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Abstract

The use of steel-concrete composite structures is growing in popularity within
the construction sector. In steel-concrete composite structure full composite
action between steel and concrete is developed using shear connector. Shear
connector transfer the transverse shear developed at the interface of steel and
concrete. Headed shear stud is the most common type of shear connector which
is conventionally welded perpendicularly to the flange surface of the steel beam
with zero inclination. Some of the shear connectors unconsciously get welded at
an inclined angle during this process. Design equations are not available for
inclined shear key in the current design codes like Eurocode 4, CSA S4-14, BNBC-
2020, AASHTO LRFD. Here an attempt has been made to investigate the
structural performance of inclined shear key in steel-concrete composite
construction. A numerical finite element model of push out test of steel-concrete
composite structure as per Eurocode is developed using FEA software ANSYS.
The developed FE push-out test model for a 19 mm perpendicularly placed
headed shear stud is validated and its results are compared with the previous
experimental test. The ultimate shear resistance of a perpendicularly welded
headed shear stud obtained from FE analysis is found to be very close to that
calculated using the BNBC-2020 & AASHTO LRFD recommended design
equations. The ultimate shear resistance of 15, 30 & 45-degree inclined headed
shear stud is found to be increased by 15 %, 17.33 % & 24 % respectively for the
inclination of headed shear stud along the direction of loading and decreased by
56 %, 42.57 % & 46.93 % respectively for inclination opposite to the direction of
loading. For inclination along the direction of loading, 15-degree & 30-degree
inclined Headed shear stud exhibits ductile behaviour with maximum slip value
10.79 mm & 7.97 mm respectively but for 45-degree inclination headed shear stud

is found to be brittle with maximum slip value 3.95 mm. Headed shear studs are




found to be brittle for all the angles of inclination opposite to the direction of
loading having maximum slip less than 6 mm, which is the Eurocode 4
recommended minimum threshold for ductile behaviour. Hence, headed shear
stud shall be welded to the flange surface very carefully in steel-concrete
composite construction. Only if the direction of loading is known, inclined shear
keys may be a better choice for enhanced composite action of steel concrete

composite structures.

vi



s

fosfel <ce Io1eT-FIFE FEHIET IJIFOIA TSl @alTe I 21evz | F6e-
1 =Y | PRIF FIC59 751 8 FAEs 97 A Codl PRI (& (& e
A | PRI FICTR6 SrEGr a7 MLGey F5e RN AL AT F41 =7 TS
Q0T STAEGR 41 =X | F5g SRR O 75 SRRyl I+ g 6y PRI Sieaaoe
fFRGT (I 2@ AT | ABfETS (P! @N T @le, RuaiibrameaT e
T GBS 93 o GF 6 (O G 40T (ZEICAT P FITR6Cae Py diget =ware| fefy
A (P @ (F2 | QR GO FHFEGE O LT & LR (REACAT TRICE P
T ARACATST ABIE T Gy 2 TP 2JT99 TR (BB FeIPCa ML
I BT RCE 19T 77 QP2 G MBI 8 S5y 16 2w I S¢ TR,
vo fofey @ 8¢ fofey (AT oI FIFHEoT U7 &y [T eES FT JEACR | IR
TEAPCET (T (90g, 75 [T @ W (A0 997 arant <541 o e Sl @ s
] B FIAR0A G PIRIT GIRFTS! 3¢,00 € 8¢ Ol (@A FITF6caq
G TG & 3¢ %,59.90% @ 8% 78 Jfaw TS AR [Svc PR FeTwse
e, 5 At @ e (AT I A 9 =W ©oF [oide e (@ e A

FIAFOER IR RISl 3¢90 ¢ 8¢ o (=R T INGE AT
@v%,82.¢9% ¢ 8Y.50% RS ZPT AR |GGl I Weqee s¢ oy ¢ wo ol
(T PIIE FIAR6T TIRH12e SHA FCF € 8¢ T (@I FRig FI07 o
Ao AHa T | T oo e se fef,00 ol @ 8¢ oy czeme frma
FAFCE GTOIF OIS AFOF A6 F [O1R PRI FAFEE SCh(TR HoFo
AL FACO (S | Y 0T S 5 R (41T T=AANCAT PRI PICTF6e G
I 3 Sfofae PRI GREFTel € CIPHHEI FICS ABINCST (A0S A0 |

vii



Table of Contents

ADSETACE ...t et v
LS TP vii
Table Of CONENES .........c.ocoiiiiiiiii e viii
LiSt Of FIGUTES ...ttt Xii
List Of TabBLES ... Xix
INOMENCLATULE ... XX
List Of SYIMDOLS ...ttt XX
Acronyms and Abbreviations...........ccocoiveiiiiiiiiiiiieeee e XXil
Chapter 1: INTRODUCTION ..uccuiiirinrnnennesnessessessessassassassasssesssssessesssssassassass 1
11 Background ... s 1
1.2 Problem Statement ......................ccooiiiiiiii 5
1.3 Specific Aims And Objectives Of The Research..............cccccccoiiiiiniiiiinii, 6
1.4  Scope Of The Research............ccccoooviiiiiiiiiiiiiii et 6
1.5 Thesis Outline ..........ccocooiiiiiiiiiiiice e 7
Chapter 2: LITERATURE REVIEW ....ucivniininniinsnicssensssnssssissssssssssssssssasssssese 8
2.1 Background ... 8
2.2 Advantages Of Steel-Concrete Composite Construction ...................ccoceceneeene. 8
2.3 Components Of Steel-Concrete Composite Construction ..............cccceeenee. 10
2.4 Mechanism Of Steel Concrete Composite Action...............cccoociiiiiinn. 10
2.5 Advantages Of Shear CONNECtOr .............cccooerieiiinininiiiiieceeeee e 13
2.6 Different Categories Of Shear Connectors................cccccccoevviiiinnnicinnnene. 14
2.6.1 Headed Stud Shear CONNECtOTS .............ccoeueiriiiinieiniiinieieceeceee s 14
2.6.2 Perfobond Ribs Shear Connectors .................cccooeiviiiiiiiiiniiiccceee, 15
2.6.3 Composite Dowel Shear Connector..............ccccoeouvinininieiiniinincncicesceeeee 16
2.6.4 C-Shaped Channel And Angle Shear Connectors..............cccccccoeeuireennennnnene. 17
2.6.5 Combination Of Different Shear Connectors.................cccccccoeeiniiniinninnnnne. 19
2.7 Design Codes On Shear Connectors................cccccoovviiiiiiiiiiiiiicccce 19
2.7.1 Bangladesh National Building Code (BNBC)-2020............ccccccvvveineeninennnene. 20
2.7.2 AISC 360-16 (2006).........ccoomemiiiiiieiiieiiieicieceeie e s 21
2.7.3 CSA S16-09 (2009)........cocoumiemimieiinieiinieiinteteteet ettt 21
2.7.4 Eurocode 4 (2004)...........ccoeimiuimieinieiiieieeiee et 22

viii



2.7.5 JSCE (2005) .......eoooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeseeeeseeeseeeeeeseeseeeseeseesessseeeed 23

2.7.6 ACI 318-08 (2008).......ccueeemieiiriiieieiieieetentet ettt ettt sttt sttt eees 23
2.7.7 Channel Connector as per AISC 360-16 (2016) and CSA S16-09 (2009) .......... 24
2.7.8 Channel Shear Connector [Eurocode 4 (CEN 2001)]..........ccccoccovneiniinnennnnne. 25
2.7.9 Angle Shear Connector [Eurocode 4, CEN 2001]............cccccccoviiiniiniinninnnnn. 26

2.8 Advantages Of Headed Stud Shear Connector Over Other Shear Connectors27

2.9 Push OUt Test ......ccocciiiiiiiiiciccee ettt 28
2.10 Previous Research ... 30
2.10.1 Tests By Slutter and Fisher (1966) ..................cccccooiiiiiiiiiiiiiccce, 30
2.10.2 Tests By Menzies and Mainstone (1967) ..............ccccooeeoincincincinecnneene. 31
2.10.3 Tests by Hallam (1976) .............ccccooiiiiiiiiiiiiiiicieeccceeeeeee s 31
2.10.4 Tests by Foley and Oehlers (1985)..............cccccooiiiiiiiiiiiiiiiccce 31
2.10.5 Tests by Amar Prakash et. el. ... 31
2.10.6 Numerical study by Md. Manik Mia ..., 32
2.10.7 Numerical study by Huu Thanh Nguyen & Seung Eock Kim ....................... 32
2.11 Finite Element Analysis (FEA) Using ANSysS.........ccccccoccovneineincinecnecne 32
212 ReSEATCH GAP ....oviiiiiiiciiiiec et 34
Chapter 3:  METHODOLOGY......iinrerninennneesseesnssessssesassssessssessssssssseses 35
3.1 Introduction ... 35
3.2  Geometry Of Push Out Test..........ccooviiiiiiniiiniiicccc s 35
3.3  Material Properties ...............ccococccooiiiiiiiiiiiiiiiii s 40
3.3.1 Concrete.... ..o 40

3.3.1.1 Identifying Coupled Damage-Plasticity Microplane Model Parameters ....41

3.3.2 Structural Steel..........ccocoiiiiiiiiii s 45
3.3.3 Reinforcement ...........cc.cooeiiiiiiiiiiiiiiccee et 46
3.3.4 Headed Shear Stud .............oooiiiiiiiiiie e 47
3.4 Boundary Conditions ...........ccccoiiiiiiiiiiiiiiieeeeeee s 48
3.5 Contact And INteractions.............cccocevuiviiiiiiininiiiiinccceee e 50
3.5.1 Contact Between Concrete Slab and Steel Beam ......................ccccoiinininne. 50
3.5.2 Contact Between Steel Beam Flange and Headed Shear Stud ...................... 51
3.5.3 Contact Between Concrete Slab And Headed Shear Stud ............................... 52
3.5.4 Surface To Surface Contact & Target Modelling.................c.coociiinin 54
3.6 Finite Element Meshing & Element Selection ..................cccocooniiniinnnnne. 55

X



3.6.1 Mesh Convergence Study..............coooiiiiiiiiiiiiiiiic 56
3.6.2 Meshing of Concrete Slab & Element selection .....................ccocooninnnn. 57
3.6.3 Meshing of Steel Beam & Element selection ............c....ccocconiiniiniinncnnne. 58
3.6.4 Meshing of Headed Shear stud & Element selection .........................co... 60
3.6.5 Meshing of Reinforcement & Element selection..........................n. 61
3.6.6 Mesh Quality Check............ccooiiiiiiiiiiiiicccc e 63
3.7 Analysis Settings And Solution Strategy ... 67
Chapter4:  RESULTS AND DISCUSSIONS.......cocecuvunerunrernsnssesnssenssesenenes 69
41 General ..o 69
4.2 Preliminary Validation Of The Finite Element Model.....................c.cccccco..... 69
4.3 Comparison of FE Analysis Results with CSA S6-14, bnbc-2020,

& AASHTO LRFD ......ccocooiiiiiiiiiiiic e 71
4.3.1 Ultimate Shear Resistance According to CSA S6-14: .............cccoeiveinncnnnnne. 71
4.3.2 Ultimate Shear Resistance According to BNBC-2020:..............cccceeinininennnne. 72
4.3.3 Ultimate Shear Resistance According to AASHTO LRFD:.............................. 73
4.4 Fe Analysis Results For Perpendicular Headed Shear Stud........................... 74
4.4.1 Load SHP CUIVE....c.ooiiiiiiiiiiiceeeee et 74
4.4.2 Principal Stress Distribution at Concrete Slab ... 75
4.4.3 Von Mises Stress Distribution at Headed Shear Stud..................................... 77
4.4.4 Shear Stress (X-Y Plane) Distribution in Concrete Slab................................. 79
4.4.5 Shear Stress Distribution In Headed Shear Stud ... 80
4.4.6 Damage Identification ... 80
4.4.7 Force and Displacement Convergence ................cccocoovviiiiiniiiiiinciicenn, 83
4.5 Finite Element Analysis Results For 15 Degree Inclined

Headed Shear Stud ... 84
4.5.1 Load SLP CUIVE ..o 84
4.5.2 Principal stress distribution at concrete slab .....................cccociniiniiinnn. 85
4.5.3 Von Mises stress distribution at headed shearstud ................................... 87
4.5.4 Shear Stress (X-Y Plane) distribution in concrete slab .....................c..c.......... 88
4.5.5 Shear Stress distribution in headed shear stud ......................cccoii. 88
4.5.6 Damage Identification .............c..ccoiiiiiiiiiiiiniiic s 89
4.5.7 Force and Displacement CONvergence ...............ccccccceueueuiiniiiciininiicceceenes 92
4.6 FE Analysis Results For 30 Degree Inclined Headed Shear Stud.................... 93
4.6.1 Load SIIP CUIVE......coiiiiiiiiiiiiicee ettt 93




4.6.2 Principal Stress Distribution At Concrete Slab ... 94
4.6.3 Von Mises Stress Distribution At Headed Shear Stud ................................... 96
4.6.4 Shear Stress (X-Y Plane) Distribution In Concrete Slab .................................. 97
4.6.5 Shear Stress Distribution In Headed Shear Stud................cccocccoeininnnnnn. 98
4.6.6 Damage Identification ..................c..ocooiiiiiie 98
4.6.7 Force and Displacement CONVergence ............c..cccceceveniiieinininenieenenennennes 101
4.7 FE Analysis Results For 45 Degree Inclined Headed Shear Stud.................. 102
4.7.1 Load SHP CUIVE....c.ooiiiiiiiiiiiii ettt 102
4.7.2 Principal Stress Distribution At Concrete Slab ................cccocoviniiiiiinnne. 103
4.7.3 Von Mises Stress Distribution At Headed Shear Stud ................................ 105
4.7.4 Shear Stress (X-Y Plane) Distribution In Concrete Slab ............................. 107
4.7.5 Shear Stress Distribution In Headed Shear Stud......................c..o. 108
4.7.6 Damage Identification ................cccoooiiiiiiiiiiniiiccceees 108
4.7.7 Force and Displacement CONVeIgence ............c..coceceevereninieiiinenienieieeneneenes 111
4.8 Comparison Of FE Analysis Results For Perpendicular

& Inclined Headed Shear Stud (HSS) ... 111
4.8.1 Ultimate Shear Resistance & Maximum Displacement ...................cccccecee. 112
4.8.2 Variation of Principal Stress in Concrete Slab ....................ccccooininn 114
4.8.3 Variation of Compression Damage of Concrete Slab ..................cccccconenee. 117
Chapter5: CONCLUSIONS & RECOMMENDATIONS. .......cccccevueuenene 118
5.1 CoNCIUSIONS........cooiiiiiiiiiiiicce s 118
5.2 Recommendations For Future Study ... 120
REFERENCES .....uuiiniiiiinnennnninnensnnsinnssansssssesssssessssssssssssssssssessssssssssssssssssssass 121
APPENDICES .....couuiirtiirinininiinnsnissicsissississsssassssssisssssessssssssssssssssssssssssssssessessses 130

A 1.1 Coupled Damage-Plasticity Microplane Model APDL Code

Inputin ANSYS ... 130

X1



Fig. No.
Fig. 1.1
Fig. 1.2
Fig. 2.1

Fig. 2.2

Fig. 2.3

Fig. 2.4

Fig. 2.5

Fig. 2.6
Fig. 2.7
Fig. 2.8
Fig. 2.9

Fig. 2.10

Fig. 2.11

Fig. 2.12

Fig. 2.13

List of Figures

Figure Caption
Large Span Steel Concrete Composite Floor System
Components of Steel-Concrete Composite Floor
Components of steel concrete composite structure

Deflected Shape of Composite and non-composite

Beams

Strain Variation in Non composite and Composite

Beams
Headed Stud Shear Connectors

Load transmission mechanism of headed stud shear

connector in solid concrete slab

Perfobond rib shear connectors

Y-shaped perfobond rib shear connectors

Composite dowel shear connector

(a) Channel shear connector, (b) angle shear connector

Different systems of shear connectors used for the West

Coast region and Canterbury composite bridges
Headed stud shear connectors with a single perfobond
rib

Rigid channel shear connector and the parameters of

rigid shear connectors

Representative L-shaped angle shear connector

Page No.

