UNIVERSITY OF BELGRADE
FACULTY OF CIVIL ENGINEERING

Marko S. Pavlovicé

RESISTANCE OF BOLTED SHEAR CONNECTORS
IN PREFABRICATED STEEL-CONCRETE
COMPOSITE DECKS

Doctoral Dissertation

Belgrade, 2013



YHUBEP3UTET Y BEOTPALY
TPABEBUHCKU GAKYITET

Mapko C. NMasnosuh

HOCUBOCT 3ABPTHEBA KAO CPEACTBA
3A CMPE3AKE Y NPEPABPUKOBAHUM
CNPETHYTUM KOHCTPYKUUIAMA
o4 HE/IUKA U BETOHA

AOKTOPCKa gucepraumja

beorpag, 2013.



Supervisors:

Members of the jury:

Defense date:

Prof. Zlatko Markovi¢
University of Belgrade, Faculty of Civil Engineering

Prof. Milan Veljkovi¢
Department of Civil, Environmental and Natural Resources

Engineering, Lulea University of Technology, Sweden

Prof. Dragan Budevac
University of Belgrade, Faculty of Civil Engineering

Prof. Zlatko Markovi¢
University of Belgrade, Faculty of Civil Engineering

Prof. Snezana Marinkovi¢

University of Belgrade, Faculty of Civil Engineering

Prof. Milan Veljkovi¢
Department of Civil, Environmental and Natural Resources

Engineering, Lulea University of Technology, Sweden

Associate prof. Zoran Miskovi¢

University of Belgrade, Faculty of Civil Engineering




Mentopu:

UnaHoBU KOMHCH]E!

Hatym onbpane:

Hp 3natko Mapxkosuh, penoBHu mpodecop

VYuusepsutet y beorpany, I'paheBuncku daxynrer

Ip Munan BesskoBuh, penoBau npodecop
Department of Civil, Environmental and Natural Resources

Engineering, Lulea University of Technology, Sweden

Hp Hparan byhea, penoau npodecop

Yuusep3utet y beorpany, ['paheBuncku dakynrer

Hp 3natko Mapkosuh, pegosuu mpodecop

VYuusepsutet y beorpany, ['paheBuncku pakynrer

Hp Cuexxana MapunkoBuh, penoBHu podecop

VYuusepsutet y beorpany, ['paheBuncku pakynrer

Ip Munan BesskoBuh, penoBau npodecop
Department of Civil, Environmental and Natural Resources

Engineering, Luled University of Technology, Sweden

Jp 3opan Mumikosuh, BaHpeHH podecop

VYuusepsutet y beorpany, ['paheBuncku pakynrer




Acknowledgements

This work is supported by the Serbian Ministry of Education, Science and
Technological Development through the TR-36048 project.

Special thanks are addressed to Prof. Zlatko Markovi¢ and Prof. Milan Veljkovic,
research supervisors of my thesis for their professional guidance, valuable support and
constructive discussion.

I would like to express a very great appreciation to my colleague Milan Spremi¢
for sharing data, experience and providing enormous help in experimental part of the
research.

Support provided by "MB steel” Ltd. and "GEMAX" Concrete production Ltd.
from Belgrade was beneficial for specimen production and gratefully acknowledged.

I would also like to extend my thanks to the technical staff of the Laboratory of
Materials and Structures at Faculty of Civil Engineering in Belgrade for their help in
conducting the experimental works.

The proof reading of the large part of my text is done by Naveed Igbal, a
colleague from Lulea University of Technology, Sweden.

Most of all, I wish to thank my wife Aleksandra and children: Visnja, Vuka$in
and Purda for been so cute, giving me the strength to move along, knowing that life has

a meaning, even when the scientific theory does not.



RESISTANCE OF BOLTED SHEAR CONNECTORS IN PREFABRICATED
STEEL-CONCRETE COMPOSITE DECKS

Abstract

Prefabrication of concrete slabs reduces construction time for composite steel-
concrete buildings and bridge decks. Casting of bolted shear connectors in prefabricated
concrete slabs offers the higher level of prefabrication when compared to a technique
with grouped headed studs in envisaged pockets of concrete slabs. Additionaly, bolted
shear connectors offer some sustainability advantages, such as ability of the structure to
be easily removed or replaced. However, bolted shear connectors are rarely used in
composite structures due to the lack of detailed research and design rules. The aim of
the research presented in this thesis is to promote the application of bolted shear
connectors through detailed examination of their behaviour. Firstly, feasibility of their
application in the longitudinal shear connection of composite decks is examined
considering requirements for application, technical aspects, cost effectiveness and
environmental impacts. Bolted shear connectors with single embedded nut was found to
be the most appropriate for practical application. A case study considering incomplete
interaction on a 12 m span composite beam with bolted shear connectors and welded
headed studs showed that deflections and stresses in steel are increased (10-20%) in
case of bolted shear connectors due to initial slip in hole. This is acceptable, especialy in
the case where propped construction and propper camber are used. Further, detailed
examination of their behaviour is made through comparison to welded headed studs in
push-out tests on M16 and M24 bolted shear connectors (grade 8.8). Basic shear
connector properties are observed: shear resistance, stiffness and ductility. Bolted shear
connectors achieved similar shear resistance, while stiffness and ductility are reduced
when compared to the headed studs. Advanced FE models of push-out tests are built
and calibrated with regards to the experimental results. Abaqus/Explicit dynamic solver
and damage material models for steel and concrete were used with realistic bolt and nut
geometry, allowing the beyond-state-of-the-art failure analysis of push-out tests. Initial
slip in hole is analysed and quantified with use of experimental and FEA results.
Previously calibrated verification FEA models are used for the parametric study. Firstly,

initial parametric study is conducted in order to analyse the significance of the influence



of certain parameters on resistance and ductility of the bolted shear connection.
Parameters considered in the initial parametric study are: bolt preloading force, number
of embedded nuts, longitudinal spacing between shear connectors and shear connector
height. Later, the most significant parameters influencing shear resistance and ductility
of bolted shear connectors; bolt diameter, concrete strength and shear connector height
are coupled in main parametric study. Failure modes of bolted shear connectors with
single embedded nut are recognized as failure of the bolt at the flange-concrete interface
and pryout failure of the concrete both in experimental and FEA results. Those failure
modes are explained in details and analytic models are developed and validated with use
of FEA. Shear resistance and ductility prediction models are proposed on the basis of
the FEA parametric study and validated with regards to experimental results of present
and previously published research. Good agreement is found. Design rules are proposed

in form suitable for inclusion in Eurocode 4.

Keywords: Prefabricated steel-concrete composite beams, Shear connectors, High-
strength bolts, Shear resistance, Ductility, Push-out tests, Finite element analysis,

Parametric study, Plasticity, Damage mechanics.
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HOCHUBOCT 3ABPTIBEBA KAO CPEACTBA 3A CIIPE3AIBE Y
INPE®@ABPUKOBAHUM CITPETHYTUM KOHCTPYKIIUJAMA
O YEJIMKA U BETOHA

Pesume

[TpumeHoM mpedabprukoBaHUX OETOHCKHMX IIOYAa BPEME M3IPambe CIPETHYTUX
HOCa4ya MOCTOBA MJIM Y 3rpaIapCcTBY CE 3HAYajHO CMambyje. YKOJIMKO Ce Kao CPEe/ICTBA 32
CIpe3ame KOPHUCTE 3aBPHEBU YOETOHMpaHM y npedaOpuKoBaHy OETOHCKY ILIOUY,
moryhe je moctuhu Behm cremen npedabOpukanuje y mopehemy ca pememeM ca
IpyNUuCcaHUM MOJKIAHULMMa ca TJaBOM M OTBOpMMa y OETOHCKMM Iioyama. Takobe,
3aBPTH-EBH KA0 CPEJICTBA 3a CIpPE3amke Hy/Je HECYMILHBY MPEIHOCT 10 MUTAKY yTUIAja
KOHCTPYKILIMj€ Ha JKABOTHY OKOJMHY, THME INTO OMOryhyjy JaKko yKJamame
KOHCTPYKLIMj€ WM 3aMEHE HeHHUX JenoBa. Mnak, 3aBpTHEBU C€ PETKO KOPUCTE Kao
CpeAcTBa 3a CIpe3ame, YIJIaBHOM 300T HeIoCTaTKa IMOTPEOHHWX HWCTpaKuWBama U
npaBuia 3a MpojekToBame. Llib HcTpaXkuBama IPHUKAa3aHOI Yy OBOj JOKTOPCKO]
JTUCepTalju je omoryhaBame mupe yrnorpede 3aBpTHEBA Kao CPEICTBA 3a CIIPE3ambe
KpO3 JeTaJbHy aHalIM3y HHMXOBOI INOHamamwa. [IpBo je aHaiu3upaHa OINpaBIaHOCT
IpUMEHE 3aBpPTHEBA Kao CpPEACTBAa 3a CIpe3ame Yy MOAYXKHOM cMuuyheMm crojy
CIOPETHYTUX KOHCTPYKIMja, Yy3uMmajyhu y o003up TEXHHUYKE 3axTeBe, aHaIHU3y
UCIJIATUBOCTH M YTHIIA] HA KUBOTHY OKOJIMHY. 3aBPTHEBU Ca J€JHOM YOETOHHPAHOM
HAaBPTKOM Cy C€ IIOKa3aJdd Kao HAJIOTOJHMH 3a MpakTU4YHy mpumeny. [Ipumep
YIIOPEIHOT MpopadyHa CIIPErHyTOI Hocaya paclioHa JIBaHaecT MeTapa, ca 3aBpPTHEeBUMa
U MOXJTAaHHWIIMMa Kao CPEICTBHMA 3a CIpe3ame I0Ka3ao je Ja yCiel HEMOTIyHe
uHTepakiuje (ycies MoYeTHOT KIIN3amka 3aBpTHha y PYIN) y CiIydajy crpe3ama momohy
3aBpTHEBA J10J1a3u 10 yBehama yruba Hocada M HamoHa y denuuHoj rpeau (10-20%).
OBakBO TOHAIIAaKE CE€ CMaTpa MPHUXBAT/BHBHM, MOTOTOBO aKO CE€ TOKOM TPajihe
OpUMeHe MPUBPEMEHU OCJIOHIM U HaJBHILIEHE¢ 4YeIMyHOr Hocaya. Jlasba jperasbHa
aHaJM3a TIOHAIamka 3BPTHEBA KAa0 CPENICTBA 3a CIIpe3ame M3BpIICHA je mopehemeM ca
3aBapeHHM MOXJIHHIIIMA ca TJIaBOM y TecTy cmuuama (push-out test). Exciepumentn
cy Bpuenu kopuctehu 3aBprmeBe M16 | M24 (knaca 8.8). Ilopehene cy ocHoBHe
KapaKTePUCTHUKE CPEICTBA 3a CIPE3ame: HOCUBOCT Ha CMUIAKhe, KPYTOCT Ha CMUTIAEE U

AYKTUIIHOCT. 3aBpTH>CBI/I Cy OOCTUTJIH CKOPO je,[[HaKy HOCHUBOCT KaO0O MU MOXIaHUIN Ca



[JIaBOM JIOK CY KPYTOCT U TyKTHJIHOCT pefykoBaHe. Hampennu Mozaenu Ha 6a3u MeToje
KOHAYHHUX €JeMeHaTa Cy HalpaBJ/beHU Jla OJroBapajy TECTy CMHUIamba U KaMOpUCAHU
kopuctehu ekcrnepumentanHe pesynrare. KopumiheHna je KBa3u-cTaTHUKa aHaIHM3a
OPUMEHOM CKCIUTMIUTHOT JWHAMUYKOTr cojiBepa codTBepckor makera Abaqus.
3aBpTHEBU U HABPTKE Cy MOCITUPAHU Ca CTBAPHOM I'€OMETPHjOM, a KOPHIINEHU CY H
MOJCNIA JIOMa YEJIMYHOI M OETOHCKOT Marepujaja IITO je OMOTYhWwiIo peasHo
aHAIM3UpAkE JIOMa y TecTy cMulama. OBako kanubOpucanm monenu Ha 0azu MKE
kopuitheHu cy Jajbe 3a mapaMerapcky aHanu3y. IIpBo je cnpoBeieHa HMHHULIMjaTHA
napaMerapcka aHaju3a ca IuJbeM Jia HAeHTU(UKYje YTUIa) OjeJMHUX apameTapa Ha
HOCHMBOCT W IYKTHJIHOCT 3aBpPTH-€BA Kao CPEICTBAa 3a crpe3ame. Pa3marpanu cy
napaMeTpH: CHJia MpeHarpe3ama y 3aBpTihYy, Opoj YOeTOHUpaHUX HAaBPTKHU, MOIYKHO
pacrojame n3mel)y 3aBpTHEBa M BHCHHA 3aBPTH-EBAa. HakoH Tora M3BpIIEHA j€ IIaBHA
mapaMerapcka aHaju3a ca I[apaMeTpuMa KOjH HajBUIIE YTUYYy Ha HOCHBOCT H
OykTuiHOCT. To Cy: NMpedyHuK 3aBpTH-a, uBpcToha OeToHa M BHCHHA 3aBpTHa. OBU
napamMeTpH Cy aHaJM3UpaHW y KOpeJaluju jelHuX ca ApyruM. Ha ocHoOBy pesynrara
eKcliepMeHaTa U HyMEpUYKEe aHallu3e, Mpero3Hara Cy JBa OCHOBHA Mojiena JioMa
3aBpTH-a Ka0 CPEJICTBA 3a CIIpe3arbe: JIOM 3aBPTHA HA CIOjy YEIHYHE HOXKUIEC H
OeTOHCKe IJI04e ¥ JIOM OeTOHa 4YyIameM 3aBpTiba (pryout failure).Osu Monenu toma cy
pa3jalmeHy 70 J1eTajba M aHATMTHYKA MOJETH HUXOBOT MOHAIama Cy pa3BUjeHH U
notBphenu kopucrehu excriepumentanse u pesynrare MKE. Hakon tora, onpehenu cy
u3pasu 3a ojpehuBame HOCHBOCTM M JAYKTHJIHOCTH 3aBPTHEBA Kao CpelIcTBa 3a
cIpe3ame ca JeTHOM yOeTOHMpaHOM HaBPTKOM IOTOJHM 3a npuMeHy y EBpokoay. OBu
u3pasu Cy NoTBpheHu nopehemem ca pe3ynraTuMa NpeAcTaBbEHOI eKCIIEPUMEHTATHOT

HCTPaKMBamka U EKCIIEPUMEHTATHUX UCTPAXKMBaKaA IPYTUX ayTOpa.

Kibyune peum: Cropernytu Hocauu, [IpedabpuxoBane koncTpykuuje, Cpencta 3a
cripe3amwe, BucokoBpennu 3aBpTmeBH, HocHMBOCT Ha cmuuame, TecT Ha CMULABkE,

[Tapamerapcka ananuza, MeTton koHauHux enemenara, [lnactuunoct, Teopuja goma.
Hayuna o0aact: ['paheBunapcTBo
V:ka nayuyna o6aact: YennyHe U CIPETHYTe KOHCTPYKIIH]E

YK opoj: 624.014/.016(043.3)
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Chapter 1. Introduction

1.1. Background

Steel-concrete composite decks have been used in buildings and bridges for
decades. In-situ casted concrete often requires temporary supports and formwork, which
leads to a longer construction time compared to prefabricated concrete slabs.

Prefabrication of concrete slabs is a good way to reduce the construction time and
optimize the construction process. Composite action between a steel profile and a
concrete slab is most commonly established by grouting grouped headed studs welded
to the top flange of the steel section in envisaged openings (pockets) in prefabricated

concrete slabs. The time needed for grout hardening is still a limiting factor.

1.2. Application of bolted shear connectors

With the use of bolted shear connectors, faster erection methods can be
developed, as illustrated in Fig. 1.1. Bolts can be casted in prefabricated concrete slabs

and on site assembled to the predrilled top flange of the steel section part of composite

member.
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Fig. 1.1 Prefabrication with use of casted bolted shear connectors.



Time required for grout hardening can thus be eliminated, which is advantageous
when compared to the solution with grouped headed studs. On the other hand, high
fabrication precision of prefabricated elements needs to be achieved so as to enable
assembling on site and to ensure assumed composite action of the structure.

The construction costs with the use of bolted shear connectors are expected to be
higher when compared to traditional headed studs. For certain applications, however,
the precast structures with bolted shear connectors may prove to be an economically
competitive option due to faster erection and lower life cycle costs.

Long-term behaviour and durability issues may require replacement of concrete
slabs or their parts during maintenance of composite bridge decks. It is a complicated
and time consuming procedure in case of the, most commonly used, welded shear
connectors. With the use of bolted shear connectors easier dismantling and replacement
of concrete slabs can be achieved. It is also important from the sustainability point of
view since the structure can be easily removed at the end of its lifetime.

Possible uses of bolted shear connectors are shown in Fig. 1.2. The composite
action is established with or without nuts embedded in the slab, either with or without

preloading of the bolts.

LI W

a) friction b) without c) single d) double
grip bolt embedded nut embedded nut embedded nuts

Fig. 1.2 Bolted shear connectors types.

Friction grip bolts shown in Fig. 1.2(a) transfer interface shear forces through
friction between the concrete slab and flange of the steel profile. Preloading of the



friction grip bolt is made through the thickness of the concrete slab. The slab is
subjected to high local compressive stresses, which leads to an unfavourable loss of
preloading force due to creep of concrete. Embedded bolted shear connectors shown in
Fig. 1.2(b), (c) and (d) transfer interface shear forces by bearing on concrete and on the
hole in the steel flange and shear across the threaded part of the bolt. Nearly double
shear resistance can be achieved by bearing when compared to a friction transferring
mechanism using the bolts of the same grade. Preloaded bolts intended for the slip
resistant connection need to be of higher grade (10.9) and fabrication class. They are
more expensive (around three times) when compared to regular high strength bolts
(grade 8.8) not intended for the slip resistant connection. Therefore, embedded bolted
shear connectors are suspected to be more feasible for use in steel-concrete composite
decks when compared to friction grip bolts. The only shortcoming of their usage is that
they are not slip resistant. The influence of incomplete interaction on the composite
member behaviour, due to slip in the hole of the embedded bolted shear connector, need
to be taken into account. Shear stiffness is another important property of the shear
connector. Bolts without embedded nuts, shown in Fig. 1.2(b), have low stiffness and
therefore their application as shear connectors is doubtful. Bolted shear connectors with
embedded nuts, shown in Fig. 1.2(c) and (d), will be examined in this thesis because
they have much higher shear stiffnesses. They are more suitable for casting in
prefabricated concrete slabs since they can be mounted by the nuts on both sides to a
template in the formwork.

Prefabricated composite deck structures with bolted shear connectors may be used
in residential and commercial buildings, car parks and modular building systems. They
can also be competitive for short span overpass bridges and modular temporary bridge
systems. However, bolted shear connectors are rarely used in composite structures. One
of the possible reasons could be the lack of detailed research and design rules
concerning their specific behaviour. In contrast, welded headed studs, as the most
widely used shear connectors, are well covered by design rules in many codes and
continuous research on their behaviour in composite structures extends for decades in

the past.



1.3. Objectives of the research

The aim of the research presented in this thesis is to promote the application of
bolted shear connectors. As a first step, feasibility of their application in the longitudinal
shear connection of composite decks needs to be examined. Further, detailed
examinations of their behaviour in push-out tests, as the first step towards the design
recommendations are necessary. Basic shear connector properties, such as: shear
resistance, stiffness and ductility will be examined through comparison with classical
welded headed studs. Furthermore, failure modes of bolted shear connectors will be
recognized and compared. Based on the recognized bolt and concrete failure modes, a
parametric study of the main material and geometrical properties of such type of shear
connection will be performed. Shear resistance calculation model and ductility criterion
will be proposed on the basis of the parametric study, as the second step towards the
design recommendations. Additionally, certain specific behaviour of bolted shear
connectors: such as initial slip in hole, will also be examined to give ground for their
proper application in composite decks.

1.4. Methodology of the research

Analysis of literature will be performed to present current state-of-the-art on
bolted shear connectors.

Experimental works will be performed such as: push-out tests with bolted shear
connectors, shear tests on bolts and standard tests to obtain properties of materials used
in the research (steel and concrete). Advanced strain measuring method - Digital Image
Correlation (DIC) will be employed for certain tasks.

Advanced 3D finite element (FE) models of push-out tests, shear tests on bolts
and standard material tests will be built and calibrated based on experimental results.
Quasi-static analyses with explicit dynamic solver and damage material models will be
used which leads to the most realistic prediction of the real behaviour of the specimens.

Parametric study will be performed using the previously developed and validated
advanced FE models.

Analytical methods will be used, based on FE analyses and experimental results to
validate the recognized failure modes of the bolted shear connector and to develop shear

resistance calculation model and ductility criterion.



1.5. Scope of the thesis

The content of this thesis is organized in nine chapters.

Chapter 2 summarizes previous research on the use of bolted shear connectors.
Literature review on most commonly used shear connectors — headed studs is also
given, as well as a short overview on other shear connector types.

Chapter 3 presents study of the feasibility of using bolted shear connectors
considering requirements for application, technical aspects, cost effectiveness and
environmental impacts. A case study is made comparing bolted shear connectors to
grouped welded headed studs in a prefabricated composite deck.

Chapter 4 shows procedures and results of experimental investigations
comprising two series of push-out tests on M16 and M24 (grade 8.8) bolted shear
connectors with single embedded nut. Procedures and results from material properties
tests and shear tests on bolts are also shown.

Chapter 5 deals with finite element analyses of push-out tests. FE models are built
to match specimens used in experiments. Calibrations are made with the help of data
from material properties and push-out tests. Results of FE analyses are validated, for
bolted shear connectors, against the experimental results. Additionally, supplemental FE
models for welded headed studs are made to match available experimental push-out test
data. The intention was to examine and compare bolted shear connectors and headed
studs key properties and failure modes. Initially accumulated slip for bolted shear
connectors, during cyclic loading in push-out tests, is also analysed, based on
supplemental FE models.

Chapter 6 shows models and results of FEA parametric studies of geometrical and
material properties of a shear connection with bolted shear connectors. Firstly, initial
parametric study is conducted in order to analyse the significance of the influence of
certain parameters on resistance and ductility of the bolted shear connection. Parameters
considered in the initial parametric study are: bolt preloading force, number of
embedded nuts, longitudinal spacing between shear connectors and shear connector
height. Later, the most significant parameters influencing behaviour of bolted shear
connectors; bolt diameter, concrete strength and shear connector height are coupled in
main parametric study in order to obtain data for the development of shear resistance

and ductility criterions.



Chapter 7 comprises analyses and discussion on experimental and FEA results of
the push-out tests and the parametric study. Firstly, bolted shear connectors with single
embedded nut are compared to welded headed studs based on experimental and FEA
results in order to investigate their key properties: resistance, stiffness and ductility.
Additionally, cyclic behaviour and initial slip during the cyclic loading are analysed
focusing on the bolt-to-hole clearance and threads penetration. Afterwards,
experimental and FEA results for bolted shear connectors are analysed by means of
identification of main failure modes of bolt and concrete and development of analytical
modes.

Chapter 8 shows development and validation of shear resistance criterions by
means of bolt and concrete failures, based on analyses given in Chapter 7 and results of
the parametric study given in Chapter 6. Ductility criterions are also given and
validated. Based on the criterions developed here, design rules for shear resistance and
ductility are proposed.

Chapter 9 gives conclusions and recommendations for engineering practice and
application arising from presented research, as well as the propositions for further

research in the field.



Chapter 2. Literature review

2.1. Introduction

This chapter presents an overview of previous research, which is of significance
for examination of resistance of bolted shear connectors. Firstly, research regarding the
bolted shear connectors is presented, which is classified according to types given in Fig.
1.2. Main attention is given to bolted shear connectors with embedded nuts, since they
are the main subject of this thesis. Afterwards, short review of research on welded
headed studs is given in order to give a basis for comparison in the rest of the thesis.
There are no design rules for bolted shear connectors in the design codes. As a starting
point for their development in this thesis, design rules for welded headed stud are
summarised which have been proposed by several design codes. Other, more or less
competitive, shear connector types are given with just short overview at the end of this

chapter.

2.2. Bolted shear connectors

Very limited research on the analyses of behaviour of bolted shear connectors is
available when compared to the most commonly used welded headed studs. Various
types of bolted shear connectors shown in Fig. 1.2 were analysed in following
researches: [Dallam, 1968], [Marshall et al., 1971], [Dedic and Klaiber, 1984],
[Hawkins, 1987], [Sedlacek et al., 2003], [Schaap, 2004], [Kwon, 2008], [Lam et al.,
2013], [Lee and Bradford, 2013]. Highlights and outcomes of those researches will be
presented in following sections, classified in chronological order according to types
defined in Fig. 1.2.

2.2.1. Friction grip bolts

Friction grip bolts shown in Fig. 1.2(a) transfer interface shear forces through
friction between the concrete slab and flange of the steel profile accomplished by
preloading of the bolts. They are often used in construction of car parks [ArcelorMittal,
2008]. Since the preloading of the bolt is made through the thickness of the concrete
slab, the slab is subjected to high compression stresses. Helical reinforcement is often
used around the bolt hole in order to strengthen the concrete subjected to high local

stresses.



[Dallam, 1968] investigated high strength friction grip bolts in push-out tests, as
shown in Fig. 2.1(a). ASTM A325 and A449 bolts were used with measured tensile
strengths of 724 MPa and 951 MPa, respectively. Bolt diameters of 12.7, 15.9 and 19.1
mm (1/5, 5/8, 3/4 in.), were varied with height above the flange of 102 mm (4 in.). Bolts
were attached to predrilled flanges of a steel profile and held in place by wire springs as
shown in Fig. 2.1(b). Four bolts were used for each specimen. Concrete slabs were cast
on edge and after 28 days, bolts were preloaded by turn-of-nut method (“snug tight” +
1/2 turn) to achieve minimum specified bolt preloading.

(75.24)
6"~ Jpoe A
3~ 7

7
7 7F)

o

V4L

20 £

/a i
(25.4)

.
N

T 7777 T
a) test set-up

T T T T

R
T

[ B
L ] / |
7 Cnssse P stud

“\)‘ >

Load per Camector i ks (Fons)
3

.‘ P
a 20 P 174 7 100
.5 W/ (47, 2)
Slyp in inches x 107 (mm)
c) force-slip curves for 15.9 mm bolts d) bolts after failure

Fig. 2.1 Friction-grip bolts push-out tests [Dallam, 1968].



Force-slip curves for specimens with d =15.9 mm (5/8 in.) ASTM A449 bolts
(f, = 951 MPa) are shown in Fig. 2.1(c), together with results for welded headed studs
with same diameter. The tensile strength of stud material was 482 MPa. It was reported
that bolts have zero slip at the serviceability stage load level and up to two times the
ultimate shear resistance compared to welded headed studs of same dimensions.

[Marshall et al, 1971] conducted static push-out tests with friction-grip bolts of
diameter d = 16 mm, as shown in Fig. 2.2(a). Variations were made with concrete slabs
being either precast or in-situ, as well as the different concrete cube strengths (36 to 50
MPa). In total eleven push-out tests were conducted and only in one case failure of
concrete occurred (with cube strength of 36.2 MPa). Bolt preloading forces of
approximately 90 kN were achieved. Achieved coefficient of friction was about 0.45 for

cases with precast slabs.
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Force-slip curve for a specimen with precast concrete slab is shown in Fig. 2.2(b).
First slip occurred after the friction force was overcome, while ultimate resistance was
more than two times higher.

Additionally, five beam tests with 4.00 m and 2.03 m spans were conducted, again
the variation of the concrete slab being either precast or cast in-situ. Test set-up and the
results are shown in Fig. 2.2(c) and (d). The aim was to examine effect of slip on the
degree of interaction and compare it to the incomplete interaction theory by [Newmark
et al., 1951]. Conclusions were made that slip coefficient of friction 0.45 can be used for
the precast slabs, and if the adequate shear connection is provided (not slipping at the
working load range) complete interaction between the steel bean and the concrete slab
can be obtained within the working load range.

[BS 5400-5, 1979] gives rules for application of friction-grip bolts in composite
beams in its section 10. The design rule is given as: “The longitudinal shear resistance
per unit length developed by friction between the concrete flange and steel beam should
not be less than the longitudinal shear force per unit length at the serviceability limit
state”. The design frictional resistance, developed by each bolt at the interface, is given
in Eq. 2.1, where p = 0.45 is the recommended value for the friction coefficient and Fp ¢

is the bolt preloading force.
I:>fric =AU I:p,C /1.2 2.1

It is noted that account should be taken of the loss of the bolt preloading force due
to shrinkage of the concrete and creep of the steel and concrete, but no practical
directions are given. It is assumed that ultimate limit state is satisfied with Eq. 2.1
limited by the loads for serviceability load level. Notably lower values of shear
resistances can be obtained according to Eq. 2.1 when compared to those obtained by
[Dallam, 1968]. However, shear resistances according to Eq. 2.1 are comparable to
results obtained by [Marshall et al, 1971] and it seems that their research served as the
background for the design rules in [BS 5400-5, 1979].

[Kwon, 2008] examined friction grip bolts, shown in Fig. 2.3(a), as post installed
shear connectors for use in strengthening existing non-composite bridges. Single bolt
shear tests were conducted under static and fatigue loading. ASTM A325 bolts (830
MPa nominal tensile strength) were used with diameter of 22 mm and 127 mm height

above the flange and preloading force of 175 kN. Holes with diameter of 25 mm were
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drilled in concrete, while gaps between the bolt and the hole were not filled. In total two
specimens were tested for static loads and one for fatigue loading with 5 million cycles.
Force-slip curves for static single bolt shear tests are shown in Fig. 2.3(b). One of the
specimen failed by fracture of the bolt (HTFGB-06ST) while other failed by crushing of
the concrete (HTFGB-05ST). Initial slip, after the friction due to preloading of the bolts
was overcome is noticed at relatively low load level. Fatigue test with shear stress range
of 241 MPa showed good performance, as the shear connector did not failed after 5

million cycles.
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Fig. 2.3 High-tension friction-grip bolt (HTFGB) [Kwon, 2008].

Final conclusion is made that HTFGB showed similar or better shear resistance
when compared to conventional headed studs, while fatigue strength is reported to be
much better. Additionally, beam tests were made, for different shear connector types, as
shown later in Fig. 2.11(a), with results shown in Fig. 2.11(b). Almost 50% increase in
load bearing capacity was achieved even with 30% of shear connection ratio when
compared to a non-composite beam.

[Lee and Bradford, 2013] conducted two push-out tests according to [EC4, 2004]
specifications using bolts M20, grade 8.8. Bolts were preloaded by the force of 145 kN
within depth of a concrete slab, through the large steel plates shown in Fig. 2.4(a).

Hole in the concrete slab was 24 mm diameter, 4 mm larger than the bolt
diameter. Geopolymer concrete slabs were used, with compressive cylinder strength of
48 MPa. Force-slip curve for one specimen is shown in Fig. 2.4(b). Both specimens
failed due to fracture of the bolts. Conclusion is made that after the friction is overcome,
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large slip occurs, which is caused by oversized holes in the concrete slab. Large ultimate

slip indicates ductile behaviour of the shear connector.

Failure load at 1,770 kN

Load (kN)
-
o
o
o

Fains
First slip at 585 kN

400
200
0
-5-200 0 5 10 15 20 25
SN Slip (mm)
a) test set-up b) force-slip curves

Fig. 2.4 Friction grip bolts [Lee and Bradford, 2013].

2.2.2. Bolted shear connectors without embedded nuts

[Hawkins, 1987] conducted experimental research on anchor bolts without the
embedded nut (Fig. 1.2(b)) loaded in shear and tension. Variables for the single bolt
shear tests were the anchor bolt diameter (19 and 25 mm), embedment depth (76, 127
and 178 mm) and concrete strength (20.7 and 34.5 MPa). It was shown that such
anchors have 80% shear resistance when compared to welded headed studs and only
15% of their shear stiffness (see Fig. 2.5).
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Fig. 2.5 Force-slip curves for studs and bolts without embedded nut [Hawkins, 1987].
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[Lam et al., 2013] investigated demountable shear connectors, shown in Fig.
2.6(a) to assess its potential and suitability in terms of replacing the welded headed
studs. Eight push-out tests with four connectors were conducted using studs with
diameter of 19 mm and various concrete strengths. Two failure mechanisms were
observed: fracture of shear connectors near the threaded end and concrete crushing. It
was pointed out that slabs were easily removed after the tests, thus proving the ability of
the structure to be dismantled. Reference tests with welded headed studs were also made
and comparison of the results is presented in Fig. 2.6(b). It was concluded that those
shear connectors have similar shear resistance as welded headed stud with better

performance in terms of ductility, but with much lower stiffness.
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Fig. 2.6 Demountable shear connectors [Lam et al., 2013].

2.2.3. Bolted shear connectors with embedded nuts

Bolted shear connectors with one or two embedded nuts have similar behaviour.
They were investigated mostly in terms of rehabilitation work so as to strengthen the
existing non-composite steel-concrete bridges. Since the resistance of bolted shear
connectors with single embedded nut is the subject of this thesis, previous research for
this type of bolted shear connectors will be presented with more detail. Results
presented here will be summarized later in Table 8.10 to Table 8.12 (section 8.4) and
used for validation of proposed shear resistance and ductility criterions.

[Dedic and Klaiber, 1984] performed four push-out tests with four ASTM
A325high strength bolts 19 mm in diameter. Nominal tensile strength of such bolt

material is 830 MPa (120 ksi). Shear connector layout is shown in Fig. 2.7(a). Concrete
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compressive strengths, determined by tests, were 35.4 MPa and 31.4 MPa (5140 psi and
4550 psi) for concrete slab and the grout around the shear connector, respectively.
Comparable tests for welded headed studs were also conducted. They showed that shear
resistance and load-slip behaviour of bolted shear connectors with single embedded nut
shown in Fig. 1.2(b), are similar to those of welded headed studs of same dimensions.
Average ultimate shear force of 152.1 KN was achieved for bolted shear connectors.

Bolt failure was reported, but unfortunately the end of force slip curve is not shown.
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Fig. 2.7 Shear connector with embedded nut [Dedic and Klaiber, 1984].

[Sedlacek et al., 2003] conducted research founded by the European Commission
under project named: “Composite bridge design for small and medium spans”.

As part of this research, several solutions for full and partial prefabrication of the
concrete slab were investigated, using headed studs and bolts, which was carried out at
University of Wuppertal by Prof. Dr.-Ing. Gerhard Hanswille. Among those, bolted
shear connectors were investigated in order to examine the possibility to replace the
concrete deck during design life time of temporary bridges.

High strength bolts M20, grade 10.9, were experimentally tested for static and
fatigue loads using standard [EC4, 2004] push-out test. Totally three specimens were
tested: two for static loads and one for fatigue. Double embedded nuts (see Fig. 1.2(d))
were used as shown in Fig. 2.8(a). Tensile strength of bolt material 1160 MPa and
concrete compressive strength of 46,9 MPa were reported. Bolt shear failures were
present in all tests, as shown in Fig. 2.8(b), together with force-slip curve for one
specimen. Average ultimate shear force per shear connector was 189 kN with average

slip to failure of 10.3 mm. Fatigue test was conducted with force range AP =510 kN
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and Pmax = 1050 kN, in 3 million cycles. No fatigue failure occurred and no significant
increase of slip was observed. Afterwards, this specimen was statically loaded until
failure, and same resistance was obtained as for the specimens with only static loads
applied. Results were evaluated by some simple hand calculation model, based on
bearing capacity of headed studs in concrete and shear failure of the bolts. Mismatch of
predicted shear resistance to the test results was too high. Further tests were

recommended for development of the design rules.
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Fig. 2.8 Bolted shear connectors M20 [Sedlacek et al., 2003].

