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Abstract

This study presents a numerical analysis on curved steel—concrete
composite beam to investigate the effect of various parameters on the beam
behavior. Composite steel-concrete beams with normal strength of concrete
with or without steel beam openings designed as simply supported.
Furthermore, a strengthening techniqgue were conducted by adding
intermediate stegl stiffeners.

The work is done on forty-five specimens designed as simply supported
with 6 m span length. The specimens were constructed of a concrete slab with
a 500 mm width and 120 mm depth connected to a rolled steel beam Type
200UB29.8 using sex parameters. 3D finite element analysis is employed by
using ABAQUS 2017 software to ascertain the accuracy and validity of FE
procedure. Finite element analysis efficiency is proved through comparing
with experimental tests through load-deflection curves, ultimate load, ultimate
deflection, and cracks propagation. The validated models are used to asses
some of the key parameters such the span/radius of curvature ratio, transverse
web stiffeners, partial interaction, concrete compressive strength, steel beam
yield stress, opening depth, shape of steel beam web stiffeners for retrofitting
the beams strength. From the obtained results, it is evident that the span/radius
of curvature ratio reduces the loading capacity, yield, deflection and ductility
by 50%, 53%, 52% and 41% and increase the twisting of the beam due to the
torsiona effect. The presence of transverse stiffenersin the curved composite
beam enhance the beam capacity and ductility index by about 57% and 63%.
In addition, increasing the stiffeners number contribute to decrease the vertical

separation and the beam twisting at the beam mid-span due to decrease the



beam torsion, transferring the failure to the concrete slab. Furthermore,
Increase the partial interaction show asignificant reduction in the vertical and
Interface separation between the steel beam flange and concrete slab with an
Increasing the beam capacity by about 30%, while the deflection and ductility
index reduced by 50% and 20%. The loading capacity and the curved
composite beam ductility increased by 58% and 61% as the steel beam yield
stress increased while the flexural cracks appear to be effective on the top and

bottom faces of the reinforced concrete dab.

Increasing the opening depth lead to reduce the strength capacity of the
beam and yielding of the beams becomes earlier. Maximum reduction was
recorded for 75%h opening depth for yield load, ultimate load and vertical
deflection by approximately 48%, 18% and 8% for curve by approximately
18%. An increasing in the flexural and diagonal torsional cracks has been
observed when the opening depth increases. Moreover, presence of elongated
circular opening in the mid-span reduce the beams capacity by 24%
approximately, in which the beams exhibited less ductility by 14% where the
response of the specimens softening and the beams yield in an early stage.
Web stiffeners are considered a good way to enhance the beam capacity by
11%. They provided a semi complete restoring to the strength loss due to the

opening presence with enhancement in the beam performance.



List of Contents

Acknowledgments...........coooiiiiiii 1
Supervisor Certification..............ooviiiiiii i [l
Examining Committtee’s Report.............oooiiiiiiiiiiiiiiiiiinnn, v
ADSITACE. .. Vv
ListOf CONtents. .. .....ooviei e VI
ListOf TableS . ..o XI
LiStOf FIQUIES. ..., X111
NOMENCIBLUIES. ...t XVII
ADDIEVIALIONS. ... XIX
1 (g1 a o7 [UToi 1o o PR 1
1.1 GENErAl OVEIVIBIW. ... 1
1.2 COMPOSITE ACHON. ...t 3
1.3 SNEAN CONMNECLO . .....utiveiee et e, 4
131 Shear CoNNECLOr TYPE... ... e cve et et et et et et e oot et e e e e e e D)

I RiGid CONNECIOTS .......co.ov oottt et e ettt e e e D

[ Flexible COMNECIOTS ... ... cccceeveeieeieeies e e et et et e e et et e e e e e 6
14 Needs for Curvaturein Plan..............coooiiiiiiiiiiii e, 9
15 Behavoir of Curved BEam............ooviiniiniiiiiie e 10
1.6 Curved Composite Beams BENAVIOr...............coviiiiiiiiiiiieee, 11
1.7 StUAY OBJECHIVE. ... 13
1.8 ThESISLAYOUL. ... ..o 14



2 REVIEW OF LItEr AU aerererereeeeeeeeesernenencncnensessesesesasasnses 16
2.1 INEFOTUCHION. . .ot 16

2.2 Horizontally Steel Beams Curved inPlan.................coocoiiiiiiiiinn. 16
2.3 Steel-Concrete Composite Member Curved inPlan............................ 24
24 B 010117 38

3 FE Modeling and FOrmulation.....ceeeeeeeeeeeeeeeeeeeeeeennennnns 40
31 INErOTUCTION. ...ttt 40

3.2 Linear and Nonlinear Finite Element Analysis................ocooiviiiiin.. 41
321 BasiC CONCEPL... ... oot e et e e e e e e et e e e e s, 4D
322 Nonlinearities classification.............c. oo e ee vt et e e 41
3.3 ABAQUS DESCIIPLION. .. ..ttt 42
34 ABAQUSModeling Procedure. ............cooouiiiiiiiiiiiiieieee 43
35 Material MOAElING. ..o 45
351 CONCIELE. .. ... et e et e e e et e e et e e et e ee e ee e v ve eee ee e veeeeee 4D
3511 Concrete damage plasticity (CDP).........cco oo cevee e e e e e, 46
A Hypothesis of strength and its parameters.............c.ccccceeveee.. 46
Stress-strain curve for uniaxial compression..................cec....... 51
Tensile strength of concrete............ccocco i e, 54
Cracking of themoddl.............c.cco oo ei it e e e v eee e, DD

Postfailure stress-strainrelation..........c. oo coo e cceeeevceee e ... 56

moO®

F. Damage compression and tension variable (d.) and (d;)........... 57
352 Structural Steel SECtioN... ..o vee et e e e e, D8
3.6 SOlUtION TEChNIQUE. ... 59
3.6.1 The RIKSMethod... ... ... e oe it e e e e e e e e e e D9
3.7 ABAQUSFiniteElement Model.............c.coiiiiii 61
3.7.1 Element Meshand TYPe ..o e e iee e e e e et e e, B
A. Solid element description.............co oo iee e e e e e e, 61
B. Truss element description.............cc oo ieecee e e e e B2

3.7.2 Contact Interaction and Boundary Conditions................c.cc.coveeoe.... 64

VI




3.7.21 Defining contact pairs and properties of contact..........................

3.7.2.2 Contact type for the FEmodeling..........c.co oo e e et e e e

A. Seel beam and concrete dab interface... ... vee e vee i

B. Reinforcing steel and stud shear connector contact interface to

the CONCIELE S AD... ... oo et e e e e e e e e e e e e e e e e e,
C. Shear stud and web stiffeners contact interface with steel beam....

3.7.23 Boundary and loading conditions Conditions................c. o cee ee e e

4 Numerical Application and Results

4.1 INtrOdUCHION. ... et e
4.2 DetallSof StUAY.......oovii
4.3 Discretization of Finite Element..............ccoviiiiiiiiiiiiiieeene,
4.4 Finite Element Mode Validation...............ccoveiiiiiiiiiiiieeeee
4.5 DUCHIIEY . .t
4.6 Parametric SUAY ... ... ... ve e e e e et e e et e e e e e e e e e
4.6.1 Span to radius of curvatureratio effect .............ccocco e e e

4.6.2 Transverse web stiffenerseffect... ... oo e ee et e
4.6.3 The partial interaction effeCt... ... .......c.ccove e et e e e e e,
4.6.4 The steel beamyield stresseffect ...........ccoooo e ii i

4.6.5 The concrete slab’s compressive strength effect...................c..ccceun....

4.6.6 Effect of steel beam opening............cc oo ve et e e

A OPENING SIZE... ..ot e et et e et e e et e e et e vt e e et e een e e

B. OPENING SHAPE ... ... v ae e e ees e e ee e et e e et e s e e s een een e
C. Opening With SHIfener ... ... ... ... oeeveevet it et ee e eee e e et e e e e

S Conclusions and Future Research......ccceeeeeiereeeeceeceecencnes

51 L0707 T2 10 1S3 10331
52 Future Research Recommendation...............oooiviiiiiiiiiiieeas
5 REFRENCES. ... utiiiiiiiiiiiiiiiintttmmmi e
APPENDIX A Material Properties Modeling..........ccoovuiveimeennininnnnnne.

65
66
66

66

67
68

69
69
69
73
74
82
83
86
96

105

113
118
122
126
129
133




APPENDIX B

Modeling Example




3-1
4-1
4-2
4-3
4-4
4-5
4-6
4-7
4-8
4-9
4-10
4-11
4-12
4-13
4-14
4-15

4-16
4-17
4-18
4-19
4-20
4-21

A-1
A-2
A-3
A-4

List of Tables

Default parameter of CDP model under compound stress.....................
Model’s details for the curved composite beams with full interaction.......

Model’s details for the curve composite beams with partial interaction.....

Model’s details for the curve composite beams...................ooevevinnnn..

Convergence of reSUITS. .......c.oviiiii e

The ultimate load of the verification results..........oooee i,

The deflection at ultimate |load of the verificationresults......................

Model’s details for the curve composite beams..............ccooevevviennn....

Curve composite beam details for curvature effect.............................

Curve composite beam results under curvature effect...........................

Curve composite beam results under web stiffenerseffect....................

Curve composite beam details for partia interaction effect...................

Curve composite beam results under partial interaction effect...............
Curved composite beam details for steel beam yield strength effect.........

Curved composite beam results under steel beam yield stress effect.........

Detail of curved composite beam with varied compressive strength of

concrete..........c.oeennn...

Properties of concrete slab............coooiiiiiiiiii

Curve composite beam results under compressive strength effect............

Curve composite beam details for opening effect......................ool

Curve composite beam results under opening size effect....................

Curve composite beam results under opening shape effect....................

Curve composite beam results under web stiffeners effect on beam with

opening.....................

Elastic properties of CONCrete........oovvviiviiiiiiiii i

Plastic properties 0f CONCIete. ........vvvuiieiiiiie i

Concrete compressive behavior.............oooiiiiiiiiiiiii e

Concrete tensile behavior

51
71
72
73
74
75
75
85
87
93
104
106
108
114
116

119

119
121
125
128
131

136




Material propertiesfor @12 rebar (longitudina reinforcement for top and

L0003 s )

Material propertiesfor @10 rebar (stirrupsstedl).........c.ooovviiiinnnnn. V
Material propertiesfor steel beam type 200UB29.8................cceevinnnn. VI
Material properties for stud shear connector..................oooviiiiiin.. VI
Material properties of the composite beam...................oooviiiiiiiinin IX
Interaction type of the composite beam..................cocoiiiiiiiiiiiinni, X
Comparison between the numerical and experimental results................. Xl

X1l



List of Figures

1-1 Horizontally curved composite steel-concrete structure......................... 2
1-2 The composite action effect..............coooviiiiiii e, 4
1-3 Typical rigid CONNECION ........coveieii e 6
1-4 Typica flexible CoNNECLOr ............coviiiii e 7
1-5 Slip at interface in the compositebeam ..., 8
1-6 Shank stress distribution of the shear connector.....................cooeen 8
1-7 Ultimate torsional moments in the curved composite beam.................... 12
1-8 Cross frames or diaphragms in horizontally curved girder bridges............ 13
2-1 |-Section beam with Vertical Web. ... 19
2-2 Typical specimen details.............ooeiiiiiiiiiiiii s v 27
2-3 Show the mode failure of the curve compositebeam........................... 28
2-4 Beam modeling with shell elementtype...............cooiiiiiiiiiiini, 30
2-5 Geometric and boundary condition with Beam modeling...................... 30
2-6 Curve composite beam modefalure.................oooiiiiiiiii 32
2-7 Views the concrete-steel interface at mid-span section under pure torsion 23
for thecompositebeam. ...
2-8 Load-deflection of themodels. ... 34
31 ABAQUS Modeling Procedure.............cooviiiiiiiiiiiceeeeee, 44
32 Drucker—Prager boundary surface...............coooiviiiiiiiiiiii, 47
3-3 Hyperbolic surface of plastic potential in meridional (p-q) plane............. 48
34 Concrete strength under biaxia stressin CDPmodel......................... 49
35 Deviatoric cross section of failure surfacein CDPmodd..................... 50
3-6 Inelastic compressive definition of strain &7.....................coooeii 52
3-7 Schematic the stress-strain representation of concrete material............... 54
3-8 Schematic the stress-strain representation of concrete material............... 55
39 Uniaxial stress-strain relationship of the steel material......................... 58
3-10 Typical unstable StatiC reSPONSE. ..ot 60
3-11 Arclengthandarclengthincrement.................ooooiiiiiiiiiiiiiiin.n, 61

X111



3-12
3-13
3-14
3-15
3-16
3-17
4-1

4-2

4-3
4-4

4-8

4-9

4-10
4-11
4-12
4-13
4-14
4-15
4-16

4-17
4-18

C3D8R element desCription............ocoiiiiiii i
T3D2 element desCription............coviiiniiii i
The considered mesh sizes for each part of the curve composite beam......
The mesh of the beam model in ABAQUS program...............cceeevvennn.

Interaction and the constraint conditioninthemodel...........................

Boundary and applied loading conditions for the finite el ement modeling...

Geometry and dimensions of the curved composite steel-concrete beam....
L oad-displacement curve between theoretical and experimental curved

COMPOSIEE DEAIMNS. ...\ttt ettt ettt et e e e e e eans
Diagonal torsional cracks for experimental and numerical of CCBF-1......

Experimental and numerical comparison of diagonal torsional cracks for

Beam twisting comparison between experimental and numerical results
FOr OB -2 .

Flexural cracks comparison between experimental and numerical for

Show the ductility index calculation..................oooiiiiiiiiiiiii e,
Measured location of section yield Stress...........oevviiiiiiiiiiiien,
Plan view for the curved composite steel-concrete beam.......................
Effect of curvature on crack progression on the concrete dab................
Effect of the curvature on the beam flexural cracks............................
Effect of the curvature on vertical dlipat mid-span............................
Curvature effect on the load-deflection curve of the curve composite beam
Yield and ultimate load vs central angle.....................coooiiiin
The crack progression in the concrete slab for model A-40 at different
0AdiNG STAE. ...
Effect of the curvature on strain distribution at mid-span......................
Geometry and dimensions of the curved composite steel—concrete beam

WIth WD SET ONErS. oo

62
63

65
68
70

76

79

79

80

81

81
82
86
88
89
90

92
92

94

95

97

X1V



4-19
4-20
4-21
4-22
4-23
4-24

4-25

4-26
4-27
4-28

4-29
4-30
4-31

4-32

4-33

4-34

4-35

4-36

4-37
4-38

4-39
4-40

4-41

Effect of the web stiffeners on the vertical separation inthemodel..........
Effect of the web stiffeners on the stress distribution on the steel beam.....
Effect of the web stiffeners on the concrete slab compression failure........
Web stiffener’s effect on the load-deflection curve of the curve composite.
Yield and ultimate load VS SPECIMENS. ...
Effect of web stiffener’s on strain distribution of the curve composite
beam at Mid-SPan..........oooviii
Partial interaction effect on the load-deflection curve of the curve
COMPOSItEDEAM. ... .o
Yield, ultimate load-curvature relationship..............ccocoviiiiiinn..

Deflection profile for the curved composite beam at 100 kN loading level ..

Effect of the shear connector on the interface separation between the
concreteslaband thesteel beam. ...
Effect of the shear connector on the tension side of the concrete slab........
Effect of the shear connector of the concrete slab compression surface........
Effect of partial interaction ratio on strain distribution of the curve
composite beam at mid-span...............ooooiiiiii
The steel beam yield stress on the load-deflection curve.......................
Yield and ultimate load vSyield Stress. ..o,
Effect of steel beam yield stress on the beam flexural cracks..................
Show the stress distribution of specimen at mid-span under steel beam
SEIESS CE O Ct. .. i
Effect of steel beam yield stress on strain distribution of the curve
compositebeam at Mid-span.............c.oooeiiiiiiiiii i,
Effect of the compressive strength on the load-deflection curve.............
The concrete compressive strength effect on the ultimate strength and the
ultimate deflection of the compositecurved beam..............................
Effect of concrete slab compressive strength on the beam flexural cracks...
Effect of the shear connector on vertical separation between the concrete
slabandthestedl beam..............oooiiiiiiii

Effect of compressive strength on strain distribution of the curve

100
101
103
103

104

107

107
108

109

110
111

112

115
116
116

117

117

120

120

121

121

122




4-42

4-43

4-44

4-45

4-46

4-47

4-48

4-49

4-50

4-51

4-52

4-53

4-54
4-55

compositebeam at Mid-SPan...........c.oooieiiiiiiiii
Geometry and dimensions of the curved composite steel—concrete beam
WItN OPENING. ..o e e

Effect of the opening depth on the curve composite beam twisting at mid-

Opening depth effect on the load-deflection curve of the curve composite...
Effect of the opening depth on the steel beam stress distribution.............
Effect of opening depth on strain distribution of the curve composite beam

Effect of the opening shape on the steel beam twisting and stress
distribution a Mid-SPan. ...........cooviiiiiii
Effect of the opening shape on the load-deflection curve......................
Efect of the opening shape on the steel beam stress distribution..............

Effect of opening shape on strain distribution of the curve composite beam

Load-vertical deflection curve for curve composite beam strengthening by
web stiffenersaongthespan. ...
Load-vertical deflection curve for curve composite beam strengthening by
web stiffenersbesidetheopening............cooooviiii i,
Load-vertical deflection curve for curve composite beam strengthening by
web stiffenersat themid-span...............ooiiii
Efect of exsiting the web stiffenerss on the steel beam stress distribution. ..
Effect of stiffeners on strain distribution of the curve composite beam with
OPENING &l MIT-SPAN. ...t

123

127

128
128

129

130

131
132

132

134

135

135

136

137

XVI



Nomenclatures

Damage parameter value of the compression of concrete................
Damage parameter value of the tension of concrete......................
Secant modulus of elasticity of concrete.................ccooviiiiiinn. .
Modulus of elasticity of steel material.......................ooii

CoEffICIENt; FaCtOr. ..o oo,

The ratio of the second stress invariant in the tensile meridian to
COMPIESSIVE METIAIAN. ... utttitt ettt e e e e eiae e,

Mean value of measured cylinder compressive strength of concrete.....
Characteristic value of the cylinder compressive strength of concrete at

ANGLE; TALIO. ..ttt e
Tensilestrainintheconcrete.............ooviviviiiiiiiiiieeea,
ElastiC Strain. ...
Compressive strain in the concrete..............oooiiiiiiiiiii ...
INElaStiC StraiN. ...
Compressivestrainintheconcrete...............ocooiiiiiiiiiiii e,
Ultimate compressive strain in the concrete................c.ooeeeenn...
Tensile strain in the concrete at the peak stressfi............oooooenia
Cracking StraiN. ...
Plastic SEraiN ...
Tensile stress in the concrete..........ooevviiiiiiiiii i,
Compressive stressintheconcrete.............c.ooviviiiiii i,

Initial fallure Stresses. ...
Strength ratio in the biaxial state to uniaxial strength state................