10

12

12

13

14
15
16
17

18

18

19

26

27

Xii



Fig.2.14
Fig.2.15
Fig. 3.1
Fig. 3.2
Fig. 3.3
Fig. 3.4
Fig. 3.5
Fig. 3.6
Fig. 3.7
Fig. 3.8
Fig. 3.9

Fig. 3.10

Fig. 3.11

Fig. 3.12

Fig. 3.13

Fig. 3.14

Fig. 3.15
Fig. 3.16
Fig. 3.17

Fig. 3.18

Push-out test arrangement as per Eurocode 4
Slip capacity determination as per Eurocode 4
Geometry of push-out test specimen

Headed shear stud

Push-out Test Specimen

Smooth three-surface microplane cap yield function

Stress-Strain Relationship for Structural Steel
Stress-Strain Relationship for Reinforcement
Stress-Strain Relationship for Headed Shear Stud
Z-Axis symmetric Boundary Condition

X-Axis Symmetric Boundary Condition

Fixed Support at the Bottom Surface of the Concrete
Slab

Displacement Loading: (a) Downward (Push), (b)
Upward (Pull)

Frictionless Contact Between Steel Beam Flange &
Concrete Slab

Bonded Contact Between Steel Beam Flange & Headed
Shear Stud

Frictional Contact Between Concrete & Headed Shear
Stud
CONTA174 Geometry

TARGE170 Geometry
Mesh Convergence Study

Linear Cartesian Mesh of Concrete Slab

29

30

35

36

37

38

44

45

46

46

47

47

48

49

50

51

52

53

54

55

xiii



Fig. 3.19
Fig. 3.20
Fig. 3.21
Fig. 3.22
Fig. 3.23
Fig. 3.24
Fig. 3.25
Fig. 3.26
Fig. 3.27
Fig. 3.28
Fig. 3.29
Fig. 3.30
Fig. 3.31
Fig. 3.32

Fig. 4.1

Fig. 4.2

Fig. 4.3
Fig. 4.4
Fig. 4.5

Fig. 4.6

CPT215 Structural Solid Geometry

Linear Cartesian Mesh of Steel Beam

SOLID185 Structural Solid Geometry

Linear Tetrahedral Meshing of Headed Shear Stud
Solid285 Structural Solid Geometry

Meshing of Reinforcement

REINF264 used with 3-D 8-Node brick element CPT215
Element Quality

Aspect Ratio

Jacobian Ratio

Warping Factor

Maximum Corner Angle

Skewness

Newton Raphson Iteration Method

Validation of FE Push-Out Test Model with
Experimental Test

Comparison of Ultimate Shear Strength of Headed
Shear Stud obtained from CSA S6-14, BNBC-2020,
AASHTO LRFD & FE Analysis

Load Slip Curve for Perpendicular Headed Shear Stud
Principal Stress Distribution in Concrete Slab
Factor of Safety of Concrete Slab

Equivalent Von Mises Stress Distribution at Headed
Shear Stud

56

56

57

58

58

59

60

61

61

62

62

63

64

65

67

71

72

73

74

75

X1V



Fig. 4.7
Fig. 4.8
Fig. 4.9

Fig. 4.10

Fig. 4.11

Fig. 4.12

Fig. 4.13

Fig. 4.14

Fig. 4.15

Fig. 4.16

Fig. 4.17

Fig. 4.18

Fig. 4.19

Fig. 4.20

Fig. 4.21

Fig. 4.22

Factor of Safety of Headed Shear Stud
Shear Stress (X-Y Plane) Distribution in Concrete Slab
Shear Stress Distribution in Headed Shear Stud

Compression Damage for Perpendicular Headed Shear
Stud

Tension Damage for Perpendicular Headed Shear Stud

Force Convergence for Perpendicular Headed Shear
Stud

Displacement Convergence for Perpendicular Headed
Shear Stud

Comparison of Load Slip Curve for Perpendicular and
15 Degree Inclined Headed Shear Stud (HSS)
Principal Stress Distribution in Concrete Slab for 15
Degree Inclined HSS

Factor of Safety of Concrete Slab for 15-Degree Inclined
Headed Shear Stud

Von Mises stress distribution at 15-degree inclined
headed shear stud

Factor of Safety of 15-Degree Inclined Headed Shear
Stud

Shear Stress (X-Y Plane) distribution in concrete slab

Shear Stress (X-Y Plane) distribution in 15-Degree
Inclined Headed Shear Stud

Compression Damage for 15-Degree Inclined Headed
Shear Stud

Tension Damage for 15-Degree Inclined Headed Shear
Stud

75

76

77

78

79

80

80

81

82

83

84

84

85

86

87

88

XV



Fig. 4.23

Fig. 4.24

Fig. 4.25

Fig. 4.26

Fig. 4.27

Fig. 4.28

Fig. 4.29

Fig. 4.30

Fig. 4.31

Fig. 4.32

Fig. 4.33

Fig. 4.34

Fig. 4.35

Fig. 4.36

Force Convergence for 15-Degree Inclined Headed
Shear Stud

Displacement Convergence for 15-Degree Inclined
Headed Shear Stud

Comparison of Load Slip Curve for Perpendicular and
30 Degree Inclined Headed Shear Stud (HSS)
Principal Stress Distribution in Concrete Slab for 30
Degree Inclined HSS

Factor of Safety of Concrete Slab for 30-Degree Inclined
Headed Shear Stud

Von Mises stress distribution at 30-degree inclined
headed shear stud

Factor of Safety of 30-Degree Inclined Headed Shear
Stud

Shear Stress (X-Y Plane) distribution in concrete slab

Shear Stress (X-Y Plane) distribution in 30-Degree
Inclined Headed Shear Stud

Compression Damage for 30-Degree Inclined Headed
Shear Stud

Tension Damage for 30-Degree Inclined Headed Shear
Stud

Force Convergence for 30-Degree Inclined Headed
Shear Stud

Displacement Convergence for 30-Degree Inclined
Headed Shear Stud

Comparison of Load Slip Curve for Perpendicular and

45 Degree Inclined Headed Shear Stud (HSS)

89

89

90

91

92

93

93

94

95

96

97

98

98

99

XVi



Fig. 4.37

Fig. 4.38

Fig. 4.39

Fig. 4.40

Fig. 4.41

Fig. 4.42

Fig. 4.43

Fig. 4.44

Fig. 4.45

Fig. 4.46

Fig. 4.47

Fig. 4.48

Fig. 4.49

Principal Stress Distribution in Concrete Slab for 45
Degree Inclined HSS

Factor of Safety of Concrete Slab for 45-Degree Inclined
Headed Shear Stud

Von Mises stress distribution at 45-degree inclined
headed shear stud

Factor of Safety of 45-Degree Inclined Headed Shear
Stud

Shear Stress (X-Y Plane) distribution in concrete slab

Shear Stress (X-Y Plane) distribution in 45-Degree
Inclined Headed Shear Stud

Compression Damage for 45-Degree Inclined Headed
Shear Stud

Tension Damage for 45-Degree Inclined Headed Shear
Stud

Force Convergence for 45-Degree Inclined Headed
Shear Stud

Displacement Convergence for 45-Degree Inclined
Headed Shear Stud

Comparison of Load Slip Curve for Perpendicular &
15,30,45 Degree Inclined Headed Shear Stud (HSS)
Subjected to Downward (Push) Displacement Loading
Comparison of Load Slip Curve for Perpendicular &
15,30,45 Degree Inclined Headed Shear Stud (HSS)
Subjected to Upward (Pull) Displacement Loading
Principal Stress Distribution in Concrete Slab for

Perpendicular Headed Shear Stud (HSS)

100

101

102

103

104

105

106

107

108

108

110

111

112

Xvil



Fig. 4.50

Fig. 4.51

Fig. 4.52

Fig. 4.53

Principal Stress Distribution in Concrete Slab for 15
Degree Inclined Headed Shear Stud (HSS)
Principal Stress Distribution in Concrete Slab for 30
Degree Inclined Headed Shear Stud (HSS)
Principal Stress Distribution in Concrete Slab for 45
Degree Inclined Headed Shear Stud (HSS)

Variation of Compression Damage of Concrete Slab

112

113

113

114

Xviil



List of Tables

Table No. Table Caption Page No.
Table 3.1 Dimensions Of Headed Shear Stud Used in FE

Analysis 38
Table 3.2 Coupled Damage-Plasticity Microplane Model

Parameters 43
Table 3.3 Properties Of Structural Steel 45
Table 3.4 Properties Of Reinforcement 46
Table 3.5 Properties Of Headed Shear Stud 47
Table 3.6 Maximum Force Reaction for Different Element

Size of Concrete Slab 56
Table 3.7 ANSYS Recommended Scale for Skewness 67
Table 4.1 Comparison Between Experimental and FE

Analysis Results 70
Table 4.2 Comparison of Ultimate Shear Strength of

Headed Shear Stud obtained from CSA S6-14,
BNBC-2020, AASHTO LRFD & FE Analysis 74

Table 4.3 Ultimate Shear Resistance & Maximum

Displacement 112

XiX



Nomenclature

List of Symbols
Symbol Meaning
Mgqp Moment Resisted by Concrete Slab
Mpeam Moment Resisted by Steel Beam
xM Total Resisting Moment
Asc Cross Sectional Area of Headed Shear Stud
Ec Modulus of Elasticity of concrete
fe Compressive Strength of Concrete
W, Unit Weight of Concrete
Fu Tensile Strength of Headed Shear Stud
Rg Group Effect Factor
Rp Position Effect Factor
tr Flange Thickness
tw Web Thickness
L. Length
qr Performance Factored resistance
Psc Shear Connector’s Resistance Factor
h Shear Stud’s Height
d Shear Stud’s Diameter

Unit

Nm

Nm

Nm

mm?

MPa

MPa

kg/m3

MPa

mm

mm

Section

2.4

2.4

24

2.7.1

2.7.1

2.7.1

2.7.1

2.7.1

2.7.1

2.7.1

2.7.1

2.7.1

2.7.1

2.7.3

2.73

2.7.3

2.7.3

XX



Fck

fuc
fbc
fut

Yeo
Yto
B
Be

safety factor for shear resistance
total number of anchors in the group
The Design Resistance

Front surface area
Enlarged front surface area considering slope 1: 5
safety factor

Compressive Strength of Concrete
Poisson’s Ratio

Uniaxial Compressive Strength
Biaxial Compressive Strength
Uniaxial Tensile Strength

Intersection point abscissa between
compression cap and dracker-prager yield

function

Ratio between the major and minor axis of the

cap
Hardening material constant
Tension cap hardening constant

Compression Damage Thresholds
Tension Damage Thresholds

Tension Damage Evolution Constant
Compression Damage Evolution Constant

Nonlocal interaction range parameter

Over-nonlocal averaging parameter

MPa

MPa

MPa

MPa

2.74

2.7.6

2.7.8

2.7.8

2.7.8

2.7.8

2.7.8

3.3.1

3.3.1

3.3.1

3.3.1

3.3.1

3.3.1

3.3.1

3.3.1

3.3.1

3.3.1

3.3.1

3.3.1

3.3.1

3.3.1

XX1



Acronyms and Abbreviations

EC
CSA
BNBC
AISC
ANSYS
FEA
RCC
FEM
HSS
ASCE
JSCE
ACI
CEN

AASHTO

LRFD
CDPrM
DOF
CPT

APDL

Eurocode

Canadian Standard Association
Bangladesh National Building Code
American Institute of Steel Construction
Analysis System

Finite Element Analysis

Reinforced Cement Concrete

Finite Element Method

Headed Shear Stud

American Society of Civil Engineers
Japan Society of Civil Engineers
American Concrete Institute

Commission for European Normalization

American Association of State Highway and

Transportation Officials

Load and Resistance Factor Design
Concrete Damage Plasticity Model
Degree of Freedom

Coupled Pore-pressure Thermal

Ansys Parametric Design Language

Xxil



Chapter 1: INTRODUCTION

1.1 BACKGROUND

Composite structural members are composed of two or more distinct materials. The
capability to combine the abilities of individual material to generate a single unit that
functions better overall than its discrete basic parts is the primary advantage of composite
elements. Steel-concrete composites are the most widely used composite component in
construction, although there are other varieties as well, such as timber-steel, concrete-

timber, concrete-plastic and so forth.

Concrete is a material that resists less in tension yet performs well in compression. On
the other hand, steel has a very high tensile strength, even when used minimally.
Concrete-steel composite elements, which are widely used for structures like bridges,
warehouses, sheds, and multi-story buildings, combine the higher compression carrying
capacity of concrete with the higher tension-resistance of steel to create a lightweight,

highly effective unit.

Several advantages are associated with composite constructions that can assist
individuals in coastal and earthquake-prone areas in developing sustainable housing.
Composite structures and the sensational demand for accommodations can have a big
impact on social, financial, and economic aspects of life. Bangladesh and other
developing nations in Asia find it difficult to meet the housing needs of an expanding
middle class. The shoring of labour costs and the charge of building constituents is the
reason for the high rent in housing. Therefore, the majority of residents with lower to
middle class incomes are now concerned about affordable, sustainable housing. The

superior structural performance and durability of composite structures have led to an
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increasing use of these structures in seaside and earthquake-prone areas. In contrast to
conventional building materials like brick and concrete, they are lightweight. For having
a high strength-to-weight ratio, which means they can support heavy loads without being
bulky or heavy themselves, makes them an ideal choice for structures like buildings,
bridges, and towers that must be strong and lightweight. They can be designed to be
flexible, which allows them to bend and absorb the energy of these forces without

breaking or collapsing [1].

Composite structures can be tailored to fulfill particular design specifications. This means
that they can be used to create unique and innovative structures tailored to the needs of
people in coastal and earthquake-prone locations. The slab thickness of the composite
structure is small. After major earthquakes or tsunamis, the destroyed composite
structural materials are less than conventional RCC structures. Therefore, the wasted
materials can be easily moved to another place quickly, and the rescue program can start
immediately. Composite structures are sustainable and eco-friendly. They can be
recycled and reused. This makes them an ideal choice for people looking for sustainable
accommodations with minimal environmental impact. Composite structures need a

reduced amount of time to build than pure RCC structures, which reduces overall costs
[1].

For full composite action, it is required to transfer the horizontal shear forces developed
at the interface of steel beam and concrete slab. Shear connectors are welded to the steel
beam flange and embedded in the concrete slab to transfer the horizontal shear forces.
Shear connectors can boost a girder's load-carrying capacity by about 50% when

compared to non-composite girders [2].
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Fig. 1.1 Large Span Steel Concrete Composite Floor System [5]

In composite structures, headed stud shear connectors are frequently used to join
concrete slabs to steel beams; however, if they fail, the structure may collapse.
Longitudinal shear transmission between the steel and concrete components is the
fundamental component of composite structures. The main mechanisms for longitudinal
shear transfer are chemical bonding, friction, and mechanical interaction of interfacial
media. In the design and analysis of composite structures, friction and mechanical actions
are important, but chemical bonding is frequently disregarded [3]. Shear connectors
embedded into composite structures’ concrete can achieve mechanical interaction. The
characteristics of the concrete determine the shear load transferring part when shear
connectors are embedded into composite structures. The compression zone area is
usually increased by the shear connector. Additionally, it turns on slab reinforcement in

the compressive and tensile areas. The concrete layer receives the longitudinal shear load
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transfer from it. It helps transport larger loads to the steel beam. Shear connectors are
typically made of mild steel, but their strength is an important factor in increasing the
system's overall efficiency [4]. The design strength of the shear connections is ascertained
by means of numerical push-out tests and experiments. Only the equations and values
are included in the present design codes like EC4, CSA-516, BNBC and AISC 360-16 for
perpendicularly placed headed shear stud with zero inclination. However, neither the
literature nor the most recent design standards, such as BNBC (2020), provide
information to determine the shear carrying capacity or performance of inclined headed
stud shear connectors. In this numerical study, an effort has been made to determine the
load-slip behaviour and shear strength of inclined headed shear studs in steel concrete

composite construction by finite element analysis using ANSYS software.

welded wire

embossments

Fig. 1.2 Components of Concrete Steel Composite Floor [6]

This section includes an overview of the findings of this numerical study, along with its
contributions and relevance. This research explores the structural performance of the
inclined shear key in concrete steel composite structure by finite element analysis (FEA)
using ANSYS software. The study's background is conferred in Segment 1.1, and Sector

1.2 covers the problem statement. The research aims & objectives are offered in Section
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1.3, while the scope of the research is covered in Segment 1.4. An outline of the residual

chapters in the thesis is provided in section 1.5.