[Schaap, 2004] conducted three single bolt shear tests on bolted shear connectors
with double embedded nuts (see Fig. 1.2(d)), among large number of various post-
installed shear connectors analysed for use in strengthening existing non-composite
bridges. Bolts were 19 mm diameter (3/4 in.), while height above the flange was 150
mm. ASTM A490 bolt material was used with nominal tensile strength of 1034 MPa
(150 ksi). Shear connectors layout is shown in Fig. 2.9(a).

Bolts were post-installed by drilling the 50 mm diameter hole in the concrete slab
and filled with a grout afterwards (see Fig. 2.9(b)). Concrete strengths of 23.7 MPa and
21.9 MPa were achieved for the slab and the grout, respectively. Results are presented
in Fig. 2.9(c). Average shear resistance of 133.6 kN was achieved, while shear failure of
the bolts did not occur. Average maximum slip that was reported is 14.6 mm. Initial slip
in hole due to the overcoming of friction is noticed at relatively low load level.
Unfortunately bolt preloading force was not reported. Based on comparison of the

results to other post-installed shear connector types in the research, conclusion was

15



made that those shear connectors perform well and their further examination was

recommended.
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Fig. 2.9 Double-nut bolt (DBLNB) shear connector [Schaap, 2004].

[Kwon, 2008] continued the research conducted by [Schaap, 2004]. He examined
bolted shear connector with double embedded nuts, shown in Fig. 1.2(d) with diameter
d =22 mm and height above the flange hs; = 127 mm, as post installed shear connector
for use in strengthening existing non-composite bridges. Single bolt shear tests were
conducted for static and fatigue loading, with test set-up shown in Fig. 2.3(a).

DBLNB shear connector was composed of threaded rod and nuts with layout
shown in Fig. 2.3(b). ASTM A193 B7 threaded rod material was used with tested
tensile strength of 1013 MPa (147 ksi). Holes with diameter of 57 mm were drilled in
the concrete slab and filled with high-strength grout after installation of the connectors.
Compressive strength of the concrete slab material was 20.3 MPa, while 25.3 MPa was
reported for the high strength grout around the connectors. Bolts were preloaded with a
force of 173 kN through the thickness of the steel flange. Totally three specimens were
tested for static loads and one for fatigue loading with 5 million cycles. Force-slip

curves for static single bolt shear tests are shown in Fig. 2.10(c). All of the specimens
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failed by fracture of the bolt. Average shear resistance of 183.5 kN, per shear connector
was obtained. Initial slip, after the friction due to preloading of the bolts was overcome
is noticed at relatively low load level. Average slip to failure of 8.7 mm was achieved.
One fatigue test with shear stress range of 310 MPa showed good performance, as the
shear connector did not fail after 5 million cycles. Final conclusion is made that
DNLNB showed similar or better shear resistance when compared to conventional
headed studs, while fatigue strength is reported to be much better since the connection is
welding free.
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Fig. 2.10 Double-nut bolt (DBLNB) shear connectors [Kwon, 2008].

Additionally, beam tests were made, as shown in Fig. 2.11(a). Beam test set-up
consisted of simply supported beam of 11.6 m (38 ft.) span, with W30x99 steel beam
and concrete slab 2.13 m wide and 180 mm thick. Partial shear connection with 30% of
shear connection ratio was achieved using 16 connectors in a shear span (32 in total).

Reference beam test for a non-composite beam, as well as for other shear
connector types were conducted (totally four tests). Results are shown in Fig. 2.11(b).
Almost 50% increase in load bearing capacity was achieved even with 30% of shear
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connection ratio when compared to the non-composite beam. Sudden drop of load was
noticed at deflection of approximately 100 mm which is attributed to shear failure of the
bolted shear connectors. After this point, the beam behaved as the non-composite beam.
Even though the initial slip due to bolt-to-hole clearance was noticed in the single bolt
shear tests (see Fig. 2.10(c)), no significant loss of initial stiffness was noticed in the
beam tests (see Fig. 2.11(b)).
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Fig. 2.11 Beam tests [Kwon, 2008].

Additional FEA of composite beam using nonlinear spring elements for bolted
shear connectors was made to investigate this phenomenon. Similar conclusion is made
that oversized holes does not significantly influence the behaviour (stiffness, strength
and ductility) of the composite beam with bolted shear connectors. However,
recommendations for limiting the bolt-to-hole clearances were not given.

[Lee and Bradford, 2013] conducted two push-out tests according to [EC4, 2004]
specifications using M20, grade 8.8, bolted shear connectors with single embedded nut
(Fig. 1.2(c)) and 135 mm height above the flange. Bolts were preloaded by a force of
130 kN within thickness of the steel flange. Geopolymer concrete slabs were cast in
place and compressive cylinder strength of 48 MPa was reported.

Force-slip curve for one specimen is shown in Fig. 2.12(a). Both specimens failed
due to fracture of the bolts. Characteristic failure is shown in Fig. 2.12(b), where
shearing of the bolts, and crushing of concrete in front of shear connectors can be
noticed. Average ultimate shear resistance of 177.5 kN, per shear connector, was
obtained, with average slip to failure of 11 mm. The tensile strength of the bolts

material obtained from the test was 946 MPa. Reported ultimate shear resistance was
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higher than the shear resistance of the bolts at the threaded part when calculated with
the tested tensile strength. Authors provided the information that failure of the bolts
occurred at the shank, not the threaded part of the bolt, with use of specially designed

clamps.
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Fig. 2.12 M20 bolted shear connectors [Lee and Bradford, 2013].

2.3. Welded headed studs

A very good state-of-the-art on the existing experimental results for welded
headed studs from the research of the past few decades (391 push-out tests), and
comparisons to design codes are given by [Pallarés and Hajjar, 2010]. As the world-
wide database of experimental results for welded headed studs is large, present research
is often being conducted using FEA. [Lam and El-Lobody, 2005] conducted parametric
FEA by varying headed stud height and concrete strength and compared the results for
headed studs shear resistance to predictions in design codes. [Nguyen and Kim, 2009]
analysed shear resistance and ductility of large headed studs with diameter up to 30 mm
in their parametric FEA. Prefabrication of composite structures became interesting
subject in the past decade. Grouped behaviour of welded headed studs, for their
application with prefabricated slabs with openings (pockets), have been studied recently
by [Okada et al., 2006], [Shim et al., 2008], [Xu et al., 2012] and [Spremi¢, 2013].

Welded headed studs are the most used shear connectors in steel-concrete

composite decks. One of the reasons is that design rules for those shear connectors are
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well covered in design codes. Short overview of those design rules will be given here
since the similar ones will be developed for bolted shear connectors in this thesis.

[EC4, 2004], known as the Eurocode 4, defines shear resistance of welded headed
studs as minimum of two values given in Eg. 2.2 and Eqg. 2.3. It is not explicitly
specified, but it is obvious that those two present the criterions for failure of the stud

and concrete, respectively.

2
Prg =0.8- f, = a° 1 2.2
rv
) 1
PRd = 029 - d kaEcm — 23
v
with:
a=02(h, /d+1)<1.0, for hy/d>3 2.4

In previous expressions:

d is the stud shank diameter in mm;

hs. is the shear connector height above flange in mm;

f, is the stud ultimate tensile strength in N/mm?;

fu is the concrete characteristic cylinder compressive strength in N/mm?;
Een is the secant modulus of elasticity of concrete in N/mm?;

w Isthe partial safety factor for shear connector resistance (», = 1.25).

[JSCE, 2005], the Japanese Standard Specifications for Steel and Composite
Structures, also defines shear resistance of the welded headed studs as minimum value
for two separate failure modes (stud and concrete). Those are given in Eq. 2.5 and Eq.
2.6. Height do diameter ratio is limited to hs/ dss > 4

Vsud = (3lAss V (hss /dss) fcd +1OOOO)/7b 2.5
Vsud = Ass fsud /7/b 2.6

In previous expressions:
A  is the stud shank cross sectional area in mm?;
dss  is the shear connector diameter in mm;
hss s the shear connector height above the flange in mm;
f,4 is the design tensile strength of stud in N/mm? (= f.,, /1);

f.. is the characteristic tensile strength of stud in N/mm?;
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f,, is the design compressive strength of concrete in N/mm? (= f, /1.3);
f, is the characteristic compressive strength of concrete in N/mm?;
w  Isthe partial safety factor y, = 1.3.

[ANSI 360-05, 2005], the American design code: ANSI/AISC 360-05:
Specification for Structural Steel Buildings, defines shear resistance of welded headed

studs as given in Eq. 2.7. It is obvious that a concrete failure criterion is limited by a
stud failure criterion.

Q, =0.5A/ fE. <AT, 2.7
In previous expression:

As s the stud shank cross sectional area in mm?;

fy is the stud ultimate tensile strength N/mm?;

fa s the concrete characteristic compressive strength N/mm?;

E. isthe modulus of elasticity of concrete N/mm?.

It has been shown by many studies [Spremi¢, 2013], [Pallarés and Hajjar, 2010],
etc. that [EC4, 2004] design rules gives conservative estimates for the welded headed
studs shear resistance when compared to other design codes and experimental results.

This is illustrated in Fig. 2.13, originating from [Pallarés and Hajjar, 2010].
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a) according to [EC4, 2004] b) according to [ANSI 360-05, 2005]

Fig. 2.13 Test to predicted shear resistance ratios for welded headed studs

[Pallarés and Hajjar, 2010].

Database with 391 tests have been compared with existing design rules and test to

predicted correlation ratios are obtained, excluding partial safety factors. Fig. 2.13(a)

21



shows that [EC4, 2004] underestimates the shear resistance in most cases, with average

correlation ratio of 1.131.

2.4.

Other shear connector types

Several other shear connection types in composite structures were developed

during past decades in order to find competitive replacement for welded headed studs.

Only short overview of those types will be presented here in order to give a clearer

picture of competitors to bolted shear connectors and welded headed stud.

Various shear connector types are shown in Fig. 2.14 to Fig. 2.23 originating from

various research reports. Generally they can be classified in following types:

- Pin and screw connectors, shown in Fig. 2.14, Fig. 2.15 and Fig. 2.16;

- Channels and L shapes, shown in Fig. 2.17;

- Perforated plates — Perfobond, shown in Fig. 2.18 and Fig. 2.19;

- Strip plates and dowel shear connectors, shown in Fig. 2.20 and Fig. 2.21;

- Shear connection by bonding and adherence, shown in Fig. 2.22 and Fig. 2.23.
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Fig. 2.15 Hilti X-HVB shear connectors [Hilti, 1997].
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Fig. 2.18 Perfobond rib shear connector [Ahn et al., 2010].
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Fig. 2.19
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Fig. 2.23 Connection with embossed steel plates and bonding [Thomann, 2005].

2.5. Summary

Overview of past and on-going studies on shear connectors for use in composite
decks has been given in this chapter. The main attention is given to the bolted shear
connectors as the main subject of this thesis. A limited number of studies on their
behaviour, with not so consistent and unified types of the connectors used and research
methodologies applied, are organised and classified. None of the studies has analytically
dealt with failure modes and behaviour of bolted shear connectors in details, as it has
been done for the welded headed studs. Therefore it will be the subject of the research
presented in this thesis. Most important results, for the studies presented here, will be
summarized in section 8.4 and used for validation of proposed shear resistance and
ductility criterions.

State-of-the-art for welded headed studs, as the most commonly used shear
connectors in steel-concrete composite decks, is also given, focusing on rules given in
the design codes. A short overview of other shear connector types, more or less,
competitive replacements for welded headed studs, is also presented.
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Chapter 3. Feasibility study

3.1. Technical requirements for bolted shear connectors in composite decks

Three main properties of a shear connector need to be considered for their
application in a steel-concrete composite deck: resistance, stiffness and ductility.
Among these, the shear resistance is the least limiting factor, since the resistance
required to transfer the longitudinal shear can be achieved by providing sufficient
number of shear connectors. Additionally, constructability in terms of required
tolerances in prefabrication process is also important. Those aspects will be analysed in

this section.
3.1.1. Stiffness

Stiffness of a shear connector influences the behaviour of a composite beam. Very
flexible shear connectors would not provide sufficient interaction between the steel
beam and the concrete slab to ensure the composite action. Unfortunately, stiffness
requirements for shear connectors are not provided in the design codes.

Influence of stiffness of the friction-grip bolted shear connectors (Fig. 1.2(a)) on
composite beam behaviour was analysed by [Marshall et al., 1971]. They gave the
recommendation that sufficient number of shear connectors should be provided so as to
ensure that friction resistance in the shear connection is not achieved at the
serviceability stage load level. This is also required in [BS 5400-5, 1979] design rules
for application of friction-grip bolts.

Bolted shear connectors without embedded nuts and no preloading of bolts (Fig.
1.2(b)) have significantly lower stiffness when compared to conventional headed studs,
as shown by [Hawkins, 1987] and [Lam et al., 2013]. No beam tests or analytical
analysis has been conducted for this type of shear connectors. They are often used as
anchors in concrete members, but feasibility of their application in composite beams is
doubtful due to their low stiffness.

Bolted shear connectors with embedded nuts (Fig. 1.2(c) and (d)), showed to have
stiffness comparable to welded headed studs. This is achieved by the use of embedded
nuts. Shear load is transferred by the shear in the threaded part of the bolt and bearing

in hole. Before the bolts start to transfer the longitudinal shear by shear and bearing,
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friction due to partial preloading of bolts is overcome and initial slip takes place in the
hole. Influence of this phenomenon on the behaviour of the composite beam needs to be
taken into account. [Rowe and Bradford, 2013] presented mechanics-based model of
partial shear interaction taking into account initial stiffness, slippage and bearing of
bolted shear connection with certain bolt preloading, but no practical recommendation
for design of the composite beam is given. In the case study presented in section 3.2 of
this thesis, initial slip in the hole of bolted shear connectors with single embedded nut
will be analysed with respect to design of a composite beam at ultimate and

serviceability limit states.
3.1.2. Ductility

Ductile behaviour of a shear connector is important because it provides sufficient
deformation capacity to justify any inelastic redistribution of a shear flow assumed in
the design of the composite beam member. Additionally, according to [EC4, 2004],
partial shear connection in buildings can be used only with ductile shear connectors.
According to [EC4, 2004], clause 6.6.1.1(5) minimum characteristic slip to failure of
duk > 6 mm is required in order to consider a shear connector as ductile.

Behaviour of the various types of bolted shear connectors shown in Fig. 1.2 are
different with respect to ductility. Similar slips to failure are expected for friction-grip
bolts and bolted shear connectors without embedded nuts. Once the friction in the case
of friction-grip bolts is overcome, they start to behave similar with respect to bearing in
concrete. In these cases, load baring capacities of concrete are lower when compared to
bolted shear connectors with embedded nuts. This produces high crushing of concrete in
front of the shear connector that leads to large values of slips. Therefore, it may be
concluded that their behaviour is ductile.

Presence of embedded nuts increases load bearing capacity in concrete, which
leads to lower values of slips to failure. Since the high strength bolts are used, it is
expected that ductility of shear connectors with embedded nuts is lower when compared
to welded headed studs. Previous statement will be confirmed in this thesis based on the
experimental and FEA results. On the other hand, welded headed stud shear connectors
can be treated as ductile only for a limited range of stud diameters, height, distances and
concrete strengths, which are defined by [EC4, 2004]. Based on the FEA parametric

study, it will be shown in section 8.3 for bolted shear connectors with single embedded
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nut that they can show ductile behaviour depending on the geometrical and material

properties.
3.1.3. Prefabrication and tolerances

In prefabricated construction, in general, high precision is required during the
fabrication of prefabricated elements in order to fit them during assembling on site. Pure
steel structures are almost always prefabricated and high precision is common using
CNC techniques in their fabrication. Fabrication of concrete structural elements is less
precise. In the prefabricated steel-concrete composite decks dimension tolerances of
concrete slabs are always the limiting factor.

In the case of prefabricated composite decks with grouped welded headed studs,
envisaged openings (pockets) in concrete slabs are relatively large when compared to
dimensions of the studs groups. Therefore, precision demands for the concrete slabs are
not so high. Bolted shear connectors can be used in the same way, by assembling them
on site to the flange of the steel beam and grouting openings in the concrete slabs. Such
composite member would still have sustainability advantages when compared to the
solution with grouped headed studs (see section 3.4) but prefabrication benefits can only
be achieved by casting bolts in prefabricated concrete slabs. If bolted shear connectors
are to be casted in concrete slabs, precision demands are much higher. Bolts need to fit
in predrilled holes in the flange of the steel beam during construction. Tolerances of bolt
positions in the slab need to be lower than difference between diameter of bolts and
holes in the flange (bolt-to-hole clearances). Too large clearances would have bad
influence on composite behaviour of the composite beam due to initial slip in hole, as
already stated in section 3.1.1. A reasonable measure must be found between the
minimum required clearance to ensure possible assembling on site and the maximum
required clearance to maintain composite action of the beam. This is beyond the scope
of this thesis but it can be subject of future research, considering composite beam
behaviour, fabrication and construction techniques. As an example, very good state-of-
the-art on requirements, achieved tolerances and costs are provided in [Hallmark, 2012].
Reference is made to a match casting technique in order to get sufficient precision
during fabrication of concrete slabs for a composite bridge with dry-joints between
prefabricated slabs. This technique means that the first element can be cast in an

ordinary formwork, but from the second element and further, the previous cast element
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should be used as formwork on one side of the next element. By using this match-
casting technique it has been shown that it is possible to keep the mean joint-gap < 0.4
mm as achieved in the single span L =28 m, prefabricated composite road bridge AC
1684 built in 2002 in Norrfors, Sweden. The total cost of the prefabricated bridge was
smaller than the in-situ cast bridge, in spite of such small execution tolerances achieved.

For the purpose of the Case study, given in section 3.2, it is assumed that the bolt-
to-hole clearance of ¢ =3 mm may be sufficient to ensure assembling of 2.0 m wide
prefabricated slabs and that the tolerance of 3 mm for bolts positions may be achieved

during prefabrication of the slabs.

3.2. Case study

Feasibility of bolted shear connectors with embedded nuts to be used in a
prefabricated steel-concrete composite deck is given through the case study of the

design of common composite floor beam for use in buildings, shown in Fig. 3.1.
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Fig. 3.1 Layout of the prefabricated composite beam used in the case study.

For the purpose of comparison, two cases of shear connection are considered:
grouped headed studs (GWHS), and bolted shear connectors with single embedded nut
(BSC1N), shown in Fig. 3.2(a) and (b), respectively. Design code [EC4, 2004] was used
for the design of the beams.

Beam with span of L = 12.0 m was chosen. Distance between beams of A =4.0 m
was set to conform to a building modular dimensions. Profile IPE500 was assumed for a
given beam span made of steel grade S275. Full depth prefabricated concrete slab with
depth h¢=160 mm, bs=2.0 m wide was chosen to meet the building modular
dimensions and weight requirements for transportation and handling on site. Concrete
class C35/45 according to [EC2, 2004] was chosen for the design. Summary of input

data is given in Table 3.1.
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Fig. 3.2 Different types of shear connection used in the case study.

Loads were adopted as: self-weight of the structural elements (16.7 kN/m),
additional flooring dead weight (2.5 kN/m?) and imposed loads of 3.0 kN/m?
conforming to categories of use A to C1 according to [EN1991-1-1, 2002], Table 6.1.

Table 3.1 Case study input data.

Shear conn. Beam Beam Beam Slab Steel Concrete
type span  profile  spacing  depth grade class
Case mark - L(m) - A(m) he(mm) - -
GWHS GWHS 12.0 IPESOO0 4.0 160 S275  C35/45
BSCIN BSCIN 12.0 IPESOO0 4.0 160 S275  C35/45

GWSH — Grouped welded headed studs;
BSC1N - Bolted shear connectors with single embedded nut.

Overview of steel beam design checks for the ultimate limit states during the
construction phase is given in Table 3.2. Two construction scenarios are presented: un-
propped and propped by a temporary support in the mid-span. It is assumed that the
self-weight of the steel beam and concrete slab is supported by the non-composite beam
during un-propped construction.

It can be seen that design bending moments for cases GWHS and BSC1N are

different. Both cases resist the self-weight loads in the same manner - by the steel
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member only. The difference arises from incomplete interaction in the BSC1N case due
to initial slip in the hole of the bolted shear connectors. In GWHS case any additional
load after the concrete have hardened will be supported by the composite beam. It is
conservatively assumed in BSC1N case that the part of additional flooring dead weight
will be supported by the steel beam alone, until the first shear connectors at the beam
ends void their bolt-to-hole clearances. After this point composite behaviour will be

achieved and the rest of the loads will be supported by the composite beam.

Table 3.2 Design checks for the steel beam.

Mid-span bending moments Resistance Design check
Shear un-propped  propped Bending un-propped propped
connection moment
type Maedu (KNM)  Magap (KNM)  Mpjara (KNM)  Magay/Mpiars Magdp/ Mpragrd
GWHS 410.9 -102.7 605.0 0.679 0.170
BSC1IN 566.2 70.1 (-102.7) 605.0 0.935 0.116 (0.170)

Amount of the dead weight load, supported by the steel beam alone, was
calculated according to Eq. 3.1, taking into account interface slips at beam ends as
illustrated in Fig. 3.3.

24E,1,

L*(h, +h)/2 31

AQ = Oyoig

In the above expression, diq IS the bolt-to-hole clearance that needs to be voided
due to slip at the beam end in order to achieve composite behaviour. E, and I, are elastic
modulus and second moment of inertia of the steel beam, while h, and h; are height of
the steel beam and depth of the concrete slab, respectively. If a non-symmetrical steel
beam, with unequal flanges, would be used a distance between the steel beam and

concrete slab centroids should be used instead of “(h; + h¢) / 2” in Eq. 3.1.
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Fig. 3.3 Initial slip in hole due to dead weight.
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Bolt-to-hole clearance that needs to be voided was assumed to be &ig = 1.5 mm
for the nominal bolt-to-hole clearance of ¢ = 3 mm. It was estimated as an average value
of the bolt-to-hole clearance within all shear connectors in the shear span. This
assumption is confiremed in [Todorovi¢, 2013] MSc thesis, by analysing various
amounts and distributions of initial bolt-to-hole clearances in a 40 m span composite
beam with bolted shear connectors using FEA. In the analysis shown here, it was
conservatively assumed that no interaction is present between the steel beam and the
concrete slab, while some interface shear forces will be transferred by the friction
especially at the support regions.

In case of BSC1N un-propped construction (Table 3.2) design bending moment is
increased by 38%, approximately, when compared to the GWHS case. It came close to
the design bending resistance of the steel beam. It may be possible that in some cases
this would be the governing design criterion. This is why the propped construction was
analysed too. In the case of BSC1N propped construction, only a part of the structure
self-weight is supported by the steel beam only, until the composite action is achieved
during the removal of the temporary support. Afterwards, the rest of the self-weight,
additional dead weight loads and imposed loads will all be supported by the composite
beam. In the case of GWHS propped construction, all of the loads are supported by the
composite beam. It can be seen that if propped construction is used, problem arising
from incomplete interaction during construction phase, in the case of bolted shear
connectors, can be successfully solved.

Ultimate limit states design checks are shown in Table 3.3. Plastic moment
resistances of the composite beams, at ultimate limit state, are the same for both cases
since the full shear connection was assumed. In both cases all the design checks are

satisfied.

Table 3.3 Design checks for the composite beam - ULS.

Actions Resistances Design checks
Bending Shear Bending Shear Bending Shear
Shear connection  moment force moment force moment force
type Mced (KNM) Veed (KN)  Mpicra (KNM) Verd (KN)  Magg / Mpicra Veed / Verd
GWHS
977.9 325.9 1222.4 958.2 0.800 0.340
BSC1N
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Serviceability limit states design checks are shown in Table 3.4, together with
deflections of the beam at mid-span. Deflections and bending moments are obtained
without partial safety factors. It can be seen that in the case of BSC1N deflections due
to dead weights (self-weight of the structure and additional flooring dead weights) are

increased due to already explained incomplete interaction during construction phase.

Table 3.4 Deflections and serviceability limit state design checks.

Shear Dead weights deflections*  Imposed loads Bending Stresses in steel*
connection Un-propped  propped deflections moments  yn-propped propped
type W (Mm) we (Mm)  wp (mm) Megser (KNM) G344 (MP8) Gaap
GWHS 58.7 29.0 8.83 700.4 308.7 214.9
BSCIN 69.2 40.2 8.83 700.4 327.8 — 247.3

* - creep and shrinkage are taken into account

For relatively long span beams, deflections are often annulled by camber of the
steel beam. BSC1N case would only require larger camber when compared to GWHS,
which is not an issue. By using propped construction technique, those deflections are
smaller since more dead weight loads are supported by the composite beam.

Calculation of stresses at serviceability limit state is not required by the [EC4,
2004] in the case of welded headed studs because they provide full interaction from the
beginning of the load history. Calculation of stresses at serviceability limit state is
required in the case where “increased flexibility resulting from significant incomplete
interaction due to slip of shear connection” is present, according to [EC4, 2004], clause
7.2.1(1). This applies to the BSC1N case analysed here. Values of those stresses are
given in Table 3.4, both for BSC1N and GWHS for the sake of comparison. Again, in
the BSCL1N case stresses are calculated taking into account incomplete interaction
during construction phase. Influences of creep and shrinkage are taken into account.
Values for un-propped and propped constructions are given for both cases. It can be
seen that in the case of BSCIN un-propped construction, stress limitation (fy =275
MPa) is exceeded. However, according to [EC4, 2004], clause 7.3.1(4), effects of
incomplete interaction on deflections need not be taken into account if full shear
connection is used and basic principles regarding the shear connection detailing, in

section 6.6 of [EC4, 2004], are followed. Calculation of stresses is also not required if
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those rules are fulfilled, according to clause 7.2.1(8). This applies to the case BSC1IN
shown here.

Design of shear connectors for those two cases of prefabricated composite decks
are shown in Table 3.5. Full shear connection was used in both cases. Headed stud
tensile strength of f, = 490 MPa was chosen, while bolted shear connectors are grade
8.8, with f, =800 MPa. Design shear resistance for welded headed studs is calculated
according to Eq. 2.2 and Eq. 2.3. Design shear resistance for bolted shear connectors is
calculated according to proposal given in Eg. 8.16 which was developed as the final
result of the research presented in this thesis. Partial safety factor for shear connector
resistance »,=1.25 was used in both cases. Ductile behaviour of the bolted shear
connectors M20 (hs; =80 mm), used here, is provided according to ductility criterion
given in Eq. 8.23 and Table 8.15.

Table 3.5 Design of shear connectors.

Geometry and material Design Adopted
Shear Diam. Height Strength Shear Longitud. Required Arange- Distance Total
conn. resistance shear force number  ment number
type d (mm) hg. (mm) f, (MPa) Pgrg(KN) Vira(KN) n(-) - e(mm) -
GWHS 19 100 490 91.5 3190 34.9 2Xx2 660 72

BSCIN 20 80 800 107.0 3190 29.8 2x1 400 60

Grouped arrangement with four welded headed studs 19x100 mm, longitudinally
and transversally distanced at 100 mm was chosen for GWHS, as shown in Fig. 3.2(a).
For such group arrangement, no reduction of group shear resistance is required,
according to [Spremi¢, 2013]. For the required number of shear connectors, group
distance of 660 mm was chosen to fit the prefabricated slabs modular dimensions. Total
number of 72 welded headed studs are used for the whole span of the beam, shown in
Table 3.5. Bolted shear connectors (M20x130...8.8) with height above the flange
hsc =80 mm are arranged as two in a row (not grouped). For the required number for the
full shear connection, row distance of 400 mm was chosen with total number of 60
bolted shear connectors along the whole beam span.

From the cases given in this case study, following conclusions can be drawn:

34



- Bolted shear connectors with single embedded nut can be successfully used as
an alternative to the grouped headed studs in prefabricated steel-concrete composite
decks.

- Effects of incomplete interaction due to slip in hole for the bolted shear
connectors with embedded nuts should be taken into account for the design checks
during construction phase and calculation of the steel beam camber.

- Propped construction technique can be used to reduce effects of initial
incomplete interaction in the case of the composite beam with bolted shear connectors.

- No grout hardening is needed if bolted shear connectors are used, especially if
dry joints between the prefabricated concrete slabs are used [Héallmark, 2012].
Therefore, faster construction may be achieved.

- Similar number of both shear connector types is required for the full shear
connection.

3.3. Cost effectiveness

Required number of bolted shear connectors to achieve the full shear connection,
for the case study shown in section 3.2, was somewhat less than required number of
grouped welded headed studs. Precise market research is beyond the scope of this thesis
but it can be subject of further detailed feasibility study. Unit price of the grade 8.8
bolted shear connector set (bolt, two nuts and washer) is expected to be just slightly
higher when compared to the welded headed stud. Therefore, similar total costs for the
shear connectors are expected in the analysed cases.

In the case of welded headed studs, special welding equipment and specialised
personnel is required, which is not the case with bolted shear connectors. On the other
hand, higher precision is required during production of prefabricated slabs in case of
bolted shear connectors. In both cases, required quantity of the steel material is the
same. Lower construction time is required if bolted shear connectors are used.

A case study is given in [Kovacevi¢, 2013] MSc thesis, focusing on the design
details for a 40 m span composite bridge. Three different types of the bridge decks were
anylised: cast in place, prefabricated with grouped headed studs and prefabricated with
casted bolted shear connectors. Besides the design and construction details, cost
effectivenes was also analysed taking into account requred material quantities and

construction time in each case. Conclusion is made that for all three cases considered,
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the structure costs are quite similar, while the total construction costs are 25% lower for
the cases with prefabricated decks due to reduced construction time.

Based on the above statements, it can be assumed that prefabricated steel-concrete
decks with bolted shear connectors can be competitive to the prefabricated decks with

grouped headed studs.

3.4. Sustainability

According to [Monier et al., 2011], the construction industry in EU generates
approximately 500 million of tons of construction and demolition waste (C&D waste)
every year. It represents almost a third of all the waste produced in Europe. Concrete is
on the top of the list of waste construction materials comprising up to 40% of the total
waste. The EU Waste Framework Directive has set an objective whereby 70% of this
waste material must be recycled and/or recovered by 2020 in all Member States.

Recycling of steel as the construction material is common. Steel-concrete
composite decks have been greatly used in past decades for buildings because they offer
optimal cost effectiveness. In order to achieve this effectiveness, steel and concrete are
connected by mechanical devices - the shear connectors. Most commonly used shear
connectors are headed studs, welded to a steel beam and casted in a concrete slab. This
makes dismantling and recycling of the steel components very difficult, almost
impossible, since the concrete slab needs to be demolished in the areas of connection to
the steel beam.

Influences of time dependent behaviour of concrete, such as creep and shrinkage,
on the behaviour of composite deck structures, are still not fully defined [Ranzi et al.,
2012]. Therefore, it might be that in the near future, replacement of the concrete slabs in
composite structures, built some decades ago, will be required. Again, shear connectors
welded to a steel beam will make the replacement very difficult.

It is obvious that the whole life cycle in the composite construction need to be
considered in order to gain the sustainable construction which will prove to be very
important for the present and future.

Bolted shear connectors offer great advantage with regards to sustainable
construction. Concrete slab and steel beam can be easily dismantled at any point during

the life time of the structure, as shown in Fig. 3.4. This makes repair, removal and reuse
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of steel material of the composite deck structure much easier when compared to the case
with welded shear connectors. This advantage relates both to the cases of prefabricated
or cast in place composite decks.
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Fig. 3.4 Dismantling of the composite beam with bolted shear connectors.

Concrete can also be reused. A number of recent studies have focused on the
behaviour of concrete made of recycled concrete aggregate [Ignjatovi¢, 2013],
[Marinkovi¢ et al., 2010]. Providing easier dismantling, by use of bolted shear
connectors in steel-concrete composite decks, concrete slabs will remain less
demolished. This would make their transportation and handling during recycling

process much easier.

3.5. Summary

Technical aspects for the use of bolted shear connectors in steel-concrete
composite decks have been discussed with regards to the basic shear connector
properties, prefabrication potential and tolerances. Bolted shear connectors type with
single embedded nut, among others shown in Fig. 1.2, were identified to be the most
appropriate for the use in prefabricated composite decks.

The case study is made comparing bolted shear connectors and welded headed
studs in a prefabricated composite deck. Besides the structural aspects, cost
effectiveness is also discussed. It is concluded that the solution with bolted shear
connectors can be competitive to the grouped headed studs, which are commonly used.
Propped construction technique can be used to solve the issues arising from incomplete
interaction during construction phase due to initial slip in the hole of the bolted shear
connectors.

Life cycle and sustainability advantages of steel-concrete composite decks with
bolted shear connectors, when compared to decks with welded shear connectors, have

been pointed out with regards to repair and reuse of materials.
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Based on the above statements, usage of bolted shear connectors in steel-concrete
composite decks was found to be feasible. Unfortunately the design rules for such type
of shear connectors are lacking. In order to gain competitiveness and enable the
possibility of using bolted shear connectors with single embedded nut, their resistance

and ductility will be analysed in this thesis.
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Chapter 4. Experimental works

4.1. Experimental program

Push-out tests were conducted to investigate the behaviour of the bolted shear
connectors. Bolted shear connectors with single embedded nut were used with two
different diameters: M16 and M24. The experimental results are later used to calibrate
numerical models with proper certainty to further use those models for parametric
analyses with different geometrical and material properties of bolts as shear connectors.

Series of tests are presented in Table 4.1 with dimensions designated in Fig. 4.1.

Table 4.1 Geometrical properties of specimen series of bolted shear connectors.

number of number Bolt dimensions (mm) Shear connector
specimens  of bolts dimensions (mm)
Specimen per flange diameter length head thread height longit. transv.
series spacing spacing
N n d L k b P S St
BT 4 4 16 140 10 48 105 100 100
CT 4 2 24 165 15 70 105 - 110
17.5 mm 260 mm
. HEB 260 HEB 260 - St |
| -1 [ ] TTCE _______
— ] | N
I ~ | D | _ Il
—~ - | Il
SITLN = N !
. | . Il
L o i dy
ISO 4014 150 4032 ‘ | 111 _"_"’_
=EEAN I S i
e —Ig O i O
- ) 150 8738 I
B

|
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Fig. 4.1 Geometrical properties of bolted shear connectors.

Specimens were prepared and tested in a Materials and Structures laboratory at
the Faculty of Civil Engineering in Belgrade according to [EC4, 2004] — Annex B. They
consisted of prefabricated concrete slabs, steel | section, shear connectors and infill

concrete as shown in Fig. 4.2. The same connection layout as shown in Fig. 4.2(a),
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materials, testing procedure and equipment were used for comparative tests with welded

headed studs. Tests on studs with diameter d =16 mm and height above the flange

hsc = 100 mm, were previously conducted by [Spremic 2013] at the same Laboratory.
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Fig. 4.2 Test specimen layout.
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Standard material tests were carried out for all materials used in the push-out tests
in order to obtain the parameters for numerical analysis and analytical interpretation of
push-out test results. Results of the materials tests are presented in section 4.3.
Additionally, shear tests of the bolts were carried out for the same purpose with results

presented in section 4.6.