POISSON'STALIO. . . . . ettt e e e,

MPa
MPa

MPa
MPa

MPa
MPa
MPa

mm




€ ECCentriCity.....c.ooviiniiiii i

Y Dilation Angle ..o

XVIII



Abbreviations

AISC .o American Institute of Steel Construction
C3DBR ..o Eight-node brick element with reduced integration
CCBF.. ........... Curved in plan composite steel-concrete beam with full shear connection
CCBP......... Curved in plan composite steel-concrete beam with partial shear connection
B Finite Element

FEA Finite Element Analysis
FEM L Finite Element Method
T D e Two-node truss el ement
U e Universal beam

XIX



A,

CHAPTER ONE

£y



1

CHAPTER

| ntroduction

1.1 General Overview

Recently, conventional composite steel-concrete structures have been
vastly used around the world sometimes one of the most economical
construction in the civil engineering structures. They are commonly
employed in contemporary buildings and highways for decades due to
multiple benefits of mechanica properties of combining two materials, steel
and concrete compared to the traditional construction of reinforced concrete

structure.

Composite beams provide multiple properties and advantages than non-
composite sections. The ideal combination properties of the most
widespread building materials, i.e. steel and concrete, provided economic
and safe structures was by combining stiffness of the concrete slab and
ductility of steel beam. Since the structural steel beam and the concrete sab
carrying the load, the required size of the steel beam would be smaller. This
reduces the overall depth of steel structure and the total building height that

led to reduce the structures cost and time of construction .
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In recent years, the horizontally curved members have been
dramatically employed in highway bridges, balconies and interchanges
design essentially at the approaches in an urban area, whereas the complex
geometry and the curvature are required as can be seen in Fig. (1-1) BB, In
addition to the aesthetic purpose, these structures have an economic purpose
to fulfill the requirements of buildings and highway structures in a pre-
determined manner to define the alignment of the roadway according to the

design code requirements. 4,

Figure (1-1): Horizontally curved composite steel-concr ete structur e (A,

Curved members are different from the straight membersin the analysis
where the torsional effect is always present due to the curvature at which the
torsional effect may be developed that vanished in straight members [,
However, as a result of asymmetrical loading or complexity of member
geometry, twisting moment combined with flexural moment to be developed

in such members. Due to the complexity of stress state, a predict of strength
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and structural behavior of curved in plane members under the action of

combined bending and twisting moments may be tricky to fulfill. The

available international codes such as AISC © and Eurocode 4 1 do not

cover these effects of combined actions (.

1.2 Composite Action

The most important key parameters effect on the flexural stiffness,
strength and associated with the connection between the sted beam and
concrete dab in the composite member is the composite action. This
phenomenon is illustrated in conjunction with the upper and lower limits of

the composite beam behavior, i.e. full, partial interaction and no interaction.

Under loading condition, if a deliberate and appropriate connection
maintained between the reinforced concrete dlab and steel beam by an
infinitely stiff and sufficient shear connector; the two components behave
comparatively as one with fully yield strength provided for the tension
flange or the beam chord (¥, This situation is described as completion or full
interaction. Furthermore, the relative slip and strain differences between the
two components is relatively close to zero everywhere with assuming that
the plane section remain plane. Otherwise, if no connection provided
between them, the two components have independent behavior with relative
slip or separation occur a the interface. The effect of the composite action is
described in Fig. (1-2) (29,

During the state of loading history, the considered mechanica
properties may be varied. Thus, the sections in the composite member may

properly be varied in the behavior, ranging from a section with no
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interaction to that of typical or perfect interaction. Comparatively, assuming

composite member with perfect connection during the anaysis with
deformable shear connectors overestimates their stiffness and the strength
properties. Furthermore, the deficiency of physical connection in the
interface between the synthesize of steel and concrete components is too
conservative. Thus, the stiffness and strength of mechanical shear connector

must be considered for the analysis accuracy.

i
i
h
|
by Section
(o} Mo cogmpeosite aciion
L - o
R & [==
T T =] o
I' L_?- T o | e Wi e
=l I v T
e ] {.-H:I“H!:'FHI." ACTihon i Wemilig il Shean
IR EE AW R

Figure (1-2): The composite action effect [19,
1.3 Shear Connector

Composite action has been providing between the pre-fabricated units
such as prestressed or precast reinforced concrete or steel beam and cast in
place concrete, in order to act as a single unit. Although there is a certain
amount of natural bond between concrete slab and steel beam at least at the
initial stages, this bond cannot be relied upon because it is likely to be
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deteriorated due to over load and frequent use. Mechanical shear connectors

provided to help the steel and concrete element to act in a composite manner
ignore the contribution made by the inbuilt natural bond towards this effect.
Typicaly shear connectors are proposed to resist the horizontal movement
between the two components and to spread the horizontal shear between the
concrete slab and steel beam. Shear Connectors are aso used to prevent

vertical separation of the slab from steel girder at contact surface.

1.3.1 Shear Connectors Types

Various types of shear connectors are specially shaped to provide
adequate resistance to uplift as to separation. The connection is a region of
severe and complex stress that defies accurate analysis. Methods of
connection have been developed empirically and verified by tests. In a broad

sense, connectors may be divided into two categories: !
I. Rigid connectors

Rigid type of shear connectors is very stiff and they undergo very less
deformation under large shear force as compared to the other types of
connectors. Their resistance is mainly generated from the bearing pressure
on the concrete, and most of the times they fail due to the failure of concrete
surrounding. Angles, Short bars and T-sections are common examples of
rigid type of the connectors. Some other devices such as hooped bars are
connected with rigid type of connectors to avoid vertical separation 4. This
type of connectorsisshown in Fig. (1-3).
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Vr

(b) short bar connector

(c) T-connector
Figure (1-3): Typical rigid connector 1315,

Il. Flexible connectors

These are the most commonly used connectors. Headed studs and
channels come in this category. Their stress resistance is mainly generated
through bending and they undergo large deformation before failure. Typica
flexible connectors are shown in Fig. (1-4). The stud connectors are the
types used broadly. The shank and the weld collar nearby to steel beam
resist the shear loads while the head resists the uplift [*2,
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(a) Stud shear connecror

b) Channel connector

Figure (1-4): Typical flexible connector [11[17],

In practice, while using the rigid type of shear connector at the interface
of steel-concrete composite beam it is assumed that there is no dlip at the
interface. But from the studies over the years it was found that even by using
rigid type of connector in composite beam there is always some dlip at the

interface 12,

However, regardless of the shear connector type some relative
movement does occur between stedl section and concrete slab. Fig. (1-5)




INTRODUCTION I CHAPTER ONE

show the mechanism example of this relative movement using flexible

connector type.

Figure (1-5): Slip at interface in the composite beam 4.

The concrete near the weld level may crush that allows some

deformation for connector itself. However, near the head of connector the

concrete is not very much stressed and the head of connector will not move

fromits earlier origina position Fig. (1-6).
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Figure (1-6): Shank stressdistribution of the shear connector 11,
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Results in the bending deformation of connector that can be seen in

Figs. (1-5) and (1-6). Long and the flexible type of connectors are more
likely to deform into this pattern and subsequently have a tendency to be
ductile. On the other hand, the short stocky type of connector tends to be
brittle and thus unwanted. Because of this reason most of the stud connectors
are preferred to be at least three to four times longer than their diameter as

per codes 14,
1.4 Needsfor Curvaturein Plan

The curved members are aesthetically considered an excellent solution
that encourage increasing the designs of curved configurations members.
Stedl technology reached to a stage that all universal sections ranges and
European sizes may be properly curved, taking into consideration the section
size limitation and the length or material grades [*®, Horizontally curved
beams found in various applications, including balconies, modern bridges
and buildings, and interchanges as mentioned above. Many roads on the
highway bridges are on curved alignment. Bridges with link roads and lower
speed roads may have a 90 m radius of curvature, this properly needs to an
angular change in the carriageway direction, which leads to a remarkable
effect on the construction and design of the bridge. Furthermore, the higher
speed roads definitely need to longer span due to increasing the radius of
curvature (23 in which the longer-span bridges reduce the detailed of bearing
and the expansion joints number.

In the past, a series of straight members had been used to form a

sequence of curve chords, resulting in large and unequa overhang of the

decking works that lead to undesirable appearance and uneven shadowing of
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the members [*°1, The fabrications of curved girders were costly and more

difficulty with the complexity in the analysis process. However, the modern
development and the invention of high-quality equipment’s have overcome
any difficulty in theses curved member. Whereas the analytical software
plays an important role in the analysis of curved configurations members
using curved members instead of series of straight girders being more

popular, reducing the total cost and in the overhangs slab outside girders.
1.5 Behavior of Curved Beam

Horizantaly curved beam with vertical loading will be subjected to
longitudinal bending stresses develop to the same extent as in a straigth
beam in conjunction with a significant torsional stress due to geometric
complexity and bending moment plane changing aong the curve. The
significant torsiona moments tend to twist and distort the beam cross-
section producing warping and torsional stresses incoporating with normal
stresses due to the flexural bending 8. The rotaion magnitude will be a
fucntion of the beam torsional stiffenses 9. A significant torsion (per unit
length) will be associated with the bending moment and it can be determined

from the following formula ¢

T My
~ R (1.1)

Where M,, (kN.m) and R (m) are the flexural moment about y-axis, and
the radius of curvature of the curve beam, respectively. For |-section beam a
tosion can be equivaent to the lateral (or radial) force per unit length as in

equation bel ow:
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T _M
" hs Rk (1.2)

Where hy (m) is the distance from the flange centroids. The St Venant

torsion provides the major compenent of the torsional moment at the ends.

The corresponding warping moment in each flange is greatest at mid-span.

The predscribed behavior is related to the elasticity status of the beam.
Furthermore, for the placticity behaviour an additional complexity is
considered in their analysis. In which the typical rotaion show amost a
significant increaseing resulting in non-negligible bending in minor axis

(beam axis seemsto be non-vertical).
1.6 Curved Composite Beams Behavior

The behavior in the curved composite beams are comparable to the
curved beam effect, i.e. flexural moments plus torsional moments generated
due to the geometric curvature of the beam. However, the composite beam
has a much greater warping stiffness than a single beam (such as I-section),
because any twist would require vertica bending of the beam and the
horizontal bending of the slab. Although the resistance to twist is due mainly
to warping stiffness, it will be more readily seen as a transfer of vertical
loading from one beam to another. However, as well as the overal twist,
there are distortional effects because the radial forces in the bottom flange
try to change the geometry of the cross section. The stiffness and strength of
the web, bending out of its plane (even when there are transverse web
stiffeners) is generally too weak to restrain the effects due to the typical plan

curvature which necessarily need to provide steel section restraint 8,
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An addtional complixity have been considered and associated in the

beam analysis. The pure bending moments can accurately be coducted by
using the AASHTO LRFD 2% procedure to compute the plastic moments for
the curved compsoite member(*®l, Whilst the ultimate torsion moments for
the curved steel-concrete composite beam could be obtained using the
proposed formula conducted by Tan and Uy 24 as shown in Eqg. (1.3).

T,=T,+Ts+(=T;) (1.3)
T,,= Utimate theorotical torsional moments.
T.= Concrete contribution to the ultimate torque.
T,= Steel reinforcement contribution to the ultimate torque.
T;= Steel beam contribution to the ultimte torque.

Also, a graphical representaion for the ultimate torsional moments

contribution in the curved steel-concrete compsoite besm can be shown in

Fig. (1-7).
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Figure (1-7) : Ultimate torsional momentsin the curved composite beam.

In horizontally curved girder bridges there are two general types of
cross sections: box girders and I-girders(??. The box girders are able to resist

significant torsion if their shapes are maintained with sufficient interna
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bracing. The bridge type was initially popular for that reason . On the other
hand, I-girders are commonly used in curved bridges because of their
constructability, but they have sometimes relativel low torsiona stiffness
due to their open web sections, and the thin plates used in their construction.
This required the need to develop transverse web stiffeners, the strength and
the stiffness of the web with the bending in its out of plane is properly too
weak to resist this influnce because of typical plan curvature. Therfore,
cross frames or diaphragms are frequently used to provide lateral supports
for the girders Fig (1-8) 281,

Figure (1-8): Crossframesor diaphragmsin horizontally curved girder bridges 28,

1.7 Study Objectives

The main goal of this study is to develop a three-dimensional FEA of
composite steel-concrete curved in plane beam, to study the influences of
some parameters on the beam behavior. The analysis of beams were done by
using ABAQUS software; validity of the used procedure is examined by

comparing their outputs with the literatures. The load versus vertica
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deflection curves, flexura and torsional cracks, vertica and interface

separation, the twisting and beam yielding are the most factors for current
study.

The span to radius of curvature ratio, transverse web stiffeners, shear
connectors ratio, concrete slab compressive strength, yield strength of steel
beam, opening, fixation boundary condition are the main parameters used in
this thesis to investigate their effects on the composite steel -concrete beams

performance.
1.8 Thesis Layout

The present thesis offers five chapters as shown in Fig. (1-9) as

follows:

Chapter 1 (Introduction): This chapter gives some background on
composite steel-concrete structures, especially the curved members. Also, it
gives a description of application, advantage and general behavior of the
curved beam and curved composite beam, and objectives, in addition to the

research outline.

Chapter 2 (Review of Literature): This chapter reviews a number of
numerical studies and scientific experimental researches on horizontaly

steel curved beam and steel-concrete composite member curved in plane.

Chapter 3 (Finite Element Modeling and Formulation): This chapter
develops the basic relationships and the material modeling in the finite
element theory with concrete and reinforcing steel, steel beam and the shear

connector representation, and the specimen modeling.
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Chapter 4 (Numerical Application and Results): This chapter carries out

the finite e ement results and their discussions.

Chapter 5 (Conclusions and Recommendations): This chapter

summarizes the conclusions and recommendations for future studies.
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CHAPTER

Review of Literature

2.1 Introduction

This chapter develops a brief review of significant conclusions and
findings from previous studies that are related to this study. This chapter
covers the previous experimental and analytical investigations of the
horizontally curve steel beam and curved composite steel-concrete member

behavior under the effect of static |oading conditions.

2. 2 Horizontally Steel Beams Curved in Plan

Comparing to the counterpart’s straight member, the behavior
demonstrated by curved members is far more complex. In which, the beam
curved in plane exposed to lateral loads, subjected not only to vertica
deformation but to twist deformation also with respect to its longitudinal axis.
Thisflexure-torsion interaction depends on the cross-sectional rigidity aswell
as curved girder geometry. However, the horizontally curved alignments of
the modern highway bridges or an urban interchange, considerably increased
In recent years was necessary to construct the curved in plane structures. The
available curved members open new vision for inventive design of structural

steel, whereas 70 years ago successive researches had begun for analysis and
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design of horizontally curved sections. Umanskii in 1948 3 conducted the

first treatment of the curved girder who presented solutions for numerous
conditions of loading by presuming initial parameters in the solution
procedure. Following series of experimental and computer programs of
curved flexura member had been adopted to investigate the linear and
nonlinear large-deflection behavior of horizontaly curve members by the
University Research Consortium in the United States 4, to better understand

and improve its behavior in the subsequent years.

In 1965 K onishi and Komatsu ?° presented a three-dimensional (3D)
analysis of curved girders by deriving relations between strain and stress
components for a very curved beam where the eastic flexural stress
distribution along the beam depth could be nonlinear. In the mid-sixties, US
Stedl published an approximate procedure called (V-load analysis) for
determining moments and shears in horizontally curved girder bridges 2,
Similar developments were also made in Japan by Watanabe?l. Conrad et
al.[?in 1972, Yoo et al. ?@in 1974 and Heins et al. 2% 31 in 1976 and 1982
developed computer programs to design or analyze curved girder bridges for

highway systems.

Fukumoto and Nishida in 1981 3, used the transfer matrix method to
obtain the inelastic ultimate strength of horizontally curved beams simply
supported at both ends. The transfer matrix method includes the second order
effects associated with geometric and material nonlinearities, and aso the
effects of residua stresses. The study has shown that the ultimate strength of

horizontally curved 1-beamsis dependent on avariety of parameters included:
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type of loading, span-length, curvature, initial residual stresses and boundary

conditions.

Rosen and Abromovich ¥ in 1984 derive equilibrium eguations
describe the three-dimensional behavior of curved beams. These equations
include first order geometric nonlinear influences. The equations are solved
by the Galerkin method. The method is very general and allows genera
variation of the geometric and structural properties along the beam. Any
combination of boundary conditions is possible and the most general
distribution of loads along the beam can be treated. Numerical results for a
few examples are presented and compared to other theoretical and
experimental results. The agreement between the resultsis generally good. It
Is shown that Galerkin method is an efficient method which enables one to
solve the problem using small number of unknowns compared to other

methods which are in use.

The next traced theoretical treatment was carried out by Yang and Kuo
[34 in 1987 derived the nonlinear differential equations based on virtual
displacement principle with a continuum mechanics basis, to explore the
curved |- beam buckling behavior under various loading action. The curvature
effect [with an included subtended angle (0 <3 < 180) Fig. (2-1)] isconsidered
through three factors: (1) The introduction of a Jacobian in the volume
integral; (2) use of coupled generdized stress-strain relations;, and (3)
inclusion of radial stresses in the virtual work expression. Generdly, it had
been shown that the Jacobian and radial stress contributions to the buckling
of a curved beam are significant. Such effects can only be neglected for very

small subtended angles, say, for (B < 20°).
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Figure (2-1): 1-Section beam with Vertical Web [34,

Liew et al. in 1995 [*3 presented the behaviour and design of horizontally
curved I-beams by the analytical studies and the finite element using
ABAQUS program, for further analysis and design the large —displacement
inelastic behavior of I-beams curved in plane. The beam span length and
radius of curvature represented the main study parameters. The ratio of
(span/curvature) (L/R) was ranged (0.008 to 0.08). The results reveaed that,
the failure mode of a beam with shorter span length is due to the coupling
effects of distributed plasticity and latera-torsional instability whereas the
failure of beams with longer span length is mainly by lateral-torsional
instability. The study has also demonstrated that the effects of residual stress
on the ultimate strength of the beams curved in plan is significant for beams

with intermediate slenderness ratio larger than 0.3 and less than 1.5.

Yoo, et al. [ in 1996 studied the buckling behavior of curved beams.
Based on results from the lateral bifurcation buckling of horizontally curved
beams, the authors put forward a regression equation representing the
reduction in critical moment due to the ssmple addition of curvature. In 1997
Davidson and Yoo B did a parametric study and found that degree of
curvature, span length and flange width were the parameters with most

significant effect on the behavior of curved beams. Besides, the authors
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developed an equation to provide a preliminary design limit for cross-frame

spacing interval.

In 2000 Pi and Bradford ¥ presented 3D finite element analysis using
ABAQUS software for analysis curved steel I-beam under equal bending
moment with (0° < 6 < 90°). Early approximations are not made for the
coupling between the displacements and the twist rotations, so that higher-
order terms of twist rotations are included in the nonlinear strains. The
numerical simulations emphasized that for curved beams with a small angle
(6 < 1°), bending is the maor action, the inelastic behavior of these curved
beams is similar to those of straight I-beams, and the near inelastic flexural -
torsional buckling may occur. The postbuckling displacement response is
associated with the load decrease. For curved beams with an included angle
1° < 6 < 20°, both bending and torsion are important, and as the included
angle increases, the significance of bending decreases and the significance of
torsion increases. For curved beams with a large included angle (6 = 20°),
torsion isthe magjor action, and the nonlinear inelastic behavior develops very
early. When the near indastic lateral buckling occurs, the vertica

displacements and twist rotations are very large.

Pi and Bradford in 2001 ¥ outlined a numerical analysis by ABAQUS
software for the nonlinear elastic-plastic |oad-deflection behavior of the curve
steel I-beam under the combined influence of bending and torsion. The
strength interaction relationship between the dimensionless bending and
torsion was related to many factors including beam slenderness, span length,
minor bending axis and secondary torsion, lateral configuration bracing, and

anangle (0 < 6 < 90). The interaction equation was introduced as below for
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unbraced, centrally braced and continuously braced as typically employed in

the anaysis.