1.2 PROBLEM STATEMENT

The steel-concrete composite framing system as presented in Fig. 1.2, consists of
RCC/Steel/Composite column and steel concrete composite deck floor system. The best
qualities of each material are combined in an incredibly effective way to maximize
construction methods. A shaped steel deck and concrete slab are joined to a rolled or
built-up steel beam, which is the most typical configuration seen in composite floor
systems. By creating a stiff horizontal diaphragm, the composite floor system distributes
seismic and wind shears to the lateral load-resisting systems and stabilizes the building
system as a whole. By roughly two and three times, respectively, the load carrying
capacity and stiffness (i.e., deflection reduction) are increased by composite action [7].
Shear connectors guarantee that the section behaves compositely, while steel supplies the
tension element and concrete forms the compression flange. The effectiveness of the
composite action depends on the shear transfer capacity, load-slip behaviour, stiffness,

ductility and failure mode of the shear connector due to the application of load.

Usually widely used headed stud type shear connectors are welded perpendicularly to
the surface of the flange of steel beam with zero inclination. Some of the shear connectors
unconsciously get welded at an inclined angle during this process. The assumption of
composite action may be invalidated if inclined shear studs are incapable to transfer
adequate forces to the nearby concrete to develop full composite actions. Nevertheless,
depending on the direction of the inclined angle with respect to the loading direction,
inclined shear studs may also likely provide an increased ultimate load capacity. When
shear connectors are inclined in the reverse way of the applied load, inclination helps the
shear connector to claw the concrete effectively and resist more lateral movement. If shear

carrying capacity and stiffness of shear connector can be improved by the inclination,
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construction having greater span will be possible using smaller steel section, deflection

will be within control and overall construction cost will be minimized.

1.3 SPECIFIC AIMS AND OBJECTIVES OF THE RESEARCH

To develop the finite element model of the standard push-out test of steel concrete

composite structure according to Eurocode 4 using FEM based ANSYS software.

Validation of the standard push out test numerical model having perpendicularly

placed headed shear stud with the previous experimental test results.

To investigate the load-slip behaviour of inclined headed shear stud having
inclination angle 15-degree, 30-degree & 45-degree subjected to downward and
upward displacement along the longitudinal axis of the steel beam in steel

concrete composite structure.

To investigate the ductility characteristics of different inclined shear key which is
an important parameter for lateral load resistance in concrete steel composite

structure.

Analysing the overall structural performance like ultimate shear load resistance &
maximum slip of the inclined shear key, to suggest an optimization of inclination
of the headed shear stud for the best performance in concrete steel composite

construction.

1.4 SCOPE OF THE RESEARCH

The scope of the study includes developing of finite element model of standard push out

test using finite element-based software ANSYS to investigate the behaviour of steel

concrete composite structure. The study emphases on the investigation of load-slip

behaviour, failure pattern, stress distribution and other relevant properties of steel-

concrete composite structures. The developed finite element model will consider
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nonlinear material behaviour, interface conditions and complex geometries to
realistically capture the structural response. For ideal condition headed shear stud will
be considered as placed perpendicularly with the flange surface of steel section. To
validate the numerical model, the load-slip curve achieved from numerical finite element
analysis will be compared with the previous experimental results. In further study, the
FE model will be developed for inclined headed shear studs. Inclined headed shear studs
will be considered as placed at inclination angle 15-degree, 30-degree and 45-degree with
the flange surface. The load-slip curve and ultimate shear resistance of the inclined
headed shear studs will be compared with the perpendicularly placed headed shear studs
(HSS). Considering the overall structural performance, the best orientation angle of the

inclined headed shear studs will be determined.

1.5 THESIS OUTLINE

This report is arranged into 05 chapters. In the present chapter contextual of the study,

problem statement, scope, aims & objectives of the research are introduced.

Chapter 2 presents an overall literature study on different categories of shear keys and
their performance in composite beam construction for buildings and bridges, different

codes, Finite element modelling, push out test of steel concrete composite structure etc.

In Chapter 3, Methodology describes the development procedure of finite element model

of push out test.

In Chapter 4, data analysis, load-slip curve validation with the experimental results, load-
slip curve for different inclined headed shear stud, overall results and discussions are

covered.

In Chapter 5, the project work's conclusions, and future recommendations are presented.
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Chapter 2: LITERATURE REVIEW

2.1 BACKGROUND

In order to prevent longitudinal slippage and separation between the two materials, shear
connectors are used to join the concrete and steel components of the steel-concrete
composite structure. [8]. For many years, composite structural systems have been utilized
in a range of applications, such as bridge construction, to optimize material efficiency.
Globally, the use of steel-concrete composite construction is growing in popularity as a
substitute to only steel and only concrete construction. However, for Bangladesh's
construction industry, this steel-concrete composite construction system is a relatively

new idea [7]. It is going popular day by day due to its several special features.

2.2 ADVANTAGES OF STEEL-CONCRETE COMPOSITE CONSTRUCTION

A clear and concise explanation of the effectiveness and adaptability of composite
construction is that steel and concrete behave identically in compression & tension
respectively. By linking the two materials as a structure, these advantages can be
combined to create a lightweight, extremely competent design that is capable of

withstanding both axial and flexural forces.

Since this is the most practical and cost-effective approach for low storied buildings,
reinforced concrete (RC) members are employed in the framing arrangement for the
majority of constructions. However, because of the higher dead load, decreased stiffness,
limited span, and dangerous formwork, this sort of structure is no longer profitable for
medium-to high-rise buildings. For medium-to high-rise buildings, steel-concrete

composite frame systems can offer an efficient and cost-effective solution to the majority
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of these issues [7]. A cost versus story curve demonstrates that the RCC frame method is
less expensive than the composite system for low-rise structures. However, composite
construction becomes economical than RCC construction for buildings with more than
15 stories [7]. ASCE research indicates that the extreme shear strength of a floor slab can
be improved by 85% through the use of steel-concrete composite. [9]. The following are

additional advantages and benefits:

e The building sector needs improved inventions to overcome the threat of natural
calamities like earthquakes, cyclones, etc. The mass of the structure is crucial to its
functional performance in the case of such natural disasters. Because of this, it is
necessary to lessen the structure's load or mass. Steel-concrete composite
structural system is 25 percent lighter than conventional reinforced concrete
construction. Owing to the light weightiness of steel-concrete composite system
site erection and installation are relatively easy and labour cost minimization is

possible [9]

e Using comparatively small cross sectional area higher strength than the

conventional RC construction can be achieved.

e Due to the light weight of concrete steel composite system forces in the supporting

structural components can be reduced and foundation cost can also be minimized.

e The expensive steps involved in old-style concrete forming, such as supporting,

stripping, and other temporary works, are eliminated with composite systems.

e Steel concrete composite system allows to span longer distance without providing

intermediate columns.

e Subsequent floors can be casted without waiting for the formerly cast floors to
solidify. The composite floor is positively moment-reinforced by the steel decking

system, which requires minimal temperature bars to prevent cracking.
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e easy handling, quick construction work, convenient transportation are possible in

steel concrete composite construction.

2.3 COMPONENTS OF STEEL-CONCRETE COMPOSITE CONSTRUCTION

A solid cast-in-place concrete slab is either positioned on top and connected to a steel I-
shaped girder in a steel concrete composite structure. The most common method for
casting concrete slabs is onto a cold-formed steel deck, which is supported by an I-shaped
section of steel. Shear connectors keep the concrete slab and steel beam joined. Shear
connectors prevent slippage between the steel beam and concrete slab by transferring the
horizontal shear forces. Different components of steel-concrete composite structure are

revealed in Fig. 2.1.

concrete slab /

Q

profiled steel sheeting SN TR 1oy O

I

Fig. 2.1 Components of steel concrete composite structure [2]
24 MECHANISM OF STEEL CONCRETE COMPOSITE ACTION

When the reinforced concrete slab and supporting steel beam (Fig. 2.2.a) are innately
connected and bend as a single unit, as illustrated in Fig. 2.2.b, composite action is
developed. The measures taken to guarantee the development of a single linear strain

between the top of the concrete slab and the bottom of the steel beam will determine how
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much composite action develops. If the friction between the concrete slab and steel beam
is disregarded, the concrete slab and steel beam individually bear a portion of the load in
the non-composite beam (Fig. 2.2.a). When a non-composite beam bends under the force
of gravity, its top surface is compressed and its bottom surface is in tension due to the
deformation of the concrete slab. As a result, the plane of contact will experience a
discontinuity. Only the vertical internal force will operate between the steel beam and the
concrete slab because friction is ignored. Between the concrete slab and steel beam, there
is no relative slip when complete composite action develops (Fig. 2.3.c). The concrete slab
is compressed, shortened, and the steel beam is extended by horizontal shear forces
acting at their interface. When there is no interaction between the concrete slab and steel

beam in a non-composite, the total resisting moment equals
XM = Mgap + Mpeam (2.1)
Here,
M4, =Moment Resisted by Concrete Slab
Mpeam= Moment Resisted by Steel Beam
XM =Total Resisting Moment

The neutral axes of the slab and the beam are closer to each other when there is partial
interaction between the concrete slab and the steel beam, as seen in Fig. 2.3.b. The limited
interaction will cause the straight slip to lessen. The result of the partial interaction is the
partial development of the maximum tension and compression forces, C and T, in the
steel beam and concrete slab, respectively. The counterattacking moment of the section
then augmented by Te or Ce. When full interaction, also called a full composite action, is
developed between the slab and the beam, no slippage occurs; the strain diagram that
emerges is shown in Fig. 2.3.c. There is only one neutral axis in this situation, and it is

situated beneath the slab and above the beam. Moreover, the tensile and compressive
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forces, C1 and T, respectively, are larger than the partial interaction forces. The fully

developed composite section’s resisting moment then becomes [10].
M =T,e; or Cieq (2.2)
Here,
T,= Tensile Force & C;= Compressive Force
e;= Distance Between the Line of Action of Compressive and Tensile Force

Y.M=Total Moment Resisted by the Fully Developed Composite Section

_Concrete slab
s

J — ! !

connectors

Steel girder—» = e ———
frr tj'l [=t=1=1—1"1\
RN LT
- - |
() (b) (c)

Fig. 2.2 Deflected shape of composite and non-composite beams [2]
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Fig. 2.3 Strain Variation in Non composite and Composite Beams

2.5 ADVANTAGES OF SHEAR CONNECTOR

e Shear connectors provide strong resistance against shearing failure in composite

structures and have a high load bearing capacity.

e During construction, a very high rate of production is possible.

e Operating ease while construction is underway. For welding, there is no specific

skill needed.

e Adaptability in building design.

e To create a concrete slab, Shear Connectors can be welded through Deck Sheets.

e Sturdy, long-lasting, steady, and earthquake-resistant
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2.6 DIFFERENT CATEGORIES OF SHEAR CONNECTORS
2.6.1 Headed Stud Shear Connectors

The headed studs seen in Fig. 2.4 are the shear connectors that are most frequently
utilized in industries. They provide steel shanks with an anchorage head to prevent slabs
in composite structures from shifting vertically and that can withstand longitudinal shear
forces (Ollgaard et al. [11]). Typically, specialized welding equipment is needed to
connect a headed stud in a steel girder beam. Ideally, the strength of welding will be
higher than the stud strength. But when these joints are repeatedly loaded, fatigue issues
typically arise [12] [13] [14]. Numerous studies on stud connectors have been conducted

since Viest invented the headed stud shear connector seven decades ago [15].

Fig. 2.4 Headed Stud Shear Connectors [11]

|
| :
il :

Fig. 2.5 Load transfer mechanism of headed shear stud connector in concrete slab [4])

Chapter 2: LITERATURE REVIEW 14



Langershausen [4] created a model to show how stud connectors transfer load in solid
slab applications. In Fig. 2.5, the capacity of the connector is composed of four distinct
parts. First, a sizable portion of the shear force along the longitudinal axis from the
bottom of the stud (A) reacts with the weld collar as soon as it contacts the nearby
concrete. At the foot of the stud, the concrete crushes due to multiaxial high bearing loads.
The shear stresses are then distributed higher up by the stud's shank (B). The stud's shank
(C) is subject to bending and tensile stresses because the connector's base can move
sideways while the stud's top is submerged in unaltered concrete and cannot deform.
Because compressive pressures in the concrete beneath the stud head balance tensile
stresses, additional forces (D) are created. The shear connection breakdowns when the

shank of the stud merges with the failure due to shear tension above the weld collar.

2.6.2 Perfobond Ribs Shear Connectors

Perfobond-ribs shear connectors are easier to install and have a higher fatigue strength
than conventional headed studs (Leonhardt et al. [16], Oguejiofor and Hosain [17-19]).
The T-rib perfobond shear connectors were designed by Vellasco et al. [20] to transfer
forces (Fig. 2.6.a). Vianna et al. [21] designed the T-rib perfobond shear connector’s web
plate, which had one or two rows of two (Fig. 2.6.b) or four (Fig. 2.6.c) holes. A PBL shear
connector that works well with mixed girder arrangements made up of steel and
prestressed reinforced cement concrete (RCC) was introduced by Ahn et al. [22]. Vianna
et al.'s study [23] evaluated the slip capacity, shear resistance, and failure mechanism of
T-rib connectors by examining a number of variables, including strength of concrete, hole
position of connector, reinforcement and slab’s thickness. The geometry of the shear
connector was emphasized by Costa-Neves et al. [24], who also introduced double T-

perfobond (Fig. 2.6. d) and I-perfobond (Fig. 2.6.e) connectors for composite girders. The

Chapter 2: LITERATURE REVIEW 15



performance of TPBL, T shear connectors, and T-block in fire was experimentally

investigated by Rodrigues and Lam [25].

(a) (b) (c) (d) (e)

Fig. 2.6: Perfobond rib shear connectors [20] [21] [22] [23] [24]: (a) T-ribs, (b) two holes in Trib,
(c) four holes in two rows T-rib, (d) 2T Perfobond T-rib, and (e) I-Perfobond T-rib

Fig. 2.7: Y-shaped perfobond rib shear connectors [26]

Kim et al. [26] created the "Y"-shaped PBL shear connector, which is depicted in Fig. 2.7
Continued investigational and analytical research under static type of loading [27-29]
and cyclic type of loading [30-32] has proven the connector's superiority in fatigue and

shear resistance.

2.6.3 Composite Dowel Shear Connector

Kopp et al. [33] supplied the circumstantial information of puzzle-shaped (PZ) and

clothoidal (CL) composite dowels (Fig. 2.8) for use as shear connectors in composite
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beams. Technical rules for ultimate limit states, manufacturing, construction, and
structural design principles have been developed using the data. By utilizing the
symmetric shape of CL and PZ composite dowels, shear stress in composite structures
can be distributed uniformly and, in both directions, (Seidlet al. [34]). These dowels have
good fatigue resistance and radius connectors that are robust enough to withstand fatigue
cracks. Hechleret al. [35] presented a fatigue design strategy in their paper for PZ

continuous shear connections used in prefabricated composite beam construction.

(@)

(b)
Fig. 2.8 Composite dowel shear connector

(a) Clothoidal shape and (b) puzzle shape [33]
2.6.4 C-shaped channel and angle shear connectors

The primary reasons for the possible development of C-type shear connectors are the low
strength of headed studs and the difficulties in supplying transverse rebar in PBL holes
[Fig. 2.9]. The established constructability benefits of channel connectors were attributed
to their superior reinforcing environment and twice the shear strength of headed studs
(Shariati et al. [38]). There are two types of C-shaped connectors: angle and channel
profile. The results of push-out static loading experiments on composite structures with

angle shear connectors were published by Rajaram [39].
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According to the test results, the channel connector had an acceptable energy dissipation
capability and a maximum bearing capacity that was roughly 47.5% and 92.1% higher

than that of the angle and T-PBL connectors, respectively.

(a) (b)

Fig. 2.9: (a) Channel shear connector, (b) angle shear connector [38]

Hicks et al. [40] assessed the shear connectors in bridges from the Gisborne and Hawke's
Bay regions, as well as the Canterbury and West Coast areas. It was noted that 72% and
63% of the bridges in the Gisborne, Hawke's Bay, Canterbury, and West Coast regions
(Fig. 2.10) used welded channels, and 18% and 30% used V-angles as a shear connection.
Conversely, the percentage of bridges with shear studs or other connectors installed is

between 3% and 7%.

Stud and other
10%

Welded V Angles
18% Welded Channels

72%

Fig. 2.10: Different systems of shear connectors used for the West Coast region and
Canterbury composite bridges [40]
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2.6.5 Combination of different shear connectors

Researchers have been able to enhance the shear behavior of composite structures by
combining headed stud and PBL shear connectors. Deng et al. [41] created and verified a
grouping of headed shear connectors with a solo perfobond rib (Fig. 2.11) in order to
evaluate the mode of fracture, shear carrying capacity, load-slip behaviour, and ductility

using ten test specimens for push-out.

