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ABSTRACT

Optimum Design of Precast Bridge Systems Prestressed with Carbon Fiber Reinforced

Polymers
Salem M Ali

The use of advanced composite materials (FRP) is rapidly growing and has exciting
applications in bridge construction. These materials are light. have an excellent resistance
to corrosion. and high strength. Because of these advantageous properties. structures
reinforced with composite materials are lighter and have longer service life than those
reinforced with steel.

On the other hand. the composite materials are very expensive as compared to steel.
However, the severity of this problem can be minimized by using optimization techniques
that achieve optimum design with minimum cost.

[n this research. an optimization technique is used to minimize the superstructure
cost of two types of bridge systems (slab-on-CPCI girder bridges and Nebraska all-
precast bridge systems) reinforced or prestressed (pretensioned) with Carbon Fiber
Reinforced Polymers (CFRP).

The objective of this research is to show that optimization techniques are the most
efficient tools in dealing with this kind of tedious design procedure (design of prestressed
concrete bridges) that is normally an iterative process based on trial and error.
Furthermore, the technique adopted in this investigation can be used for minimizing the
cost of structures reinforced with FRP. As a result, these tools can be used in developing

design aids that can be used to achieve optimum bridge designs.

il



ACKNOWLEDGMENTS

I would like to express my deepest gratitude and appreciation to my supervisor, Dr.

Mamdouh M El-Badry for his valuable guidance, support and encouragement.

The financial support received from the Secretariat of Education and Scientific

Research of Libya is gratefully acknowledged.

The financial assistance provided by the Nutural Sciences and Engineering Council
of Canada. NSERC and by ISIS Canada Network of Centres of Excellence are gratefully

acknowledged.

Finally. [ would like to express my heartfelt appreciation to my deur parents for
their support since my birth. encouragement and love. [ also highly appreciate the support
from my wife during the period of this study and to my lovely daughters (Aisha and Nur-

Alhuda).

iv



TABLE OF CONTENTS

LIST OF FIGURES ....c.covvcvrnncsisersusssssaessnsnssnsssasessssaessssassssansns . viii
LIST OF TABLES .oovvccterueieresnsionssssssssnsssisassssasasssasssnsssssassnsosssstsassasssssossssssasassssosasss xii

LIST OF SYMBOLS ..cccovivnmrrnnansinscnscscsensaaces ceeesreastsassntsnsanssasasssnesenan xiii
CHAPTER 1: INTRODUCTION ..cciivvtiincinsnccnisnmsasissnsaessnsssssssssesssanssasssssassssssssssssassnse 1
Lol GONEIAL oottt e e ettt e et ettt e et e st s et ean e e e s l

.2 Objectives and SCOPE ..ovvvevrreirietiititet s 4

1.3 OULINE OF TRESIS cvveiereereeree ettt sttt s 4
CHAPTER 2: LITERATURE REVIEW....iiiinninnnninninininiiseninismssimaisssssss 7
DL GRMETAL oo eeeee e eteeee et e r e b b ettt stk e et et sae e e 7
2.2 Design Optimization of Simple Span Bridges ... 8

2.3 Design Optimization of Continuous Span Bridges ... 14

CHAPTER 3: DESIGN OF INVESTIGATED BRIDGE SYSTEMS ......ccccecvuvneens 18

Bl GRIETIL oo oot e e et e e e e eeie e e ettt e e et e st e e et na s enee ettt e sr e 18

3.2 Bridge Configurition ..o 19

3.3 Assumptions and CrTEM. et 21

3.4 Empirical Design Method for Deck SIabs ... 29

3.5 LOQAING CASES cvvrerrrerirmienmseisssesseiet ettt 30

3.6 Serviceability Limit SEAE.....oviiieiteteicieteee 34

3.6.1 Stresses and Strains in 2 Cross SECUON ....ocovvvveriiriircecriicciieiens 34

3.6.1.1 Stresses in Concrete at Transfer ....ccocovereeiiniinnninn 37

3.6.1.2 Stresses in Concrete during Construction .......c..ecceceeeeenene 38

3.6.1.3 Stresses in Concrete at SErvICe .......ccccrvveevnieivieniierineeenne. 39

3.6.0  DELTECHION .veeceiireerreerieerreeeeeaeeeeste e see e ssaenste et e e e asean e e e s 40

3.6.3  Cracking MOMENE ...ooiviiiiiniiiieiee e 41

3.7 URIMAte LIMIT STALE eovveevirrieteeriereeseeeeeerteeteseeraeniesseesesesiesseessesaesnennemssaeene 42

3.7.1 Flexural Srength ....ccccoioiiniiieieeeiee e 43

CHAPTER 4: PROBLEM FORMULATION FOR OPTIMAL DESIGN....ccceeeeees 48

B0 GENETAL oo eeeeeeeeeeeeeereeees e e oo sab e e e e bt b s st s e bea b ae e sttt r e ne s 48

4.2 Design VArabIes cc.ooveueiirerenmniree sttt 49



4.3 Objective FUNCHON ....cooiiiiie ettt et e e 32
43,1 COSEFUNCHON wooeiieee e 33
4.4 Design CONSIIAINES ..ooveiriieiiee et et e b e e eae s 35
4.4.1 Constraints at Serviceability Limit States .....ccooeeevvieiiieeecceeeeeine 56
44 1.1 Stress CONSIMAINIS .oovieveiiereieerree e e see et enerene 36
4.4.1.1.1 Stress Constraints at Transfer.........ccoeceevveenenn. 56
4.4.1.1.2 Stress Constraints during Construction ............. 57
4.4.1.1.3 Stress Constraints at Service ......ccceevvevveecueennne. 38
4.4.1.2 Detlection COnSIAINES......cvvmrieiirieeeerieeereeee e 39
4.4.2  Constraints at Ultimate Limit States ......ccoccovvvvnnencniiiiiee 39
4.4.2.1 Ultimate Moment ReSiStance .....c..oocoeeveeeemeenceiiiiniincns 39
4.4.3  Practical ConStraNIS.....ccoonirivniniieniniceiie et 60
4.4.3.1 Constraint on the Minimum Amount of Flexural

Reinforcement ........oceerieeiierireec e 60

4.4.3.2 Constraint on the Ratio of Girder Spacing to Slab
THICKNESS vttt 6!
4.4.3.3 Upper and Lower Bounds on Design Variables................. 61
4.5 The Investigated Design Combinations ........c..covvviiiiiiniiiiiieier e 6l
4.6 Design Optimization Software (EXCEL 97 — Solver) ..o 66
4.6.1 Parameters of the Model ......oovevveieeieniniciie e 66
4.6.2 Decision Variables (Changing Cells).....cccovvveeeniiniiiiiiiii 68
4.6.3 The Objective Function (Target Cell) ... 68
4.6.4  CONSIIIINIS. eveeeriereeeeieneercete ettt et s et ebe s ssesae s srnresan e enneens 70
4.6.5 Feasible and Optimal SOIUtions ........ccceeiviiiiniiniiiiiieeies 72
4.6.6 User-detined fUNCLIONS ....c.eoveeriereeiiieieiee et 72
CHAPTER 5: RESULTS AND DISCUSSION.. 76
5.8 GENEIAL oottt 76
5.2 Optimum Design Results for CPCIGIrders .........ocooovveieiiiniecceeene 76
5.2.1 Bridges Reinforced with Steel ..o 76
5.2.1.1 Superstructure Cost per Deck Area ......coocoviveeieicnneces 76
5.2.1.2 Girder Cost per Unit Strength ........ccociiiiiiieees 81

vi



5.2.2.1 Superstructure Cost per Deck Area .......cccooevvvnneninn 81

5.2.2.2 Girder Cost per Unit Strength ... 86

5.3 Optimum Design Results for Nebraska Girders ... 86

5.3.1 Bridges Reinforced with Steel .....coooveiriiii 86

5.3.1.1 Superstructure Cost per Deck Area ........cccoovviiiiinnnnnn. 86

5.3.1.2 Girder Cost per Unit Strength .......cocooeveiiiiiiniine, 90

5.3.2 Bridges Reinforced with CFRP ..o 90

5.3.2.1 Superstructure Cost per Deck Area ..., 90

5.3.2.2 Girder Cost per Unit Strength ..o, 94

5.4 CONSIFAUNE ACHVILY oeeeeeeeirerent et ene s 94
CHAPTER 6: SUMMARY AND CONCLUSIONS ..coreeienrrenncnnannncsnnesesasassssnnces 114
6.1 SUMMTUIIY eveseceecececre et s s L4

6.2 CONCIUSIONS c.vivivieiettiee et et e eseerees vt bbb ere e 13

6.3 Recommendations for further research ... 116
REFERENCES .......ccoeeeeee cesresesntsmastastnansessssess nsess nsesassanssntssessnnensesaseesitin 118

vii



Figure Page
[.L  Typical Slab-on-Girder Bridge Cross SECUON .......coiimrminiciininiiciees h)
3.1 Section in Longitudinal Direction of a Simply Supported Bridge...................... 20
3.2 Section in Transverse Direction of a Slab-on-Girder Bridge...............c............ 20
3.3 CPCI Precast Sections Considered in the Present Investigation......................... 22
3.4 Typical Nebraska All-precast Bridge of Bulb Tee Sections...........cccooveinninn. 23
3.5 Typical Nebraska All-precast Bridge of Butted [-Girders.............oocoonnn. 23
3.6 Typical Nebraska All-precast Bridge of Pie (1) Sections......cocoovvrvvnniiiniinennn. 23
3.7 Nebraska Proposed Precast Sections Considered :n the Present Investigation... 24
3.8 Tendons Profile and Locations of Critical SECHONS ......vovviiiiiiniiiiiie 25
3.9 Dead and Superimposed Loud ..o 27
3.10 OHBD (1991) Truck - Wheel Load .....ccooivrniinii 28
3.11 OHBD (1991) Truck - Lane Load ..o 28
3.12 Positive Sign Convention for Moment, Normal Force, Strain and Stress .......... 36
3.13 Strain and Stress Distribution. and Forces at Ultimate Limit States .................. 45
4.1 DESIZR VAMIADIES ....cveeeeeeiciicncnietee e 5t
4.2 Microsoft Excel 97 — SOIVer ACCESS....oooviiiiiiiiiiiieieeec 67
4.3 Microsoft Excel 97 - Solver Parameters ..o 69
4.4 Microsoft Excel 97 - Solver OPtoONS .....ccoiriiiriiicciieeiee st 71
4.5 Microsoft Excel 97 — Access to Visual Basic Editor........coooiiinii 73
4.6 Microsoft Excel 97 — User-defined Functions in Visual Basic Editor................ 75
5.1 Superstructure Cost per Deck Area - CPCI Sections for Bridges Reinforced

WILH SEEEL. o oottt et st sac e b e bbb bttt as e 79
5.2 Effect of Deck Width on Superstructure Cost per Deck Area for Bridges

Reinforced With SLEEL.......ooiieeeeriereereecece et 79
5.3 Effect of Girder Concrete Strength on Superstructure Cost per Deck Area for

Bridges Reinforced With SEEEl .....coivevemeineeiieiciii 80
5.4  Variation of Superstructure Cost per Deck Area with the Girder Concrete

LIST OF FIGURES

Strength for Bridges Reinforced with St€el........coocveviiiiiiiiniiin 80

viii



wn
wn

w
—
19

wn
—
OS]

Girder Cost per Unit Strength - CPCI Sections for Bridges Reinforced

WIER SEEEL oottt e 82
Superstructure Cost per Deck Area - CPCI Sections for Bridges

Reinforced With CFRP ......coevveeieeeteereeceeee et 84
Effect of Deck Width on Superstructure Cost per Deck Area for Bridges
Reinforced with CERP ..o 84
Effect of Girder Concrete Strength on Superstructure Cost per Deck Area

for Bridges Reinforced with CFRP ..o 835
Girder Cost per Unit Strength - CPCI Sections for Bridges Reinforced with

C ERP et ettt s e e 87

Superstructure Cost per Deck Areua - Nebraska Proposed Sections

Reinforced With SIEEL.......oviiireeee ettt 89
Effect of Girder's Concrete Strength on the Superstructure Cost per Deck

Area — Butted I Sections Reinforced with Steel. ..o 91

Girder Cost per Unit Strength - Nebraska Proposed Sections Reinforced with

S ettt ettt et ettt 91
Superstructure Cost per Deck Area - Nebraska Proposed Sections

Reinforced With CERP ..o e e 93
Eftect of Girder's Concrete Strength on the Superstructure Cost per Deck

Area — Butted I Sections Reinforced with CERP ... 93

Girder Cost per Unit Strength - Nebraska Proposed Sections

Reinforced With CERP.....coooiieiieceecec e 95
Support Section Stress Constraints at Transter - CPCI Sections

Reinforced With StEEL.......cvveveieeereeirr et 96
Mid-span Section Stress Constraints at Transfer - CPCI Sections

REINTOICEA WILR SUEEL. o iieeeee oottt eereeeeee e e e terte e ereresaesseeeaeseeasnseserssnsensanse 96

Support Section Stress Constraints during Construction — CPCI Sections

Reinforced With SEEEL......ooviieeeeeeee ettt 97
Mid-span Section Stress Constraints during Construction - CPCI Sections
Reinforced With StEEL.......ceeieiereeieeece e 97

Support Section Stress Constraints at Service - CPCI Sections



i (9]
19 13
=~ W

wn
19
W

5.33
5.34
5.35

Reinforced With STEel.....oomviiiieieeeeeeccec e
Mid-span Section Stress Constraints at Service - CPCI Sections

Reinforced With STEEl......ovvvierieeeeeiee e
Mid-span Section Stress in Slab Constraints at Service - CPCI Sections
Reinforced With SEEEL......oviieiiieieeieiee e
Mid-span Deflection Constraint - CPCI Sections Reinforced with Steel............
Flexural Resistance Constraint - CPCI Sections Reinforced with Steel.............
Minimum Reinforcement Constraint - CPCI Sections Reinforced with Steel ...
Support Section Stress Constraints at Transfer - CPCI Sections

Reinforce With CERP .....ovviiieeeeere e
Mid-span Section Stress Constraints at Transfer - CPCI Sections

Reinforced wWith CERP .....c.voiiieieeee et
Support Section Stress Constraints during Construction - CPCI Sections
Reinforced With CFRP ....cooviieeee e
Mid-span Section Stress Constraints during Construction - CPCI Sections
Reinforced with CERP ..ot
Support section stress constraints at service - CPCI sections Reinforced

WIEN CERP .ottt e bbb e
Mid-span Section Stress Constraints at Service - CPCI Sections

Reinforced With CERP ..o
Mid-span Section stress in Slab Constraints at Service - CPCI Sections
Reinforced With CEFRP .....ouvviiiiieeee e
Mid-span Detlection Constraint - CPCI Sections Reinforced with CFRP ........
Flexural Resistance Constraint - CPCI Sections Reinforced with CFRP...........
Minimum Reinforcement Constraint - CPCI Sections Reinforced