4.2. Specimen preparation

Concrete slabs (600x650x120 mm) with standard reinforcement layout (ribbed
bars @10 mm, grade R500) were prefabricated by casting them in horizontal position in
"GEMAX" Concrete production Ltd. plant, as shown in Fig. 4.3. Concrete class C25/30
according to [EC2, 2004] was achieved as determined from standard cube and cylinder
compression tests according to [EN 206-1, 2000] with results shown in Table 4.4.
Openings with dimensions 240x240 mm were left in the middle of the slabs for later

assembly of shear connectors.

Fig. 4.3 Prefabrication of concrete slabs in GEMAX concrete plant.
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High strength bolts, grade 8.8 (ISO 4014), were bolted as shear connectors to
flanges of HEB260 (S235) steel section. Geometrical properties for different specimen
series are shown in Table 4.1. The preloading forces of nearly 50% of full preloading
force were applied by a torque controlled wrench to a portion of the bolts between the
nuts (see Fig. 1.2(c)). The aim was to achieve controlled (even) clamping condition for
all the shear connectors within the series of tested specimens. Values of bolts preloading
forces in each series of push-out tests are given in Table 4.2. Clearances between the
bolts and holes were randomly distributed within eight bolts of one specimen in the first
series of experiments (series BT — M16). The goal was to provide the same conditions
as in a real construction. Later, for the second series of experiments (series CT — M24),
clearances were controlled in order to evaluate their influence on shear connector
behaviour, especially on initial slip during cyclic loading. Clearances were set even for
all four shear connectors within one specimen, according scheme given in Table 4.2. It
was done by pushing bolts tight to upper or lower face of the hole (min or max
clearance) during the preloading.

Table 4.2 Bolt installation parameters and prefabricated slabs series.

Bolt Hole Preloading  Clearance in Prefabricated
size size force force direction  slabs series

Specimen d (mm) do (mm)  F, (kN) ¢ (mm) -

BT1 16 17.0 40 random* PS1

BT2 16 17.0 40 random PS1

BT3 16 17.0 40 random PS2

BT4 16 17.0 40 random PS2

CT1 24 25.2 90 min** PS1

CT2 24 25.2 90 max*** PS1

CT3 24 25.2 90 min PS3

CT4 24 25.2 90 max PS3

*.c=0-10mm;**-c = Omm; ***-c ~ 1.2 mm

Assembling of the specimens was done in two phases, first one side than another,
by concreting openings as shown in Fig. 4.4. Designation of the prefabricated slabs
series used for each push-out specimen is presented in Table 4.2. Connecting surfaces of

steel flanges were greased in order to avoid effects of bond to the concrete slab. Prior to
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concreting, inner surfaces of openings were cleaned and treated with the layer of
concrete glue (Sikadur”™ 30) as a connection layer between the new and the old
concrete. After calibration of the geometry, openings were filled in horizontal position
with three-fraction concrete. To minimize initial shrinkage cracks, specimens were kept
in wet condition during first three days. After three days, half assembled specimens
were turned and second phase was conducted in the same way as the first one. Half

assembled specimens prior to concreting of second side are shown in Fig. 4.5.

a) series BT b) series CT
Fig. 4.5 Half assembled specimens.
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4.3. Material properties

Properties of all the materials used in push-out tests are obtained by the tests
specific for each material. Statistical evaluations are given, where appropriate,
according to [EN 1990, 2002], Annex D. The evaluation procedure used is as follows:
based on coefficient of variation Vx given in Eq. 4.1 characteristic value of property X
is obtained in Eq. 4.2.

Vy =Sy Imy 4.1
X =my (1—kyVx) 4.2
In previous expressions, mx and sx are mean value and standard deviation,
respectively. Factor k, should be taken from Table D1 [EN 1990, 2002] for 5%
characteristic value according to the number of specimens and with no prior knowledge

about the coefficient of variation — “Vy unknown”, in this case. With four specimens

used in tests presented here, factor k, = 2.63 is used.
4.3.1. Bolts and steel section

Standard tensile tests were conducted on coupons with diameter d =8 mm and
gauge length 1°=50 mm for bolts and flange of steel section so as to obtain their

material properties.

Table 4.3 Bolts and steel section material properties.

HS Bolts series BT: HS Bolts series CT: Steel section for all

M16, grade 8.8 M24, grade 8.8 series: S235

yield ultimate yield ultimate yield ultimate

strength  strength strength strength strength  strength
Specimen foo (MPa) fy, (MPa)  fo, (MPa)  fy, (MPaQ) fy (MPa)  f, (MPa)
B1; C1; S1-f 605.0 785.0 845.1 887.55 270.2 394.1
B2; C2; S2-f 618.0 784.4 835.4 882.6 252.1 395.3
B3; C3;S3-w  604.0 789.3 839.5 887.1 261.8 413.4
B4; C4; S4-w  604.0 790.2 859.2 909.3 275.5 423.8
Mean 607.8 787.2 844.8 891.6 264.9 406.7
St. deviation 6.8 2.9 10.4 12.0 10.2 14.4
Variation (%) 1.1 0.4 1.2 1.3 3.9 3.6
Characteristic ~ 589.7 779.5 817.5 860.1 238.0 368.7
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Fig. 4.6 Nominal stress-strain curves for bolts M16, grade 8.8 (series BT).
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Fig. 4.7 Nominal stress-strain curves bolts M24, grade 8.8 (series CT).

Elongations were measured by extensometers. For the web of the steel section
coupons with diameter d =5 mm were used. Results are presented in Table 4.3 together

with statistical evaluation as described in section 4.3.
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Nominal stress-strain curves are shown in Fig. 4.6, Fig. 4.7 and Fig. 4.8 for round
bar coupons for bolts M16, M24 and steel section, respectively. Tensile test coupons

after fracture are shown in Fig. 4.9.
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Fig. 4.8 Nominal stress-strain curves for HEB260 steel section, S235 (all series).

1
%

a) bolts M16 b) bolts M24
Fig. 4.9 Tensile test coupons after fracture.
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It can be noticed in Table 4.3 that for the M24 bolt specimens (C1-C4)
mechanical properties are higher when compared to the results for M16 bolts. It is
supposed that those bolts were taken from the batch initially produced to be of grade

10.9 but due to evident underperformance, they were downgraded by manufacturer to a
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grade 8.8. Also, elongations after fracture A ~ 10% for bolts M24 are notable lower than
for bolts M16 (A = 18%). For all coupons of the M24 specimens fracture occurred near
the ends of the gauge length, as it can be seen in Fig. 4.9(b). According to [EN 10002-1,
2001] clause 11.4, if fracture occurs outside the middle third of the gauge length,
elongations after fracture A can be obtained as described in Annex G of the same

document.

56,55

a) at the beginning b) prior to fracture
Fig. 4.10 Tensile testing of coupon C3 (bolt M24, grade 8.8).

Procedure given in Annex G of the [EN 10002-1, 2001] is based on subdivision of
gauge length 1° of the coupon into N equal parts (prior to testing), and identifying
fracture zone within those marks. For the sake of obtaining the elongation after fracture
A, larger part of the fractured coupon is then considered only to the half of its original
length. Coupons (C1-C4) of bolts M24 were marked prior to testing within gauge length
at approximately every 2 mm. Fixed camera was set to shoot at every second of tensile
testing process. Large focal length camera lens was used to minimize perspective

distortion. Initial and last step of the tensile test is shown in Fig. 4.10. Those images
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were used to calculate previously described elongation after fracture as it is given in Eq.
4.3 for procedure given in “Annex G”. Alternatively, in Eqg. 4.4, nominal elongation
according to clause 4.4.2 [EN 10002-1, 2001] is obtained for the comparison reasons.

Anmnex = (13.16 + 21.81+ 23.68 - 51)/51=15.03% 4.3
A4, =(56.55—51)/51=10.88% 4.4

Another type of tensile test was made for M24 steel material used in series CT.
Advanced, non-contact measuring method relaying on Digital Image Correlation (DIC)
algorithms with ARAMIS system was done at a Laboratory in Luled University of
Technology in Sweden. The aim was to obtain more data relating to localization of
plasticity in the necking zone of the specimen, which can be used to calibrate damage
material model used in FE analyses. Material model calibration procedure is described
later in Annex A.

Digital Image Correlation is an optical method to measure deformations and
strains on an object’s surface that employs tracking and image registration techniques
for accurate 2D and 3D measurements of changes in images. The method tracks the dots
in a random pattern in small neighbourhoods called subsets (indicated in Fig. 4.11)
during deformation. It is widely applied in many areas of science and engineering.

Example of everyday use of this technique is an optical computer mouse.

Fig. 4.11 Digital Image Correlation method - basic principle
[Correlated Solutions, 2013].

48



Rectangular coupon was used as the most appropriate for 2D DIC analysis.
Coupon was machined to a rectangular shape out of bolts M24, 165 mm long as shown
in Fig. 4.12(a).
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Fig. 4.12 Rectangular tensile test coupon made of bolts M24

Fig. 4.13 DIC method test set-up
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In order to deploy the DIC algorithm, random pattern of black and white dots of
certain density (spackle pattern) needs to be applied on specimen’s surface. It is made
by firstly spraying the specimen by one colour to achieve the solid surface coating, and
then spraying it by another colour from certain distance to achieve dotted “spackles”.
The procedure and specimen prepared for the testing are shown in Fig. 4.12(b).

Tensile test is done in a regular testing machine (see Fig. 4.13), while digital
camera (located behind in Fig. 4.13) is connected to the computer system to capture
images of specimen’s surface during all loading stages. Original images (inverted for

printing reasons) of specimen tested here are shown in Fig. 4.14.

43.8 mm

a) initial b) at necking point  c) before fracture  f) after fracture
Fig. 4.14 Original ARAMIS images, before DIC analysis

After the testing procedure was finished, software was used to perform the
deformation analysis. Software successively compares images at each loading stage to
the initial one, using correlation algorithms, to obtain the deformation field at those
stages. After deformation fields are established, strain fields can be calculated by

differentiating deformation fields at desired loading stages.
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Nominal stress-strain curve, as the one that would be obtained by standard tensile
test, is shown in Fig. 4.15. No extensometers were used, while elongations needed to
calculate nominal strains are obtained using DIC for points at distance of 43.8 mm, as
shown in Fig. 4.14. This nominal stress-strain curve is also compared to the results
obtained on round bar coupons in Fig. 4.7 (specimen denoted as “Cr”). Designation of
some characteristic stages (points) during specimen loading is also shown in Fig. 4.15.
Most important ones are: p — yield (plasticity) point, n — necking and r — rupture point.
Those points will be used in calibration procedure presented in Annex A. Between
them, some other points are also shown, such as: 0.5n — point at half way from yield to
necking (strain hardening part), or 0.6r — point at 60% distance between necking and

rupture point, etc.
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0.5n n - necking point
900 - 01r S 04r
800 p - yield point 0.2r S\ 0.6r
‘&\&
—_ 0.8r
£ 700
S N\
- 600 r - rupture point N
\
= 500 \
= ¢ 0.5p
§ 400
° \
300 \
200 \
100
f - fracture point l
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Nominal strain (-)

Fig. 4.15 Nominal stress-strain curve with designation of characteristic points.

Such nominal stress-strain curve gives only average strain data between the
imaginary extensometer points (gauge length). It is a known fact that after the necking
point, plastic strains tend to localize in the necking zone of a specimen. This is shown in
Fig. 4.16 as contour plots of longitudinal true strains analysed by DIC method for stages

designated before. Longitudinal true strain distributions along the specimen length, in
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the middle of the cross section, are shown in Fig. 4.17 for all loading stages defined in
Fig. 4.15.

36.00300

d) 0.2r point e) 0.6r point f) r - rupture point

Fig. 4.16 Contour plots of true strains at some characteristic points (loading stages).
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It can be noticed in Fig. 4.16 and Fig. 4.17 that before the yield point, strains are
quite low compared to the later stages. After the yielding starts, during strain hardening,
plastic strains develop and they are mostly evenly distributed along the specimen’s
length. When material reaches the necking point, softening of material starts, and strains
begin to localize in the necking zone of the specimen. At the rupture point (just before
fracture), local strains in the necking zone reaches up to 75%. This is much higher than
the average values between the extensometer measuring points that can be obtained

from the standard nominal stress-strain curves (see Fig. 4.7).
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Fig. 4.17 Distribution of longitudinal true strains along specimen length

4.3.2. Concrete

Prefabricated concrete slabs used in this research were fabricated in three series
(PS1, PS2 and PS3) using batches of concrete produced within a few days. These were
part of a joint research programme also involving investigation of grouped
arrangements of welded headed studs conducted by [Spremi¢, 2013]. Sets of two 15 cm
cubes, two prisms 10x10x40 cm and two cylinders D15x30 cm were made out of same
batches of concrete mixture used for the slabs and cured in the same conditions as the

slabs. Results of standard concrete tests on strength and modulus at 28 days (cube and
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cylinder compressive strength, flexural tensile strength and elastic modulus) are shown
in Table 4.4.

Table 4.4 Results of standard tests of prefabricated concrete slabs

Compressive strength Tensile strength (flexural) Elastic modulus

cubes: cylinders:  prisms: cylinders:

15x15x15 cm D15x30 cm 10x10x40 cm D15x30 cm
Prefabricated slab series f;cupe (MPa)  feeyi (MPa)  fein (MPa) E.n (MPQ)
PSla 28.4 25.6 2.9 -
PS1b 29.1 26.2 3.1 34185
PS2a 33.1 30.1 4.9 31285
PS2b 35.2 35.1 5.1 35393
PS3a 38.4 30.4 4.9 28100
PS3b 39.1 36.2 5.1 32610
Mean 33.9 30.6 4.33 32315

Concrete for the assembling openings (infill concrete) was made at the Laboratory
with three fractions of aggregate (0-4, 4-8 and 8-16 mm). Particle size distributions of
individual components of aggregate are shown in Fig. 4.18. Granulometric composition
for concrete mixture defined in Table 4.5 is shown in Fig. 4.19, together with Fuler,
EMPA and DIN 1048 (min and max) reference curves. The aim was to achieve
compressive cylinder strength of f;, ~ 40 MPa with less as possible shrinkage in order

to avoid cracks and separation at the new-old concrete interface.
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Fig. 4.18 Particle size distribution of individual aggregate components.
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Fig. 4.19 Granulometric composition of infill concrete mixture.

Portland cement LAFARGE PC 20M(S-L) 42.5R was used. In order to minimize
shrinkage of the infill concrete Sika® concrete admixture Control" 40 was used.
Additionally, in order to indirectly reduce shrinkage by reduction of water content,
Sika® superplasticizer admixture ViscoCrete" 1020X was applied. Quantities of
concrete admixtures are shown in Table 4.5.

Table 4.5 Infill concrete composition
Water Cement (kg/m°) Aggregate (kg/m®)  Admixtures (kg/m°)

(kg/m3)  pc20M(S-L)425R 0-4 48 8-16 Control™ 40 ViscoCrete™ 1020X
mm mm mm

162 320 822 478 611 6.4 1.92

During concreting of openings, sets of 15 cm cubes, cylinders D15x15 cm for
splitting tensile test and cylinders D15x30 cm were made out of the same concrete
mixture (minimum six specimens of each). Results are presented in Table 4.6 for series
of specimens with M16 bolts (series BT) and Table 4.7 for specimens with M24 bolts
(series CT). For each series of push-out specimens concreting of openings was made out
of three batches (mixers) and two sets of concrete specimens (cubes and cylinders) were
made out of each batch, as indicated in Table 4.6 and Table 4.7 (1.1, 1.2, 2.1...) Mean

compressive cylinder strength f., ~ 40 MPa was achieved for the concrete in openings.
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Table 4.6 Results of standard tests of infill concrete material for M16 specimens (BT)

Compressive strength

Tensile strength (split) Elastic modulus

cubes: cylinders: cylinders: cylinders:
Specimen 15x15x15c¢m D15x30 cm  D15x15 cm D15x30 cm
(batch) focue (MPR) — feoi(MPa)  fersp (MPa) Ecm (MP2)
1.1 42.7 41.9 3.40 35384
1.2 43.1 40.3 2.83 35182
2.1 42.2 40.7 3.17 36431
2.2 38.7 35.3 2.94 32924
3.1 40.4 41.9 2.77 34784
3.2 35.6 41.2 2.72 34748
Mean 40.4 40.2 2.97 34915

Table 4.7 Results of standard tests of infill concrete material for M24 specimens (CT)

Compressive strength Tensile strength (split) Elastic modulus

cubes: cylinders: cylinders: cylinders:
Specimen 15x15x15cm D15x30 cm  D15x15 cm D15x30 cm
(batch) focue (MPa) T (MPa)  fersp (MPa) E.n (MPa)
1.1 39.0 37.3 3.06 34982
1.2 38.0 - - -
2.1 38.7 35.1 3.17 28504
2.2 41.3 30.6 3.06 -
3.1 40.5 36.0 3.62 -
3.2 40.2 35.6 - -
Mean 39.62 34.9 3.23 31743

In order to compare tensile strengths of prefabricated slabs concrete and infill
concrete they need to be converted to axial tensile strength f.m. Conversions from mean
flexural axial strength f.im 5 for prefabricated slabs (Table 4.4) and mean splitting tensile
strength feim,sp for infill concrete (Table 4.6 and Table 4.7) are made using Eq. 4.5 and
Eq. 4.6 according to [EC2, 2004]. Results are presented in Table 4.8. Height of cross
section subjected to bending in Eqg. 4.5 is measured in millimetres, and for prisms of

prefabricated slabs it was: h = 100 mm.
fom ~ foomn/ Max(1.6 —h/100;1.0) 45

fom = 0.9 f<:tm;sp 4.6
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Table 4.8 Axial tensile strengths of prefabricated slabs and infill concrete

Measured tensile strength  Converted tensile strength

flexural splitting axial
Concrete foma (MPa)  fomep (MPa)  feim (MPa)
Prefabricated slabs 4.33 - 2.89
Infill (series BT) - 2.97 2.67
Infill (series CT) - 3.23 291

Material properties of concrete cubes and cylinders shown in Table 4.4, Table 4.6
and Table 4.7 were obtained at different ages. It is important to convert all those
strengths to the age of push-out tests of each specimen series. For example, specimen
series BT (bolts M16) were prepared and tested in March-April 2011, while
prefabricated slabs were made in June 2009. Further, Specimen series CT (bolts M24)
were prepared and tested during March-April 2013. Conversions are made according to
[EC2, 2004] section 3.1.2. for concrete compressive and tensile strengths and section
3.1.3. for modulus of elasticity.

Since push-out tests are all conducted 28 days after specimens assembling, all
concrete material properties are converted to this (nominal) age. Concrete compressive
strength fom(t), tensile strength fem(t) and elastic modulus Eqn(t) at given age t (in days)
are given in Eq. 4.7, Eq. 4.8 and Eq. 4.9, respectively.

fom () = Bec(t) fem 4.7
foun () = (Bec () fom, Where: =1 for t<28;and a=2/3 for t>28 4.8
Eem(t) = (Bee () Ecn 4.9

In previous Equations f(t) is the coefficient which depends on the age of
concrete which is expressed in Eq. 4.10. Coefficient s depends on type of cement used
in concrete mixture, and for Portland cement LAFARGE PC 20M(S-L) 42.5R used
here, s = 0.2, according to [EC2, 2004], clause 3.1.2.(6).

Bec(t) = osl-vz87t) 4.10
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Table 4.9 Prefabricated slabs concrete material properties at the age of push-out tests

Prefab. slabs for series BT Prefab. slabs for series CT
comp. comp. axial  elastic comp. comp. axial elastic
strength strength  tension modulus strength strength  tension modulus
(cube)  (cylinder) (cube)  (cylinder)
fcm,cube(t) fcm(t) fctm(t) Ecm(t) (Mpa) fcm,cube(t) fcm(t) fctm(t) Ecm(t)
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

tested 339 306 289 32315 339 306 289 32315
value

e 28 28 28 28 28 28 28 28
testing

el 670 670 670 670 1400 1400 1400 1400
push-out

age coeff. 1.0 10 10 1.0 1.0 10 10
at testing

agecoeff. 4425 9970 1112 1.049 1187 1187 1121 1.053
at push-out

\':';U:a“zed 307 359 321 33895 403 363 324 34023

Table 4.10 Infill concrete material properties at the age of push-out tests

Infill concrete for series BT Infill concrete for series CT

compr. compr. axial  elastic compr. compr. axial  elastic
strength strength  tension modulus strength strength  tension modulus
(cube)  (cylinder) (cube)  (cylinder)

fcm,cube(t) 1:cm(t) fctm(t) Ecm(t) fcm,cube(t) fcm(t) fctm(t) Ecm(t)
(MPa) (MPa)  (MPa) (MPa) (MPa) (MPa)  (MPa) (MPa)

tested 404 402 267 34915 3962 349 291 31743
value

el 28 150 28 150 28 28 28 28
testing

ule 28 28 28 28 28 28 28 28
push-out

age coef. 4 , 1120 10 1035 1.0 1.0 10 10

at testing

age Coeff. 1.0 1.000 1.0 1.0 1.0 10 10

at push-out

\'?'a‘)lzr:a"ze‘j 404 359 267 33745 396 349 291 31743
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Conversion of the results according to the shown procedure is summarized in
Table 4.9 for prefabricated slabs and Table 4.10 for infill concretes used in all specimen
series.

It is noticeable that the material properties normalized to the age of push-out tests
(Table 4.9 and Table 4.10) have quite consistent values for all concretes of prefabricated
slabs and infill concretes. Therefore, mean values will be used for further analyses,
regardless of the specimen series and part of concrete (prefabricated or infill). Those
mean values of normalized properties are presented in Table 4.11 together with

coefficient of variation according to procedure presented in section 4.3.

Table 4.11 Normalized concrete material properties.

Normalized material properties

compr.  compr. axial  elastic
strength  strength  tension modulus
(cube) (cylinder)

fcm,cube(t) fcm(t) fctm(t) Ecm(t)
(MPa) (MPa) (MPa) (MPa)

Prefabr. slabs (series BT) 39.7 35.9 3.21 33895
Prefabr. slabs (series CT) 40.3 36.3 3.24 34023
Infill concrete (series BT) 40.4 35.9 2.67 33745
Infill concrete (series CT) 39.6 34.9 291 31743
Mean value 40.0 35.7 3.01 33352
St. deviation 0.4 0.6 0.27 1078

Variation (%) 0.95 1.69 9.0 3.23

Results for elastic modulus E.y, and uniaxial tension strength fem, presented in
Table 4.11, are compared to values obtained according to [EC2, 2004], taking mean

cylinder compressive strength f.,, = 35.7 MPa as a reference in Eq. 4.11 and Eq. 4.12.

Eom = 22(fon /10)** = 32227 MPa 411
fom =0.3° = 0.3(fen —8)"° =2.75MPa 4.12

In the case of elastic modulus, experimentally obtained value is 3.5% higher than
value defined by [EC2, 2004], while uniaxial tensile strength is 9.5% higher. Those
results are considered satisfactory even in the case of uniaxial tensile strength value, as

it is a known fact that this concrete property is susceptible to large scatter. Also, if those
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differences are compared to the coefficients of variation in Table 4.11, a good match

can be found.

4.4, Test set-up

At completion of 28 days after specimen preparation, they were equipped with
sensor mounts, and put into testing frame with hydraulic jack. Vertical alignment of the
specimens and the bedding of concrete slabs were achieved by putting the specimen on
fresh gypsum posts over thick supporting steel plates (see Fig. 4.20). A thick steel plate
over the top of the steel section with a top testing frame hinge was used to ensure

uniform stress distribution in the steel profile cross section.

[E——

Fig. 4.20 Specimen in a testing fram(\e With‘hydralulic jack.

Each push-out specimen was equipped with 8 LVDTs (Linear Variable
Displacement Transducer — “HBM WA L”), as shown in Fig. 4.21. Longitudinal slip
was measured on both sides of the steel section and on both slabs: sensors V1-V4.
Transversal separation between the steel section and both the slabs was measured only
on the front side, as close as possible to the bolts groups: sensors H1 and H2. The
separation of slabs was measured on both sides of the steel section: sensors S1 and S2.
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Force was measured by a load cell with 1000 kN capacity at the top. Data acquisition
and recording was done in 1 Hz frequency with a multichannel acquisition device
Hottinger MGC+. Loading of specimens was done by manually operated displacement

controlled hydraulic jack.

Front side Back side
V1l V2 V3 V4

[ 1 1

r H2 B r =
JHL  gh — qp
B s s i/ g2

| i

S1

Fig. 4.21 Push-out test measuring layout.

In the series CT (M24) push-out tests, dilatations on the surface of the concrete
slab were measured by DIC method. Intention was to closely obtain crack paths for the
purpose of comparison to FEA results. The measurement procedure is similar to as
previously explained for tensile tests of rectangular coupons made of bolts M24 (see
section 4.3.1). Successive images of previously applied speckle pattern on the concrete
surface are needed to run the DIC analysis and to obtain relative displacements field.
Strain field is then obtained by differentiating the displacements fields at different
loading stages.

Application of the spackle pattern to the surface of the concrete slab is shown in
Fig. 4.22(a). Firstly the surface was sprayed in white and then pattern of small dots of
different sizes (speckles) was applied using a black spray from a distance of approx. one
meter. The applied speckle pattern is shown in Fig. 4.22(b). Images of an area
considered in the DIC analysis are taken at several loading stages during the push-out
tests (approx. 20 stages), as shown in Fig. 4.22(c). At each loading stage, current force
and displacement measurements were recorded from the acquisition device. A

professional DSLR camera on a tripod was used to obtain the images. Large focal
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length (85 mm) camera lens was used in order to minimize perspective distortions. DIC

analysis software Vic-2D was used to obtain the relative displacements and strain fields.

Results are shown later in Fig. 5.20 (section 5.7).

Dt

DSLR camera with
large focal length lens .
. | Area considered in
i . the DIC anal Sis
o el

c) imaging set-up

Fig. 4.22 Set-up for measurement of dilatations on the concrete slab
surface by the DIC method.

Loading regime is shown in Fig. 4.23. It was adopted as specified in [EC4, 2004].
Force controlled cyclic load was applied in 26 cycles ranging from Fpip =40 kN to
Fmax = 280 kN, corresponding to 5% and 40% of expected failure load. Loading rate of
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80 s/cycle (~ 6.0 kN/s) was assumed to be small enough so as to act as quasi-static.
First cycle was subdivided to three parts with lower loading rate. After the cyclic

loading, failure loading was applied in one step, with constant displacement rate, such
that failure does not appear in less than 15 minutes.

800 -
F It
700 1
600 -
first cycle - three steps
~ 500 - /
é failure loading
3400 A cyclic loading - 25 cycles 15 min
S
2 300 o
S 0.4F
< 200 A
100 -
0.05F
0 T T T T T T
0 500 1000 1500 2000 2500 3000

Time (s)
Fig. 4.23 Loading regime — cyclic and failure loading (real data for specimen BT4).

4.5. Experimental results

Force-slip curves for push-out tests on M16 (series BT) and M24 (series CT)
bolted shear connectors with single embedded nut are shown in Fig. 4.24 and Fig. 4.25.

800
700 °Tt — 2
N iR

BT3 \//%/48T2 l:"-‘
o4
1/

(é2]
o
o

Total force (kN)
N
o
o

300 BT4 —BT1
—BT2
200 -
—BT3
100 —BT4
0 T T T
0.0 1.0 2.0 5.0 6.0 7.0

3.0 4.0
Slip (mm)
Fig. 4.24 Force-slip curves of M16 (series BT) bolted shear connectors.
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Fig. 4.25 Force-slip curves of M24 (series CT) bolted shear connectors.

All the specimens of series BT failed by fracture of two or more bolts at the
flange-concrete interface layer, as shown in Fig. 4.26. Three characteristic cases within
specimens tested in series BT are shown. Fig. 4.26(a) and Fig. 4.26(b) shows the shear
failure of four and two bolts, respectively, while Fig. 4.26(c) shows bolts prior to failure
(two bolts failed on the opposite slab). Regardless the number of bolts that failed in
shear, crushed zones in concrete are similar in size and shape which confirms an even

distribution of shear forces within all the bolts in one specimen.

LS . e “’5:’ F '\

a) four bolts failed in shear b) two bolts failed in shear  c¢) bolts prior to failure
Fig. 4.26 Bolt failures and concrete crushing - series BT (M16) specimens.

Severe concrete failure did not occur in any of the series BT specimens and no
global cracking of the concrete slabs was noticed. Therefore, no major differences in
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behaviour of the specimens were noticed. All the specimens of series CT (M24) failed
by concrete crushing, with significant cracks on the other surface of the slabs, as shown
in 27.

e
b) specimen CT3

Fig. 4.27 Cracks on the outer concrete surface - series CT (M24) specimens.

2y

£ T

a) specimen CT4

Even though in both series of push-out tests bolts were significantly deformed
inside the concrete, all the slabs were easily detached by loosening the outer nuts, as
shown in Fig. 4.28(a). This proved the ability of a composite structure with bolted shear
connectors to be dismantled and easily replaced or removed. In both cases significant
penetration of the threads into the steel section holes was observed, as shown in Fig.
4.28(b).

ol

a) dismantling of the slabs b) threads pénetration

Fig. 4.28 The steel section after testing.
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Results of the push-out tests of bolted shear connectors are presented in Table
4.12 and Table 4.13 for specimen series BT and CT, respectively. Shear resistance P
Is given as total ultimate force acting on multiple shear connectors of one specimen.
Longitudinal slip is presented as averaged value for sensors V1-V4. For purpose of
further analysis the slip is divided to the initial accumulated slip during cyclic loading
dinit and additional slip to failure &, as defined in Fig. 4.29. Total slip &1t = Snit + & IS
also given in tables. Slip to failure &, will be used for comparisons with headed studs
and FEA results as shear connector key property for classification with respect to
ductility. Initial accumulated slip during cyclic loading &nit will be used for analysis of

initial slip in hole of bolted shear connectors in section 7.3.

I:’ult 2

—
Pri=0.9P it min

1 9 .

Z slip to failure :ll

E % 9y tot |

S <«

L 0.4P, \
|

L 005Py,
T Slip (mm)

Fig. 4.29 Designation of initial accumulated slip and slip to failure.

Slip to failure (slip capacity) &, is determined according to [EC4, 2004] as slip at
characteristic value of shear resistance (see Fig. 4.29). Separation of the concrete slabs
(S1 and S2, shown in Fig. 4.20) and uplift of the concrete slab from the steel flange (H1
and H2) are given in tables as averaged values. Statistical evaluation of experimental
results according to [EN 1990, 2002], Annex D (explained previously in section 4.3) is
given for shear resistance P and slip &, to obtain characteristic values. Alternatively,
characteristic values of shear resistance Prk and slip & are obtained according to [EC4,
2004], Annex B.
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Table 4.12 Experimental results for bolted shear connectors — series BT (M16).

Total Slip - average (mm) Separation

force (kN) - average (mm)
Specimen ultimate initial to failure total  between steel to
(8 bolts) Pt St O Suor  Slabs concrete
BT1 720.4 0.34 4.65 499 178 1.19
BT2 702.3 1.37 5.01 6.38 1.82 1.19
BT3 703.5 0.98 4.47 545 151 1.07
BT4 741.7 112 3.90 502 1.23 0.99
Mean 717.0 1.00 451 546 159 1.11
Variation (%) 2.6 10.3
Characteristic 668.5* (632.1**) 3.3* (3.51*%)

* - according to [EN 1990, 2002], Annex D; ** - according to [EC4, 2004], Annex B

Table 4.13 Experimental results for bolted shear connectors — series CT (M24).

Total Slip - average (mm) Separation

force (kN) - average (mm)
Specimen ultimate initial to failure total  between steel to
(4 bolts) Pt Sat O St Slabs concrete
CT1 833.6 081 17.2 18.0 2.66 0.71
CT2 844.2 1.82 11.6 134  1.89 0.32
CT3 787.3 1.20 9.32 105 210 0.30
CT4 876.8 146 156 176 243 0.62
Mean 835.5 132 134 148  2.27 0.49
Variation (%) 4.4 26.9
Characteristic 738.2* (708.6**) 3.9* (8.4**)

* - according to [EN 1990, 2002], Annex D; ** - according to [EC4, 2004], Annex B

45.1. Failure loading

Force-slip curves for all four specimens of M16 bolted shear connectors
(specimen series BT) are shown in Fig. 4.30, with respect to previously defined slip to
failure &, (see Fig. 4.29). Characteristic curve for the same layout of push-out tests with
welded headed studs with diameter d =16 mm and hs. =100 mm are shown for
comparison purposes. Those tests were conducted previously by [Spremi¢ et al., 2013]

using the same materials and equipment as in this research. All specimens failed due to
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shear failure of bolt at the steel-concrete interface layer. Consistency of obtained results

is good (curves match each other) due to failure of steel, as rather homogenous material
with predictive behaviour.
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BT4 \ Headed studs
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S 400 7 \ |
— ]

g 'l% BT1 : l
2 300 14 \
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)
200 BT3
BT4
100 = = = Headed studs
0 T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Slip (mm)

Fig. 4.30 Force-slip curves for failure loading of M16 bolted shear connectors.
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Fig. 4.31 Force-slip curves for failure loading of M24 bolted shear connectors.

16.0 18.0 20.0

Force-slip curves for M24 bolted shear connectors (specimen series CT), with
respect to the slip to failure &, is shown in Fig. 4.31. Concrete failure was evident for all
the series CT specimens. This is the reason for high values of slip to failure &, in this
case. Also, concrete failure led to rather dispersed results of shear resistance and slip to

failure, when compared to the series BT (M16 bolts). Concrete itself is less homogenous
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material with more pronounced stochastic nature of its properties compared to the steel.
Also, random influence of tensile cracks propagation leads to a wider range of obtained
results.

4.5.2. Cyclic loading

Detailed force-slip curves for cyclic loading (see Fig. 4.23), as designated in Fig.
4.29, are shown in Fig. 4.32 and Fig. 4.33 for bolted shear connectors M16 (series BT)
and M24 (series CT), respectively. Additionally, in Fig. 4.32, results for the

representative headed studs specimen, [Spremi¢, 2013], is shown for comparisons

reasons.
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2 ———BT2
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< — BT3
o
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0.0 0.2 0.4 1.8 2.0
Fig. 4.32 Force-slip curves for cyclic loading of M16 bolted shear connectors.
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Fig. 4.33 Force-slip curves for cyclic loading of M24 bolted shear connectors.
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4.6. Shear tests of the bolts

For purpose of proper analyses of failure modes of bolted shear connectors,
additional tests were made for bolts in pure shear. Results of those tests will be used

later for calibration of shear damage model of bolt material in the FE analyses (section

5.6.1).
\/ V%
4 Y
20 (202020, /h
— L - |
— e - |LvDT
Etj‘:t B ) |
I I I B 1 =) g _
) = ) S |
‘ 165 ‘ B
\/
7 7
Load cell Load cell

Fig. 4.34 Shear test of the bolt - test set-up.