Fig. 2.11: Headed stud shear connectors with a single perfobond rib [41]

2.7 DESIGN CODES ON SHEAR CONNECTORS

The design strength of the shear connector is a crucial component in the creation of a
composite part. The design values and equations are provided by professional standard
codes. The equation and provisions of the design code currently cover only headed stud
type shear connectors and a limited other kinds of shear connectors. The following
section discusses available codes of practice for headed stud shear connector & channel

shear connector.
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2.7.1 Bangladesh National Building Code (BNBC)-2020

Headed stud shear (HSS) connector’s shear strength:

As per the Bangladesh National Building Code (BNBC)-2020 [43] the shear strength of
one headed stud shear connector implanted in solid concrete slab in composite

construction can be expressed as
Qn =0.5 Asc\(f’cEc) <RgRpAscFu (2.3)

Where, Asc= Headed stud shear connector’s cross-sectional area (mm?)

Ec =Modulus of Elasticity of concrete (MPa)

=0.043w, 5/’ , w, =concrete’s unit weight (1500<w,<2500 kg /m?)
Fu = Tensile strength of a headed stud shear connector (MPa)
Rg= group effect factor
Rp= position effect factor
Strength of channel shear connectors:
Strength of one channel shear connector can be calculated using following formula
Qn = 0.3(tr + 0.5t )Lc \/f Ec (2.4)
here,
t; = Flange thickness (mm)
tw = Web thickness (mm)
L.=Length (mm)

Ec = Modulus of Elasticity of concrete (MPa)

=0.043w,15/f’. , w, =concrete’s unit weight (1500<w,<2500 kg/m?3)
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2.7.2 AISC 360-16 (2016)

48 push-out specimens were tested with 16 mm and 19 mm studs embedded in both
ordinary and lightweight concrete. The concrete's strength, cross-sectional area, and
modulus of elasticity all affect how strong a shear connection is in a solid slab. The upper
limit of the test data was determined by following Eq. 2.5 regarding the connector's
tensile strength. The nominal shear capacity (Qn) was also determined in AISC 360-16 by

accounting for the group variables and the location of the shear connector
Qn =0.5 Asc\(f’cEc) <RgRpAscF (2.5)
In this expression;
Rg= Factor of group effect
Rp= Factor of position effect
Asc=The cross-sectional area (mm?)
Fu= Tensile strength of a shear connector (N/mm?)
f’c=The compressive strength of concrete (N/mm?)

Ec=The modulus of elasticity of concrete (N/mm?)

2.7.3 CSA S16-09 (2009)

The shear capacity of an end-welded stud in a solid slab that is headed or hooked and

has a h/d ratio of at least 4.0 is
qr = 0.5 @scAsV(f Ec) < scAsc Fu (2.6)
here,
qr = Performance Factored resistance (N)
(psc = Shear connector’s Resistance Factor [0.8]

As= Shear connector’s cross-sectional area (mm?)
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f’c=The compressive cylinder strength of concrete (N/mm?)

Ec= The elasticity modulus of concrete (N/mm?2)

Fu = Shear connector’s tensile strength (MPa)
h = Shear stud’s height (mm)

d = Shear stud’s diameter (mm)

2.7.4 Eurocode 4 (2004)

Two equations (Egs. 2.7 and 2.8) for the shear resistance of welded headed shear
connectors in solid slabs are provided by Eurocode 4 clause 6.6.3.1. The minimum value
obtained from these two equations was used to calculate the design resistance (Pra). Shear
connector failure and concrete failure are the two primary failure modes that are

addressed by these two equations.

2
Py = (O'Z"MT VfekEe) (2.7)
0.8f, md?
Py = 4—y” (2.8)
here,
h h
a=0.2(ﬂ+1)s1.0, for3<—-<4
d d
h
a = 1.0, for % > 4

d = shank diameter of the stud shear connector(mm) (16 mm < d < 25 mm)
hg. = height of the stud shear connector (mm)

f.. = ultimate tensile strength (N /mm?)

fex = characteristic compressive strength of concrete cylinder (N/mm?)

E. = Modulus of elasticily of concrete (N/mm?)
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¥y = safety factor for shear resistance (y, = 1.25)

2.7.5 JSCE (2005)

For two distinct failure modes (stud and concrete), the Japanese Standard Specifications
for Steel and Composite Structures specify the minimum value for the shear resistance of
the welded headed studs. These can be found in Equations 2.9 and 2.10. This case is

limited to height to diameter ratio as hss/dss > 4

hSS 4
Vsua = (314, d_ss) * f ca T 1000) /vy (2.9)
Vsua = Assfsual Vo (2.10)
here,

A = stud shank cross sectional area (mm?)
dss = shear stud connector diameter (mm)

hgs = shear connector height above the flange (imm)

feua = design tensile strength of stud (N/mm?) (= fIST“k)
feur = characteristic tensile strength of stud (N/mm?)

!
f'cqa = design compressive strength of concrete (N/mm?) (= fl—;")
f'ck = characteristic compressive strength of concrete (N/mm?)

Yy = is the partial safety factor for shear resistance (y, = 1.3)

2.7.6 ACI 318-08 (2008)

The steel strength of the anchor in shear, which can be found in Equations 2.11 and 2.12,
respectively, determines the nominal strength of an anchorage, Vs, for a cast-in headed

bolt or post installed anchor and a cast-in headed stud anchor.

Vsa = nAsefuta (2'11)
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Vsa =1 0.6 Asefuta (2.12)
Here,

n = total number of anchors in the group

Ase=single anchor’s effective cross-sectional area (in?)

fu=smaller of 1.90fya and 125 ksi.

fy=the specified yield strength of the anchor

fu= the specified tensile strength of the anchor steel

2.7.7 Channel Connector as per AISC 360-16 (2016) and CSA S16-09 (2009)

The most recent American Standard (AISC 360-16) states the following formula to

calculate the strength of a channel shear connector embedded in a slab of solid concrete:

Qn = 0.3(ty + 0.5t,,) L /(F7 Ec) (2.13)
here,

Q,, = Strength of one channel shear connector (N)

ty = Flange thickness of (mm)

tw = Web thickness (mm)

L. = Length (mm)

f'c = Compressive strength of concrete (MPa)

E. = The elasticity modulus of concrete (MPa)

This formula is a slightly altered version of the formula created by Slutter and Driscoll

[44].
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CSA 516-09 (2009):

The current Canadian Standard states that the factored resistance qrs of a channel shear

connector embedded in a solid concrete slab is to be determined using Eq. 2.14:

Qrs = 36.5¢,c(ty + 0.5t,) L [f7, (2.14)
here,

@sc = Resistance factor

ty = Flange thickness (mm)

tw = Web thickness (mm)

L. = Length (mm)

f'c = Compressive strength of concrete (MPa)

The results of 41 push-out specimen tests conducted at Lehigh University are also the

basis for this equation [44].

2.7.8 Channel shear connector [Eurocode 4 (CEN 2001)]

This connector's usual orientation is depicted in Fig. 2.12. We call this type of connector a block

connector. A steel tie is used to avoid uplift due to the channel's arrangement.

L - connector

Fig. 2.12 Rigid channel shear connector and the parameters of rigid shear connectors

(Eurocode 4)
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The design resistance (Prq) of this type of block shear connector can be determined using following

formula
Prqa = nAg Fck/Yc (2- 1 5)
here,

A¢; = Front surface area

As, = Enlarged front surface area considering slope 1: 5

,A
n= A—fz (smaller than 2.5 for normal concrete and 2 for light weight concrete
f1

Y = safety factor

Block shear connectors are not popular in North America because these are rigid in nature

and require extra tie.

2.7.9 Angle Shear Connector [Eurocode 4, CEN 2001]

The strength (Prd) of an angle shear connector embedded in a concrete slab as shown in

Fig. 2.13 is as follows:

Pra = 10bR*/* £, y, (2.16)
In this expression,

b = Length (mm)

h = Width (mm)

fex = Characteristic compressive strength of concrete (N/mm?)

Yy = safety factor for concrete, for the ultimate limit state, it is taken as 1.25
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position of angles with respect
to the direction of thrust

@ - diameter of reinforcement

Fig. 2.13 Representative angle shear connector (L-shaped) [Eurocode 4]

2.8 ADVANTAGES OF HEADED STUD SHEAR CONNECTOR OVER OTHER
SHEAR CONNECTORS

Headed stud shear connectors are superior to other types of connectors because:

1. They have good concrete anchoring, quick welding, and are ideal for use in steel deck

slabs.

2. They don't obstruct the slab reinforcement.3. Concrete located near the connectors can

be compacted satisfactorily.

4. In every direction, it provides the same shear strength.
5. Easy production of large-scale sizes.

6. Contains standard dimensional head that acts as a resistance factor for slab uplift
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2.9 PUSH OUT TEST

Push-out tests are a popular technique for analysing shear connection capacity and
failure mechanisms. A steel section with shear connectors inserted into concrete slabs on
both flanges is a typical push-out specimen. Vertical downward load or displacement is
applied on the web of the steel section. It is considered that the load is distributed equally
among the slabs and that only the connectors transmit the load from the steel section
(Viest [15]). However, the information about push-out test is found in Eurocode 4 and is
depicted in Fig. 2.14 and pertains to welded shear connectors in solid concrete slabs. To
cut down on the expense and duration of a full-scale test, this test is utilized in place of
the composite beam test. The calculation of slip capacity using Eurocode 4 is shown in

Fig. 2.15.
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Fig. 2.14 Push-out test arrangement as per Eurocode 4
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Fig. 2.15 Slip capacity determination as per Eurocode 4

A shear connector's ductility can be ascertained through push-out tests. The slip capacity
at the interface between the composite concrete slab and the steel beam determines this.
Shear connectors are deemed ductile if their capacity for deformation is sufficiently high.
Eurocode 4 states that the shear connector is ductile if the slip becomes greater than 6
mm. A notable plastic deformation characterizes the headed shear connector's good
ductile behaviour. On the other hand, brittle behaviour with little plastic deformation is

identified in a shear connector that does not cross the 6 mm threshold [52].

2.10 PREVIOUS RESEARCH

Many push-out tests were carried out by multiple researchers. This section will provide

a thorough review of the research conducted by earlier researchers.

2.10.1 Tests By Slutter and Fisher (1966)

One of the primary sources for the study of headed shear stud is the test conducted at
Leigh University by Slutter and Fisher in 1966. Slutter and Fisher's (1966) research, which

tested push-out specimens (35 nos.) with a concrete slab connected to a steel beam and
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came to the conclusion that fatigue life is an index of stress range and peak value of the

load is not significant [44].

2.10.2 Tests By Menzies and Mainstone (1967)

They conductedtest on different types (HSS, Channel and bar) of shear connectors. 19
mm diameter and 100 mm height headed shear studs were considered for 11 static type
and 23 fatigue type tests. It is reasonable to anticipate some variations in strength if the
strength of the concrete varies. Their research revealed that stud shear connectors

experienced greater variations in strength than bar and channel shear connectors [45].

2.10.3 Tests by Hallam (1976)

They conducted 17 nos. push out test and 13 nos. fatigue test with fixed amplitude value
and adjustable range of the stress. According to their research, the most crucial factor in
predicting the static strength, load slip behaviour, and life of fatigue of a shear connector

is the concrete's compressive strength [46].

2.10.4 Tests by Foley and Oehlers (1985)

The strength of HSS was investigated through 129 push-out tests. The findings
demonstrated that the application of cyclic loads causes stud shear connectors' static
strength to decrease. In line with the findings of Mainstone and Menzies (1967) [47], there
was a 50% reduction in static strength according to two tests, and a 73% reduction in

another test.

2.10.5 Tests by Amar Prakash et. el.

Their research took into account the confinement of reinforced concrete. According to
experimental results, concrete confinement near the headed shear stud greatly increased
the concrete's compressive strength and splitting resistance; as a result, push out

specimens should take this into consideration [48].
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2.10.6 Numerical study by Md. Manik Mia

Using a finite element model, a comprehensive parametric study was conducted with
varying stud diameters and concrete strength to examine the behaviour of both small and
large headed shear studs. A numerical analysis revealed that while slip decreases as
concrete strength increases, shear capacity increases. The small and large shear
connectors both showed signs of a shank failure mode. Research revealed that the EC4,
typically provides a less estimate of the shear carrying capacity of a headed shear stud,

but the CSA S6-14, gives overestimation by approximately 22.3% [49].

2.10.7 Numerical study by Huu Thanh Nguyen & Seung Eock Kim

Parametric study of the 32-specimen considering different diameter of the stud and
strength of concrete was conducted by FE analysis. Study showed that AASHTO LRFD
specification gives overestimation of the shear carrying capacity by about 27 percent. EC4
gives conservative estimation for 22 to 25 mm diameter stud and overestimation for 30

mm diameter stud by up to 8.7 percent [50].

2.11 FINITE ELEMENT ANALYSIS (FEA) USING ANSYS

Engineers and designers now depend heavily on Finite Element Analysis (FEA) to
simulate and examine the behaviour of various components and structures. It helps them
to guarantee structural integrity, optimize performance, and forecast how a design will
behave under different loading scenarios. Finite Element Analysis is a numerical
technique that breaks down large, challenging engineering problems into smaller, easier-
to-manage components. The behaviour of the entire structure or component is
represented by these elements, also referred to as finite elements, which are
interconnected. Based on the system's material characteristics, applied loads, and
boundary conditions, FEA models the system's physical behaviour. FEA offers important

insights into critical parameters such as heat transfer, vibration, deformation, stress
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distribution, and others by solving a set of equations derived from the governing

principles of physics.

A popular software package for FEA and other engineering simulations is called ANSYS.
It provides an extensive set of tools and functionalities for the analysis of problems in
structural, thermal, fluid, electromagnetic, and Multiphysics fields. Engineers in a variety
of industries choose ANSYS because of its robust solvers, user-friendly interface, and
strong post-processing capabilities. To better understand their designs, users can use
ANSYS to solve equations, define material properties, apply loads and constraints, create

complex finite element models, analyse simulation results, and more.
Advantages FEA using ANSYS:

Design Optimization: Engineers can improve designs through iteration and
optimization with ANSYS in order to maximize performance, reduce weight, increase

efficiency, and boost reliability.

Virtual Prototyping: FEA enables engineers to test their designs virtually in a variety of
operating environments, saving money on expensive physical prototypes and speeding

up the design process.

Structural Analysis: ANSYS offers comprehensive structural analysis capabilities, such

as fatigue, buckling, composite materials, and linear and nonlinear analyses.

Thermal Analysis: By using ANSYS, users can examine temperature distribution, heat
stress, and heat transfer in systems and components to maximize cooling options and

guarantee secure operating environments.

Fluid Dynamics: Engineers can simulate and analyse fluid flow, heat transfer, and
aerodynamics for optimized designs with the help of ANSYS's robust computational

fluid dynamics (CFD) capabilities.

Chapter 2: LITERATURE REVIEW 33



2.12 RESEARCH GAP

It is found from the literature review that in BNBC, AISC 360-16, AASHTO LRFD,
Eurocode 4, JSCE, ACI 318-08, no designs equations are available for the determination
of shear strength of inclined headed shear stud. Several researchers conducted their
experimental and numerical investigation on headed shear stud considering
perpendicular orientation. But during the construction of steel-concrete composite
structure some headed shear stud may be get welded having some inclination due to
oblivion or lack of proper skill. In that case if the inclined headed shear stud becomes fail
to transfer the transverse shear, the assumptions of steel-composite action may be
invalidated. Here the numerical study is conducted using ANSYS software for
perpendicular and inclined headed shear stud to determine the load slip behaviour,

ultimate shear strength, failure pattern by standard push out test.
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Chapter 3: METHODOLOGY

3.1 INTRODUCTION

The initial step of this study is to develop an accurate and efficient non-linear three-
dimensional finite element push out test model to investigate the behaviour of headed
stud shear connector in steel concrete composite construction. The finite element-based
software ANSYS was used in the analysis. Several criteria, such as the model’s ability to
capture the nonlinear response, plasticity and damage behaviour of concrete were
considered during finite element modelling. The results of the developed finite element
push out model were confirmed against the test results carried out by Gattesco and
Giuriani [51]. The finite element analysis result was also compared with the design
strength calculated using the equations suggested by Bangladesh National Building Code
(BNBC)-2020 [43], European Code (EC4) [52] and AASHTO LRFD [53] for headed stud
shear connectors in steel-concrete composite structures. Further studies were conducted
considering the same material properties, contact settings, meshing, boundary
conditions, analysis settings and other parameters of the validated finite element push
out model to investigate the behaviour of inclined headed shear stud connectors in push
out test considering 15-degree, 30-degree and 45-degree angle of inclination. This
systematic approach allowed for a comprehensive investigation of the push out test and
provided valuable insights into the behaviour of the tested system under different

conditions.

