 -0.87287
Section 2-2 0.0863 0.079025 -0.65351
Section 3-3 -0.397 -0.15631 0.457
S=90ft
Section 1-1 0.1164 0.10846 -0.87287
Section 2-2 0.216 0.11542 -0.64894
Section 3-3 -0.5694 -0.20793 0.457
S=10ft
Section 1-1 0.262 0.15109 -0.87287
Section 2-2 0.3395 0.15515 -0.64894
Section 3-3 -0.7634 -0.26593 0.457
S=12ft
Section 1-1 0.6 0.25172 -0.87287
Section 2-2 0.64 0.24766 -0.64894
Section 3-3 -1.2 -0.4002 0.46157
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Table (6-4): Positive and negative moments folitreeload at the three candidate
sections.

Unfactored moments (k-ft) from HL-93 truck axlatbfrom bridge

deck analysis including multiple presence factal mmpact factor.

Section1-1 | Section 2-2 | Section 3-3
S=61t 4.80 4.60 -4.85
S=81t 5.70 5.60 -6.14
S=9ft 6.25 5.64 -6.36
S=101t 6.70 6.00 -6.50
S=121t 7.89 7.00 -6.95

6-2 Simply Supported Beam

A second case of regular simply supported beara farilding was studied as well. For a
reinforced concrete girder/beam, moment and deédledimit states will be considered.

6-2.1 Strength Requirements

According to ACI-318, the basic requirement foestyth may be expressed as follows:

Design Strengtk Required Strength

The required moment strength, can be expressed as function of dead load molgnt
and live load momeri¥l, . as

M,=12M, +16M, (6-7)

The design moment strengtl, can be expressed as function of nominal moment
capacityM, as

M,=g¢M, (6-8)
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for a simply supported beam/ girder shown in Fig(6e), the maximum moment is

located at the center of the beam and can be a#dcubs function of length of the beam

2
L and uniformly distributed load in force/length unit asvi :%. Table (6-5) shows

the factored moments induced from dead and liveotmiy distributed loads.

w, = 207K/t

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII — 15k/ft

Pt e A R e T O e BN AR R R T

/.

| L
|

Figure (6-8): Simply supported reinforced conctetam/girder with length subjected
to uniformly distributed dead and live loads

Table (6-5): Maximum moments at the center of thgte beam induced from
uniformly distributed dead and live loads.

Service moments (k-in) Factored moments (k-in)
Dead load | Live load Dead load | Live load
L=20ft 900 1242 1080 1987.2
L=251t 1406 1940 1687 3105
L=30ft 2025 2794 2430 4471

6-3 Deflection

Due to the lower modulus of chopped fiber layerd glass fibers relative to steel rebars,
deflections in proposed FRP rebar 1 and FRP rebainfbrced beams will be larger than
those for equivalent reinforcement ratios of steeiforced beams. Similar to the case of
steel reinforced concrete members, deflection shbal determined under service loads
and the corresponding applied service load momaeihtb& M,. In order to calculate
deflections, gross and cracked moment of inerijaand I, respectively, should be

calculated first. From elementary studies, the gna®ment of inertia for rectangular

3
cross section can be calculatedl as % whereb is the width of the beam, amds the
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height of the section. For singly reinforced beaanacked moment of inerti@, can be
calculated in accordance with ACI-440, or ACI 358 a

_bd®

e == K +n ADL-KP s (6-9)

whered is the effective depth is the area of reinforcement akié calculated as

k:\/(pfnf)erprnf —PiMes (6-10)

E : :
1 :Ef modular ratio between FRP reinforcement and coefgrand

C

A,

yor =bd FRP reinforcement ratio for rectangular beam.

Also, the effective moment of inertia can be caltedl using an empirical equation
proposed by Branson (1965, 1977) with a simple ficadion based on Gao et al. (1998)
by introducing a reduction factofy to take the account of lower stiffness of the reba
and associated bonding problems. The philosophintalsingl. is that under service

load the effective moment of inertia varies betwkgsndl... Thus, effective moment of
inertiale can be determined as

|=m—j ﬁdlg{lmjj }|cr<|g ....................... (6-11)

! For proposed rebar 1 with 20% stdglis average of the first two line in stress-strainve. The first line
is before steel yields and the second line is atexl yield.
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. . . f .
where M, is the cracking moment, and is calculated Mg =—= wheref; is the
t

modulus of rupture and can be calculated fas 7.5\/Tg andy; is the distance from

centroid to extreme tension fiber and is equdl/2o M, is the service load moment.

The above equation is valid only whéfy, > M., because wheM, < M, the beam
remains uncracked. The reduction facfrcan be calculated according ACI-440.1R
(2003) as

where the coefficienty, in the above equation is a bond-dependent coeficACI-440
suggests the use ef, = 0.5 for types of bars for which this value is koown. The

reduction factopy can also be calculated according ACI-440.1R (2@86)

R e B (6-12b)
S\ P

wherepx is the FRP reinforcement ratio apg is the balanced FRP reinforcement ratio.
The reduction factorf) is around 0.6 (Bank, 2006) (Bischoff, 2007), #8@ngaRao et
al., 2006). Bischoff (2007) conducted a comprehansgiork to calculate deflection and
evaluate the existing two equations in ACI-440 @0&nd (2006). He suggested two new
equations to calculatgy. In this work, this reduction factor will be calated using

Bischoff’'s new equation which works for all crogcsons.

B, = 3.3% ....................... (6-13)

g
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For a simply supported beam, the maximum deflectiat the midspan of the beam can

be calculated using the following equation

2
A_iMmaxL

48 E|,

2
a

whereM, ., = is the moment at the midspan of the beam

According to ACI-318, the maximum permissible congol deflections for different
cases and explanations are shown in Table (6-&rmdtively, both ACI-318 and ACI-
440 provide minimum thickness of reinforced coreri¢xural members as function of
length of the member as shown in Table (6-7) arderg-8), respectively.

Table (6-6): Maximum permissible computed deflatsi¢ACI-318).

Type of member Deflection to be considered| Deflection
limitation

Flat roofs not supporting or attached [tonmediate deflection due fo

non-structural elements likely to Ibdive load L/180

damaged by large deflections

Floors not supporting or attached [tbmmediate deflection due fo

nonstructural elements likely to Ibdive load L/360

damaged by large deflections

Roofs or floors construction supporting [ofhat part of the totd|

attached to nonstructural elements likely tteflection occurring after L/480

be damaged by large deflections

attachment of nonstructurpl

Roofs or floors construction supporting
attached to nonstructural elements
likely to be damaged by large deflections

aelements (sum of the long-
htstrm  deflection due to
sustained loads and
immediate deflection due fo
any additional live load.
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Table (6-7): Minimum thickness of nonprestresseahieor one-way slabs unless
deflections are calculatéd

Minimum thickness, h
Simply One end Both ends Cantilever
supported continuous continuous
Member Members not supporting or attached to p@mstor other construction
likely to be damaged by large deflections
Sold one-way 1/20 1124 1/28 /10
slab
Beams or 1/16 1/18.5 /21 1/8
ribbed one-way
slabs
Table (6-8): Minimum thickness of FRP-reinforceexiliral members.
Support Conditions
Simply One end Both ends Cantilever
supported continuous continuous
Sold one-way /13 /17 /22 1/5.5
slab
Beams /10 /12 1/16 1/4

! usingfy = 60 ksi
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Chapter Seven

Calculations and Results

In order to perform Reliability Based Design Optzation RBDO to determine optimum
rebar materials, first the penalties of using: geup fibers, and random dispersion of
these fibers must be considered. Also, the lendtkhort fibers must be checked to
ensure that the failure of chopped fibers will bedkage and not slippage. Finally, the
tensile stress in chopped fiber composite laygrswill be compared with the ultimate

tensile strength of the composite,,. The ultimate tensile strength of the composite

should never be exceeded. All theories have bessusied in previous chapters.

7-1 Critical Fiber Length [ Calculations

The chopped fiber length should be at least 8 tithescritical fiber lengtH. where,

D
l. = azf . Table (7-1) shows the calculated critical fibemdthl. and used fiber length.
Tm

Table (7-1): Critical fiber length vs. used values.