WITH CFRP ...ttt bbbt e
Support Section Stress Constraints at Transfer - Nebraska Sections
Reinforced With SEEEL.......o.vevereeeeeeeereeec et
Support Section Stress Constraints at Transfer — Nebraska Sections
Reinforced With Steel.....cooeveereerienirececee et

Support Section Stress Constraints at Service - Nebraska Sections



Reinforced With StEel.......vvieeieeiiiieeece e 107
Mid-span Section Stress Constraints at Service - Nebraska Sections

Reinforced With StEEl.....cvviveeiieecrie e 107
Mid-span Deflection Constraint — Nebraska Sections Reinforced with Steel .... 108
Flexural Resistance Constraint - Nebraska Sections Reinforced with Steel....... 108

Minimum Reinforcement Constraint - Nebraska Sections Reinforced

WITR STEEL ettt ettt 109
Support Section Stress Constraints at Transfer - Nebraska Sections

Reinforced With CERP ...t 109
Mid-span Section Stress Constraints at Transfer — Nebraska Sections

Reintorced With CERP .....ovvoii it L1
Support Section Stress Constraints at Service - Nebraska Sections

Reinforced With CERP .....oooiii e 111
Mid-span Section Stress Constraints at Service- Nebraska Sections

Reinforced With CFRP .....coooii et 112

Mid-span Deflection Constraint — Nebraska Sections Reinforced with CFRP .. 112
Flexural Resistance Constraint - Nebraska Sections Reinforced with CFRP..... 113
Minimum Reinforcement Constraint - Nebraska Sections Reintorced

WIEH CFRP .ottt ettt et e 113

xi



LIST OF TABLES

TABLE Page

W

(P¥)

(%)

wh

[}

R

192

38

(%)

12

(¥F)

Number of Design Lanes ... .. 33

Expressions for D and C, for Longitudinal Bending Moments in Shallow

Superstructures Corresponding to Ultimate and Serviceability Limit States 33

Dynamic Load Allowance................ ... ... .. o 33
CPCI Girders Reinforced with Steel or CFRP .. ... ... .. . . . 62
Nebraska All-precast Girders Reinforced with Steel or CFRP ... . 63

Superstructure cost per deck area and girder cost per unit strength for 12 m

wide bridge decks supported by 4 CPCI girders of strength 50 MPa and
reinforced with steel . .. .. ... .. B 78
Superstructure cost per deck area and girder cost per unit strength for [2 m

wide bridge decks supported by 4 CPCI girders of strength 50 MPa and
reinforced CFRP ... .. . ... ... . ....... .83
Superstructure cost per deck area and girder cost per unit strength for 4 70 m
wide bridges built up of Nebraska precast girders of strength 50 MPa and
reinforced with steel ... ... . ... ... .. .. .. ... .88
Superstructure cost per deck area and girder cost per unit strength for 1470 m
wide bridges built up of Nebraska precast girders of strength 50 MPa and

reinforced with CER P 92

Xii



~

~

N N

4

eff

/4

LIST OF SYMBOLS

Cross sectional area of concrete

Area of non-prestressed reinforcing bars in compression.
Area of the transformed composite section using E, . = E
Cross-sectional area of the precast girder.

Cross-sectional area of the deck slab supported by one girder
Area of the transformed precast girder cross-section

Area of prestressing tendons.

Area of non-prestressed reinforcing bars in tension.

Depth of equivalent rectangular stress block at ultimate.

First moment of area of the trunstormed section about an axis through O
First moment of area of the transformed composite section using

E . = E,_ aboutan axis through O.

First moment of area of the transtormed precast girder cross-section about
an axis through O

Effective flange width for interior girders.

Width of the top flange of the precast girder.

Cost of concrete in the girder per unit volume including cost of materials,
production. transportation and erection

Cost of concrete in the slab per unit volume
Cost of non-prestressed steel per unit mass

Coefficients calculated from equations given in Table 3.2 (OHBDC, 1991)
Cost of non-prestressed CFRP reinforcement per unit length

Cost of prestressed CFRP tendons per unit length

Cost of prestressed steel per unit length

Depth of the compression zone.

Xiii



de/dy
d,

DLA

Depth of compression zone coefficients calculated from equations given in
Table 3.2 (OHBDC, 1991)

Slope of the strain diagram.

Depth of the compression nonprestressing reinforcement in the deck slab
from the extreme top fiber of the composite section.

Dynamic load allowance to account for dynamic impact effect of vehicles
given in Table 3.3 according to OHBDC (1991).

Depth of prestressing tendons.

Depth of prestressing tendon from the extreme top fiber of the composite
section at the mid-span sections

Depth of nonprestressed reinforcement in tension.

Modulus of elasticity of concrete or the reinforcement

Elastic modulus of normal weight concrete

Modulus of elasticity of the concrete girder

Modulus of elasticity of concrete part { (precast girder or deck slab)
Modulus of elasticity of the deck slab

Reference modulus of elasticity, which could be taken as one of the
concrete parts of the cross section

Modulus of elasticity of reinforcement layer j .

Concrete compressive strength in either girder or deck slab at 28 days.

Compressive strength of concrete in girders at 28 days.
Compressive strength of concrete at the time of prestress transter

Compressive strength of concrete in deck slab at 28 days.
Compressive stress in the reinforcing steel bars.

Effective stress in the prestressed tendons.

Stress in the prestressing tendons at factored flexural resistance.

Xiv



I R B B

M,
M,
M,
M,
M, .
M

M
M,

N

n
I'4

np

Ultimate tensile strength of the prestressed tendons.

Modulus of rupture of concrete (= 0.6/ f. )
Tensile stress in the reinforcing bars.
Yield strength of nonprestressed steel reinforcement.

Second moment of area of the transformed section about an axis through

o

Second moment of area of the transformed composite section using
E,, = E,, aboutan axis through O .

Second moment of area of the trunsformed precast girder cross-section
about an axis through O .

A constant calculated from Equation (3.33).

Span length.
Bending moment about an axis through O

Total moment that would be required to produce cracking

Moment at mid-span due to girder’s self-weight

Moment at mid-span due to slab self-weight

Fuctored load positive moment.

Design live load moment for an interior girder of the bridge
Maximum moment due to live load at mid-span section

Maximum moment at the mid-span section

Flexural moment resistance of the mid-span section.

Moment at mid-span [Equation (3.4)] due to superimposed dead load

Axial force at an axis through O
Total number of design lanes (see Table 3.1)

Number of girders

Number of non-prestressed CFRP bars

Xv



n

Ilps

W,

Girder

w

ns

W

sDL
‘VSIub
X,

X,

X,

X,

Number of prestressed CFRP tendons

Number of prestressed steel tendons

Reference point along the vertical axis of symmetry of the cross section.
Final effective force in the prestressed tendon

Absolute value of the initial prestressing force

Spacing centre-to-centre between the precast girders

Moment distribution tactor among the bridge girders.

Extension of the slab beyond the centre line of the exterior girder
Slab thickness.

Volume of concrete in the girder

Volume of concrete in the slab

Width of bridge deck

Width of design lane

Load due to girder self-weight

Weight of non-prestressed steel in the girder
Superimposed dead load

Load due to weight of deck slab

Design variable assigned for the concrete compressive strength of the
precast girder at age 28 days

Design variable assigned for the required amount of prestressing
reinforcement in the precast girder

Design variable assigned for the eccentrnicity of the prestressing
reinforcement in the precast girder at mid-span section

Design variable assigned for the eccentricity of the prestressing
reinforcement in the precast girder at the support section

Design variable assigned for the required amounts of the non-prestressed
flexural reinforcement in the deck slab and/or the precast girder

The ith design variable.

Xvi



ybg

ypslur}

ypsl

Yis

al‘ Bl

Yo

Yes
S
d(x)

)

Trunsfer

Cunstruction

)

aM
AM
AN
Ay
Ae

Service

A abu! . girder

A o bot . slub

Upper bound on the design variable i.
Lower bound on the design variable /.

Distance from reference point O to the fiber where the strain and stress are
to be calculated

y-coordinate of the bottom fiber from the reference pointO .

Depth of the prestressed tendon from the reference point O at the support

sections

Depth of the prestressed tendon from the reference point O at the mid-span
sections

y-coordinate of the top fiber of the slab

Coefficients for the equivalent rectangular compressive stress block at
ultimate.

Specific weight of concrete in the girder

Specific weight of concrete in the deck slab

Deflection at mid-span

Deflection at any point x along a member

Maximum mid-span deflection constraint at prestressing transter
Maximum mid-span deflection constraint during construction

Maximum mid-span deflection constraint at service

Change in moment about O

Additional moment to produce cracking at the critical section
Change in axial force

Change in curvature

Change in strain at any fiber at coordinate y from O

Changes in stress at the extreme bottom fiber of the precast girder at any of

the critical sections

Changes in stress at the extreme bottom fiber of the slab at any of the

critical sections

xvil



Ag,

Ao

top . girder

Ao

top. slab

e ©
- ~

O,

total

val

b
midspan

o

b

o Support

be
o Suppurt
by
g midspan
t
midspun

o

¢
o Support

tc

o midspan

Change in axial strain at a reference point O

Changes in stress at the extreme top fiber of the precast girder at any of the
critical sections

Changes in stress at the extreme top fiber of the slab at any of the critical

sections

Train stress at any distance y from reference point O
Axial strain at a reference point O

Concrete strength reduction factor.

Prestressed reinforcement strength reduction factor.
Nonprestressed reinforcement strength reduction factor.
Curvature

Curvature at any point x along a member

Curvature at each end of the span
Curvature at mid-span
Tensile stress at any distance y from reference point O

Total stress at the bottom fiber of the precast girder at mid-span
Stress in concrete at the bottom fibers at any of the critical sections

Stress at the bottom fiber of precast girder at mid-span section at transfer or
during construction.

Stress at the bottom fiber of precast girder at support section at transter or
during construction.

Stress at the bottom fiber of precast girder at support section at service
Stress at the bottom fiber of precast girder at mid-span section at service

Stress at the top fiber of the precast girder at mid-span section at transfer or

during construction.

Stress at the top fiber of the precast girder at support section at transfer or

during construction.

Stress at the top fiber the composite section at mid-span section at service

XVviii



ok Stress at the top fiber of the composite at support section at service
Support

c” Stress at the top fiber of the precast girder at mid-span section at service.

midspan

o Stress in concrete at the top fibers at any of the critical sections
top

Xix



CHAPTER 1

INTRODUCTION

1.1  General

Use of advanced composite materials such as Giass Fiber Reinforced Polymers
(GERP) and Carbon Fiber Reintorced Polymers (CFRP) in bridges and other structures
has been growing rapidly over the past few vears. These materials have superior
corrosion resistance and their use offers an excellent solution to overcome the corrosion
problems of steel and the associated durability problems Recently. there has been a
remendous amount of research towards the use of Fiber Reinforced Polymers (FRP) in
the form of reintorcing bars, prestressed cables. plates or fabric sheets replacing
conventional steel in construction of new structures or rehabilitation and strengthening of
existing structures [n addition to their excellent non-corrosive characteristics, FRP
reinforcement has high strength-to-weight ratio that can provide high prestressing forces
without additional weight to the structure [t also has good fatigue properties and low
relaxation losses. which can increase the service life and the load carrying capacity of the
concrete structures.

The major disadvantages of FRP reinforcement, however. are its high cost as
compared to steel and its linear elastic response up to failure, which leads to brittle failure
of the concrete members reinforced with this material. One avenue to overcome these two
disadvantages is to optimize the design in order to minimize the cost of the structure and

to provide the appropriate amount of FRP reinforcement that would ensure a tension



failure rather than a brittle compression failure. This investigation is an effort towards
achieving this goal. Its emphasis is on the optimum design of precast concrete bridges
reinforced or prestressed with FRP reinforcement. Particular attention is given to the
minimum cost of the superstructure.

Concrete bridges can be fully or partially prestressed with pretensioned or post-
tensioned tendons. This research deals with two systems of precast partially prestressed
bridges. The first bridge system consists of standard precast [-girders placed apart under a
cast-in-place concrete deck slab. The [-girders are designed according to the
specifications of the Canadian Prestressed Concrete Institute (CPCI) and the American
Association of State Highway and Transportation Officials (AASHTO) and are
trequently used in North America in highway bridges of spans up to 50 m. The second
bridge system consists of precast girders of shallow depth placed side by side and
covered with the asphalt wearing surface to form the bridge deck. Three new cross-
section shapes, which are suitable for short bridges of spans up to L5 m, have been
recently propesed by the University of Nebraska-Lincoln (Kamel. 1996).

In partially prestressed concrete bridges, the prestressing reinforcement is
supplemented by non-prestressed rebars for the following purposes (Gilbert and
Mickieborought. 1990):

1. To increase the flexural strength and to provide additional ductility (in case of
steel) in the regions where sufficient strength and ductility are not provided by the

prestressing alone.

(3]

To control flexural cracking at service loads

(3]



3. To control shrinkage and temperature cracking in regions and directions of low
(or no) prestressing.

4. To carry part of the compressive forces in heavily reinforced members or in
regions where the concrete alone may not be adequate.

5. To reduce camber (upward deflection) due to prestressing in early stages, when
placed in the top of the concrete member.

The structural design process usually consists of four major stages: formulation of
functional requirernents, the conceptual design stage, design optimization. and detailing.
A significant progress has been made in the area of structural optimization as a result of
development in structural analysis, digital computer. and optimization techniques.
Optimization techniques are generally divided into two major categories: analytical
methods and numerical techniques. [n the analytical methods, the mathematical theory of
calculus and variational methods are applied. whereas in the numerical techniques.
computational and programming methods are employed. Much research has been done
and many studies have been published on the application of numerical methods in the
design of different types of concrete structures. Much of the work has been. in particular,
on the design optimization of partially pretensioned and post-tensioned bridge girders
reinforced with conventional prestressed and non-prestressed steel. Most of the girder
sections investigated were of standard type. Virtually no research huas been done on
bridges prestressed or reinforced with FRP reinforcement. Therefore, there is a need to
extend the research to include non-standard sections such as those proposed by Nebraska,

and to consider the effects of use of FRP reinforcement on the design cost of precast

girder bridges.



1.2 Objectives and Scope

The main objective of this thesis is to investigate the impact of the high cost of FRP
reinforcement on the design cost of precast bridge systems prestressed and reinforced
with this type of material and to provide an optimum design solution to minimize the
total cost of such structures. More specifically, the objectives of the thesis are:

I. To implement an optimization technique in order to achieve the minimum design
cost for bridge superstructures built up of CPCI standard precast [-girders
supporting a cast-in-place slab and prestressed and reinforced with Carbon Fiber

Reinforced Polymers (CFRP) reinforcement (Figure L.1).

9

To implement an optimum design that minimizes the cost of bridge superstructure
composed of the new Nebraska-proposed precast sections when reinforced and
prestressed with CFRP reinforcement.

3. To compare the optimum design and minimum cost of the two bridge systems
mentioned above to the case when reinforced and prestressed with conventional
steel.