3.2 GEOMETRY OF PUSH OUT TEST

The push-out test specimen in the experiment study of Gattesco and Giuriani [51] is

investigated in this study. This specimen is in accordance with the standard push-out test
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specimen in European Code (EC4) [52]. The overall geometry of the specimen is shown
in Fig. 3.1. The geometry of push out test specimen is prepared in solid modelling CAD
software ANSYS SpaceClaim.

The width, height and thickness of the concrete slab is 600 mm, 650 mm & 200 mm
respectively. Total 8 nos longitudinal bar and total 5 nos tie bar was used as reinforcement
in concrete slab. The diameter of both horizontal and vertical reinforcement is 16 mm.
The length of the web is 255 mm, the width of the flange is 255 mm. The thickness of the
both web and flange is 14 mm. The overall length of the Headed shear stud is 125 mm,
the height of head is 9 mm, the diameter of the shank is 19 mm and the diameter of the

head of shear stud is 31 mm.
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Fig. 3.1 push-out test specimen (Gattesco and Giuriani [51])

It should be mentioned that in order to account for the complex contact interactions and

fracture mechanisms, HSS has modelled with the precise geometry.
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Fig. 3.2 Headed shear stud (Gattesco and Giuriani [51])

Table 3.1. Dimensions of headed shear stud

Diameter Shank Height | Head Height | Overall, Height Head Diameter
(sd) (s) (h) (L) (hd)
mm mm mm mm mm
19 116 9 125 31

Owing to the push-out specimen's symmetry, only 25% of the entire model is used, and

suitable boundary conditions have been applied to reproduce the entire model.
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Fig. 3.3 Push-out Test Specimen: (a) Perpendicular HSS, (b) 15-Degree Inclined HSS, (c)

30- Degree Inclined HSS, (d) 45-Degree Inclined HSS, (e) Downward Loading (Push),

(f) Upward Loading (Pull), (g) Isometric view (Quarter Part)
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3.3 MATERIAL PROPERTIES

Concrete, Structural Steel & MS Deformed reinforcing bar are used in the test specimen.
Using the relevant material models found in the ANSYS finite element reference section,
the nonlinear behaviour of these materials is integrated into the model. In the sections

that follow, the material models and their mechanical characteristics that were utilized in

the finite element modelling are explained.

3.3.1 Concrete

The coupled concrete damage plasticity microplane (CDPM) concrete model, which can
be found in the ANSYS material reference section, was used to model concrete. The
research of Zreid and Kaliske [54] [55] [56] served as the foundation for the creation of

this CDPM model. In the CDPM model of concrete, Fig. 3.4 depicts a smooth three surface

Drucker-Prager cap yield function.

mnitial

Fig. 3.4 Smooth three-surface microplane cap yield function [54] [55] [56]

40
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The following factors are considered when assessing concrete damage:

e There are differences in the way damage begins and progresses in compression

and tension.

¢ In tension, concrete is more brittle, and softening sets in almost instantly after the

elastic limit.
o After the elastic limit in compression, some hardening is seen prior to softening.

e As a result of crack closure, the stiffness lost during tensile cracking is regained
during the transition from tension to compression states. But the damage that was

incurred during compression is still present when tension is applied.

3.3.1.1 Identifying Coupled Damage-Plasticity Microplane Model Parameters

For the purpose of assessing concrete's tension and compression damage, the CDPM
model needs fifteen parameters. Following are some hints and tips for microplane model

parameter identification [57].
* Elasticity

The elastic region of the material stress-strain curve can be used to determine the
modulus of elasticity and Poisson's ratio, or empirical formulas that are published in the

literature can be used.
* Plasticity

For materials like concrete, the strength parameters f,, f,c and f,; are typical material
properties. If f,. is known, empirical relations can be used in the absence of complete

testing data.

foe = 1.15f,¢ (3.1)

fur = 1.4 (229273 (3.2)
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Experimental data from triaxial experiments are required to determine the compression
cap parameters. Applying a hydrostatic load until the yielding starts allows one to find
the intersection point between the hydrostatic axis and the initial compression cap. It is
more difficult to locate the intersection point between the Drucker-Prager function and
the compression cap. If this data is unavailable, an empirical estimate can be made as

follows:

06 = —2fie (3.3)

The parameter R can therefore be calculated as:

R = Xo/f1(0v) (3.4)
* Damage and Hardening

Cyclic tests are required to determine the hardening and damage parameters. These
parameters are connected because the softening and the unloading slope are determined
by their interaction. Through a uniaxial cyclic compression test, the values of D, . and

Yco are determined.

In a similar manner, Ry, B; and y;, are determined by a uniaxial cyclic tension test. If
uniaxial cyclic tension tests are not conducted, Ry =1, B = 1.5 B¢ can be utilized as
initial values. Since tension softening begins almost immediately after the elastic limit,

the tension damage threshold y;, is frequently set to zero.
* Nonlocal Parameters

The nonlocal interaction range (c) and the over-nonlocal interaction range (m) were the
two parameters that were defined in this method. The over-nonlocal parameter (m) is a
numerical parameter that provides mesh-independent convergence behaviour and

regularizes the solution for any value greater than 1. The typical value of the parameter
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(m) is 2.5. On the other hand, the interaction range parameter (c), which can be computed

using the equation, determines the nonlocal interaction damage parameters [58] [59].

c>4L2

where, L is the maximum length of the element

Table 3.2 describes the CDPM model parameters [54], [55], [56]

Table 3.2 Coupled Damage-Plasticity Microplane Model Parameters

dracker-prager yield

function

Parameter | Parameter | Parameter Description Unit | Selected
Type Sub type Value
- E Modulus of Elasticity MPa 24000
Elasticity
- v Poisson’s Ratio - 0.2
Uniaxial Compressive MPa 26.00
fuc
Strength
Drucker-
Biaxial Compressive MPa 29.90
Prager yield foe
Strength
function
Uniaxial Tensile MPa 2.60
Plasticity Jut Strength
Intersection point MPa -19.93
abscissa between
Compression
oy compression cap and
cap
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averaging parameter

Ratio between the major - 2.0
R and minor axis of the
cap
Hardening material MPa? 40000
D
constant
Hardening
Tension cap hardening -- 1.0
Ry
constant
Tension and -- 2e~°
- Yeo, Yto, | cOmpression damage 0
thresholds
Damage
Tension and - 9000
-- Bt Be compression damage 6000
evolution constants
Nonlocal interaction mm? 1500
- c
Nonlocal range parameter
Parameters Over-nonlocal - 25
- m
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3.3.2 Structural Steel

For structural steel, stress-strain relationship (bi-linear) is considered as shown in Fig. 3.5.

Table 3.3 describes the different properties of structural steel.

Table 3.3 Properties of structural steel

Parameter Type Parameter Sub type | Unit | Selected Value

Young's Modulus | MPa 210000

Poisson’s Ratio - 0.3
Isotropic Elasticity
Bulk Modulus MPa 175000
Shear Modulus MPa 80769
Yield Strength MPa 320
Bi-linear isotropic hardening Tangent Modulus | MPa 0

Bilinear Isotropic Hardening s

= )
[Fa] (] (¥,] [¥5]
-
-
.

[

Stress (.10%) [Pa]

0.5 /

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Total Strain [m m~-1]

Fig. 3.5 Stress-Strain Relationship for Structural Steel
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3.3.3 Reinforcement

For Reinforcement, stress-strain relationship (bi-linear) have been assumed as shown in

Fig. 3.6. Table 3.4 describes the different properties of structural steel.

Table 3.4 Properties of Reinforcement

Parameter Type Parameter Sub type | Unit | Selected Value

Young's Modulus | MPa 208000

Poisson’s Ratio -- 0.3
Isotropic Elasticity

Bulk Modulus MPa 173330

Shear Modulus MPa 80000
Yield Strength MPa 400
Bi-linear isotropic hardening Tangent Modulus | MPa 0

4 1 Bilinear [sotropic Hardening e
g ?
)
2 f
N y
wv
]
S 1 /
v

0 4

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009

Total Strain [m m~-1]

Fig. 3.6 Stress-Strain Relationship for Reinforcement
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3.3.4 Headed Shear Stud

For HSS stress-strain relationship is considered as shown in Fig. 3.7. Table 3.5 describes

the different properties of headed shear stud.

Table 3.5 Properties of Headed Shear Stud

Parameter Type Parameter Sub type Unit | Selected Value
Young’s Modulus MPa 208000
Poisson’s Ratio -- 0.3
Isotropic Elasticity
Bulk Modulus MPa 173330
Shear Modulus MPa 80000
Yield Strength MPa 350
Bi-linear isotropic
Ultimate Strength MPa 480
hardening
Tangent Modulus MPa 40000
Tensile fiber failure mode -- Maximum Strain
Damage Initiation Failure mode (Compressive fiber) -- Maximum Strain
Criteria Failure mode (Tensile matrix) -- Maximum Strain
Failure mode (Compressive matrix) -- Maximum Strain
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Fig. 3.7 Stress-Strain Relationship for Headed Shear Stud

3.4 BOUNDARY CONDITIONS

For the experimental program to be simulated correctly, boundary conditions are crucial,
and any inappropriate boundary conditions could lead to entirely different and incorrect
results. Choosing the appropriate boundary condition becomes crucial in this thesis in
order to replicate the experimental test results. Symmetry Region 2 is subjected to the Z-
axis symmetric boundary condition (BC), which prevents any nodes on the surface from

shifting in the Z direction and restricts rotation about the X and Y axes, as seen in Fig. 3.8.

400.00 (mm) :.‘ z
L S—

Fig. 3.8 Z-Axis symmetric Boundary Condition
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Symmetry region 1, which is the centre of the web of the steel beam, is subjected to the X-
axis symmetrical BC in order to constrain all the nodes of the steel beam web in the X-

direction as well as revolution about the Y and Z axes as exposed in Fig. 3.9.

0.00 500.00 (mm) Z“L X
[

250,00
Fig. 3.9 X-Axis Symmetric Boundary Condition

All rotational and translational movements are restricted at the concrete slab bottom

surface, applying fixed support which is represented by Fig. 3.10

ZJJ X
0.00 500.00 {mm)
250.00

Fig. 3.10 Fixed Support at the Bottom Surface of the Concrete Slab
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Displacement loading along the direction of positive & negative Y-axis was applied at the

top surface of the steel section as shown in Fig. 3.11

(a) (b)

Fig. 3.11 Displacement Loading: (a) Downward (Push), (b) Upward (Pull)

3.5 CONTACT AND INTERACTIONS

For contact between different fragments of the model in ANSYS, the surface-to-surface
contact technique was applied. Contact and interactions between different parts of the

push out test geometry is described below.

3.5.1 Contact Between Concrete Slab and Steel Beam

As seen in Fig. 3.12, a frictionless interaction is used between the steel beam and the
concrete slab. Frictionless interaction is used in order to represent the appropriate test
condition, because lubricating the flange prevented attachment at the boundary between

the steel beam flange and the concrete slab in tests conducted by Gattesco and Giuriani
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[51]. The load is supposed to be shifted from the steel I beam to the headed shear studs
(HSS) and then to the concrete slab in this interaction. In contact settings, steel beam was
selected as target body and concrete slab was selected as contact body. Augmented
Lagrange based contact formulation and nodal projected normal from contact-based
detection method was used. Normal stiffness factor was considered as 0.1 considering
bending dominated problem and stiffness was updated at each iteration. Time step was
controlled using automatic bisection and to ensure no gap between the parts, interface

treatment is considered as adjust to touch.

Y

0.00 40000 () . ‘A‘ X
L SE—

200.00

Fig. 3.12 Frictionless Contact Between Steel Beam Flange & Concrete Slab

3.5.2 Contact Between Steel Beam Flange and Headed Shear Stud

Bonded Contact was considered between steel beam flange and Headed shear stud as
shown in Fig. 3.13. In contact settings, steel beam was selected as target body and headed
shear stud was selected as contact body. Multi-point constraints (MPC) based contact
formulation and nodal projected normal from contact-based detection method was used.

When compared to alternative settings, the nodal projected normal from the contact
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detection method yields more precise interaction tractions and stresses of the underneath
elements. The target and contact surface designations have less of an impact on the
results. The nodal projected normal from the contact detection method exhibits smoother
variation in the determined force of contact distribution across multiple target
components. Creating a set of MPC equations that expresses the connection between the
DOFs of the two surrounded nodes—that is, how the DOFs of one node are dependent
on the other's and vice versa, is the fundamental idea behind using MPC. Pinball region

was considered as program controlled.

.
0.00 400,00 (mm) L{ 7
L SEE—

200.00

Fig. 3.13 Bonded Contact Between Steel Beam Flange & Headed Shear Stud

3.5.3 Contact between concrete slab and headed shear stud

Frictional contact with frictional coefficient 0.5 was considered between concrete and
embedded headed shear stud as shown in Fig. 3.14. From literature it was found that the

static friction coefficient between steel and concrete may vary from 0.57 to 0.70 under
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compressive stress [60]. Average friction coefficient may be taken as 0.50 under 1-68000
psi stress level [61]. In contact settings, headed shear stud was selected as target body and
concrete slab was selected as contact body. Augmented Lagrange based contact
formulation was used due to its acceptable accuracy and minimal computational time.
The robustness of the Augmented Lagrange Method is achieved with minimal
penetration. For contact detection nodal projected normal from contact-based detection
method was used. Normal stiffness factor was considered as 0.1 considering bending
dominated problem and stiffness was updated at each iteration. Time step was controlled
using automatic bisection and to ensure no gap between the headed shear stud and

concrete slab interface between them was treated as adjust to touch.

L ]
0.00 400.00 (mm) L.. X
[

200.00

Fig. 3.14 Frictional Contact Between Concrete & Headed Shear Stud
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3.5.4 Surface to Surface Contact & Target Modelling

For surface-to-surface contact modelling CONTA174 and for Surface-to-surface target

modelling TARGE170 was selected by ANSYS. Both elements are described below.
CONTA174 Element Description

CONTA174 is used to represent contact and sliding between target faces. Coupled field
contact, general interactions, pair-based interactions, shear & coulomb friction and three-
dimensional structural analysis is possible using this contact model. The element has the
indistinguishable geometric topographies as the solid or shell element face with which it
is associated. When the surface of the element penetrates a corresponding target surface,
contact is established. In order to mimic interface delamination, the element additionally

permits the separation of bonded contact [57].

’/— Associated Target Surfaces —\

X Surface of Solid/Shell Element

Fig. 3.15 CONTA174 Geometry [57]
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TARGE170 Element Description

TARGE170 can be used for target modelling of the deformable solid, shell and line
elements. It can be used to impose various parameters on the target segment element,
such as translational or rotational displacement, temperature, forces, moments, voltage,

magnetic potential, pore pressure, and concentration.

Target Segment Element
K /_ TARGE170 K

n n n
.
Z
‘ Y
X
Node-to-Surface
j Contact Element
Surface-to-Surface CONTAL7S

Contact Element

CONTAL73 or CON TA174

TARGE170
/i
L_/ I \\ ]

n
3-D Line-to-Line j

Contact Element 3-D Line-to-Surface j
CONTA1T6 Contact Element
CONTA177

Fig. 3.16 TARGE170 Geometry [57]
3.6 FINITE ELEMENT MESHING & ELEMENT SELECTION

A good quality mesh is very important to obtain accurate results. Although a coarse mesh

greatly shortens the required time for analysis, the results' precision is unacceptable. Too
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much fine mesh increases the computational time but the accuracy of results is high.
Considerable efforts have been made in this work for the selection of proper mesh size to

obtain acceptable accuracy of results and minimal computational time.