Fiber Type Tensile strength Shear strength lc 8¢ Used Length
MPa (ksi) Epoxy Resing, | (mm) | (mm) (mm)

IM-Carbon 3037.5 (441) 29 MPa 0.524 4.18 6

SM-Carbon 3570 (518) 29 MPa 0.616 4.92 6
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7-2 Fiber Length Efficiency Factor Calculation

7-2.1 Effect on Modulus of Elasticity

The governing equation for fiber length efficienfiactor for short, equal-length fibers,
n. was mentioned in Chapter Three. For purpose daificktion, we will rewrite

equation (3-3).

tann g1/2
n. =1 taHB1/2)
pl/2
Where,6':i Gy _ 8G, R_ 2R

dG — m
an®m 201+v,)

The definition of all symbols can be found in Cleapghree, section 3-6-1.1. Table (7-2)
shows the fiber length, properties, fiber length efficiency factor, ame tcorresponding
reduction factors. For IM-Carbon fibeE, =650 GPa E; =95000ksi) and for SM-

Carbon fiberE, = 230GPa (E; =34000ksi). The Carbon fiber diameter is assumed to

be 0.01 mm, while the volume fraction of choppedboa fiber in the first two outer
layers is 35%; the Poisson's ratio of the matesi() is taken as;, = 0.39; and modulus
of elasticity isE, = 3.5 GPa (508 ksi).
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Table (7-2): Fiber length and the correspondingrfiength efficiency factor and

associated reduction.

| (mm) | Square Hexagon Square Hexagon
Packing Packing Packing Packing
Nie Ne % reduction | % reductior
IM- Carbon 6 0.98 0.98 2% 2%
Fiber E; = 650GPa 8 0.99 0.98 1% 2%

(E; =95000ksi) 10 0.99 0.99 1% 1%
SM- Carbon 6 0.99 0.99 1% 1%
Fiber E, =230GPa 8 0.99 0.99 1% 1%

(E; =34000ksi) 10 0.99 0.99 1% 1%

Figure (7-1) and (7-2) show fiber length efficierfagtors for different fiber length and

different fiber types.

o

©

©
L

0.98

//I//‘/

0.97 A

Fiber Length Efficiency Factor

o
©
o

—e—square packing
—=— hexagon packing

8

Fiber Length (mm)

10

11

Figure (7-1): Fiber length and the correspondibgifiength efficiency factor for IM-
Carbon fiberE, = 650GPa (E; =95000ksi).
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Figure (7-2): Fiber length and the correspondibgifiength efficiency factor for SM-
Carbon fiberE, = 230GPa (E; =34000ksi).

Through out this workan_equal length chopped fiber of 6 mm will be usedrable (7-

3) shows the new values d&, and composite material modulus, after deducting

penalties for using chopped fibers.

Table (7-3a): Carbon fibers reduced moduli of &#gtdue to fiber length efficiency

factor.
Fiber Type Initial E, 1. used New E;
IM-Carbon fiber 650 GPa (95000 ksj) 0.98 634.5 @235 ksi)
SM-Carbon fiber 230 GPa (34000 ki) 0.99 226 GRag8 ksi)

Table (7-3b): Composites of carbon fiber layersioedi moduli of elasticity due to fiber

length efficiency factor.

Fiber Type New E, E. E,
IM-Carbon fiber 634.5 GPa 3.5 GPa 224 GPa
layer (92035 ksi) (508 ksi) (32500 Kksi)
SM-Carbon fiber 226 GPa 3.5 GPa 81 GPa
layer (32780 ksi) (508 ksi) (11803 ksi)
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7-2.2 Effect on Composite Ultimate Strength

For composite material ultimate strength, fiber length efficiency factor ¢ will be

taken as 0.95 (see Chapter 3, section (3-4.2)).

7-3 Fiber Orientation Efficiency Factor Calculation

7-3.1 Effect on Modulus of Elasticity

Fiber orientation efficiency factoy,. will be taken asg (see Chapter 3, section 3-4.1.3)

and the results are shown in Table (7-4).

Table (7-4): Carbon fiber modulus of elasticityeaftleducting the effect of randomness
of dispersed chopped fibers.

Fiber Type Old E, E, New E; New E,
Final Final
IM-Carbon fiber 634.5 GPa 3.5 GPa 238 GPa 85.5 GPa
(92035 ksi) (508 ksi) (34513 ksi) (12410 ksi)
SM-Carbon fiber 226 GPa 3.5 GPa 85 GPa 32 GPa
(32780 ksi) (508 ksi) (12293 ksi) (4633 ksi)

7-3.2 Effect on Composite Ultimate strength

For composite ultimate strength, fiber orientatedficiency factorr,g will be taken as

0.2 (see Chapter 3, section (3-4.2)).

7-4 Composite Ultimate Stress Calculations

For the above results to be valid, the compostienate stress should not be exceeded.

The potential problem comes from the first two a@éslayers which are made of
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randomly dispersed chopped fibers. Table (7-5)esgmts the worst case scenario for
these two layers. i.e.; the height stresses coalddnerated on these two layers (See

Appendix B for stresses and Tables 7-11 to 7-14dbsme fraction).

Table (7-5): Maximum stresses reached for proposiear 1 and 2 and stresses on each
layers and the corresponding stresses on choppeddiyers

Proposed Rebar 1 Proposed Rebar 2
IM-Carbon SM-Carbon IM-Carbon SM-Carbon
layer layer layer layer
Stress (ksi) 50 60 43 47
Volume fraction 0.44 0.21 0.54 0.25
Stress on layer (ksi" 24.5 14.6 30.125 17.4

Recall equation (3-22) from Chapter 3, and speiffcthe modified rule of mixtures for
stresses, after substitutings = 0.95, andy,s = 0.2:

0o =095x02x-0, v, +[l-v, Jo, s (7-1)

and againg, is fiber strengthg,, matrix the strength at fiber failure strain, ands the

volume fraction of fiber in the composite. Table-@)7 shows the resulting ultimate
stresses that the composite layers can resist.

Table (7-6): Strength of the composite materialsienaf chopped fibers.

o (ksi) | o (ksi) | Vf=1-Vm Vin o, (ksi)

IM-Carbon layer 441 2.3 0.35 0.65 30.8

SM-Carbon layer 518 7.6 0.35 0.65 394
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7-5 Optimizing Proposed Rebars

Figures (7-3) and (7-4) show the flowcharts to amtda Reliability Based Design
Optimization (RBDO) of the proposed rebar 1 andareh respectively. Tables (7-7) and
(7-8) show the optimized constituents of propossoars 1 and 2 respectively, for the
bridge deck. Tables (7-9) and (7-10) show the aptih constituents of proposed rebars
1 and 2 for the building beam/girder, while Taldel(l) shows the total volume fractions
of the constituents of the proposed D-H-FRP rebAmpendix B shows stress-strain
curves for the optimized D-H-FRP rebars, while Amgig C shows moment-curvature
graphs for concrete sections reinforced with otediD-H-FRP rebars.

All constrains are within three or four nested Isophese Four or five nested loops are to
generate the area of reinforcement and volume idrestof the fibers starting with

minimum values up to the maximum values. For eatdl volume fraction set:

¢ The total volume fraction should be 1.0. If thisistraint is satisfied,

¢ The corresponding stress-strain diagram shouldebermined and should follow
the failure pattern mentioned earlier. If this domisit is satisfied,

¢ Moment-curvature values should be determined talchee value of the moment
capacity,M,, that corresponds to the first fiber type failuféis value should be
equal to applied moment Myl/If this constraint is satisfied,

¢ From Moment-curvature values check ductility. isthonstraint is satisfied,

¢ Deflection should be checked and should be less tha code value. If this
constraint is satisfied,

¢ Conduct Monte-Carlo simulation and calculftéf this constraint is satisfied,

¢ Calculate the corresponding relative price and skhdbe smallest.

The reason of using this method in optimizationtdsavoid the first and/or second
derivates associated with other methods since tmst@ints are not mathematical
functions besides, dealing up to 5 or six 6 nesbeps with known upper and lower
limits for each one make the solution easy andaljh sometimes it is time consuming.
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Appendix D shows an example of an optimization gxamvith 2 nested loops in VBA
Language. Tables (5-1) and (5-2) show the resistaaned load random variables,

respectively.
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Figure (7-3): Flowchart to conduct RBDO for propdsebar 1 for building beam/girder.
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Figure (7-4): Flowchart to conduct RBDO for propssebar 2 for building beam/girder.