Yx Ys
)+ (s
be TP

where, for an unbraced member, y, = vy = 1, for acentrally braced member
Y« = 1.5, and y¢ = 1, and for acontinuously braced beamy, = 2, and y, =
1.

Based on the outcome results, at a constant subtended angle with varied
length, both the ultimate dimensionless bending moment and torque decrease
with increasing the span length, and vice versa at increasing particularly the
beam angle. Furthermore, at the stationary value of length and angle the
incorporate effect of ultimate dimens onless torque and bending increase with

an increase in the lateral bracing.

Jung and white % in 2006 employed FEM for studying the shear
strength of curved steel I-girder. The study focusses on the influence of
horizontal curvature on the maximum strength of transversely stiffened
members with web slenderness approximately equal to the largest value
permitted in AASHTO. The other parameters were also investigated in this
study as imperfections, residual stresses and flange size. The results showed
that decreasing the flange sizes contributes to reduce the beam shear capacity
accompanied by decreasing the elastic bucking strength for the curved I-
girder. Theresidual stresses and imperfection were less pronounced with less
web denderness than the largest one. Otherwise, by considering the post-
buckling strength, the transversely stiffened curved |-girders could be
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designed for maximum strength loading conditions based |-girder shear
capacity equations of AASHTO 44,

Kim et al. 4 in 2007 the behavior of one- and two-sided transverse
stiffenersin straight and horizontally curved steel |-girdersis investigated by
full nonlinear finite element analysis. Proposed design equations are
developed based on providing adequate transverse stiffener bending stiffness
and strength. From the outcome results, it was showed that this is a more
Important consideration in developing shear postbuckling resistance than the
satisfaction of an area or axia force requirement. Otherwise, it was found,
regardless of the type of the stiffeners, girders with a given denderness
(D /t,,) and web panel aspect ratio (d- /D) had essentially the similar strength
in designing based on the suggested equations.

In 2009, Madhavan and Davidson *¥ studied the curvature effect on
the curved I-girder compression flanges flexural capacities due to local
buckling. Theoretical model was used to define the non-compact section limit
and the effect of stress gradient on elastic buckling of slender flanges. The
results demonstrated that design criteria should not be based upon the
buckling behavior of isolated half-flanges for load situations that result in a
significant stress gradient across the flange. Furthermore, the one-third rule
approach adopted in AASHTO 2007 is appropriate for curved compact
sections, but becomes increasingly conservative with increases in
compression flange slenderness since the effects of stress gradient on elastic
buckling were negligible within typical bridge design parameters. Finaly,
flexural resistance equationsfor flangelocal buckling of curved I-girderswere

formulated and evaluated using finite element analyses.
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In 2013 Hayder and Kadhim 4 presented 3D finite element analysis

using NFHCBSL computer program to investigate the strengthening effect of
the bottom flange on the ultimate strength behavior of the simply support
horizontally curved steel I-girder under concentrated static load. The
strengthening includes increasing the thickness of bottom flange at finite
region which contributes to increasing the steel volume. The curvature (0)
influence employed at angles of 5°, 10", 15°, 30" and 45°. For each value of 6
eight values of angle of strengthening (¢) investigated (¢ = 0% 0, 5% 0, 15%
0, 25% 0, 35% 0, 45% 0, 55% 6 and 65% 0), thus forty cases were studied.
The outcome results showed a sufficient improvement of the ultimate strength
of such beam nearly 35% by strengthening the bottom flange of beam by (¢ =
55%0) with 6 < 5°, whilst the vertical and horizontal deformation shows a
particular decreasing by 67% and 69%; respectively, a a strengthening angle
(p = 65% 0). Otherwise, when the angle of curvature (0) increases, the
ultimate loads of beam decrease for any value of angle of strengthening (o),

but this decrement increases rapidly if (¢) increases.

El-Khoury et al. % in 2014 devel oped numerical analysisby ABAQUS
program to investigate the flexural behavior of horizontally curved sted I-
girder as afunction of the position of asingle longitudinal stiffener at various
locations along the depth of theweb. Relative to the web depth (D), six various
locations of longitudinal stiffener were studied. The most significant finding
was observed that, the optimal location of stiffeners for horizontally curved
plate girder were under pure bending where was D/5 from the compressive
(top) flange, matching AASHTO recommendation for straight plate girders

location. Otherwise, longitudina stiffeners were more beneficial with respect
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to enhancing curved girder flexural capacities for slender webs (D/t,, = 300)
that were studied at higher girder radii.

Visuvasam et al. [* 2017 devoted non-linear analysis using ANSY'S
program for the curved steel I-beam. Some governing parameterswere carried
out on the curved beam including the radius of curvature to the span ratio
(R/L), flange and web slenderness (B/ty), (D/t,,); respectively. The flexural
behavior and the ultimate load carrying capacity for various curvature radii
have been investigated for each parameter. The study showed that the beam
flexural resistance significantly increasing with radii increasing because it
gives a comparable behavior to the straight beam. Moreover, a higher (B/t¢)
value, introduces higher resistance to flexural than beamswith smaller (B/t;).
Although, the bending resistance was anticipated to increase at higher (D/t,,)
ratio, the beam with smaller R/L ratio gives gentleincrease and almost straight
line, which shows the lesser radius of curvature beam with any web depth to

thickness ratio, will not have an effect on its bending resistance.
2.3 Steel-Concrete Composite Member Curved in Plan

In the preliminary design phase, the composite beams preferred anewly-
built high-speed railway due to the economic performance and their excellent
mechanism. Curved composite steel -concrete beam construction could found
in industrial buildings, bridges and in an urban interchange as mention in
previous chapter due to their excellent achievement in large flexura stiffness
terms and higher loading capacities. Depending on the beam geometry, a
curved composite member tends to bucklein asimple mode by acombination
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of flexural and torsion. For the curved composite steel-concrete members, the

earlier anaytical and experimental studies that conducted are listed below:

An experimental research had started by Colville!*in 1973 that attitude
an experimental series tests programs on the steel-concrete composite curved
beams to explore the behavior of shear stud connector. Form test data, the
quantified of vertical deflection for the three test specimens exceeded the
predicted values by at least 50%, which indicate that with further torsional
application to the composite steel-concrete beams there was a pronounced
increase in the vertical deflection. Furthermore, a proposed formula was
provided as seen in Eq. (2.2) for the composite steel-concrete beams

undergoes the combined influence of flexural and torsion.

T, = (%) \/ 56.2f, + \/E (%) (2.2)

T,: Ultimate capacity of the torsional moment in the steel-concrete

where;

composite beam (N.m).
K.: The concrete slab torsional rigidity (N.m?).

t.. The concrete dab thicknesses (m).

f.": The characteristic concrete compressive strength (MPa).

M: The bending moment applied (N.m).
S : Plastic shear modulus (GPa).
Heins 8 in 1978 recommended erection and fabrication procedures

depended on numerous erectors or fabricators organizations combined with

premature work research on composite box-girder bridges curved in plane.
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Otherwise, Arizumi et al. [* in 1982, developed an analysis on composite

curved girders using finite strip method with incomplete interaction, utilizing
curved strip elements for the steel girder and concrete slab. Two-dimensiona
spring element along the nodal line for the shear connectors. A following of
series papers discussed by (e.g. Maeda et al. ¥ in 1973, Yoda et al. P52
1980, 1981, Nakai et al. [* (1981), Arizumi et al. P46 1982, 1987, and
1988) were published on the design of curve composite or curved bridges. An
experimental study developed on Cyrville Road bridge by Ng. et al. 57 in
1993, on a 1/24 linear scale model. A curved composite aluminum-concrete
girder bridge with four-cell box was modeled. The modd was tested
elastically under various OHBD (The Ontario Highway Bridge Design) truck-

loading conditions and continuous over the central support.

Thevendran et al. %8 in 1999, outlined a numerical analysis by
ABAQUS softwarefor predict the nonlinear behavior of the curved composite
beam under combined |oading effect. The approach represented by using four-
noded isoperimetric thick shell element incorporating with membrane and
bending stiffness for the concrete dab and the steel beam. Whilst the shear
stud connector was simulated using rigid beam element. The results show that
that thetangential stresses at the top surface of concrete slab in outer curvature
side at midspan are greater than those at inner curvature side. At quarter span,
the stress distribution along slab width is reversed and the tangentia stresses

at outer curvature side are less than those at inner curvature side.

Thevendran et al.® in 2000, performed an experimental investigation
on horizontaly curved composite steel-concrete beam. Five beams were
tested with different span/radius of curvature ratios ranged from [0 to 0.5].
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The typical geometry of the tested specimens shown in Fig. (2-2). The study
explored the ultimate flexural moment capacity, stress distribution along the
span, failure modes, and the beam loading capacity. The test results indicate
that the load-carrying capacity decreases with the increase in the span/radius
of curvature ratio. Moreover, the relative beam mode failure observed to
change from flexural to combined effect of bending and torsion aswell asthe

curvature increase. Fig. (2-3) show the beam twisting and crack patterns at

failure.
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Figure (2-2): Typical specimen details, a) Steel structural components, b) Detail A,
c) Detail B %,
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(b)

Figure (2-3): Mode of failure for the curve composite beam 59,

The simply supported straight and curved composite bridge was
presented by Sennah et. al %% in 2003 to investigate the structural response
for different parameters. In this study an extensive parametric study, using an
experimentally calibrated finite-element model, in which the straight and
curved prototype bridges are analyzed to determine their shear distribution
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characteristic under dead load and under AASHTO live loadings. Based on

the generated data, an empirical ssmpler formula for maximum shears

(reactions) are developed that are suitable for the design office. Furthermore,
it was demonstrated the presence of solid end diaphragms at the abutment
supports enhances the transverse shear distribution, and significant enhance
in the transverse shear distribution was observed. The transverse shear
distribution could be improved significantly by using stiffer cross bracings
and decrease lifting upward at the abutments. Furthermore, bridge curvature
as well as partial AASHTO live loading on the outer lanes produces high

uplifting forces at the innermost support bearings.

In 2005, Al- Hashimy U discussed the effect of curvature, girder
spacing, span length, number of girders and lanes, loading conditions and
cross bracing on lateral load distribution factor of curve composite stedl |-
girder bridges using SAP2000 software. Research result used to develop
empirical formulas for deflection and shear distribution factor. Anayss
results showed that the curvature was the most significant factor that plays an
important role in increasing the shear distribution factor with its increasing.
Otherwise, increasing the girder number as well as the span length show
significant effect onincreasing the SDF (Shear Distribution Factor), whilethe
cross bracing had less effect.

In 2007, Samaan et al. (¥4 conduct a 3D finite-element analysis of 180
continuous curved and straight composite multiple-box girder bridges. The
effects of bridge configurations, loading positions, and vehicle speed on the
impact factors were examined. Bridge configurations involve, span length,

span/radius of curvature ratio and number of boxes and lanes. The static and
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dynamic analyses were carried out in the parametric study along the

parameters. The span-to-radius of curvature ratio has a measurable influence
on the magnitude of the impact factors regardless of the span length of the
bridge, while the number of lanes and boxes show no influence on it. Results
showed that the impact factors for uplift reactions are generaly
underestimated by all current North American Codes.

Erkmen and Bradford % in 2009, extended numerical analog by
sophisticated ABAQUS shell element models Fig. (2-4) with the elastic total
L agrangian formulation to derive the strain expression and explore the partial
interaction effect in the radial and tangentia direction aswell asthe geometric
nonlinearity and initial curvature. Fig. (2-5) showed a smply support
specimen with a combination of eccentric and vertical distributed loading
resulting from the steel beam and concrete slab. The results showed that the
partial interaction should be considered in the inelastic analysis of the curved
composite beams. The proposed formulation had been extended and
compared it with the experimenta measurement to explore time-dependent
creep and shrinkage of curved composite membersby Erkmen and Bradford
[641165] 20114, b and Liu et al. %€ in 2013.

. J
Figure (2-4): Beam modeling with shell

element type (63,

Figure (2-5): Geometric and boundary

condition with Beam modeling (63,
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The accomplished study considered the influence of materials and geometry

nonlinearities carried out numerically by Liu et al. ®7in 2009. The calibration
performed with experimental results, taken into account the partial interaction
and initial curvature effect on the non-linear inelastic analysis of composite

beams curved in plane.

Tan and Uy [21in 2009, devoted an experimental work on the composite
steel-concrete beam curved in plane under the combined bending and torsion
to adopt the ultimate strength of such beam. The experimental program
consisted of eight specimens designed and tested with full and partid
interaction (four with full interaction, and the other with partial interaction)
with different ratios of span/radius of curvature. Based on experimental
results, the diagonal torsional cracks observed at both ends of the beam and
start to open up and progress at the concrete slab as can berevealedin Fig. (2-
6)a. Furthermore, the curvature played an important role in the beam torsiona
twisting that was noticed intensively at beam mid span. Furthermore, it casing
uplift separation between steel beam and concrete slab at the ends of the
member as seen in Fig. (2-6) b and c. The ultimate flexural moment capacity
decreased with curvature increases. The failure mode was changed from
flexural to combined effect of flexural and torsion with increasing the
curvature. The results showed that in presence of flexural, the torsiona
strength ratio shows a higher increase in the case of the full interaction than
the partial shear connector series. A suggestion was made that at decreasing
level of the shear connectors, the contributed steel beam torque significantly

remarked to decrease.
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(b) (c)
Figure (2-6): Curved composite beam mode failure: a) diagonal torsional crack, b)

Mid span twisting, ¢) The concrete slab and steel beam separation [24,

Finite element analysis accomplished by Tan and Uy [ in 2011, to
Idealize the partial interaction and beam span length effect on the straight and
curve composite steel-concrete beams exposed to combined of flexural and
torsonal moments. All the smulated models deigned based on statically
approached according to the AS/NZN (Australian Standard) and Eurocode 4
(British Standard Institution, 2005). Totally two hundred specimens were
divided into two series (100 for straight and the other for curved composite
member) and exposed to static concentrated load. Based on numerical results,
a new phenomenon was noticed as significant issue called torsion induced
vertical dip due the beam twisting was developed as reveded in Fig. (2-7).

This phenomenon made the plane section remain plane invalid. In addition,
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the flexural-torsion interaction relationship was not influenced by the partial
shear connection, whilst the span length greatly effects on it. From the
parametric study, it was concluded that the torsional strength ratio in the
straight composite member depended mainly on the span length and neutral
axis location. For the curved composite members, this rate significantly
affected by the lateral torsional buckling of the steel web due to increasing the
steel web depth when the span length increase.
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Figure (2-7) Viewsthe concrete-stedl interface at mid-span section under puretorsion

for the composite beam [68],
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Lin and Yoda ¥ in 2014, established nonlinear 3-D finite element
modelsby DIANA softwareto investigate the steel -concrete composite beams
curved in plane subjected to hogging moments. Totally six ssmply supported
curved composite |-girder ssimulated with various central angles (5, 10°, 15,

20" and 30°). The main conclusions of the study were:

1- Theinitia crack, yield and ultimate loads decreases linearly as the

curvature significantly increased (0 < 6 < 30), Fig. (2-8).
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Figure (2-8): L oad-deflection of the models (69,

2- Due to the concrete slab cracking as well as the presence of interface
dlip, the plane section assumption was no longer valid in the inelastic
anaysis.

3- The strain of reinforcement bar was found to be different according on
its location and those differences increased with the increasing
curvature whereas these particular differences increased with the

increasing curvature due to further non-ignorable torsional moments.

4- The results confirmed that the mode of faillure was changed from

bending to torsional failure with the increasing of curvature. Also
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proposed simplified bending-torsion interaction equation, for the

curved composite beams under hogging moments was written as:

2

T M
= =-371 (M— - 0.5) +191 (0<0<30) (23

u u

where;

T: Torsional moments at failurein test (N.m).

T,: Theoretical values of ultimate torsional moments (N.m).
M: Flexural moments at failurein test (N.m).

M, : Theoretical values of ultimate flexura moments.

0: Central angle.

Zhang et al ["% in 2015 discussed the effects of diaphragm numbers, the
span, the span-to-radius ratio, the girder height and the flange width on the
stress (the ratio of the warping normal stress to the bending normal stress) of
curved composite beam by using MIDAS program. The parametric analysis
results indicate that the increase of the number of diaphragms, the stressratio
decreases exponentially; and with the increase of the span-to-radius ratio, the
warping stress ratio increases linearly; additionally, longer span leads to
reduced stressratios, but the variation of the girder height and the flange width
has little influence on the stress ratio. Calculation formulae for determining
the required diagphragm spacing are obtained eventually by regression
analysestake into account theradius of curvature, span and the expected stress

ratio.
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An analytica study presented by Xi et al. ™Y in 2016 on the curved

composite beam considering the partia interaction effect in the tangential
direction. It was primarily developed to solve the static problem of the curve
composite beam with interlayer flexible connection in the tangential direction.
The principle of minimum potential energy adopted to achieve both the
boundary conditions and the governing equations. The accuracy of the
presented theory was verified by comparing with experimental and FEM of
another researchers. The results showed that the reduction in the shear
connector’s stiffness had a significant effect on the torsional angle (in mid

span section) and the vertical deflection at the mid span.

Qin et al. [ in 2017 developed a modified rigid cross method to study
lateral distribution of the multi-I composite curved bridge with dlip
effect. Thefinite element method by ABAQUS program is used to determine
the stiffness interpolation coefficients of single composite curved beam and
verify the lateral distribution calculation of multi-beam composite curved
bridge. The numerical examples showed that the influence of interface dip to
the lateral mid-span moment distribution factors can’t be ignored for the
composite curved bridge with shear connection, and the latera distribution
got by rigid cross beam method considering dlip effect is in good agreement
with that by finite element static analysis, which indicates that this method
can accurately describe the load distribution characteristics of multi-beam
composite curved bridge.

Androus et al. [ in 2017 presented an experimental investigation on
both elastic and ultimate behavior of composite box girder bridgesin order to

study the effect of internal cross bracing between box girders and curvature
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effect at different loading stages. Three ssmply supported specimens of
concrete deck-steel composite model of twin-box bridge, one straight and two
curved, weretested up to collapse. The response of each model was monitored
under free-vibration excitation, then an eccentric loading was applied and the
corresponding deflections were recorded in the elastic range. The structura
behavior of the three bridge models was compared at the three |oading stages.
It was noticed that the presence of an external cross bracing system between
the steel boxes had an insignificant effect on the devel oped deflection and the
fundamental natural frequency in the elastic range of loading. However, these
external bracings assisted in decreasing the devel oped deflection approaching
failureand inincreasing theload carrying capacity by about 8.9%. In addition,
the external bracing ensured a better distribution of the stresses under ultimate

loading conditions.

| zzet and M ohammed ["in 2018, carried out an experimental program
to investigate the flexural behavior of horizontally curved composite I-girder
bridge under the Iragi standard live load effect. Five scaled simply support
curve model sfabricated with 3m central span length. Each specimen was built
up with four girders, the first two models had 175 mm girder spacing and
curvature (L/R) of 0.2 and 0.3; respectively. The other three accomplished
with 200 mm spacing and curvature ratio of 0.1, 0.2 and 0.3, respectively. To
achieve the full-scale design bridge model, the applied loading comprises of
superimposed dead and self-weight loads in addition to one of the Iragi live
bridge loading (Military; Lane loading: comprise of wheeled and traffic
vehicle class 100). The outcome results confirm that the Iragi wheeled load
was the dominate case affecting on the bridge model; all the girder deflections
were below the permissible AASHTO LRFD 2012 limit. The longitudinal
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mid-span bottom flange girder strain was less than the girder yield strain and

the maximum longitudinal mid-span concrete strain at the top surface was
(469 micro-strains) which waslower than the ultimate concrete strain of (3000
micro-strains). The deflection and the longitudinal girder strains increased
with the increasing curvature, whereas the girder spacing exerted only avery
dlight effect.