3.6.1 Mesh Convergence Study

In push out test of steel concrete composite structure maximum part of the simulation
time requires for the analysis of concrete slab. To get accurate stress distribution in
concrete slab within minimal computational time selection of proper mesh size is very
important. To ensure that element sizes are adequate for reaching the required level of
accuracy in the solution obtained through finite element analysis, a mesh convergence
study was conducted. Unit downward displacement was applied on steel beam and
corresponding force reaction was determined for different mesh size of concrete slab
from 10 mm to 25 mm. From mesh convergence study it is seen that force reaction is not
being changed significantly for mesh size less than 20 mm. Table 3.6 shows the maximum

force reaction for different element size of concrete slab

Table 3.6 Maximum force reaction for different element size of concrete slab

Element Number of Maximum Force
Size (mm) Elements Reaction (kN)
25 10884 5.87
20 14560 44.82
18 18948 41.15
15 23216 41.58
12 36418 41.87
10 53424 41.98

Fig. 3.17 shows the force-displacement relationship for different mesh size of concrete
slab. It is seen from the Fig. 3.17 that the force-displacement relationship is mostly

identical for mesh size less than 20 mm.
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Fig. 3.17 Mesh Convergence Study
3.6.2 Meshing of Concrete Slab & Element selection

The concrete slab part was meshed with 3D eight node brick element CPT 215 using body
fitted cartesian method as shown in Fig. 3.18. The Cartesian method fits the geometry
with an unstructured, mostly uniformly sized hexa mesh that is aligned to the given
coordinate system. Maximum element size was considered as 15 mm with finer mesh at
the region of concrete where the shear studs are embedded. Element order was

considered as linear.

0.00 350.00 700.00 ()
[ ESaaaa—  SS—
175.00 525.00

Fig. 3.18 Linear Cartesian Mesh of Concrete Slab
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CPT215 Element Description

Fig. 3.19 illustrates the three-dimensional, eight-node coupled pore-pressure-thermal
mechanical solid element, CPT215. The element is composed of eight nodes, each corner

node of which has four (or possibly five) degrees of freedom:
e Translations along the x, y, and z directions
e Degree of freedom considering pore-pressure
e degree of freedom considering temperature

Large rebound, large strain competences, stress solidifying, and elasticity are included

in CPT215.

Prism Option

Tetrahedral Option -
not recommended

Fig. 3.19 CPT215 Structural Solid Geometry [59]

3.6.3 Meshing of Steel Beam & Element selection

The steel beam part was meshed with 3D eight node brick element SOLID185 using body
titted cartesian method as shown in Fig. 3.20. Maximum element size was considered as

10 mm. Element order was considered as linear.
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Fig. 3.20 Linear Cartesian Mesh of Steel Beam

SOLID185 Element Description

SOLID185 is a 3-D eight node brick element having three degrees of freedom (translations
along the local x, y and z directions). It can consider large deformation, large strain
abilities, creep, stress setting, hyper elasticity. Furthermore, it can simulate the
deformations of fully incompressible hyper elastic materials and nearly incompressible
elastoplastic materials using mixed formulation capabilities. When applied in irregular

regions, prism, tetrahedral, and pyramid degenerations are permitted.
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Fig. 3.21 SOLID185 Structural Solid Geometry [59]
3.6.4 Meshing of Headed Shear stud & Element selection

The headed shear stud part was meshed with 3-D 4-node tetrahedral element SOLID285
using patch conforming method as shown in Fig. 3.22. The method used in Patch
Conforming Method is bottom-up. Beginning with the edges and faces, the meshing
process proceeds into the volume. Every face and its boundaries are accepted, complied
with, and blended together. This produces a clean, high-quality mesh. Maximum element

size was considered as 6 mm. Element order was considered as linear.

0.00 45,00 90.00 (mm)
I ———
22.50 67.50

Fig. 3.22 Linear Tetrahedral Meshing of Headed Shear Stud
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SOLID28S Element Description

As seen in Fig. 3.23, the SOLID285 element is a lower-order 3-D, 4-noded element. The
element is composed of four nodes, each of which has four degrees of freedom: one
hydrostatic pressure (HDSP) for all materials other than nearly incompressible
hyperplastic materials, and three translations in the nodal x, y, and z directions. For
nearly incompressible materials, the three translation degrees of freedom and the volume
change rate are used at each node in place of hydrostatic pressure. The element's
properties include large deflection, large strain capabilities, creep, hyper elasticity, and
stress stiffening. It can simulate the deformations of elastoplastic materials that are almost
incompressible, hyperplastic materials that are almost incompressible, and completely

incompressible hyperplastic materials.

Fig. 3.23 Solid285 Structural Solid Geometry

3.6.5 Meshing of Reinforcement & Element selection

Reinforcement embedded in concrete slab was meshed using 3-D discrete reinforcing
element REINF264 as shown in Fig. 3.24. This element works well with complex geometry
and is mesh-independent, allowing for quick solution generation with a high rate of

convergence. Element size was considered as 15 mm.
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Fig. 3.24 Meshing of Reinforcement
REINF264 Element Description

To give additional reinforcing to standard 3-D link, beam, shell, and solid elements—also
known as the base elements, REINF264 is applied. The component can be used to
simulate reinforcing fibres in any orientation. As a spar with only uniaxial stiffness, each
fibre is modelled independently. The REINF264 element has the same degrees of
freedom, nodal locations, and connectivity as the base element. The properties of
REINF264 include plasticity, creep, stress rigidifying, large rebound, and large strain

competences.
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Fig. 3.25 REINF264 used with 3-D 8-Node brick element CPT215

3.6.6 Mesh Quality Check

A finite element simulation's outcome is greatly influenced by the mesh's quality. A mesh
cell's quality can be measured in a number of ways. To assess the quality of mesh
elements, ANSYS runs multiple geometrical checks on them. These measurements, or

checks, are:
e Element Quality
e Aspect Ratio
e Jacobian Ratio
e Warping Factor
¢ Maximum Corner Angle
e Skewness

Different parameters of the mesh quality of the finite element push out test model is

described below
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Element quality:

The square root of the cube of the summation of the squares of the edge lengths for 3D
elements, or the volume to the sum of the squares of the edge lengths for 2D quad/tri
elements, determines the element quality. A composite quality metric with a range of 0
to 1 is called the element quality. A perfect cube or square is represented by a value of 1,
and an element with a zero or negative volume is represented by a value of 0 [62] [63].
The results of the finite element model, as displayed in Fig. 3.26, indicate that the average

element quality is 0.91 and the minimum element quality is 0.45.

[——Tets e Hex8

10010.00

=1

500.00

5000.00

Number of Elements

2500.00

0.00 -] J |

0.45 0.50 0.60 0.70 0.80 0.90 1.00

Element Metrics

Fig. 3.26 Element Quality

Aspect Ratio:

The aspect ratio indicates the ratio of height to width for triangle and long sideways to
short sideways for quadrilaterals. It ranges from 1 to infinite. A square is indicated by a
value of 1.0 [62] [63]. Here as shown in Fig. 3.27 minimum aspect ratio is found as 1,

maximum aspect ratio 4.54 and average aspect ratio is 1.46.
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Fig. 3.27 Aspect Ratio

Jacobian Ratio:

A measurement of an element's shape in relation to an ideal element is called the Jacobian
ratio. The type of element determines the ideal shape for it. The majority of the elements
in a high-quality mesh have a Jacobian ratio between 1 and 10 (90% and above), with 1.0
being the ideal value [62] [63]. The average Jacobian ratio in this instance is 0.99, as seen

in Fig. 3.28.
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Fig. 3.28 Jacobian Ratio
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Warping Factor:

A measurement of twisting and distortion is called warping. Zero is the ideal warping

factor. The maximum warping factor in this case is zero, as Fig. 3.29 illustrates.

—— —— Hexs
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Fig. 3.29 Warping Factor

Maximum Corner Angle:

This is an element's extreme angle formed by two adjacent edges. The ideal maximum
angle for a triangle is sixty degrees. It is 90 degrees for a quadrilateral. Here, 91.81

degrees is found to be the maximum corner angle.
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Fig. 3.30 Maximum Corner Angle
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Skewness:

One of the main criteria for evaluating a mesh's quality is its skewness. How close a face
or cell is to being ideal (equilateral or equiangular) is determined by its skewness. Here,

4.58e 77 is the average skewness.

Table 3.7 ANSYS Recommended Scale for Skewness [63]

Value of Skewness Cell Quality
0.5t00.75 Reasonable
0.25to 0.5 Decent

0 to 0.25 Outstanding
0 Square
—fe T 214 . H X8
17114.00
15000.00
§ 12500.00
H
é 10000.00
§ 7500.00
E
é' 5000.00
2500.00
0.00 -—

0.00 0.13 0.25 0.38 0.50 0.63 0.75 0.82

Element Metrics

Fig. 3.31 Skewness
3.7 ANALYSIS SETTINGS AND SOLUTION STRATEGY

In this numerical study displacement control technique was used for load application by
time step control in ANSYS. Number of steps was selected as 1 considering initial sub
step 200, minimum sub step 200 and maximum sub step 100000. The auto time step
feature was activated. By varying the load increment, auto time stepping, also referred to

as time step optimization, seeks to shorten the solution time, particularly for nonlinear
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and/or transient dynamic problems. The added benefit of automatic time stepping, if
nonlinearities exist, is that it can appropriately increase loads and, in the event that
convergence is not achieved, fall back to the previously converged solution (bisection).
The degree of nonlinearities in the analysis and the structure's response frequency are
two factors that determine how much load is increased. Newton Raphson Iteration

method has been implemented here to find the solution of the problem.
Newton Raphson Iteration Method:

The Newton-Raphson Iteration technique is employed by ANSYS to address nonlinear
problems. The displacement can be applied in multiple steps by breaking it down into a
series of increments. The Newton-Raphson equilibrium iterations in a nonlinear analysis
with one degree of freedom are shown in Fig. 3.32. The out-of-balance load vector, or the
difference between the applied loads and the reestablishing forces, is evaluated by the
Newton-Raphson method prior to each solution. After that, the program uses the out-of-
balance loads to perform a linear solution and verifies convergence. Until the program

converges, this iterative process is carried out.

fix)

Initial Guess
fixy)

After Second Iteration
fixs)
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fix) rosot

Fig. 3.32 Newton Raphson Iteration Method
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Chapter 4: RESULTS AND DISCUSSIONS

4.1 GENERAL

In this numerical study the structural performance of inclined shear key in steel-
concrete composite structure was evaluated using finite element model developed in
ANSYS software. In this chapter Preliminary Validation of FE Model with the results
of previous experimental test, load-slip curve of headed shear stud, ultimate shear
resistance, principal stress and strain distribution, failure mode and other parameters

are described.

4.2 PRELIMINARY VALIDATION OF THE FINITE ELEMENT MODEL

To increase the FE model's reliability, its results must be compared to those of the
experiment. This validation process ensured that the numerical model accurately
represented the behaviour of the push out test. The FE model for a 19 mm
perpendicularly placed HSS is validated in Fig. 4.1, and its results are compared with
those of the tests conducted by Gattesco and Giuriani (1996) [51]. Since the
compressive cube strength of concrete (fcu) in their tests was set at 32.5 MPa, the
compressive cylinder strength of concrete in FE analyses is assumed to be 26 MPa (0.8
fcu). As can be seen from Fig. 4.1, the ultimate strength of a single headed shear stud
found from experimental test is 109.645 and the ultimate strength determined by the
FE analysis is 113.175 kN, which is almost close to the test result. In the Gattesco and
Giuriani (1996) test, the ultimate slip value was reported to be 9.70 mm; however, from
FE analysis it is found to be 9.81 mm. The mean value of the Prest/Prea ratio is 0.97.
Table 4.1 displays a good comparison between the results of the experiment and the
maximum slip at failure as determined by finite element analysis. Consequently, the
shear connection capacity and load-slip behaviour of the headed shear stud with

common and large diameter were successfully predicted by the finite element models.
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Table 4.1 Comparison between experimental and FE Analysis results

Experimental Result FE Analysis Result

Ultimate Strength of | Maximum | Ultimate Strength of | Maximum
Prest/Prea

Headed Shear Stud | Slip (mm) | Headed Shear Stud | Slip (mm)
(kN) (kN)

109.645 9.70 113.175 9.81 0.97

PUSH OUT TEST VALIDATION

120
110
100

90

80

70 —e—Experimental Test by
60 Gattesco and

Giuriani (1996)
50

40
30
20
10

—o—FE Analysis

Load Per Shear Stud (kN)

0123456 7 8 91011
Slip (mm)

Fig. 4.1 Validation of FE Push-Out Test Model with Experimental Test [51]
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4.3 COMPARISON OF FE ANALYSIS RESULTS WITH CSA S6-14, BNBC-2020, &
AASHTO LRFD

4.3.1 Ultimate Shear Resistance According to CSA S6-14:

According to CSA 56-14 the ultimate shear resistance of a HSS shall be taken as

lesser of the following equations 4.1 & 4.2
qr = 0.5 PscAscV(f'Ec) < pscAsc Fu (4.1)
qr = @scAsc Fu (4.2)
Ultimate shear strength calculation:
qr = 0.5 @scAscV(f'Ec)

= 0.5%0.8*2=="4/26 x 24000 N

= 89589 N
=89.589 kN
Again,

qr = @scAsc Fu
0.8 3.1416:19*19 480 N
=108875 N
=108.875 kN

Hence, according to CSA S6-14 the ultimate shear resistance of a HSS is 89.589 KN
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4.3.2 Ultimate Shear Resistance According to BNBC-2020:

According to Bangladesh National Building Code (BNBC)-2020 [43] the nominal shear
strength of one headed stud shear connector embedded in solid slab in composite

construction can be expressed as the lesser of the following equations 4.3 & 4.4.
Qn=0.5 AscV(f'cEc) (4.3)
Qn=RgRpAscFu 4.4)
Ultimate shear strength calculation:

Qn=0.5 AscV(f’cEc)

= 0.5 % 22222 4 /26 « 24000
=111985 N
=111.985 KN

Qn=RgRpAscFu

%3:1416%19%19

=1.070.85 *480 N

=115679 N
=115.679 kN

Hence, according to BNBC-2020 the ultimate shear resistance of a headed shear stud

is 111.98 KN
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4.3.3 Ultimate Shear Resistance According to AASHTO LRFD:

According to AASHTO LRFD the nominal shear strength of one headed stud shear
connector embedded in solid concrete slab in composite construction can be expressed

as the lesser of the following equations 4.5 & 4.6.

P = 0.545c/ fekEcm (4.5)
P = Asfy (4.6)
Ultimate shear strength calculation:

P = 0.5A5:+/ fekEem

— (0.5 % 2AHO1H 56 % 24000 N

4

= 111985 N
=111.985 KN

P = Ascfu

_ 3.1416%19+19

* 480 N

= 136094 N
=136 KN

Hence, according to AASHTO LRFD the ultimate shear resistance of a headed shear

stud is 111.985 KN.

Fig. 4.2 & Table 4.2 represents the comparison between ultimate shear strength
calculated according to CSA S6-14, BNBC-2020, AASHTO LRFD and FE Analysis. It
is seen that the Ultimate shear strength found from FE analysis is closely matching
with the calculated ultimate shear strength according to BNBC-2020 & AASHTO
LRFD.
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Fig. 4.2 Comparison of Ultimate Shear Strength of Headed Shear Stud

Ultimate Shear Strength of Headed Shear Stud (KN)

89.589

CSA S6-14

111.985 111.985 113.175
BNBC-2020 AASHTO LRFD  FE Analysis

Table 4.2 Comparison of Ultimate Shear Strength of Headed Shear Stud obtained

from CSA S6-14, BNBC-2020, AASHTO LRFD & FE Analysis

Parameter

CSA
56-14

BNBC-
2020

AASHTO
LRFD

FE
Analysis

PFEA

PFEA

PFEA

PCSA S6—-14

PgnBc-2020

PAASHTO LRFD

Ultimate
Shear
Strength
of a
Headed
Shear
Stud (KN)

89.589

111.985

111.985

113.175

1.26

1.01

1.01

4.4 FE ANALYSIS RESULTS FOR PERPENDICULAR HEADED SHEAR STUD

Finite element analysis results such as load slip curve, stress, strain, damage for

perpendicular (0 degree inclined) headed shear stud are shown in this section.