Table (7-7a): Characteristics of concrete sectwamforced with proposed rebar 1 for bridge deck

S= B ) A (Ductility) | e (rebar strain at ultimate Relative cost A FRP (in2)
strain failure in concrete
6 ft
+ve moment 3.7 0.9 3.0 0.025 12.12 0.38
-ve moment 3.5 0.9 3.2 0.0248 12.46 0.43
9ft
+ve moment 3.5 0.9 3.71 0.024 11.89 0.53
-ve moment 3.66 0.9 3.48 0.0213 11.76 0.61
12 ft
+ve moment 3.6 0.9 4.35 0.0215 12.00 0.74
-ve moment 3.6 0.9 4.34 0.0219 11.83 0.72
Table (7-7b): Optimized constituents of proposdshrel for bridge deck
S: VC_IM Iayerl VC_SM layer2 VK—49 VSteeI Vresin A FRP Moment Mn (k_in
6 ft
+ve moment 0.425 0.125 0.155 0.2 0.095 0.38 105
-ve moment 0.41 0.15 0.135 0.2 0.105 0.43 111
9 ft
+ve moment 0.42 0.16 0.11 0.2 0.11 0.53 139
-ve moment 0.42 0.15 0.12 0.2 0.11 0.61 160
12 ft
+ve moment 0.44 0.17 0.09 0.2 0.10 0.74 188
-ve moment 0.43 0.18 0.09 0.2 0.10 0.72 184/

1 65% resin and 35% chopped carbon Intermediate lsdi this layer.

2 65% resin and 35% chopped carbon small modultisi®fayer

ect



Table (7-8a): Characteristics of concrete sectwamforced with proposed rebar 2 for bridge deck.

S= B ) A (Ductility) | € (rebar strain at ultimate Relative cost A FRP (in2)
strain failure in concrete
6 ft
+ve moment 3.52 0.895 6.10 0.0375 13.89 0.43
-ve moment 3.50 0.9 7.53 0.0398 14.12 0.48
8 ft
+ve moment 3.67 0.89 8.66 0.0395 13.88 0.54
-ve moment 3.53 0.875 10.52 0.0387 14.12 0.66
9 ft
+ve moment 3.54 0.885 10.46 0.0397 14.14 0.62
-ve moment] 3.50 0.87 10.88 0.0376 14.14 0.69
10 ft
+ve moment] 3.50 0.87 10.88 0.0376 14.14 0.69
-ve moment 3.51 0.90 11.00 0.0374 14.14 0.70
12 ft
+ve moment N/A N/A N/A N/A N/A N/A
-ve moment N/A N/A N/A N/A N/A N/A

Vet



Table (7-8b): Optimized constituents of proposdzhre? for bridge deck.

S=\ Ve m Ve sm Va9 VGiass Viesin A FRP Moment Mn (k-in)
layer layer
6 ft
+ve 0.53 0.23 0.04 0.1 0.10 0.43 100
moment
-ve moment 0.54 0.23 0.04 0.08 0.11 0.48 112
8 ft
+ve 0.53 0.24 0.04 0.07 0.12 0.54 128
moment
-ve moment 0.54 0.24 0.04 0.06 0.12 0.66 152
9 ft
+ve 0.54 0.25 0.04 0.06 0.11 0.62 142
moment
-ve moment  0.54 0.25 0.04 0.06 0.11 0.69 162
10 ft
+ve 0.54 0.25 0.04 0.06 0.11 0.69 163
moment
-ve moment  0.54 0.25 0.04 0.06 0.11 0.70 165
12 ft
+ve N/A N/A N/A N/A N/A N/A N/A
moment
-ve moment  N/A N/A N/A N/A N/A N/A N/A

1 65% resin and 35% chopped carbon Intermediate lsd this layer
2 65% resin and 35% chopped carbon small modultisi®fayer

qctl




Table (7-9a): Characteristics of concrete sectwamforced with proposed rebar 1 for building Beandér.
L=\ B o A ¢ (rebar strain at ultimate | Relative cost b (in) d (in)
(Ductility) strain failure in concrete)
20 ft
+ve| 3.50 0.85 4.72 0.0213 11.07 13 22.5
moment
25 ft
+ve| 35 0.82 5.01 0.022 11.2 14 27.5
moment
30 ft
+ve| 3.5 0.82 5.5 0.0213 11.2 16 32.5
moment
Table (7-9b): Optimized constituents of proposdshrel for building Beam/Girder.
L: \ VC IM layerl VC SM layer2 VK—49 VSteeI Vresin Afrp Moment Mn (k_ln)
20 ft
+ve moment 0.4 0.21 0.08 0.2 0.11 4.0 3615
25 ft
+ve moment 0.41 0.19 0.07 0.2 0.13 4.46 5885
30 ft
+ve moment 0.41 0.19 0.07 0.2 0.13 7.2 8460

1 65% resin and 35% chopped carbon Intermediate lsd this layer
2 65% resin and 35% chopped carbon small modultisi®fayer

9T



Table (7-10a): Characteristics of concrete seagimforced with proposed rebar 2 for building Be@imder.

L=\ B b A ¢ (rebar strain at ultimate | Relative $/baf b (in) d (in)
(Ductility) strain failure in concrete)
20 ft
+ve| 3.50 0.82 10.8 0.0378 14.11 14 24.5
moment
25 ft
+ve| 3.51 | 0.837 10.7 0.0383 14.11 14.5 30.5
moment
30 ft
+ve| 3.5 0.837 10.9 0.0376 14.11 16 34
moment
Table (7-10b): Optimized constituents of proposauhr 2 for building Beam/Girder
L=\ VC_IM Iayerl VC_SM layer2 VK—49 VGIass Vresin A frp Moment Mn (k_ln)
20 ft
+ve moment 0.54 0.25 0.04 0.06 0.11 3.93 3740
25 ft
+ve moment 0.54 0.25 0.04 0.06 0.11 4.95 5710
30 ft
+ve moment 0.54 0.25 0.04 0.06 0.11 6.3 8294

1 65% resin and 35% chopped carbon Intermediate lsd this layer
2 65% resin and 35% chopped carbon small modultisi®fayer

L2T
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Table (7-11): Total volume fractions of the consgitts of the proposed D-H-FRP rebars.

proposed rebar 1 for bridge deck

VC_IM VC_SM VK -49 VSteeI Vresin
6 ft
+ve moment 0.14875 0.04375 0.155 0.2 0.4525
-ve moment  0.1435 0.0525 0.135 0.2 0.469
9 ft
+ve moment 0.147 0.056 0.11 0.2 0.487
-ve moment 0.147 0.0525 0.12 0.2 0.4805
12 ft
+ve moment 0.154 0.0595 0.09 0.2 0.4965
-ve momeny{ 0.1505 0.063 0.09 0.2 0.4965
proposed rebar 2 for bridge deck
VC_IM VC_SM VK—49 VGIass Vresin
6 ft
+ve momeny 0.1855 0.0805 0.04 0.1 0.594
-ve moment 0.189 0.0805 0.04 0.08 0.6105
8 ft 0
+ve momeny 0.1855 0.084 0.04 0.07 0.6205
-ve moment 0.189 0.084 0.04 0.06 0.627
9 ft 0
+ve moment 0.189 0.0875 0.04 0.06 0.6235
-ve moment 0.189 0.0875 0.04 0.06 0.6235
10 ft
+ve moment 0.189 0.0875 0.04 0.06 0.6235
-ve moment 0.189 0.0875 0.04 0.06 0.6235
proposed rebar 1 building Beam/Girder
VC_IM VC_SM VK -49 VSteeI Vresin
20 ft
+ve moment 0.14 0.0735 0.08 0.2 0.5065
25 ft
+ve momeny 0.1435 0.0665 0.07 0.2 0.52
30 ft
+ve momeny 0.1435 0.0665 0.07 0.2 0.52
proposed rebar 2 building Beam/Girder
VC_IM VC_SM VK—49 VGIass Vresin
20 ft
+ve moment 0.189 0.0875 0.04 0.06 0.6235
25 ft
+ve moment 0.189 0.0875 0.04 0.06 0.6235
30 ft
+ve moment 0.189 0.0875 0.04 0.06 0.6235
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7-6 Optimum Volume Fractions

In order to determine the optimum volume fraction éach proposed rebar, Table 4-3 is

suggested to be used for initial values.

7-6.1 Volume Fraction Bridge Deck

Based on Tables (7-7b) and (7-8b), the volumeifracthown in Table (7-12) could be
assumed as the optimum volume fractions of fibersbé used in bridge deck

reinforcement. It is important to note that g ..., and Vs, c.won l2YErs consist of

35% fiber and 65% resin.

Table (7-12): Suggested volume fractions for prepagbars used in bridge deck.

Proposed D-H-FRP rebar 1  Proposed D-H-FRP rebar 2
Vim_carbon lAYET 42% 54%
Vem_carbon lAYEN 17% 25%
Vieviar_a0 lAYET 11% 4%
Ve_gass l2YET - 6%
Vereel lAYET 20% 3
Viesin 10% 11%

7-6.2 Volume Fractions for Building Beam/Girders

Based on Tables (7-9b) and (7-10b), the volumdiénas shown in Table (7-13) are the
optimum volume fractions of fibers to be used ifiding Beam/Girder reinforcement. It

is important to note that the,, ..., layer andvg,_c..., layer consists of 35% fiber and

65% resin.
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Table (7-13): Suggested volume fractions for prepagbars used in beams/girders.