2.4 Summary

From the previous literature review in thefield of the curved steel beams
behavior and curve composite beams, it has been noticed that there are
numerous analytical and experimental researches, which is being conducted
in studying the curved girder or curved composite bridge behavior. However,
there is no available data deals with curve composite steel-concrete beam
strengthening with steel web stiffeners to prevent the web lateral torsiona
buckling. Therefore, this thesis extends a vulnerable information and better
understanding of the demeanor of the curved composite beam under different
parameters especialy that web stiffeners are mgjorly utilized in steel beam,
which are the primary components in enhancing the load-bearing capacity of

such member.

Since the available studies that dealing with the behavior of curved in
plan steel and steel-concrete composite beam are limited, many further studies
are still needed to understand the influences of some parameters on the
behavior and carrying capacity of composite beams. The main goal of this
study isto develop athree-dimensional finite element analysis of curved steel -

concrete composite beam using ABAQUS under the influence of combined

flexural and torsion.
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Moreover, a parametric study that is not well covered in literature is
accomplished to investigate the effects on the composite steel -concrete beams
performance of transverse web stiffeners, concrete slab compressive strength,

yield stress of steel beam, shear connectors and radius of curvature.
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CHAPTER

FE Modeling and Formulation

3.1 Introduction

There are many problems associated with composite steel-concrete
members which are extremely difficult or impossible to solve exactly by the
conventional analytical methods. Which may be due to the complicity of the
composite nature of the material's, difficulties associated with the presentation
of the load and boundary conditions or some congtitutive stress-strain
relations!™. However, numerical methods such asthefinite element and finite
difference have been used to achieve approximate solutions for more complex

problems in a much more realistic way.

On the other hand, during the last three decades, arapidly developing in
computers aided and finite element techniques provided an economical
solution to perform 3D structural anaysis. The goa of this chapter is to
present nonlinear finite e ement analysis to investigate the overall behavior
and the curved composite steel-concrete beam, general Finite Element
Program i.e. ABAQUS/CAE/2017 will be used.
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3.2 Linear and Nonlinear Finite Element Analysis

3.2.1 Basic concept

Mathematical formulation of physical problems based on assumptions of
neglecting certain quantities may reduce the problem into a linear one. In
linear analysis, it is assumed that the displacements are infinitessimally small
in which the material is linearly elastic incorporating with assuming
unchanged boundary conditions during loading application of the finite
element model. Linear solutions are easy and has less computational cost
when compared to nonlinear solutions. On the other hand, in nonlinear
anayses, the aforementioned assumptions are not valid. However, in some
cases assumption of linearity may result in an unrealistic approximation of the
response. Thetype of analysis, linear or nonlinear, depends on the goal of the
analysis and errors in the system's response that may be tolerated. In some
cases, nonlinear analyses are the only option left for the analyst aswell asthe

designer 18],
3.2.2 Nonlinearities classification

There are two common sources of nonlinearity which are: nonlinear
material analysis, nonlinear geometric analysis, and materia and geometric
nonlinear analysis. In nonlinear materia analysis, the nonlinear effect liesin
the nonlinear stress-strain relationship, with the displacements and strains
infinitesimally small. Therefore, the usual engineering stress and strain
measurements can be employed. In geometrically nonlinear analyses, the

structure undergoes large rigid-body displacements and rotations. Finaly,
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combined material and geometrical nonlinear analyses have both nonlinear

stress-strain relationship and large displacements and rotations experienced
by the structure "7,

3.3 ABAQUS Description

ABAQUS s asuite of powerful engineering simulation programs based
on the finite eement method. The program is designed for ease of use on
complex problems, with comprehensive data checking aswell asawide range
of preprocessing and post processing output display options. ABAQUS can
solve problems ranging from relatively ssimple linear analyses to the most
challenging nonlinear simulations. Therefore, it will be used to execute the
numerical analysis of steel-concrete composite beams behavior under

torsional and flexural combined effect.

ABAQUS contains an extensive library of elements that can model
virtually any geometry. It has an equally extensive list of material models that
can simulate the behavior of most typical engineering materials including
metals, rubber, polymers, composites, reinforced concrete, crushable and
resilient foams and geotechnical materials such as soilsand rock [®!, Problems
with multiple components are modeled by associating the geometry defining
each component with the appropriate material models and specifying
component interactions. In a nonlinear analysis, ABAQUS automatically
chooses appropriate load increments and convergence tolerances and
continually adjusts them during the analysis to ensure that an accurate solution
is obtained efficiently. ABAQUS/Standard will be employed in thisthesis, as
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it is an ideal solution technique for static event where highly accurate stress

solutions are critically important.
3.4 ABAQUS Modeling Procedure

One of the most commonly used finite element analysis package is
ABAQUS. Using ABAQUS/CAE, awide range of input optionsis able to be
input into the software for modelling such as geometry, element types,
material properties, solution controls, loads, graphic user interfaces, automatic
meshing, boundary conditions, contact and post processing controls. The
simul ating procedures are divided into four main stagesin ABAQUS program

asshownin Fig. (3-1), where;

Stage 1- Materia and geometry modeling.
Stage 2- Constraint and boundary conditions.

Stage 3- Analysis output.

o 0w DR

Stage 4- Results of Post-processing.

Stage 1: Includes modeling the section in the part field, defining the
section properties, assembling the pieces and meshing each part in the field.

a) Steel beam, concrete slab, reinforcement rebars and stud shear
connector are model ed.

b) Materia field property includes linear and nonlinear stress-strain
curves of the material as an input to the components in the part
field.

¢) Mesh the components was adopted using various types of
elements and assigned the member mesh number.
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Figure (3-1): ABAQUS Modeling Procedure.
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Stage 2: Including surface interaction, constraints and contact condition

procedure in the program. In this stage boundary and loading conditions are
also specified.

Stage 3: Discusses ABAQUS analysis procedure and outputs results of
the composite steel-concrete beam such as the stress distribution, deflections
and ultimate strength. Time increment, time period and |oad case are the input

of the step field which is created in this stage during an analysis.

Stage 4. In this stage the results pose into tables and figures for the test

comparison and validation.

3.5Material Modeling
3.5.1 Concrete

Numerous researchers have come up with different methods and
formulae in an attempt to make through algorithm to mimic the concrete
behavior, both in compression and tension. Concrete itself is a composite
structure. It is consisting of an aggregate materia that is interlocked together
and bound with cement. Therefore, an adequate concrete model needs to be
utilized to ensure that the required reliability is obtained.

However, two maor options are available in ABAQUS software for
modeling the concrete plasticity, including concrete damaged plasticity and
concrete smeared crack. Both models are utilized for plain concrete and
reinforcement modeling. The prescribed models are applicable to moddl the
concrete inelastic behavior according to the Sorensen and Karlsson 78, The
models are incremental, in which the total strain divided to elastic and plastic
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parts. To model the nonlinear problem in ABAQUS, the load is divided into

increments at each step. The structure response is solved by iteration to the

load increments utilizing Newton-Raphson method [, The damage plasticity
model (CDP) was used later in this thesis over concrete smeared cracking

model because it was better to represent the inelastic behavior of concrete.

3.5.1.1 Concrete damage plasticity (CDP)

Concrete damaged plasticity model in ABAQUS provides a general
capability for modeling concrete and other quasibrittle materials in al types
of structures (beams, trusses, shells, and solids). The model uses concepts of
isotropic damaged elasticity in combination with isotropic tensile and
compressive plasticity to represent the inelastic behavior of concrete. In
addition, the designed model is applicable for concrete under dynamic and/or
monotonic loading under low confining pressure. The model combination of
Isotropic damage easticity and non-associated multi-hardening plasticity to
depict theirreversible damage that happen at fracturing process. Furthermore,
the model alows user control of stiffness recovery effects during cyclic load

reversals and can be defined to be sensitive to the rate of straining [8l.

A. Strength hypothesis and its parameters

One of the strength hypotheses most often applied to concrete is the
Drucker—Prager hypothesis Fig. (3-2). According to it, failure is determined
by non-dilatational strain energy and the boundary surface itself in the stress
space assumes the shape of an energy and the boundary surface itself in the

stress space assumes the shape of a cone. The advantage of the use of this

criterion is surface smoothness and thereby no complications in numerical
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applications %, The CDP mode used in the ABAQUS software is a
modification of the Drucker—Prager strength hypothesis.

Figure (3-2): Drucker—Prager boundary surface, a) View b) Deviatoric cross section
[80]

Following five basic parameters are available in damage plasticity model:

|. Eccentricity (€): Plastic potentia eccentricity, it is a small positive
value which expresses the rate of approach of the plastic potential
hyperbola to its asymptote. Along the hydrostatic axis, it is measured
length between the hyperbola vertex and hyperbola asymptotes
intersection (the hyperbola center). Eccentricity can be determined as a
strength ratio of tensile to compressive strength [, ¢ = 0.1 is the
recommends value in CDP model, whilst the surface in meridional
plane be a straight line at a € = 0 as seen in Fig. (3-3) (the strength
hypothesis of Drucker-Prager) [81. In thisthesis e = 0.1 value was used.




FINITE ELEMENT MODELING AND FORMULATION | CHAPTER THREE

L
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Figure (3-3): Hyperbolic surface of plastic potential in meridional (p-g) plane"8l. p,:

initial hydrostatic tension strength, B: friction angle, d: hardening parameter.

1. Dilation angle (3): Angle of inclination of the failure surface towards
the hydrostatic axis, measured in meridian plan. When the value of the
parameter is smal the material develops a brittle behavior, in
opposition, when the value takes high vaues the behavior is close to a
ductile one. According to the experimental results of researchers on
four-point loaded beam, it was observed that this parameter took values
between 20° and 45°. Meanwhile, other researcher suggested values
between 30 and 55 81, Defaults values in ABAQUS under compound
stress is 36. Dilation angle ¥ physicaly is clarified as an internal
friction angle of concrete. Usualy, in modeling 3 = 25° to 40° or more
depending on concrete compressive strength. In this thesis, the

inclination angle ranged between (34 -50) degree.

I11. 222 : Another parameter describing the material state is the point in

gc0

which the concrete failure under biaxial compression. 222 (f,0/fe0) iS

Oco

the strength ratio in the biaxial to the uniaxia state Fig. (3-4) 8. The

experimental results are the most reliable in this consideration that
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reported by Kupler (1969). Under eliptic equation with this

approximation, biaxial compression strength f.. is equal to 1.1625 f,
(78] The defaults values specify by ABAQUS user’s manuals 22 =

Oco

1.16.

Figure (3-4): Concrete strength under biaxial stressin CDP model [78l.

V. K_: Its parameter that governing the deviatoric failure surface of the

cross section instead of acircle Fig (3-5). Physicaly, parameter K. is
interpreted as a ratio of the distances between the hydrostatic axis and
respectively the compression meridian and the tension meridian in the
deviatoric cross section. The default value is aways above 0.5, while
the failure surface of the cross section becomes acircle at 1.0 value (as
hypothesis strength of Drucker—Prager). K.= 2/3 is the recommended
value in CDP model. This shape is similar to the strength criterion (a
combination of three mutually tangent ellipses) formulated by William
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and Warnke (1975). It is a theoretical-experimental criterion based on
triaxial stresstest results. "8, K= 2/3 isthe value used in this thesis.

Fe=1

(TR 5

(2.0

¥-5

Figure (3-5): Deviatoric cross section of failure surfacein CDP model [78l.

V. Viscosity parameter (n): is also known as the relaxation time.
Advanced material models which develop stiffness degradation and
strain softening, which lead to convergence issue. One of the most
popular technique to overcome thiskind of problemsisthe constitutive
equations regularization, in which for small increments of time the
tangent stiffness of the material become positive. In general, the value
of visco-plastic regularization parameter is the hundred part of the
maximum load values. Using small vaues generally helps the
convergence development rate in the softening regime of the model,

without results compromising. The viscosity parameter default valueis

zero in ABAQUS/Standard; thus, no viscoelastic regularization is

employed [®. Therefore n=0.0001 was used in this thesis.
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The unguestionable advantages of the CDP model are the fact that it is

based on parameters having an explicit physical interpretation. The exact role
of the above parameters and the mathematical methods used to describe the
development of the boundary surface in the three-dimensional space of
stresses are explained in the ABAQUS user’s manual. The other parameters
describing the performance of concrete are determined for uniaxia stress. In
ABAQUS program the default parameters of the model’s characterizing its

performance under compound stress are shown in Table (3-1).

Table (3-1): Default parameter of CDP model under compound stress.

Parameter Default Value Used in Present Study
Eccentricity 0.1 0.1
Dilatation angle 36 34-50
foo/ fro 1.16 1.16
K, 0.667 0.667
Viscosity parameter 0 0.0001

B. Stress-strain curve for uniaxial compression

Tenslle cracking and compressive crushing are the two available failure
mechanisms assumed in CDP model. The control mechanism of yield surface
was achieved by two hardening variables associated with the tensile and
compression failure mechanisms, respectively. The concrete stress-strain
relation can be precisely described according to the uniaxial compression tests
carried out on it. Once the graph obtained from laboratory, the variables must

transform Fig. (3-6). In CDP the inelastic strains £ are utilized. To define
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them the elastic part must be deduct (according to the undamaged material)
from uniaxial compression test for total registered strains:

zin el
EM = g, — &5 (3.1)
g,
el 4
gel = ¢ 3.2
o4
i
Oea
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Figure (3-6): Inelastic compressive definition of strain &7 [78],

For elastic properties of the material, which specified that the modulus
of elasticity to be secant in the range of (0 — 0.4 f,,,) asin Eq. (3.3) and the
possion’sratio (v) is of 0.2 according to Eurocode 2 82, the concrte modulus

of elasticity (E,,,,) was adopted utilizing prescribed relation in Eurocode 2 182,

@]0.3

Ecm = 22000 |25

(3.3)

fem = fo + 8 (3.4)




FINITE ELEMENT MODELING AND FORMULATION | CHAPTER THREE

Where f_,,, is the mean cylinder concrete compressive strength (MPa)

value and £, is the characteristic cylinder concrete compressive strength at
(MPa) 28 days. Compression and tension behavior in the form of plasticity
and damage coefficient are required to create the FE model. In uniaxial
compression of concrete, the hardening region was determined by using
Eurocode 2 82 as described in following Eg. (3.5).

B kn —n? 3k
SC
=— 3.6
1 Ec1 (3.6)
The coefficient; Factor
= 1.05 E_;|€] (3.7)

fem

Where o, is compressive strength of concrete (MPa) that validated for
0 < |e;| < €qu1s € 1S the compressive strain of concrete, €., is the concrete
compressive strain at peak stress f,,,,, and €., 1S the ultimate compressive
strain in the concrete. The characteristic compressive strength of concrete
taken as0.0035 at an ultimatr strain 12-50 M Pa as specified in Eurocode 2 (82,
For &.,, Maewski proposed approximating formula (high accuracy) to
calculate €., depending on the experimental result from the following

expression:

gcq = 0.0014 (2 — e 0024 em — g=0-14fem) (3.8)
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The schematic representation of nonlinear structural anaysis for the
concrete stress-strain relationship in compression in Eurocode 2 isseenin Fig.
(3-7).

0.4 fon

tan ¥ = Esm

2\

: ’ ' -

o r [
i- e gt =

Figure (3-7): Schematic the stress-strain representation of concrete material 82,

C. Tensle strength of concrete

Fig. (3-8) presents the concrete stress-strain curve in uniaxia tension.
The shape of the curve shows many similarities to its uniaxial curve in
compression. Thedirection of crack propagationisnormal for uniaxial tension
to the direction of stress. However, the maximum tensile stress is much less

than the maximum compressive stress.

The assumed tensile stresses varying linearly with concrete tensile strain
increasing until concrete cracking. This hypothesis is applied to the
continuation of the analysis process. However, the tensile stress is cal cul ated
in Eurocode 2 82 as seen in Eq. (3.9):
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o= (2) (39)

&

Here, f; is the concrete tensile strength, which is expressed by the

following relationship asin Eurocode 2 82;

fo =03 (fu)3 (310

E:= Muodulus of elasticity

dy = Uniaxtal tension damage varaible

gl = Cracking strom

£8 = Elastic strain corresponding fo the undamge material

2l

E_l!,:n'

= Elastic tenswon strun
= Plazhic temsicn stramn

o g = Total strain

oy ERg , = Failure stress

4 I ¥
S0 "":""'--,' | o i i =

o,

Figure (3-8): Schematic the stress-strain representation of concrete material [78l,

D. Cracking of the model

Unlike concrete models based on the smeared crack approach, the
concrete damaged plasticity model does not have the notion of cracks
developing at the material integration point. However, it is possible to
introduce the concept of an effective crack direction with the purpose of
obtaining a graphic visualization of the cracking patterns in the concrete

structure. Different criteria can be adopted within the framework of scalar-
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damage plasticity for the definition of the direction of cracking. ABAQUS

assumes that cracking initiates at points where the tensile equivalent plastic
strain isgreater than zero, and the maximum principal plastic strainispositive.
Thedirection of the vector normal to the crack planeis assumed to be parallel

to the direction of the maximum principal plastic strain 78,

E. Post-failure stress-strain relation

The post-failure behavior for direct straining is modeled with tension
stiffening, which allows modelers to define the strain-softening behavior for
cracked concrete. This behavior aso alows for the effects of the
reinforcement interaction with concrete to be ssimulated in a smple manner.
Tension stiffening is required in the concrete damaged plasticity model.
Modelers can specify it by means of a post-failure stress-strain relation or by

applying afracture energy cracking criterion.

In RC, the specification of post-failure behavior generally means giving
the post-failure stress as afunction of cracking strain £*. The cracking strain
Is defined as the total strain minus the éastic strain corresponding to the
undamaged material asillustrated in Fig. (3-8). To avoid potential numerical
problems, ABAQUS enforces alower limit on the post-failure stress equal to
100 of the initial failure stresses (o,,/100) [, Tension-tiffening data are
given in terms of the cracking strain, e£*. When unloading data are available,
the data are provided to ABAQUS in terms of tensile damage curves, and the
software automatically converts the cracking strain values to plastic-strain
values 78,
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F. Damage compression and tension variable (d.) and (d, )

Stiffness degradation for the concrete damaged plasticity for
compression (d.) and tension (d; ) material models are another important
parameter in ABAQUS for damage plasticity model to describe concrete
stresses evolution when the concrete material reachesto the peak stress. They
are assumed to be functions of the plastic strains. If damage is not specified,

themodel behaves as aplasticity model; consequently, (¢ = ef¥, e?* = el

(79

The evolution law [d, —¢i*] was identified to consider the compression
damage of concrete after its reaches to concrete peak stress, where d, and el
are the compressive damage parameter and compressive ingastic strain,
respectively. Similarly, the evolution law [d, —&"*] was specified to capture
the tensile damage of concrete after reaches to the concrete tensile strength,
in which d, and &/™ are the tensile damage parameter and cracking strain of
concrete, respectively. sis determined as the total strain minus the elastic

strain according to the undamaged material.

Numerous methods were available to achieve the damage parameter.