4.4.1 Load Slip Curve

Fig. 4.3 represents the load slip curve for perpendicular (0 degree inclined) headed

shear stud. It seen from the curve that the ultimate shear resistance of a headed shear

stud embedded in concrete and welded to the flange of steel beam is 113.175 KN and

maximum slip of steel beam at failure of concrete is 9.81 mm.
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Load Slip Curve for Perpendicular Headed Shear Stud
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Fig. 4.3 Load Slip Curve for Perpendicular Headed Shear Stud

4.4.2 Principal stress distribution at concrete slab

Principal stress is generally used to determine failure of brittle type material. Positive
value of principal stress designates tension and the negative value of principal stress
indicates compression. Negative principal stress is compared with the ultimate
compressive strength of a brittle material to determine the failure. It is seen from the
Fig. 4.4 that the concrete located just below the bottom half of the headed shear stud
is in compression. Maximum compressive stress is developed at the concrete slab part

located at the bottom of the welded collar of headed shear stud.
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Fig. 4.4 Principal Stress Distribution in Concrete Slab
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Fig. 4.5 indicates the factor of safety of concrete slab. It is seen that the factor of safety
of concrete slab part located just below the bottom half of the headed shear stud is less
than 1.0, which represents the failure of concrete at that region. Factor of safety greater

than 1.0 indicates that the material is safe from failure due to the application of load.

: 035309
3/28/2024 5:46 PM

Max: 15

15 Min: 035300
10,353 3/28/2024 5:46 PM
15
3,706 10.353
1.059 5.706
1.059
0.35309 P >

Fig. 4.5 Factor of Safety of Concrete Slab
4.4.3 Von Mises stress distribution at headed shear stud

Fig. 4.6 represents the distribution of equivalent von mises stress at different portion
of the headed shear stud, it is seen from the Fig. that the maximum equivalent von
mises stress developed at the region of contact between steel beam and headed shear
stud. Maximum value of equivalent von mises stress is found to be 2806.8 MPa which
is much greater than ultimate tensile strength of headed shear stud. If a cross section
is considered at the region of the headed shear where the maximum equivalent von
mises stress is generated it is seen that the overall section is not overstressed due to
the application of load. As the overall section is not overstressed, yielding of the

complete headed shear stud is not being occurred.
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Fig. 4.6 Equivalent Von Mises Stress Distribution at Headed Shear Stud

Fig. 4.7 indicates the factor of safety of headed shear stud with respect to equivalent
von mises stress. It is seen that the factor of safety of headed shear stud part located
at the region of contact point between steel beam and headed shear stud is less than
1.0, which represents the yielding of headed shear stud at that region. Factor of safety
greater than 1.0 indicates that the material is safe from failure due to the application

of load.

so.uu.

37.50

Fig. 4.7 Factor of Safety of Headed Shear Stud
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4.4.4 Shear Stress (X-Y Plane) distribution in concrete slab

Fig. 4.8 shows the dispersal of shear stress in concrete slab along X-Y plane. Negative

shear stress indicates downward and positive shear stress indicates upward

movement.
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Fig. 4.8 Shear Stress (X-Y Plane) Distribution in Concrete Slab
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4.4.5 Shear Stress distribution in headed shear stud

Fig. 4.9 shows the distribution of shear stress in headed shear stud. It is seen from the
Fig. 4.9 that the shear stress is maximum at the point where the headed shear stud is
connected with the steel beam while the shear stress is minimum at the head of the

headed shear stud.
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Fig. 4.9 Shear Stress Distribution in Headed Shear Stud
4.4.6 Damage Identification

In this study compression damage & tension damage is identified using following

APDL command.

/SHOW,png

/ANG,1,

/VIEW,3,3,3,3 Use these values to change the view
/gfile,600

SET last ISET,Last = Outputs final result set
esel,s,ename,215

PLNSOL,MPDP,COMP

PLNSOL MPDP, TENS

From the Fig. 4.10 and 4.11 it is seen that both the compression and tension damage
occurred in the concrete slab near the location of headed shear stud due to

maximum stress concentration.
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Fig. 4.10 Compression Damage for Perpendicular Headed Shear Stud
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Fig. 4.11 Tension Damage for Perpendicular Headed Shear Stud
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4.4.7 Force and Displacement Convergence

When a model has non-linear behaviour, it cannot be resolved directly. An iterative
process must be utilized to identify the solution. A precise outcome is impossible to
achieve, we can come close when the amount of energy inputted by loads and the
energy put out by reactions in the model are approximately equal. The acceptable
proximity to this precise balance is determined by the convergence criteria. Fig. 4.12

and 4.13 shows the force and displacement convergence of model during the iteration

proceSS.
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Fig. 4.12 Force Convergence for Perpendicular Headed Shear Stud
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Fig. 4.13 Displacement Convergence for Perpendicular Headed Shear Stud
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4.5 FINITE ELEMENT ANALYSIS RESULTS FOR 15 DEGREE INCLINED
HEADED SHEAR STUD

Finite element analysis results such as load slip curve, stress, strain, damage for 15-

degree inclined headed shear stud is shown in this section.

4.5.1 Load slip curve

Fig. 4.14 represents the load slip curve for 15-degree inclined headed shear stud. It
seen from the curve that the ultimate shear resistance of a headed shear stud is 113.175
KN. When the shear stud placed at an angle of inclination 15 degree with respect to
Y-axis and downward displacement (push) is applied to steel beam, the ultimate shear
resistance of a headed shear stud is increased to 130.13 KN. But when steel beam is
subjected to upward displacement (pull), the ultimate shear resistance of inclined

headed shear stud reduced to 49.97 KN.

Comparison of Load Slip Curve for Perpendicular and 15
Degree Inclined Headed Shear Stud (HSS)

140
120
% 100
= 15 Degree Inclined
80
c% HSS Push
g 60 —e— 15 Degree Inclined
7 HSS_Pull
o 40 L
o —e—Perpendicular HSS
g 20
Q
3
0
0 2 4 6 8 10 12

Slip (mm)

Fig. 4.14 Comparison of Load Slip Curve for Perpendicular and 15 Degree Inclined
Headed Shear Stud (HSS)
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4.5.2 Principal stress distribution at concrete slab

It is seen from the Fig. 4.15 that the concrete located just below the bottom half of the
headed shear stud is in compression. Maximum compressive stresses are developed
at the concrete slab part located at the bottom of the welded collar of HSS and concrete
located just above the head of HSS. Concrete located just above the head of headed
shear stud in compressed due to the component of internal force developed along the

longitudinal axis of the headed shear stud.

Max: 50058
Min: -46.027
3/29/202412:16 PM

- 50.058
39415
28,772
18.129
74858
-3.1573
-13.8
-24.443
-35.086

= -45.729

Min: -46.027
3/29/202412:30 PM

50.058
39.415
28,772
18.129
74858
-3.1513
-13.8
-24.443
-35.086
-45.729

Fig. 4.15 Principal Stress Distribution in Concrete Slab for 15 Degree Inclined HSS

Fig. 4.16 indicates the factor of safety of concrete slab with respect to compressive

strength of concrete slab. It is seen that the factor of safety of concrete slab part located
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just below the welded collar of headed shear stud and just above the head of shear
stud is less than 1.0, which represents the failure of concrete at that region. Factor of

safety greater than 1.0 indicates that the material is safe from failure due to the

application of load.

3/20/2024 1:01 PM

15
10
5
1
0

Fig. 4.16 Factor of Safety of Concrete Slab for 15-Degree Inclined Headed Shear Stud
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4.5.3 Von Mises stress distribution at headed shear stud

Fig. 4.17 represents the distribution of von mises stress at different portion of the 15-
degree inclined headed shear stud, it is seen that the maximum equivalent von mises

stress is developed at the region of contact between steel beam and headed shear stud.

2204.9
20133
1731.6
1449.9
1168.2
886.56
604,589
3231
41,535

90.00 (rmm)
22,50 67.50

Fig. 4.17 Von Mises stress distribution at 15-degree inclined headed shear stud

Fig. 4.18 indicates the factor of safety of headed shear stud. It is seen that the factor of
safety of headed shear stud part located at the region of contact point between steel
beam and headed shear stud is less than 1.0, which represents the yielding of headed
shear stud at that region. Factor of safety greater than 1.0 indicates that the material is

safe from failure due to the application of load.

Fig. 4.18 Factor of Safety of 15-Degree Inclined Headed Shear Stud (HSS)
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4.5.4 Shear Stress (X-Y Plane) distribution in concrete slab

Fig. 4.19 shows the distribution of shear stress in concrete slab along X-Y plane.
Negative shear stress indicates downward movement and positive shear stress

indicates upward movement.

Tirme: 15
Max: 27.785
Min: -19,145

3/29/2024 1:28 PM

27,785
22,571
17.357
12.142
6.9276
1.7132
-3.5013
-8.7157
-13.93
-19.145

27.785
22,57
17.357
12.142
6.9276
1.7132
-3.5013
-8.7157
-13.93
= -19.145

Fig. 4.19 Shear Stress (X-Y Plane) distribution in concrete slab
4.5.5 Shear Stress distribution in headed shear stud

Fig. 4.20 shows the distribution of shear stress in headed shear stud. It is seen from

the Fig. 4.20 that the shear stress is maximum at the point where the headed shear stud
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is connected with the steel beam while the shear stress is minimum at the head of the

headed shear stud.

Fig. 4.20 Shear Stress (X-Y Plane) distribution in 15-Degree Inclined Headed Shear
Stud

4.5.6 Damage Identification

Compression damage & tension damage of push out test specimen for 15-degree

inclined headed shear stud is identified using following APDL command.

/SHOW,png

/ANG,1,

/VIEW,3,3,3,3 !Use these values to change the view
/gtile,600

SET last ISET,Last = Outputs final result set
esel,s,ename,215

PLNSOL MPDP,COMP

PLNSOL,MPDP,TENS
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From the Fig. 4.21 and 4.22 it is seen that both the compression and tension damage
occurred in the concrete slab near the location of headed shear stud due to

maximum stress concentration.

[INNNRNARC

CDEM FRICTIONAL Inclined 15

CDEM FRICTIONAL Inclined 15 decree

Fig. 4.21 Compression Damage for 15-Degree Inclined Headed Shear Stud
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Fig. 4.22 Tension Damage for 15-Degree Inclined Headed Shear Stud
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4.5.7 Force and Displacement Convergence

Fig. 4.23 and 4.24 shows the force and displacement convergence of push out test

model for 15-degree inclined headed shear stud during the iteration process.

—#— Force Convergence ———— Force Criterion —— — - Bisection Occurred
—— —— - Substep Converged
6892.8 || |
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1. 386. s 1158, 1544, 1930. 2316. 2702, 3088. 3474, 3866.
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E
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1. 386, 772 1158, 1544, 1930, 2316, 2702, 3088, 3474, 3866,
Cumulative Iteration

Fig. 4.23 Force Convergence for 15-Degree Inclined Headed Shear Stud

——#—— Displacement Convergence ~——#—— Displacement Criterion
—— —— - Bisection Occurred —— —— - Substep Converged
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Fig. 4.24 Displacement Convergence for 15-Degree Inclined Headed Shear Stud
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4.6 FE ANALYSIS RESULTS FOR 30 DEGREE INCLINED HEADED SHEAR
STUD

Finite element analysis results such as load slip curve, stress, strain, damage for 30-

degree inclined headed shear stud is shown in this section.

4.6.1 Load slip curve

Fig. 4.25 represents the load slip curve for 30-degree inclined headed shear stud. It
seen from the curve that the ultimate shear resistance of a headed shear stud is 113.175
KN. When the shear stud placed at an angle of inclination 30 degree with respect to
Y-axis and downward displacement (push) is applied to steel beam, the ultimate shear
resistance of a headed shear stud is increased to 132.785 KN. But when steel beam is
subjected to upward displacement (pull), the ultimate shear resistance of inclined

headed shear stud reduced to 65.00 KN.

Comparison of Load Slip Curve for Perpendicular and 30 Degree
Inclined Headed Shear Stud (HSS)

140

130

120
= 110
=< 100
S 90 .
& 30 —e—Perpendicular HSS
2 70
v 60 —e—30 Degree Inclined
& 50 HSS_Push
& 40 30 De i
3 gree Inclined
= 30 HSS_Pull

20

10 ¢

0 ¢

0O 1 2 3 4 5 6 7 8 9 10 11

Slip (mm)

Fig. 4.25 Comparison of Load Slip Curve for Perpendicular and 30 Degree Inclined
Headed Shear Stud (HSS)
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4.6.2 Principal stress distribution at concrete slab

Fig. 4.26 shows that the concrete located just below the bottom half of the headed shear
stud is in compression. Maximum compressive stresses are developed at the concrete
slab part located just below the middle of the HSS and concrete located just above the
head of HSS. Concrete located just above the head of headed shear stud in compressed

due to the component of internal force developed along the longitudinal axis of the

HSS.

12.05
-2.6008
-17.251
-31.901
-46.552
-61.202
-75.852
-90.503
-105.15

Fig. 4.26 Principal Stress Distribution in Concrete Slab for 30 Degree Inclined HSS
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Fig. 4.27 indicates the factor of safety of concrete slab. The factor of safety of concrete
slab part located just below the middle of the HSS and just above the head of HSS is
less than 1.0, which represents the failure of concrete at that region. Factor of safety
greater than 1.0 indicates that the material is safe from failure due to the application

of load.

Fig. 4.27 Factor of Safety of Concrete Slab for 30-Degree Inclined Headed Shear Stud
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4.6.3 Von Mises stress distribution at headed shear stud

Fig. 4.28 represents the distribution of equivalent von mises stress at different portion
of the 30-degree inclined HSS, it is seen from the Fig. 4.28 that the maximum
equivalent von mises stress is developed at the region of contact between steel beam

and HSS

Fig. 4.28 Von Mises stress distribution at 30-degree inclined headed shear stud
Fig. 4.29 indicates the factor of safety of headed shear stud. It is seen that the factor of
safety of HSS part located at the region of contact point between steel beam and HSS
is less than 1.0, which represents the yielding of HSS at that region. Factor of safety
greater than 1.0 indicates that the material is safe from failure due to the application

of load.

Fig. 4.29 Factor of Safety of 30-Degree Inclined Headed Shear Stud (HSS)
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4.6.4 Shear Stress (X-Y Plane) distribution in concrete slab

Fig. 4.30 shows the distribution of shear stress in concrete slab along X-Y plane.
Negative shear stress indicates downward movement and positive shear stress

indicates upward movement.

3/30/2024 1:38 PM

54.624
41,33
28,037
14.743
145
-11.844
-25.137
-3841
-51.724
-65.018

Min: -65.018
3/30/2024 1:38 PM

54,624
41,331
28.037
14.743
145
-11.844
-25.137
-3841
-51.724
-65.018

Fig. 4.30 Shear Stress (X-Y Plane) distribution in concrete slab
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4.6.5 Shear Stress distribution in headed shear stud

Fig. 4.31 shows the distribution of shear stress in headed shear stud. It is seen from
the Fig. 4.31 that the shear stress is maximum at the point where the headed shear stud
is connected with the steel beam while the shear stress is minimum at the head of the

headed shear stud.

Fig. 4.31 Shear Stress (X-Y Plane) distribution in 30-Degree Inclined Headed Shear
Stud

4.6.6 Damage Identification

Compression damage & tension damage of push out test specimen for 30-degree

inclined headed shear stud is identified using following APDL command.

/SHOW,png

/ANG,1,

/VIEW,3,3,3,3 !Use these values to change the view
/gftile,600

SET last !SET,Last = Outputs final result set
esel,s,ename,215

PLNSOL MPDP,COMP

PLNSOL,MPDP,TENS
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Fig. 4.32 and 4.33 indicate that both the compression and tension damage occurred in

the concrete slab near the location of HSS due to the maximum stress concentration.

Trizlined

1
LUJTTCN

Fig. 4.32 Compression Damage for 30-Degree Inclined Headed Shear Stud
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Fig. 4.33 Tension Damage for 30-Degree Inclined Headed Shear Stud
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4.6.7 Force and Displacement Convergence

Fig. 4.34 and 4.35 shows the force and displacement convergence of push out test

model for 30-degree inclined headed shear stud during the iteration process.

——#— Force Convergence Force Criterion —— —— - Substep Converged
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Fig. 4.34 Force Convergence for 30-Degree Inclined Headed Shear Stud
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Fig. 4.35 Displacement Convergence for 30-Degree Inclined Headed Shear Stud
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4.7 FE ANALYSIS RESULTS FOR 45 DEGREE INCLINED HEADED SHEAR
STUD

Finite element analysis results such as load slip curve, stress, strain, damage for 30-

degree inclined headed shear stud is shown in this section.