Proposed D-H-FRP rebar 1  Proposed D-H-FRP rebar 2
VIM—Carbon layer 41% 54%
VSM—Carbon layer 20% 25%
VKevIar—49 layer 8% 4%
VE—gIass Iayer - 6%
Vel laYET 20% .
Vresin 11% 11%

7-6.3 All Purpose Final Volume Fractions

Based on the average of Tables (7-12) and (7-b8)yblume fractions shown in Table

(7-14) could be assumed as the optimum volumeidraaif fibers to be used for all-

purpose reinforcement (Bridge deck and/or Beamk&s)rd

Table (7-14): Suggested volume fraction for propasdars used in all purposes.

ar 2

Proposed D-H-FRP rebar 1 Proposed D-H-FRP rebi
Vim—carbon 12YET 42% 54%
Vam_carbon lAYET 18% 25%
Vieviar_ao 12YET 10% 4%
Ve_giass lAYET - 6%
Vel 12YET 20% -
Vresin 10% 11%

7-7 Deflection of Beam/Girders

The immediate live-load deflectiom\,

(MacGregor and White, 2011)

AiL = AiL+D -Ap

can be computed using equation (7-2)
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where A, ., is the immediate live and dead-load deflection ang is the immediate
dead-load deflection. In calculatingg, , the cracked moment of inertia should be used

because when the live load is removed, the bearh nail return to its dead-load
deflection as it is now cracked. Table (7-15) shaavsummary of the calculated
deflections, while Table (7-16) shows the minimumntkness according to ACI-440 and
ACI-318 and those used in this calculation. Ingame table, it can be seen that thickness
of the cross section reinforced with rebar 1 is 1686 than the minimum design value in
ACI-440. The reason behind that is rebar 1 is ottty FRP material, but has 20% steel.

Table (7-15): Deflection in inches for both propdsebars for different span lengths and
maximum permissible deflections.

Controlling limit
Rebar 1: A A Rebar 2:
L/180 L/240 L/360
20% Steel (inch) (inch) 100% FRP
L=20 ft 0.62 1.33 1.00 0.66 0.59 L=20 ft
L=25 ft 0.75 1.67 1.25 0.83 0.74 L=25 ft
L=30 ft 1.00 2.00 1.5 1.00 0.91 L=30 ft

Table (7-16): Minimum thickness of FRP-reinforcéektiral members.

Thickness of cross
section reinforced

Thickness of cross
section reinforced

Minimum required
thickness (in)

with Rebar 1 (in) with Rebar 2 (in) ACI-440 ACI-318
L= 20 ft 25 27 24 15
L=251t 30 33 30 18.7
L=30ft 32.5 36.5 36 22.5

Finally, a graphical presentation of beam deflect®given in Figure (7-5). These beams
have the same moment capacity and use the minirhigkness recommended by the
appropriate corresponding code. i.e.; for sectreirforced with FRP reinforcements, the
thicknesses used are 24, 30, and 36 inches, resggcas required by ACI-440 for FRP
rebar, and for sections reinforced with steel @cgment, the thicknesses used are 15,
18.7, and 22.5 inches, respectively, as required®¥318, and are designated (I). For
comparison, all-steel sections but with thicknessgpsal to those of the FRP sections are

designated (11).



132

1.2
1 /
~ 0.8
= :7 —e— Bar #1 (20% Steel)
S 0.6 —=— Bar #2 (100% FRP)
E . Steel bar grade 60 (I)
g 0.4 —— Steel bar grade 60 (Il) ||
/
0.2 =
0 T T T T T T T T T T T
19 20 21 22 23 24 25 26 27 28 29 30 31

Beam/Girder Length (ft)

Figure (7-5): Deflection based on minimum beam#irithickness in ACI-440 and ACI
318 for different reinforcements.

7-8 Balanced FRP Reinforcement Ratiog)

By definition, balanced FRP reinforcement ratjpis the case where concrete crushes by

reaching a failure strain of 0.003 and the firbefibreaks by reaching its ultimate failure

strain &, . From the fundamentals of reinforced concretegiesive can show that the

Pfp can be determined as

f !
P = 0.85/5’1—0[%} ......................... (7-3)

o, + &4,

this can be rewritten as

pooogsp el B\ (7-4)
Gfu gcu Ef + O-fu

where
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085 f < 4000psi
f. ,
=4105- 005—— 4000< f/<8000pSiy  eeeeeeeeeeeeeeiiiees 7-5
065 f. > 8000psi

E; is the modulus of elasticity of the bar when fiiser breaks off.

¢ Proposed Rebar 1: 20 % Steel

For proposed rebar 1 which is 20% steel and 80%, FR# modulus can be
calculating by taking the second slope from stetesin curve. The ultimate stress

in the FRP rebar is where IM-carbon breaks afeslstields.

Ef = EIM —CarbonVIM —Carb0n+ ESM—CarbonVSM—Carbon+ EKevIar—49VKevIar—49 + Eresinvresin

o, =E; Eqy, T OV

¢ Proposed Rebar 2: 100 % FRP

For proposed rebar 2 which is 100% FRP, the modaaus be calculating by
taking the first modulus from the stress-strainveurThe ultimate stress in the

FRP rebar is where IM-carbon breaks.

Ef = EIM —CarbonVIM —Carbon+ ESM—CarbonVSM—Carbon+ EKevIe\rVKevIar + EGIassVGIass-i_ Eresinvresin

af =
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Table (7-17) shows values gf, and p, for both proposed rebars and for different

spans.

Table (7-17): Reinforcement ratios and balanceafeetement ratios for proposed rebars
for different span lengths.
Rebar 1: 20% Steel | Rebar 2: 100% FRP 100% steel bars
L=20 L=25| L=30| L=20| L=25| L=30| L=20L=25|L=30

Ei(ksi) | 7118 | 7002| 7001.7 9282 | 9282| 9282 29000

on(ksi) | 4517 | 44.64| 4464 4206 42.06 42.06

Ps 0.0136| 0.0144 0.0138( 0.0115| 0.0112| 0.0116( 0.024| 0.02 | 0.02]

P 0.026 | 0.026( 0.024 0.034 0.034 0.084 0.032

From the table above we can observe clearly tratréinforcement ratio of the cross

sections reinforced with FRPp() is less than the balanced ratio. This means dlat

beams are under-reinforced. From Tables (7-7) 407 the average strains in D-H-FRP
reinforcement when the strain in the concrete @®.are: 0.022 in/in for proposed rebar
1 and 0.038 for proposed rebar 2 as shown in T@bls), while the yield strain of steel
grade 60 is 0.00207. According to ACI-318, the tlieat reduction factod is equal to 0.9
when the strain in the concrete is 0.003 and ttaénsin steel reinforcement is 0.005.
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Table (7-18): Strain in D-H-FRP rebars when corecettain is 0.003.

Proposed Rebar 1 Proposed Rebar 2
s (Bridge Deck) Strain in FRP rebay s (Bridge Deck) | Strain in FRP rebar
6 ft : +ve moment 0.025 6 ft . +ve moment 0.0375
6 ft : -ve moment 0.0248 6 ft : -ve moment 0.0398
9 ft : +ve moment 0.024 8 ft : +ve moment 0.0395
9 ft : -ve moment 0.0213 8 ft : -ve moment 0.0387
12 ft : +ve moment 0.0215 9 ft : +ve moment 0.0397
12 ft : -ve moment 0.0219 9 ft : -ve moment 0.0376
10 ft : +ve moment 0.0376
10 ft : -ve moment 0.0374
Proposed Rebar 1 Proposed Rebar 2
L (Beam/Girder) L (Beam/Girder)
20 ft : +ve moment 0.0213 20 ft : +ve moment 0.0378
25 ft : +ve moment 0.022 25 ft : +ve moment 0.0383
30 ft : +ve moment 0.0213 30 ft : +ve moment 0.0376

7-9 Continuous FRP Rebar

7-9.1 Two-Material Continuous FRP Rebar

For comparison, a continuous scheme similar in nase to that one used by
Somboonsong (1997) was investigated. This modesistsnof two types of continuous
fibers: carbon P55 and Kevlar-49. The percentagibef is 56%, while epoxy resin is
44%. For the 56% fiber content, 28% of that is oarbnd 28% is Kevlar. The modulus
of elasticity of P55 carbon fiber is 400 GPa, thedolus of Kevlar-49 fiber is 102 GPa,
and the modulus of epoxy resin is 3.5 GPa.