[n order to achieve the above objective, a user-friendly and accessible optimization
software tool called Excel Solver, developed by Microsoft Inc. and based on a nonlinear
optimization technique known as the Generalized Reduced Gradient (GRG2) has been
utilized. The software is supported by Visual Basic for Applications (VBA) that allows

the user to incorporate his/her own defined tunctions and subroutines.

1.3 Outline of Thesis

This thesis is composed of six chapters. Chapter 2 contains a review of the

literature that deals with the various economic studies related to minimum cost in the
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design of precast, prestressed concrete bridge structures. In Chapter 3, equations for
determining the design moments due to live load at the critical section in simple span
bridges are presented. In case of slab-on-girder bridges, an empirical method for slab
design that is not based on conventional analysis is presented. The analysis and design for
the requirements of serviceability and ultimate limit states are considered. Chapter 4
includes the design variables, the objective function and the design constraints required to
achieve an optimum design. The mathematical formulation of a standard design
optimization model is briefly presented. The Excel 97-Solver software utilized for the
solution of the optimum design problem is described. In chapter 5. the findings of the
optimum design and minimum cost investigation of the two bridge systems considered in
this research are presented and discussed. In chapter 6. a summary and the conclusion of

this study along with the recommendations for further research are listed.



CHAPTER 2

LITERATURE REVIEW

2.1 General

As mentioned in previous chapter, almost no research has been done to date on
optimization of the design of concrete bridges or other structures reinforced or
prestressed with FRP reinforcement. This is basicaily because the application of FRP as
reinforcement in prestressed concrete structures is by itself a fairly new field and no
standards or specifications are yet available for the design of this type of structure
Extensive ettorts. however, are currently being made worldwide to develop codes and
specifications for the design of FRP reinforced and prestressed concrete structures. A
review of these code development etforts can be found in Gilstrap et al (1997) Recent
research has shown that the criteria and techniques currently used in the design of
concrete structures reinforced with conventional steel can be also adopted. with some
modifications. for the design of FRP reinforced concrete structures. Accordingly, design
optimization techniques of structures reinforced with steel can also be applicable to those
reinforced with FRP

[n this chapter, a review of the previous work and the different approaches to
solving the optimal design of precast. prestressed concrete bridge girders 1s presented.
The review is divided into parts: one part is on the work related to simple span bridges

and the other is on the work dealing with continuous structures.



2.2 Design Optimization of Simple Span Bridges

One of the earliest work on cost optimization of structures was done by Torres et al.
(1966). They presented minimum cost design of prestressed concrete highway bridges
subjected to AASHTO loading by using a piecewise Linear Programming (LP) method.
The independent design variables were the number and depth of girders, prestressing
force. and steel tendon eccentricity They further defined dependent design variables as
the spacing of girders. the steel tendon cross-sectional area, the initial prestress, and the
slab thickness and reinforcement. They claimed that their cost function includes the costs
of transportation, erection, and bearings in addition to the material costs of concrete and
steel They presented results for bridges of 6 1 to 33 5 m spans and 76 mand 152 m
deck widths

Goble and Lapay (1971) minimized the cost of post-tensioned prestressed concrete
T-section beams based on the ACI 318-63 Building code They adopted the gradient
projection method Description of this method can be found in Arora (1989). Goble and
Labay stated that the optimum design seems to be unaffected by changes in the cost
coefficients This conclusion was rebutted by subsequent researchers as will be discussed
later in this chapter.

Naaman (1976) made a comparison between minimum cost designs with minimum
weight designs for simply-supported prestressed rectangular beams and one-way slabs
based on the ACI 318-71 Building code. The cost designs were optimized by a direct
search technique (Siddall 1972). Naaman concluded that the minimum weight and
minimum cost solutions give approximately similar results only when the ratio of cost of

concrete per cubic yard to the cost of prestressing steel per pound is more than 60.



Otherwise. the minimum cost approach yields a more economical solution, and, for ratios
much smaller than 60, the cost optimization approach yields substantially more
economical solutions. Naaman pointed out also that, for most projects in the United
States. the aforementioned ratio is less than 60

Rabbat, Takayanagi. and Russell (1981) evaluated the design of prestressed
concrete bridge girders used in the USA and determined which represented optimum
designs that could be promoted as national or regional standards However, the
investigation was limited to bridges built with pre-tensioned [- and T-sections using steel
tendons. for spans in excess of 24 4 m. and with concrete compressive strengths up to
48 3 MPa They concluded that. except for the State of Calitornia, the most economical
bridges for spans of approximately 21 3 to 39 6 m were constructed with pre-tensioned
bridge girders In California, cast-in-place, post-tensioned box girder bridges were most
economical. The AASHTO standard bridge girders were not the most structurally
efficient or cost-etfective for spans of 244 to 427 m. Because of transportation
restrictions. maximum spans made of single units were limited to about 42 7 m Longer
spans were possible by splicing girders. Intermediate diaphragms were not needed and
end diaphragms were sufficient.

For girders with 127 mm thick webs, the most cost-effective sections were Bulb-
T's. For spans varying from 244 to 36.6 m. Bulb-T's have 20% less in-place cost of
girder and deck compared to AASHTO girders. For spans of 36.6 to 41.2 m, the cost
reduction for Bulb-T's varied from 20% to 5%. The next most cost-effective sections
with 127 mm thick webs were the Washington series. [n most regions of the United

States, it may not be easy to consolidate the concrete in girders with 5-in (127 mm) thick



webs Moreover, in these girders. steel strands must be bundled at midspan and end
blocks were needed to comply with, minimum concrete cover requirements. By using
girders with, 152 mm thick webs, it would be possible to consolidate the concrete in these
girders in all regions of the United States. Use of 152 mm thick webs instead of 127 mm
in Bulb-T's, Washington series. and Colorado G68 girders increased overall in-place cost
of girder and deck by 3% to 3%. For girders with 152 mm thick webs. most cost-effective
sections were the moditied Bulb-T's For spans of 24 4 to 36 6 m, Modified Bulb-T's had
17%% less in-place cost of girder and deck compared to AASHTO girders. For spans of
16 6 to 42 7 m. the cost reduction varied from 17% to 2%.

Next to Modified Bulb-T’s. modified Washington Series girders with 152 mm thick
webs were the most cost-etfective sections For spans trom 244 to 36 6 m, overall
reduction of the in-place cost of girder and deck was [4% For spans ot 56 6 to 427 m,
cost reduction ranged from 14-2% compared to the AASHTO girders. Reduction of top
and bottom flange widths and web thickness of AASHTO Type [V, V and, VI girders by
50 8 mm reduced overall in-place cost of girders and deck by about 6% The span
capability of the moditied sections was not affected by the change in width, The overall
in-place cost of girders and deck was decreased substantially by placing girders at the
maximum practical girder spacing. Increase of girder's concrete compressive strength
from 34.5 to 48 3 MPa increased the span capability of AASHTO girders by about 13%.
Bundling of steel strands at midspan in order to increase eccentricity of the prestress did
not lead to any significant overall cost reduction for the girders considered.

MacRae and Cohn (1984a) considered the minimum cost design of

simply-supported RC and partially or fully pretensioned and post-tensioned concrete

10



beams of fixed cross-sectional geometry subjected to serviceability and ultimate limit
states constraints. Constraints on flexural strength. deflection, ductility, fatigue, cracking,
and minimum reinforcement, based on the ACI 318-77 Building code or the Canadian
building code CSA A23 3-77 (1977), were included in the investigation. The feasible
conjugate-direction method was adopted A description of this method can be found in
Kirsch (1993). The beam can be of any cross-sectional shape subjected te distributed and
concentrated loads For the examples considered. MacRae and Cohn concluded that. for
post-tensioned members. partial prestressing appears to be more economical than full
prestressing for prestressing-to-reinforcing steel cost ratio greater than 4 For
pretensioned beams. on the other hand. complete prestressing seems to be the best
solution. For partially prestressed concrete. they also concluded that, for
prestressing-to-reinforcing steel cost ratio in the range ot 0 5 to 6. the optimal solutions
vary slightly

MacRae and Cohn (1984b) further performed parametric studies on 240 simply
supported reinforced. partially or fully pre- and post-tensioned prestressed concrete
beams with different dimensions. depth-to-span ratios, and live load intensities They
concluded that. in general. RC beams were the most cost-effective at high depth-to-span
ratios and low live load intensities. On the other hand, fully prestressed beams were the
most cost-effective at low depth-to-span ratios and high live load intensities. For
intermediate values, partial prestressing was the most cost-effective option.

Saouma and Murad (1984) presented minimum cost design of simply supported
uniformly loaded, partially prestressed [-shaped beams with unequal flanges subjected to

the constraints of the ACI 318-77 Building code. The optimization problem was

11



formulated in terms of nine design variables: six geometrical variables plus areas of
tension, compression, and prestressed steel. The constrained optimization problem was
transformed to an unconstrained optimization problem using the interior penalty function
method (Kirsch, 1993) and solved by the quasi-Newton method (Vanderplaats, 1984)
included in the International Mathematical Statistical Library (IMSL. 1980). Saouma and
Murad found the optimum solutions for several beams with spans ranging from 6 m to 42
m. assuming both cracked and uncracked sections. and reported cost reductions in the
range of 3-32%. They also concluded that allowing cracking to occur did not reduce the
cost by any significant measure.

Jones (1985) used integer programming to formulate minimum cost design of
precast. prestressed concrete simply supported box girders used in a multi-beam highway
bridge and subjected to the Standard Specifications for Highway Bridges (AASHTO.
1977) loading, assuming that the cross-sectional geometry and the gridwork of strands
were given and fixed. The design variables were the concrete strength and the number,
location. and draping of strands (moving the strands up at the end of the beam). The
constraints used were the stresses at the time of release and at service load level. ultimate
moment capacity, cracking moment, and camber.

Yu et al. (1986) presented minimum cost design of a prestressed concrete box
girder bridge constructed by balanced cantilever method (the bridge consisted of two end
cantilever and overhanging spans and one middle simple span) based on the British code
of practice (CP110, 1976). They adopted the general geometric programming approach
(Beightler and Phillips 1976 Abuyounes and Adeli 1986). The cost function included the

material cost of concrete, prestressing steel, and the metal formwork. They also included



the labor cost of the metal formwork as roughly equal to 1.5 times the cost of the material
of the formwork. The design variables were the prestressing forces, the eccentricities. and
the girder depths for both spans

Khaleel and Itani (1993) presented minimum cost design of simply supported
partially prestressed concrete unsymmetrical I-shaped girders as per ACI 518-83 Building
code The sequential quadratic programming method was used to solve the nonlinear
optimization problem assuming both cracked and uncracked sections. They conclude that
an increase in the concrete strength does not reduce the optimum cost significantly. and
that a higher strength in the prestressing steel reduces the optimum cost to a certain
extent They stated that some amount of reinforcing steel facilitates the development of
cracking in the concrete. which reduces the cost of materials and improves ductility

Lounis and Cohn (1993b) presented a multiobjective optimization tormulation for
minimizing the cost and maximizing the initial camber of post-tensioned tloor slabs with
serviceability and ultimate limit state constraints of ACI 318-89 Building code. The cost
objective function was chosen as the primary objective, and the camber objective
function was transtormed into a constraint with specified lower and upper bounds The
resulting single optimization problem was then solved by the projected Lagrangian
method.

Han et al. (1995) discussed minimum cost design of partially prestressed concrete
rectangular and T-shaped beams based on the Australian standard for concrete structures
(AS 3600-1988) using the Discretized Continuum-type Optimality Criteria [DCOC]
method. They concluded that, for a simply supported beam, a T-shape is more

economical than a rectangular section.

—
2l



Fereig (1996) presented minimum cost preliminary design of single-span bridge
structures consisting of cast-in-place RC deck and girders based on the Standard
Specifications for Highway Bridges (AASHTO, 1992) Fereig linearized the problem by
approximating the nonlinear constraints by straight lines and solved the resulting linear
problem by the simplex method. He concluded that it was always more economical to
space the girder at the maximum practical spacing.

In the previous research mentioned above. initial camber and detlection constraints
were considered in some of the investigations. For example. McRae and Cohn (1984)
considered the constraints on flexural strength, deflection. ductility, fatigue. cracking, and
minimum reinforcement Saouma and Murad (1984) took deflection and shear into
account as constraints. Jones (1983) considered the initial camber in the design
constraints. Lounis and Cohn (1993) did the same. but camber, deflection and shear were

checked at the final design (i.e were not considered directly as constraints)

2.3 Design Optimization of Continuous Span Bridges

Kirsch (1972) presented minimum cost design of two-span continuous prestressed
concrete beams subjected to constraints on the stresses, prestressing force, and the
vertical coordinates of the tendon by linearizing the nonlinear optimization problem
approximately and solving the reduced linear problem by the linear programming (LP)
method.

Lounis and Cohn (1993a) presented minimum cost design of short and medium
span highway bridges consisting of RC slabs on precast, post-tensioned, prestressed

concrete [-girders satisfying the serviceability and ultimate limit state constraints of the
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Ontario Highway Bridge Code (Ontario 1983) using a three-level optimization approach.
In the first level, they dealt with optimization of the bridge components including
dimensions of the girder cross-sections, slab thickness, amounts of reinforcing and
prestressing steel, and tendon eccentricities. They employed the projected Lagrangian
method (Haftka and Gurdal. 1992). In the second level. they considered the optimization
of the longitudinal layout, such as number of spans, restraint type, span length ratios, and
the transverse lavout, such as number of girders and slab overhanging length In the third
level, they considered various structural systems, such as solid or voided slabs on precast
[- or box-girders They used a sieve-search technique (Kirsch, 1993) for the second and
third levels of optimization Their cost tunction included the material cost of concrete.
reinforcement. and connections at the piers They also included the costs of tabrication,
transportation. and erection of girders, approximately assuming a constant value per
length of the girder They concluded that optimizing a complete bridge system results in a
more economical structure than optimizing the individual components of the bridge
Based on their optimization studies, simply supported girders for prestressed concrete
bridges of span up to 27 m, two-span continuous girders for span lengths from 28 m to 44
m. three-span continuous girders for span lengths from 55 m to 100 m, and two- or
three-span continuous girders for the intermediate range of 44 mto 55 m.

Cohn and Lounis (1994) applied the above three-level cost optimization approach
to multiobjective optimization of partially and fully prestressed concrete highway bridges
with span lengths of 10-15 m and widths of 8-16 m. Their objective functions included
the minimum superstructure cost, minimum weight of prestressing steel, minimum

volume of concrete, maximum girder spacing, minimum superstructure depth, maximum



span-to-depth ratio. maximum feasible span length. and minimum superstructure camber
For a four-lane 20 m length single-span bridge, they concluded that the voided slab and
the precast [-girder systems are more economical than the solid slab and one- and
two-cell box girders.