Nguyen and Kim 8 present the following relations for defining prescribed

parameters, d, =1 -~ and d, =1 —

cm ctm

Ot

for compression and tension,

respectively.
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3.5.2 Structural Sted Section

In uniaxial tension Fig. (3-9), the experimental test shows that structural
steel behavior appears strain hardening rather than elastic-perfect plastic
response 4, Using strain hardening in the stress-strain curve in the nonlinear
analyses have been shown well demeanor 8%, |n the FEM, the behavior of
reinforcement bar, the steel beam, transverse stiffeners and stud shear
connector are similar using a bilinear stress-strain curve, representing el astic-

plastic material with strain hardening.

9

P R |
I

Stress o

: 2 > &
¥ o
Strain &£
Figure (3-9): Uniaxial stress-strain relationship of the steel material.

Concerning this demand, ABAQUS requires input data of Young
modulus (E;), Poisson’s ratio (v) to represent the elastic behaviour, yield
stress (£, ), the ultimate stress of steel (f;,) and the inelastic strains for the
purpose of define the plasticity behavior. Assuming that the tension behavior
isidentical and typical for the corresponding compression behavior.
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3.6 Solution Technique

The solution isuniquein linear analysis asfor non-linear problems, may
not be the best solution. Therefore, the accomplished solution may not
necessarily be the solution sought #7. For nonlinear analyses problems,
various techniques are presented. Briefly, three methods will be described,

namely:

e Incremental or stepwise procedure (Euler-Cauchy method).

e |terative procedure (Newton-Raphson method).
e Combined methods.

The combined solution procedure is adopted in this thesis instead of
these methods. The prescribed solution procedure combined of full or

Newton-Raphson iterations method coupled with incremental load (87,

3.6.1 TheRiksMethod

The problems of nonlinear geometry sometimes involve buckling
collapse demeanor or unstable post-buckling response where a negative
stiffness matrix has been developed in the load-deflection behavior, in which
some strain energy must be release to stay in equilibrium &1, For the static
analysis procedures, an automated version adaptive in ABAQUS/Standard
software. Modified Riks method was adopted during the unstable response of
the structure Fig. (3-10) in static equilibrium situation. Otherwise the method

is employed to solve the status where the loading is proportional &7,
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Figure (3-10): Typical unstable static response [871,

ABAQUS employed the standard Newton-Raphson method and the
modified Riks method to solve the load versus vertical deflection nonlinear
trace and nonlinear problems. For nonlinear equation, the standard Newton-
Raphson method used iteratively and incrementally possesses the tangent
stiffness matrix. This method solved simultaneously for displacement
approached using the load as an unknown extension in the unl oading response
for structural buckling behavior. In the load-displacement approached, the arc
length method (I) is adopted to accomplished this approached in static
equilibrium method Fig. (3-11). Moreover, if the convergence issue fails in
the finite element analysis, the initial increments must be modified, Finally,
the load computed automatically after every increments. The final outcome

will be either maximum displacement value or maximum load value 87,
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Figure (3-11): Arclength and arc length increment &7,

3.7 ABAQUS Finite Element Modé€

3.7.1 Element Mesh and Type

A. Solid element description

3-D solid elements are volume elements which are composed of asingle
homogeneous material or can included several layers of different material, for
large deformations, plasticity and contact behavior during linear and nonlinear

analyses.

For the concrete slab, structural steel beam, shear connector and steel
stiffeners, a 3-D eight node element (C3D8R) as shown in Fig. (3-12) with
linear approximation of displacement, reduced integration with hourglass
control, eight nodes and three trandlational degrees of freedom was used.
Stress at various points though out the thickness of the element can be

provided at each integration nodes. Thefirst-order interpol ation e ements such
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as hexahedral exhibit potential stiff behavior with aslow convergence rate but

prevents potentially mesh locking when a reduced integration analysis
procedure is used, whereas second-order elements provide higher accuracy
(881, However, first-order elements were used to accurate the model for contact

surfaces and prevent compact contact condition.
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Figure (3-12): C3D8R element description [,

B. Truss element description

Truss elements are used in 2-D and 3-D to mode dender, line-like
structures that support loading only along the axis or the centerline of the
element. No moment or forces perpendicular to the centerline are supported.
A 2-node straight truss element which uses linear interpolation for position
and displacement and has aconstant stressisavailablein ABAQU S/ Standard.
In addition, a 3-diamention curved truss element which uses quadratic
interpolation for position and displacement so that the strain varies linearly
aong the eement is available in ABAQUS/Standard 8 too. For the

reinforcing steel, 3-D two-node truss element (TSD2) with linear
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approximation of displacement, two nodes and three trandational degrees of
freedom per node was used as shown in Fig. (3-13).

Figs. (3-14) and (3-15) shows mesh sizes, the mesh and the type of
elements used presented in the finite element mode for curved composite

steel-concrete beams.
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Figure (3-13): T3D2 element description (88,
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Figure (3-14): Mesh sizesfor each part of the curved composite beam.
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Figure (3-15): The mesh of the beam model in ABAQUS program.

3.7.2 Contact Interaction and Boundary Conditions

Once all parts are assembled at appropriate locations, aproper constraint
used to describe the interaction between components as presented in Fig. (3-
16). In FEM, the Contact interactions is an important aspect. The fact is that
the physical processes are important aspects and must be taken into account
in boundary conditions and surface interactions in numerical simulation. An
inappropriate definition may have an undesirable effect on the simulation
overhead, especialy in the current thesis, due to the presence of severa
components in the simulation such as the steel beam, concrete dab, shear
connector and rebars. ABAQUS/Standard provides more than one approach
for contact definition compressing general contact, contact pairs, and contact

elements [89,
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2D and 3D structures may be either under finite or small dliding for the

example the interface contact surfaces between the steel beam and concrete
slab. Contact interactions can al so be some types of kinematic constraints such
surface-based tie and surface-based coupling constraints. Even boundary
conditions are also a type of kinematic constraint in stress analysis because
they define the support of the structure or given fixed displacements at nodal

points.

Concrete sleb Stnd embedded to the
- SNCNRIESIED | o - -

Surface to surface
coniat

|
sl

7 lersction botween stud Vg
and steel besn %

Welding the stiffenes 10
the stee] heam

Figure (3-16): Interaction and the constraint condition in the model.

3.7.2.1 Defining contact pairsand properties of contact

For contact pair definition, theinteracted surfaces pairs must be indicated
or which surfaces must interact with themselves. All regions in the contact
surfaces must be included far enough through an anaysis. The nodes on the
two contact surfaces by contact pair are not allowed to involve, but the master

and slaves’ surfaces must be choosing 8%,
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In acontact simulation, the contact interaction between bodiesis defined

by assigning property of contact to a contact interaction. Hard contact model
utilized by ABAQUS s the default pressure-overclosure contact relationship,
which has been adopted in this work.

3.7.2.2 Contact Typefor the FE Modeling

A. Steel beam and concrete dab interface

Surface-based contact available in ABAQUS, utilized for interface
contact between the concrete slab and the steel beam surfaces. The upper
surface of the steel beam flange connected to the concrete slab bottom surface
at the specific position. The concrete surface has been chosen to be the master
surface whilst the upper steel beam flange to be adave surface. Small-diding
formulation was used, in which the load was transfers to the master nodes
according to the slave node of current position for geometric nonlinear
analyses, the prescribed formulation presumes an arbitrarily large rotations
but the slave node and the master surface will interact with the samelocal area
throughout the analysis. This type can be used instead of Tie constraint to
improve the model robustness. In the norma direction a hard contact
relationship was used to reduce the slave node penetration and preventing the

tensile stress transferring through the interface.

B. Reainforcing steel and stud shear connector contact interface to the
concr ete dab

Contrast to others constraint technique, the interface contact condition

between the reinforcing steel bars and the concrete slab was represented less




FINITE ELEMENT MODELING AND FORMULATION | CHAPTER THREE

important. No slippage was assumed between the steel reinforcement and the

concrete dab during an analysis. Thus, the embedded element was utilized to
constrain the reinforcement bar elements into the concrete slab elements.
Whereby, the degrees of freedom at each node of the reinforcing bars element
was eliminated into the concrete dab host element, thereby the node was

considered as an embedded node [89.

Furthermore, similar technique is employed to represent the shear stud
connector within the concrete slab by considering the top surfaces of each

shear connector to be embedded within the concrete.

C. Shear stud and web stiffener s contact interface with steel beam

Surface-based tie contact interface was used to simulate the interaction
between the shear studs to the top flange of the steel beam; transverse
stiffenersto the web of the steel beam. Thistype of interaction is employed to
eliminate the vertical separation between the two contact surfaces. It
constrained each of the nodes on the shear stud bottom surface and the
transverse stiffeners to have the same trandational and rotational motions as
well as all other active degrees of freedom as the point on the steel beam

surface to which it was closest.

In surface-based tie constrain, two approaches have been used. There are
node to surface approach or surface to surface approach. Surface to surface
approached criteria have been utilized in this thesis. Over a finite area, this
approach enforces to constraints in an average concept, rather than in the

conventional node to surface approach which was at discrete points (84,
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3.7.2.3 Boundary and loading conditions

Since the experimental models were designed as simply supported at
both ends and the concrete slab had been restrained against twisting, thus the

boundary conditions are to be assigned to each support as prescribed.

To simulate the analytical model as the test specimen conducted by Tan
and Uy 21, one end of the bottom steel flange of the FE model was prevented
from trandlationally displacement inthe x, y and z direction and the other end

support was restrained in the x and y directions Fig. (3-17).

_f_‘_o-‘_
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Figure (3-17): Boundary and applied loading conditionsfor the finite element
modeling.

To simulate the twisting boundary conditions as experimental work,
trandational D.O.F in x and y directions are restrained at both ends of the
concrete dlab. Loading was applied as a displacement control, where the
displacement applied as a downward pressure forces to avoid the high stress
concentration on the concrete slab. Prescribed boundary conditions are
summarized in Fig. (3-17).
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Numerical Application and Results

CHAPTER

4.1 Introduction

In this chapter, a comparison between the numerical with these of
experimental for the curved steel-concrete composite beam is provided by the
previous studies carried out in terms of load-deflection curves and crack
patterns using ABAQUS/Standard 2017. Furthermore, this chapter will
discuss the analysis of some important variables that affecting on behavior of
such beams; the study is conducts to determine yield and ultimate |oads, and
the deflection at ultimate load.

4.2 Details of Study

The study developed in this thesis is adopted to conduct the curved
composite beam structural behavior depending on the available experimental
results tested by Tan and Uy 21,

Three of them were full shear connectors and identified as CCBF. The
remaining other beams were partial shear connector with 50% which
identified CCBP. The load was applied at mid span. The other detailed of the
specimens are presented in Fig. (4-1).
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Figure (4-1): Geometry and dimensions of the curved composite steel-concr ete beam
(unit: mm): (@) Cross section for: 1-CCBF; 2-CCBP, b) Sideview, (c) Plan for 1- CCBF,;

2- CCBP.
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Figure (4-1): Continued.

The overall length of beam was 6200 mm and simply supported at 6000
mm. The specimens were constructed of aconcrete slab with a500 mm width
(b.) and 120 mm depth (t) connected to arolled steel beam Type 200UB29.8
(Universal beam). The section was of 207 mm (beam depth hg) x 6.3 mm
(web thickness t,,) x 134 mm (flange width bs) x 9.6 mm (flange thickness
tr). Reinforcements of diameters 10 mm and 12 mm were placed on the
concrete slab for torsional and longitudinal reinforcement; respectively.
Tables (4-1) to (4-3) demonstrates properties of concrete and reinforced steel
for validated model.

Table (4-1): Model’s details for the curved composite beams with full interaction.

Material Beam identification CCBE-1 CCBE-2 CCBF-3
Span length (mm) 6000
Span/Radius 0.291 0.303 0.424
Radius of curvature (mm) 20.62 19.8 14.15
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Table (4-1): Continued, Model’s details for the curved composite beams with full

interaction.
Material Beam identification CCBE-1 CCBE-2 CCBE-3
Concreteslab  Thickness (mm) 120 120 120
Width (mm) 500 500 500
Compressive strength
(MPa) 42.3 41.5 38.3
Steel beam 1 e 200UB29.8
Total depth (mm) 207
Steel flange Thickness (mm) 9.6
Yield stress (MPa) 347
Ultimate stress (M Pa) 495
Steel web Thickness (mm) 6.3
Yield stress (MPa) 374
Ultimate stress (M Pa) 512

Table (4-2): Model’s details for the curve composite beams with partial interaction.

Material Beam identification CCBP-1 CCBP-2 CCBP-3
Span length (mm) 6000
Span/Radius 0.275 0.294 0.455
Concrete slab Thickness (mm) 120 120 120
Width (mm) 500 500 500
Compressive strength
(MPa) 37.7 39.1 40.4
Steel beam Type 200UB29.8
Tota depth (mm) 207
Steel flange Thickness (mm) 9.6
Yield stress (MPa) 347
Ultimate stress (MPa) 495
Steel web Thickness (mm) 6.3
Web depth (mm) 188
Yield stress (MPa) 374
Ultimate stress (MPa) 512
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Table (4-3): Model’s details for the curve composite beams.

Material Beam identification CCBF-1, CCBP-1,
CCBF-2, CCBP-2,
CCBF-3 CCBP-3

Span length (mm) 6000

L ongitudinal Type (Top) 012

steel

reinforcement Typ§ (Bottom) 012
Spacing (mm) 150
Yield stress (MPa) 586
Ultimate Stress (M Pa) 683

Stirrups steel Type @10

Stirupssteel g ing (mm) 200
Yield steel (MPa) 399

Stirrups steel Ultimate stress (MPa) 498

Shear Type (mm) Headed stud  Headed stud

connection :
Diameter (mm) x length (mm) 19 x 100 19 x 100
Number of rows 2 1
Spacing (mm) 460 460
Degree of shear connector (%) 100 50
Yield stress (MPa) 395 395
Ultimate stress (M Pa) 499 499

4.3 Discretization of Finite Element

Three-dimensiona finite el ement models using ABAQUS software are

developed to ssimulate the curved composite stedl -concrete beam.

An important step in the finite element modeling is mesh density

selection. The convergence results are obtained by dividing the structure into
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a sufficient number of elements. This is properly adopted when the mesh

density has negligible influence on the results.

The same properties of the curved composite beam materia were
simulated with element sizeincreasing. Theload capacity for the same vertica
displacement isthe response parameters used for this comparison. 2980, 4860
and 6932 elements are used to carried out the accuracy of the convergence

results. Table (4-4) shows the conclusions of comparison results and the two

parameters response.
Table (4-4) Convergence of results
No. Number of solution time Mid-span Ultimate
elements (minute) deflection load
(mm)
1 2980 13 91 90
2 4860 26 119.1 115.12
3 6932 39 122.02 115.51

From thistable, it can be observed that the model began to converge with
6932 elements. Therefore, this number of elements was adopted for the mesh
density, which developed agood modification between the numerical solution

stability and element size.
4.4 Finite Element Model Validation

The experimental and numerical comparison values produced by finite
element analysis in this study for specimens (CCBF-1, CCBF-2, CCBF-3,
CCBP-1, CCBP-2 and CCBP-3) in terms of load-deflection curve, ultimate
load, flexural and torsional cracks are listed in Tables (4-5) and (4-6), and
Figures (4-2) to (4-7).
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Table (4-5): The ultimate load of the verification results.

Load Carrying Capacity

Beams P, (kN) P“EXP - PuABAQUS «100% PuEXP
mbol P P
=J (Pw)Exp (Pw)aBaqus HEXP rABAQUS
CCPF-1 104 107.46 -3.3% 0.97
CCBF-2 108 107.54 0.43% 1.00
CCBF-3 72 80.98 -12.5% 0.89
CCBP-1 122 122.02 -0.02% 0.99
CCBP-2 114 126.64 -11% 0.90
CCBP-3 78 83.71 -7.3% 0.93
Mean 0.947
Standard Deviation 0.0468

Table (4-6): The deflection at ultimate load of the verification results.

Deflection at ultimate load

gyerﬁg‘; A,, (mm) AuExPA_ AuABAQUS +100% AuAuEXP
(Au)EXP (Au)ABAQUS HEXP A
CCPF-1 86 102.37 -19 % 0.84
CCBF-2 95 68.46 27.9% 1.39
CCBF-3 45 46.35 -3% 0.97
CCBP-1 115 115.51 -0.4% 0.99
CCBP-2 68 80.69 -18.7 % 0.84
CCBP-3 47 51.13 -8.8% 0.92
Mean 0.992
Standard Deviation 0.2051

The finite element in terms of load versus vertical deflection gives close

relationships to experimental results, as can be shown in Fig. (4-2). Also, the
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stiffness, strength and ductility are almost identified in both experimental and
FE during each loading stages.

Tables (4-5) and (4-6) illustrate the comparison between the

experimental results and the numerical ones for ultimate load and deflection,

respectively.
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Figure (4-2): Load-displacement curve between theor etical and experimental
curved composite beams.
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Figure (4-2): Continued.

In the ratio of experimental to predicted values of ultimate load are 0.89
to 1.00 with an average value and standard deviation of 0.947 and 0.0468
respectively. Therefore, the suggested numerical models are consistent and

can be utilized with confidence.

For the validated model CCBF-1, afew flexural cracks were developed
firstly near to the mid-span of the modeled beam. At applied |oad increased to
23.4 kN, the diagonal torsional concrete cracks were developed asseenin Fig.
(4-3) that was closed to experimental results tested by Tan and Uy 24 which
was 20 KN. Moreover, the validated model CCBP-2 with partia interaction,
shows the same behavior to the experimental specimens which was closer to
the behavior of CCBF-1 but with more torsional and flexural cracks as shown
in Fig. (4-4). The numerical and experimental results comparison appear that

the cracks extended more than the areas in the experimental results.
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Figure (4-3): Diagonal torsional cracksfor experimental and numerical of CCBF-1.
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Figure (4-4): Experimental and numerical comparison of diagonal torsional cracks
for CCBP-2.

For model CCBF-2, the diagonal torsional concrete cracks appear at both
supports at loading increase incorporating with flexural cracks at the beam
mid span as achieved for experimental results for specimen CCBF-2 tested by
Tan and Uy 2, Mid-span twisting comparison between experimental and
numerical results for CCBF-2 show a good agreement as seenin Fig. (4-5).
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Figure (4-5): Beam twisting comparison between experimental and numerical
resultsfor CCBF-2.

For CCBF-3, afew flexura cracks were observed in this model, while
the diagona torsional cracks were observed as well as the applied loading
increase as observed in tested beam. The twisting of the beam started
immediately with applied load increase. Fig. (4-6) showsthe experimental and
numerical comparison of flexura cracks for CCBF-3. The comparisons
between the numerical and experimental results appear that the cracks

extended more than the areas in the experimental results.

The CCBP-3 model was with highest span to curvature ratio among the
other models. The diagonal torsiona cracks were formed at the end support
and it was observed immediately as well as the load increase incorporating
with flexural concrete cracks as depicted by the experimental results by Tan
and Uy 11, The model shows more torsional cracks than the regular existed
in the experimental results as seen in Fig. (4-7).
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Figure (4-6): Flexural cracks comparison between experimental and numerical
for CCBF-3.

Figure (4-7): Experimental and numerical comparison of diagonal torsional cracks
for CCBP-3.

Dueto the difference between the experimental and theoretical condition
for the flexural and torsional cracks, the extended area in the FE models was
found to be distributed more than that exists in the experimental results. The
concrete material modeling nature was the main reason. Furthermore, the
distributed of the material degradation over all the element volume due to the
cracking of the model may the main for the greater intensity of the numerical
model.
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After the results of FE become within acceptable limits relation to the
experimental test, the parametric study may be implemented for some
important parameters to know the effect of these variables on curved
composite beams behavior. The test specimen’s contact condition, material
behavior, element type, and the solution technique are explained in previous

chapter.
4.5 Ductility

Ductility is a measure of a materia's ability to undergo significant
plastic deformation before rupture or breaking, which may be expressed as

percent elongation or percent area reduction from atensile test.