Bolts from series CT (M24) were chosen since they did not fail in push-out tests.
Double shear compression test layout was used as it is shown in Fig. 4.34. Steel plates
with thickness t, = 20 mm (S235) were used so as to ensure that for the given bolt and
thread length; both shear planes are passing through the bolt shaft.

Force was applied by manually operated displacement controlled hydraulic jack.
Measuring was done by load cell which was placed bellow a base plate as shown in Fig.
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4.34. Simultaneously, displacements were measured in 4 points around specimen with

LVDT’s and average value was later used as relative slip between plates.
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Fig. 4.35 Bolts after failure.
Bolt specimens after failure are shown in Fig. 4.35. Results of shear tests of the

bolts are presented in Table 4.14 and Fig. 4.36. Ultimate force for two shear planes in

this test layout is given as Py.

Table 4.14 Results of double shear tests of bolts series CT (M24).
Force (kN) Slip at ultimate force (mm)

Specimen ultimate plates bolt total
(double shear) P, &% S St
BS1 585.8 - - -
BS2 563.4 1.35 585 6.93
BS3 585.0 1.75 597 7.72
BS4 588.6 2.15 6.32 857
Mean 580.7 6.05

Unfortunately, slip data for first specimen BS1 were lost, and only ultimate force
is available. Noticeable deformation of holes in the steel plates was noticed. In each
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subsequent test BS1-BS4 those deformations were increasing. Therefore they were
measured after each test in order to be able to extract them from the total results. Slip at
the ultimate force in Table 4.14 is given as total (measured) and as divided to slip
resulting from plate holes deformation ¢, and slip resulting from bolt deformation .
Slip resulting from plate holes deformation &, is established as designated in Fig.
4.36(a) by tangent lines crossing the abscise and by measured values of hole elongation
(not presented here).
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b) slip resulting from the bolt deformation

Fig. 4.36 Force slip curves for double shear test of bolts series CT (M24).
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It can be noticed that force-slip curves for different specimens are quite similar if
the initial slip resulting from plates holes deformation ¢, is subtracted as shown in Fig.
4.36(b). Force-slip curves shown in Fig. 4.36(b) will be used in section 5.6.1 for
calibration of shear damage parameters of the material model for the bolts used in push-
out tests.

Not all the slip resulting from the bolt deformation &, is originating from a bolt
shear. Diameter of holes in the plates was 25 mm, while the bolt diameter was 24 mm.
Therefore 1.0 mm clearance will enable the bolt to have bending deformation. To
establish the pure shear deformation of the bolt at the ultimate load, graphical
measurement is made as presented in Fig. 4.37. Pure shear deformation of the bolt is
estimated to a value of & = (3.7 + 3.1) / 2= 3.4 mm.

Fig. 4.37 Bolt BS3 after failure — measurement of pure shear deformation.

Single shear plane resistance of bolts tested here and converted to a threaded part
of the bolt: 580.7 / 2-0.785 = 227.9 kN is 9.1% higher than the single shear connector
resistance obtained by CT series push-out tests: 835.5/4 =208.9 kN (see Table 4.13).
This is the reason why all the specimens in CT series push-out test exhibited concrete
failure, as shown in section 4.5.

Shear resistance of the bolts tested here, is compared to a theoretical value of
shear resistance obtained as given by Eq. 4.13. Measured bolt tensile strength f,, = 891
MPa (see Table 4.3) and cross sectional area of the bolt shank: A = 452 mm? were used.

foA

J3

Test results obtained here are 25% higher than resistance given by Eq. 4.13.

F, = =232.5kN 413

[Wallaert and Fisher, 1965] showed that for high-strength bolts, shear resistance
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obtained in the compression testing layout (the one used here) is up to 13% higher when
compared to a tensile testing layout which is closer to the theoretical pure shear
condition. They also concluded that catenary effects, produced by capability of bolt to
bend in holes, increase the bolt’s resistance to shear. Catenary effects are also present in
push-out test as it will be shown in section 7.4.1.

4.7. Summary

Eight push-out specimens of bolted shear connectors M16 and M24 (see Fig. 4.1,
Fig. 4.2 and Fig. 4.5) with single embedded nut were prepared and tested according to
[EC4, 2004] test set-up. Results are presented in Table 4.12 and Table 4.13 and as
force-slip curves in Fig. 4.30, Fig. 4.31, Fig. 4.32 and Fig. 4.33, separated to cyclic and
failure loading.

Standard tests were conducted to determine properties of the materials (steel and
concrete) used in push-out tests. Results are presented in Table 4.3 for steel materials
(bolts and HEA260 steel section) and Table 4.11 for concrete. Additionally advanced
testing method (Digital Image Correlation) was conducted for bolt material to get more
data for calibration of ductile damage material model for bolts used in numerical
analysis. Results are presented in Fig. 4.17. DIC method was also employed to obtain
strain fields on the outer surface of the concrete slabs in M24 bolted shear connectors

push-out tests.

200 e e
_. 180 //
Pz
< 160 Y
5 /
5 140
£ 120 /
8 / BT - average
= 100 / (M16, h;=105 mm)
s |/  e=m====
G 80 - - N CT - average
& / .7 (M24, h, =105 mm)
2 60 ’
3 ,/ Headed studs
LSL 40 ¢ — — — .[Spremic, 2013]

(d=16 mm, h,,=100 mm)

20
0

0.0 2.0 4.0 6.0 8.0 10.0 12.0
Slip (mm)

Fig. 4.38 Averaged experimental force-slip curves for bolted shear connectors.
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Averaged force-slip curves for failure loading, for bolted shear connectors M16
and M24, tested here are shown in Fig. 4.38. Characteristic curve for the same layout of
shear connection with welded headed studs (d =16 mm, hs, =100 mm), conducted
previously by [Spremi¢ et al., 2013], is also shown for the comparison. Bolted shear
connectors M16 have similar shear resistance, but lower stiffness and ductility, which
will be discussed in details later in section 7.2.

Bolted shear connectors showed larger initial accumulated slip during cyclic
loading when compared to the welded headed studs (see Fig. 4.32) which will be
analysed in details in section 7.3.

Push-out tests of bolted shear connectors M24 failed by crushing of concrete. In
order to obtain bolts ultimate resistance, for proper failure mode analysis, additional
shear tests of bolts M24 were conducted. Results are presented in Table 4.14 and Fig.
4.36. Those results will also be used to calibrate the properties of shear damage material
model for bolts in FEA.

More experimental results, mostly in the form of photos, will be given later in

Chapter 5 and Chapter 7 for purpose of validation of FE models and discussion.
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Chapter 5. Numerical analyses

5.1. Introduction

Extensive finite element analyses were conducted in this research. Firstly, FE
models were built and calibrated according to the results of experimental works. Those
models were used as a tool to closely describe behaviour of the specimens and compare
bolted shear connectors to widely used welded headed studs. Afterwards, models for
parametric FE study were built using previously calibrated models based on the
experimental works. Data for development of shear resistance and ductility criterions
for bolted shear connectors with single embedded nut are obtained using the parametric
FE models.

Finite element analyses were conducted using research edition of commercial
Abaqus/Explicit code, version 6.12-3 [Abaqus, 2012]. This software has proven to be
good for use in various scientific and engineering fields, worldwide. Fracture analysis
with damage material models was used to obtain both shear force resistance and slip
capacity of the connection.

FE models matching the push-out tests of bolts M16 and M24, shown in Chapter
4, are built and presented here with their geometry, boundary conditions, load
application, analysis method and mesh. The calibration procedures for the material
models through additional FE models corresponding to material tests, are also shown.

Validations of the FE models are done through comparisons to the experimental results.

5.2. Geometry and boundary conditions

FE models consisted of all connection components used in push-out tests:
concrete slab, steel section, bolts, nuts, washers and reinforcement bars. Models for
push-out tests of M16 and M24 bolted shear connectors are shown in Fig. 5.1. Quarters
of real specimens were modelled with double vertical symmetry.

Bolts and nuts were modelled using the exact geometry of head and threads as
shown in Fig. 5.2 so as to consider all complicated contact interactions and fracture

mechanisms and to enable preloading of the bolts by the turn-of-nut method.
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Fig. 5.1 FE models geometry.

b) M24
Fig. 5.2 Bolts and nuts exact geometry.
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Reinforcement bars were modelled as separate solid parts inside the concrete as
shown in Fig. 5.3. It is usually done in FE modelling by assigning embedded regions of
uniaxial rebar elements, but it was not applicable in this case where tetrahedron finite
elements were used for the concrete slab. Interface surfaces between the reinforcement
bars and concrete were modelled without ribs as fully tied, allowing no slip between

them.

AR

Fig. 5.3 Reinforcement bars inside the concrete.

A double vertical symmetry boundary condition was used as shown in Fig. 5.4.
Nodes of the steel section at the top face were constrained to a reference point named
“Jack” (see Fig. 5.4). Displacement controlled failure loading was later defined to this
reference point. Nodes of elements on the bottom face of the concrete part were fully
kinematically constrained (coupled) to a reference point at the bottom named “Support”.
Its vertical reaction force was later used to obtain the force in force-slip curves.
“Support” reference point is then assigned with a fully fixed boundary condition except
for a lateral translation U3 (3 is designation for the global Z direction, see Fig. 5.4).
Elastic stiffness ky3 was assigned for the lateral restraint of the “Support” reference
point. It was done in order to simulate an equivalent boundary condition of the slab
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lying on the layer of gypsum. This layer was not considered in FEA models, since it has
complicated behaviour involving plasticity, friction and cohesion. Instead, the lateral
restraint stiffness k3 was calibrated to a value of ky3 =40 kN/mm to match force-slip
curves of both M16 and M24 FEA models to test results. Influence of the lateral
restraint stiffness kg3 is presented in Annex B.

U1=U3=0; UR1=UR2=UR3=0
Jack reference point
] [z

Front view

=UR3=0)

=UR2

X — symmetry (Ul

Elastic
lateral
restraint

————— -=== o
= €~- . _-> h
= ,.Support* reference point -~ Kus
U1=U2=0; UR1=UR2=UR3=0

Fig. 5.4 Boundary conditions.

General contact interaction procedure was used in Abaqus/Explicit with normal
behaviour (“hard” formulation) and tangential behaviour (“penalty” friction
formulation). Friction coefficient of 0.14 was set for preloaded high strength bolts, for
contact surfaces of the treads and the nuts, according to [ECCS No038, 1985]. No
cohesion and same friction coefficient were used for the steel-concrete interface, since it

was greased during the specimen preparation.
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5.3. Loading steps

Loading was defined in three subsequent steps. They correspond to experimental
testing: bolt preloading, cyclic loading, and failure loading. Application of loading steps
in Abaqus is time dependent [Abaqus, 2012]. Therefore, duration of loading steps in
explicit quasi-static analysis was set similar to those in experimental testing.

Bolts were preloaded by the “turn-of-nut” method, i.e. applying displacement
controlled loading as intermediate “wrenching” boundary conditions on nuts in their
local cylindrical coordinate system, see Fig. 5.5. Quter nuts were torqued by defining
appropriate tangential deformation to its six hexagon edges, in the clockwise direction,
so as to achieve the same preloading forces as used in push-out tests (see Table 4.2).
Tangential displacements of 3.2 mm and 5.0 mm were set to achieve preloading forces
of F;,=40 kN and F, =90 kN for the M16 and M24 bolts of series BT and CT,
respectively. Tangential deformations of embedded nuts edges were restrained, as they

were held by counter wrench during the specimen preparation in experimental works.

Fig. 5.5 Bolts preloading by “turn-of-nut” method.

Force controlled cyclic loading was applied as a surface stress at the top of the
steel section. Total load of 280/4=70 kN was applied, because of the double
symmetry boundary conditions. It was defined by time dependent amplitude function,
with values ranging from 0.12 to 1.0 conforming to the 5% and 40% of predicted
ultimate load.

Failure loading was applied in the last step as displacement controlled. Vertical
displacement “U2” was applied to the “Jack” reference point to which the top surface of
the steel section was constrained. Values of U2 = 6 mm and U2 = 15 mm were used for
models of series BT (M16) and CT (M24) push-out tests, respectively.
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Appropriate smoothing was adopted for time dependent amplitude functions in all
loading steps to avoid large inertia forces in the quasi-static analysis. An example is
shown in Fig. 5.6, as time dependent amplitude function for the displacement controlled
failure loading in series CT (bolt M24) model.
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Fig. 5.6 Smoothed loading amplitude function.
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5.4. Analyses method

Geometric and material nonlinear analysis was performed as quasi-static using the
dynamic explicit solver because it does not have the usual convergence issues as does
the implicit static solver. Bottleneck of any explicit dynamic solver is the size of the
smallest finite element in a model, since divided by a wave propagation speed it
represents the maximum stable time increment for the integration. Computation time of
a real time quasi-static analysis can be inapplicably long. Calculation speed can be
increased either by a time scaling or mass scaling method. These methods tend to
increase inertia forces in a model, sometimes leading to useless results. A compromise
must be found between an acceptable computation time and quality of results, often by
test analyses for each of the different model set-ups.

Mass scaling with desired time increment of 0.005 sec was used in these analyses.
FEA code automatically increases masses of finite elements such that their stable time
increment matches the desired time increment [Abaqus, 2012]. Scaling was set to be

variable (recomputed in every integration step) and non-uniform (different for each
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finite element) as it is the most efficient for the models with large spectra of elements
sizes and damage included.

Quality of the results is verified by matching input and output forces in a model
for displacement controlled failure loading. An example is shown in Fig. 5.7(a) based
on models presented in detail in section 5.8 and [Pavlovi¢ et al., 2013a]. Linear
matching curve with no fluctuations for the smallest analysed desired time increment
proves that no inertia effects govern the results. The same matching curves for larger

time increments (test analyses) are also shown for comparison.
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Fig. 5.7 Quality of quasi-static solution.

Analysis for failure loading was also run with the time scaling method, for the
sake of comparison, by reducing the loading time from 1000 sec to 0.00429 sec.
Loading time was reduced in order to achieve the same calculation time as for the
satisfactory variable non-uniform mass scaling method with desired time increment of
0.002 sec, shown in Fig. 5.7(a). Results with time scaling method were totally useless,
with the value of input force being approximately 1000 times larger than the output
force. Impact behaviour is shown in Fig. 5.7(b), with deformations concentrated only on
the steel flange close to the force input and with practically no deformation occurring on

bolts and concrete.
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5.5. Finite element mesh

According to recommendations [Abaqus, 2012], fine mesh of hexahedral
continuum 8-node finite elements, with reduced integration, (C3D8R) is the most
appropriate for the explicit dynamic analyses. Unfortunately, complex geometry of
model parts (bolts and nuts, see Fig. 5.2) required tetrahedron finite elements (C3D4) to
be used for most parts. Mesh size was varied for different parts depending on their size
and importance. For example, the thread areas of bolts and nuts were meshed with 1.2
mm elements, while the head and shank had a mesh size of 2.4 mm (see Fig. 5.2). In
expected failure zones of the bolt, mesh size was kept constant because mesh size
transitions would corrupt ductile and shear damage models used for the bolt material.
Mesh size of the concrete part near the bolts was 2.4 mm, while outer boundary surfaces
were meshed with 10.0 mm size (see Fig. 5.8(a)).
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Fig. 5.8 FE model mesh.
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The hexahedral continuum elements (C3D8R) were used for the steel section as it
was possible to generate the mesh automatically. These elements offer more accuracy
for less computational time. High density mesh (0.6 mm element size) was used in the
holes region, as shown in Fig. 5.8(b) to include effects of the thread-to-hole penetration

noticed in experimental testing (see Fig. 4.28(b)).

5.6. Material models

Five different material models have been defined for the modelled parts (steel
section, reinforcement, concrete, bolts series BT and CT). Attention has been paid to the
bolts and concrete material models since the overall behaviour of the shear connection

in the FEA models were highly sensitive to their properties.
5.6.1. Bolts and steel section

Isotropic plasticity with initial modulus of elasticity E =210 GPa, and Poisson’s
ratio v= 0.3 was used for the bolts and steel section material. Experimental stress-strain
curves shown in Fig. 4.6, Fig. 4.7 and Fig. 4.8 were used to define material properties in
FEA. Progressive damage models in Abaqus were used to account for failure modes and
element removal. Ductile and shear damage models were used for bolts materials, while
only ductile damage was used for the steel section.

Parameters of ductile damage model were derived by observing the basic
behaviour of tensile test coupons and implementing principles of progressive damage
model described in [Abaqus, 2012]. Short overview of the procedure is shown here,
while it is described in details in Annex A.

Descending parts of material stress-strain curves cannot be defined by plasticity
models, therefore they are modelled by damage models. Ductile damage material model
in Abaqus is based on reduction of initial material modulus of elasticity E, to a value (1-
D)E, depending on an artificial damage variable D, as shown in Fig. 5.9. Damage model
is defined by a damage initiation criterion and damage evolution law. The damage
variable D is equal to zero at the onset of damage. The onset of damage is defined by
the damage initiation criterion and it depends on stress triaxiality &. After the damage
initiation criterion has been achieved, the damage evolution starts. During damage
evolution, damage variable increases to D=1 which corresponds to the total

degradation of the material stiffness. Damage initiation criterion can be defined as a
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function of plastic displacement or fracture energy. Displacement or energy controlled
damage evolution is used in Abaqus instead of strain controlled, to avoid mesh
dependency due to strain concentrations [Abaqus, 2012]. Displacement controlled

damage evolution was chosen for the analyses shown in this thesis.

— — —
3 el £
Fig. 5.9 Principles of ductile damage material model [Abaqus, 2012].
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Fig. 5.10 Calibration of steel material models.

Standard (round bar) tensile test models were built, as shown in Fig. 5.10 and Fig.
A.1l. Material parameters (damage initiation and evolution) were calibrated by

comparing numerical results to corresponding experimental data, which is shown in
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detail in Annex A. Good match between the numerical and the experimental results of
tensile tests was found as shown in Fig. 5.10. Subsequently these material models were
used in the FE models of the push-out tests and good correspondence to experimental
results were obtained. Same size and mesh type were used in tensile test models and
push-out models because of the displacement dependent damage evolution law.

Shear damage of bolts material is crucial for overall behaviour of the whole push-
out model, with regards to the failure criterion of the bolt and ductility of the shear
connection. Once the parameters of ductile damage material models were obtained,
shear damage model was set as an upgrade to it. Parameters of shear damage material
model were calibrated by comparing results of the shear tests of the bolts, shown in

section 4.6, to an FE model of shear tests of the bolts, shown in Fig. 5.11.

S, Mises
(Avg: 75%)

a) FE model b) Von-Mises stresses prior to failure
Fig. 5.11 Shear tests of the bolts - FEA.

The model geometry was built identical to the bolts shear test set-up. Element
type (C3D4) and size (1.2 mm) in shear failure zones were kept identical as in the
tensile test model and as in the bolt zone in the steel/concrete interface layer of the
push-out models. Material parameters of the bolt: elasticity, plasticity and ductile
damage model, calibrated for the tensile tests model of bolts M24 (series CT) were
used. Material parameters of the steel plates used in the shear test of the bolts were set
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simple, with vyield strength f,=235 MPa and ultimate strength f,=360 MPa at
equivalent plastic strain of 0.1.

Progressive shear damage model in Abaqus is again defined by the damage
initiation criterion and damage evolution law. Damage initiation criterion is defined by
fracture strain as a function of shear stress ratio. Shear stress ratio is the relation of
equivalent stress q and pressure p to the maximum tangential stress max:
6, =(q + K p)/ Tmax, Where material parameter ks = 0.2 is adopted [Abaqus, 2012]. Shear
stress ratio in a bolt around the steel/concrete interface layer was observed in
preliminary FE analysis. It has been concluded, that it varies a little from the value for
pure shear condition: @, =+/3 =1.732, since shear is the predominant failure mode for
the bolts, as shown later in section 7.4.1. Therefore, shear damage initiation criterion
was calibrated to a constant value of equivalent plastic strain at the onset of damage
Esf’,')o,t (not as a function of shear-stress ratio &, ). Displacement controlled shear damage
evolution law was used with exponential softening. Again, displacement controlled
damage evolution law was used to rule out the mesh dependent strain localization.
Multiplicative degradation was included allowing for interaction with the ductile
damage [Abaqus, 2012].
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Fig. 5.12 Results of shear tests of the bolts - FEA.

Equivalent plastic strain at the onset of damage ES?LO“ = 0.08, equivalent plastic

displacement at failure Uf"’s',bon =0.3 mm and exponential law parameter of 0.7 were
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iteratively calibrated to match the shear tests of the bolts FEA and experimental results.
Experimental and FEA force-slip curves for the shear tests of the bolts are compared in
Fig. 5.12.

Parameters of shear damage material model, calibrated by shear tests of the bolts,
were later used for FEA of push-out tests (BT and CT). Good correspondences to
experimental results were obtained with regards to failure modes (bolt of concrete),

shear resistances and ductility (see section 5.7).
5.6.2. Concrete

Concrete damaged plasticity (CDP) model in Abaqus was used to describe the
concrete behaviour. CDP model consists of compressive and tensile behaviour, defined
separately in terms of plasticity and damage parameters.

Standard value of Poison’s ratio for concrete v=0.2 was used. Modulus of
elasticity E., = 33.0 GPa and mean compression cylinder strength f., = 35.0 MPa were
set, which are the values obtained from tests, presented in Table 4.11. Those were used
to define the compressive stress o as a function of uniaxial strain & according to Eq.
5.1 from [EC2, 2004].

knp—n’?

= fog— < &t/ € 51
O¢ le+(k—2)7] n cul/ c

In the previous expression n=g&/ &, and k=1.05&1Ecm/fcn are defined
according to EC2. The strain at peak stress &; = 2.20-10°%, and nominal ultimate strain
&1 = 3.5:10 were adopted from Table 3.1 of [EC2, 2004] for concrete with similar
mean cylinder compression strength (C30/37). Unfortunately, plasticity curve in EC2 is
defined only up to the nominal ultimate strain &y (point D in Fig. 5.13). This is not an
issue for the standard reinforced concrete structures analyses, since compression strains
in structural members are in general below &, at ultimate loads. Unlike, high crushing
strains appear in front of shear connectors. Additionally, due to restrained expansion of
concrete in front of a shear connector, high compressive stresses are produced in all
three orthogonal directions leading to confined condition of concrete, as it is shown in
details in section 7.4.2. Therefore, values of bearing stresses in concrete are highly
dependent on the shape of the descending part of the concrete compressive stress-strain

curve. Considering concrete compression behaviour only up to strain & would lead to

88



unreal overestimation of concrete crushing strength. For this reason, EC2 compression
stress-strain curve was extended beyond the nominal ultimate strain as shown in Fig.
5.13. The extension was made as defined by Eq. 5.2, with sinusoidal part between
points D-E and linear part between points E-F.

1 sin(u*® -aE /2

PR o R R

[fcuE (gch - gc) + fch(gc - 5cuE)]/(5ch - gcuE)l Ec > EouE

cm
oc(e) =

In EQ. 5.2 1= (& &uwp) / ( &ue- &up) IS a relative coordinate between points D-E
and f="fun/ faa. Point D is defined as &up = &u1 and foup = feur = oe(&u1) (EQ. 5.1).
Point E is the end of sinusoidal descending part at strain &,z with concrete strength
reduced to foe by factor a = fy, / foue. Linear descending part (residual branch) ends in
point F at the strain &yr with final residual strength of concrete for. Strain gr=0.10
was chosen large enough so as not to be achieved in the analyses. Final residual strength
of concrete f.,r = 0.4 MPa, reduction factor « = 15 and strain &ue = 0.03 were calibrated
to match experimental push-out tests. Factors asp = 0.5and o = 0.9, governing tangent
angles of sinusoidal part at points D and E, were chosen so as to smoothen overall shape
of the concrete stress-strain curve and to match the push-out tests results, as well.
Influence of some parameters governing shape of the descending branch of the concrete

compressive stress-strain curve is shown in Annex B.
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Fig. 5.13. Concrete compression stress-strain behaviour (similar to C30/37).
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Fig. 5.14. Concrete compression damage.

Compression plasticity curve for input in Abaqus was defined based on inelastic
strain starting from point B in Fig. 5.13, assuming that the concrete acts elastically up to
0.4f.m according to [EC2, 2004].

Damage evolution law in Abaqus was defined for concrete in compression as a
function of inelastic strain [Abaqus, 2012]. It was derived from the uniaxial stress-strain
curve, shown in Fig. 5.13 by comparing undamaged and damaged concrete response
beyond the ultimate compressive strength f.,, as defined in Eq. 5.4. Concrete

compression damage curve is shown in Fig. 5.14.
Dc =1- 1:cm/O-c 5.3
Compression stress-strain curve according to Eq. 5.4 originating from Chinese
Code for Design of Concrete Structures [GB50010, 2002], is also shown for comparison

in Fig. 5.13 and Fig. 5.14. This compressive stress-strain behaviour was successfully
used by [Xu et al., 2012] for FEA analysis of grouped headed studs.

{fc[aan+(3—2aa)772 +(a, —2)7731 n<l
° fcn/[ad(n—l)zﬂyl n>1

Both ascending and descending parameters «,=1.96 and oy=1.65 where
obtained from [GB50010, 2002] in terms of concrete strength f. = f., = 35 MPa. Good
match with the existing EC2 curve and proposed extension in Eq. 5.2 is evident.

5.4
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Proposal of descending branch of the concrete compressive stress-strain curve was
given in comments of [CEB-FIP Model Code, 1990] (Eq. 2.1-20). This model code is
predecessor of EC2. Those curves showed to be rather conservative in the analysis
conducted here. Moreover, those proposals never appeared in the final version of [EC2,
2004], nor the [CEB-FIP Model code, 2010], proving to be inconvenient. Therefore,
they were not considered here.

Concrete in confinement condition is also dependent on plasticity parameters that
need to be defined in CDP model in Abaqus. Flow potential eccentricity ¢= 0.1 was set
as recommended by [Abaqus, 2012]. Biaxial/uniaxial compressive strength ratio
ono / oo =1.20 was assumed as recommended by [CEB-FIP Model Code, 1990].
Dilation angle of = 36° was iteratively calibrated to match push-out tests results. The
same value was used by [Yang and Su, 2012], and it is close to [Jankowiak and
Lodigowski, 2005] recommendation (y = 38°). Parameter K presents ratio of the second
stress invariant on the tensile meridian to the compressive meridian. It ranges from 0.5
to 1.0 and according to [Abaqus, 2012] and default value is 2/3. In analysis shown here,
value K = 0.59 was iteratively calibrated in order to match FEA to experimental results
of both M16 and M24 push-out tests (series BT and CT). Influence of parameter K is

shown in Annex B.
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Fig. 5.15. Concrete behaviour in tension.

Behaviour of concrete in tension in Abaqus is defined as the function of cracking

strain and tensile stress. Stress-strain curve for concrete in tension is shown in Fig.
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5.15(a). Tensile stress increases linearly along with modulus of elasticity from point A
to B in Fig. 5.15(a), up to the peak value f.m. Axial tensile strength of concrete e = 3.0
MPa was taken from the experimental results given in Table 4.11. After this point
tension softening appears, induced by crack opening. Tension stress is degraded in
sinusoidal manner between points B and C until stress f.m /20 is achieved at the
cracking strain of &, =0.001. Such small value of a tensile stress at the end of the
tension softening (point C), instead of zero value, was defined for numerical stability
reasons. Tension plasticity curve for input in Abaqus was defined dependent on
cracking strain from point B to C in Fig. 5.15(a).

Damage evolution law in Abaqus for concrete in tension was defined in similar
manner as for compression, according to Eg. 5.5. Concrete tension damage curve is
shown in Fig. 5.15(b).

D =1- fom / o 55

5.6.3. Reinforcement

Material properties for reinforcement were set simple. Initial modulus of elasticity
of E=210 GPa, and Poisson’s ratio of v=0.3 were used. Isotropic plasticity was set
according to the reinforcement grade (R500), by linear isotropic hardening with yield
stress of 400 MPa, and ultimate strength of 500 MPa at equivalent plastic strain of 0.1.

Damage models were not considered, as they are not of interest in this case.

5.7. Validation of numerical results

Results of FEA analysis are shown here and compared to the experimental results
presented in section 4.5. Key results for validation of the push-out tests FEA models
are shown here, while more of them will be presented later in Chapter 7 for detailed
discussion on behaviour of bolted shear connectors.

FEA force-slip curves for bolted shear connectors push-out tests for bolts M16
and M24 (series BT and CT) are shown in Fig. 5.16. They are compared to the averaged
experimental force slip curves, while particular curves for each specimen are shown in
the background. Both FEA and experimental results are given with shear forces per
shear connector. Good matches, in terms of curves shapes, ultimate resistances and

ductility are evident.

92



Force per shear connector (kN)
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Fig. 5.16 Experimental and FEA force-slip curves for failure loading.

Results are also shown in Table 5.1 for shear resistance Py and slip to failure &,.

Slip to failure &, is obtained as designated in Fig. 5.16(a), as slip at 90% of shear

resistance Py, on the descending branch of the force-slip curve. Matching ratios of FEA
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results, compared to the experimental results obtained from Table 4.12 and Table 4.13,
are also shown. Almost perfect matching ratios are achieved for shear resistances.
Mismatches of numerical results compared to experimental results for slip to failure &,
are approximately 10%. On the other hand, variation coefficients of experimental results
for slip to failure are 10.3% and 26.9%, as shown in Table 4.12 and Table 4.13, for
series BT and CT, respectively. Therefore, mismatch of 10% of numerical results for
slip to failure are considered to be correct, since they are lower than variation

coefficients in experimental results.

Table 5.1 Experimental and FEA results for bolted shear connectors.

Shear resistance (kN) Slip to failure (mm)

One shear FEA  experimental ratio FEA experimental ratio
connector Pult,FEA Pult,test Pult,FEAIPuIt,test a.j,FEA &,test &,FEA/&,test
Bolts M16

. 90.1 89.6 1.01 492 451 1.09
(series BT)
Bolts M24

. 202.1 208.9 0.97 1481 134 1.10
(series CT)

In push-out tests for bolts M24 (series CT) failure of concrete occurred while
none of the bolts have failed. Influence of the nature of concrete on the push-out test
results has already been discussed in section 4.5. Therefore, slip to failure in the case of
concrete failure may not be considered as a consistent result. Important fact is that in
case of concrete failure, slip to failure is always higher than 6 mm, which concludes the

ductile behaviour of shear connection.

a) bolts M16 (series BT) b) bolts M24 (series CT)
Fig. 5.17 Deformed shapes of bolts (experimental and FEA).
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Fig. 5.18 Concrete crushing (experimental and FEA).
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b) bolts M24 (series CT)
Fig. 5.19 Section through concrete slab (experimental and FEA).

FEA and experimental deformed shapes of the bolts with embedded nuts are
compared in Fig. 5.17. Bolts are taken out from the destroyed concrete slabs of push-out
tests specimens. FEA deformed shape of bolt M16 is shown in Fig. 5.17(a) at loading
stage prior to failure of the first bolt which corresponds to slip 6=5.02 mm (see Fig.

96



5.16(a)). Since the failure of bolts M24 in push-out test series CT appeared neither in
experiments, nor in the FEA, deformed shapes are compared at slip 6= 14.0 mm for
FEA and specimen CT4 in Fig. 5.17(b).

FEA and experimental results of concrete crushing in front of shear connectors, at
the interface layer, are compared in Fig. 5.18. Area around shear connectors,
corresponding to the infill concrete part is shown. Concrete slabs have been peeled and
marked to indicate crushed (damaged) areas of concrete in push-out tests. FEA results
are shown as a concrete compressive damage variable (DAMAGEC). Loading stage in
FEA prior to the failure of bolts is presented for bolts M16 in Fig. 5.18(a) and compared
to concrete slab from the specimen BT2. Loading stage in FEA corresponding to slip of
0= 14.0 mm is shown for bolts M24 in Fig. 5.18(b) and compared to the specimen CT4.
Matching of crushing areas are evident both in qualitative and quantitative terms. Also,
gaps behind the embedded nuts show a good match in experimental and FEA results.

Similarly, as for the concrete crushing, tensile cracks in concrete are compared
between the experimental and FEA results in Fig. 5.19. Concrete slabs were cut-sliced
by a mitter saw in longitudinal direction (direction of the shear force). Sections are
made at 30 mm distance from the shear connectors. Corresponding results are shown
from FEA as maximum principal strain (PE, Max. Principal), representing tensile
strains. Cracks in FEA results are indicated as extremely high values of tensile strains
(coloured in yellow), above the contour plots limits set in Fig. 5.19(a) and (b). Finite
elements that have exhibited high crushing (compressive damage: DAMAGEC > 0.95)
were removed in FEA results for purpose of more clear comparison with experimental
results. Since the failure mode in tests series BT (bolts M16) was the failure of bolts,
tensile cracks in concrete are not very high. Presence of horizontal crack at the upper
shear connector is evident both in experimental and FEA results. Test series CT (bolts
M24) exhibited the concrete failure in all specimens, as stated before in section 4.5.
Therefore, tensile cracks are more pronounced, as shown in Fig. 5.19(b). Characteristic
longitudinal splitting crack in concrete slab is present both in experimental and FEA
results.

Another good matching of experimental and FEA results is presented in Fig. 5.20
showing tensile cracks on outer surface of the concrete slab. Cracks paths and strain

values in experimental results, shown in Fig. 5.20(a) are obtained using DIC method,
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described previously in section 4.4. Corresponding FEA results are shown in Fig.
5.20(b), again as maximum principal strains. Those results should rather be compared in
qualitative, than quantitative manner. In both experimental and FEA results, two
characteristic, long horizontal and diagonal cracks clearly appear. This indicates that the
load transferring mechanism in the concrete slab is correctly modelled in the FE

analysis.

0.0166667
oms
0.0133333

0.0116667

0.00333333

0.00166667

0

a) DIC analysis — CT3 (6= 8 mm) b) FEA — series CT (6= 8 mm)

Fig. 5.20 Tensile cracks on outer surface of the concrete slab (experimental and FEA).

5.8. Supplemental FE models

Several types of models were built for different purposes, at certain phases of the
research presented in this thesis. First phase of the research was oriented in a direction
of comparing behaviour of bolted shear connectors and welded headed studs and
assessment of the bolt failure mode. For this purpose, complete and detail FE models
were built, both for bolted shear connectors and headed studs. Details about those
models and their validation are presented in previously published journal paper
[Pavlovi¢ et al., 2013a] and conference paper [Pavlovi¢ et al., 2013b], respectively.

Additionally, bolted shear connectors initial slip during cyclic loading, in push-out tests,
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was examined by use of these models. Brief overview of specific details of those
models and their validation and compatibility are given in Fig. 5.21 and Fig. 5.22,

respectively.
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Fig. 5.22 Compatibility and validation of supplemental FEA models.
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5.9. Summary

FE models for comparison with push-out tests shown in Chapter 4 have been
developed. Advanced analysis methods, using Abaqus/Explicit solver were employed in
order to deal with complicated contact interactions and high plasticity and damage.
Specific progressive damage models were used both for the steel and concrete material
models. Double vertical symmetry was used for speeding up the analysis. Bolts and nuts
were modelled with exact geometry and preloading of bolts by the “turn-of-nut” method
was applied. Supplemental FE models were also built in the first phase of the research
for the purpose of comparison of the behaviour of bolted shear connectors and headed
studs for cyclic and failure loading.