Lounis and Cohn (1995a) also concluded that voided slab decks were more
economical than box girders for short spans (less than 20 m) and wide decks (greater than
12 m), and that single-cell box girders were more economical for medium spans (more
than 20 m) and narrow decks (less than {2 m) The single-cell box girder, however.
resulted in the deepest superstructure, which may be a drawback when there is restriction
on the depth of the deck Multicriteria cost optimization of bridge structures was turther
discussed by Lounis and Cohn (1995b. 1996) They suggested that the criteria of
minimax and minimum Euclidean distance could be used by designers tor selection of the
best solution.

Han et al (1996) minimized the cost of continuous, partially prestressed and singly
reinforced T-beams with constant cross sections within each span based on the Australian
standard for concrete structures (AS 3600-1988) using the DCOC method. A three-span
and a four-span continuous beam examples were presented. They considered the material
cost of concrete. reinforcement, and formwork. They concluded that optimal designs
using inelastic analysis result in somewhat more economical designs.

Hassanain and Loov (1997) utilized mathematical optimization techniques to study
the effect of increasing the girder concrete strength on the design of slab-on-girder
continuous span bridges. Preliminary results showed that with increases in concrete

strength, maximum girder span limits also increase resulting in fewer piers. Alternatively,
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for a given design span, increasing the concrete strength resulted in an increase in girder

spacing, therefore requiring fewer girders for a given structure.
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CHAPTER 3

DESIGN OF INVESTIGATED BRIDGE SYSTEMS

3.1 General

Concrete members reinforced with or without prestressing are designed to comply
with ultimate strength and serviceability requirements. Safety against failure can be
checked by evaluating the ultimate resistance of the member and ensuring that it is
greater than the applied load effects However to satisfy the serviceability requirements, it
is important to check the stresses. strains and deflection of the member at service load
conditions against the maximum allowable values specified by the codes

Stresses and strains change continuously with time due to the effects of creep and
shrinkage of concrete and relaxation of prestressed reinforcement. These effects cause a
redistribution of stresses between various materials within a cross section and a change in
the internal forces and support reactions in statically indeterminate structures The
significance of these time-dependent effects is much more important in structures
constructed in stages than in those built in one operation. Examples of such structures are
slab-on-girder bridges built of concrete parts. i.e precast prestressed girders and cast-
in-place concrete deck slab, which are of different ages and properties. An accurate
analysis of the time-dependent effects in multi-stage structures can be found in Elbadry
and Ghali (1989). This analysis is based on equilibrium of forces and compatibility of

strains and does not require a prior estimate of the prestress losses.
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Design codes for concrete structures reinforced or prestressed with conventional
steel are well established. On the other hand, for structures reinforced or prestressed with
FRP muaterials, analytical and experimental investigations are sufficiently complete and
efforts are being made to establish recommendations for the design with this material.
Experimental data on concrete members reinforced with FRP bars has indicated that the
flexural capacity can be calculated based on assumptions similar to those for members
reinforced steel bars (Faza and GangaRao. 1993: Nanni. 1993: and GangaRao and Vijay,
1997). It has been also shown that serviceability considerations normally control the
design of FRP reinforced members.

In this chapter. the design equations for calculation of the ultimate strength. and the
analysis of the stress and deformations are presented for Slab-on-CPCI bridge girders and
the proposed Nebraska all-precast bridge systems partially prestressed with FRP or
conventional steel reinforcement. The underlying assumptions are also presented. For
simplicity, the exact analysis of the time-dependent stress and deformations as developed
by Elbadry and Ghali (1989) is not adopted: instead. a lump sum of 15% losses in

prestressing due to instantaneous and long-term effects is used.

3.2 Bridge Configuration

Only simply supported bridges with spans varying from 10 m to 30 m are
considered in this investigation. Figure 3.1 shows a longitudinal section of a typical
bridge. For slab-on-girder bridges, a typical cross-section is depicted in Figure 3.2. which
shows the bridge components and the girder arrangement. In this type of bridge, a cast-in-

situ slab is placed on top of precast girders spaced apart at a distance § centre-to-centre.
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Figure 3.1 Section in Longitudinal Direction of a Simply Supported Bridge

Handrail
/ Barrier

Deck Slab CPCI Girder

Figure 3.2 Section in Transverse Direction of a Slab-on-Girder Bridge



The total width of the bridge is W_ and the length of the slab overhanging on each side of

the bridge is S’. Four CPCI girder sections are considered in this study. Their
dimensions are shown in Figure 3.3.

Typical cross-sections of bridges built of proposed Nebraska all-precast girders are
shown in Figure 3.4 to 3.6. Typically in this type of bridge. 6 precast units of shallow
depth (610 mm) are placed side-by-side and covered with wearing surtace to torm the
bridge deck. Three shapes of precast units are used: Bulb Tee section. Butted [-girder and
Pie (7 ) section. Typical dimensions of the three sections are shown in Figures 3.7a. b

and c. respectively.

3.3 Assumptions and Criteria

The following assumptions are made in the design and in the analysis of stresses

and deformations of the bridge types considered in this investigation:
l. Plane cross-sections before deformation are assumed to remain plane after
deformation. Thus. the strain in the concrete and the reinforcement is proportional to

the distance from the neutral axis.

19

For slab-on-girder bridges. only unshored type of composite construction is
considered. Full composite action between the cast-in-place slab and precast girders is
assumed and the interface surfaces are considered intentionally roughened for proper
shear transfer.

3. Prestressing tendons are assumed to be draped at two points, one fourth of the span
from each support, as shown in Figure 3.8. The analysis of stresses and strains is

performed at three critical sections as shown in the figure.
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Wc.mng surface (asphalt) J

DS ¢ TTT

t Precast, prestressed
concrete girder (typical)

/_Traﬁlc barrier (typical)

Figure 3.4 Typical Nebraska All-precast Bridge of Bulb Tee Sections

Traffic barrier (typical)

o

l—Wc:lring surface (asphalt)

L Precast. prestressed
concrete girder (typical)

Figure 3.5 Typical Nebraska All-precast Bridge of Butted I-Girders

t Precast, prestressed
concrete girder (typical)

Figure 3.6 Typical Nebraska All-precast Bridge of Pie (1) Sections

~
(3]



UONIEBNISIAUL JIISIIG IY) I PAIIPISUO,) SUONAS ISEIALY Pasodoag eysesqan L' dandiyg

0stl

019

001

019



SUOT)IAG (LI JO SUONEIOT| PUR 104 SUOPUI |, g°¢ m31y

¢ UULIYY T w9y (LG IRETS
yoddng ueds-pry uoddng
- /] ol V/] |- b/ —|-— T/ ] —
z | _ | .
" 1 “ 1
i i i
|
)
|*I| | Ssd(
§ a0 :.\.‘, _ /II
nwl.l llllllllllllllll L _ Y _ _______ Y R SOOI

[9AY] U104 DUIIIPIY



In calculation of dead loads acting on the bridge (Figure 3.9), a 75 mm wearing

surtace is assumed to be placed on top of the concrete deck as shown in Figure 3.2.
Each traffic barrier has a cross-sectional area of 0.3m° in accordance with OHBDC

1991 specifications. This load is assumed distributed equally among the girders.

The live load considered in the design consists of either a truck wheel load or a lane
load acting on a traffic lane of width 3.70 m as specitied by OHBDC 1991 (Figures
310 and 3 11). In the design of slab-on-girder bridges. 75% of this load is used.
whereas only 50% of this load is used in the design of Nebraska proposed all-precast
bridges

When the precast girders are prestressed with steel tendons. seven-wire. low
relaxation, 152 mm diameter strands having a tensile strength of 1860 MPa are
assumed. The effective stress in the strands is 60% of its tensile strength. When the
girders are prestressed with CFRP tendons, Leadline PC-D10 rods of 10 mm diameter
and ultimate strength of 2250 MPa are used. The effective stress in the Leadline rods
is limited to 55% of the tensile strength.

Reinforcing steel bars with yield strength of 400 MPa and elastic modulus of 200,000
MPa are assumed. When CFRP is used, Leadline PC-D8 rods of 8 mm diameter.
ultimate strength of 2250 MPa and elastic modulus of 147,000 MPa are considered.
The effective force in the prestressing tendons after losses is assumed as 85% of the
prestressing force at the time of transfer.

The concrete compressive strength at transfer is assumed 70% of the 28-day strength.
This ratio has been previously used satisfactorily in some studies (Russel Bruce W,

1994). It is also in accordance with the Canadian and American practices.
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0o

Travel

Figure 3.10 OHBD (1991) Truck - Wheel Load

Travel

112 kN

Figure 3.11 OHBD (1991) Truck - Lane Load



10. The elastic modulus of normal weight concrete, E_, is recommended by Carrasquillo.
Nelson and Slate (1981) as:

E, = 3320./f] + 6900 MPu (1)

3.4 Empirical Design Method for Deck Siabs

The latest edition of the OHBDC (1991) permits deck slabs of slab-on-girder
bridges which conform to certain conditions to be designed according to an empirical
method that takes account of the internal arching action in slabs. When this method is
used. it is no longer necessary to calculate and design tor the transverse moments

According to the OHBDC empirical method, the slab thickness should not be less
than 225 mm. steel reinforcement should be composed of two orthogonal meshes with a
minimum ratio, in each direction of each mesh, of 0.3% of the gross concrete cross
sectional area. The minimum slab thickness of 225 mm is required to provide sufficient
concrete cover to the reinforcement for protection against corrosion of the steel bars.

The empirical design method is applicable only when the following conditions are
satistied.

. There are at least three girders in the bridge system.

&)

The bridge has diaphragms at least at all supports. These must extend to the exterior

girders.

The centre-to-centre spacing of girders does not exceed 3.7 m.

LI

4 The slab extends at least 1.0 m beyond the centre line of the exterior girders, or has a

curb of equivalent area of cross section.



5.

6.

3.5

The ratio of centre-to-centre spacing between girders to the slab thickness does not

exceed 18.

Spacing of the reinforcing bars in each face does not exceed 300 mm.

Loading Cases

The following loads are considered in the analysis and design of the slab-on-CPClI

girder and the Nebraska all-precast bridges during the various stages of construction and

over the service life ot the structure:

f

(]

(8]

Load due to girder self-weight. W, .= 7. A, (in kN/m), where y_ and A_ are,
respectively. the specific weight of concrete and the cross-sectional area of the precast
girder

Load due to weight of deck slab. W, = 7., A, (in kN/m); where y , is the specific
weight of concrete in the deck slab, and 4, = § x ¢ is the cross-sectional area o the
deck slab supported by one girder, with 8 being the spacing centre-to-centre between
the precast girders and ¢ being the slab thickness. Since unshored construction is
assumed, this load is applied only on the precast girder An exterior girder of the
bridge supports a slab of width equal to S’ + §/2, where S’ is the extension of the
slab beyond the centre line of the exterior girder (see Figure 3.2).

Superimposed dead load, which consists of the weight of sidewalk, parapet and
handrails on both sides of the bridge. as well as the weight of wearing surface
(asphalt). This load is distributed equally among the precast girders and its effects are
applied on composite sections made up of the precast girders and the deck slab. The

superimposed loads carried by each girder is given by



W" : +W’ ot +W'um atly + W«u a
W — sidiwalk parape handrails phalt (le/m) (3 2)

P total number of girders

The bending moment at any section at a distance x from the support due to
any of the above distributed load is equal to;

M_ = E%'E(L—x) (kN.m) (33)

where W = W

Girder

W, or W, . and Lis the span.

The maximum moment at the mid-span section is
M_ =— (kN.m) (34)

Live (traffic) load, which is taken as the truck wheel load or the lane loads specitied
by OHBDC (1991). as shown in Figures 3 10 and 3 Il, whichever gives the
maximum response For the range of spans (10 m - 30 m) considered in the present
investigation. it was found that the “Lane Load™ gives the maximum moment due to
live load. The computer program XYmath (Taylor, 1989) has been used to perform a
regression analysis for the governing case of loading to obtain the maximum moment
at the mid-span section, when part or all of the wheel loads act on the span. The

following relationship between the maximum moment, M, _ at the mid-span

section and the span length, L. has been established:

4

M, =6345x10° [ — 69558 —— | +6157[e' ¢’ MN.m
LOG(L)

L. max



This moment is distributed among the bridge girders by means of a

modification or load fraction factor equals ( S/D, ), where § is the spacing between

girders and D, is given by:

C.
D, = D|1 +u| —— 3.6
4 !: #[IOOJ:I (3.6)

_W.-33
06

1.0 (37)

IN

where u

and W, = W, (3 8)
n

with W, being the width of design lane. W, the width of bridge deck. and n the total
number of design lanes (see Table 3.1) The coefficients D and C, are calculated
from equations given in Table 3.2 (OHBDC. 1991).

A dynamic load allowance. DLA . is also used to account for dynamic impact

effect of vehicles (see Table 3.3). Thus. the design live load moment for an interior

girder of the bridge is given by

M, =M,__(1+ Du)i (39)
: D,
where M, __ is given by Equation (3.5). This moment has been found to be greater

than that obtained from AASHTO (1994) code. Therefore, in this investigation, the

traffic live load moment is reduced to 75% for slab-on-girder bridges. For Nebraska

bridge systems, the load is reduced to 50% .



Table 3.1 Number of Design Lanes

Deck width, W,

6.0 m or less

Over 6 0 mto 10.0 m included

Over 10.0 mtol3.5 mincluded

Overl3. 5 mtol7 0 mincluded

lwlol—IwN

Over 7.0 mto 20.5 m included

Over 205 mto 24 0 m included

Over 240 mto 27 5 m included

Over2735m

oo} RN No g RO 1)

Table 3.2 Expressions for D and C, for Longitudinal Bending Moments in Shallow

Superstructures Corresponding to Ultimate and Serviceability Limit States

I

- Typeof | Classof | No.of | External D in meters Cr
| bridge | highway | design | or in percent !
lanes | Internal tor L <10 m forL>10m
Portion but>3 m
Slabon AorB Il External | 2.00 1 2.10-(1/L) S-(12/L) |
Girder i . Internal | 175~(L/40) 1230-(3/L)y |5-(12/L)
' Bridges K " External | 190 200-(1/L) 110-(25/L)
| | ’ | Internal | 140+(3L/100) [210-(4/L) 0-(25/L)
i '3 External | 1.90 1200-(1/L) 10-(25/L) "'
| t | Internal | 1 60-(2L/100) [230-(5/L) [10-(25/L)
| K External | | 90 2.00-(1/L) [10-(25/L)
| ; f " Internal | 1.60 ~(3L/100) |235-(45/L) | 10-(25/L)"
| C | External | 2.00 210-(1/L) [5-(12/L) |
:I Internal | 175-(L/40) | 230-G/L) _[5-(12/L)
| 2 External | 200 210-(1/L) 110-(25/L)
: | _ Internal | 1.90-(1/L) 220-(4/L) |10-(25/L)
| 3 External | 2.00 2.10-(1/L) -(35/L)
| Internal | 1.80+(L/100) |240-(5/L) 10-(25/L):
4 External | 2.00 210-(1/L) -(25/L) |
: Internal | 175+ (2L/100) |2.65-(7/L) 110-(25/L)

Table 3.3 Dynamic Load Allowance

Number of axles DLA
l 0.40

2 0.30

3 or more 0.25
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3.6 Serviceability Limit State

[n the design of prestressed concrete members, it is necessary to check the stresses,
strains and deformations at the various stages of construction and over the service live of
the structure. For composite construction, the stresses in concrete need to be checked for
three stages at least: 1) at transfer of prestressing to precast girder; 2) during construction
at the time of casting the concrete slab, and 3) at service due to application of
superimposed dead load and live loads. The equations employed for calculation the
stresses and strains in concrete and the reinforcement at the various stages are given in

the following subsection

3.6.1 Stresses and Strains in a Cross Section

The strains and stresses in a composite or non-composite cross-section reinforced
with or without prestressing and subjected to a normal force and bending moment can be

calculated from the following basic equations (Ghali and Favre, 1994)

IN -BM -BN + AM .
g, = - and v = S (3 10)
E (Al - B°) E  (Al-B")

ref
where &, is the axial strain at a reference point 0, and y is the curvature. i.e., the slope
of the strain diagram (de/dy ), N is an axial force at O and M is a bending moment
about an axis through O, E,,, is a reference modulus of elasticity, which could be taken

as the modulus of elasticity of one of the concrete parts of the cross section, e.g., the

precast girder; A is the area of the transformed section composed of the area of each

concrete part, i, multiplied by E_/E,, plus the area of each reinforcement layer, j.