After performing the reliability analysis, it wasbserved that the flexural
reduction factor¢ for a bridge deck using this bar was 0.82 and Worlding
beams/girders¢ was 0.74. The flexural reduction factrin beams/girders is smaller
than that for bridge decks because the c.o.v.veflbad for buildings is 0.23, while the
c.o.v. of traffic load on bridges is 0.12, causihg building case to have a higher failure

probability and thus requiring a lower resistanaetdr, just as with chopped FRP rebar.
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Tables (7-19a,b) and (7-20a,b) show the data usddtee results generated using this
data.

Table (7-19a): Characteristics of concrete seatimforced continuous FRP for bridge

deck.
S= B ) A (Ductility) ¢ (rebar strain at | Relative
ultimate strain cost
failure in concrete)
9 ft
+ve moment{ 3.54 0.82 3.01 0.024 17.41
-ve moment 3.63 0.81 3.02 0.022 17.41
10 ft
+ve moment 3.51 0.82 3.01 0.0225 16.9
-ve moment 3.52 0.82 3.00 0.0218 16.9
12 ft
+ve moment 3.53 0.825 3.00 0.02 16.9
-ve moment 3.58 0.82 3.00 0.0201 16.9
Table (7-19b): Constituents of continuous FRP rétmabridge deck.
S: VC IM VK—49 Vresin A FRP Moment
] (in) Mh (k-in)
9ft
+ve moment 0.29 0.29 0.42 0.26 151
-ve moment 0.29 0.29 0.42 0.30 172
10 ft
+ve moment 0.28 0.28 0.44 0.30 171
-ve moment 0.28 0.28 0.44 0.312 181
12 ft
+ve moment 0.28 0.28 0.44 0.365 205
-ve moment 0.28 0.28 0.44 0.35 202

Table (7-20a): Characteristics of concrete seatimforced with continuous FRP rebar

building Beam/Girder.

L= B ) A (Ductility) ¢ (rebar strain at | Relative
ultimate strain cost
failure in concrete)

20 ft

+ve moment 3.5 0.74 3.0 0.0214 17.41
25 ft

+ve moment 3.53 0.74 3.0 0.0217 17.41
30 ft

+ve momenf{ 3.58 0.74 3.0 0.0218 17.41
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Table (7-20b) : Constituents of continuous FRP rédwabuilding Beam/Girder.

L= Ve Vi a0 Voesin A FRP Moment
) (in%) Mn (k-in)

20 ft
+ve moment 0.29 0.29 0.42 1.9 4132

25 ft
+ve moment 0.29 0.29 0.42 2.4 6485

30 ft
+ve moment 0.29 0.29 0.42 2.87 9230

For the four-material proposed chopped FRP rellaesflexural reduction factor
¢ was 0.9 for bridge decks and 0.83 for buildingrhkgrders. The change in reduction
factor is primarily a function of the number of maals rather than material type (i.e.
chopped or continuous). Bars with fewer materialgeha higher failure probability. This
is because stress (and thus moment) at failureverged by the proportional sum of the
elastic moduli of the constituent materials, peuatpn (3.2a). With only two materials
present in the bar, a random low sample for modidu®ne material may significantly
effect bar capacity. However, when more materiadspmesent, capacity is less affected

by a single low modulus.

7-9.2 Three-Material Continuous FRP Rebar

Using three different types of continuous fibergproves the flexural reduction factor for
beams/girders over that of the two-material casé,abdrawback is that the size of the
concrete cross section must be increased in deguificantly. The flexural reduction
factor () was found to be 0.79 which lies in the middleresults for the 4-material
chopped fiber rebar and the 2-material continudaes febar, as shown in Figure (7-4).

It was found that the three different material awnbus fiber rebars cannot be
practically used in all concrete bridge deck spdunes to the larger depth required to meet
the desired moment. In order to increase the momegueicity of the cross section such
that it is adequate, the amount of reinforcementaume fractions of fibers must be

increased. However, increasing the reinforcemeangés the failure mode from ductile
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to brittle i.e.; concrete crushes before the ddsihectility or strain is reached in the FRP

rebar.

0.9

0.85

0.8 //

0.7 i —e— Reduction factor|—]

0.65

0.6

0.55 | ‘ | ‘ |
2-material continuous fiber 3-material continuous fiber  4-material chopped fiber
rebar rebar rebar

Figure (7-6):¢ for different number of materials used in D-H-FRBars.

7-9.3 Four-Material Continuous FRP Rebar

In general, for the ductility and efficiency coraihts to be satisfied, it is desirable to
make the cross section wide and deep. It was fdabad the four different material
continuous fiber bar considered is not viable iarhs/girders nor in bridge decks, for the
following reason: carbon fibers have the highestiuhas of elasticity and lowest failure
strains among other structural types of fibers. Tadbon fibers used have an average
modulus of elasticity 4-9 times greater than mosduwtielasticity of Kevlar fibers and an
average modulus of elasticity 8-12 times greatan timodulus of elasticity of glass fibers.
Because moment at failure is a function of the nhaglof the materials in the bar, once
the high-E carbon fibers fail, the remaining matsrihave insufficient modulus to
maintain the moment, violating the failure patteonstraint. In chopped fiber, on the
other hand, due to the reductions of modulus dteeity of the materials, the differences
in modulus among the materials are not as greatyialg for the remaining material to
carry the moment after the first material (carbfail}.
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In general, the strength of D-H-FRP rebars is ssndllan steel bars due to the
imposed failure pattern constraint which requites last fiber to break to maintain the
load when all other fibers fail. As a result ofshmore reinforcement and/or deeper
sections will be needed. A wider section can bedusedecrease the stress on the

concrete so the fibers can reach the desired stittiout crushing the concrete.
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Chapter Eight

Discussion

In this chapter, we will discuss the results fromma@ter 8. The discussion will cover the
effect of randomly dispersed short fibers, and dpéimized FRP rebars used in the
reinforced concrete section. Steel will be a basedmparison in many cases to evaluate

the performance of the proposed rebars.

8-1 Chopped Fibers Performance

8-1.1 Fiber Length

The effect of using chopped fibers has very a smifdict on the original modulus of

elasticity. The reduction is about 1% if a 6 mmefidength is used and a smaller
reduction if longer chopped fibers are used. Tliecefusing chopped fibers on ultimate
strength is more significant than that of modulfielasticity. A loss of almost 5% is

experienced when a 6 mm fiber length is used.

8-1.2 Fiber Randomness Dispersion

The factor that has the most impact on reductioglasticity is randomness in orientation
of the chopped fibers. This results of a loss & &2.5%) of its original value of the

modulus of elasticity of the fiber (See Section.B-4). This factor cannot be changed or
reduced if randomly dispersed chopped fibers agé.uiEhe impact of random dispersion

is higher on composite ultimate strength, whichreduced by 80% of the original
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strength of the fibers. However, this effect doesplay a noticeable role in the proposed
rebars since the chopped fiber composite layeisfaiilby reaching the ultimate failure
strain before the composites reach the ultimatngth. i.e.; the stress in the composite

layer, o, will be less than ultimate tensile strength & domposites,,, as discussed in

cu’

Chapter 7, Section 7-4.

8-2 Proposed Rebars Relative Performance

A comparison with conventional steel bars, gradea60 grade 40, will be performed.
Two types of comparison have been done using: sssteain curves and moment-

curvature curves.

8-2.1 Stress-Strain Curves Comparison

Figure (8-1) shows stress-strain curves for thepgsed H-D-FRP rebars and
conventional steel bars. For the proposed reblaesyolume fractions are based on the
building beam/girder with a span of span 20 ft.

80

70 -

Stress (ksi)
N
o

] _—1
N _~1—

30 +— —
20 L // / / / ——Proposed Rebar 1 |
// / —— Proposed Rebar 2

10 + Steel grade 60  —

/ Steel grade 40
0 T T T T T T T T
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045
Strain (in/in)

Figure (8-1): Stress-strain curves for proposednehlnd conventional steel bars.
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From the above Figure it can be observed that:

1- proposed H-D-FRP rebars strength is greater thah dh steel grade 40 and
around 75% of yield stress of steel bar grade 60.

2- The stiffness (modulus of elasticity) of the propdd-D-FRP rebars is around
1/3 of those of steel bars grade 40 and 60.

3- The failure strain of the proposed H-D-FRP rebandl rebar 2 is much beyond
the yield strain of steel grade 60 and grade 40p&3ed H-D-FRP rebar 1 has a
failure strain around 12 times greater than stestlystrain and proposed H-D-
FRP rebar 2 has a failure strain around 21 timeatgr than the yield strain of

steel.