Ductile and shear damage models were used for steel materials, with details
shown in Annex A. Concrete damage plasticity (CDP) model was used for concrete,
separately defining its behaviour in compression and in tension. Extension of existing
[EC2, 2004] compressive stress-strain curve have been developed (Eg. 5.2) and
calibrated according to the push-out tests results. Additional models for shear tests of
the bolts were made corresponding to experimental results shown in section 4.6 and
analysed in order to calibrate the shear damage model for bolts material.

Numerical analyses showed good agreement with experimental results. Results of
numerical analysis will be used for further analysis of failure modes and behaviour of
bolted shear connectors in Chapter 7. Same analysis technique and model parameters

are used for parametric study shown in Chapter 6.
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Chapter 6. Parametric studies

6.1. Parametric studies program

FEA parametric studies are presented in this Chapter. Several parameters were
considered, as presented in Table 6.1, in order to closely investigate behaviour of bolted
shear connectors and to obtain data for development of shear resistance and ductility
criterions for design rules. Parametric studies are divided in two main groups: initial

parametric study and the main parametric study as shown in Table 6.2,

Table 6.1 Parameters and ranges considered in parametric studies

Parameter Parameter label Designation Range
Bolt preloadin
P 9 p1 F,(%) 025,50, 75,100
force
Number of
n(-) 1,2

embedded nuts

Longitudinal

S s/d () 25-6.25
spacing ratio

Shear connector

= 25-6.25
height ratio Nic/d ()
Blot diameter  P5 d (mm) 12, 16, 20, 24
Concrete class P6 fon (MPa) 28, 38, 48, 58

Initial parametric study was conducted in order to identify key parameters to be
varied for the main parametric study for development of shear resistance and ductility
criterions. Study concerning parameters of: bolt preloading force, number of embedded
nuts and shear connector height is made to evaluate their influence on resistance and
ductility of bolted shear connectors. Parametric study of longitudinal spacing between
shear connectors was conducted in order to set limits for minimum distance required to
provide the non-group behaviour. In this study, parameters were varied as uncoupled
(uncorrelated) to each other, using supplemental FE models from the first phase of the
research (see section 5.8) on M16 bolted shear connectors.

The main parametric study was conducted with parameters significantly
influencing the bolted shear connectors resistance and ductility. Bolt diameter and
concrete class (strength) were a-priori recognized to have significant influence, while

shear connector height was selected based on the results of the initial parametric study.
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Those parameters were analysed coupled in one parametric study with all three

parameters correlated to each other.

Table 6.2 Parametric study program

Considered values of parameters

P1 P2 P3 P4 P5 P6 No. of
Parameter Fo(®) n() s(mm) hy/d(-) d(mm) f., (MPa) analyses
Bolt preloadi
olt preloading 0, 25, 50, 100 6.25 16 35 5
force 75, 100
Number of
1,2 100 6.25 16 35 2
= embedded nuts
£ Longitudinal
. 0 1 40 - 100 6.25 16 35 7
spacing
Shear connector
. . 1 100 25-6.25 16 35 6
height ratio
Blot diameter, 19 16. 28.38
c
‘S concrete strength, 0 1 250 3,45 T '~ 48+35=83*
S g 20,24 48,58 *

connector height

* - some analyses were run twice as explained later in section 6.3.3

6.2. Initial parametric study
6.2.1. Bolt preloading force

Parametric study of bolt preloading force has been conducted in order to evaluate
its influence on shear resistance and ductility of bolted shear connectors. FE analyses
have been made for push-out tests series BT (M16) using models described in section
5.8. Bolt-to-hole clearance of ¢ = 0.5 mm has been set for both upper and lower bolt in
the model.

Bolt preloading force F, has been varied between 0 and 100% of full preloading
force Fyc defined in Eq. 6.1 according to [EC3 Part 1-8, 2005]. Again preloading of
bolts has been applied by "turn-of-nut" method as explained in section 5.3.

Foc =0.7A f, =87.9kN 6.1

Amounts of tangential displacement of six hexagon edges of outer nuts, used to

achieve certain preloading forces, are presented by a curve in Fig. 6.1.
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Fig. 6.1 Bolt preloading force dependence on outer nut rotation.

Results of the analyses are presented in Fig. 6.2 as force-slip curves for different
values of bolt preloading forces. It can be noticed that amount of bolt preloading force

does not influence ultimate shear resistance of bolted shear connectors.
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Fig. 6.2 Force-slip curves for different bolt preloading forces.

Bolt axial force Fy is generated by two phenomenon: initial bolt preloading and
embedded nut pryout effect which will be explained in section 7.4.2. Large
experimental research on the behaviour of preloaded high-strength bolts have been
conducted by [Wallaert and Fisher, 1965]. They came up with a conclusion that the
initial bolt preloading is lost at the ultimate shear load, and therefore it does not

influence the shear resistance of high-strength bolts. Propagations of bolt axial forces
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during failure loading, obtained by parametric study conducted here, are shown in Fig.
6.3, for different values of bolt preloading forces. It can be noticed that regardless the
amount of initial bolt preloading, axial forces in bolts reach the same value at the
ultimate shear force level (corresponding to slip of 4.0 mm). This value of bolt axial
force corresponds to the axial force produced by the embedded nut inclination at the
interface layer explained in section 7.4.2. and it reaches approximately 30% of the bolt
tensile resistance. As it is the same for each amount of the bolt preloading its influence
on shear resistance is the same. It is proven by [Chesson et al., 1965] that a tensile stress
up to 30% of tensile strength does not influence the bolt shear resistance and it will be
confirmed in section 7.4.1.

Initial clearance of ¢ =0.5 mm is marked in Fig. 6.3 as a vertical line. Change in
bolt axial force during loading can be divided into two parts by this border. For bolts
with large amount of preloading (75% and 100%) decrease in initial part corresponding
to slipping in hole, can be noticed. Second part shows more drastic decrease of the bolt
axial force, after the bolts start to transfer shear forces by bearing and shear. For bolts
with small amount of preloading (0% and 25%), axial forces in bolts start to increase as
the bolt starts to transfer shear forces by bearing and shear.
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Fig. 6.3 Bolt axial force during failure loading.

Even for maximum amount of the bolt preloading, ultimate force that can be

transferred by the friction is overcome at low applied shear force load level, as shown in
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Fig. 6.2. It seems that there is no use of bolt preloading in the sense of increasing the
shear connector stiffness at serviceability loads. Similarly, as the shear resistance is not
affected by the bolt preloading, the ductility of the shear connector is just slightly
reduced (see Fig. 6.2). Taking into account all presented facts, bolt preloading will not
be analysed as the parameter in the main parametric study of bolted shear connector
resistance and ductility. Additionally, further parametric study will be conducted

without preloading of the bolts as shown in Table 6.2.
6.2.2. Number of embedded nuts

Limited number of studies has been conducted on bolted shear connectors as
stated before in section 2.2. Some of them used double embedded nuts as shown in Fig.
1.2(d) to achieve higher shear resistance. Numbers of embedded nuts are varied here to
show its influence on the resistance and ductility of bolted shear connectors. FE
analyses have been made for modified push-out tests series BT (M16) using models
described in section 5.8. Bolts with the full height thread were used for double
embedded nuts shear connectors with geometry according to 1SO 4017 instead of ISO
4014 used in series BT.
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Fig. 6.4 Force-slip curves for single and double embedded

nuts M16 bolted shear connectors.

Results are presented in Fig. 6.4 as force-slip curves for bolted shear connectors
with single and double embedded nuts. Same shear resistance is achieved in both cases,

with slightly higher ductility of bolted shear connectors with double embedded nuts.
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Explanation for no increase in shear resistance, as it would be expected for the double
embedded nuts shear connector, is illustrated in Fig. 6.5. Bearing stresses in concrete
and VVon-Mises stresses in bolts are shown as contour plots for slip values of 0.5 mm
and 3.0 mm corresponding to serviceability and ultimate load level as explained later in
sections 7.4.1 and 7.4.2. Bearing stresses in concrete are highly dependent on
confinement conditions explained in section 7.4.2. Up to slip of 0.5 mm, force-slip
curves for both cases are identical as it can be seen in Fig. 6.4. The bearing stresses in
concrete, shown in Fig. 6.5(a) are differently distributed at this load level, but their
resultants Fpc have approximately the same position: e; ~ e;. At the ultimate load level,
shown in Fig. 6.5(b), resultant of bearing stresses F,. moves deeper towards the root of

the second nut: e, > e;.
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Fig. 6.5 Bearing stresses in concrete and VVon-Mises stresses in bolts

for single and double nut shear connectors.

The reason lies in higher confinement conditions above than in front of the nut
due to nut inclination, as it is explained in section 7.4.2. With higher eccentricity e,
bolted shear connectors with double embedded nuts are more flexible to bending and
they exhibit lower shear force when compared to the case with single embedded nut. In
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the end, as the shearing of the bolt is dominant failure mode in this case, as shown in
section 7.4.1, both shear connectors reach the same shear resistance, but with different
values of slip.

No increase in shear resistance can be achieved with the use of double embedded
nuts, while contribution to the ductility can be considered as negligible compared to the
practical effort needed to introduce double embedded nuts in real construction. As the
second embedded nut makes no practical contribution, bolted shear connectors with

single embedded nut will be used in further analysis, as it is shown in Table 6.2.
6.2.3. Longitudinal spacing between the shear connectors

Longitudinal centre-to-centre spacing of the shear connectors can influence their
resistance and ductility. Minimum spacing of 5d between the welded headed studs shear
connectors is required by [EC4, 2004] in order to ensure that they behave independently
from each other. It has been shown by [Spremi¢, 2013] that for longitudinal spacing
lower then 5d, group behaviour of welded headed studs should be considered by means
of reduced shear resistance. A calculation model is proposed for reduced shear

resistance for different group layouts.

Table 6.3 Results of parametric study of longitudinal spacing.

Longitudinal ~ Ratio Shear Slip to failure ~ Reduction of Matching
spacing (mm)  (-) resistance (kN) (mm) resistance ratio (-)

S s/d Pu oY osrea OG [EQ. 6.3]  osrea/ OG
40 250 81.1 4.42 0.945 0.952 0.99

48 3.00 81.6 4.25 0.951 1.000 0.95

56 3.50 83.0 4.20 0.967 1.000 0.97

64 4.00 84.0 4.18 0.979 1.000 0.98

80 500 85.8 4.16 1.000 1.000 1.00

100 6.25 86.4 4.14 1.000 1.000 1.00

120 750 86.5 4.11 1.000 1.000 1.00

Group behaviour of bolted shear connectors is beyond the scope of this thesis.
Nevertheless a short parametric study of longitudinal spacing influence on the shear
resistance and ductility was conducted. The aim was to identify a minimum spacing
required to provide their independent (non-group) behaviour. This initial parametric

study was made using FE models shown in section 5.8 for bolted shear connectors M16.
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Spacing between upper and lower bolt in the models were varied within the range s = 40
to s=120 mm, corresponding to the longitudinal spacing to bolt diameter ratio s/d
from 2.5 to 7.5. Other parameters that were used are shown in Table 6.2.

Results of the longitudinal spacing parametric study are presented in Fig. 6.6 as
force-slip curves and in Table 6.3. Shear resistances are decreased while slips to failure
are increased with reduction of longitudinal spacing. This is induced by merging of
concrete crushing areas as shown in Fig. 6.7, and also concluded by [Spremi¢, 2013].

Shear resistance dependence on longitudinal spacing is summarized in Fig. 6.8.
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Fig. 6.6 Force-slip curves for different longitudinal spacing between

M16 bolted shear connectors.
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Fig. 6.7 Concrete crushing for different longitudinal spacing.
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Reduction factors obtained in this FEA parametric study osrea are obtained
according to Eq. 6.2 as relation of shear resistance for current longitudinal spacing ratio

Puits/a to the shear resistance for longitudinal spacing ratio Pys0 (S/ d =5.0).
asrea = Putsia / Puso <1.0 6.2

Those reduction factors are compared in Table 6.3 and Fig. 6.8 to reduction for
group behaviour of welded headed studs proposed by [Spremic¢, 2013].

ag =k(h /dg +1)<1.0, for 3<s/d <5 6.3

k =0.2-min(,20/d) 6.4

In previous expressions, dg is the equivalent group diameter obtained by Eq. 6.5.
Number of rows of shear connectors, n, =2 and number of shear connector in a row
n. =2 were used in Eg. 6.5 and Eq. 6.6.

dg =d(@+m)0.9+n,/10) 6.5

m=n, —nS’>¢ 6.6

Satisfactory matching ratios of longitudinal spacing reduction factor ogea for
bolted shear connectors and reduction factor ag by [Spremi¢, 2013] are achieved.

Presented parametric study showed that for spacing to diameter ratio s/ d higher
than 5.0 the shear resistance is practically constant, while for s/ d lower than 5.0 the
reduction of shear resistance is obvious. Therefore, longitudinal centre-to-centre spacing
of bolted shear connectors should be more than 5d so as to consider them to perform
independently, the same as for the welded headed studs, defined by [EC4, 2004]. In the
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main parametric study, longitudinal spacing will be set as s =250 mm, according to
[EC4, 2004] standard push-out test layout, as defined in Table 6.2. This longitudinal
spacing ensures that for the largest bolted shear connector considered (M24) previous
condition is satisfied: 250 mm > 120 mm =5.0-24 mm.

Ductility of bolted shear connectors in terms of slip to failure is not significantly
affected by longitudinal spacing, as it can be seen in Fig. 6.6 and Table 6.3.

6.2.4. Shear connector height

Bolt length notably affects the unit price of the bolted shear connector. Therefore,
parametric study on shear connector height was conducted using FEA models shown in
section 5.8. Verification FEA parametric study was conducted for headed studs as well,
since it was comparable to the reduction factor « given in Eq. 2.4, as part of the

concrete failure criterion given by [EC4, 2004].

DAMAGEC [tﬁ
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a) hsc =40 mm (hsc/d = 2.50) b) hsc=60 mm (hsc/d = 3.75) C) hsc 100 mm (hsc/d = 6.25)

Fig. 6.9 Concrete compression damage at ultimate loads for different bolt heights.

Deformed shapes and concrete damage plots for different bolted shear connector’s
height are shown in Fig. 6.9. As for 40 mm bolt height (hs / d = 2.5), failure is governed
by the concrete pryout, and not by shearing of bolts at the interface layer. Hawkins
[Hawkins, 1987] found similar behaviour for anchor bolts without embedded nut for
height-to-diameter ratio lower than 4. Force-slip curves for shear connector’s height
ranging from 40 mm to 100 mm for bolts and 48 mm to 100 mm for headed studs, are

shown in Fig. 6.10.
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Fig. 6.10 FEA force-slip curves for different shear connector’s height.

Results concerning shear connector’s height FEA parametric study on bolts and
headed studs are summarized in Table 6.4 and in Fig. 6.11. Shear connector resistance
reduction factor area was determined with regard to shear resistance of the highest
connector examined. Values of this reduction factor for headed studs (Eq. 2.4),
designated as asecq in Table 6.4, were used for verification of the whole parametric
analyses procedure and additional validation of FEA used in this research. Good
agreement was achieved as shown in Table 6.4 and Fig. 6.11(b), which leads to the
conclusion that the results relating to bolted shear connectors with single embedded nut
can also be trusted.
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Table 6.4 Results of parametric study on shear connector’s height.

Shear  Height Ratio Shear resistance Slip  Failure Reduction of Ratio (-)

conn.  (mm) (-) (kN) (mm) mode resistance (%)
hee he./d Pu oy OFea  Oseca  Oseca / OFEA
40 250 714 6.5* concrete 83.7 825 -
- § 50 313 815 5.8 bolt 9%5.6 919 -
2 % 60 375 84.4 51  bolt 990 100 -
B S 64 400 849 50  bolt 99.6 100 -
@ é 80 5,00 85.2 4.9 bolt 100.0 100 -
100 6.25 85.2 4.8 bolt 100.0 100 -
. E 48 3.00 749 8.0 concrete 819 80.0 0.98
S © 64 400 88.9 6.7 stud 97.1 100 1.03
@ .cl_l, 100 6.25 91.6 6.59 stud 100.0 100 1.00

* estimated values

Bolted shear connectors showed better performance compared to the welded
headed studs when it comes to reduction regarding the height to diameter ratio.

The ultimate slip to failure, which is important for the assessment of shear
connector ductility, is shown in Fig. 6.11(c) as a function of height to diameter ratio,
both for bolts and headed studs. It is indicated here that both shear connector resistance
and ductility is highly influenced by parameter of height to diameter ratio. With increase
of bolted shear connector height its shear resistance is increased, while the ductility is
reduced. Therefore, parameter of height to diameter ratio will be used again for the main
parametric study, coupled with bolt diameter and concrete strength in order to account

for its influence on shear resistance and ductility.

6.3. The main parametric study

The main parametric study for identification of failure modes, and development of
shear resistance and ductility criterions for bolted shear connectors with single
embedded nut is presented here.

Shear connector height showed to have large influence on shear resistance of
bolted shear connectors in the initial parametric study. Therefore, it was included in the
main parametric study coupled with parameters of the bolt diameter and heaight to

diameter ratio. Ranges of analysed parameters (d, hs/ d, fcm) are shown in Table 6.2.
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Shear connector heights 3d, 4d and 5d were chosen based on the results given in section
6.2.4.

This parametric study is preformed based on the verification FE models presented
in Chapter 5. Boundary conditions, loading, analysis method, FE mesh, etc. were all
used identical as in Chapter 5. The verification FE models were very successfully
validated with regard to the experimental results for two different cases of failure modes
that have occurred (bolt and concrete). Geometrical parameters of bolt diameter and
height and material parameters for concrete material model were varied in parametric
FE models. Designation of each specific model and analysis result is given by a label
presenting bolt diameter — M (12, 26, 20, 24), shear connector height to diameter ratio -
h (3, 4, 5) and concrete class (presented by mean cylinder compressive strength f.) - C
(28, 38, 48, 58). Those labels will be used throughout the presentation of the results and

analysis. Label examples are given in Table 6.5.

Table 6.5 Labels examples for the parametric study.

Bolt Height to Shear connector Concrete  Cylinder compressive  Label
diameter diameter ratio height class strength (MPa)

d(mm) hy/d(-) hs. (mm) foc/ foccupe  fom

12 4 48 30/37 38.0 M12 h4 C38
20 5 100 50/60 58.0 M20_h5 C58

6.3.1. Geometry

The verification FE models, presented in Chapter 5, were modified to match the
exact layout of push-out recommended by [EC4, 2004], as shown in Fig. 6.12. This was
done in order to make the results compatible and comparable to other shear connectors
test results that were obtained and published in the last few decades. Real behaviour of
shear connectors in a composite deck can still be different when compared to the
standard [EC4, 2004] push-out test, especially in the case of concrete failure mode. This
is the case for any type of shear connector, not only the ones examined here. As the
standard EC4 push-out test is conservative in this manner, it will be used for this
research, keeping in mind its limitations. The main difference when compared to the test
layout used in experiments and verification FEA (see Fig. 4.2) is the longitudinal
spacing between shear connectors which is set to s = 250 mm instead of s = 100 mm.
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Fig. 6.12 Layout of push-out test used in the parametric study.

FE models used in the parametric study are shown in Fig. 6.13 as examples of the

largest and smallest bolted shear connectors analysed.

a) M12, hge/ d=3.0 b) M24, hy. / d=5.0
Fig. 6.13 FE models for the parametric study.
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The longitudinal spacing between the shear connectors s =250 mm will ensure
individual behaviour of bolted shear connectors with large diameter (M20 and M24) as
analysed in initial parametric study of longitudinal spacing (section 6.2.3). Transversal
centre-to-centre spacing of shear connectors s; = 120 mm was used for all diameters of
bolted shear connectors instead of s; =100 mm as defined in [EC4, 2004]. The aim was
to provide sufficient space to place the washer on the inner side of the steel section

flange.
6.3.2. Material properties

Progressive damage models were used for bolts and concrete materials in this
parametric study, as it is described in section 5.6. Ductile and shear damage material
models were used for the bolts, while CDP model was used for concrete. Those material
models are already calibrated according to the experimental results to give good
prediction of real material behaviour in push-out tests.

Design rules proposal for shear resistance that will be developed from the results
of this parametric study is predicted to have two failure criterions: failure of the bolt and
failure of concrete.

Bolts grade 8.8 were chosen to be used in this study since they have better
strength to unit price ratio when compared to bolts grade 10.9. Additionally, bolt failure
criterion is assumed to be linearly dependent on ultimate tensile strength. This
assumption will be confirmed through the comparison of proposed criterion to the test
results in section 8.4. Therefore, real material properties of bolts used in specimen series
BT and the corresponding verification FEA were also used for the parametric study (see
section 5.6.1 and Annex A). Specimen series BT were chosen since those bolts material
are the most representative for bolts grade 8.8 regarding the yield point and ultimate
tensile strength (see Table 4.3). Further, results of the study will be analysed regarding
those real material properties. Material properties of steel section and reinforcement
were also used identical as in verification FEA (see section 5.6.1, 5.6.3 and Annex A).

Material properties of concrete were varied in a range corresponding to normal
strength concretes used in construction in order to obtain results for development of
concrete failure criterion. CDP model that was already validated in section 5.6.2 was
modified in terms of material parameters. Stress-strain curves for concrete in

compression and tension are shown in Fig. 6.14.
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Fig. 6.14 Concrete stress-strain curves used in the parametric study.

Material parameters were adopted according to [EC4, 2004] and they are shown
in Table 6.6. Parameters governing shape of descending part of compressive stress-
strain curve (gur=0.10; foir = 0.4 MPa; a=15; & =0.03; ap=0.5and ae =0.9),
curve of concrete in tension (&,=0.001) and plasticity parameters of CDP model
(¢=0.1; ono / o0 = 1.20; w=36°; K=0.59) were all set identical as used in verification
FEA (section 5.6.2). Abaqus input data for all material models used in the parametric

study are given in Annex C.
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Table 6.6 Material properties of concrete material used in the parametric study.

Label Concrete Elastic Cylinder Strainat  Nominal  Tensile
class modulus  compressive peak stress ultimate  strength
strength strain
fo/ fokeube  Eom (MPa)  fom (MPa) &1 (-) &1 (5) fom (MPa)
C28 C20/25 30000 28.0 0.0020 0.0035 2.2
C38 C30/37 33000 38.0 0.0022 0.0035 2.9
C48 C40/50 35000 48.0 0.0023 0.0035 3.5
C58 C50/60 37000 58.0 0.00245  0.0035 4.1
6.3.3. Results

Results of the parametric study are given here in terms of force-slip curves, shear

resistances and slips to failure.
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Fig. 6.15 Force-slip curves from the parametric study results for hy, / d = 4.
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As an overview, force-slip curves for different bolt diameters and concrete
strengths, with height to diameter ratio hs. / d =4 are given in Fig. 6.15. Analogous to
the experimental and FEA results presented in section 4.5 and section 5.7, two major
failure modes can be identified directly from the force-slip curves: bolt failure and
concrete failure.

Summary of the complete set of results are given in Table 6.7 as shear resistances
per shear connector obtained for different bolt diameter, height to diameter ratio and
concrete strength. Complete set of force-slip curves obtained in the parametric study is
given by solid lines in Fig. 6.16 to Fig. 6.19 for different bolt diameters.

Different failure modes have been designated in Table 6.7 as concrete failure and
bolt failure given with bold and italic characters, respectively. It can be noticed in Table
6.7 that shear resistances for the bolt failure mode are not affected by the height to
diameter ratio hs; / d and concrete strength f.,. Further analysis of the bolt failure mode
will be given in section 7.2. On the other hand, influence of all investigated parameters
(d, hs / d and f¢m), on shear resistance for the concrete failure mode are evident.

Table 6.7 Shear resistances in the main FEA parametric study.

Bolt geometry Shear resistance per shear connector - Py (KN)

Bolt diameter Height ratio Concrete strengths - f., (MPa)

d (mm) he / d () c28 C38 c48 C58
12 3 57.4 55.2 54.2 53.1
12 4 537 530 54.2 53.4
12 5 53.4 54.2 54.6 53.4
16 3 82.4 87.5 87.3 88.1
16 4 878 875 87.9 88.8
16 5 88.0 87.6 88.8 88.7
20 3 111.2 123.6 128.1 130.2
20 4 123.4 130.6 132.2 132.2
20 5 1288 1315 131.8 132.3
24 3 135.7 159.7 169.1 174.6
24 4 141.4 165.3 177.9 185.3

24 5 150.9 180.6 184.3 185.5

bold — concrete failure; italic — bolt failure
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Concrete failure occurred for limited number of analysed cases (13 out of 48),
mostly for large bolt diameters and low height to diameter ratios and concrete strengths.
Failure mode of concrete will be explained in section 7.4.2. Nevertheless, more data
regarding concrete failures are needed for proper development of concrete failure mode
criterion in Chapter 7 and Chapter 8. Therefore, another set of 35 FE analyses
(35 =48 — 13) were run for cases where the bolt failure occurred. Models and input files
were identical; except that shear damage for bolts was switched off in those analyses
runs (bold-face text in section C.1, defining shear damage, was erased). This allowed
the bolts to have proper nonlinear bending stiffness, but infinite shear capacity, which
made it possible to test the concrete to its ultimate limit. This kind of an achievement
would never be possible in experimental parametric study. Force-slip curves for those
analyses runs are shown with dashed lines in Fig. 6.16 to Fig. 6.19. Further analysis of
data will be given in Chapter 7 and Chapter 8.

Ductility is another important property of a shear connector. For the purpose of
development of a ductility criterion for bolted shear connectors results for slips to
failure obtained in the parametric study will be presented in section 8.3 (Table 8.7) as

they will be mostly referred to in that section.

6.4. Summary

Initial and main FEA parametric studies have been conducted in order to obtain
data for development of shear resistance and ductility criterions for bolted shear
connectors. Parametric studies are based on models that were previously calibrated to
the experimental results and validated in section 5.7

Parameters of: bolt preloading force, number of embedded nuts, shear connectors
longitudinal spacing and shear connector height have been analysed in initial parametric
study on models of M16 bolted shear connectors. It has been concluded that both the
bolt preloading force F,and number of embedded nuts have no influence on the shear
resistance nor the ductility. Therefore, they were not further analysed in the main
parametric study. Longitudinal spacing s = 5d was identified as the minimum required,
providing the independent (non-group) behaviour of bolted shear connectors. Shear
connector height hg, showed to have large influence on both the shear resistance and

ductility. Hence it was included in the main parametric study.
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The main parametric study included the following parameters: bolt diameter d,
height to diameter ratio hs. / d and mean concrete cylinder strength f.,, (concrete class).
Parameters were correlated, in such a way that all possible combinations of considered
parameters were analysed, leading to 48 analyses runs. Results are given in Table 6.7
and Table 8.7 for shear resistances and slips to failure. Failure modes of bolt or concrete
are identified in each case. Additional 35 analyses runs with shear damage criterion for
bolts, switched off were made in the case where bolt failure occurred in order to acquire
full data set for development of concrete failure mode criterion. Data obtained here will

be further analysed in Chapter 7 and Chapter 8.

126



Chapter 7. Bolted shear connectors behaviour

7.1. Introduction

Bolted shear connectors behaviour in push-out tests will be presented in this
Chapter, based on the experimental and FEA results.

For the purpose of closer description of behaviour of bolted shear connectors, they
will firstly be compared to the most commonly used shear connectors - welded headed
studs. Basic shear connector properties such as: shear resistance, stiffness and ductility
will be compared and discussed in detail for both shear connectors using experimental
and FEA results. Further, bolted shear connectors failure modes (bolt and concrete) and
their load transferring mechanisms will be developed and validated using FEA results.

Initial slip in hole, noticed in experimental results (see section 4.5.2) will be
closely examined by use of FEA results. Conclusions about its influence on overall

behaviour of bolted shear connectors will be drawn.

7.2. Comparison of bolted shear connectors and headed studs behaviour

Experimental push-out tests results obtained by [Spremié, 2013] for standard
arrangement of welded headed studs (series ST) with diameter d = 16 mm and height
above flange hs. =105 mm, will be used for comparison to bolted shear connectors
series BT (M16).

AN
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% d=16 mm g% M16...8.8 %
§§ | 140 2
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Fig. 7.1 Comparison of tests set-ups for bolted shear connectors and headed studs.
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The same test set-up, materials, testing procedure and equipment were used by
[Spremic¢, 2013], as for bolted shear connectors series BT (M16), shown in this thesis
(see Fig. 7.1). Details about FE models for welded headed studs are given in [Pavlovic¢
et al., 2013a] and [Pavlovi¢ et al., 2013b].

Representative experimental force-slip curves for M16 bolted shear connectors
with single embedded nut and headed studs d = 16 mm are shown in Fig. 7.2, together

with deformed shapes at, or prior to failure.
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Fig. 7.2 Experimental force-slip curves and deformed shapes for bolted shear

connectors and headed studs.

7.2.1. Shear resistance

Approximately the same shear resistance is achieved for bolted shear connectors
as for the headed studs of same diameter and height above flange, as shown in Fig. 7.2,
whereas the behaviour of those two shear connectors is different.

Design resistance of bolted shear connectors is neither defined in [EC4, 2004], nor
in other design codes [BS 5400-5, 1979], [ANSI 360-05, 2005], [JSCE, 2005].
Characteristic shear resistance of high strength bolts in bolted connections of steel

structures, according to [EC3 Part 1-8, 2005], adjusted to the mean measured bolt
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strength fy, = 787 MPa (see Table 4.3) is given by Eq. 7.1. Since the shear plane is
passing through the threaded portion of the bolt, tensile stress area of the bolt As = 157

mm?is considered and a, = 0.6.
Fu.rkadj = &y fup A = 74.1kN 71

The characteristic shear resistance of headed studs according to [EC4, 2004], in
terms of stud failure is specified by Eq. 7.2. It is also adjusted to the real material tensile
strength used in tests fys =523 MPa, see [Spremi¢, 2013]. Gross cross sectional area
A =201 mm?is used for the headed studs.

Pk agj = 0.8 fus A=84.1kN 25

These characteristic shear resistances are presented in Fig. 7.2 for comparison. Eq.
7.2 provides good prediction of the shear resistance of the tested headed studs, as
concluded in other studies [Shim et al., 2004] and [Spremi¢ et al., 2013], whereas shear
resistance given by Eq. 7.1 is conservative for bolted shear connectors with single
embedded nut. Increase in resistance of bolted shear connectors in tests when compared
to the pure shear resistance of the bolt will be explained in section 7.4.1.

Distribution of shear forces and bending moments in a bolt and stud prior to
failure are shown in Fig. 7.3(a) and (b). Values of forces and moments along the shear
connector’s height are obtained by integrating cross section stresses in FEA models.
Results for bolt are shown for bolt only and bolt and nut together in order to point out
the strengthening role of the embedded nut.

Multiple interaction criteria for circular cross sections subjected to bending, shear
and axial force, are developed later in section 7.4.1, will be used here to compare
failures of the bolt and stud. Cross section properties and their ultimate resistances for
separate action of bending, shear or axial force are shown in Table 7.1. Values of forces
and moments obtained by integration of FEA results and utilization of multiple
interaction criteria are given in Table 7.2. The cross section of the bolt and stud at which
the failure occurred are considered in order to investigate the participation of axial
force, bending and shear in failure modes of the shear connectors. Those cross sections
are marked in Fig. 7.3. In addition, the cross section of a bolt above the embedded nut
has been considered so as to investigate some possible combined shear/bending failure

of the bolted shear connector with single embedded nut.
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Table 7.1 Properties and resistances of bolts and headed studs.

position Cross section properties Single ultimate resistances
above (N; mm) (KN; mm)
Shear the -
connector strength diameter area section axial bendin shear
flange g modulus g
z (mm) fu,adj d A; As Wpl NRu MRu VRu
bolt at the
. 0.0 852 14.1* 157 471 133.8 401.3 80.3
interface layer
bolt above the
852 14.1* 157 471.0 133.8 401.3 80.3
embedded nut
stud above
6.5 556 16.0 201 682 111.8 379.6 67.1
the collar

* for threaded part of bolt: d = dpom - 0.938P = 14.12 mm
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Table 7.2 Failure criterions for bolts and headed studs.

position Ultimate forces — FEA Multiple interaction

Shear above the (KN; mm) failure criterion

connector flange  axial bending shear axial bending shear )
zmm) N M Vo (NINg)™ (M/Mgry)+ (2V/VR1)* = 1.0

bolt at the

. : 36.0 96.7 73.1 0.073 0.241 0.675 0.988
interface layer

bolt above the

346 181.9 51.0 0.067 0.453 0.073 0.594
embedded nut

stud above

26.1 212.0 54.0 0.055 0.559 0.372 0.985
the collar

It can be seen in Table 7.2 that the axial force have very small contribution to the
failure in both cases. The failure of headed studs occurs due to combined bending (56%)
and shear (37%) at the shank above the weld collar. At the mentioned cross section,
shear force in a stud shank is reduced when compared to the ultimate shear force, since
its portion is directly transferred through the weld collar. This is the main reason for the
improved characteristic shear resistance of headed stud according to [EC4, 2004], or
other design codes, when compared to a theoretical pure shear failure criterion of a stud
shank which is presented in Eq. 7.3.

1
Prics =08f A>—=f A= Fus 7.3

7

Shear at the interface layer is the dominant failure mode for the bolted shear
connector with single embedded nut, with 67% participation of shear in multiple
interaction failure criterion. Cross section at the shank above the nut is not critical, apart
from an increased bending, since the overall failure interaction criterion is low (0.594 in
Table 7.2). Reason for this is the reduced shear force, which means that one part of it is
transferred directly through the embedded nut.

The main consequence of the pure shear failure mode at the steel concrete
interface is low ductility of grade 8.8 steel material used for bolted shear connectors.
Also, this is the reason why they have either lower or the same shear resistance as
comparable headed studs even though their mechanical properties are nearly 50%

higher.
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7.2.2. Stiffness

Bolted shear connectors with single embedded nut showed less stiffness at the
serviceability loads when compared to the welded headed studs. Lower initial tangential
stiffness kinit (elastic behaviour), as shown in Fig. 7.4, is brought about by random
distribution of bolt-to-hole clearances within 8 bolts in one push-out specimen.
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w B [$)] D
o o o o

N
o

Force per shear connector (kN)
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Slip (mm)

Fig. 7.4 Shear connector stiffness.