(prestressed and non-prestressed) multiplied by E_/E,, . Band I are the first and



second moment of area of the transformed section about an axis through O, E; is the
modulus of elasticity of concrete part i (precast girder or deck slab) and E, is the

modulus of elasticity of one of the reinforcement layer j .

The reference point O is arbitrarily chosen along the vertical axis of symmetry of
the cross section and its location is maintained constant throughout the analysis. This is
convenient in the analysis of composite sections as it eliminates the need to calculate the
location of the section centroid, which changes repeatedly due to changes in the section
properties with the addition of new parts of the cross section (e.g. concrete slab) during
construction. due to the time-dependent etfects of creep of concrete, or due to cracking
This is particularly useful in the present investigation which requires numerous changes
in the amount of prestressed and non-prestressed reinforcement and in the eccentricity of
the prestressing tendons in order to achieve an optimum design In the present analysis.
the reference point is chosen at the top fiber of the precast girder

The strain at any concrete fiber or reinforcement layer at a distance y from the
reference point O and the corresponding stress are given by

E=¢g, +tyYy and c=E(g, +yy) (311)
where E is the modulus of elasticity of concrete or the reinforcement.

The following sign convention is adopted in the present analysis: the normal
force, N , is positive when tensile; a tensile stress, o, and the corresponding strain, ¢,
are positive; a bending moment, M , is positive when producing tension at the bottom
fiber; positive curvature, y , is associated with a positive moment; the coordinate y is

positive when measured downward from the point O (Figure 3.12).
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3.6.1.1 Stresses in Concrete at Transfer

At transfer of prestress, the precast girder is subjected to its self-weight and the
initial prestressing force Thus, the critical section at the support and at mid-span are
subjected to the following internal forces:

At the support (Section | or 3),
N=-P and M=-P y,..; (3 12)
At the mid-span (Section 2),

N=-P and M=M,-P y,, (3 13)

where P (=07f, 4,) is the absolute value of the initial prestressing force. with
f,.being the ultimate tensile strength of the prestressing tendon and 4, its cross-
sectional area. y,, is the depth of the prestressing tendon from the reference point O .
M, is the moment at mid-span due to the girder’s self-weight.

The axial strain, &, and the curvature y at the critical sections can be obtained
from Equation (3 10) by substituting for N and M. the respective values given by
Equations (3.12) and (3 13), and for 4. B and [/, the values A,. B, and I, . the area,
the first moment of area and the moment of inertia of the transformed girder cross-

section, once at the support and once at mid-span.
The stress in concrete at the top and bottom fibers at any of the critical sections can
be calculated from Equation (3.11) as follows:

E, ¢, (3.14a)

]

Ulup

Ope = E (€5 + W V) (3.14b)



where E_, is the modulus of elasticity of the concrete girder at the time of transfer, E,
is here based on 0.7 f,. ,, is the y-coordinate of the bottom fiber from the reference

point.

3.6.1.2 Stresses in Concrete during Construction

At the time of placing the wet concrete for the deck slab on the girder. the unshored
girders are not temporarily supported during construction. the girder self-weight and the
weight of the wet concrete of the cast-in-place deck slab will be carried by the girder
alone. This stage is completed some time after the prestress transfer The concrete of the

precast girders is assumed to have reached its full strength f. while the force in the
prestressing tendon will have a value between the initial force. P and the final effective
force, P, (= 0.85P) Conservatively, the force in the tendon is taken here as P, (Collins
and Mitchell, 1991)

At this stage. the critical sections of the girder are subjected to the following

internal forces:
At the support (Section [ or 3),

N=-P and M=-P, y, ., (3.15)

(4

At the mid-span (Section 2),
N=-P and M=M, +M,-P, y,, (3.16)
where M, is the moment at mid-span due to the slab self-weight.

The axial strain and curvature at the critical sections are once again calculated from

Equation (3.10) using the transformed area properties 4,, B, and I, calculated based



on E_, value at the time of casting the deck slab (i.e. when the girder concrete strength is
f.,). The corresponding stresses in concrete at the extreme fibers of the girder can be

calculated as discussed above [Equations (3 [4a and b)].

It should be noted here that in case of Nebraska all-precast bridge systems, the

above stage is not considered and the stress calculations described above are not required.

3.6.1.3 Stresses in Concrete at Service

After hardening of the cast-in-place concrete slab, the composite section made of
the precast girder and the deck slab carries all future loads [t is assumed here that the
stresses in the girder due to prestressing, girder self-weight and slab weight are the same
as those calculated during construction The composite section resists the stresses due to
the additional superimposed dead load and the live loads. The total stresses are calculated
as the sum of the stresses afier casting of the deck slab and the stress changes produced
by the superimposed dead load and the live loads In this stage. it is assumed that all the
prestress losses have developed betore the section becomes composite.

The critical sections at the supports and at mid-span are subjected to the following
changes in internal forces
At the support (Section | or 3),

AN =0 and AM =0 (3.17)

At the mid-span (Section 2),

AN =0 and AM =M, +M, (3.18)
where M, is the moment at mid-span [Equation (3.4)] due to the superimposed dead

load: M, is the moment at the same section due to live load [Equation (3.9)].
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The corresponding change in axial strain and curvature at the mid-span are given by
[Equation (3.10)]

Ag, = < - and Ay = A, AM

E (4.1 -B~) E.(A.I -B})

(3.19)

where 4,. B, and I, are the area properties of the transformed composite section using

Eru]' = Ecg
The change in strain at any fiber at coordinate y from O is given by

Ae = Ag, +Aw y (3.20)

The changes in stress at the extreme fibers of the slab and the precast girder are given by

AC . = EL (e, + Ay y,) (3 21a)
AC,, i = Eo A€, (3 21b)
AG oot = E AE, (3.21¢c)
AC . arter = Eoy (A8, + AW yy,) (3 21d)
where E_ is the modulus of elasticity of the extreme slab. and y, = - . is the -

coordinate of the top fiber of the slab, with ¢ being the slab thickness.
It should be noted once again that in case of Nebraska all-precast system, only

Equations (3 21c and d) apply, since the deck slab does not exist.
3.6.2 Deflection

Because of the lower modulus of elasticity of FRP reinforcement in comparison to

steel. deflection of FRP reinforced members is larger than deflection of comparable steel
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reinforced members. Therefore, there is a critical need to assess deflection of FRP
reinforced members more accurately than in the case of steel reinforced members.
The deflection § at any point x along a member may be calculated by double

integration of the curvature ¥ (x) over the member length. Assuming that deformations

are small in comparison with the beam dimensions. The beam theory gives

LI
Vo
19

o(x) = H w(x)dx dx (3.
Equation (3.22) is general and applies to both elastic and inelastic material behavior. For
a prestressed concrete beam. the curvature at any point along the span at any time after
first loading can be calculated as discussed in the previous section.

Consider the simply supported beam of Figure 3.8. If the curvatures at euch end of
the span (¥, and ¥,) and at mid-span (y,) are known and the variation of curvature
along the member is assumed parabolic. then the deflection at mid-span, o is given by

(Ghali and Favre, 1994):
S—E(u/ + 10y, +vy,) (3.23)
96 1 2 3 o=

where L is the member length.

3.6.3 Cracking Moment

The concrete is assumed to crack when the tensile stress reaches the modulus of

rupture:

fr =0.6 f‘.’, (3.24)

Under service load conditions, the total stress at the bottom fiber of the precast

girder at mid-span, 0, . is the sum of the stress calculated in Subsection 3.6.1.2 under
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the effects of N and M given by Equation (3.16) and the stress increment obtained from
Equation (3.21d) due to superimposed dead load and live load. In order to produce
cracking at this critical section, additional tensile stress must develop by an additional

moment given as:

A1 -B’
M, =\f - Coppa | (3.25
’ [f et LB+ Ay, :
Thus. the total moment that would be required to produce cracking is
M, =AM+ M, +M,)+ My +M,)-Pd,, (3.26)

For Nebraska bridge systems, M, =0
The moment given by Equation (3 26) is the cracking moment that can be used to
check the reserved strength after cracking and the minimum reinforcement requirements

(see Subsection 4.4 3 1)

3.7 Ultimate Limit State

The failure mechanism of FRP reinforced members should not be based on the
formation of plastic hinges and the provisions of ductile behaviour as in the case of
members reinforced with steel. This is because FRP materials process a linear-elastic
behaviour up to failure There are modes of flexural failure in reinforced or prestressed

concrete members:

| Simultaneous crushing of concrete and yielding of steel or rupture of FRP

reinforcement (balanced failure).



19

Concrete crushing while the reinforcement remains in the elastic range with strain
smaller than the yield strain, in case of steel, or the ultimate strain, in case of FRP
reinforcement.

3. Yielding of steel, or rupture of FRP reinforcement betore crushing of concrete
Simultaneous rupture of FRP and crushing of concrete (failure mode 1) is the least
desirable type of failure. Since there is no yielding of FRP, such members will fail very
suddenly without prior warning. Failure due to concrete crushing is less violent and more
desirable than failure due to FRP rupture. This failure is similar to that of over-reinforced
concrete beams reinforced with steel
The tension failure mode. or failure due to rupture of FRP (failure mode 3), is a sudden

type of failure [t occurs when the reinforcement ratio is smaller than the balanced failure

reinforcement ratio

3.7.1 Flexural Strength

The flexural resistance of the bridge members considered in the present
investigation is determined for the section of maximum moment based on procedures.
which take into account equilibrium and strain compatibility. For many prestressed

elements, the stress in the prestressed reinforcement at factored resistance, S, can be

obtained using the approximate equations given by the code.

The effective flange width calculation is based on AASHTO 1996 limits. For

interior girders, the effective flange width should be taken as the lesser of

4L
= {12t +1/2b,, (3.27)
S

bq]‘



According to the OHBDC (1991), the material reduction factors @,. @, and ¢, are

0.60, 0.85 and 090 for concrete, reinforcing steel bars and prestressing steel tendons.
respectively However, the material reduction factor for both reinforcing CFRP bars and
prestressing CFRP tendons 15 0.75

Figure 3 13 illustrates the strain and stress distributions, and forces at ultimate limit
states The compressive stress distribution in the concrete at ultimate is represented by an

equivalent rectangular compressive stress block based on coefficients @, and B, given

by

P .

a, =085 - 00015 f, 2 067 (3 28)

B,=097 - 00025 f. > 067 (3 29)

The appropriate values of @, and B, should be evaluated with respect to the concrete

14

compressive strength. f. . depending on the location of the neutral axis as it is usually

the case that the concrete strength of the cast-in-place slab is different from that of the
precast girder

The flexural resistance for the section shown in Figure 3.13 can be calculated from
equations pertinent to rectangular cross sections and flanged sections in which the stress
block lies entirely within the depth of the flange (deck-slab thickness), #. The depth of

the stress block, a. can be determined from the equilibrium of forces shown in Figure

=¢I'Allsfps +¢sAng-\‘ _¢x‘4;s fx (‘. .,O)
al ¢c fc,x be[[

from which
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where A,. 4, are the area of the non-prestressed reinforcing bars in tension and

i
compression, respectively, 4, is the area of the prestressing tendons, f, is the tensile
stress in the reinforcing bars. f,, . is the stress in the prestressing tendons at tactored
flexural resistance. d,, is the depth of the prestressing tendons, d, is the depth of
nonprestressing reinforcement in tension. and d is the depth of nonprestressing
reinforcement in compression.

Generally, in the case when steel reinforcement is used. the stress in the

nonprestressed reinforcement can be taken equal to the yield strength., f, However,

yielding of the steel reinforcement at the ultimate condition should be verified Provided

that the effective stress in the prestressed tendons. f,. is not less than 50% of their

. Y . :
ultimate strength, f,, and the ratio —— 1is not greater than 0.3, where ¢ is the depth of

« I3

the compression zone. the stress in the tendons, f,, . may be found from the following

approximate equation

c B |
fpx:fpu l—ka (J.):).)
in which
k,=3 1_£11“_ (3.33)
fpx

where f,, is the ultimate strength of the tendons.
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Otherwise, f, . should be determined by a more exact method based on strain

compatibility approach.

[t should be noted that the compressive strength of FRP is relatively low compared
to its tensile strength FRP reinforcement can be used to support stirrups and also as
reinforcement in continuous beams and slabs, however, the compressive strength of such
reinforcement should not be accounted in for in the design. Therefore. the compressive
reinforcement shall be ignored when calculating the flexural capacity of FRP reinforced
members (Almusallam et al, 1997) Thus, in this case. the last term in Equation (3 31) is
equal to zero

According to OHBDC (1991), the factored load positive moment is given by

M, =UIM, +12M, +15My, +16M, (3 30
where M, . M, . Mg, and M, are the moments due to self-weight of the girder, self-

weight of the deck slab. the superimposed dead load and the live load. respectively
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CHAPTER 4

PROBLEM FORMULATION FOR OPTIMAL DESIGN

4.1 General

in the previous chapter, the analysis and design aspects of precast and composite
concrete members reinforced with or without prestressing were explained. The ultimate
flexural and serviceability requirements were particularly considered In this
investigation, the total prestress losses due to creep and shrinkage of concrete and
relaxation of prestressed reinforcement were taken as 1[5 percent of the initial
prestressing.

In the present chapter. the formulation of the optimal design problem of slab-on-
CPCI girder bridges and Nebraska all-precast bridge systems is presented. The design
variables considered here for statically determinate prestressed concrete bridge systems
are the cross-section size, and the amount of both prestressed and non-prestressed
reinforcement. The designer is also constrained by the various design requirements tor
the ultimate strength and serviceability limit states, which are presented later in this
chapter

Optimal design of structures is a particular combination of design variables, which
satisfies all the design constraints at an objective function. The objective function and all
design constraints must be function of the dependent and/or independent design variables.
In structural design, minimum weight and minimum cost are the most commonly used

objective functions. In the present investigation, minimum cost is selected as the
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objective function as it is more important for prestressed structures, particularly those
reinforced with FRP material. It should be noted, however, that the cost of a particular
design depends on the local conditions at time of construction Variations in cost of
materials, formwork, construction expertise, labour, plant hire, etc.. can change the
optimal design from one site to another and also from time to time.