8-2.2 Moment-Curvature Curves Comparison

Figure (8-2) shows the moment-curvature curves ftioe proposed rebars and
conventional steel bars based on the same amoumeimforcement. The material
properties and cross-section dimensions are showrable (8-1). Appendix (E) shows

moment-curvature curves of continuous fiber for s@mlected works.

5000
+ Proposed rebar 1
4500 il
= Proposed rebar 2
4000 Steel grade 60 [
3500 f ﬁ/ﬂ Steel grade 40
— ‘ " I
< 3000 - " M,T
£ 2500 - L//"”
]
£ 2000 - J
=
1500 /
1000 - :
500 -
0 T T T T T T T T
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0.0018
Curvature

Figure (8-2): Moment-curvature curves for propossghrs and conventional steel bars.
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From the above Figure it can be observed that:

1-

The ultimate curvatures of the proposed rebars ragher than those of
conventional steel. The reason behind this isdftat the steel yields (grade 60),
the stress remain constant until it reaches thanstrardening point where the
stress in the steel increases dramatically. THisb@iaccompanied by an increase
in the strain in the concrete to balance the fomom the steel. Close to the strain
hardening point, the concrete will crush by reaghiine ultimate strain. At this
point, the strain in the reinforcement is less tAatimes the yield strain. In the
FRP rebar, due to the relatively low modulus obetdty, in general the stresses
in the bar are less than those in the steel (ag/rshio stress-strain diagrams).
After reaching the first fiber material failure &in, the stress in the bar will drop
down and less force is present in the concreteatetxlbalance the reinforcement
force, allowing the reinforcement strain to agaiorease to the second peak on
the diagram where the second fiber material brégk®aching it ultimate strain.
By continuing this process, the ultimate strainegated is relatively high. Since

. & & . . . .
curvature is ¢:—°=dFi, curvature is proportional to strain in the
o —C

reinforcement, and similarly high at ultimate faduof the reinforcement. When
there is a drop in the stress due fiber failure, distance from the compression
face to neutral axig;, will increase but the shape of stress-strairhefdoncrete
will be narrower according to the Modified Hogneksamodel. If the valuedc)

increases more than the increase g, the result will be a decrease in curvature

o= jFi This is not the case in conventional steel bars.

The concrete cross-sections reinforced with theogsed rebars are generally a
little bit bigger than those sections reinforcedhwsonventional steel. The reason
behind that is by increasing the depth of the ceesgion, the moment arm will
increase and thus moment capacity of the sectidinirease since the tensile
strength of D-D-FRP rebars are less than thoseedfl $§See Figure (8-1). By
increasing the width of the cross section, thesstoeveloped on the concrete will
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decease and this will allow to get the desiredititycand strain in the reinforcing
bars.

In Figures 8-1 and 8-2, the ductility index for tt@ncrete section reinforced with
conventional steel grade 60 is 3.2; reinforced wihventional steel grade 40 is
7.2; reinforced with proposed rebar 1 is 4.7; axidforced with proposed rebar 2
is 10.8.

The design moment capacitf sections reinforced with the proposed H-D-FRP
rebars is less than that of cross-sections reiatbwith conventional steel grade
60 (around 80%), but higher than that of sectiaisforced with conventional
steel grade 40. The design moment capacity is takehe moment at which the
first type of chopped fiber breaks.

The slope (i.e. stiffness) of beams designed witD-ARP rebars is less than

those designed with conventional steel bars.

Table (8-1): Cross-section dimensions and matprigerties.

Proposed rebar 1

Proposed rebar

2

Steel grade

6eel ggade 40

f{ (psi)

5500

5500

4500

4500

b (in)

13

14

12

12

h (in)

25

27

24

24

d (in)

22.5

24.5

21.5

21.5

Arrp (|n2)

3.93

8-3 Deflection Control

Figure (8-3) shows a comparison between the defledf beams reinforced with the
proposed rebars and steel grade 60 for differedegiengths. As mentioned earlier, the
proposed rebars always need a bigger cross seatidnhigher concrete compressive
strength to reach the desired ductility by reachiing ultimate failure strain without
crushing in the concrete. Table (8-2) shows coearatss section dimensions, amount of

reinforcement, and concrete compressive strength.
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Beam/Girder Length

Figure (8-3): Deflection of different types of reband limiting values.

Table (8-2): Dimensions and properties used foledgbn calculations.

L=20ft

Rebar 1 (20% steel

Rebar 2 (100% FR

P) Steel Giade

Areinforcemer (inz) 4 3.93 4
h (in) 25 27 24
d (in) 22.5 24.5 21.5
b (in) 13 14 12
fe (psi) 5500 5500 4500
L =25 ft
Rebar 1 (20% steel Rebar 2 (100% FRP) Steel Giade
A reinforcemer (inz) 5.46 4.95 5
h (in) 30 33 28
d (in) 27.5 30.5 25.5
b (in) 14 14.5 14
f. (psi) 5500 5500 4500
L =30 ft
Rebar 1 (20% steel Rebar 2 (100% FRP) Steel Giad
A reinforcemer (inz) 7.2 6.3 6
h (in) 325 36.5 30
d (in) 30 34 27.5
b (in) 16 16 14
f. (psi) 5500 5500 4500
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From Figure (8-3), it is clear that both proposeldars have very close deflection
but the deflection in steel has noticeably lesged&bn. We also can observe from the
same Figure that sections using the proposed retmrsmeet the deflection limit
specified by ACI-318. From Table (8-2) we can ofeethat proposed rebar 1 needs
more reinforcement but a slightly smaller crosgisacthan proposed rebar 2. We also
can observe that steel grade 60 is superior toggexprebar 1 and 2 when it comes to
deflection, and require a smaller cross section.

In order to have deflections in beams reinforcethvid-H-FRP rebars equal to
that of deflections in beams reinforced with cortieral steel bars, the depth of the cross

section should be increased.

8-4 Cost, Ductility, and Ultimate Strain

Although cost does not play a major role in theirojation process as much as the
constraints, the cost of both proposed rebars arg vlose as well as the area of
reinforcement. The ductility achieved by proposeloar 2 is almost double or triple those
achieved from proposed rebar 1. The reason behiadstthat the ultimate failure strain
of proposed rebar 2 is higher than that of propasedr 1. Consequently, the area under
the moment-curvature curve is bigger for proposdzhr 2, as shown in Figure (8-2). At
section failure, the percentage of ultimate straached by proposed rebar 1 is much
higher than that reached by 2. In many occasiorshave reached 100% of the ultimate
strain of the fiber (0.025 in/in), while the aveeagltimate strain reached by proposed
rebar 2 is 87% of its ultimate failure strain. Tieason behind this is very obvious. It is
easier to reach ultimate strain failure of 0.02&nitefore concrete crushes than reach
ultimate strain failure of 0.044 in/in. The 0.02¥im is the ultimate strain of proposed

rebar 1 while 0.044 in/in the ultimate strain objposed rebar 2.
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8-5 Cost Comparison

According to Janney, Geiger, and Baitcher (200fppped fibers don’t have to be dried
and need not be wound onto bobbins which is the f@scontinuous fibers. As a result
of this, the cost of chopped fiber to the cost ohttwuous fiber is estimated at
approximately (1:1.6). It has been mentioned eattiat there are three major approaches
presented in the literature to continuous fiber I-RIP rebar. Figure (8-4) shows a
comparison in materials used in these models antintb models considered in this study
based on relative and roving form costs.

30

We cannot consider this ag
25 FRP since 60% is steel

20

15

Relative Cost

v

0

Current Study Current Study Belarbi Model Terry Model Somboonsong 2nd
Model 1 Model 2 Model

Figure (8-4): Relative costs of different D-H-FRPatels.

A few notes should be listed here:

1- Terry’'s model has around 60% steel, which maketeéap but may be prone to
corrosion since no much fibers and resin to prateetcore steel. A sand-coated
layer was used in this model.

2- Belarabi’'s model has the most expensive matenmalse market, but no corrosion
is expected. Filament winding was used in this rhode

3- Somboonsong's™ model has no steel and reasonably priced mateBeasding

for the exterior layer was used in this study.
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4- The proposed FRP rebars are the cheapest modetgath@ther models.

As these ductile bars are experimental and havéoyle¢ mass-produced, manufacturing
costs are not known. However, it is known thatc¢bst of manufacturing chopped-fiber
composites is generally less than that of contistfdaer composites (Mathews and
Rawlings, 1999). Thus, additional cost benefits expected to be realized with the

proposed schemes over those shown in Figure 8-4.