4.7.1 Load slip curve

Fig. 4.36 represents the load slip curve for 45-degree inclined headed shear stud. It
seen from the curve that the ultimate shear resistance of a headed shear stud
embedded in concrete and welded to the flange of steel beam is 113.175 KN. When the
shear stud placed at an angle of inclination 45 degree with respect to Y-axis and
downward displacement (push) is applied to steel beam, the ultimate shear resistance
of a headed shear stud is increased to 140.335 KN. But when steel beam is subjected

to upward displacement (pull), the ultimate shear resistance of inclined HSS reduced

to 60.06 KN.
Comparison of Load Slip Curve for Perpendicular and 45
Degree Inclined Headed Shear Stud (HSS)
160
140
£ 120
S
& 100 —e— Perpendicular HSS
2 80
v —e—45 Degree Inclined
g 60 HSS_Push
?g 40 —e—45 Degree Inclined
- HSS_Pull
20
0
0 2 4 6 8 10 12

Slip (mm)

Fig. 4.36 Comparison of Load Slip Curve for Perpendicular and 45 Degree Inclined
Headed Shear Stud (HSS)
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4.7.2 Principal stress distribution at concrete slab

Fig. 4.37 shows that the concrete located just below the bottom half of the HSS is in
compression. Maximum compressive stresses are developed at the concrete slab part
located just below the middle of the headed shear stud and concrete located just above
the head of headed shear stud. Concrete located just above the head of headed shear
stud in compressed due to the component of internal force developed along the

longitudinal axis of the headed shear stud.

26.06
12.952
-0.15512
-13.263
-26.37
-39.477
-52.583
-65.692
-78.799
-91.907

-0.15512
-13.263
-26.37
-39477
-52.585
-65.602
-78.799
-091.907

Fig. 4.37 Principal Stress Distribution in Concrete Slab for 45 Degree Inclined HSS
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Fig. 4.38 indicates the factor of safety of concrete slab. The factor of safety of concrete
slab part located just below the middle of the HSS and just above the head of HSS is
less than 1.0, which represents the failure of concrete at that region. Factor of safety
greater than 1.0 indicates that the material is safe from failure due to the application

of load.

Max: 15
Min: 0.28035
441372024 10:10 AM
15

10

5

1

0

Max: 15
Min: 0.28035
441372024 10:17 &AM

15
10
5
1
0

Fig. 4.38 Factor of Safety of Concrete Slab for 45-Degree Inclined Headed Shear Stud
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4.7.3 Von Mises stress distribution at headed shear stud

Fig. 4.39 represents the distribution of equivalent von mises stress at different portion
of the 45-degree inclined headed shear stud, it is seen from the Fig. 4.38 that the
maximum equivalent von mises stress is developed at the region of contact between

steel beam and headed shear stud.

1353.2
1205.2
1057.2
909,26
761.3
613,33
465.37
| 317.41
160,44
21478

Fig. 4.39 Von Mises stress distribution at 45-degree inclined headed shear stud
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Fig. 4.40 indicates the factor of safety of headed shear stud. It is seen that the factor of
safety of headed shear stud part located at the region of contact point between steel
beam and headed shear stud is less than 1.0, which represents the yielding of headed

shear stud at that region. Factor of safety greater than 1.0 indicates that the material is

safe from failure due to the application of load.

Fig. 4.40 Factor of Safety of 45-Degree Inclined Headed Shear Stud (HSS)
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4.7.4 Shear Stress (X-Y Plane) distribution in concrete slab

Fig. 4.41 shows the distribution of shear stress in concrete slab along X-Y plane.
Negative shear stress indicates downward movement and positive shear stress

indicates upward movement

Fig. 4.41 Shear Stress (X-Y Plane) distribution in concrete slab
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4.7.5 Shear Stress distribution in headed shear stud

Fig. 4.42 shows the distribution of shear stress in HSS. It is seen from the Fig. 4.42 that
the shear stress is maximum at the point where the headed shear stud is connected

with the steel beam while the shear stress is minimum at the head of the HSS.

0.00

25.00

Fig. 4.42 Shear Stress (X-Y Plane) distribution in 45-Degree Inclined Headed Shear
Stud

4.7.6 Damage Identification

Compression damage & tension damage of push out test specimen for 30-degree

inclined headed shear stud is identified using following APDL command.

/SHOW,png

/ANG,1,

/VIEW,3,3,3,3 !Use these values to change the view
/gftile,600

SET last !SET,Last = Outputs final result set
esel,s,ename,215

PLNSOL MPDP,COMP

PLNSOL,MPDP,TENS
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Fig. 4.43 and 4.44 represent that both the compression and tension damage occurred
in the concrete slab near the location of the HSS due to the maximum stress

concentration.
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Fig. 4.43 Compression Damage for 45-Degree Inclined Headed Shear Stud
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Inclined 4
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Fig. 4.44 Tension Damage for 45-Degree Inclined Headed Shear Stud
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4.7.7 Force and Displacement Convergence

Fig. 4.45 and 4.46 shows the force and displacement convergence of push out test

model for 45-degree inclined headed shear stud during the iteration process.

~——#— Force Convergence Force Criterion —— —— - Substep Converged
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Fig. 4.45 Force Convergence for 45-Degree Inclined Headed Shear Stud

~——#— Displacement Convergence Displacement Criterion —— —— - Substep Converged
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Fig. 4.46 Displacement Convergence for 45-Degree Inclined Headed Shear Stud

4.8 COMPARISON OF FE ANALYSIS RESULTS FOR PERPENDICULAR &
INCLINED HEADED SHEAR STUD (HSS)

In this section finite element analysis results for perpendicular and different inclined

headed shear stud are described.
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4.8.1 Ultimate Shear Resistance & Maximum Displacement

Table 4.3, Fig. 4.47 & Fig. 4.48 show the maximum shear load carried by single headed
shear stud and maximum displacement for perpendicular & inclined headed shear

stud subjected to Downward (Push) & Upward (Pull) Displacement type Loading.

Table 4.3 Ultimate Shear Resistance & Maximum Displacement

Maximum shear

Maximum
load per shear

Specimen Displacement Failure Type
stud
(mm)
(KN)
Concrete
Perpendicular HSS 113.175 9.80
Failure
15 Degree Inclined Concrete
130.13 10.79
HSS_Push Failure
30 Degree Inclined Concrete
132.785 7.97
HSS_Push Failure
45 Degree Inclined Concrete
140.335 3.95
HSS_Push Failure
15 Degree Inclined Concrete
49.97 2.44
HSS_Pull Failure
30 Degree Inclined Concrete
65.00 1.98
HSS_Pull Failure
45 Degree Inclined Concrete
60.06 1.07
HSS_Pull Failure
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Comparison of Load Slip Curve for Perpendicular & 15,30,45 Degree
Inclined Headed Shear Stud (HSS) Subjected to Downward (Push)

Displacement Loading

150

140

130

120
= 110
v
< 100 —e—Perpenpendicular (0
E 90 Degree Inclined) HSS
§ 80 —e—15 Degree Inclined
5 70 HSS_Push
E 60 —o—30 Degree Inclined
g 0 HSS_Push
S 40

30 45 Degree Inclined

20 HSS_Push

10 ¢
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01 2 3 45 6 7 8 9 10 11 12

Slip (mm)

Fig. 4.47 Comparison of Load Slip Curve for Perpendicular & 15,30,45 Degree
Inclined Headed Shear Stud (HSS) Subjected to Downward (Push) Displacement

Loading
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Comparison of Load Slip Curve for Perpendicular & 15,30,45
Degree Inclined Headed Shear Stud (HSS) Subjected to Upward
(Pull) Displacement Loading

120
110
100
= 90
v .
5 8o —e—Perpenpendicular (0
S .
2 70 Degree Inclined) HSS
§ 60 —e— 15 Degree Inclined
5 HSS_Pull
s 50
a 30 Degree Inclined
8 40 HSS_Pull
45 Degree Inclined
20 HSS_Pull
10
0
0 1 2 3 45 6 7 8 9 1011

Slip (mm)

Fig. 4.48 Comparison of Load Slip Curve for Perpendicular & 15,30,45 Degree
Inclined Headed Shear Stud (HSS) Subjected to Upward (Pull) Displacement
Loading

4.8.2 Variation of Principal Stress in Concrete Slab

Fig. 4.49 to Fig. 4.52 show the variation of principal stress in concrete slab for
perpendicular & different inclined headed shear stud. It is seen from the Fig. that
the maximum compressive stress in concrete is generated below the stud shank for
perpendicular headed shear stud but for inclined headed shear stud maximum
compressive stress is generated at the concrete slab located at the top of the headed

shear stud.
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Fig. 4.49 Principal Stress Distribution in Concrete Slab for Perpendicular Headed
Shear Stud (HSS)

3/29/2024 12:30 PM

— 50.058
39415
28,772
18.129
74858
-3.1573
-13.8
-24443
-35.086
- -45,729

Fig. 4.50 Principal Stress Distribution in Concrete Slab for 15 Degree Inclined
Headed Shear Stud (HSS)
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Fig. 4.51 Principal Stress Distribution in Concrete Slab for 30 Degree Inclined
Headed Shear Stud (HSS)
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Fig. 4.52 Principal Stress Distribution in Concrete Slab for 45 Degree Inclined
Headed Shear Stud (HSS)
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4.8.3 Variation of Compression Damage of Concrete Slab

The damage caused by compression to concrete slab is depicted in Fig. 4.53. As can be
observed from the Fig. 4.53, concrete's compressive stress is distributed more widely
for a 15-degree inclined headed shear stud for which it’s ductility is higher and less

widely for a 45-degree inclined headed shear, so it is showing less ductility.

Perpendicular Headed Shear Stud 15- Degree Inclined Headed Shear Stud

30-Degree Inclined Headed Shear Stud  45-Degree Inclined Headed Shear Stud

Fig. 4.53 Variation of Compression Damage of Concrete Slab
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Chapter 5: CONCLUSIONS & RECOMMENDATIONS

5.1 CONCLUSIONS

In this study numerical investigations of structural performance of inclined shear key in
steel-composite construction is performed by standard push-out test according to
Eurocode 4 using FEA software ANSYS. Followings are the conclusions from this

numerical study

1. The ultimate shear load carried per shear stud, maximum slip & overall load-slip
curve of the push-out test obtained from the finite element analysis is mostly
identical with the test result conducted by Gattesco and Giuriani (1996) [51] for 19

mm diameter perpendicularly placed headed shear stud (HSS).

2. The ultimate shear resistance of a headed shear stud obtained from FE analysis is
113.175 KN, according to CSA S6-14, BNBC-2020 & AASHTO LRFD recommended
design equations the ultimate shear resistance of a headed shear stud is 89.589 KN,
111.985 KN & 111.985 KN respectively. So, the numerical analysis result is very
close to the BNBC-2020 & AASHTO LRFD but CSA S6-16 provides a conservative

estimation of the ultimate shear strength of headed shear stud.

3. When the headed shear stud is inclined along the direction of loading as shown in
Fig. 3.3.e, the ultimate shear load carried by a headed shear stud for 15-degree, 30-
degree & 45-degree inclined headed shear stud is 130.13 KN, 132.785 KN & 140.335
KN respectively. So due to the inclination of the headed shear stud along the
direction of loading, the ultimate shear load carrying capacity is increased by 15

%, 17.33 % & 24 % for 15, 30 & 45-degree inclination respectively.
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4. When the headed shear stud is inclined opposite to the direction of loading as
shown in Fig. 3.3.f, the ultimate shear load carried by a headed shear stud for 15-
degree, 30-degree & 45-degree inclined headed shear stud is 49.97 KN, 65.00 KN
& 60.06 KN respectively. So due to the inclination of the headed shear stud
opposite to the direction of loading, the ultimate shear load carrying capacity is
decreased by 56 %, 42.57 % & 46.93 % for 15, 30 & 45-degree inclination

respectively.

5. When the headed shear stud is inclined along the direction of loading as shown in
Fig. 3.3.e, maximum slip of a headed shear stud for 15-degree, 30-degree & 45-
degree inclined headed shear stud is 10.79 mm, 7.97 mm & 3.95 mm respectively.
So due to the inclination of the headed shear stud along the direction of loading,
maximum slip value is increased for 15-degree & 30-degree and decreased for 45-
degree inclination. As the minimum value of slip for ductile behaviour of headed
shear stud is 6 mm as per the Eurocode-4, 15-degree & 30-degree inclined headed
shear stud may be treated as ductile and 45-degree inclined headed shear stud

may be considered as brittle.

6. When the headed shear stud is inclined opposite to the direction of loading as
shown in Fig. 3.3.f, maximum slip of a headed shear stud for 15-degree, 30-degree
& 45-degree inclined headed shear stud is 2.44 mm, 1.98 mm & 1.07 mm
respectively. So due to the inclination of the headed shear stud opposite to the
direction of loading, maximum slip value is decreased for all the headed shear
studs. As the minimum value of slip for ductile behaviour of headed shear stud is
6 mm as per the Eurocode-4, headed shear stud inclined opposite to the direction

loading may be considered as brittle.
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7.

Headed shear stud shall be welded to the flange surface very carefully. Only if the
direction of loading is known, inclined shear keys may be a better choice for

enhanced composite action of steel concrete composite structures.

5.2 RECOMMENDATIONS FOR FUTURE STUDY

Followings are the recommendations for future study related to this:

1.

In this study only 19 mm diameter headed shear stud is considered. Performance
of inclined headed shear stud having diameter larger or smaller than 19 mm may

be investigated.

In the current study, only the numerical investigation is done. To verify the
applicability of inclined headed shear stud in practical steel-concrete composite

construction, detail experimental investigation may be done.

In this numerical study, push-out test specimen was prepared according to
Eurocode 4 which contains total 8 nos. of headed shear stud on two sides. Future
numerical and experimental study can be conducted considering B55400 guideline
for push-out test specimen which contain total 4 nos. of headed shear stud on two

sides.

Structural performance of inclined shear can be investigated considering the
variation of compressive strength of concrete and yield strength of headed shear

stud.

Performance of inclined headed shear stud having larger embedment length in

concrete can be investigated numerically and experimentally.
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APPENDICES

A 1.1 Coupled Damage-Plasticity Microplane Model APDL Code Input in ANSYS
! === Start Code ===

! This means these commands will be carried out during pre-processing
/PREP7

! Step 1: Define elastic properties of material
E = 24000! Young's Modulus, MPa

nu = 0.2 ! Poisson's Ratio, unitless

! Step 2: Define microplane model properties

fc = 26 ! Uniaxial compressive strength, MPa
fb = 29.9! Biaxial compressive strength, MPa(estimate as 1.15*fc if unknown)
ft = 2.6 ! Tensile strength, MPa(estimate as 0.1*fc if unknown)
Rt =1 ! Tension cap hardening constant, unitless (typically = 1)
D = 40000! Compressive hardening constant, MPa”2
(typically between led and 50e4)

sigma cv = -19.93! Int. of comp. cap and DP yield, MPa

(always negative, approximately -2/3*fb or lower)
Rc = 2! Compression cap ratio constant, unitless(typically = 2)
gamma_t = 0! Tensile damage threshhold, unitless(typically = 0)
gamma_c = 2e-5! Compressive damage threshhold, unitless

(typically between le-5 to 10e-5)
9000! Tension damage evolution, unitless(typically 1.5*beta c)
6000! Compression damage evolution, unitless

(typically between 1000 and 10000)

beta t
beta c

! Step 3: Define nonlocal parameters c and m
c = 1500! Nonlocal range parameter,mm”2 (element size should be < 0.5*sqgrt(c))
m = 2.5 ! Over-nonlocal parameter, unitless(typically 1 to 3)

! Step 4: Select element type
element = 215! Element type number (Linear = 215, Quadratic = 216)

! Assign Elastic Properties
MP, EX, conc, E ! Assign Young's Modulus
MP, NUXY, conc, nu ! Assign Poisson's Ratio

! Assign microplane properties for coupled damaged-plasticity (MPLANE-DPC)
TB,MPLANE, conc,, ,DPC

TBDATA, 1, fc, fb, ft,Rt, D, sigma_cv

TBDATA, 7,Rc,gamma_t,gamma c,beta t,beta c

! Assign nonlocal properties to microplane model (MPLANE-NLOCAL)
TB,MPLANE, conc, , , NLOCAL
TBDATA,1l,c,m
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! Define coupled elements (this code assumes ITYPE = matid, which should be

in almost all cases)
itype = conc

et,itype,element
keyopt,itype, 18,2! Element needs 2 nonlocal parameters for keyopt (18)

! Switch element type of those that are assigned Concrete
esel,s,mat,,conc
emodif,all, type, itype

! To check that everything worked out, print the element list
allsel
etlist,all

! Now proceed to the solution and output all results
/SOLU
outres,aeso,all

! Setting minimum number of equilibrium iteration to 50
negit, 50
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