Ductility index ratio was selected as an index to assess the ductility of
curved composite beam models. Theductility index (u,) isdefined astheratio
of the maximum mid-span displacement over the first yield displacement of

beams. The first yield displacement A, corresponds to the load- deflection

curve and maximum displacement A, Fig. (4-8) [,

fpplied Load

Duchiity index (u,) =4, (4,

Ay Displacement e

Figure (4-8): Show the ductility index calculation [°4.
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Therefore, the use of ductility ratio presents a better criterion in addition
to the strength criterion for predicting the behavior of curved composite steel -

concrete beams [,
Hp = 4.1
Ay (4.1)

4.6 Parametric Study

In the present study the essential objective isto investigate the effect of
several important parameters that are not well covered in past the previous
studies on the inelastic behavior, crack patterns, ductility, stiffness and
strength of curved steel and concrete composite beams. The span to radius of
curvature ratio, transverse web stiffeners, partial interaction, the concrete
compressive strength and steel beam yield stress, steel beam opening and
fixation boundary condition are the considered parameters in this study. The
FEM was carried out and developed using the genera commercial ABAQUS

software.

The parametric study results of the parameters obtained from the FE
modeling including the yield load (P,), ultimate failure load (P,) and the
ultimate vertical mid-span deflection (A,,). The curve beam strength and the
load versus mid-span deflection relation are included in each parameter

involved to focus on the effect of these variables on all the numerical modds.

To find out the phase of the curved composite beam yielding stage, a

section is selected on the beam mid-span, this measured section was created




Numerical Application and Results Chapter Four

from the longitudinal reinforcement and steel girder portions 4. Nine points
are selected for measurement locations, where the typical four points located
at reinforcement bar layers (two at the top and the other remaining two at the
bottom), four at the top and bottom flanges (two for each flange) and one at
the steel beam web as seenin Fig. (4-9). In those locations, the mean element
stress is used and generated to determine the sectional yield stresses

depending on the reinforcement bars and steel beam yield stress.

L ' I o
LI J B I o®
[ ] @@

i Q)
| i | @@

*Measured location

Figure (4-9): Measured location of section yield stress.

For all the studied modeled, the reinforcements of diameters 10 mm and
12 mm were placed on the concrete slab for torsional and longitudina
reinforcement, respectively. The yield stress of 12 mm and 10 mm of sted
rebar, the steel beam web and flange were, 586, 399, 374 and 347 MPa;
respectively. The concrete slab compressive strength was 37.7 MPa. Concrete
modulus of elasticity, compressive and tensile stress of concrete was
calculated by using prescribed relation in Eurocode 2 ¥4, Modulus of
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elasticity, compressive and tesile strength are according to the Eq. (3.3), (3.5)
and (3.9). Table (4-7) show the specimens’ detail.

Table (4-7): Model’s details for the curve composite beams.

' Central Degree_of Stiffeners Compressive S_teel beam
Specimen angle (%) connection Aumber strength yield stress
(%) (MPa) (MPa)
CCBF-1 16.7 100% - 42.3 360.5
CCBF-2 174 100% - 41.5 360.5
CCBF-3 24.3 100% - 38.3 360.5
CCBP-1 15.8 50% - 37.7 360.5
CCBP-2 16.8 50% - 39.1 360.5
CCBP-3 26.1 50% - 404 360.5
A-0 0 50% - 37.7 360.5
A-10 10 50% - 37.7 360.5
A-20 20 50% - 37.7 360.5
A-30 30 50% - 37.7 360.5
A-40 40 50% - 37.7 360.5
WS1 26.1 50% 2 404 360.5
WS2 26.1 50% 3 404 360.5
WS3 26.1 50% 5 404 360.5
WA 26.1 50% 6 404 360.5
WS5 26.1 50% 14 404 360.5
WS6 26.1 50% 16 404 360.5
ST30 16.8 100% - 39.1 360.5
ST26 16.8 90% - 39.1 360.5
ST24 16.8 80% - 39.1 360.5
ST22 16.8 70% - 39.1 360.5
ST20 16.8 65% - 39.1 360.5
ST16 16.8 50% - 39.1 360.5
ST12 16.8 40% - 39.1 360.5
ST10 16.8 30% - 39.1 360.5
ST8 16.8 25% - 39.1 360.5
C30 30 50% - 30 360.5
C40 30 50% - 40 360.5
C50 30 50% - 50 360.5
S200 16.8 50% - 39.1 200
S250 16.8 50% - 39.1 250
S300 16.8 50% - 39.1 300
S350 16.8 50% - 39.1 350
$400 16.8 50% - 39.1 400
$450 16.8 50% - 39.1 450
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4.6.1 Span to radius of curvatureratio effect

The validated model CCBP-1 was contrived to investigate effect of the
span to radius of curvature ratio ( % ) effect on the inelastic behavior of the

curve composite beam. This parameter is studied with different ratios to

produce different levels of combined effect of flexure and torsion.

Five curved composite beams were designed as simply supported,
identified as A-0, A-10, A-20, A-30 and A-40 that represent the beams with
central angles (6 = 0°, 10°,20°, 30°and 40°); respectively, as seenin Fig. (4-
10) and Table (4-7), and were designed with partial shear connection. The
headed shear studs were welded in asingle row to the steel flange top surface
with a diameter, length, and spacing with 19 mm, 100 mm, and 450 mm;

respectively. The concrete slab compressive strength was 37.7 MPa.

_— Central span lme=5600) mm _
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Figure (4-10): Plan view for the curved composite steel-concrete beam (unit: mm).
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Table (4-8). Curve composite beam details for curvature effect.

Beam Specimen Degree.of Central Beam Radius
connection  angle

type (A-1) (%) ©) modeling (m) Span/Radius

A-0 50 0 0 0
A-10 50 10 34.3 0.175
A-20 50 20 17.19 0.349
—
o
a8)]
O
©)
A-30 50 30 11.45 0.524
A-40 502 40 8.6 0.698

The headed shear studs were welded in a single row to the steel flange
top surface with a diameter, length, and spacing with 19 mm, 100 mm, and
450 mm,; respectively. The concrete slab compressive strength was 37.7 MPa.

From the model’s analysis, in the beam mid span, the flexura cracks be
the main cracks and expand toward the beam immediately with applied
loading increase as seen in Fig. (4-11) with some cracks at end support. The
vertical dlip at the beam mid-span observed to be eliminate compared to the
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other model with applied load increase as seen in Fig. (4-12). The ultimate

load capacity is recorded at 167.3 kN with a vertical deflection of 163.3 mm.

The flexural failure of the beam is the main failure of the beam.
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Figure (4-11): Effect of curvatureon crack progression on the concretedab, 1- Top surface

of the slab, 2- Bottom surface of the dab.
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A-10

A-40

B B S e e SRS M MR ARRE RN R R R

Figure (4-12): Effect of the curvature on the beam flexural cracks.

For A-10, in the vicinity of the mid span, few flexural cracks were
observed. At both the support, the diagonal torsional cracks of concrete slab
were beginning to be observed at applied loading increase to 32 kN as shown
in Fig. (4-11). The maximum recorded load and vertical deflection was 138.8
KN and 146.3 mm, respectively. The beam fails due to increase the flexural

failure.

Compared to A-10, A-20 has more torsional cracks as well as flexural
concrete cracks as shown in Figures (4-11) and (4-12). For A-20, lesser
ductility has been noticed where avertical deflection of 122.4 mm at ultimate
load of 120.7 kN. The vertical dlip at the beam mid-span observed to increase
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significantly with applied |oad increase incorporating with increasing the twist

rotation of the beam as seenin Fig. (4-13). Themodel failsdueto severe sted -

concrete composite twisting beams.
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Figure (4-13): Effect of the curvature on vertical dlip at mid-span.
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Dueto higher central angle, the steel -concrete composite beam subjected
to higher torque for A-30. The flexural cracks of concrete are noticed
iImmediately after the load was applied incorporating with diagonal torsional
cracks with excessive steel-concrete composite beam twisting. Furthermore,
twist rotation began to develop and increase with a slight loading increase as
seen in Fig. (4-13). The ultimate load capacity is recorded at 104.6 kN with a
vertical deflection of 111.1 mm. Excessive twisting of the beam is the main

failure of the beam.

Among the other models, A-40 has the highest central angle. Diagonal
torsional cracks of concrete slab began to develop and expand at the end
support immediately with applied loading increase as seen in Fig. (4-11).
Additional cracks are noticed compared to the models A-10, A-20, and A-30.
Extratwisting of A-40 isthe main reason for the model failing, in which the
applied loading duration was short compared to the other models. The
ultimate load recorded for this model is 79.44 kN with vertical deflection of
80.94 mm. In the top and bottom surface of the concrete slab, concrete cracks

are expanded and widening with applied increase.

Figures (4-14) and (4-15) of the load versus vertical deflection and the
load versus central angles relations of the specimens, it can be noted that the
beam began to yield at an early stage the ratio increase, and inelastic nonlinear
behavior developed early, as seen in Table (4-9). Compared to the specimen
A-0, the other three specimens recorded a reduction in yield load by 17%,
28%, 34% and 50% for A-0, A-20, A-30 and A-40, respectively.




Numerical Application and Results | Chapter Four

180

160

140

120

100

80

Load (kN)

60

40

20

AN

Flexural failure

¥ Flexurd failure

— Flexure-torsional failure

— Flexure-torsional failure

Torsional failure

Py = torsinal crack load of model

] Ptc(A—O) =71kN _A_O
Peca-10) = 32 kN ——A-10
Picca—20) = 25.13 kN —A-20
b Pic(a-30) = 18.86 kN —A-30
Picca—a0) = 11.20 kN e A =40
0 20 40 60 80 100 120 140 160 180

Mid-span vertica displacement (mm)

Figure (4-14): Curvatur e effect on the load-deflection curve of the curve composite
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Figure (4-15): Yield and ultimate load vs central angle.
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Table (4-9): Curve composite beam results under curvature effect.

Specimen  Fys_i  Fyp A, Fyasi  Fupi Duai Diuncégxlty
(A-i) (kN) (kN) (mm) Fyao Fua—o Dua-o (Ay/D,)
A-0 1294 167.3 163.3 1.00 1.00 1.00 35
A-10 107.5 138.8 146.3 0.83 0.83 0.90 3.1

A-20 935 120.7 1224 0.72 0.72 0.75 2.97
A-30 85.04 1046 1111 0.66 0.63 0.68 2.35
A-40 65.05 7944 8094 0.50 0.47 0.50 2.05

In term of load-carrying capacity, composite beams |oad seemed reduced
in a range of 17%, 28%, 38% and 53 for A-10, A-20, A-30 and A-40,
respectively, compared to A-0. The numerical ultimate vertical deflection
decreases by 17%, 28%, 38% and 52% for a specimen A-10, A-20, A-30 and
A-40, respectively compared to A-0. Furthermore, it can be observed from the
load versus vertical deflection curves in Fig. (4-14) that al the numerica
curves appear to reduce the ductility index of composite beams by 41%
significantly with the increasing the span to radius of curvature ratio as seen
in Table (4-9).

From above results it leads to the conclusion that the response of the
specimens softens, and the beam yielding earlier. From Fig. (4-13), it is
evident that increasing the ratio increase the vertical dlip and the twisting at
the mid-section and be more evident. This observation of the twisting and the
vertical dlip attribute to the effect of torsion as the curvature increases, where
the failure of the beam change from flexural to a combined effect of flexural

and torsion. Moreover, the torsion was found to be dominate and influential
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on the inglastic failure mechanism and behavior of the specimen, especially

In specimens with large span/radius of curvatures ratio, A-30 and A-40.

The crack patterns of the curved beams shown in Fig. (4-11) that the

tensile zone was found to be initiated in the centroid zone then enlarged and

propagated toward the whol e slab when the curvature increased. The observed

increase in the cracks Fig. (4-16) was due to the increase in shear stresses in

the specimens when the curvature increased due to an increase the torsional

effect. The cracks in the compression face were observed to be little in

comparison to these in with the tension face. Furthermore, the strain

distribution in the mid span, Fig. (4-17) show that the beams record a reduce

in the beam strain with curvature increases.
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Figure (4-16): The crack progression in the concrete slab for model A-40 at different

loading stage.
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b) Bottom face of the concrete slab
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Figure (4-16): Continued.
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Figure (4-17): Effect of the curvature on strain distribution at mid-span.
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Figure (4-17): Continued.

4.6.2 Transver se web stiffener s effect

In order to illustrate the vertical web stiffeners effect on the inelastic
behavior and the performance of the steel and concrete composte curved
beams, group of beams with different numbers and locations of web stiffeners

were analzed by using the FE method.

Six partial shear connection composite beams are prepared to study the
effect of web stiffeners and the performance of the composite beams. Theweb
stiffeners with nominal thickness of 6.5 mm are arranged in the validated
model CCBP-3, as shown in Fig. (4-18). The central angle, span/radius, and
degree of shear connector are 26.1°, 0.469 and 50% respectively. The web
stiffeners number of these six beams are 2, 3, 5, 6, 14 and 16 for specimens
identified WS1, WS2, WS3, W34, WS5 and WS6, respectively. Distribution
of web stiffeners along the beam and details areillustrated in Fig. (4-18). The
headed studs were welded in a single row to the steel flange top surface with
adiameter, length, and spacing of 19 mm, 100 mm, and 450 mm,; respectively.

Moreover, the concrete dlab compressive strength was 40.4 M Pa.
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Figure (4-18): Geometry and dimensions of the curved composite steel—concr ete
beam with web stiffeners (unit: mm): a) Cross section, b) Side elevation.
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Figure (4-18): Continued.

For WS1 with two stiffeners (one stiffener at each support), the flexura
concrete cracks observed immediately as the load is applied incorporating
with diagonal torsional crackswith excessive remarkable beam twisting in the
vicinity of the beam mid-span. Twist rotation was significant and effective
with increasing the applied load as seen in Figures (4-19) and (4-20). 131.17
KN was the maximum recorded loaded with 115.32 mm vertical deflection.
excessive twisting and the concrete slab failure are the main reason for the

model failure.

For WS2 three stiffeners are used, one stiffener is placed at each end of
beam and one at the center. The specimen WS3, five stiffeners distributed one
at each support and three placed at the center, Fig (4-18). Six stiffeners are
distributed in specimens W3, two stiffeners a each support and the
remaining two at mid-span. The diagonal torsiona cracks and the flexural
concrete cracks noticed at the beginning of loading stage, the twisting in the
beam mid-span is reduced as well as the number of the stiffenersincrease in
this mid-span region as seen in Figures (4-19) and (4-20). The maximum
recorded load for the specimens are 137.12 kN, 141.79 kN and 161.08 kN
with 109.57 mm vertical deflection, 109.80 mm and 125.32 mm, respectively.

Fourteen stiffeners are used in WS5. The two stiffeners are placed near

the supports and at the center, while the remaining stiffeners are located at
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100 mm from each support, Fig. (4-18). The stiffeners in specimen WS6 are

distributed as the same of WS5 except the distance between the stiffenersis

300 mm and only one stiffener are located at each support.
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Figure (4-19): Effect of the web stiffenerson the vertical separation in the

model.

The diagonal torsional cracks are effective and widen at the end supports. The

compression failure in the concrete slab for the specimen WS6 is larger if

compared to the other models, Fig. (4-21). The vertical separation at theses




Numerical Application and Results | Chapter Four

specimens was little compared to the other specimens Fig. (4-19). The

maximum load recorded for these specimens were 167.27 kN and 176.33 kN

with a mid-span deflection of 163.27 mm and 137.98 mm.
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Figure (4-20): Effect of the web stiffenerson the stress distribution on the steel

beam.
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Figure (4-20): Continued.
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Figure (4-21): Effect of the web stiffenerson the concrete slab compression failure.
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Figure (4-21): Continued.

Furthermore, Figures (4-22) and (4-23) show the comparison of the |load
versus the mid-span defletion and strength of the curve beams under the effect
of thetransverse stiffeners. Based on the outcome results, the presence of web
stiffeners at different locations in the curved composite beam affected on the
strength capacity of the beam. Specimens WS2 and WS3 showed a dlight
reduction in the beam deflection involved increasing in the beam capacity to

4.5% and 8% respectively, when compared to the WS1 model.

Meanwhile, it was shown from above that specimens with transverse
stiffeners near to the support compensated for the weakness involved with
enhancing the strength capacity from 22.8% to 34.43% compared to WSL.
While the deflection recorded a percentage decrease from 9% to 42%
compared to WS1. The observed variance in these values is due to the
stiffeners’ locations. Moreover, the beam began to yield at an early stage, with
increasesin the stiffener number, are seen in Table (4-10). Furthermore, it can
be observed from the load versus vertical deflection curvesin Fig. (4-22) that
all the numerical curves appear to increase the ductility index of composite
beams by 63% significantly with the increasing the stiffeners number as seen
in Table (4-10).
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Load (kN)
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Figure (4-22): Web stiffener’s effect on the load-deflection curve of the curve

composite beam.
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Figure (4-23): Yield and ultimate load vs specimens.

103



Numerical Application and Results | Chapter Four

Table (4-10). Curve composite beam results under web stiffeners effect.

. Ductili
Specimen  Fywsi  Fuws; A, Fywsi  Fuwsi  Duwsi Iu ncélexlty
(WS) (kN) (kN) (mm)  Fyws1  Fuwsi  Duwst (Dy/Dy)
WS1 116.60 131.17 115.32 1.00 1.00 1.00 2.5
WS2 11128 137.12 109.57 0.95 1.05 0.95 2.9
WS3 99.38 141.79 109.80 0.85 1.08 0.95 3.8
WA 84.97 161.08 125.32 0.73 1.23 1.09 5.6
WS5 75.43 176.33 137.98 0.65 1.34 1.20 7.3
WS6 88.31 167.30 163.27 0.76 1.28 1.42 6.8

Moreover, in which increasing the stiffeners number increase the crack
progression in the slab and presented more compression and flexural cracks
in the slab’s center span as demonstrated in Fig. (4-20). Furthermore, the
stiffeners did not affect on the interface separation between the concrete slab
and the sted flange. However, transvers web stiffeners effect must be
considered for the accuracy of the curve composite beam inelastic anaysis.
Furthermore, the strain distribution in the mid span, Fig. (4-24) show that the

beams record increase in the beam strain with stiffeners number increases.
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Figure (4-24): Effect of web stiffener’s on strain distribution of the curve composite

beam at mid-span.

104



Numerical Application and Results | Chapter Four

WS3

ws4

+3. 84254 02
+3.658a4 D2
+1, Fida40n

+1. 198403

U, Magnibuds I, FlagnRuce
+1. 136403 +1, 281 +i02
l 0348402 +1, 1M 07
40,40 4011 - l.0PDalz
ol 44338401 +4, 08 w01
SR T +8. Eigpll
b ESLew 0l 4+, ST
— 4, Ti=—01 RE-N AR |
4. EdBe401 + 5. 440e+0L
+3. 81 Pe-H01 4, TP 431
2 a0l #3. 335401
42, e 1] +32, J03e401
F1.1232-+01 4122001
+2. 02 Pe4 00 +1, Thte 20
U, Mg roliichs u, Hfrl:;_ﬂz
+1. 5418412 i Sinmaid
'. g b Hg e
1868+ L pragimate
— 41,180 I i
S o M a2 i O i563tmetl
= 44,0001 ;
PR 5313060
= Jsenr Ve seanat
B 45 Tl 4. 780 200

+2.800a+01
+1, 41 2a+0
+4. 315001

4.6.3 The partial inter action effect

In this section, the effect of partial interaction or shear connector ratio on
the composite curved beams capacity is investigated by considering different
ratios of the shear connector of (0.25, 0.3, 0.4, 0.5, 0.65, 0.7, 0.8 0.9 and 1.0)
on the validated model CCBP-2 by changing the connector quantity in the
beam. To calculate the degree of composite action (D.C.A) Eq. (4.1) is

depended:

D.C.A=

Figure (4-24): Continued.