8-6 Reliability Indexes of The New Proposed Rebars

Reliability indexes for both proposed rebars fod@e deck and building beams/girder
for girder spacing and beam length selected arsecto each others and close to the

target valugfr =3.5. This is shown clearly in Figures (8-5) &9)).

3.5 QII?ZZIIZ::I?::::::::::::::::::::::::::@::::::::::::@

2.5 4

Reliability index
N

1.5 1
¢ +ve moment
1] O -ve moment
------- Linear (+ve moment)
0.5

....... Linear (-ve moment)

5 6 7 8 9 10 11
Girder spacing (ft)

Figure (8-5): Reliability indexes for bridge de@&inforced with D-H-FRP rebar 1,

bending limit state.
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Reliability index
N

& +ve moment
1 4 O -ve moment
------- Linear (+ve moment)

....... Linear (-ve moment)

0 T T T T T T T
5 6 7 8 9 10 11 12 13

Girder spacing (ft)

Figure (8-6): Reliability indexes for bridge dedinforced with D-H-FRP rebar 2,

bending limit state.
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+ve moment

=
%

------- Linear (+ve moment)

o
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L

o

15 17.5 20 22,5 25 27.5 30 32.5 35
Girder length (ft)

Figure (8-7): Reliability indexes for beam/girdeimforced with D-H-FRP rebar 1,

bending limit state.
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Reliability index
N

+ve moment
Linear (+ve moment)

17.5 20 22.5

25 27.5

Girder length (ft)

30 32.5

Figure (8-8): Reliability indexes for beam/girdermnforced with D-H-FRP rebar 2,

bending limit state.

8-7 Capacity Reduction Factord

From Tables (7-7) to (7-10), it easy to conclude @apacity Reduction Factar for

flexure, for design purposes, should be used asrsioTable (8-3).

Table (8-3): Capacity reduction factor for flexticeuse in design.

Capacity Reduction Factér

18

Proposed D-H-FRP | Proposed D-H-FRP Continuous FRP rebd
rebar 1 rebar 2 2 materials
Bridge deck 0.9 0.88 0.82
Beam/Girder 0.83 0.83 0.74

The reason the that flexural reduction faapoior bridge decks is greater than that for

building beams/girders comes from the fact the lvad coefficient of variation for

building beams/girders is double the live load @ioeint of variation for bridge decks
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The c.o.v for bridge decks is taken 0.12 (Nowak929and c.o.v for building

beams/girders is taken 0.23 (Ellingwood et al.,098he lower c.0.v. corresponds to a
lower failure probability, or a higher reliabilitpdex, requiring less of a reduction factor
in bridge decks than in building beams. For simiyliand in order to use one number for

each structural component, it is recommended to use

¢ = 0.89 for bridge decks.
¢ = 0.83 for building beams/girders.

For conventional steel reinforcement grade 60, @icg to AASHTO specifications) =

1 for bridge decks and = 0.9 for building beams/girders. For verificatiparposes,
Mote-Carlo simulation was conducted on a beam oeted with conventional steel of
yield strength equals 60 ksi and concrete of cosgive strength equals 4500 psi. The
resulting value of reduction factgrwas found to be 0.9 and the correspond#gvas
found to 4.0. The reason thatof steel bar is greater thanof FRP rebar comes from
many sources like the changesEnof fibers (c.0.v.), changes in volume fractions of
fibers (c.o0.v.) (although these two reasons playir@or role), and bias factar for yield
strength which is about 1.14 while bias fadtdor Es of fibers was taken 1.0 since there
are a wide variety dE under the same name and no comprehensive studgdsure the
bias factor.
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Chapter Nine

Conclusions and Recommendations

9-1 Conclusions

The effect of short fiber length on fiber moduluk abasticity and composite
ultimate strength is small.

The effect of randomness of chopped fiber orieotaton fiber modulus of
elasticity and composite ultimate strength is Jaigy

The effect of curvature is small on modulus of wt#y for the proposed
schemes, but it could be very high if chopped Bbare mis-sized or mis-
positioned.

Both proposed rebar 1 and rebar 2, which are blithndomly dispersed chopped
fibers, can be used successfully to replace coromaltsteel reinforcements.

The ductility index of proposed rebar 2 is higheart that of proposed rebar 1.
Proposed rebar 2 needs a bigger cross sectional tare@each the desirable
ductility. This is because of the high failure straf E-glass fibers (0.044 in/in),
which require a higher compressive force in thecoete to balance the force in
the reinforcement.

Deflection is higher for concrete beams reinforgéth the proposed D-H-FRP
rebars than concrete beams reinforced with conwealtisteel.

Ductility indices obtained from using the propodeeH-FRP rebars is higher
from those obtained from using conventional steatlg 60.

The concrete compressive strength used with D-H-FédRars should be higher

than that used for conventional steel.

! Ductility index for conventional steel is betwe200 and 3.3.
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10-The concrete cross section reinforced with D-H-FBBar should be bigger than
that section reinforced with conventional steel.

11-The composite FRP rebars will not reach ultimatesite failure before concrete
crushing.

12-In general, due to the many constraints imposethembjective function, there is
a small feasible domain for the design variablecimm. This explains why
relative costs do not play a major role; i.e. materolumes had very little room
for adjustment.

13-The flexural capacity reduction facté¢rfor the proposed rebars is smaller than
those of conventional steel.

14-The initial cost of the new proposed rebars is mhigher than the cost of using
conventional steel, but they need no maintenancdpisgy term costs may be

lower than that of steel.

9.2 Recommendations for Future Studies

1- A full-scale model of the proposed rebars and cetecrbridge deck and
beam/girder reinforced with these rebars shoulthlbk to experimentally verify
the analytical results.

2- Using finite element methods, the proposed rebansbe modeled and tested. A
comparison between the theoretical model resul$d the numerical results
generated from FEM should be made to verify thaltes

3- Different types of continuous and chopped plastiters can be used. For
example, a different rebar composed of chopped Skb&h fiber, chopped
Kevlar-49 fiber, continuous E-glass fibers and tediamount of steel in the core,
could give good results.

4- An economical study and comparison between consetdons reinforced with
D-H-FRP rebars and conventional steel bars coubdvsivhich one is best long

term. This is a very important and crucial point.
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5- Aligned chopped fibers will improve the performarafdiber reinforced polymer

composites.



APPENDICES

APPENDIX A
Moment Diagram for Bridge deck.
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Figure (A-1): Moment diagram due to the deck owmgheof 1 k/ft for S = 6 ft
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Figure (A-2): Moment diagram due to asphalt futwesaring surface of 1 k/ft for S = 6 ft
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Figure (A-3): Moment diagram due to parapet weajit k for S = 6 ft
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Figure (A-4): Moment diagram due to the deck owmgheof 1 k/ft for S = 8 ft



Figure (A-5): Moment diagram due to asphalt futwearing surface of 1 k/ft for S = 8 ft
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Figure (A-6): Moment diagram due to parapet wedajtt k for S = 8 ft
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Figure (A-7): Moment diagram due to the deck owmgheof 1 k/ft for S = 9 ft
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Figure (A-8): Moment diagram due to asphalt futwearing surface of 1 k/ft for S = 9 ft
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Figure (A-9): Moment diagram due to parapet wedjit k for S = 9 ft
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Figure (A-10): Moment diagram due to the deck oveight of 1 k/ft for S = 10 ft
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Figure (A-11): Moment diagram due to asphalt futwearing surface of 1 k/ft for S = 10 ft
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Figure (A-12): Moment diagram due to parapet wedjtt k for S = 10 ft
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Figure (A-13): Moment diagram due to the deck oveighit of 1 k/ft for S = 10 ft

1116

|

|

|

89T



1 3
H 13 H-
| =; Ml
[ H M k)
? g 1 =il ‘f!
i

i i T i

¢ H
& I3 It
I 1 M

V |

Figure (A-14): Moment diagram due to asphalt futwearing surface of 1 k/ft for S = 12 ft
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APPENDIX B

Stress-Strain Curves

Appendix B shows the stress-strain curves for ageohproposed rebars. The following
abbreviation will be used:

For Birder Deck: (Girder spacing in feet, proposeloar number)
For example, (S9,#2) (S =9 ft, proposed rebar 2)
(S8,#1)= (S = 8 ft, proposed rebar 1)
For Birder Deck: (Girder length in feet, proposetar number)
For example, (L20,#2% (L = 20 ft, proposed rebar 2)
(L25,#1)= (L = 8 ft, proposed rebar 1)
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1- Bridge Deck

a- Proposed Rebar 1

E
9]
g
&
0 0.005 0.01 0.015 0.02 0.025 0.03
Stain (in/in)
Figure (B-1): Stress-Strain curve for +ve momenra dfidge deck and (S6,#1)
E
(9]
8
n

0.005 0.01 0.015 0.02 0.025 0.03

Strain (in/in)

o

Figure (B-2): Stress-Strain curve for -ve momena tidge deck (S6,#1).
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Stress (ksi)

0.005 0.01 0.015 0.02 0.025 0.03
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o

Figure (B-3): Stress-Strain curve for +ve momend bfidge deck (S9,#1).