The optimization process consists of cycling between two distinct phases defined as
analysis and refined design in an iterative fashion until the optimum solution is reached.
Use of computer is most suitable to carry out the substantial amount of repetitive
calculations involved. allowing the designer to concentrate more on the creative side of
the design process.

In the following sections, a description of the optimal design problem formulation
for simply supported slab-on-girder bridges and Nebraska bridge systems is given
Firstly, the design variables. objective function and design constraints are identified and
defined in sections 42 to 44 Secondly, the investigated design combinations are
discussed in section 4 5 Finally, in section 4.6, a design optimization software package is

described for the solution of the optimal design problem.

4.2 Design Variables

The design variables and the constant parameters together. entirely describe the
design of a structure. The most important step in a properly formulated optimal design
problem is to identify the design variables. If the design variables are not appropriately
selected, the formulation will be neither correct nor feasible. Sometimes at the early stage
of problem formulation, it is desirable to allocate more design variables than may be

apparently needed. This makes the formulation more flexible. Later, it can be reduced in
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accordance with the problem requirement by transformation of any variable into a
constant parameter, and thus eliminate it from the problem formulation. Another
important point is that design variables should be independent of each other as far as
possible. It is sometimes possible to have dependent design variables, however, this will
make the formulation more complicated because of the additional constraints that have to
be imposed in order to describe the relationships among the dependent variables.

In the present investigation, the cross-section dimensions of the precast girders are
assumed constant. [n ihe slab-on-girder bridges, the slab thickness is maintained constant
at 225 mm, the compressive strength of the concrete slab at age 28 days is taken as

f! =40 MPa The span length varies between 10 m and 30 m. Two types of

reinforcement are used in each of the bridge systems conventional steel and carbon fiber
reinforced polymer (CFRP) reinforcement. The design variables for the problem under
consideration include the following (see Figure 4 1).

| The concrete compressive strength of the precast girder at age 28 days ( X))

19

The required amount of prestressing reinforcement in the precast girder ( X))

The eccentricities of the prestressing reinforcement in the precast girder at mid-span

(9%)

and at the support sections ( X; and X)

4. The required amounts of the non-prestressed flexural reinforcement in the deck slab
and/or the precast girder ( X, ). In the slab-on-girder system, when steel reinforcement
is used. the amount of this reinforcement in the precast girder is taken as half the
amount in the deck slab. As mentioned in chapter 3, when FRP reinforcement is used,
the amount of this reinforcement in the compression zone is ignored as the

compressive strength of FRP materials is very small. Thus, in the calculation of the
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flexural strength of the slab-on-girder bridges, the FRP reinforcement in the deck slab

is neglected and the reinforcement in the precast girder, X, becomes the design

variable.

4.3 Objective Function

Usually there is an infinite number of feasible designs for a structure. In order to
find the optimum one, it 1s necessary to form a function of the design variables that can
be used for comparison of feasible design alternatives. Such a function is referred to as
an ohjective funcrion for the optimal design problem.

The choice of an appropriate objective tunction is an important part of the
optimization design process. The objective function should generally represent the most
important single property of a design, but it may represent also a weighted sum of a
number of properties [n prestressed concrete design optimization, however, minimum
weight may not be always the cheapest. Cost is of wider practical importance than
weight, although it is often difficult to obtain sufficient data for the construction of a real
cost function. A general cost function may include the cost of materials, fabrication,
transportation, etc. In addition to the cost involved in the design and construction, other
factors such as operating and maintenance cost, repair costs, etc., may be considered
However. it is not usually desirable to consider an objective function which is as general
as possible. The result might be a “flat” function that is not sensitive to variations in the
design variables, and, practically, the optimization process will not improve the design.
Therefore, from a practical viewpoint, it is appropriate to adopt such an objective
function that is both sensitive to variations in the design variables and representative of

the most important cost components (Kirsch, 1993).
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4.3.1 Cost Function

The objective function selected in the design of slab-on-CPCI girder bridges is the
minimum superstructure cost. The only parts of bridge superstructure considered herein
are the deck slab and the girders. The objective function is thus taken as the material
(concrete and reinforcement) costs plus overhead and waste, in addition to the labour cost
for both the deck slab and the girders. In addition, transportation and erection costs for
the precast girders are also included. Slab formwork cost may vary slightly with the
change in the number of girders. For example, as the number of girders decreases, the
actual slab formwork area increases: however. the labour cost of placing this formwork
decreases in a way that may partially or fully compensate for the increase in material
cost Therefore. it was decided to exclude the slab formwork cost from the cost function
Furthermore. costs of some other items that are relevant to the superstructure such as
sidewalks. wearing surfaces (asphalt), traffic barriers, handrails and drains were not
included in the cost function as their costs are not affected by the selected design
variables. Therefore. these items would just be added as a common cost later. and would
not influence the optimal design.

[n the precast optimal design formulation, ditferent feasible designs of the
superstructure are compared in terms of their relative initial cost effectiveness on a $/m’
of deck area basis. In other words, the objective function is defined as the minimum
initial superstructure cost per deck area. For the different types of bridges considered in
this investigation. the objective function is given as:

1. For slab-on-CPCI girder bridges reinforced with steel

Cost =n_[C V. + C oV, +Co W, +C,on, L]/ W. L (4.1a)

(¥ )
[59)
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For slab-on-CPCI girder bridges reinforced with CFRP
Cost =n [C V., +C V, +C,n,L+C,n, Ll/W.L (4 Ib)

For Nebraska all-precast girder bridge systems reinforced with steel

(9¥)

Cost =n[CV, +C W, +C,n, L|/W.L (4 1c)

4. For Nebraska all-precast girder bridge systems reinforced with CFRP
Cost =n, [CL-;- V,+C,n, L+C,n, L]/ W, L (4.1d)
where n, is the number of girders, C,, is the cost of concrete in the slab per unit volume,

C.. is the cost of concrete in the girder per unit volume including cost of materials.

production, transportation and erection. C,, is the cost of non-prestressed steel per unit

weight, C,, is the cost of prestressed steel per unit length. C,, is the cost of non-

prestressed CFRP reinforcement per unit length, C, is the cost of prestressed CFRP
tendons per unit length, V. is the volume of concrete in the slab, ¥, is the volume of
concrete in the girder, W, is the weight of non-prestressed steel in the girder. n, is the
number of prestressed steel tendons. n,, is the number of non-prestressed CFRP bars,

n, is the number of prestressed CFRP tendons, W. is the width of the bridge, and L is

the length of the bridge span.

The strength of both the precast girder concrete and the reinforcement material
(steel or CFRP) can have a significant effect on the span length of the bridge and the life
span of the structure. Therefore, it may be appropriate to define the objective function as

the minimum initial girder cost per unit strength. In this case, the objective function will



be given as the numerator of Equations (4.1a to d) divided by (ng M, L ); where M, is

the flexural moment resistance of the mid-span section.

4.4 Design Constraints

Any set of values for the design variables represents a design of the structure Even
if this design is inadequate in terms of its function or its behavior, it can still be called a
design Clearly, some designs are useful and others are not. If a design meets all the
requirements placed on it, then it is a feasible design. The restrictions that must be
satistied in order to produce a feasible design are referred to as design constraints Each
design constraint must be influenced by one or more design variables. Only then is it
meaningful and does it have influence on the optimal design (Kirsch, 1995 and Arora,
1989)

In structural engineering, design constraints can be classified into two types
functional constraints and practical constraints. The functional constraints are related to
the compliance of the design with both serviceability and ultimate limit state
requirements. The practical constraints represent some practical limits imposed on some
of the design variables. Design problems may have equality (= O form) as well as
inequality (< 0 form) constraints. An equality constraint may represent, for example, a
required ratio between the width of a cross section and its depth. An example of an
inequality constraint is that calculated stress must be less than or equal to the allowable
stress for the material. A feasible design must satisty precisely all the equality constraints.

There are, however, many feasible designs with respect to an inequality constraint. It is,

W
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therefore, easier to find feasible designs for a structure having only inequality constraints

(Arora, 1989)

4.4.1 Constraints at Serviceability Limit States

4.4.1.1 Stress Constraints

The stresses in the concrete at the top and bottom fibers of critical sections
considered are to be calculated immediately after the application of the prestress, after the
deck slab is cast, and after the additional dead load and tratfic load are applied The

constraints are imposed on the stresses calculated at the three sections at the supports and

at mid-span

4.4.1.1.1 Stress Constraints at Transfer

At the time of prestress transfer, concrete stresses at the top and bottom extreme
fibers of the girder due to its own weight must be within the allowable limits at all the

specified sections. Thus,

At the support, the constraint on the stress at the top fiber of the precast girder due

to the initial prestressing force is:

~06 £, S Chuue < 051 (4.2a)

8§
and the constraint on the stress at the bottom fiber is:

—06f1, SOgmum S 0.5f0 (4.2b)

Suppart

At mid-span, the constraint on the stress at the top fiber due to the initial

prestressing force and the girder self-weight is:

-~

-0.6 f;, < o, < 0.25)f. (4.32)

midspun ]



and the constraint on the stress at the bottom fiber is:

-06f., <o, < 025 f. (4.3b)

midspan
where f is the compressive strength of concrete at the time of prestress transfer and the

stresses at the extreme fibers are calculated from Equations (3 14).

4.4.1.1.2 Stress Constraints during Construction

The stress in concrete at the top and bottom fibers of the precast girder after
casting of the concrete slab must be within the allowable limits at all the specified
sections. These stresses are calculated based on the properties of the precast girder as
discussed in Subsection 3 6.1.2 Thus.

A1 the support. the constraint on the stress at the top tiber of the girder due to the

effective prestressing force is

-045f., < oy < 025/, (4 4a)

Support

and the constraint on the stress at the bottom fiber of the girder is:

~045f), < Olypur S 025 f0 (4 4b)

At mid-span, the constraint on the stress at the top fiber of the girder due to the

effective prestressing force, the girder self-weight and deck slab weight is:

-045f,, < o, < 025, f. (4.5a)

midspan

and the constraint on the stress at the bottom fiber of the girder is:

-045f. <o, < 025/ f. (4.5b)

midspan



4.4.1.1.3 Stress Constraints at Service

At the time of application of superimposed dead load (sidewalks. traffic barriers,
handrails and asphalt) and live load (traffic load), concrete stresses at the top and bottom
extreme fibers of the composite section due to girder self-weight, deck-slab weight,
superimposed dead and live loads must be within the allowable limits at all the specified
critical sections. These stresses are calculated using the geometric properties of the
transformed composite section as discussed in Subsection 3 6 1.3 Thus.

At the support, the constraint on the stress at the top fiber of the composite section

due to the effective prestressing force is:

-045f! < oy < 025f.! (4 6a)

Suppaort s

and the constraint on the stress at the bottom fiber of the precast girder is:

—045f < O, < 025/ f0 (4.6b)

Ar mud-spun, the constraint on the stress at the top fiber of the composite section

due to the superimposed and live loads, is’

—045f < 08, < 02510 (4 7a)

medspan

and the constraint on the stress at the top fiber of the precast girder is.

-045f, < of < 025,/ f! (4.7b)

mudspan 8

and the constraint on the stress at the bottom fiber of the precast girder is:

—045f, <o, .. < 025[fL (4.7¢)



4.4.1.2 Deflection Constraints

The deflection constraints are defined by the following equations for three

consecutive stages:

Maximum mid-span deflection constraint at prestressing transfer (Stage #1) is

Lgs, < £ (4.32)
800 800

Maximum mid-span deflection constraint during construction (Stage #2) is

L .
== < Opngucnon = L (4.8b)
800 800

Maximum mid-span deflection constraint at service (Stage #3) is
L -
- < Sy € — (4.8¢)
800 800 :

4.4.2 Constraints at Ultimate Limit States

4.4.2.1 Ultimate Moment Resistance

At ultimate limit states, a structural component should be designed so that the

factored flexural resistance. M, is equal to or greater than the factored load moment,
M , . that s,

M 2M, (49)
where M, is given by Equation (3 34) and M, is calculated by Equations (3 .30) and

(3.31).



4.4.3 Practical Constraints

4.4.3.1 Constraint on the Minimum Amount of Flexural Reinforcement

It is desirable that girders contain sufficient flexural reinforcement at the critical
sections to ensure that a reserve of strength exists after initial cracking. [f the girders do
not contain enough reinforcement, they may fail abruptly with rupturing of the
reinforcement immediately after cracking. According to CSA-A23 3-94, the minimum

amount of flexural reinforcement in steel reinforced members should be controlled by
M, > 120M, (4 10a)
where M is given by Equation (3 26). The requirement given by Equation (4 10a) can
be waived when the factored moment of resistance, M, is not least 33 percent greater
than the moment due to factored loads. M, .1.e when
M. 2 133 M, (4 10b)

In case of FRP reinforced concrete members, ISIS Canada Design Manual (1999)

suggests that the moment of resistance, M, . be at least 50 percent greater than the
cracking moment. M .. in order to avoid failure immediately after cracking. Thus,
M, > 150M, (4.11a)

The draft manual also suggests that if an FRP reinforced member is failing in tension

before reaching the maximum compressive strain in concrete, the moment of resistance,

M _, should be at least 50 percent greater than the factored load moment, M ,, that is

M, > 150M, (4.11b)
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4.4.3.2 Constraint on the Ratio of Girder Spacing to Slab Thickness

According to the empirical design method for deck slabs allowed by the OHBDC
(1991), the ratio of centre-to-centre girder spacing, § to the thickness of the deck slab,
t, shall not exceed 18.0 Thus,

S < 18t (4.12)

For the deck slab thickness ¢ = 225mmselected in this investigation, the maximum

spacing between girders, S_ . = 4050mm .

4.4.3.3 Upper and Lower Bounds on Design Variables

There are some practical constraints that represent explicit lower and upper bounds
on some of the design variables. which might retlect minimum practical dimensions for
construction. maximum dimensions for transportation, architectural considerations, code

restrictions. or desired relationships between design variables These constraints are

expressed as:

Xf<x <X i=lton (4.13)

where X, X =, X " represent the th design variable, the upper bound and the lower

bound, respectively and n is the number of variables.

4.5 The Investigated Design Combinations

The above optimization model has been applied to produce optimal bridge designs
for the selected precast prestressed concrete bridge girders (CPCI1200. CPCI1400,
CPCI1900, CPCI2300, Bulb T, Butted I, and Pie sections) using different combinations

of concrete strengths, deck widths and number of girders as shown in Tables 4.1 and 4.2.
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Table 4.1: CPCI Girders Reinforced with Steel or CFRP.