Bolted shear connectors also showed earlier onset of nonlinearity as shown in Fig.
7.2, due to penetration of threads into the hole surface (see Fig. 4.28(b) and Fig. 7.10)
and reduced bearing capacity of the concrete in front of the embedded nut, explained
later in section 7.4.2. This results in reduced secant shear connector stiffness at
serviceability loads ks, of bolted shear connectors M16 when compared to welded
headed studs d = 16 mm, as derived according to [EC4, 2004] and shown in Fig. 7.4. A
composite beam with 40 m span was analysed by [Todorovi¢, 2013] using real force-
slip curve for M24 bolted shear connectors with single embedded nut in FEA. The
analysis showed that deflections at serviceability loads are 10% higher when compared
to the elasic theory. Therefore, it may be assumed that even with the reduced stiffness of
bolted shear connectors when compared to the headed studs, propper behaviour of the
composite beam is ensured. Similar conclusion can be drawn by observing the results of

beam tests with bolted shear connectors in Fig. 2.11 made by [Kwon, 2008].
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7.2.3. Ductility

Bolted shear connectors M16 with single embedded nut have reached ultimate slip
of &, =45 mm (see Table 4.12) which is lower when compared to headed studs
(approximately 6.5 mm). According to [EC4, 2004], with characteristic ultimate slip
lower than g <6 mm, M16 bolted shear connectors with single embedded nut would
not be classified as ductile. This would exclude the possibility of their usage in partial
shear connection and only elastic distribution of longitudinal shear flow would be
possible. The main reason for lower ductility is the shearing of the bolt at the flange-
concrete interface. [Hawkins, 1987] showed that ductility of bolted shear connectors
without embedded nut is higher, whereas the stiffness and shear resistance of such shear
connector is remarkably reduced when compared to the welded headed studs (down to
15%). Welded headed studs can be treated as ductile for a limited range of stud
diameters, height, distances and concrete strengths, which is defined by [EC4, 2004].
Similarly, for bolted shear connectors with single embedded nut, higher ductility may
be achieved by variation of these parameters as [Nguyen and Kim, 2009] have shown
for headed studs. This will be analysed in details for bolted shear connectors in section

8.3 using results obtained in the parametric study (section 6.3).

7.3. Cyclic behaviour of bolted shear connectors

Accumulative slip was noticed during cyclic loading in push-out tests results for
bolted shear connectors presented in section 4.5.2. It may have influence on overall
behaviour of a steel-concrete composite beam by increasing the initial slip during
construction stage, analysed in the case study shown in section 3.2. Therefore, this
cyclic behaviour will be closely examined and quantified here, using experimental test
results and FEA results of model presented in section 5.8.

Comparing bolted shear connectors M16 and welded headed studs d = 16 mm in
Fig. 4.32, studs showed practically no initial slip during the cyclic loading. The reason
lies in the fact that they are welded to the steel flange. This was also concluded by
[Gattesco and Giuriani 1996]. In case of bolted shear connectors, initial slip occur in the
first load cycle, right after the friction forces due to preloading of bolts are overcome
(around 80 kN shear force in Fig. 4.32 and Fig. 4.33). Large differences in initial slip
for the tested specimens of bolted shear connectors, during the first load cycle, can be
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noticed. Those are affected by different clearances between bolts and holes in the steel
flange. Moreover, tested specimens consisted of eight or four bolts, with randomly
distributed clearances, ¢ = 0.0 to ¢ = 1.2 mm. In FE analysis this phenomenon has been
simulated by setting maximum and minimum initial clearances for lower and upper bolt
of series BT (M16), c = 0.9 mm and ¢ = 0.1 mm, respectively, as shown in Fig. 5.21(b).

Cyclic behaviour of bolted shear connectors is presented in Fig. 7.5 and Fig. 7.6
with the use of FEA results. Deformed shapes and concrete compressive damage
variable contour plots are shown in Fig. 7.5 for the first and the last loading cycle.
Concrete crushing curves (DAMAGEC) at different depths below the embedded nut
(points P1, P2 and P3 in Fig. 7.5(a)), through loading cycles are shown in Fig. 7.6(a).
Threads penetration through loading cycles is shown in Fig. 7.6(b).

After the first load cycle, some bolts void their clearances, but others do not (see
Fig. 7.5(b)). Considering further cycles, those bolts transfer shear load by bearing and
therefore are subjected to higher shear loads than Py / 8 (for series BT), because other
bolts are limited to the slipping friction resistance. Their threaded parts penetrate into
the hole surfaces and crushing of concrete occurs in front of them (see Fig. 7.5(b) and
(c)). This difference in load transferring mechanism between upper and lower bolt can
be seen by comparing Fig. 7.5(a) and (b). Lower bolt has not voided its large initial
clearance and practically no crushing of concrete occurs in front of it.

In further load cycles, threads of overloaded bolts penetrate deeper into the holes
surfaces and crushing of concrete propagates leaving noticeable increment of plastic
deformation (slip) in each cycle (see Fig. 4.32 and Fig. 4.33). During this process, more
bolts void their clearances and they start to transfer the shear load by bearing. This leads
to the decrease of slip increments. It can be seen in Fig. 7.6 that treads penetration and
concrete crushing at different depth points in front of upper bolt are convergent. Also,
observing experimental force-slip curves in Fig. 4.32 and Fig. 4.33, accumulated initial
slip during cyclic loading seem to be convergent with number of cycles, possibly ending
with all bolts voiding their clearances.

It can be observed in Fig. 4.32 that specimen BT1 possibly had some bolts with
no clearance, and that slip in first loading cycle (0.32 mm) comes from the threads
penetration. Thread penetration in the first load cycle of FE results, shown in Fig. 7.6(b)

is lower (0.23 mm), but this difference is to be expected since in FE analysis four out of
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eight bolts are in bearing due to the double symmetry conditions. As an opposite

example, specimen BT2 had largest initial accumulated slip (see Fig. 4.32), possibly

having most of bolts with maximum clearance of 1 mm.
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Initial clearances in experiments series CT (M24) were controlled as presented in
Table 4.2. Specimens CT1 and CT3 were set to have minimum clearances, while
specimens CT2 and CT4 had maximum clearances. It can be noticed in Fig. 4.33 that it
did have influence on initial slip during cyclic loading, as the specimens CT1 and CT3
exhibited lower initial slips when compared to the specimens CT2 and CT4.

Bringing together results presented in Table 4.12, Table 4.13, Fig. 4.32, Fig. 4.33
and FEA results considering threads penetration shown here the following may be
concluded: Maximum initial (residual) slip at 40% of ultimate shear resistance of bolted
shear connectors is dependent on initial clearance and threads penetration. Threads
penetration is dependent on steel flange material grade and bolt size. In composite decks
it may be assumed that 40% of ultimate design load approximately corresponds to the
characteristic value of dead loads. This can be shown from the case study presented in
section 3.2. For the steel flange grade S235 (the lowest used in construction) initial slip

at characteristic value of design loads may be estimated according to Eq. 7.4.
5@ :Cmax+d/40 74

In previous equation Cmax is the maximum initial bolt-to-hole clearance and d is
the nominal bolt diameter. First part of the Eq. 7.4: cmax, presents the initial slip due to
voiding the initial clearance, while second part: d/ 40, predicts the initial slip due to
threads to hole penetration. Validation of proposed Eg. 7.4 is given in Table 7.3 through
comparison to experimental data given in Table 4.12 and Table 4.13 for bolted shear
connectors series BT and CT, respectively. Good matching ratios (correlation) have

been achieved.

Table 7.3 Initial slip at dead weight load level.

Geometric properties Initial slip at 40% of Py, (dead weight load level)
Specimen bolt size hole size clearance acc.to Eq. 7.4 max tested correlation
series  d(mm) do (MM) Crax (MM) & (MM) Sinit (MM) S | Snit
BT 16 17.0 1.0 1.40 1.37 1.02
CT 24 25.2 1.2 1.80 1.82 0.99

Observing experimental results in Table 4.12, Table 4.13, Fig. 4.24 and Fig. 4.25
it can be concluded that ultimate resistance of bolted shear connector is not influenced

by initial slip in hole and thread penetration.
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7.4. Failure modes

Possible failure modes for a bolt embedded in concrete, loaded in shear, are
shown in Fig. 7.7, originating from [CEB-FIP, 2011]. Generally, they are divided into
steel failure (shearing) and concrete failure (edge breakout, pryout, pryout at edge and

pullout).

b1) Edge breakout; bz) Group edge breakout;
b3) Corner edge breakout

cs3) Pryout at an edge d) Pullout (catenary action)

Fig. 7.7 Possible shear failure modes for an anchor bolt embedded in
concrete [CEB-FIP, 2011].

Since the bolted shear connectors, studied here, are intended for use in steel-
concrete composite decks, all edge failure modes are excluded as they will be placed far
from an edge of the concrete slab. Further, bolted shear connectors are similar to the

headed anchors which excludes pullout failure mode of concrete. Distances of the
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bolted shear connectors considered in this research are all set to avoid the group

behaviour. Also, [Pallarés and Hajjar, 2010] concluded that for welded headed studs, to

which the bolted shear connectors are similar, the most probable failure mode of

concrete is pryout.

Based on the stated information, there are only two possible failure modes for

bolted shear connectors with single embedded nut: shear failure of the bolt at the flange-

concrete interface (Fig. 7.7(a)) and pryout failure of concrete (Fig. 7.7(c1)). Those

failure modes are shown in Fig. 7.8 from the results of the parametric study. Two

characteristic cases, in which different failure modes occurred, are shown (see Table

6.7).

PE, Max. Principal
(Avg: 75%)

DAMAGET

(Avg: 70%)
1.000
0.900
0.800

a) M12_h5_C38 — bolt failure

Fig. 7.8 Failure modes of bolted shear connectors — influence of bolt diameter.

PE, Max. Principa
(Avg: 100%)

DAMAGET

Y
b) M20_h3_C38 — concrete pryout failure

Case M12_h5_C38, shown in Fig. 7.8(a) exhibited bolt failure at the threaded
part, while case with larger diameter and same height, M20_h3_C38, exhibited pryout
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failure of the concrete. Maximum principal strains (PE, Max. Principal) are shown,
indicating both shearing strains in the bolts and tensile cracks in concrete. Additionally,
variable of tension damage in concrete DAMAGEC (see section 5.6.2) is overlapped
with maximum principal stresses and shown with the red colour. It can be noticed that
in the case of bolt failure (Fig. 7.8(a)) tensile crack in concrete behind the shear
connector M12_h5 C38 is relatively small, and it did not reach the outer concrete
surface at the ultimate load. It is obvious that pryout resistance of concrete is much
higher than the bolt shear resistance in this case. In the case of concrete pryout failure,
several paths of concrete tension damage variable, DAMAGEC, can be noticed in Fig.
7.8(b). Among those, only the pryout characteristic crack behind the shear connector
exhibited some large plastic strains indicating crack opening.
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Fig. 7.9 Pryout tension crack surface (half of the concrete cone).

To get more insight to concrete pryout failure mode, characteristic pryout crack
behind the shear connector is presented in Fig. 7.9 by orthogonal and isometric

projections. It was visualized as isosurfaces of maximum principal strains between
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values 0 and 0.05. This surface has a shape of half of the concrete cone surface of
headed anchor bolts loaded in tension.

Two possible failure modes were also observed in the experimental works (push-
out tests), presented in section 4.5. Bolted shear connectors M16 (series BT) exhibited
failure of the bolts in all specimens; while larger diameter bolted shear connectors M24
(series CT) exhibited failure of the concrete. The reason lies in the relation between the
shear resistance of the bolts and the pryout capacity of the concrete. It has been shown
by supplemental shear tests of the bolts series CT (section 4.6) that their shear resistance
is higher than the concrete pryout resistance of concrete that was achieved in push-out
tests series CT. It was very useful that both failure modes appeared in the push-out tests,
because it enabled the FE models, used later for the parametric study, to be calibrated

both in terms of bolt and concrete failure (see section 5.7).
7.4.1. Bolt failure mode

Firstly, load transferring mechanism for the bolt failure mode will be explained
here based on experimental and FEA results for M16 bolted shear connectors (series
BT). Later, analytical model (AM) for the bolt failure will be developed and evaluated
using forces and moments obtained in the parametric study.

M16 bolted shear connectors (series BT) has exhibited bolt failure. Characteristic
shearing shape of a failure area is shown in Fig. 7.10. It has been shown in section 7.2
that their shear resistance is approximately 20% higher when compared to the pure
shear resistance of the bolt according to [EC3 Part 1-8, 2005] (see Fig. 7.2).

>

Ny .‘ ’
g By LR

Fig. 7‘.10 Characteristic failure of bolt by shear and nut and thfead penetration.
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Increase in load-bearing capacity for the bolt failure mode comes from friction
and contact forces acting on the embedded nut and concrete as well as the catenary
effects in the bolt. These effects are illustrated in Fig. 7.11 on a deformed geometry at
the ultimate load prior to failure. Four internal force components have been defined:

Fs — pure shear resistance of a bolt,

F — catenary force,

Fnt — nut friction-contact force,

Fcs — concrete friction force.

Total analytical shear resistance for the bolt failure of bolted shear connector with

single embedded nut P, am Ccan be defined by Eq. 7.5
I:)b,AM = Fs + I:t + an + l:cf 7.5

Shear and axial forces in bolt at the ultimate load level, obtained by integrating
numerical results are shown in Fig. 7.12 together with vectors of maximum principal
stresses (tension) and contour plots of Von-Mises stresses. The pure shear resistance of
bolt Fs is practically the same as the ultimate resistance given in [EC3 Part 1-8, 2005]
(Eqg. 7.1) since the plasticity and damage models were used in FEA and calibrated to
match real bolt material. Axial bolt force due to initial bolt preloading is lost at the
ultimate shear load, as it is shown in section 6.2.1. However the force due to pryout
effects (see section 7.4.2) and embedded nut inclination is produced and it reaches
approximately 30% of bolt tensile resistance. It has been proven by [Chesson et al.,
1965] that a tensile stress up to 30% of tensile strength does not influence the bolt shear
resistance. On the contrary, in the case of bolted shear connectors with single embedded
nut, axial force in bolt increases the ultimate shear resistance of the shear connector by
catenary effects. Catenary effects arise from internal force equilibrium defined on
deformed geometry of the shear connector as shown in Fig. 7.11. Bolt axis and axial
force Fy are inclined at the interface layer under the angle « due to bending of the shear
connector. A vertical projection of inclined axial force F; increases the bolt resistance to
vertical shear: F;=F.sin(a). Required anchorage of the bolt to the steel flange is
provided by the thread penetrated into the hole surface as well as the presence of the
outer nut and washer. Shear resistance of bolted shear connector with single embedded

nut is increased by 9% through catenary effects for the case studied here.
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Fig. 7.11 Load transfer mechanism for the bolt failure mode.
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Fig. 7.12 Forces and maximum principal stresses prior to failure of the bolt

Due to pryout effects, described later in section 7.4.2, friction force at a flange-
concrete interface F is present as shown in Fig. 7.11. It is relatively small compared to
other additional forces described here and shown in Fig. 7.13. Reasons lie in the
reduction of contact stresses by embedded nut inclination (see zone 1 in Fig. 7.16) and
reduced friction coefficient at the interface layer by greasing the steel flange surface
during specimen preparation in this research.
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Inclination of the embedded nut results in high contact stresses at a nut-flange
interface, thus producing friction forces. Simple friction at the nut-flange interface is
improved by the contact between the nut edge and the vault surface of flange (groove)
produced by nut inclination, as shown in Fig. 7.10. This “groove” effect produce the
contact forces parallel to the steel flange. Nut friction force Fys increases additionally at
ultimate loads as the nut grooves into the steel flange deeper due to increased bolt shank
bending (see Fig. 7.13). Shear resistance of bolted shear connectors with single
embedded nut is increased by 11% through the embedded nut friction force and groove
contact for the case studied here. Portion of interface shear force transferred directly by
the embedded nut can be seen as a rise of the shear force at the root cross section in Fig.
7.3(a).
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Fig. 7.13 Friction forces acting on the embedded nut and concrete.

In order to deeply investigate the bolt failure, analytical failure criterion for
interaction of axial force, bending moment and shear is developed here for circular cross
section. It was used to compare failure criterions of bolted shear connectors and welded
headed studs in section 7.2.1. It has been shown that for M16 bolts, main contribution to
the failure comes from the shear force. In this section, proposed interaction criterion for

the bolt failure will be applied to different bolt diameters d in order to get more insight
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into their behaviour. Forces and moments in bolts, obtained by integrating stresses in

results of the parametric study, will be used.

Firstly, interaction of axial force and bending moment is obtained by plastic

analysis of cross section capacity at the ultimate load level, reaching full bearing

capacity of the cross section for simultaneous action of axial force and bending moment.

Outer parts of a circular cross section shown in Fig. 7.14, with heights h and areas Ay,

are resisting bending moment while middle part with an area Ay is carrying the axial

force.
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Fig. 7.14 Multiple interaction criteria for circular cross section.

Cross sectional areas Ay, An and centroid distance zy are defined by Eqg. 7.6, Eq.

7.7 and Eqg. 7.8 in function of height h.
Ay (h) =R2a/2—(R—h)2Rh —h?
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In previous expressions « is the central angle in radians, defined in Fig. 7.14.
With ultimate stress f, reached in the whole cross section, axial force and bending
moment capacities can be obtained in function of height h, according to Eg. 7.10 and
Eq. 7.11.

M (h) =2z (h) Ay (h) f, 7.10
N(h) = Ay (h) f, 7.11

Varying height h from 0 to R, in previous expressions, corresponding limiting
values of axial forces and bending moments are obtained analytically which are shown
in Fig. 7.14 as the normalized interaction curve. As the analytical solution of this curve
would be too complicated for practical application, simplified interaction curve is
proposed in form of Eqg. 7.12. Good fit to analytically obtained interaction curve is
found with exponents n =2 and m = 1, which also matches the interaction criterion for

rectangular solid section given in [EC3, 2005].

(N/Ngy )" +(M /Mg, )" =1 7.12

Shear is introduced in given axial force and bending interaction criteria with
reduction of ultimate strength of material to value of (1-p)f,, as defined in [EC3, 2005],
section 6.2.10. This leads to Eq. 7.13 as illustrated in Fig. 7.14.

(N/Ng )" +(M /Mg, )" =1~ p) 7.13

Reduction factor p= (2V / Vre-1)%, is valid for V > 0.5Vg,, as defined by [EC3,
2005]. Finally with n, m and p introduced as previously defined, multiple interaction
criteria for axial force, bending and shear for circular solid section is obtained in Eq.
7.14.

(N/Ngy )’ +(M /Mgy )+(2V /Vg, —1F <1.0, for V > 0.5Vg, 7.14

Summary of the parametric study results is given in Table 6.7. Cases with mean
cylinder compressive strength f., = 38 MPa and height to diameter ratio hy. / d = 5, were
chosen for the comparison here, since the bolt failure occurred in all of them. Force-slip
curves are shown in Fig. 6.16 to Fig. 6.19. Von-Mises stresses and bearing stresses in
concrete are shown for those four cases in Fig. 7.15, in their states prior to failure of the
bolts. It can be seen that at the flange-concrete interface layer Von-Mises stresses are

reduced due to shear damage model used for bolt material. Moreover, combined ductile
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and shear damage occurred in some cases (multiplicative rule was used in Abaus) which

will be shown through application of the failure criterion given in Eq. 7.14.
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a) M12_h5_C38 b) M16_h5_C38

c) M20_h5 C38 d) M24_h5_C38
Fig. 7.15 Failure of the bolts in the parametric study.

Cross section properties and their ultimate resistances are shown in Table 7.4.
Ultimate resistances are calculated with respect to real material strengths f, g equal to
true ultimate stresses o, shown on Fig. A.2 for bolts, taking into account influence of
large stains occurring at the ultimate load level. Values of forces and moments at the
flange-concrete interface layer, shown in Table 7.5, are obtained by integration of FEA
results. Utilization factors of multiple interaction criteria (Eq. 7.14) are given in Table
7.5 for all bolt diameters.

Utilization factors for all cases are near 1.0 which corresponds to the bolt failure.
Observing separate utilization factors for axial force, bending and shear, following
conclusions can be drawn. Shear is definitively dominant contributor in multiple failure
criterion of bolt in the case of small bolt diameters. In the case of bolt M12 contribution
of axial force in failure is only 2%, bending 19%, while the rest goes to the shear with
78%. As the diameters increases, contribution of bending and axial force becomes more

significant. For M24 bolt, contribution of shear is reduced to 57%, while axial force and
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bending contributions are increased to 8% and 39%, respectively. In fact, the capability
of bolts with larger diameters to resist shear forces with their full capacity is reduced
due to increased bending and axial force in failure zone. Still, part of the total shear
force acting on the bolted shear connector is transferred directly by the concrete friction,
embedded nut contact-friction and catenary effects. All together it will be shown in
section 8.2.1 that proposal for shear resistance criterion for the bolt failure will not be

proportional to the bolt cross sectional area.

Table 7.4 Properties and resistances of bolts M12 - M24.

position Cross section properties Single ultimate resistances

above the (N; mm) (KN; mm)
Shear

flange . section _ :
connector strength diameter area axial  bending  shear

modulus

z (mm) fu,adj d As Wpl NRu MRu VRu
M12_h5 C38 0 852 10.6* 88.8 200.3 75.6  170.7 45.4
M16_h5_C38 0 852 14.2* 157.8 474.8 1345 4045 80.7
M20_h5 C38 0 852 17.7* 246.6 927.3 210.1 790.1 126.1
M24 h5_C38 0 852 21.3* 355.1 1602.5 302.6 1365.3 181.5

* for threaded part of bolt: d = dpom - 0.938P = 14.12 mm

Table 7.5 Failure criterions for bolts M12 — M24.

position ~ Ultimate forces — FEA Multiple interaction
Shear above the (KN; mm) failure criterion
connector flange  axial bending shear axial bending  shear )
z(mm) N M % (N/Nr))’ + (M/IMg)) + (2V/VR-1)® =~ 1.0
M12 h5 C38 0 99 317 42.7 0.017 0.186 0.777 0.980
M16_h5 C38 0 26.5 93.8 742 0.039 0.232 0.704 0.975
M20 _h5 C38 0 42.3 266.2 113.1 0.041 0.337 0.631 1.008
M24_h5 C38 0 87.6 531.8 1595 0.084 0.390 0.573 1.047

7.4.2. Concrete failure mode

Concrete failure mode for bolted shear connector loaded in shear is governed by
its pryout resistance as shown in section 7.3. Analytical model (AM) for concrete pryout
resistance will be developed here based on specific load transferring mechanism and

confinement effects in concrete.
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Much higher bearing stresses than the concrete strength f.., in zone of shear
connector root, are needed to sustain ultimate shear forces, which is also concluded by
[Oehlers and Bradford, 1999]. High bearing stresses can be developed by triaxial stress
state producing confinement condition in concrete [Malecot et al., 2010]. Local
confinement condition in front of the root of shear connector is induced by internal
compression force in concrete. This internal compression force arises from pryout
effects producing stresses in concrete parallel to the shear connector shank. Those
confinement effects will be explained with the help of FEA results for M16 bolted shear
connectors and d =16 mm welded headed studs. Comparison to the welded headed
studs is made since it is easier to be explained in that case. Confinement effects are
illustrated in Fig. 7.16, together with plots of stresses in concrete parallel to the shear
connector shank. Slip of 3.0 mm was selected as it produces approximately 90% of
shear resistance (ULS) for both shear connectors, see Fig. 7.2.

Axial force in the welded headed stud is the consequence of restrained concrete
transverse expansion due to perpendicular local bearing stresses in front of a stud root.
Concrete expansion is restrained between the steel flange (zone 1 in Fig. 7.16(a)) and
the stud head (zone 3). This produces high compression stresses in concrete parallel to
the stud shank in zone 1, together with axial tension force in the stud shank.
Additionally, expansion of concrete in transversal direction (perpendicular to the shank)
is constrained by the surrounding concrete. Triaxial compression stress state is
accomplished, and it results in local confinement condition in concrete in the bearing
zone 1.

In case of bolted shear connector with single embedded nut, main internal
confinement force is produced between the embedded nut and the bolt head, as clearly
displayed in distribution of concrete parallel stresses in Fig. 7.16(b). Concrete above the
nut (zone 2) is “pushed” due to nut inclination induced by a reaction load in concrete
acting eccentrically on bolt. Concrete in front of the embedded nut (zone 1) is by the
same principle “pulled” by the nut inclination. This reduces concrete compression
stresses parallel to the bolt shank in zone 1 which are produced by the restrained
concrete expansion in direction parallel to the bolt shank. Triaxial compression stress
state (pressure) is reduced in zone 1, affecting local confinement effects and decrease of

bearing stresses in front of the embedded nut.
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Bearing stresses in concrete are shown in Fig. 7.17(a) and (b) for the bolt and
headed stud. Slip values of 0.5 mm and 3.0 mm are chosen so as to represent the
serviceability and ultimate load level shown in Fig. 7.2. Described local confinement
effects can be noticed as the bearing stresses are much higher than the concrete
compression strength fe,,. Capability of concrete damaged plasticity (CDP) model in
Abagus to handle the confinement effects automatically is explained by [Yang and Su,
2012].
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Fig. 7.16 Pryout forces and parallel stresses.

Bearing stresses for the bolted shear connector in zone 1 (in front of the embedded
nut) are limited by previously explained mechanism. At 0.5 mm slip, bearing stresses in
zone 1, shown in Fig. 7.17(a), are significantly lower for bolt when compared to the
welded headed studs. Decrease of the shear force value for the bolts at 0.5 mm slip,

shown in Fig. 7.2, is relatively smaller when compared to the decrease of bearing
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stresses due to larger effective width of the embedded nut when compared to the weld
collar and shank in the case of headed studs. Reduction of bearing stresses in front of
the embedded nut is one of the reasons for earlier nonlinear behaviour of bolted shear
connectors, noticed in section 7.2.2. At the ultimate load level, shown in Fig. 7.17 (b),
higher local confinement effects of concrete in zone 2 for the bolt, produces much
higher bearing stresses compared to the headed stud. Therefore, similar shear resistance

is achieved for both shear connectors, as stated in section 7.2.1.
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Fig. 7.17 Bearing stresses in concrete for the bolts and headed studs

at depth of 3 mm bellow the shear connectors.

Based on the described confinement effects in concrete, an analytical model for
the concrete failure will be developed here, and evaluated upon experimental and FEA
results in Table 7.6 to Table 7.8.

Load transferring mechanism for the concrete pryout failure is shown in Fig.
7.18(a). It is based on limiting the confined bearing stresses in concrete in front of the
bolted shear connector by a tensile resistance of concrete behind the shear connector.

Four internal force components have been defined in Fig. 7.18(a):

Fcp1 — bearing force in concrete in front of the embedded nut (zone 1),

Fen,2 — bearing force in concrete in front of shank above the nut (zone 2),

Fee — concrete friction force,

F.s — nut friction-contact force.
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Concrete friction force F¢ and nut friction-contact force F,s are common for both
the bolt and concrete failure modes and they are already explained in section 7.4.1 for

the bolt failure mode.
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Fig. 7.18 Load transferring mechanism for the concrete pryout failure.

Shear resistance for the concrete pryout failure of the bolted shear connector with
single embedded nut P; am can be defined analytically by Eq. 7.15.

F)c,AM = I:cb,l + I:cb,2 + an + I:cf 7.15

Bearing forces in front of the nut and shank, F¢,; and F, 2 are given in Eq. 7.16
and Eq. 7.17, respectively, as products of bearing areas and bearing stresses f.; and
fec.2. Distribution of stresses and dimensions of bearing areas are shown in Fig. 7.18(b).
Bearing area in front of the nut (zone 1) is given by its thickness m ~ 0.83d and minimal
width s ~ 1.5d (see Fig. 7.19(b)). Bearing area in front of the shank (zone 2) is given by
the bolt shank diameter d and a shank bearing length I,. The shank bearing length
I, # 1.5d and bearing stresses distributions, shown in Fig. 7.18(b) are estimated based on

bearing stresses distribution shown in Fig. 7.17(b).

FCb,]_ =S-m- fCC,Z z].Sd . 083d . fCC,l =125d ? fCC,l 7.16
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l,d 1.5d-d
FCb,Z = b? fCC,Z ~ T fCC,Z = 075d 2 fCC,Z 717

Bearing strengths of concrete in zones 1 and 2: f..; and f.., are improved by
previously explained confinement effects. Confinement effects are governed by level of
parallel and transversal stresses. It is assumed here that the parallel and transversal
stresses produced by the restrained concrete expansion are equal: o, = ci= o, Where
o IS defined as the confinement stress. Based on the concrete confinement model given
in [EC2, 2004], (section 3.1.9, Eq. 3.25), increased concrete strengths in zones 1 and 2:

fec1 and fec 2 can be calculated as given in Eqg. 7.18 and Eq. 7.19, respectively.
foer= fom(1.125+2.50 1/ fom ) 7.18
foer = fom(1.125+ 250,/ fom ) 7.19

Confinement stresses o1 and o;», can be estimated, based on internal
compression forces parallel to the bolt shank produced by previously explained
confinement effects. Those confinement forces acting on the flange-concrete interface
Fcc1 and a nut-concrete interface F. » are shown in Fig. 7.18(a).

Confinement stresses in zones 1 and 2, o¢; and o2, are given in Eq. 7.20 and Eg.
7.21 as confinement forces, F.. 1 and F, divided by the contact areas A1 and A ».

O¢1= Fcc,llAc,l 7.20
O¢c2 = Fcc,Z/Ac,z 7.21

Contact areas at the flange-concrete and nut-concrete interfaces, Ac; and A, are
shown in Fig. 7.19(b) and given in Eq. 7.22 and Eq. 7.23, respectively.

Observing the FEA results, it is estimated that confinement force Fc.; (zone 1 - in
front of the nut) is transferred by an area defined by a circle with diameter ~ 1.5d.
Confinement force Fc., (zone 2 - in front of the shank above nut) is transferred by the

lower third of the nut area.

2
Ay~ &8N 7742 7.22
1(1.5d)? -d? )
Ao~ FEE— 0.333d 7.23
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Fig. 7.19 Confinement effects in bearing zone.

Based on these statements, confinement effects, and therefore the bearing stresses
in concrete, are dependent on the level of confinement forces parallel to the bolt shank,
produced by the restrained expansion of concrete and inclination of the embedded nut.
Those confinement forces also produce the axial force in the bolt shank. Further, tension
force in the bolt shank produces the axial force in concrete behind the shear connector.
Relation expressed in Eq. 7.24 is assumed based on equilibrium of forces parallel to the
bolt shank shown in Fig. 7.18(a). It shows that sum of confinement forces in front of the
shear connector Fc.1+ Fe2 is limited by the capacity of concrete behind the shear

connector loaded in tension F.
I:cc,1+ I:cc,2 = I:ct 7.24

Individual levels of confinement forces F..1 and F., are given in Eq. 7.25 and
Eq. 7.26, respectively. Distribution factor 7 is introduced in Eq. 7.25 and Eq. 7.26 to
govern the contribution of each confinement force to the total sum given in Eq. 7.24.
Distribution of confinement forces, with n=2/3=0.66, is estimated observing the

FEA results, giving good results for the cases shown in Table 7.6 to Table 7.8.
Fcc,l = (1_ U)Fct ~ 033Fct 7.25
Feo = 1R, ~ 0.66F 7.26

Capacity of concrete behind the shear connector loaded in tension is governed by
the concrete cone failure. Concrete cone resistance can be obtained by model given in
[CEB-FIP, 2011] for cast-in headed anchors (section 19.1.1.4). According to [CEB-FIP,
2011], (clause 19.1.1.4a and Eq. 10.1-2a) the ultimate concrete cone resistance of a
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single anchor for pure tension Nguc is given in Eq. 7.27, where An/ AN is the

overlapping ratio given in Eq. 7.28.

Npoe =12.7/f; h”’ACN 7.27

An  (L5hg +5./2)3h;  1+5,/3n, g
Ay 3h,, -3h,, 2 '

In previous expressions, f.m is the mean concrete cylinder strength in N/mm?
while s; is the transversal spacing of the connector in mm, as shown in Fig. 7.20(a).
Reference area of the concrete cone of an individual anchor with large spacing A% and
the actual projected area of the concrete cone limited by overlapping with adjacent

anchors A are shown in Fig. 7.20(a).
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Fig. 7.20 Determination of concrete ultimate tensile capacity of an anchor.

For the concrete pryout failure mode observed here (the shear connector loaded in
shear), only the part of concrete behind the shear connector is subjected to tension, as
shown in Fig. 7.9. Finally, capacity of concrete loaded in tension behind the shear
connector can be obtained as half the capacity of full concrete cone, as given in Eq. 7.29
and shown in Fig. 7.20(b).

Fct = NRu,c /12 7.29

Identical to the bolt failure, portion of applied shear load is directly transferred by

friction at the flange-concrete interface F¢ and the nut friction-contact force Fs, as
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shown in Fig. 7.18(a) and given in Eq. 7.15. Concrete friction force F¢ given in Eq.
7.30 is produced by the confinement force F..; and governed by a flange-concrete
friction coefficient k.. Throughout the analyses shown in this thesis, the flange-concrete
friction coefficient was assumed to be k. = 0.14 since the steel flange was greased prior
to assembling which was also taken into account in FEA. Therefore the same value is

used for the case study shown here.
Fer =K I:cc,l ~ 0-14Fcc,1 7.30
Foe =Ky I:cc,2 ~ 1-OFcc,2 7.31

Nut friction-contact force F, given in Eq. 7.31 is produced by a contact force
which can be assumed to be equal to the zone 2 confinement force F¢,, due to
equilibrium of parallel forces acting on the nut. Simple friction between the embedded
nut and the steel flange is improved by the contact produced due to nut penetrating
(groove) into a steel flange surface, as already explained in section 7.4.1 (see Fig. 7.13).
It is roughly assumed here that friction coefficient due to those groove effects is
improved up to k,=1.0. Contribution of forces F, and Fq¢ is not significant when
compared to the contribution of bearing forces in concrete Fe,1 and Fep 2. Therefore, the
rough approximation of coefficient k,, given here does not make large influence on the
final results.

Finally, shear resistance for concrete pryout failure P;au for the bolted shear
connector with the single embedded nut is obtained in Eq. 7.32 by incorporating Eqg.
7.16 to Eqg. 7.31 into Eq. 7.15.

P.pom = 2.25d 2 fo +1.058(3hg, + 8¢ ) femhsc [3.867 + K+ ky (L—17) +1.77]  7.32

The analytical model for concrete pryout resistance presented here is evaluated in
Table 7.6 to Table 7.8. Few cases analysed previously in the parametric study (section
6.3) were chosen for evaluation and comparison with analytical model shown here.
Analytical shear resistance for the concrete failure has been calculated for different bolt
diameters d =12, 16, 20 and 24 mm with height to diameter ratio hy./d=4 and
concrete compressive cylinder strength f., = 38 MPa. Push-out tests series BT (M16)
and series CT (M24) are also used to evaluate the presented analytical model. Input
geometric and material data are given in Table 7.6, together with evaluation of tension

resistances behind the shear connectors, based on concrete cone failure capacity. Based
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on the presented analytical model, confinement effects are evaluated in Table 7.7 for

each case.

Table 7.6 Analytical model for concrete failure - input data and concrete cone failure.

Geometric and material parameters(N; mm) Concrete cone failures (kN)

Bolt Height Concrete Transf. Shear Overlapping Concrete Tensile
Shear diam. ratio  strength  spacing conn. ratio cone zone
connector height Eq. 7.28 failure  resistance

Eq. 7.27 Eq.7.29

d hee/d  fem St hse Acn/A%n Nrue  Fa
M12_h4_C38 12 4 38 120 48 0.917 23.9 11.9
M16_h4 C38 16 4 38 120 64 0.813 32.6 16.3
M20_h4_C38 20 4 38 120 80 0.750 42.0 21.0
M24_h4 C38 24 4 38 120 96 0.708 52.2 26.1
Series BT 16 6.25 35 100 105 0.667 50.1 25.0
Series CT 24 417 35 110 105 0.683 51.3 25.7

Table 7.7 AM for concrete failure — confinement effects and bearing stresses.