Stress (ksi)

0.005 0.01 0.015 0.02 0.025 0.03
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0

Figure (B-4): Stress-Strain curve for -ve momena ridge deck (S9,#1).
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Figure (B-5): Stress-Strain curve for +ve momena bfidge deck (S12,#1).
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Figure (B-6): Stress-Strain curve for -ve momend ridge deck (S12,#1).




b- Proposed Rebar 2
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Figure (B-7): Stress-Strain curve for +ve momena dfidge deck (S6,#2).
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Figure (B-8): Stress-Strain curve for -ve momena ridge deck (S6,#2).
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Stress (ksi)

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045
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Figure (B-9): Stress-Strain curve for +ve momenrd tfidge deck (S8,#2).
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Figure (B-10): Stress-Strain curve for -ve momdrd bridge deck (S8,#2).
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Stress (ksi)
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Figure (B-11): Stress-Strain curve for +ve momdrd bridge deck (9,#2).
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Figure (B-12): Stress-Strain curve for -ve momdrd bridge deck (S9,#2).
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Stress (ksi)
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Figure (B-13): Stress-Strain curve for +ve momdrd bridge deck (S10,#2).
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Figure (B-14): Stress-Strain curve for -ve momdrd bridge deck (S10,#2).
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2- Building Beam/Girder

a- Proposed Rebar 1

Stress (ksi)

o
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Figure (B-15): Stress-Strain curve for +ve momdra building beam (L=20,#1).
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Figure (B-16): Stress-Strain curve for +ve momdrd building beam (L=25,#1).
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Figure (B-17): Stress-Strain curve for +ve momdra building beam (L=30,#1).

b- Proposed Rebar 2
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Figure (B-18): Stress-Strain curve for +ve momdra building beam(L=20,#2).
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Figure (B-19): Stress-Strain curve for +ve momdra building beam (L=25,#2).
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Figure (B-20): Stress-Strain curve for +ve momdrd building beam (L=30,#2).
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APPENDIX C

Moment-Curvature Curves

Appendix C shows the moment-curvature curves fotinoped proposed rebars

reinforcing concrete sections. The following ablm&en will be used:

For Birder Deck: (Girder spacing in feet, proposeloar number)
For example, (S9,#2) (S =9 ft, proposed rebar 2)
(S8,#1)= (S = 8 ft, proposed rebar 1)
For Beam/Girder: (Girder length in feet, proposeilar number)
For example, (L20,#2% (L = 20 ft, proposed rebar 2)
(L25,#1)= (L = 8 ft, proposed rebar 1)
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1- Bridge Deck

C- Proposed Rebar 1
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Figure (C-1): Moment-Curvature curve for +ve momefnd bridge deck (S6,#1).
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Figure (C-2): Moment-Curvature curve for -ve momeia bridge deck (S6,#1).
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Figure (C-3): Moment-Curvature curve for +ve momefnd bridge deck (S9,#1).
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Figure (C-4): Moment-Curvature curve for -ve momeia bridge deck (S9,#1).
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Figure (C-5): Moment-Curvature curve for +ve momefnd bridge deck (S12,#1).
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Figure (C-6): Moment-Curvature curve for -ve momeina bridge deck (S12,#1).
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d- Proposed Rebar 2
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Figure (C-7): Moment-Curvature curve for +ve momeina bridge deck (S6,#2).
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Figure (C-8): Moment-Curvature curve for -ve momeia bridge deck (S6,#2).
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Figure (C-9): Moment-Curvature curve for +ve momefnd bridge deck (S8,#2).
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Figure (C-10): Moment-Curvature curve for -ve moitnaina bridge deck (S8,#2).
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Figure (C-11): Moment-Curvature curve for +ve moinaa bridge deck (S9,#2).
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Figure (C-12): Moment-Curvature curve for -ve moitnaina bridge deck (S9,#2).
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Figure (C-13): Moment-Curvature curve for +ve moinga bridge deck (S10,#2).
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Figure (C-14): Moment-Curvature curve for -ve motngina bridge deck (S10,#2).
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2- Building Beam/Girder

a- Proposed Rebar 1

Moment (k-in)

0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012

Curvature (1/in)

Figure (C-15): Moment-Curvature curve for +ve moinara building beam (L=20,#1).
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Figure (C-16): Moment-Curvature curve for +ve motaa building beam (L=25,#1).
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Figure (C-17): Moment-Curvature curve for +ve moinara building beam (L=30,#1).

b- Proposed Rebar 2
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Figure (C-18): Moment-Curvature curve for +ve moinara building beam (L=20,#2).
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Figure (C-19): Moment-Curvature curve for +ve moinara building beam (L=25,#2).
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Figure (C-20): Moment-Curvature curve for +ve moinara building beam (L=30,#2).
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APPENDIX D

Optimization Example

For verification of the optimization method usediotexample problems with known
solutions were solved with the method. The firgtpem is minimizing a function of two
variables with two constraints plus the non-neg@tigonstraints, with exact solution of
X={0.7647, 1.0588}, and={-4.059}. The proposed technique resulted in aigsoh of
X={0.764, 1.059}, and={-4.0588}. The second minimizing a function of twariables
with two constraints plus the non-negativity coasits, with exact solution of

X={+/3,4/3}, and f={-3}. The proposed technique resulted in a sohtiof
X={1.732,1.732}, and={-2.99982}.

Example 1
Minimize f(x,y)=x*+y?-2x—4y

Subjected to

0,(x, y)=x+4y-5<0
9,(x, y)=2x+3y-6<0
x>0; y>0



VBA sub-routine

Sub nestedloops_()

Mini=10"6
Forx=0To 10 Step 0.001
Fory=0To 10 Step 0.001

Ifx+4*y-5>0Then GoTo 10
f2*x+3*y-6>0Then GoTo 10

Z=X"2+y"2-2*x-4*y
If z> Mini Then GoTo 10
Mini=z

XX = X

Y=y

10 Next y
20 Next x

Cells(2, 1) = xx
Cells(2, 2) = yy
Cells(2, 3) = Mini

End Sub

Example 2

Minimize f(x,y)=x*+y®-3xy

Subjected to
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VBA sub-routine

Sub nestedloops_()

Mini=10"6

Forx=0To 10 Step 0.001
Fory=0To 10 Step 0.001
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f1/6*x"2+1/6*y~2-1>0Then GoTo 10

f=x"2+y"2-3*x*y
If f > Mini Then GoTo 10
Mini = f

XX =X
yy=y

10 Next y
Next x

Cells(2, 1) = xx
Cells(2, 2) = yy
Cells(2, 4) = Mini

End Sub
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APPENDIX E

Different Moment-Curvature Curves

Terry’s Model
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Figure (E-1): Moment-curvature curve for Terry’pexmental work.
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Somboonsong’s Model
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Figure (E-2): Moment-curvature curve for Somboomg®experimental work.
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Figure (E-3): Moment-curvature curve for Belaralggerimental work.
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ABSTRACT

RELIABILITY MODEL FOR DUCTILE HYBRID FRP REBAR USING
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by
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Fiber reinforced polymer composites or simply FR¥posites have become
more attractive to civil engineers in the last texrades due to their unique mechanical
properties. However, there are many obstacles sisclow elasticity modulus, non-
ductile behavior, high cost of the fibers, high mi@cturing costs, and absence of
rigorous characterization of the uncertaintieshef mechanical properties that restrict the
use of these composites. However, when FRP congsaaie used to develop reinforcing
rebars in concrete structural members to replaeedhventional steel, a huge benefit can
be achieved since FRP materials don’t corrode.

Two FRP rebar models are proposed that make usrilbiple types of fibers to
achieve ductility, and chopped fibers are usecttluce the manufacturing costs. In order
to reach the most optimum fractional volume of eggde of fiber, to minimize the cost
of the proposed rebars, and to achieve a saferdégigonsidering uncertainties in the
materials and geometry of sections, appropriateenadtresistance factors have been
developed, and a Reliability Based Design Optinmza{RBDO), has been conducted for

the proposed schemes.
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