Section Wel [ Number of Girders
Type m | MPa 4 5 6
CPCII200 | 8 ! 40 . !
CPCII400 : 7 50 < |
CPCII900 5 f |
| CPCI2300 | 50 —
; 70 ‘
| | 80 «
5 90 IR |
| | 100 Iy j
"CPCII200 ! 12 © 40 | ) ) |
| CpPCII400 50 — . ) |
| CPCI1900 | |
CPCI2300 50 ; - —
- 70 ‘ . | |
| |80 I ‘ < |
| .1 90 p « . !
| 100 < . ) :
'CPCII200 | 16 @ 40 ; « |
- CPCIl1400 50 N < |
CPCI1900 | |
CPCI2300 50 i ; - ;
i i 70 | ‘ < X §
! 80 < « |
‘ 90 < < |
| |1 100 |« <




Table 4.2: Nebraska All-precast Girders Reinforced with Steel or CFRP.

Section W. Ll Number of Girders
Type m | MPa 4 | 5 6 | 7
Bulb T 1470 | 40 ! Lok |
| 50 | N |
& | | |
' ’ 60 | i |« | |
| 70 | < j |
i . 80 | : < ! |
90 ! e : |
: 100 % L« :
- Butted [ 464 | 40 | ! :
0 |
|
.60 !
70
: 80 : 5
T | 90
1 | 100 ! | !
| Pie 1470 | 40 ) !
| | 50 v
| |
| | 60 | « |
| l 70 | | < |
| | 80 | <
| | 90 | x |
i | 100 I < ]




However, due to the large amount of output, only the results of the combinations marked

with (V) have been considered for discussion. The results and discussion are shown in the

following chapter.

For all designs the following data are adopted as constant parameters:
e Span length: varying from 10 to 30 m
e Traffic loading corresponding to class A highway

e Slab thickness: t = 225mm , which is the minimum thickness according to OHBDC

(1991)
e  Asphalt pavement thickness = 75 mm
e Precast girders are not shored during construction

e Concrete Strength of deck-slab is, f! =40MPa
e Concrete Strength of precast girder is f,, = 70% of f/, . f, =valuevarying

trom 40 to 100 MPa

e Strength of prestressed steel tendons is f,, = 1860 MPua and Elasticity Modulus is

E, =190 GPa

e Strength of non-prestressed steel bars is f, =400 MPa and Elasticity Modulus 1s
E,, =200 GPu

e Strength of prestressed CFRP tendons is f,, = 2250 MPa and Elasticity Modulus is
E, =147 GPa

e Strength of non-prestressed CFRP bars is f, = 1575 MPa and Elasticity Modulus is

E, =147 GPa
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e Unit costs expressed in Canadian dollars as follows:

For concrete:

The unit cost of concrete was adopted from data available in the literature

(Hassanain, 1998). It is normalized to the cost of 40 MPu concrete mix, which

has been assumed to be $95/m’ including an overhead rate of 18%. In addition
to the cost of mix and overhead charges, labour and curing cost is estimated at
$34/m’ . Using regression analysis, the following relationship for the total cost of

concrete as a function of the concrete strength was established

Concrete Cost (f) =95 0.939 + {%6} + 34 S/m’ (4. 14)

For conventional steel:

Seven-wire, 15 2-mm-diameter prestressing strands cost $1.78/m for
material and labour including a wastage rate of 10%% and an overhead rate of 18%.
Epoxy-coated reinforcing steel bars cost $1.68/kg for material and labour
including a wastage rate of 5% and an overhead rate ot 15% (Hassanain, [998).
For Carbon Fiber Reinforced Polymer (CFRP):
LEADLINE PC-D8, prestressed tendon costs $13/m (including transportation).
LEADLINE PC-D10, non-prestressed bar costs $19/m (including transportation).
The optimum design of the bridge systems considered in this investigation gives
the following values for a specific compressive strength of the precast girders:
e The minimum span length for each cross section shape and dimensions.

e The amount of prestressed reinforcement required for the girder.



e The eccentricity of the prestressing tendons at mid-span and at the supports.

e The amount of non-prestressed reinforcement in the girder and the slab

e Minimum cost of superstructure/deck area (excluding the fixed cost of sidewalk,
barriers, handrails, asphalt and girder end bearing).

e Minimum cost of girder/unit strength.

4.6 Design Optimization Software (EXCEL 97 - Solver)

Microsott Excel 97 Solver incorporates a nonlinear optimization code based on the
Generalized Reduced Gradient (GRG2) technique which was developed by Leon Lasdon,
University of Texas at Austin, and Allan Waren, Cleveland State University (Microsoft,
1997). This tool is readily available and easy to use. and supports Visual Basic
programming that enables the user to design his own detined functions for a lengthy and
intensive calculation process Because of these advantages. this tool is employed in the
present investigation to solve the optimal design problem. [n this section. a description of
this software package is presented and instructions on its use for the solution of
optimization problems is gtven.

The main purpose of the Solver is to find a solution, that is, values for the design
variables, which satisfy the constraints and maximize or minimize the objective function
These variables are included in changing cells in the Excel 97 spreadsheet. Figure 4.2

shows where the solver can be found and accessed.

4.6.1 Parameters of the Model

The input values may be fixed numbers associated with the problem, which will

be referred to here as parameters of the model. These parameters are entered in input
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cells and used in the calculations of the objective function and constraints. The
parameters are constant in the Solver problem. Although their values can be changed by
user. the Solver will never change them automatically. The user will often have several
"cases" or variations of the same problem to solve. and the parameter values will change

in each problem variation.

4.6.2 Decision Variables (Changing Cells)

The input parameters to the optimization problem can be quantities which are
variable. or under the control of the user (decision maker). These parameters are referred
to as decision variables and appear in the spreadsheet in changing cells These are the
cells that the Solver will change automatically in order to maximize or minimize the

objective or target cell These cells are listed in the Changing Cells edit box of the Solver

Parameters dialog.

4.6.3 The Objective Function (Target Cell)

The quantity that is aimed to maximize or minimize is called the objecrive function
or target cell. This cell is listed in the Set Cell edit box of the Solver Parameters dialog
(Figure 4.3). In case of a Solver model that has nothing to maximize or minimize, the Set
Cell edit box will be empty. In this situation the Solver will simply find a solution which
satisfies the constraints.

The standard spreadsheet Solvers also allow entering a specific value, which must
be achieved by the objective function or Set Cell. This feature was included for
compatibility with the spreadsheet's Goalseek or Backsolver command menu, which
allows seeking a specific value for a cell by adjusting the value of one other cell on which

it depends. It should be noted that, entering a specific value for the Solver’s Set Cell is
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Figure 4.3 Microsoft Excel 97 - Solver Parameters
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exactly the same as leaving the Set Cell blank and entering an equality constraint for the
Set Cell in the Constraint List Box.

There is rarely a good reason to use the Set Cell Value of edit box in the Solver
Parameters dialog. If the problem requires only a single Set Cell value and a single
variable or Changing Cell, it is recommended to use the Goalseek. command. [f there is
nothing to maximize or minimize, it is recommended to leave the Set Cell blank and

entering any constraints needed in the Constraint List Box

4.6.4 Constraints

Constraints are relations such as Al > 0 A constraint is satisfied if the condition it
specifies is true withun u small tolerance. But with the default Solver Precision setting,
the constraint would be satisfied. Because of the numerical methods used to find
solutions to Solver models and the finite precision of computer arithmetic, it would be
unrealistic to require that constraints like Al > 0 be satisfied exactly -- such solutions
would rarely be found. The values of tolerance and solver precision and the numerical
method to be used in the solution are specitied in the Solver Options window (Figure
44).

Constraints are specified by giving a cell reference such as Al (the "lett hand
side"). a relation ( <, =or 2), and an expression for the "right hand side." The left hand
side may, and often will be a range of cells such as (A1:A10). Although the Excel Solver
allows entering any numeric expression on the right hand side, it is strongly encouraged
to use only constants, or references to cells, which contain constant values on the right

hand side. A constant value to the Solver is any value, which does not depend on any of
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the decision variables. Using constant right hand sides in constraints will simplify the

model, and is essential to obtain the benefits of fust problem setup.

4.6.5 Feasible and Optimal Solutions

A solution (values for the decision variables) for which all of the ccnstraints in the
Solver model are satisfied is called a feasible solution. The Solver proceeds by first
finding a feasible solution. and then seeking to improve upon it by changing the decision
variables to move from one feasible solution to another feasible solution until the

objective function reaches its maximum or minimum. This is called an optimal solution.

4.6.6 User-defined functions

The user-defined functions are functions written by the user in Visual Basic Editor
environment to achieve his needs and can be inserted in the spreadsheet and used in the
same way as built-in functions. Figure 4.5 shows how to get into the Visual Basic Editor.

The Function procedure is a series of Visual Basic statements enclosed by the
Function and End Function statements. A Function procedure is similar to a Sub
procedure, but a function can also return a value. A Function procedure can take
arguments. such as constants, variables, or expressions that are passed to it by a calling
procedure.

Examples of user defined functions for calculating the Stress and strain are given
below When the function is inserted in a cell on spreadsheet. the values of variables are

passed to the function through its arguments. The result obtained by this function is

returned and displayed into the same cell.
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* Function to calculats the axia

Fun-tion STRAIN(2A, BB, II, Eref
' A¥IAL STRAIN AT REFERENCE PG
EESLONGC = STRAIMC{(RA, BB, II,
' CURVATURE.

SY = CURVATURE!{AA, BB, II, Eref, AN, AM)
' AXIAL STRAIN AT ANY LAYER.
STRAINM = EPSLONO + PSY ~ (¥} / 1243

End Function

[4¢)

' Function to calculate the stress at any layer.
Funczion STRESS(AA, BB, II, Eref, E, AN, AM, Y
' AYTAL STRAIN AT REFERENCE POINT O
EPSLOMO = STRAINJ(AX, BB, II, Eref, AN, AM;
' CURVATURE.
B3y = CURVATURE(AA, BB, II, Eref, AN, AM)

' AMTAI STRAIN AT ANY LAYER.
TRESS = £ « {(EPSLONGC + PSY ~ ¥/ 1000

L Strain at Relersnce Point C.

cn STRAINOD(AA, BB, II, Erez, AM, AM

= AA - II - BB ° Z

TAL STRAIN AT &

INQ = {(II » AN - BB =~ aAM = 10300 <+ L1do0 / {Eref - DET.
ncoicn

 Zurvature.
Funccoion JURVATYRE A2, BE, II, Zr=f, AN, AM]

DET = AA « II Z

' CURVATURE.

CURVATURE = (-8B * AN - A3 * AM - 1009, <+ 1y0od / {Exef =+ DET: = 10010

End Function

Figure 4.6 shows the Visual Basic Editor environment, where the user defined functions

and subroutines to be written.
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Figure 4.6 Microsoft Excel 97 — User-defined Functions in Visual Basic Editor



CHAPTERSS

RESULTS AND DISCUSSION

5.1 General

In the previous two chapters, the methods of design and analysis of the two bridge
systems investigated in this thesis and the design optimization mode! were described. The
major objective of the present chapter is to present the results of the optimum design of
the bridge systems These results include the relationships between the minimum
superstructure cost per deck area and span length as well as the girder cost per unit
strength versus the span length The results also include the constraints relationships.
from which the active constraint can be clearly identified However, as indicated in the
previous chapters, the results presented are only for selected number of design

combinations (see Tables 4.1 and 4.2)

5.2 Optimum Design Results for CPCI Girders

The optimum design results shown below are for the design combinations selected

from Table 4.1.

5.2.1 Bridges Reinforced with Steel

5.2.1.1 Superstructure Cost per Deck Area

The optimum design results obtained for bridge decks of 12 m width supported by 4

girders of each of the selected CPCI sections, CPCI1200, CPCI1400, CPCI1900,
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CPCI2300 (Figure 3.3) with concrete strength of 50 MPa are summarized in Table 3.1
and depicted graphically in Figure 5.1.

As shown in Figure 5.1, the optimization results indicate that the maximum span
length that can be obtained using CPCI1200 is 20 m. Within the range of 10 to 20 m. the
use of mentioned section leads to the lowest superstructure cost compared to the other
sections. In terms of the maximum span length that can be obtained (20 m < L < 30 m).
both CPCI1900 and CPCI2300 are comparable. However. in terms of superstructure cost.
the former section is more competitive than the latter.

Figure 5.2 depicts the effect of the deck width on the cost of superstructure. Bridge
decks of widths W, = 8. 12 and 16 m built up of CPCI 400 girders of the strength f, =
50 MPa are investigated. The figure indicates that the 16 m wide bridge decks attain the
lowest superstructure cost per deck area.

Figures 3.3 and 5.4 show the effect of the girder concrete strength on the
superstructure cost. A bridge composed of 4 CPCI 1400 girders supporting a 12 m wide
deck slab is selected for this investigation. As one may expect. Figure 5.3 shows that the
increase in the girder concrete strength can lead to an increase in the bridge span. The two
figures also indicate that the superstructure cost per deck area is directly proportional to
the concrete strength and increases with the increase in the strength. The use of girders

with concrete strength of 40 MPa has led to the lowest cost.
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Table 5.1: Superstructure cost per deck area and girder cost per unit strength for
12 m wide bridge decks supported by 4 CPCI girders of strength 50 MPa

and reinforced with steel.

| Span SECTION TYPE

i Length CPCI 1200 CPCI 1400 CPCI 1900 CPCI 2300

.m $/m> [S/kN.m| $/m" |$/kN.m| $/m" | $kN.m| $/m° | $/kN.m

Tl0 15941 06 6246 | 09 | 6920 . 08 | 7190 | 07

]

|l | 5978 0.7 6282 | 10 | 6956 | 09 7226 | 07
12 13999, 07 63 63 09 6978 ., 09 i 7248 0.8
| 13 [ 6lLl17 07 64.22 09 6978 | 1.0 7248 09
' !
i
!

14 . 6l76] 06 64 80 08 70 37 10 | 7248 ' 10
1S 16234 06 6598 | 0.7 70 96 09 | 7307 | 10
16 16293, 06 | 6657 07 T 7155 : 09 7366 | 09
' 17 6410 05 67 16 07 7213 | 09 | 7366 . 09
| 7272 1 08 | 7424 | 08

18 6469 | 05 | 6833 07 |
19 | 6587 ! 03 68.33 06 i 7330 08 | 7483 . 09
|20 | 6704, 03 69 50 06 | 7389 08 ! 7542 | 08
e 170.09 06 | 7448 07 | 7601 | 08
. n L7126 06 7506 07 7660 | 08
23 L7244 05 76.24 07 7718 ' 07
24 7420 | 05 76.83 0.7 77.77 07
25 78.00 0.7 78 35 07
26 . 78.00 07 | 79353 07
27 | 79 17 06 79 53 07
28 | 80.35 0.6 80 70 06
29 80.93 0.6 81.88 06
30 ! 8211 | 06 82.46 0.6

78




80 { —- -

W, =12 m.4 CPCI Girders. f ,,, =350 MPa

i

" ——CPCI 1400
. == CPCl 1900
== CPC1 2300

| —— CPCI 1200

Superstructure Cost/Deck Area $/m2

18 20 22

Span Length. m

26 28 30

Figure 5.1 Superstructure Cost per Deck Area - CPCI Sections for Bridges

Reinforced with Steel.