Provided connectors

No.of connectors for full composite action

* 100 = 25%
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Nine curved composite beams named ST8, ST10, ST12, ST16, ST20,
ST22, ST24, ST26 and ST30with a number of studs of 8, 10, 12, 16, 20, 22,
24, 26 and 30, respectively, as seen in Table (4-11). The specimens were
designed by them with partia interaction. The headed studs were welded in a
single row to the steel flange top surface with a diameter, length, and spacing
of 19 mm, 100 mm, and 450 mm, respectively. Moreover, concrete slab

compressive strength was 39.1 MPa.

Table (4-11). Curve composite beam details for partial interaction effect.

5 &2 IS > o
Beam EZ S5S Shear §*gg [ £SE
S 5 S 8.2 connection = o 8 £
type 8L T S o B ES = S5

& Qs E degree (%) § c Og &

—_ (&)

ST30 1.00 100 30 16.85 206
ST26 0.90 90 26 16.85 239
ST24 0.80 80 24 16.85 260
g ST22 0.70 70 22 16.85 285
o ST20 0.65 65 20 16.85 315
O ST16 0.50 50 16 16.85 400
ST12 0.40 40 12 16.85 545
ST10 0.30 30 10 16.85 665
ST8 0.25 25 8 16.85 855

Figures (4-25) and (4-26) show the load versus vertical deflection and
the load versus studs number relations of composite beams. Based on the
available data, a decrease in the ductility of the beam has been noticed as the
partial interaction ratio increases, however this is accompanied with beam
capacity increases. Furthermore, it can be observed from the load versus
vertical deflection curves in Fig. (4-25) that al the numerical curves appear
to decrease the ductility index of composite beams by 20% significantly with

the increasing the stud ratio as seen in Table (4-12).
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As can be seen in Table (4-12), the increase of ultimate load ranged
between 2% to 29% for specimens compared with ST8. Also, from that Table
it can be noticed that the specimen ST24, ST26 show closer enhancing in the
beam capacity of ST30, Increaseing the shear connector ratio aso increaseing

the beam stiffeness as noticed in Fig. (4-25).
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Mid-span vertical displacement (mm)

Figure (4-25): Partial interaction effect on the load-deflection curve of the curve

composite beam.
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Figure (4-26): Yield and ultimate load vs stud number.
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Table (4-12). Curve composite beam results under partial interaction effect.

Specimen Fysri F st A, Fysti  Fusti  Austi  Ductility
(STi) (kN) (kN) (mm) Fysrg  Fusrg  Dusts index
(A,/4y)
ST30 102.58 142.77 72.47 1.32 1.30 0.50 2.4
ST26 103.09 138.74 84.05 1.32 125 0.58 2.9
ST24 105.09 137.17 86.57 1.35 124 0.59 2.7
ST22 101.49 134.17 96.47 1.30 1.22 0.66 3.3
ST20 91.94 126.34 107.83 1.18 1.15 0.74 3.4
ST16 91.34 124.60 109.91 117 113 0.76 3.2
ST12 87.63 118.07 119.91 112 1.07 0.82 2.9
ST10 82.45 112.42 134.37 1.06 1.02 0.92 3.1
ST8 77.92 110.18 145.55 1.00 1.00 1.00 3.0

The deflection along the beam is recorded at 100 kN loading for all
specimens as depicted in Fig. (4-27). Obvioudly, the deflection profile of
specimens shows enhance in reducing the deflection of the curved composite
members as the stud number increases. Specimens ST24, ST26 and ST30

show amost a very closer reduction in the deflection value by about 65%

compared to ST8.
90
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€ 0 4
£ 60
£ 50 A
5
8 40 +
7 30
B 1
g ST8 —®— ST10 @ ST12
> 10 1 ST16 —e—ST20 ST22
0 —o—sT24 —8—ST26 ST30 \
0 1000 2000 3000 4000 5000 6000
Distance aong the span (mm)

Figure (4-27): Deflection profilefor the curved composite beam at 100 kN loading

levdl.
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From above it can be concluded that the observed increasing in the

ultimate load can be attributed to full interaction between beam components

of the beams when the stud number is increased. In which the composite

member considers a beam with a full interaction when an appropriate

connection maintained between the reinforced concrete slab and stedd beam

by an infinitely stiff and sufficient shear connector. It is found that the from

Figures (4-27) and (4-28), that the interface and vertical separation decrease

with increasing the partial interaction ratio. The interface separation of the

specimen in which the degree of the shear connector considers with 30 shear

connectors (1.00 ratio) is approximately eliminated, so it is possible to

consider them as a case of the beam with full interaction comparing with the

remaining beams which are of partial interaction.

ST10

ST12

ST16

concrete dlab and the steel beam.

Figure(¢28): Effecf of the shear connector on the interface separation between the
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ST24 ST26 ST30

Figure (4-28): Continued.

Moreover, the distribution of flexura cracks in the tension region of
concrete slab is found to be lowered as the stud number increases, where the
cracksinthelower slab surface gradually decreaseto include the lower middle
area of aconcrete dab under loading surface and the stud areaas seen in Fig.
(4-29). Additional cracksare observed in the slab compression face essentially
in the centroid zone, in which the dlab causing compresion mode failure as
seenin Fig. (4-30).
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Figure (4-29): Effect of the shear connector on the tension side of the concrete
slab.
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Figure (4-30): Effect of the shear connector of the concrete slab compression

surface.
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Figure (4-30): Continued.

Furthermore, the strain distribution in the mid span, Fig. (4-31) show that

the beams record increase in the beam strain with partial ratio increases. Thus

the partia interaction effect must be considered for the analysis accuracy. The

strength and the stud shear connector stiiffness should be considered in the

inelastic analysis of curved composite steel-concrete beam, whrere the full

interaction assumption may overestimate the ultimate strength and

underestimate the beam deflection.
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Figure (4-31): Effect of partial interaction ratio on strain distribution of the curve
composite beam at mid-span.
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Figure (4-31): Continued.

4.6.4 The stedl beam vield stress effect

The yield stress of steel beam is adapted to discuss the parameter

influence on the inelastic behavior and the performance of the curved
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composite beam. The model CCBP-2 was contrived to investigate the stedl
beam yield stress effect.

Six curved composite beams designed as ssmply supported, identified as
S200, S250, S300, S350, 400 and $A450 that represent the beams with yield
stress values for the web and flanges of the steel beam are 200, 250, 300, 350,
400 and 450 MPa are seenin Table (4-13). On the steel flange top surface, the
headed shear studs were welded in a single row with a diameter, length, and
gpacing of 19 mm, 100 mm, and 450 mm, respectively. Moreover, the

concrete compressive strength is 39.1 MPa.

Table (4-13). Curved composite beam details for steel beam yield strength effect.

Yield strength of

ecimen Central angle  Degree of shear
Beam type P (S) the stee beam f, ) 9 coer?nection (%)
M Pa
S200 200 16.85 50
~ S250 250 16.85 50
% S300 300 16.85 50
(@) S350 350 16.85 50
© S400 400 16.85 50
$450 450 16.85 50

Figures (4-32) and (4-33) show different |oad-deflection and the load-
yield stress relations of the curved composite beam. From the FE analysis, the
increase of the yield stress of steel beam leads to increase both yield load and
ultimate load. The ratio of increase the ultimate load of specimens (S250,
S300, S350, S400 and $450) compared with that of S200 are 1.14, 1.30, 1.41,
1.47 and 1.58, respectively, as shown in Table (4-14). Also, from the same
table, it can be seen that the predicted vertical deflections almost a significant
increase in all specimens with aratio ranged between (4.7-25.5) % compared
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with S200. Furthermore, it can be observed from the load versus vertical
deflection curvesin Fig. (4-32) that al the numerical curves appear to increase
in the ductility index of composite beams by 61% significantly with the

increasing the steel beam yield stress as seen in Table (4-14).

Moreover, in the specimens with high yield stress, especially for $450 a
number of flexural cracks can be noticed as can be illustrated in Fig. (4-34),
in which the number of cracks increases as well as the stresses increase.
However, the stress distribution of steel beam is found to be changed as the
yield stress increases especially in specimen $450 as seen in Fig. (4-35). The
vertical and interface dlip effect is either negligible or ineffective as seen in
Fig. (4-35). Furthermore, the strain distribution in the mid span, Fig. (4-36)
show that the beams record increase in the beam strain with steel beam yield

stress increases.
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Figure(4-32): The steel beam yield stress on the load-deflection curve.
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Figure (4-33): Yield and ultimate load vsyield stress.

Table (4-14): Curved composite beam results under steel beam yield stress effect.

Specimen  Fy; Fysi Ay Fysi Fys; Aysi Diu nc(;g)l(ty
(S) (kN)  (kN)  (Mm)  Fys200  Fuszo0  Ausz00 (Ay/Ay)
S200 54.36 90.82 127.56 1.00 1.00 1.00 2.7
S250 68.28 103.84 133.55 1.26 114 1.05 3.2
S300 79.06 117.83 142.83 145 1.30 1.12 3.7
S350 90.82 12797 150.35 1.67 141 1.18 4.4
00 105.14 133.07 162.64 1.93 1.47 1.28 5.3
HA50 1145 143.78 160.10 211 1.58 1.26 6.9
S200

Figure (4-34): Effect of steel beam yield stress on the beam flexural cracks.
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Figure (4-35): Show the stress distribution of specimen at mid-span under steel

beam stress effect.
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Figure (4-36): Effect of steel beam yield stresson strain distribution of the curve

composite beam at mid-span.
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Figure (4-36): Continued.

4.6.5 The concrete slab’s compressive strength effect

Concrete slab compressive strength effect isintroduced by using various
values for concrete grades of C30, C40, C50. These values represent the
concrete compressive strength values in most design standards for normal
weight concrete. The analysisis performed on the specimen A-30 (with 30" an

central angle).

Table (4-15) illustrated the specimens Czy, C4o and Cso With concrete
compressive strength 30, 40 and 50 M Pa, respectively. The headed studswere
welded in asingle row to the steel flange top surface with a diameter, length,
and spacing of 19 mm, 100 mm, and 450 mm, respectively. The properties of
concrete material including the characteristic compressive strength f.,., the
mean value of compressive and thetensile strength f,.,,, and f.;,,,, respectively,
and the modulus of elasticity E.,,, are in accordance to Eurocode 2 ¥, Table
(4-16).
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Table (4-15). Detail of curved composite beam with varied compressive strength of
concrete.

Specimen Compressive

Beam type (Ci) strength (F o) Central angle  Degree of shear

[e] H 0
M Pa ®) connection (%)
C30 30 26.04 50
o
2 C40 40 26.04 50
C50 50 26.04 50

Table (4-16). Properties of concrete slab.

Concrete Curved composite beam
properties C30 C40 C50
fer (MPQ) 22 32 42
fem (MPQ) 30 40 50
fetm (MPa) 2.36 3.02 3.79
E.,, (GPJ) 30.6 33.35 35.65

Figures (4-37) and (4-38) show the load versus deflection and the load
versus concrete compressive strength of the beams. It can be seen that the
specimen C30 exhibits more ductility comparing with the other two beams by
29%, Table (4-17). Moreover, the load carrying capacity increases about
15.86 % and 34.4% for specimens C40 and C50 compared with C30,
respectively. However, the effect of increasing compressive strength of
concrete slab isdlight at the yielding stage with 8.4% as maximum value. This
effect becomes significant at the ultimate stage as shown in Table (4-17).

From Figures (4-37) and (4-38), it can be seen that the deflection at
ultimate stage is decreased with increasing of the concrete compressive
strength. The ratio of decreasing deflection is 8% and 18% for specimen C40
and C50, respectively. Concerning theflexural crack patterns, the cracks seem
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to be less remarkable when compared with the above two parameters as seen
in Fig (4-39). Furthermore, concrete compressive strength increases do not
affect the vertical interface dip between steel flange and concrete slab as seen
in Fig. (4-40). Moreover, the strain distribution in the mid span, Fig. (4-41)
show that the beams record decrease in the beam strain with compressive
strength increases. From results it was shown that the compressive strength

was the least influential factor effect on the curve composite beam behavior.
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Figure (4-37): Effect of the compressive strength on the load-deflection curve.
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Figure (4-38): The concrete compressive strength effect on the ultimate strength and
the ultimate deflection of the composite curved beam.
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Table (4-17): Curve composite beam results under compressive strength effect.

Specimen  Fyg; Foci Ay Fyci Fuyci Auci Diu ncctlg)l(ty
(Ci) (kN) (kN) (mm) Fyczo  Fyczo  Aucso (Au/1,)
C30 58.52 90.82 138.45 1.00 1.00 1.00 6.2
C40 60.17 105.2 127.37 1.03 1.16 0.92 5.2
C50 63.45 112.04 113.48 1.08 1.23 0.82 4.4
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Figure (4-39): Effect of concrete slab compressive strength on the beam flexural cracks.
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Figure (4-40): Effect of the compressive strength on the vertcial separation between
the concrete slab and the steel beam.

121



Numerical Application and Results | Chapter Four

C50
LT [P
{ g TEV]
45, IE0e 02
b8, 22 Lm 402
i SRR
3. 945402
+5, 500k 402
=, 06 S 02
+X. &3 e 402
+2, 192402
+1. 754402
+1, 310 +032
5. THiza0l
44, SR 01
+1.226e-01
Figure (4-40): Continued.
C30 C40
I, FapEinide i, g n i
=1 17 Tw-+00 e
L Ih =1 iP5e+0T
=1 I4Tu-+02 21 DadCa 03
! =100 e+ 00 H :g rm:g{
o daiatn S iTaee
'; :ﬁ::t -.ll.'l.‘-l'IF' ::I'|
=2 sitfarn I3 EmInd
- 42 17TSm 401
=1 194m+D 41 D5 +01
=1 147810 4 0, D00 -0
&0 (AN T

C50

U, Magimitisls

i, 1G0o40F
=L 5 s - 02
+8& . s Se+0%E
= MO L0 L
+7. FAs=+0D 14
i P S0l
+5. 00 1lm+04
oot e -
- 3 A8 Ta4+00L

Figure (4-41): Effect of compressive strength on strain distribution of the curve
compoeite beam at mid-span.

4.6.6 Effect of sted beam opening

The use of composite beam with opening is a practical solution when it
Is required to pass service ducts through the structural zone of the beams. A
common method of incorporating services within the floor—ceiling zone of
buildings using in the construction is to create large openings in the webs of

the I-sections. In recent years, some of the curved steel members that used in
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modern building systems are designed with opening to reduce the wight of the
member. The openings may be rectangular or circular, and may beintheform

of discrete openings, or a series of openings, along the beam [*2,

In this thesis the influence of the opening was investigated with various
situations to demonstrate the curve composite beam behavior; opening depth,
shape and strengthening effect by web stiffeners. The model CCBF-2 with
central angle 17.4° was contrived to investigate the opening influence on the

curve composite beam inelastic behavior.

Ten modelswere designed as ssmply supported as seenin Fig. (4-42) and
Table (4-18), and were designed by them with full shear connection by two
rows with a diameter, length, and spacing of 19 mm, 100 mm, and 450 mm,
respectively. Moreover, concrete slab nomina compressive strength was41.5
MPa.
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Figure (4-42): Geometry and dimensions of the curved composite steel—concr ete
beam with opening (unit: m).
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Figure (4-42): Continued.
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CECO1-W

6,2

CECO1-W

Table (4-18). Curve composite beam details for opening effect.

Figure (4-42): Continued.

. : , Opening .
N speomen OPIO 0 OB om0
web (ih)
C09%4 Circle 9 15 0.5h
CO141 Circle 141 15 0.75h
CO Circle 9 10 0.5h
AN
L HO Hexagona 9 10 0.5h
8 Elongated
O ECCO circle- 244x94 1-8 0.5h
circle
Circle-
CECO1  dongated 49‘3294' 81 0.5h
circle
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Table (4-18). Continued, Curve composite beam details for opening effect.

Opening

Beam . Opening Opening  Opening Stiffeners
Specimen ) depth from
type shape size(mm) number web (ih) number
Circle-
CECO2  dongated 4949294' 8-2 0.5h
circle
E COW Circle 04 10 0.5h 11
m Circle-
3 CECOL-W  eongated 4949294' 8-1 0.5h 4
circle
Circle-
CECO2-W  edongated 4949294' 8-2 0.5h 4
circle

A. Opening size

Two beams are considered to study the opening size effect (CO94 and
C0141) with circular opening 0.5h and 0.75h; respectively, in which histhe
steel beam height, placed from web vertex at distance 47 and 23.5 mm,
respectively.

Form the model’s analysis, for CO94 and CO141, the flexural cracks
developed when increasing the applied load dlightly to 55.54 kN and 46.51
kN for CO94 and CO141; respectively, while the diagonal torsional cracks of
concrete are observed at beam. The maximum recorded load is 95.66 kN and
88.40 kN with vertical deflection of 66.09 mm 63.10 mm. Furthermore, it was
noticed that the beam suffers from excessive twisting at mid-span as well as
the opening depth increase as shown in Fig. (4-43).

Furthermore, from Fig. (4-44) of the load versus vertical deflection at
mid span, it can be noted that increasing the opening depth show reduction in
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the stiffness and beam capacity while the ductility index shows an
approximate behavior to the beam without opening. The model begins yield
to develop at an early stage compared to the specimen without opening
(CCBF-2) asseenin Table (4-19). Table (4-19) shows a comparison between
CCBF-2 (model without opening) with the models CO94 and CO141 (with
0.5h and 0.75h opening depth), in which the records of yield load, ultimate
load and vertical deflection decrease by (26% and 48), (11% and 18%) and
(4% and 8%); respectively.

C09%4 CO141

ot 42 Bl +E2
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48 32 a1
8. 163 kil
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Figure (4-43): Efect of the opening depth on the composite beam twisting at mid-
span.

Furthermore, it can be noted that increasing the opening depth causing
the reduction in the stiffness of the curved composite beams. The steel beam
twisting is significantly be evident as the opening depth increase which is
attribute to the effect of torsion. Thisleadsto conclude that the yielding of the
beams becomes earlier with increasing the opening size. Moreover, the crack
patterns of the curved beams show that the diagona torsional cracks
developed earlier and tension crack was found to concentrate in the centroid
zone then widened and propagated toward the whole slab when the depth of

the opening increased. The stress distribution for the specimens is show in
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Fig. (4-45). Fig. (4-46) show the strain distribution under opening depth
effect.
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Figure (4-44): Opening depth effect on the load-deflection curve of the curve composite
beam.

Table (4-19). Curve composite beam results under opening size effect.

Ductilit
Specimen y F, A, Fycoi Fycoi Aucoi indexy

(kN)  (kN)  (mm)  Fyccpr2  Fuccr-2 Duccer-2 (A,/A,)
CCBF-2 86.12 107.37 68.46 1.00 1.00 1.00 2.3
C0O%4 64.17 9566 66.09 0.75 0.89 0.97 2.2
CO141 4481 8840 63.10 0.52 0.82 0.92 2.2
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Figure (4-45): Effect of the opening depth on the steel beam stress distribution.
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Figure (4-46): Effect of openig dth on strain distribution of the curve composite
beam at mid-span.