Confinement forces Confinement stresses Confined concrete bearing

(kN) (N/mm?) strengths (N/mm?)
Shear In front In front In front In front In front In front
connector of nut of shank of nut of shank of nut of shank

Eq.7.25 EQ.7.26 EQ.7.20 Eq.7.21  Eq.7.18 Eq. 7.19

Fcc,l Fcc,2 Oc,1 Oc,2 fcc,l fcc,z
M12_h4 C38 4.06 7.88 15.9 164.1 82.6 452.9
M16_h4 C38 5.54 10.75 12.2 125.9 73.3 357.6
M20_h4 C38 7.14 13.86 10.1 104.0 68.0 302.7
M24 h4 C38 8.87 17.21 8.7 89.7 64.5 266.9
Series BT 8.52 16.53 18.8 193.7 86.4 523.6
Series CT 8.73 16.94 8.6 88.2 60.8 260.0

Individual internal bearing and friction forces and total resistances for the concrete
pryout failure mode are given in Table 7.8. Values of shear resistances for the concrete
failure P.rea taken from Table 8.3 are shown for comparison. For the experimental
push-out test data shear resistances Py, to be compared to the analytical model, are
obtained from Table 4.12 and Table 4.13.
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Table 7.8 AM for concrete failure — internal forces and shear pryout resistances.

Bearing and friction forces (kN) Resistances (kN)
Nut cont. Analy- FEA; [CEB  Pure

In front In front Concrete . i .
Shear - and frict. tical Experi-  -FIP,  pryout

of nut  of shank friction
connector Eq.7.31 Eqg.7.15 mental 2011] Eq.7.34

Eq. 7.16 Eq.7.17 Eq.7.30

Eq.7.33

Fcb,l Fcb,z Fcf an Pc,AM Pc,FEA; Pult l:)c,CEB Pc,pry
M12_h4 C38 14.9 48.9 0.6 7.9 72.2 70.4 47.7 61.0
M16_h4 C38 23.5 68.7 0.8 10.7 103.7 106.9 65.1 88.4
M20_h4 C38 34.0 90.8 1.0 13.9 139.7 1437 84.0 119.9
M24_h4 C38 46.5 1153 1.2 17.2 180.2 165.3 104.3 155.7
Series BT 27.7 1005 1.2 16.5 1459 89.6* 100.2 122.3
Series CT 43.8 1123 1.2 16.9 174.3 208.9 102.7 150.1

* - bolt failure in push-out tests

A simple calculation model for the concrete pryout capacity of cast-in anchor
bolts (without embedded nuts) when loaded in shear is given in [CEB-FIP, 2011]
(section 19.1.2.4). For the sake of comparison, it is presented in Eq. 7.33 and evaluated

in Table 7.8 for the cases considered here.
PC,CEB =2N Ru,c 7.33

Based on the results presented in Table 7.8 it can be concluded that matching of
FEA and analytical results for the concrete failure mode presented here is good.
However, evaluations of the analytical model have also been conducted for different
height to diameter ratios hy. / d =3 to hs. / d =5 and concrete strengths f., = 28 MPa to
fom = 58 MPa, which is not shown here. Matching of the results for those cases was not
as good as for the ones presented. Matching of the FEA and analytical results varied
from 0.79 (for the case M12_h3 C28) to 1.36 (for the case M24 _h5 C58). Presented
analytical model showed high sensitivity to the hy. / d and f., parameters. Comparison
to the experimental push-out test data showed qualitatively good behaviour of the
analytical model. In case of M16 bolted shear connectors (series BT), bolt failure
occurred. This is in accordance with the fact that shear resistance for the concrete failure
according to the analytical model is higher when compared to the shear resistance
obtained in tests. Series CT (M24) push-out tests exhibited concrete failure, which is in

accordance with the shear resistance obtained by analytical model being lower when
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compared to the push-out test results. It is assumed that presented analytical model
accuracy can be improved by changing some parameters introduced and assumed here.
For example the presented analytical model is based on confined condition in concrete.
There are many constitutive models for concrete confinement which are more or less
complicated, with questionable reliability especially when it comes to large stresses in
local conditions. The simple concrete confinement model from [EC2, 2004] is chosen
here just to give qualitative insight into concrete pryout load transferring mechanism.
On the other hand, presented analytical model is too complicated for usage in
engineering practice. Therefore, presented analytical model will serve as the theoretical
background; while more practical prediction model for the concrete failure of bolted
shear connectors with single embedded nut will be developed in section 8.2.2, based on
the results of FEA parametric study for use in engineering practice.

It can be seen in Table 7.8 that contributions of the concrete friction force F¢ and
nut contact and friction force F,s are small when compared to the bearing forces in
concrete Fep 1 and Fep 2. If those forces are neglected (k. = k, = 0) pure pryout capacity of
bolted shear connector with single embedded nut Pcpr can be obtained. It is given in
Eq. 7.34 incorporating the distribution factor =2/3~=0.66 in Eq. 7.32, for the
simplicity reason. The distribution factor 7 may be different for various shear connector

heights hs. and concrete strengths f.,, which can be analysed in further research.

Py =225d%f, +4.32(3n,, +s, W f.he. 7.34

This pure pryout shear resistance of concrete is evaluated in Table 7.8 together
with other resistances for the comparison reasons. It is lower when compared to the
analytical model including friction and contact forces and FEA results, but it may serve
as the simple safe side estimate for the shear connector height hy. =~ 4d and concrete
strength fom ~ 30 — 40 MPa.

7.5. Summary

Behaviour of bolted shear connectors with single embedded nut has been
examined in this chapter to serve as a theoretical background for development of shear
resistance and ductility criterions for the design rules.

Firstly, bolted shear connectors have been compared to the most widely used

welded headed studs shear connectors using experimental and FEA results. Basic shear
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connector properties have been analysed: shear resistance, stiffness and ductility.
Similar shear resistance have been reported, with slightly lower initial and stiffness at
serviceability loads level. Ductility of bolted shear connectors is lower when compared
to the welded headed studs. It will be shown in section 8.3 that for certain sets of main
geometrical and material parameters bolted shear connectors can show the ductile
behaviour.

Initial accumulative slip during cyclic loading of bolted shear connectors have
been analysed using experimental and FEA results in order to determine its influence on
basic shear connector properties. It has been concluded that the initial bolt-to-hole
clearance does not influence the shear resistance of bolted shear connectors with single
embedded nut. Additionally, initial slip at a dead weights load level, arising from slip in
hole and threads penetration, has been quantified in Eq. 7.4.

Possible failure modes of bolted shear connectors have been discussed using
experimental and FEA results. Two of them have been identified: the shear failure of
the bolt and pryout failure of the concrete. Those two failure modes are analysed in
details in section 7.4. Load transferring mechanisms have been explained and analytical
models have been developed and evaluated based on the experimental and FEA results
for both failure modes. As those analytical models are too complicated for use in
engineering practice, they will serve as the theoretical background for shear resistance
prediction models, developed in section 8.2.

A simplified model for pure pryout shear resistance of bolted shear connectors
with single embedded nut is given in Eq. 7.34, disregarding the friction and contact
forces at the flange-concrete interface. As it is lower when compared to total pryout
shear resistance it may serve as a safe side estimate.

For the first time ever, for any type of shear connector, concrete pryout failure is
explained in detail and analytical model is developed. Presented analytical model can be
adapted for other types of shear connector, such as welded headed studs.
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Chapter 8. Resistance and ductility of bolted shear connectors

8.1. Introduction

Criterions for shear resistance and ductility of bolted shear connectors will be
developed here based on results presented in Chapter 6 and analysis presented in
Chapter 7. Those criterions will be validated in section 8.4 with regard to experimental
results obtained by present and previous research on bolted shear connectors presented
in section 2.2. Based on the validated criterions design rules will be proposed in section
8.5.

8.2. Shear resistance criterions

It has already been identified in Chapter 4, Chapter 6 and Chapter 7 that two
failure modes are possible to appear for bolted shear connector loaded in shear: failure
of the bolt (combined bending and shear) and failure of concrete (concrete pryout).
Therefore, two separate criterions for shear resistance will be analysed: bolt failure and
concrete failure. Both criterions will be developed based on appropriate data subsets
obtained in the main FEA parametric study of bold height d, height to diameter ratio

hs / d and concrete strength fem, with result given in section 6.3.3.
8.2.1. Bolt failure

Results for shear resistances obtained in the main FEA parametric study are
shown in Table 6.7. For assessment of the bolt failure criterion subset of data relating to
bolt failures in the parametric study will be used (italic fields in Table 6.7). Graphical
presentation of those results is given in Fig. 8.1. Curves are shown for all height to
diameter ratios hs: / d and all bolt diameters d. It is obvious that shear resistance for the
bolt failure is not dependent on hy/d, since the curves are overlapped for different
values of this parameter. Further, since all the curves are horizontal the shear resistance
for the bolt failure is neither dependent on the concrete strength fen,.

Summary of shear resistances for the bolt failure is given in Table 8.1 for different
bolted shear connector diameters. Maximum and minimum shear resistances obtained in
FEA parametric study are shown, as well as their mean values and variation coefficients
for each bolted shear connector diameter. Dependency curve of shear resistance for the

bolt failure on the bolted shear connector diameter is given in Fig. 8.2(a).
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Table 8.1 Summary of shear resistances for the bolt failure.

Bolt

Shear resistance for the bolt failure Variation
diameter Minimum value Maximum value Mean value coefficient
d (mm) Prin (KN) Prmax (KN) Pp.rea (KN) Vy (%)

12 53.0 55.2 53.9 1.26
16 87.3 88.8 88.0 0.60
20 128.1 132.3 130.9 1.17
24 180.6 185.5 183.9 1.23
200 0.80
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§ 120 A g \
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Fig. 8.2 Bolt shear resistances for the different bolt diameters.

Bolt diameter (mm)

b) bolt shear resistance factor
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Based on the reported data, it can be concluded that shear resistance for the bolt
failure is dependent only on bolt diameter d, while height to diameter ratio hs. / d and
concrete strength f., have low influence.

For purpose of the analysis of results shown here, bolt shear resistance factors
oy Fea have been obtained according to Eq. 8.1 by dividing shear resistances for the bolt
failures obtained by FEA Py rea by the ultimate tensile resistance. Results are shown in
Table 8.2 and Fig. 8.2(b).

aprea = Porea / T A 8.1

Table 8.2 Bolt shear resistance factor.

Bolt data Bolt shear resistance factor
c?izlr;eter Tensile  Ultimate Shear FEA Proposed Correlation
area strength  resistance - FEA [Eq. 8.4]

d(mm) A (mm?) fu, (MPa) Pyrea (KN) onrea (5) b (5) oy | O FEA
12 88.78 787.0 53.9 0.771  0.762 0.989

16 157.8 787.0 88.0 0.708 0.714 1.007

20 246.6 787.0 130.9 0.674  0.678 1.005

24 355.1 787.0 183.9 0.658  0.650 0.988

Pure shear resistance of a bolt according to [EC3 Part 1-8, 2005] is given in Eq.
7.1, with shear resistance factor «, = 0.6. It is already stated in section 7.4.1 that the
pure shear resistance of a bolt, when used as shear connectors with single embedded
nut, is increased by the catenary force, nut friction-contact force and concrete friction
force (see Eq. 7.5 and Fig. 7.11). It has been determined that for the bolted shear
connector M16 this increase is nearly 20%. It can be noticed in Fig. 8.2(b) that for other
bolt diameters, this increase is not the same. Bolt shear resistance factor o rea
decreases with increase of the bolt diameter. It does have a physical meaning that for the
larger bolt diameters, higher bending stiffness of the bolt will induce lower embedded
nut inclination and therefore lower nut friction and contact forces (see Fig. 7.11 and Fig.
7.13). Therefore, bolt shear resistance factor will be incorporated in shear resistance
model for the bolt failure as dependent on diameter.

Shear resistance model for the bolt failure Py, is proposed in Eq. 8.2 in similar
form as for shear resistance of bolts according to [EC3 Part 1-8, 2005] given in Eq. 7.1.
Instead of factor ¢, = 0.6 used in [EC3 Part 1-8, 2005], a bolt shear resistance factor a,,
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given in Eq. 8.3, is introduced to account for increase of resistance due to described
friction, contact and catenary effects. Power law function of the bolt diameter is used
with parameters d.es and a. Parameter dys IS representing a reference bolt diameter for
which no increase would be achieved, while power law exponent a is used to account

for sensitivity to change of the diameter.
Pou =ap fupAs 8.2
oty =0.6(d e /d)? 8.3

FEA results shown in Fig. 8.2(b) have been used to fit parameters ds and a of the
power law curve given in Eq. 8.3. With values def=34 mm and a=0.23 good
correlation of FEA results and the proposed bolt shear resistance factor «, is obtained as
shown in Fig. 8.2(b) and Table 8.2.

ap =0.6(34/d)**, for d >12mm 8.4

Use of proposed parameter is limited to bolt diameters d > 12 mm, because large
increase factors would be obtained for small bolt diameters, which have to be proven by
supplementary tests. Moreover, bolts with diameters smaller than 12 mm are not
applicable for use in steel structures. Factor proposed in Eq. 8.4 can be used for bolt
diameters larger than d = 24 mm since the only drawback can be a conservative estimate
of shear resistance criterion for the bolt failure of bolted shear connector.

8.2.2. Concrete failure

It has been shown in section 6.3.3 that relatively small subset of data regarding the
shear resistances where the concrete failure occurred is obtained in the parametric study.
Results are given in Table 6.7 with bold characters and graphically presented here in
Fig. 8.3. Curves in function of concrete strength f., are shown for all bolt diameters d,
while different height to diameter ratios hs. / d are distinguished with different colours.
Dashed lines are used to present cases where the bolt failure occurred, while concrete
failures are presented by solid lines.

It is obvious that development of a shear resistance criterion for the concrete
failure for higher concrete strengths and height to diameter ratios and lower bolt
diameters would be a blind match. Therefore, extended set of the parametric study

results were used, where concrete failure was forced as explained in section 6.3.3.
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Results of these analyses are previously shown in Fig. 6.16 to Fig. 6.19 as force slip

curves with dashed lines.
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Fig. 8.3 Shear resistances for the concrete failure for different bolt diameter,

height to diameter ratio and concrete strength.

Results for shear resistances that were obtained are summarized here in Table 8.3.
Cases where regular and forced concrete failures occurred in the parametric study are
designated in Table 8.3 with bold and italic characters, respectively. Increased shear
resistances can be noticed in cases where the bolt failures previously occurred in initial
analyses were concrete failures were not forced. This confirms the fact that the bolt
failure criterion was governing for the shear resistance in those cases.

Graphical presentation of results given in Table 8.3 is shown in Fig. 8.4. Curves
for shear resistances as function of concrete strength f., are shown for all bolt diameters
d, separated to single figures (a, b and c) for each height to diameter ratio hs / d. Both
data sets with regular and forced concrete failure in the parametric study are given for
comparison. Initial data set, with both bolt and concrete failure included, is presented by
the solid lines. The new dataset for forced concrete failure is presented with dashed
lines. In zones where concrete failures occurred in the initial parametric study, those
curves are overlapped. In many cases concrete failure criterion is much higher than the
bolt failure criterion. For large bolt diameters, there is an obvious increase of shear
resistance with increase of the concrete strength. In case of small bolt diameters shear

resistances are practically not influenced by the concrete strength. This can be seen as
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horizontal dashed curves in Fig. 8.4 for bolted shear connectors M12. Shear resistance
for the concrete failure is also affected by the decrease of height to diameter ratio hy / d.
This is shown in Fig. 8.4(a), (b) and (c) on example of M16 bolted shear connector.

Table 8.3 Shear resistances for regular and forced concrete failures.

Bolt geometry Shear resistance per shear connector — P, rea (KN)
Bolt diameter Height ratio Concrete strengths - f., (MPa)

d (mm) he. / d (-) C28 C38 C48 C58
12 3 57.4 63.5 69.4 72.1
12 4 647 704 713 72.0
12 5 68.0 72.5 73.9 74.2
16 3 82.4 94.7 99.3 106.5
16 4 96.6  106.9 1125 115.0
16 5 105.1 115.1 116.9 118.2
20 3 111.2 123.6 136.2 141.3
20 4 123.4 143.7 148.3 163.6
20 5 1314 159.1 166.1 173.8
24 3 135.7 159.7 169.1 174.6
24 4 141.4 165.3 177.9 193.7
24 5 150.9 182.5 195.5 213.4

bold — regular concrete failure; italic — forced concrete failure

Differences between shear resistances for forced concrete failure and bolt failure
for height to diameter ratios: hgc / d =5, hse/ d =4 and hs. / d = 3 are denoted as: APys,
APp4 and APpg, respectively. It is obvious that they stand in the following order: APys >
APp4 > APp3, which confirms previous statement.

For the purpose of development of bolted shear connectors shear resistance
criterion for the concrete failure, results presented here are firstly compared to existing
shear resistance criterions for welded headed studs in some design codes. Eurocode 4
[EC4, 2004] and Japanese Standard Specifications for Steel and Composite Structures
[JSCE, 2005] were found to be most appropriate.
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Shear resistance criterion for the concrete failure according to [EC4, 2004]
(section 6.6.3.1, Eq. 6.19) is given in Eq. 8.5. Concrete mean cylinder strength f.n, is
used instead of characteristic cylinder strength fe in the original EC4 equation since the
results are to be compared to the FEA results based on mean material properties. For the

same reasons, the partial safety factor x, was excluded.

P.ecs =0.29002[Ecpy fem, With & =0.2(hy, /d +1)<1.0 8.5
P. jsce = 31A4/ femhy /d +10000 8.6

Shear resistance criterion for the concrete failure according to [JSCE, 2005]
(section 15.4.6.1, Eq. C15.4.3) is given in Eq. 8.6. Concrete mean cylinder strength f.n,
is used instead of design strength of concrete fq and partial safety factors were excluded
in the same manner as described for the EC4. In Eq. 8.6 A is the cross sectional area of
the stud shank. Both design codes have separate shear resistance criterions for the bolt
failure which are presented in section 2.3.

Comparison of the results presented here for the bolted shear connectors to the
criterions for welded headed studs given in Eg. 8.5 and Eqg. 8.6 are given in Fig. 8.5 as
shear resistances for the concrete failure. Shear resistances for concrete failure obtained
in the parametric study are shown with solid lines, while shear resistances for headed
studs according to EC4 and JSCE are given with dashed and dotted lines, respectively.
Results for different bolt diameters are distinguished by different colours.

Both EC4 and JSCE gave conservative predictions for bolt diameters M12, B16
and M20. Resistances for bolts M24 are mostly overestimated. It is important to
mention that those criterions are intended for welded headed studs and that it is to be
expected that they do not match shear resistances for the concrete failure of bolted shear
connectors. The prediction of JSCE is closer to the FEA results for the bolted shear
connectors, when compared to the prediction of EC4. Moreover, the prediction curves
for JSCE are more parallel to the curves presenting results for bolted shear connectors.
The reason lies in the constant part in the Eq. 8.6. This constant part in the resistance
criterion can be attributed to the shear force transferred directly by the weld collar and
friction forces. Similar load transferring mechanism was described in Chapter 7 for

behaviour of bolted shear connectors.
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Based on the stated information, form of Eq. 8.6, originating form [JSCE, 2005]
was chosen to define the shear resistance criterion for the concrete failure of bolted
shear connectors P . Firstly, original Eq. 8.6 was transformed to be dependent on key
parameters analysed in the parametric study (d, hs./d, fom). EQ. 8.7 is obtained by
substituting As with As = d?z / 4.

P, sce = 24.3d°(femhy /d)>° +10000 8.7

Further, parameters were introduced in Eq. 8.8 instead of constants in Eqg. 8.7.
Parameter A presents a linear multiplier of the part dependent on the bolt geometry and
concrete strength. Parameter b is a power law exponent of the bolt diameter and ¢ is a
power law exponent of the concrete strength and height to diameter ratio. Parameter Py
presents the constant part of the equation with physical meaning of portion of shear
force transferred directly by the embedded nut and concrete friction forces (see Chapter
7).

Py = Aad®(femhee /d)° + Py 8.8
a. =D/(d+E)<1.0 8.9

Concrete shear resistance reduction factor o is introduced and given in Eq. 8.9 to
take into account reduction of resistances for large bolt diameters, noticed during
comparison of the results to EC4 and JSCE predictions for welded headed studs. This
reduction factor has a physical explanation regarding the limitation of the standard EC4
push-out test used for the parametric study, already mentioned in section 6.3.1. For the
large bolt diameters (20 mm or 24 mm), the concrete slab starts to fail globally, rather
than locally around the shear connectors in the standard EC4 push-out test. The reason
is the large shear force that can be transferred by the eight shear connectors, but cannot
be carried by the concrete slabs of limited dimensions. In a real composite deck, the slab
would be of much larger dimensions, therefore higher shear resistances for the concrete
failure would be expected. Nevertheless this is beyond the scope of this thesis and shear
resistance criterion will be developed based on push-out tests layout as it can be only
conservative. Parameters D and E were introduced in Eq. 8.9 with the meaning that for
bolt diameter lower than d = D-E there would be no reduction of shear resistance.

It can been noticed in Fig. 8.5 that curves presenting results from the parametric

study have lower inclinations than those for the JSCE criterion for headed studs given in
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Eq. 8.7. This means that the shear resistance criterion for the concrete failure of bolted
shear connectors P, is less sensitive to increase of the concrete strength f.y,. Also, this
sensitivity is not the same for all the values of height to diameter ratios hs/d.
Therefore, power law parameter c in Eq. 8.8, governing influence of concrete strength
fom and height to diameter ratio hs / d was set to the value of ¢ = 0.4. Consequently, in
order to keep the same overall influence of the bolt diameter d its power law exponent b
was changed to the value b =1.9. The linear multiplier parameter A was calibrated to
the value of A=055. Constant parameter Po=22000 N was set instead of original
Po=10000 N in the JSCE criterion for headed studs (see Eq. 8.7). Intention was to
account for larger influence of the embedded nut when compared to the weld collar in
case of headed studs. Parameters D =225 and E =3, governing concrete shear
resistance reduction factor a. were found to provide good shear resistance predictions
for the large bolt diameters. Finally the proposed shear resistance criterion for the
concrete failure of bolted shear connectors is given in Eq. 8.10, with concrete shear
resistance reduction factor o given in Eg. 8.11

P., =55a,d"*(fopmhy /d)** + 22000 8.10
a, =22.5/(d +3)<1.0, din(mm) 8.11

Comparison of proposed criterion to the results of the parametric study is shown
in Fig. 8.6. Obviously good matching is achieved. Complete dataset of shear resistances
obtained by the proposed criterion, for all combinations of parameters analysed in the
parametric study (d, hs/ d, fcm) is given in Table 8.4. Those values are compared to
values given in Table 8.3 and correlation factors are obtained in Table 8.5. Summary of
the obtained correlation factors is given in Table 8.6. Low variation coefficient
Vx =0.036 (3.6%), is achieved for the proposed criterion. Evaluation of the predictions
by previously mentioned criterions for headed stud by EC4 and JSCE are also given for
the comparison. Finally good matching of the criterion proposed in Eq. 8.10 is

graphically presented in Fig. 8.7.
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Table 8.4 Shear resistance for the proposed concrete failure criterion.

Bolt geometry

Shear resistance per shear connector [Eq. 8.10] — P., (kN)

Bolt diameter Height ratio

Concrete strengths - f., (MPa)

d (mm) he/d (-) C28 C38 C48 C58
12 3 58.4 63.1 67.1 70.6
12 4 62.8 68.1 72.6 76.6
12 5 66.6 72.4 77.3 81.7
16 3 84.8 93.0 99.9 106.0
16 4 924 101.6 109.4 116.3
16 5 99.0 109.0 117.6 125.1
20 3 115.9 128.1 138.4 147.6
20 4 127.3 141.0 152.6 162.9
20 5 137.1 152.1 164.8 176.1
24 3 135.1 149.7 162.3 173.3
24 4 148.8 165.3 179.4 191.7
24 5 160.7 178.7 194.1 207.6

Table 8.5 Correlation of proposed concrete failure criterion and FEA results.
Correlation factor — P, / Pcrea (KN)

Bolt geometry

Bolt diameter Height ratio

Concrete strengths - f., (MPa)

d (mm) he/d(-)  C28 C38 c48 C58

12 3 1.017 0.993 0.967 0.979
12 4 0.970 0.967 1.018 1.064
12 5 0.980 0.998 1.046 1.101
16 3 1.029 0.981 1.006 0.996
16 4 0.957 0.950 0.972 1.011
16 5 0.942 0.947 1.005 1.058
20 3 1.042 1.036 1.016 1.045
20 4 1.032 0.981 1.029 0.996
20 5 1.043 0.956 0.992 1.013
24 3 0.995 0.938 0.960 0.993
24 4 1.053 1.000 1.008 0.990
24 5 1.065 0.979 0.993 0.973
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Table 8.6 Comparison and evaluation of different concrete failure criterions.

Concrete Parameters in Eq. 8.8 and Eq. 8.9 Correlation - P¢ / P rea (-)
failure criterion A b ¢ P, D E Minimum Maximum Mean Variation
EC4*
- - - - - 0.533 1.263 0.853 0.213

(Eq. 8.5)
JSCE*

243 2 05 10000 - - 0.727 1.164 0.925 0.141
(Eq. 8.6)
Finally proposed
natly prop 55.0 1.9 0.4 22000 225 3 0.938 1.101 1.002 0.036
(Eq. 8.10)

* - concrete failure criterion for welded headed studs
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Fig. 8.7 Correlation of the proposed shear resistance criterion for

the concrete failure to the parametric study results.

8.3. Ductility criterion

Ductility criterion for bolted shear connectors will be developed here regarding
the [EC4, 2004] limitation (d >6 mm), based on the results of the main FEA
parametric study given in section 6.3.3 and the bolt and concrete failure criterions
developed in section 8.2. Later, it will be evaluated based on experimental results

presented in this thesis and previous researches presented in section 2.2.
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Slips to failure for different cases of combination of analysed parameters (d,
hs / d and f.m) are summarized in Table 8.7. Values of slips are obtained from the force-
slip curves shown in Fig. 6.16 to Fig. 6.19 according to [EC4, 2004] (see Fig. 4.29).
Cases where slip to failure &, was larger than 6.0 mm are shown with bold characters.

The failure modes of bolt and concrete are delimited by the lines in the Table.

Table 8.7 Slips to failure in the parametric study.

Bolt geometry Slip to failure - &, (mm)

Bolt diameter Height ratio Concrete strengths - f,, (MPa)

d (mm) he/d() C28 (€38 C48 C58
12 3 - |50 44 40
12 4 55 40 39 35
12 5 48 39 39 38
16 3 - |93 72 60
16 4 71 58 50 42
16 5 63 54 44 40
20 3 : - |97 81
20 4 - [73 64 57
20 5 90 60 55 51
24 3 - - - -
24 4 - - - [75
24 5 - [105 71 64

bold — &, > 6 mm; italic— & < 6 mm

In the cases of bolt failures, slips to failure have different finite values, as it can be
seen in Fig. 6.16 to Fig. 6.19. In case of concrete failures, slips to failure are indefinite
but much larger than minimum required in order to consider the shear connectors as
ductile (6 mm). Therefore, slips to failure for cases where the concrete failure occurred
are not given in Table 8.7. In further development of the ductility criterion, only cases
where the bolt failure occurred will be analysed, considering that ductile behaviour is
provided wherever the concrete failure occurred.

Ductility criterion will be set by developing prediction model for slip to failure &,
of bolted shear connectors as function of governing parameters (d, hs / d and fcr,)

Observing the force-slip curves from Fig. 6.16 to Fig. 6.19 it can be noticed that

slips to failure are largest in cases where the bolt failure criterion P, rea Was close to the
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concrete failure criterion P¢rea. Cases M16_h3 C38, M20_h3 C48 and M24_h5 C38
are good examples. On the contrary, in the cases with large differences between the bolt
failure criterion Py rea and the concrete failure criterion P¢rea Slips to failure are small,
even for cases with large bolt diameters. Cases M24 h5 C58, M20 h5 C48,
M16_H5 C38, M12_h5_C28 are good examples, with similar values of slip to failure,
bellow 6.0 mm.

Furthermore, shear resistances for the concrete failure criterions (dashed lines in
Fig. 6.16 to Fig. 6.19) all occurred at the slip around 10 to 12 mm, regardless of the bolt
diameter d, concrete strength f.,, and height to diameter ratio hs / d. Additionally,
shapes of these curves are more or less similar. Based on the stated information, it is
assumed that slip to failure prediction model can be based on ratio of the bolt failure
criterion to the concrete failure criterion. The idea is presented in Fig. 8.8. It can be
simply described as: “How far the slip will get along the concrete failure curve, before

the bolt failure criterion stops it?”

concrete failure curve

Force per shear connector (kN)

5u1/50 - Pbllpcl

——M12 h4 C58
——M24_h4 C58
3 6 9 12
Slip (mm)

Fig. 8.8 Principle of the slip to failure prediction model.

The bolt and concrete failure criterions are dependent on parameters (d, hs. / d and
fom), as it is shown in section 8.2. Consequently the slip to failure &, will also be
dependent on the same parameters by this approach, which is physically correct.

Ratios of shear resistances for the bolt and concrete failure criterions, obtained in

the parametric study are given in Table 8.8. Shear resistance for the bolt failures are
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obtained from the initial data set while shear resistances for the concrete failures were

obtained from the data set with forced concrete failure.

Table 8.8 Ratios of shear resistances for the bolt and concrete failure criterion.

Bolt geometry Bolt to concrete failure ratio - Pprea/ Perea (5)

Bolt diameter Height ratio Concrete strengths - f,, (MPa)

d (mm) he/d(-)  C28 C38 C48 C58
12 3 - 0.87 0.78 0.74
12 4 083 075 0.76 0.74
12 5 0.79 0.75 0.74 0.72
16 3 - 0.92 0.88 0.83
16 4 091 082 0.78 0.77
16 5 0.84 0.76 0.76 0.75
20 3 - - 0.94 0.92
20 4 - 0.91 0.89 0.81
20 5 098 083 0.79 0.76
24 3 - - - -

24 4 - - - 0.96
24 5 - 0.99 0.94 0.87

bold — cases with &, > 6.0 mm in Table 8.7

Comparing values for slips to failure &, in Table 8.7 and bolt to concrete failure
criterion ratios Pprea / Pcrea in Table 8.8, certain rule can be observed between these
two properties. For example: slips higher than 6.0 mm mostly occurred where the bolt
to concrete failure criterion ratio is above 0.83 (cases M12_h3_C28 and M12_h4_C28
are only exclusions). Slip to failure as a function of bolt to concrete failure criterion
ratio is shown in Fig. 8.9 in order to get more insight into their correlation. Results are
presented for all the cases analysed in the parametric study. It is obvious that those two
properties are correlated by a certain law.

Exponential dependency of slip to failure on bolt to concrete failure ratio is

supposed as shown in Eq. 8.12.
S, = ApB(Porea/Ferea) 812
Parameters A =0.33 mm and B = 3.4 were found to have good correlation to the

presented dataset. Proposed prediction curve is shown in Eq. 8.12 with a solid line.
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Coefficient of determination of R?=0.908 was obtained for the proposed prediction
model. The correlation achieved between the data points and proposed model can be
considered as satisfactory considering scattering nature of slip as a property of shear

connector.
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10.0 A ¢ Bolt failure data subset

—Proposed prediction

9.0
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Slip to failure (mm)
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3.0 .

06 065 07 075 08 08 09 095 1 105 11
Bolt to concrete failure criterion ratio Py rea/Perea(-)

Fig. 8.9 Slip to failure in function of bolt to concrete

failure criterion ratio.

Shear resistance criterions for the bolt and concrete failures are already developed
in section 8.2.1 and 8.2.2 and given in Eq. 8.2 and Eq. 8.10, respectively. Finally, slip to
failure prediction model, based on those bolt and concrete failure criterions and analysis

shown here is given in Eq. 8.13.

5, =0.33e34ral ) - (mm) 8.13

Values obtained according to proposed prediction model in Eq. 8.13 are shown in
Table 8.9. Values of slips to failure obtained in the parametric study, shown in Table
8.7, are repeated for comparison.

It can be seen that in cases where the concrete failure occurred, values of slip are
much higher than 6.0 mm which is the minimum required for ductile behaviour. This
confirms the previously stated assumption. Furthermore, comparing the values where

the bolt failures occurred, for the proposed model and results of the parametric study,
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values are generally matched. Proposed prediction model showed bad prediction only in

one case (M16_h4 C38), in terms of whether the slip is higher than 6.0 mm.

Comparison of given values is graphically presented in Fig. 8.10 for different bolt

diameters d and concrete strengths fem, with hg = 5.

Table 8.9 Slips to failure according to the proposed calculation model.

Bolt geometry

Slip to failure - &, (mm)

Bolt diameter

Height ratio Proposed model Eq. 8.13

The parametric study

d (mm) he /d () C28 C38 C48 C58 28 C38 C48 C58
12 3 73  [58 49 43 _ [50 44 40
12 4 59 47 40 35 55 40 39 35
12 5 50 40 34 30 48 39 39 38
16 3 115 [85 67 57 _ o3 72 60
16 4 86 64 52 44 71 58 50 42
16 5 69 52 43 37 3 54 44 40
20 3 157 108 [84 6.8 ] - Je7 81
20 4 111 [79 62 51 ] ’T 6.4 57
20 5 86 62 50 42 90 60 55 51
24 3 320 204 149 117 ) - - -
24 4 209 138 103 [83 } - - [75
24 5 154 [105 80 65 . 105 71 64

bold — &, > 6 mm; italic — &, < 6 mm; underline — concrete failure

e e =
o N M O

Slip to failure (mm)

o N b OO 0

/
<
N
~

~ = = = Proposed

N
[ee]

38 48

Concrete strength (cylinder) (MPa)
Fig. 8.10 Comparison of slips to failure according to proposed

prediction model and FEA for hy. = 5.
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Proposed prediction model will be further validated based on the experimental
results of present and previously conducted tests on bolted shear connectors in section
8.4.

Setting the limit that slip to failure should be higher than 6.0 mm, as shown in Eq.
8.14, limiting value of the bolt to concrete failure criterion ratio Py, / Pc, in order to

consider the shear connection as ductile is presented in Eq. 8.15.

6.0 < 0.33e>4Pu/Rew) 8.14
Pou / P.u >0.83 8.15

8.4. Validation of proposed criterions

Shear resistance and ductility criterions presented in section 8.2 and section 8.3
are compared here with the experimental results obtained in present research and
previously published studies that were presented in section 2.2. Firstly, those
experimental results are summarized here. Table 8.10 gives overview of the tests set-up
and geometry. Table 8.10 gives properties of the materials that were used. Tests results
are presented in Table 8.12.

Table 8.10 Overview of previous and present researches tests set-up.