80 e e ——— o e i

78 1 CPCI1400 Girders. f*,, =50 MPa

Superstructure Cost/Deck Area $/m2

. 3 Girders

. 5 Girders

'

.+ Girders

|
1

18 20 22
Span Length, m

26 28 30

Figure 5.2 Effect of Deck Width on Superstructure Cost per Deck Area for Bridges

Reinforced with Steel.

79



90

12 m. 4 CPCI1400 Girders

~—feg =40 MPa
——fcg = 50 MPa
—5-teg = 60 MPa
——feg =70 MPa |
| teg =30 MPa |
=~ fru = 90 MPa .

~e—fcy = 100 MPa,

Superstructure Cost/Deck Area $/m2

10 12 14 16 18 20 22 24 26 28 30

Span Lengtii, m

Figure 5.3 Effect of Girder Concrete Strength on Superstructure Cost per Deck
Area for Bridges Reinforced with Steel

| W, = 12m. 4 CPCL1400 Girders

—~-Span=120m |

Superstructure Cost/Deck Area $/m2
~J3
i

40 50 60 70 30 90 100
Concrete Strength in Girder, ', , MPa

Figure 5.4 Variation of Superstructure Cost per Deck Area with the Girder
Concrete Strength for Bridges Reinforced with Steel

80



5.2.1.2 Girder Cost per Unit Strength

For comparison between the selected sections in terms of girder cost per unit
strength, Table 5 | and Figure 5 5 show the relationship between the girder cost per unit
strength and the span length for a deck width of 12 m and girder concrete strength of 50
MPa. As can be seen, the relationships for all the sections show the same behavior

pattern. However, CPCI2300 is the most competitive in terms of both girder cost per unit

strength and span length
5.2.2 Bridges Reinforced with CFRP

5.2.2.1 Superstructure Cost per Deck Area

The optimum design results obtained for bridge decks of 12 m width supported by 4
girders of concrete strength 50 MPa of each of the selected CPCI sections, CPCI1200,
CPCI1400. CPCI1900. and CPCI2300 (Figure 3 3) with concrete strength ot 30 MPa are
summarized in Table 3 2 and represented graphically in Figure 5 6

As can be seen. the relationships for all the sections show the same behavior
pattern. For span length 10 < L < 30 m, CPCI2300 is considered to be the most
competitive among the selected girders in terms of superstructure cost per deck area

Figure 5.7 shows the effect of width of bridge deck on the superstructure cost. Once

again, bridge deck widths, W, =8, 12 and 16 m and CPCI [400 girders of S, =50 MPa

are considered. Similar to the case when steel is used as reinforcement, the 16 m wide
bridge decks have the lowest superstructure cost per deck area.

Figure 5.8 shows the effect of the girder concrete strength on the superstructure
cost. As the figure indicates, the superstructure cost per deck area is not significantly

affected by the change in the girder concrete strength. This is attributed to the fact that the
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Table 5.2: Superstructure cost per deck area and girder cost per unit strength for
12 m wide bridge decks supported by 4 CPCI girders of strength 50 MPa

and reinforced CFRP.

' Span SECTION TYPE
' Length CPCI 1200 CPCI 1400 CPCI 1900 CPCI 2300
m Ym> | SKN.m | S/m’ | S/kN.n | $/m- | $/kN.m | $/m’ | $/kN.m
.10 43254 27 1423770 3.1 417 51 30 40289 | 28
[T 45070 29 | 43760 { 34 | 42701 33 11672 0 30
2 | 46569 30 | 45259 1 37 | 43767 35 53171 31
C13 | 478.69 32 47425 0 34 | 45066 36 34037 1 32
14 | 49601 33 147858 36 463 66 3.7 44904 | 34
15 5090l 35 49590 @ 37 | 47232 38 45770 i 35
lo 517 67 36 | 50437 38 48099 | 40 16636 | 36
17 543 66 37 352622 39 49398 ° 41 . 47502, 37
18 552.32 39 53055 40 50264 42 48369 | 38
19 57831 1 40 335634 | 40 51997 42 | 49668 | 338
20 i 56520 | 4.2 52863 44, 501.01 40
I | 582353 | 4.4 53729 | 45 52267 ;, 40
R 59985 | 45 55028 | 4.7 52700 | 41
23 ! 61285 . 47 56761 49 53999 | 43
24 | ! | 64750 ° 49 | 58060 50 | 55299 . 44
25 | 597.93 47 56598 @ 45
26 61092 | 49 57464 | 46
27 628 25 49 159197 | 45
28 641.24 50 | 60929 | 45
29 662.90 50 61795 | 46
30 | 67589 51 639.61 46
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cost of CFRP reinforcement is very high in comparison with the cost due to the change in

concrete strength. The cost of CFRP thus becomes the predominant portion of the total

cost of the superstructure.

5.2.2.2 Girder Cost per Unit Strength

Figure 5.9 shows a comparison of the relationship between the girder cost per unit
strength for the different CPCI girders of Figure 3 3, reinforced and prestressed with
CFRP material. As can be seen, the relationships for all the sections show the same

behaviour pattern. The CPCI 2300 section showed the lowest girder cost per unit

strength.

5.3 Optimum Design Results for Nebraska Girders

The optimum design results shown below are for the design combinations selected

from Table 4.2
5.3.1 Bridges Reinforced with Steel

5.3.1.1 Superstructure Cost per Deck Area

The optimum design results obtained for bridge decks of 14.70 m width built up of
Nebraska proposed all-precast girders, Bulb T, Butted I, and Pie (Figure 3.7) with
concrete strength of 50 MPa are summarized in Table 5.3 and depicted graphically in
Figure 5.10.

As shown in this Figure, the optimization results indicate that for span length
between 10 m and 13 m, the Pie section is the most cost effective. The Butted [-section is

the only section that can allow for spans greater than 13 m and up to 17m.
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Table 5.3: Superstructure cost per deck area and girder cost per unit strength for
14.70 m wide bridges built up of Nebraska precast girders of strength 50
MPa and reinforced with steel.

Span SECTION TYPE
Length Bulb T Butted I Pie
m $m’> | S/kN.m Sm> | S$/KN.m $/m’ $/kN.m
10 3821 ¢ 09 6524 . 09 38.79 08 |
¥ 3893 | 1.0 6524 L0 . 3879 09
12 4037 | 09 6909 & 08 , 4023 08 |
13 ' 7005 09 o 4167 08 |
L4 7294 ¢ 08 | }
C1s | . 7582 , 08 ;
ol ’ . 7775 . 08 ' :
7 i . 8545 | 07
18 | | i
] 19 | i |
20 | f |
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The effect of the girder’s concrete strength on the superstructure cost is shown in
Figure 5 11 The design is made for a bridge built up of 8 Butted I girders. Once again, as
in the case of CPCI girders, the superstructure cost increases with the increase in the
concrete strength. The lowest cost was achieved for 40 MPa concrete strength. But it

should be noted that the increase in the concrete strength allows for an increase in the

bridge span.

5.3.1.2 Girder Cost per Unit Strength

Figure 5 12 depicts the relationship between the girder cost per unit strength and
span length. As can be seen, the relationship for Butted [ and Pie sections show the same
behavior pattern, with the Pie section giving the lowest cost per unit strength for spans up

to 13 m. where as the Butted [-section can allow for increase in the span up to 17 m.

5.3.2 Bridges Reinforced with CFRP

5.3.2.1 Superstructure Cost per Deck Area

The optimum design results obtained for Bridge decks of 14.70 m width made up of
Nebraska precast girders with concrete strength of 50 MPa are summarized in Table 5.4
and shown graphically in Figures 5 13 Similar to the girders reinforced with steel. the Pie
section leads to the lowest cost in comparison to the other two sections and Butted [-
section has led to the longer span (17 m) among the three sections.

Figure 5 14, compares the effect of the girder’s concrete strength on the cost of the
superstructure for different spans. Similar to the slab-on-CPCI girder bridges reinforced
with CFRP, the concrete strength of the girder has a smaller effect on the cost of the

superstructure in comparison with the cost of the CFRP reinforcement.
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Table 5.4: Superstructure cost per deck area and girder cost per unit strength for
14.70 m wide bridges built up of Nebraska precast girders of strength 50
MPa and reinforced with CFRP.

" Span SECTION TYPE

i Length Bulb T Butted I Pie
m $/m’ $/kN.m $/m’ $/kN.m $/m’ $/kN.m
10 25776 53 31018 57 213.26 56
1 25776 | 58 324.39 61 1 22917 ' 59
12 26836 | 64 | 38820 | 63 , 25569 |, 63
13 i . 40249 1 68 1 28221 | 67
14 ! 45219 | 7.1
15 | T 51610 75

‘ 6 | | | 55160 79

17 ; 672 30 80 |

IETI ! !

' 19 = I
20 3 :
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5.3.2.2 Girder Cost per Unit Strength

Figure 5 15, depicts the relationship between the girder cost per unit strength and
the span of Nebraska precast bridge systems reinforced with CFRP The figure indicates

that the Burted [-section leads to the length span and is cost effective.

5.4 Constraint Activity

The optimum solution is usually governed by the constraints. A constraint is said to
be active if it is binding to one of the imposed limits. [n other words, an active constraint
belongs to a critical design requirement that controls the optimum solution. For present
investigation, the active constraints for the selected design combinations have been
identified as tollows
e Figures 5 16 to 525 represent graphically the constraints related to the CPCH sections
reinforced with steel. Examination of these figures reveals that the bottom fiber stress
at service stage at the mid-span section {Equations (3.2) and (4.7¢)] is the only active
constraint

e Figures 5.26 to 535 represent graphically the constraints related to the CPCI sections
reinforced with CFRP. The figures indicate that the bottom fiber stress at service
stage [Equations (3.2) and (4.7c)] and deflection [Equations (3.22) and (4.8a-c)] at the
mid-span section are the only active constraints.

e Figures 536 to 542 represent graphically the constraints related to the Nebraska
sections reinforced with steel. The figures show that the bottom fiber stress at service
stage [Equations (3.2) and (4.7c)] and deflection [Equations (3.22) and (4.8a-c)] at the

mid-span section are the only active constraints.
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e Figures 543 to 549 represent graphically the constraints related io the Nebraska
sections reinforced with CFRP. These figures indicate that the bottom fiber stress at
service stage [Equations (3 2) and (4.7¢)] and detlection [Equations (3 22) and (4 8a-

c)] at the mid-span section are the only active constraints.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Summary

This thesis investigates two types of simply supported bridges, the first is built up
of CPCI standard precast girders supporting a cast-in-place deck slab, and the second is
composed of all-precast sections proposed by the University of Nebraska - Lincoln. The
bridge systems considered are partially prestressed, once with conventional steel and
another with Carbon Fiber Reinforced Polymers (CFRP).

[nvestigations were conducted on the use of four standard precast girders
CPCI11200, CPCI1400. CPCI1900 and CPCI2300. In each bridge, the girder concrete
strength was varied; concrete strengths of 40, 50, 60, 70. 30, 90 and 100 MPa were used.
Designs were also made for spans varying between 10 and 30 m and for bridge widths

W_=8, 12and 16 m In addition, the Nebraska proposed sections (Bulb T, Butted [ and
Pie) with deck width of 14 70 m were studied in the same way as the CPCI standard

girders.

An optimization technique was used in this study employing the Excel 97 Solver.
User-defined functions were used to calculate loading, ultimate flexural strength,
concrete stresses during construction and in service, as well as deflections. A cost-based

objective function for each design system was identified and used to investigate two

optimization design alternatives:
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6.2

1) Minimum superstructure cost per deck area ($/m*) and girder cost per unit
strength (3/kN.m) for the design systems using conventional steel;
2) Minimum superstructure cost ($/m*) and girder cost per unit strength ($/kN.m) for

the design systems using CFRP.

Conclusions

The main conclusions of this thesis are:

CPCI1200 reinforced with steel can be considered the mnst competitive in terms of
superstructure cost per deck area for span length between 10 m and 20 m.

CPCI1400 reinforced with steel can be considered the most competitive in terms of
superstructure cost per deck area for span length between 20 m and 24 m.

CPCI1900 reinforced with steel can be considered the most competitive in terms of
superstructure cost per deck area for span length berween 24 m and 30 m

CPCI2300 reinforced with steel can be considered the most competitive in terms of
girder cost per unit strength.

Among the selected bridge widths, the slab-on-girder bridge systems of 16 m width
built up of CPCI1400 girders of 50 MPa concrete strength and reinforced with steel
can be considered the most competitive in terms of superstructure cost per deck area.
The slab-on-girder bridge systems of 12 m width built up of four C PCI1400 girders of
60 MPa concrete strength and reinforced with steel can be considered the most
competitive in terms of superstructure cost per deck area.

Among the bridge systems reinforced with CFRP, the bridges made up of CPCI2300

girders can be considered the most competitive in terms of costs and span length.



e Among the selected bridge widths, the slab-on-girder bridge systems of 16 m width
supported with CPCI1400 of 50 MPa concrete strength and reinforced with CFRP can
be considered the most competitive in terms of superstructure cost per deck area.

e Bridge decks of 12 m width supported on four CPCI1400 girders reinforced with
CFRP give no significant change in superstructure cost per deck area. This is
attributed to the very high cost of CFRP reinforcement in comparison to the cost of
increase in the concrete strength.

e Nebraska Pie sections reinforced with steel or CFRP can be considered most
competitive in terms of superstructure cost per deck area for span length up to 13 m.

e Butted [-section reinforced with steel or CFRP can attain the longest span length
compared to the other Nebraska sections.

e The bottom fiber stresses at service stage and deflection at the mid-span section are
the most active constraints.

e From material cost point of view, the use of conventional steel reinforcement is still
much cheaper than that of CFRP.

e Using Excel solver as a software tool for solving optimization problems is much
easier and more accessible than the other software tools (e.g., GAMS, IDESIGN,

LINGO, etc.) used by other researchers.

6.3 Recommendations for Further Research
e One of the limitations of this study is the use of conventional design and analysis
methods, which consider a lump sum loss in prestressing due to time dependent

effects. Further research is needed that takes into consideration the time dependent
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effects more accurately, for example, by using the procedure developed by Elbadry
and Ghali (1989).

In this research, only the material cost was considered in the objective functions.
More research is needed that takes into account other aspects of cost in addition to
material cost.

In this research, the bottom fiber concrete stress at service is generally the governing
constraint in order to achieve a design that does not allow for cracking of concrete. In
order to achieve more economical structures, a design based on criteria that allow
cracking of concrete while controlling the crack width and deflection is needed. This
may require nonlinear analysis and design procedures.

The present work should be extended to include shear strength in the design of the

bridge girders. The work should also consider continuous bridge superstructures.
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