B. Opening shape

Three beams are considered for opening shape effect, which are CO,
HO and ECCO with circular, hexagonal and combined elongated circular and
circular opening with 0.5h depth, in which histhe steel beam height, placed

from web vertex at distance 47 mm.

In specimens CO and HO the ultimate capacity reduction was by
approximatly 10% compared to the CCBF-2 (which was designed without
opening). In these specimens stiffeness are decrease with opening providence,
while the deflection are enhanced with a slight value. The diagonal torsional
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cracks in the beam HO developed earlier compared to the beam without
opening (CCBF-2). Furthermore, the flexural concrete cracks had been
observed immediately as the load is applied incorporating with diagona

torsiona cracks. Thetwisting at mid-span found to be increase Fig. (4-47).

Moreover, model ECCO began to yield a an early stage by 23%
comparing with CO. Moreover, presence of elongated circular opening at the
beam mid-span reduce the ductilty index by 14% and loading capacity of the
specimen by about 24% as can be seen in Fig. (4-48) and Table (4-19) for
ECCO compared to CCBF-2 (beam without opening). Moreover, the Von
Misses stress distribution shows high stress concentration intensity in the
beam mid-span for specimen ECCO as shown in Figures (4-47) and (4-49).
Fig. (4-50) show the strain distribution under opening depth effect.
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Figure (4-47): Effect of the opening shape on the steel beam twisting and stress
distribution at mid-span.
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Figure (4-48): Effect of the opening shape on the load-deflection curve.
Table (4-20). Curved composite beam results under opening shape effect.
Specimen  F, F, A, Fy; Fyi Ayi Ductility

(i) (kN)  (kN)  (MM)  Fyecprp  Fuccr-2z  Auccsr-z index
(Au/Ay)
CCBF-2 86.12 107.37 66.09 1.00 1.00 1.00 2.2
CO 7754 9693 62.22 0.90 0.90 0.94 2.1
HO 76.94 98.05 63.70 0.89 0.91 0.96 1.8
ECCO 66.96 8121 61.78 0.77 0.76 0.93 1.9

From above it can be concluded that the strength capacity reduced by
about 24 % for beam designed with elongated circular opening at mid-span,
the response of the specimens is softening and it yields in early stage. From
Fig (4-48), it is evident that the elongated circular opening was the most
effective shape on the beam strength, ductility and stiffness. Moreover, the
torsion is found to be dominate and influential on the failure mechanism and
Inelastic behavior of the beam, especialy in specimenswith elongated circul ar
opening (ECCO).
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Figure (4-49): Efect of the opening shape on the sted beam stressdistribution.
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Figure (4-50): Effect of opening shape on strain distribution of the curve composite
beam at mid-span.
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Figure (4-50): Continued.

Thus the effect of the opening shape should be taken into account for the
analysis accuracy. Furthermore, however it is not possible to define an
optimum shape because it depends on the opening location along the beam

length.

C. Opening with stiffeners

Five beams are considered for web stiffeners study, to investigate their
effect on the performance of composite curved beams with opening. For this
purpose, specimen’s COW, CECO1-W and CECO2-W with circular,
combined opening of elongated circular and circular opening of 94 mm
opening depth (0.5h) in which h is the steel beam height, placed from web

vertex at distance 47 mm are prepared.

From anaysis result for COW, it is shown that srengthening the
composite besm by web stiffeners along the span length enhance the beam
strength with 11% with dight decreasing the deflection beam as shown in
Table (4-21), incorporating with increasing the diagonal torsional cracks, due
to high stiffeners providence by the web stiffeners. Furthermore, presence of

web stiffeners enhance the beam stiffeness as exhibited in Figures (4-51) to
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(4-53). Furthermore, it can be observed from the load versus vertical
deflection curves and Table (4-20) that the ductility index of composite beams
decreases by 23% and 41% for CECO1 and CECO2; respectively, while the
COW (strengthening by web stiffeners along the span) have approximateratio

to the beam without opening.

Moreover, in specimens CECO1 and CECO2 where designed with
opening the recorded ultimate capacity reduction were by 26% and 15%
compared to the CCBF-2 (which was designed without opening), this can be
restored by using steel stiffeners by 10%. In these specimens stiffeness are
increased with stiffeners providence, while the deflection are enhanced with
a dlight value. Furthermore, the flexural concrete cracks had been observed
immediately as the load is applied incorporating with diagonal torsional
cracks. The twisting at mid-span found to be decrease slightly. The stress and
strain distribution for the specimensis show in Figures (4-54) and (4-55).
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Figure (4-51): Load-vertical deflection curvefor curve composite beam

strengthening by web stiffenersalong the span.
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Figure (4-52): Load-vertical deflection curvefor curve composite beam

strengthening by web stiffener s beside the opening.
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Figure (4-53): L oad-vertical deflection curvefor curve composite beam

strengthening by web stiffenersat the mid-span.
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Table (4-21). Curve composite beam results under web stiffeners effect on beam with

opening.

Specimen

(i)

F}’
(kN)

Fy
(kN)

Ay
(mm)

Fy;

Fui

Aui

Fyccpr-2

Fyccpr-2

Ayccpr-2

Ductility
index
(Au/4,)

CCBF-2

86.12

107.37

66.09

1.00

1.00

1.00

22

CO
COwW

77.54
94.59

96.93
108.39

62.22
61.70

0.90
1.10

0.90
1.01

0.94
0.93

21
21

CECO1
CECO1-W

69.02
78.52

79.85
88.65

57.88
59.80

0.80
0.91

0.74
0.83

0.88
0.91

1.7
2.0

CECO2
CECO2-W

79.37
70.42

91.55
97.32

61.66
62.24

0.92
0.82

0.85
0.91

0.93
0.94

1.3
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Figure (4-54): Efect of exsiting the web stiffenerss on the steel beam stressdistribution.
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Figure (4-55): Effect of stiffenerson strain distribution of the curve composite beam
with opening at mid-span.
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5

Conclusions and Future Research

CHAPTER

5.1 Conclusions

Three dimensions nonlinear finite element analysis are employed to
simulate the composite steel-concrete curved in plane beam until failure
using a powerful ABAQUS/Standards package, to investigate the inelastic
beams behavior under static loading including various parameters.
According to the results obtained numerical analysis, following points were
deduced:

1) Increasing the beam central angle to 40° decrease the ultimate
capacity and the beam deflection by 50% and 52%; respectively,
incorporating with increasing the diagonal and flexural concrete

crack.

2) The beam suffers from excessive twisting, vertica and interface
separation at the beam mid-span against increases the curvature ratio
to 0.698. Moreover, the beams exhibited less ductility by 41% and the
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3)

4)

5)

specimens softening and yielding at an early stage incorporating with
changing the failure of the beam from flexural to a combined effect of

flexure and torsion.

Existing of transverse stiffeners near to the support shows
compensation all the weakness in the beam separation and twisting,
incorporating with enhancing the strength capacity by 57% to the
beam without transverse stiffeners. But with stiffeners number
Increases, the beam record early yielding by 24% and enhance in the
ductility index by 63% incorporating with reducing web twisting and
vertical separation at the beam mid-span transferring the failure to the
concrete slab. Moreover, increase of the stiffener’s numbers presented

more flexural cracksin the concrete slab mid-span.

Increasing the stud numbers show a significant reduction in the
vertical and interface separation between the steel beam flange and
concrete slab and the ductility index by 20%. The capacity of the
specimens observed to increase with stud number increases. The
specimen designed with 30 stud shear connectors (full shear
connector) recorded 30% higher resistance and decreasing the
deflection by 50% compared to the designed model with 8 studs
(partial shear connector), due to relative increase in the stiffness of the
beams. Also, some cracks were observed in the concrete dlab tension
surface, as these cracks receded to include the loading area and the

area under the stud’s surfaces.

The yield and ultimate capacity of the curved composite beam
increased as the yield stress of the steel beam increased. A 58.31% of
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6)

7)

8)

9)

loading capacity was improved using 450 MPa yield stress compared
to the 250 MPa steel beam yield stress. The effect of yielding stress of
steel beam on the flexural cracks appears to be small and negligible on
both bottom and top faces of the reinforced concrete slab, while the

ductility index shows an enhancement by 61%.

The study shows that increasing the concrete slab compressive
strength f.,,, reduce the ductility by 41% of the curve composite beam
and increase the composite beam capacity by 20%, while the cracks

pattern in the flexural zone doesn’t affect by changing the f,,.

Increasing the opening web depth in steel section leads to reduce the
strength capacity and stiffness of the beam. Maximum reduction in
yield load, ultimate load and vertical deflection were recorded for
75%h opening depth by approximately 48%, 18% and 8% for curve
composite beam compared to the beam without opening. An
increasing in the flexural and diagonal torsional cracks has been

observed when the opening depth increases.

Presence of elongated circular opening in the curved composite beams
reduce the beams capacity by 24%. The beams exhibit less ductility
by 14% and the response of the specimens softening and the beams
yield in an early stage. Moreover, the torsion is found to be dominate
and influential on the inelastic behavior and failure mechanism of the

beam, especially in specimens with elongated circular opening.

Using web stiffeners is considered a good way to enhance the beam
capacity. Web stiffeners provided a semi complete restoring to the
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strength loss due to the presence of opening in steel beam with

improvement in the beam performance by 11%.

5.2 Future Resear ch Recommendation

For the structural behavior study purpose of the curve composite steel -
concrete, the following future recommendations may be taken into

consideration:

e Curved composite steel-concrete beams behavior investigation when
strengthened with CFRP bar and GFRP sheet can be adapted.

e Three-dimensona modeling must be extended to model the
continuous curved composite girder behavior under the various
parameters with box-girder or twin or multi I-girder in various profile

Cross section.

e Different parameters can be investigated using the FE model; Profile
steel sheeting, various types of shear connector and the reinforcement

bars.

e The response of the curve composite steel-concrete beams with open
webs should be investigated under the effect of the impact, cyclic and

dynamic loading.

e Studying the strengthening of longitudinal stiffeners of torsional-
flexural capacity.

e Studying the strengthening of transverse stiffeners from on side of the

curvature.
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e Studying the effect of lateral bracing type of maintaining the strength

of curved beams.
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APPENDIX

Material Properties Modeling

A.l Introduction

ABAQUS is a powerful finite element package vastly used in civil
engineering practice. Particularly used for modeling the reinforced concrete
structure. Concrete damaged plasticity is one of the most appropriate models
that deals with concrete behavior considering possible failure modes; the
tensile cracking and compressive crashing. A program input of concrete and
steel reinforcement modelling for specimen A-30 with 37.7 MPacompressive
strength is given as an example for materia modeling and all specid

definitions about the property of elements are described below.
A.2 Material Properties Modeling
A.2.1 Material properties

All parameters for the material models were illustrated in Tables. (A-3)
to A-7). ABAQUS element needs some properties for proper entities which

are elastic and plastic properties. The stress-strain curve of the concrete that
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obtained from the equations (3.3), (3.5) and (3.9) is used in the modeling of

the nonlinear behavior.

Table (A-1): Elastic properties of concrete.

Type Y oungs M odulus (M Pa) Poisson's Ratio

Isotropic 32758.58 0.2

Table (A-2): Plastic properties of concrete.

Dilation Angle  Eccentricity Streng:(r]] ratio - Viscosity
@) (€) G ‘ parameter (n)
34 0.1 1.16 0.667 0.0001

Table (A-3): Concrete compressive behavior.

Yield stress (M Pa) Inelastic strain d,
7.25827 0 0
13.72208 2.63918E-05 0.000889
19.39883 7.57399E-05 0.018503
24.2958 0.000148892 0.04593
28.42021 0.000245627 0.079551
31.77918 0.000365728 0.117284
34.37974 0.000508981 0.15785
36.22883 0.000675173 0.20042
37.33333 0.000864096 0.244432
37.7 0.001075541 0.289494
37.56379 0.001215725 0.335322
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Table (A-3): Cont. concrete compressive behavior.

Yield stress (M Pa) Inelastic strain d,
37.15618 0.001364194 0.363607
36.47867 0.001520902 0.392062
35.53273 0.001685803 0.420654
34.31987 0.001858854 0.449357
32.84154 0.002040008 0.478147
31.09919 0.002229221 0.507005
29.09429 0.002426449 0.535913
26.82826 0.002631649 0.564856
24.30253 0.002844776 0.593821
21.51852 0.003065788 0.622796
18.47763 0.003294641 0.651772
15.18125 0.003531293 0.651772
11.63078 0.003775702 0.70969

7.82758 0.004027826 0.738618
3.773025 0.004287623 0.767515

Table (A-4): Concrete tensile behavior.

Yield stress (M Pa) Cracking strain d,
2.877126 0 0
2.122795 0.000123027 0.262182
1.789613 0.000233198 0.377986
1.588388 0.00033934 0.447925
1.449124 0.000443592 0.496329
1.344969 0.000546771 0.53253
1.140462 0.000853014 0.603611
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Table (A-4): Cont. concrete tensile behavior.

Yield stress (M Pa) Cracking strain d;
1.015105 0.001156841 0.647181
0.927665 0.00145951 0.677572

0.86195 0.001761516 0.700413
0.810092 0.002063099 0.718437
0.767735 0.002364392 0.733159
0.711515 0.002866108 0.7527
0.667489 0.003367452 0.768002
0.631727 0.003868544 0.780431
0.601884 0.004369455 0.790804
0.576456 0.004870231 0.799642
0.542543 0.005671266 0.811429
0.514722 0.006472116 0.821099

0.49133 0.00727283 0.829229
0.471281 0.008073442 0.836197
0.449809 0.009074097 0.84366
0.431413 0.010074659 0.850054
0.415407 0.011075147 0.855617
0.357943 0.016076901 0.87559
0.321218 0.021078023 0.888355

0.29501 0.026078823 0.897464
0.275028 0.031079433 0.904409
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Table (A-5): Material propertiesfor @12 rebar (longitudinal reinforcement for top and
bottom).

Elastic properties

Type Y oungs Modulus (MPa) Poisson's Ratio

Isotropic 200000 0.3

Plastic properties

Hardening Yield stress (M Pa) Plastic strain
586 0
Isotropic
683 0.0485

Table (A-6): Materia propertiesfor @10 rebar (stirrups stedl).

Elastic properties

Type Y oungs M odulus (M Pa) Poisson's Ratio

Isotropic 200000 0.3

Plastic properties

Hardening Yield stress (M Pa) Plastic strain
399 0

I sotropic
498 0.0495
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Table (A-7): Material properties for steel beam type 200UB29.8.

Elastic properties

Type Y oungs Modulus (MPa) Poisson's Ratio

Isotropic 200000 0.3

Plastic properties

Hardening Yield stress (M Pa) Plastic strain
360.5 0
Isotropic
503.5 0.0715

Table (A-8): Material properties for stud shear connector.

Elastic properties

Type Y oungs M odulus (M Pa) Poisson's Ratio

Isotropic 200000 0.3

Plastic properties

Hardening Yield stress (M Pa) Plastic strain
395 0
I sotropic
499 0.052
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Modeling Example

B.l Introduction

In this section, modeling is performed on simply supported straight
composite steel-concrete beam as an example for performing the modeling

procedure as described below.

B.2 Finite Element Modeling

B.2.1 Modeling of the specimen

Three dimensions finite element models using ABAQUS software are
developed to model the straight composite steel-concrete beam tested by
Mans %8I, The structural steel used in the test was a high-strength steel
HPS70W having a nominal yield stress of 482 MPa. The general layout and
dimensions of composite plate girder are shown in Fig. (B-1) the composite
plate girder had an overall length of 12,801 mm and alength between supports
equal to 12,192 mm. The stedl plate girder had aweb of 760.4 x 8.9 mm and
upper and lower flanges of 182.6 x 19.6 mm. The measured flange and web
portions of the steel plate girder had yield and ultimate tensile stresses of 556,
700 MPa and 583, 656 MPa, respectively. The web of the steel plate girders

was strengthened by stiffeners as shown in Fig. (B-1) to prevent shear failure.
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a) Elevation (unit: m)
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b) Cross section (unit: mm)

(B-1): Show elevation and cross section of composite beam.

The concrete slab had awidth of 2184 mm and a depth of 181 mm. The
composite plate girder had an overal height of 980 mm. The measured
concrete cylinder strengthwas52.5 M Pa. The concrete slab had reinforcement
steel bars of Grade 60 having a yield stress of 413 MPa. The reinforcement
bars were spaced at 209 mm longitudinally and 356 mm transversely. The top

VIII
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and bottom reinforcement bars had a cover of 44 mm. The shear connectors

were headed studs having adiameter of 19 mm and aheight of 114 mm. Sixty
pairs of headed studs were used in the composite plate girder. The composite
plate girders were subjected to a single concentrated load applied at midspan

viaa spreader beam.

For the modeling process achieved in this example, five parts are
simulated including: concrete slab, shear connectors, reinforcement bars, steel
beam, and stedl stiffeners. Thereinforced concrete slab, shear connectors, web
stiffeners and steel beam are simulated as a solid element. While the sted
rebarsasatruss element. All parametersfor the material modelsareillustrated
in Table (B-1). The stress-strain curve of the concrete that obtained from the
eguations (3.3), (3.5) and (3.9) are used in the modeling of the nonlinear
behavior.

Table (B-1): Materia properties of the composite beam.

Material Material property Value (MPa)
Concrete Compressive strength f,,, 52.5

Yi h 583
Sted web @dstrengt fy

Ultimate strength £, 656

Yield strength f, 556
Steel flange .

Ultimate strength f,, 700

Yi h 415
Steel reinforcement I?Id strength /y

Ultimate strength f,, 550

Yield strength f, 680
Stud shear connector )

Ultimate strength f,, 900

Once all parts were assembled at an appropriate location, a proper
constraint was used to describe the interaction between components. Three
types of interaction are presented in this example as seen in Table (B-2).
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Table (B-2): Interaction type of the composite beam.

Interaction Type Components according to the type of interaction

Surface to surface Between the steel beam and the concrete slab

Welding ssimulating of shear connector to the steel beam.

Tie
Welding simulating of transverse stiffeners to the steel
beam.
Reinforcement to concrete dab

Embedment

Stud shear connector to the concrete Slab

In order to simulate the test specimen, one end of the bottom steel flange
of the FE model was prevented from trandation in x, y and z directions while
the other end restrained in x and y directions. The load was applied in
Increments as concentrated static loads at midspan, which is identica to the
experimental investigation. Prescribed boundary conditions are summarized
inFig. (B-2).

Figure (B-2): Boundary and applied loading conditions for the model.

B.2.3 Comparison with experimental results

The load-deflection relationship for the numerical and the experimental
test results is demonstrated in Fig. (B-3). The finite element results showed
good agreement with the experimenta results. The ultimate loads and
displacement are 1481 kN, 177.57 mm, 1432 kN and 177.8 mm for the model
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and the tested beam, respectively as shown in Table (B-3). The stiffness,

strength and ductility are good for both experiment and FE during each

loading stage.

1600 -

1400 -
1200 -
1000 -

800 -

Load (kN)

600 -

400 -

200 - —Exp.
— Finite element

0 50 100 150 200
Displacement (mm)

Figure (B-3): Comparison of the numerical and experimental load-
displacement curve.

Table (B-3): Comparison between the numerical and experimental results.

_ P, (kN) Pexp Ay (mm) AExp
Specimen P A

PEXP PFEA (1) AEXP AFEA foL]

Model 1432 1481 0.97 177.8 17757 1.00
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