Bolt Shear Number Test Number of
diameter connector of tests type embedded
height nuts
Research reference d(mm) hg(mm) N(-) - n(-)
Dedic and Klaiber, 1984 19 127 4 push-out, 4 bolts 1
Sedlacek et al., 2003 20 150* 3 push-out, 8 bolts 2
Schaap, 2004 19 150* 3 single bolt 2
Kwon, 2008 22 127 3 single bolt 2
Lee and Bradford, 2013 20 135 2 push-out, 8 bolts 1
Present research — M16, 2013 16 105 4 push-out, 8 bolts 1
Present research — M24, 2013 24 105 4 push-out, 4 bolts 1

* - shear connectors heights not clearly defined in publication

Different types of tests were used in the presented studies, as it is designated in
Table 8.10. Additionally in some of the studies, bolted shear connectors with double

nuts were used. Standard [EC4, 2004] push-out test layout was used to develop the
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shear resistance and slip to failure prediction models in this thesis. Differences in these

layouts will be commented upon regarding the results of comparisons.

Table 8.11 Material properties in previous and present researches tests.

Bolt Bolt tensile Concrete Grout
material strength strength strength
Research reference - fuo (MPa) fom (MPa)  f., (MPQ)
Dedic and Klaiber, 1984 A325 830.0* 35.4 31.4
Sedlacek et al., 2003 10.9 1160.0 46.9 -
Schaap, 2004 A490 1034.0 23.7 21.9
Kwon, 2008 A193B7  1013.0 20.7 48.3
Lee and Bradford, 2013 8.8 946.0 48.0 -
Present research — M16, 2013 8.8 787.2 35.0 -
Present research — M24, 2013 8.8 891.6 35.0 -

* - nominal value, no tests were conducted!

Table 8.12 Previous and present researches tests results.

Set-up summary Test results

Bolt Height Concrete  Shear Ultimate  Failure

diameter ratio strength  resistance slip mode
Research reference d(mm) he/d  fon (MPa) Pyrest (KN)  &est (MM) -
Dedic and Klaiber, 1984 19 6.7 31.4 152.1 4.6* bolt
Sedlacek et al., 2003 20 7.5 46.9 189.0 10.3 bolt
Schaap, 2004 19 7.9 21.9 133.6 14.6** conc.
Kwon, 2008 22 5.8 48.3 183.5 8.7 bolt
Lee and Bradford, 2013 20 6.8 48.0 177.5 11.0 bolt***
Present research — M16 16 6.6 35.0 89.6 4.5 bolt
Present research — M24 24 4.4 35.0 208.7 134 conc.

* - bolt failure not shown on force-slip curve; ** - no shear failure of the bolt
*** _ holt failure occurred at the bolt shank

In certain cases shown in Table 8.11 material properties (tensile strength) of bolts
were not obtained by the tests and only nominal values are provided. It will influence
the comparisons of the results for the tests and predictions given here which will also be

commented upon.
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Table 8.13 Comparison of tests results to proposed criterions predictions.

Reduction Failure criterions

Predictions Correlations
factors Eq. 8.2and 8.10

Bolt Conc. Bolt Conc.  Shear Slip Shear Slip to
Eq. 8.4 Eq. 8.11 failure failure resist. Eq.8.13 resist. failure

Research reference o (-) a(-) Pou (KN) Pcy (KN) Py (KN) & (mm) Py/Pyest O/Sutest

Dedic and Klaiber, 1984 0.686 1.000 1250 1475 1250 5.62 0.822 1.230
Sedlacek etal., 2003  0.668 0.978 191.2 1884 1884 10.12 0.997 0.986
Schaap, 2004 0.676 1.000 155.7 1381 1381 1501 1.033 1.028
Kwon, 2008 0.654 0900 197.7 189.2 189.2 1123 1031 1.291
Lee and Bradford, 2013 0.668 0.978 156.0 183.1  156.0 3.61 0.879 0.520

Present research — M16 0.704 1.000 87.4 115.9 874 4.07 0.976 0.901
Present research — M24 0.641 0.833 203.0 165.7 165.7 21.08 0.794 1573

italic — values based on uncertain bolt tensile strength data (Table 8.11)

The proposed shear resistance and slip to failure prediction models showed good
agreement to the tests results of present and previously published studies, as it can be
seen in Table 8.13.

Comparisons to results given by [Dedic and Klaiber, 1984] and [Lee and
Bradford, 2013] showed relatively low correlations due to underestimation of the bolt
failure criterion. On the other hand, concrete failure criterions predictions are close to
the tests results. [Dedic and Klaiber, 1984] provided only nominal value of bolts tensile
strength. It is may be assumed that real bolts tensile strengths were much higher than
the nominal values as it is often the case with high strength bolts (see the test results for
M24 bolts in Table 4.3 as an example). With higher value of bolts tensile strength, the
bolt failure criterion would come closer to the concrete failure criterion and both
correlation of shear resistance and slip to failure would be greatly improved. In the case
of [Lee and Bradford, 2013], the authors informed that bolt failure occurred at the bolt
shank by use of specially designed clamps. The value of shear resistance for the bolt
failure criterion shown in Table 8.13 is based on the threaded area of the bolt. If the
shank cross sectional area is used, higher value Py, = 198 kN would be obtained. Based
on the stated information, tests results by [Dedic and Klaiber, 1984] and [Lee and
Bradford, 2013] may be considered as good validation of concrete failure criterion, but

for validation of the bolt failure criterion more data is needed.
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Comparisons to tests with large bolt diameters; d = 22 mm by [Kwon, 2008] and
d=24 mm by present research gave results that underestimate the concrete failure
criterions, while the bolt failure criterions are similar to the tests results. Furthermore, in
the case of d =22 mm [Kwon, 2008], concrete failure criterion is lower than the bolt
failure criterion, while failure of the bolts was reported in the tests. Also, in these two
cases, predictions of slips to failure are high due to low estimate of the concrete failure
criterion (see Eq. 8.13). The key of mismatch lies in the different test types used in
those cases than standard [EC4, 2004] push-out tests with eight bolts used to develop
shear resistance criterions presented in this research. [Kwon, 2008] conducted the single
bolt shear tests, while in the present research for the M24 bolts, push-out tests were
conducted with four bolts Intention was to avoid the global failure of the concrete slab
due to high loads that eight M24 bolts can resist in shear. It has been shown in section
8.2.2 that for the large bolt diameters, concrete failure criterion need to be reduced for
the standard [EC4, 2004] push-out tests with eight bolts. Therefore, the concrete shear
resistance reduction factor a. was introduced in Eg. 8.9. The same phenomenon applies
for the single bolt shear tests conducted by [Kwon, 2008] — no global failure of the
concrete slab. Based on the stated information, for the purpose of comparison of the
proposed shear resistance criterion for the concrete failure, in the case of large bolt
diameters, concrete shear resistance reduction factor a. should be excluded. New results
with this assumption are shown in Table 8.14 with corrected values presented with

underlined characters.

Table 8.14 Final comparisons of tests results to proposed criterions predictions.

Reduction Failure criterions
factors Eg. 8.2and 8.10

Bolt Conc. Bolt Conc.  Shear Slip Shear Slipto
Eq. 8.4 Eq. 8.11 failure failure resist. Eq.8.13 resist. failure

Research reference a(-) o () Pou (KN) Pey (KN) Py (KN) & (mm) Py/Pyest OOy test
Sedlacek et al., 2003 0.668 0.978 191.2 1884 1884 10.12 0.997 0.986
Schaap, 2004 0.676 1.000 1557 138.1 138.1 15.01 1.033 1.028
Kwon, 2008 0.654 1.000 197.7 2078 197.7 8.10 1.077 0.931
Present research —M16 0.704 1.000 87.4 115.9 87.4 4.07 0.976 0.901
Present research — M24 0.641 1.000 203.0 194.5 1945 11.19 0.932 0.835

underline — corrected values for large bolt diameters

Predictions Correlations
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It can be seen that in the case of d =22 mm [Kwon, 2008] concrete failure is no
longer governing, which confirms the tests results. Also, the correlation predicted to
tested slip to failure is greatly improved. In the case of d =24 mm (present study) the
correlation of predicted to tested shear resistance is improved, while concrete failure
remained dominant, which conforms to the tests results. Results for other cases,
previously shown in Table 8.13 are repeated in Table 8.14 for comparisons, while cases
with incomplete input data were excluded. Results given in Table 8.14 are graphically
presented in Fig. 8.11.

250 16
m Test m Test
. 14 L
200 m Prediction B m Prediction
8150 - < 10
% s
3 = 8
] S
’—100 T 8 6
S
© o
2 =
7] Dy
50 A
2
00 - 0
Sedlac. Schaap, Kwon, Series Series Sedlac. Schaap, Kwon, Series  Series
et al. 2004 2008 BT CT etal. 2004 2008 BT CT
a) shear resistance b) slip to failure

Fig. 8.11 Correlation of proposed criterions predictions to the tests results.

Overlooking the results presented in Table 8.14 and Fig. 8.11 it can be concluded
that the proposed criterions and test results have good correlation. Final conclusion can
be drawn that failure and ductility criterions developed in sections 8.2 and 8.3 are
successfully validated based on experimental results obtained in present research and
previously published works.

Bolts grade 8.8 were used to develop the shear resistance criterion for the bolt
failure in this research. Based on the results of presented comparison, it can be
concluded that proposed criterion for the bolt failure is also applicable for the bolts with
higher grades (10.9, A490, ...). Use of bolts with higher grade would improve the
ductility of the bolted shear connector as the bolt to concrete failure criterion ratio
would increase (see Eq. 8.13).
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8.5. Design rules proposal

Criterions predictions developed in sections 8.2 and 8.3, and validated in section
8.4 will be used here to propose the design rules for bolted shear connectors resistance
and ductility, incorporating characteristic values of material properties and partial safety

factors.
8.5.1. Shear resistance

Mean cylinder compressive strength f.,, was used throughout this thesis. It was
also used in section 8.2.2 for development of shear resistance criterion for the concrete
failure in order to compare the results of tests, numerical models and shear resistance
prediction models. Considering scattering nature of concrete material properties,
characteristic values are often used both in cases of design of concrete and steel-
concrete composite structural members. Therefore, characteristic value of concrete
cylinder strength will be used for proposal of the design rules. Design shear resistance
of bolted shear connectors with single embedded nut Prq is proposed in Eq. 8.16, with
design shear resistance of bolt Py rq and design shear resistance of concrete P¢rq given
in Eq. 8.17 and Eq. 8.18, respectively. Bolt shear resistance factor ay, is given in Eq.

8.19, while shear resistance criterion for the concrete failure o is given in Eq. 8.20.

Prg = mMin(P, gy ; Pera) 8.16
were:
f
Po.rd _ DA lw 8.17
Yv
h
55¢,d Y (f, —)%4 + 22000
P 3 (o1 ( ck d ) 8.18
c,Rd —
rv
and:
34 0.23
ap = O.6(Fj , ford >12mm 8.19
225
o, =——<1.0 8.20
° d+3

In previous expressions:
d is the bolt diameter in mm;

A, s the bolt tensile cross sectional area in mm?: A, ~ 0.785d°x / 4:
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hse is the bolted shear connector height above the flange in mm;
fun  Is the bolt ultimate tensile strength in N/mm?;
foc 1S the characteristic cylinder compressive strength in N/mm?;

w isthe partial safety factor for shear connector resistance.

The partial safety factor for shear connector resistance x, should be determined
through a relevant Approval program for the bolted shear connectors with more
experimental tests results. It is supposed that value », = 1.25 recommended by [EC4,
2004] for the welded headed studs can be used for bolted shear connectors, as well.

Application of proposed design rules for shear resistance is limited to bolted shear
connectors with single embedded nuts and with diameters greater than 12 mm.

Longitudinal spacing s between the shear connectors should be larger than 5d.

The design rules presented are valid for two bolted shear connector in a row.
8.5.2. Ductility

Ductility criterion based on limitation of 6.0 mm for the slip to failure given by
[EC4, 2004] is given in section 8.3 (Eq. 8.15). It was developed through the slip to
failure prediction model (Eq. 8.13) using mean material properties. It has been shown
that this prediction model depends on the bolt to concrete failure criterion ratio Py, / Pc
(ultimate values based on mean material properties). For the ductility criterion design
rule, ratio of design values of bolt and concrete shear resistance Pyprg/ Pcrd (EQ. 8.17
and Eqg. 8.18) should be used. Partial safety factor x, would be ruled out. The ratio
Pord/ Pcra Will be higher than ratio Py, /Pcy, since the characteristic cylinder
compressive strength f is always lower than the mean cylinder compressive strength
(foek = fem - 8). This would lead to an overestimated ductility of bolted shear connectors
given in Eq. 8.15. Therefore, the procedure of development of slip to failure prediction
model, shown in section 8.3, has been undertaken once again. The characteristic
cylinder compressive strength fe is used instead of mean cylinder compressive strength
fom in EQ. 8.2 and Eq. 8.10 to evaluate P, rg and P rq. Those are then used for fitting the
data points of slips to failure in the parametric study by the prediction model in Eq.
8.12, substituting Py / Pcy by Pyra/ Pcrd. New parameters A =0.63 and B =2.45 are
obtained. Coefficient of determination R? = 0.869 is obtained for such prediction model.

Ultimate value of slip to failure can be calculated as given in Eq. 8.21.
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5, =0.63e2%(Pora/Rera) (mm) 8.21

According to [EC4, 2004], clause 6.6.1.1(5) the characteristic value of slip to
failure ok should be higher than 6.0 mm to consider the shear connector as ductile. The
characteristic value of slip to failure can be obtained as o = 0.94;, according to [EC4,
2004] clause B.2.5(4). The limit & > 6 mm for characteristic value of slip to failure is
set in Eq. 8.22.

6.0 <0.9.0.63e2*°(PRd/Perd) 8.22

Finally, based on previous expression, the ductility criterion for bolted shear

connectors with single embedded nut is given in Eq. 8.23.
Pord / Perg >0.96 8.23

where:
Pora IS the design shear resistance of the bolt given in Eq. 8.17;

Pcra IS the design shear resistance of concrete given in Eq. 8.18.

Presented criterion is evaluated in Table 8.15 and Table 8.16 for bolts grade 8.8
and 10.9, respectively. Various bolt diameters, height to diameter ratios and concrete
classes are considered. It can be noticed that for bolts grade 8.8 some cases are not
recommended for use from the ductility point of view. With use of bolts grade 10.9, the

ductility is improved. In general bolts M12 grade 8.8 are not recommended for use.
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Table 8.15 Ductility of the bolted shear connectors with single embed. nut - grade 8.8.

Bolt geometry

Concrete class according to [EC2, 2002]

d(mm) hy/d(-) C20/25 C25/30 C30/37 C35/45 C40/50 C45/55 C50/60

12 3 Duct. Britt. Britt.  Britt.  Britt.  Britt.  Britt.
12 4 Britt.  Britt.  Britt.  Britt.  Britt.  Britt.  Britt.
12 5 Britt.  Britt.  Britt.  Britt.  Britt.  Britt.  Britt.
12 6 Britt.  Britt.  Britt.  Britt.  Britt.  Britt.  Britt.
16 3 Duct. Duct. Duct. Duct. Britt. Britt. Britt.
16 4 Duct. Duct. Britt. Britt.  Britt.  Britt.  Britt.
16 5 Duct. Britt. Britt.  Britt.  Britt.  Britt.  Britt.
16 6 Britt.  Britt.  Britt.  Britt.  Britt.  Britt.  Britt.
20 3 Duct. Duct. Duct. Duct. Duct. Duct. Britt.
20 4 Duct. Duct. Duct. Duct. Britt. Britt. Britt.
20 5 Duct. Duct. Britt. Britt.  Britt.  Britt.  Britt.
20 6 Duct. Britt.  Britt.  Britt.  Britt.  Britt.  Britt.
24 3 Duct. Duct. Duct. Duct. Duct. Duct. Duct.
24 4 Duct. Duct. Duct. Duct. Duct. Duct. Duct.
24 5 Duct. Duct. Duct. Duct. Duct. Duct. Britt.
24 6 Duct. Duct. Duct. Duct. Britt. Britt. Britt.

Table 8.16 Ductility of the bolted shear connectors with single embed. nut - grade 10.9.

Bolt geometry

Concrete class according to [EC2, 2002]

d(mm) hy,/d(-) C20/25 C25/30 C30/37 C35/45 C40/50 C45/55 C50/60

12 3 Duct. Duct. Duct. Duct. Duct. Duct. Duct.
12 4 Duct. Duct. Duct. Duct. Duct. Britt. Britt.
12 5 Duct. Duct. Duct. Britt. Britt. Britt.  Britt.
12 6 Duct. Duct. Britt. Britt. Britt.  Britt.  Britt.
16 3 Duct. Duct. Duct. Duct. Duct. Duct. Duct.
16 4 Duct. Duct. Duct. Duct. Duct. Duct. Duct.
16 5 Duct. Duct. Duct. Duct. Duct. Duct. Britt.
16 6 Duct. Duct. Duct. Duct. Britt. Britt.  Britt.
20 3 Duct. Duct. Duct. Duct. Duct. Duct. Duct.
20 4 Duct. Duct. Duct. Duct. Duct. Duct. Duct.
20 5 Duct. Duct. Duct. Duct. Duct. Duct. Duct.
20 6 Duct. Duct. Duct. Duct. Duct. Duct. Britt.
24 3 Duct. Duct. Duct. Duct. Duct. Duct. Duct.
24 4 Duct. Duct. Duct. Duct. Duct. Duct. Duct.
24 5 Duct. Duct. Duct. Duct. Duct. Duct. Duct.
24 6 Duct. Duct. Duct. Duct. Duct. Duct. Duct.
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8.6. Summary

This Chapter presents the main part of the thesis. Shear resistance and slip to
failure prediction models are developed based on the results of the FEA parametric
study and analyses presented in all previous chapters.

Firstly, shear resistance prediction models were developed for the bolt failure
criterion and concrete failure criterion given in Eg. 8.2 and Eq. 8.10, respectively. Those
were developed based on appropriate data sets of the main FEA parametric study with
regular and forced concrete failure as functions of the bolt diameter d, bolt tensile
strength fy,, height to diameter ratio hs. / d, and mean cylinder compressive strength of
concrete fcy,. Slip to failure prediction model is developed based on the bolt to concrete
failure criterion ratio Py, / Pc, and given in Eq. 8.13. Mean material properties are used
in the shear resistance and slip to failure prediction models for the purpose of
comparison to tests and FEA results.

Prediction models for shear resistance and slip to failure are validated with
regards to experimental tests results of present and previously published research results
for bolted shear connectors. Summary of the comparison is given in Table 8.14 and Fig.
8.11.

After the validation, prediction models were used to propose the design rules for
shear resistance and ductility of bolted shear connectors with single embedded nut
based on characteristic values of material properties and safety factors. Design rules are
proposed in form suitable for adoption in Eurocode 4 [EC4, 2004]. Design shear
resistance is given in Eq. 8.16, while ductility criterion, based on [EC4, 2004]

requirement of slip higher than 6.0 mm is given in Eg. 8.23.
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Chapter 9. Conclusions and future work

Bolted shear connectors for use in prefabricated steel-concrete composite decks were

analysed with focus on their resistance and ductility. Based on the literature review,

feasibility study, experimental works, verification FE analysis, FEA parametric study,

analytical and statistical analysis presented in this thesis, following main conclusions

are drawn:

1)

2)

3)

Prefabricated decks with bolted shear connectors are competitive to the common
solution with grouped headed studs. Push-out tests on M16 bolted shear connectors
with single embedded nut showed that they achieve 95% of the arc welded headed
studs shear resistance for static loads. Sustainability advantages are evident in terms
of possibilities for the repair and recycling of materials.

Bolted shear connectors with single embedded nut are the most appropriate for use
in prefabricated steel-concrete composite decks. The embedded nut plays an
important role greatly improving stiffness of the shear connection when compared
to the cases without the embedded nut. Also, the embedded nut provides practical
advantages during the casting process of the prefabricated concrete slab. However,
it is shown in the push-out tests that the M16 bolted shear connectors with single
embedded achieved 50% of welded headed stud’s stiffness at the serviceability load
level ks in push-out tests. This amount of stiffness is sufficient for propper
behaviour of the composite beam, which is concluded based on the results of
previous studies (see section 7.2.2).

Larger initial accumulated slip during cyclic loading in push-out test was noticed
for bolted shear connectors with single embedded nut when compared to the welded
headed studs. This is attributed to the initial slip in hole and threads-to-hole
penetration. Maximum initial slip at the dead weigths load level can be estimated

based on the initial bolt-to-hole clearance cmax and the nominal bolt diameter d:

5(3 :Cmax+d/40

Good correlation of the proposed initial slip estimation to the experimental push-

out tests results is achieved as shown in Table 7.3.
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4)

5.)

6)

7)

8.

Push-out tests and FEA showed that the initial bolt-to-hole clearance does not
influence the shear resistance of bolted shear connectors with single embedded nut.
Nevertheless, its influence on incomplete interaction during the construction stage
needs to be taken into account. A case study considering incomplete interaction on
a 12 m span composite beam with bolted shear connectors and welded headed studs
is shown in section 3.2. In the case of bolted shear connectors beam deflections for
the dead weight loads are increased when compared to the case with welded headed
studs by 18%, while stresses in steel at the serviceability load level are increased by
6%. The most critical is the bending moment in the steel beam during construction
phase which is increased by 38% for the considered case. Propped construction can
resolve the issues regarding the ultimate limit state of the steel beam during
construction phase and serviceability limit state stress checks. Larger camber
should be used in case of bolted shear connectors. For the larger spans those issues
are less pronounced.

Ductility of M16 bolted shear connectors with single embedded nut, grade 8.8, is
approximately 30% lower when compared to the comparable welded headed studs
in push-out tests. This is attributed to a lower ductility of the high-strength bolt
material and larger contribution of the shear force to the failure of the bolt at the
flange-concrete interface. The FEA parametric study showed that for lower bolt
diameters and higher concrete strengths bolted shear connectors can exhibit non
ductile behaviour. Use of higher grade bolts (e.g. 10.9) greatly improves the
ductility of bolted shear connection.

The bolt preloading force F, and number of embedded nuts (1 or 2) have no
influence on the shear resistance nor the ductility of the bolted shear connection.
This is concluded based on results of the initial FEA parametric study.

Longitudinal spacing between bolted shear connectors s=5d is the minimum
required distance providing independent (non-group) behaviour, same as for the
headed studs according to Eurocode 4. The conclusion is based on results of the
initial FEA parametric study.

Two possible failure modes in push-out tests of bolted shear connectors with single
embedded nut have been identified using experimental and FEA results: failure of

the bolt at the flange-concrete interface and pryout failure of the concrete. Load
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transferring mechanisms have been explained and analytical models have been
developed for both failure modes in section 7.3. Analytical models have been
evaluated with regards to experimental and FEA results and good agreement is
found.

9.) For the smaller bolt diameters, the shear dominantly contribute to the failure of the
bolt at the flange-concrete interface. In the case of bolt M12 contribution of the
axial force in failure is only 2%, bending 19 %, while the remaining resistance of
79% belongs to the shearing. As the bolt diameter increases, contribution of the
bending and axial force becomes more significant. For M24 bolt, contribution of
the shearing is reduced to 55%, while the axial force and bending contributions are
up to 8% and 37% of rhe resistance, respectively.

10.) Shear resistance for the bolt failure mode of bolted shear connectors is increased up
to 30% (for M12 bolted shear connectors) when compared to pure shear resistance
of the bolt at the threaded part. This is attributed to the embedded nut and concrete
friction interaction with the flange and catenary effects in the bolt. Those effects
decrease with the increase of the bolt diameter. For the M24 bolted shear
connectors 10% increase to the pure shear resistance of the bolt is achieved.

11.) For the first time to best of my knowledge, concrete pryout failure is explained in
detail for a shear connector. The new analytical model is developed in section 7.4.2
for bolted shear connector with single embedded nut. Concrete pryout failure is
governed by the confinement effects in concrete in front of the shear connector
limited by the half-cone concrete capacity in tension behind the shear connector.
For the bolted shear connector with single embedded nut the pure concrete pry-out

resistance is obtained as follows:

P =225d%f, +4.32(3h, +s,)/f,h

c,pry cm’'sc

12.) As the analytical models are a bit troublesome for use in engineering practice, more
practical shear resistance prediction models were developed using the results of
FEA parametric study. The bolt and concrete failure criterions: Py, and Py,
respectively, are given as functions of the bolt diameter d, bolt tensile strength fp,
height to diameter ratio hs. / d, and mean cylinder compressive strength of concrete

fem (@ll dimensions are in N and mm):
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R, =a,f,A, with: o, =0.6(34/d)"*

P, =55a,d"°(f,,h,/d)** +22000, with: o, =22.5/(d +3) <1.0

cm” 'sc

The prediction model for concrete failure has the similar form as the concrete
failure criterion for welded headed studs according to [JSCE, 2009]. Proposed
prediction models are validated upon the experimental results and good correlations
were obtained. Summary of the comparison is given in Table 8.14 and Fig. 8.11.
13.) Prediction model for slip to failure &, is given based on the bolt to concrete failure

criterion ratio Py, / P¢, (all dimensions are in N and mm):

5 =0.33e34 PP
" :

Very good correlations to experimental results of present and previously published
studies were obtained, as shown in Table 8.14 and Fig. 8.11.

14.) Design rules for the shear resistance and ductility of bolted shear connectors with
single embedded nut are proposed in form suitable for inclusion in Eurocode 4
[EC4, 2004] based on validated prediction models. Design shear resistance is given

in Eq. 8.16, while ductility criterion is given in Eq. 8.23.

Following conclusions are drawn for the beyond state-of-the-art FEA models based on
ABAQUS/Explicit code used in this study:

1.) Progresive damage models for steel components can be used to investigate the
failure modes. Those can be calibrated based on the standard tensile tests results
and successfully used in FE analyses of the push-out tests. Damage initiation
criterion can be defined dependent on uniaxial plastic strain at the onset of necking

&P and triaxiality @, as follows:

E(;Zﬂ (9) — grﬁﬂ . e—l.5~(9—1/3)

Engineering approach for determination of the damage evolution law is presented
in Annex A. Shear damage model can be calibrated according to shear tests of the
bolts, as shown in section 5.6.1.

2.) Concrete damage plasticity (CDP) model was successfully implemented in FEA of
push-out tests. For that purpose, the descending part of the concrete compression

curve need to be defined up to high strains in order to properly model the
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confinement effects in concrete. Extension to the existing [EC2, 2004] concrete

compression stress/strain curve is proposed (see section 5.6.2 for the details):

1 sin(u’® - -ae /2
fcm T (,U. L2 / )+£ ) 5cuD<5c£5cuE
oc(&) = B ﬂ'sm(atE n/Z)

[fcuE(gch - gc) + 1:ch(gc - gcuE)]/(gch - 5cuE)1 Ec > EquE

3.) Robust dinamic explicit solver can be successfully used to analyse models with the
exact bolt geometry, leading to the most realistic modelling of their behaviour. Four
node tetrahedron finite elements (C3D4) should be used in that case.

4.) Variable non-uniform mass scaling method, used to reduce calculation time in
quasi-static FE analyses, showed much better performance compared to widely

used time scaling method.
Based on conclusions drawn above, recommendations for future work are as follows:

1.) More push-out tests with bolted shear connectors, should be made to validate
analytical models and predictions of failure criterions developed here. Key
parameters are: bolt diameter, shear connector height, bolt material and concrete
strength.

2.) Beam tests with bolted shear connectors with single embedded nut should be made
to analyse the influence of the initial incomplete interaction and shear connector
stiffness on structural behaviour at serviceability and ultimate load level, effective
deck widths and ductility of the structure. Additionally, differences in behaviour of
shear connectors in push-out tests and beam tests could be investigated.

3.) Analytical model for concrete pryout failure of bolted shear connectors developed
here could be adapted for other types of shear connectors, for example for welded
headed studs.

4.) Level of allowed tolerances in the prefabrication process, constructability, optimal
slab layout and innovative construction techniques could be further invesigated to

gain practical application of bolted shear connectors in prefabricated construction.
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Annex A - Ductile damage models for bolts and steel section

A.1l. Introduction

Ductile damage material model in Abaqus is based on reduction of initial material
modulus Ep and it is defined by damage initiation criterion and damage evolution law.
Damage evolution is started after the damage initiation criterion is achieved. During
damage evolution, damage variable D increases from D = 0 (no damage) to D = 1 which
is related to total degradation of material stiffness.

Parameters of ductile damage model for steel material of bolts and steel section,
used in this research, were derived iteratively by building replica FE models of tensile
test coupons. FEA models of round bar tensile test coupons (tensile test models) for
bolts and steel section are shown in Fig. A.1(a) and (c), respectively. One eight of real
specimens were modelled with symmetry boundary conditions in tree orthogonal planes
to reduce calculation time. Surface of the wider part of the coupon was coupled to a

reference point “Jaw” to which displacement controlled loading was applied.

S, Mises
(Avg: 75%)

S, Mises
(Avg: 75%)
532

c¢) model for steel section d) steel section results

Fig. A.1 FEA of round bar tensile test coupons.

Tensile tests results were transformed in a certain way to serve as the input data
for material models of the tensile test models. Abaqus/Explicit solver was used with
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variable, non-uniform mass scaling to obtain quasi-static solution. Element removal
upon reaching the total damage was used. Deformed shapes and Von-Mises stresses
after fracture in FEA are shown in Fig. A.1(b) and (d), for bolts series BT and steel
section, respectively. The output results in the form of load-displacement curves were
used to compare FEA with experimental results, as it is shown in Fig. 5.10.
Transformation of material input data from tensile tests was done according to the
procedure, shown in section A.2, implementing basic principles of progressive damage
models in Abaqus [Abaqus, 2012]. Some assumptions were made and few parameters
were introduced. Assumed physical meaning of most important parameters that were
introduced are validated based on advanced, tensile tests DIC results for one material
type (bolts series CT) in section A.3.

A.2. Ductile damage material model extraction procedure

Firstly, damage initiation criterion needs to be defined as equivalent plastic strain
at the onset of damage 509' (see Fig. 5.9) as a function of stress triaxiality € and strain
rate.

1400 - . - -
undamaged response = plasticity curve g 4 Fi Al
Damage initiation, ’f- !
1200 - "necking" point
Critical
1000 damage,
E‘f ]
=3 G
8 800 TTTEES=s T L
s (2 2~ Y |l
° -
2
" 600 -
|
p® I =TT m=a ) T
[} [} I
P VW R AL
400 A Lo
I o
| = 11 Total damage,
|9 L{}g/ |} "fracture" point
200 - 1 (DRl
pl I / . . ! | ( )pl
&, | accumulated plastic strain__ 1 (! & 1
A\ / ik '.
0 ""II""I""'I""I'l"C'I""‘I""I
0 0.1 0.2 0.3 04 05 0.6 0.7

Localized true plastic strain (-)

Fig. A.2 Plasticity curves and damage extraction procedure.
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Assuming that load application is relatively slow for a quasi-static analysis, strain
rate can be ruled out. For uniaxial tension (6=1/3), corresponding to standard tensile
test, equivalent plastic strain at the onset of damage can be defined as &' =& = &P,
where &' is defined in Fig. A.2 as uniaxial true plastic strain at the onset of necking,
obtained from experimental results of standard tensile tests.

Function of equivalent plastic strain at the onset of damage on triaxiality Eé)' ),
will be defined based on experimental and theoretical findings of some authors.
[Trattnig et al., 2008] conducted series of tests with different triaxiality on austenitic
steels. Based on experimental results they proposed exponential dependency of
equivalent plastic strain at fracture Efp' on triaxiality, as given by Eqg. A.1 as a function
of material constants « and g. Similar fracture line was theoretically derived by [Rice
and Tracey, 1969] defining exponential dependency of the void growth rate on

triaxiality.
gl=a-el? Al

Divided by the same expression written in Eq. A.2 for uniaxial strain state, the

ratio of equivalent to uniaxial strain at fracture Efp' / gfp' is obtained in Eq. A.3.
e =g g3 A2
P[P =g PO A3
It is assumed that the ratio of equivalent and uniaxial strain at fracture and at the
onset of damage are the same: &' /&' =20 1 &' . Therefore equivalent plastic strain at

the onset of damage 509' is derived in Eg. A.4, as a function of triaxiality, based on

uniaxial plastic strain at the onset of damage gé" :
&) =g e A4

Material parameter f=1.5 is adopted as proposed by Rice and Tracey. Finally
with gé" =gP damage initiation criterions according to Eq. A.5 are shown in Fig. A.3.

Values of &' for each steel material are obtained from Fig. A.2 and given in Table A.1.

Once the damage initiation criterion is established, plasticity curves and damage
evolution laws for use in Abaqus material models are extracted from experimental

results of standard tensile tests. The procedure shown here is based on engineering
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approach and is presented in recursive form, practical for use in spreadsheet calculations
and processing of raw tensile tests data. Following characteristic points of nominal and
true stress strain curves need to be identified for further manipulation: p — onset of
plasticity; n — onset of necking (damage initiation); r — rupture point (critical damage); f
— fracture point (total damage). Those characteristic points are shown in Fig. A.2, Fig.
A.4 and Fig. 5.10, for bolt M16 (series BT) material.

0.30 1 \ Bolts M16
. ! (series BT)
£ 0.25 + \: - = = Bolts M24
s N ; (series CT)
8 E &20 R :\ = . = Steel section
S & — .
82 €15 N\
Q o 0.15 1 3.2 .
£ 3 N S8 N
E 5 0.10 :
=7 - . o '~
E: S~ 1 =~. -
«© 0.05%1~ I C—.
1
e i -~
——0.00—+——————t— T T e
-0.33 0.00 0.33 0.67 1.00 1.33 1.67 2.00

Stress triaxiality (-)

Fig. A.3 Damage initiation criterions for bolts and steel section.

After onset of necking, longitudinal strains of test coupon starts to localize in the
necking zone [Lamaitre, 1985], leaving other parts of coupon at the same strain as they
were at the onset of necking. To account for strain localization, initial gauge length I°
(50 mm in this study), is ficticiously reduced to length 1' representing average necking
zone length, as illustrated in Fig. A.2. Therefore, variable gauge length [; is defined by
Eq. A.6 at every loading (elongation) stage “i" as function of elongation Al;. Rate of
gauge length reduction i.e. strain localization is governed by power law through

localization rate factor ¢y, given in Table A.1.

1° i<n

h {|° +(1°° —19)[(Al; — Al /(AL = AL, i>n

A6

Further, nominal strains &™™ are obtained by Eq. A.7, following previous
assumption that increments of elongation after onset of necking are applied only to

localized zone of test coupon.
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. {Alilli, i<n e

& = .
! gin_O]r_.n + (All _Ali—l)/lil 1>n

Based on well-known relations, localized true strains &; and true stresses o; In
necking zone are obtained in Eq. A.8 and Eq. A.9 respectively. Those are shown in Fig.

A.2 with dashed lines as damaged material response (section p-n-r-f).
& = In(l+ Einom) A.8
Oj =O'inom(1+ ginom) A9

Undamaged material response is defined by Eq. A.10 assuming perfectly plastic
behaviour after onset of necking (point “n” in Fig. A.2). Nominal (engineering) stress-
strain curve would be horizontal after onset of necking (reaching the ultimate material
strength), but in Fig. A.2, true stress-strain curves are shown. Together with true plastic
strains obtained in Eq. A.11, true strains obtained by Eq. A.10 were used as input data
for plasticity curves in Abaqus as shown with solid lines in Fig. A.2 (section p-n-r’-f).
Dashed extensions beyond point “f”” were made to solve issues of discretising

extremely high strains in the necking zone by finite element method.

Oi, i<n A10
o = . .
Y letm(+ &™), i>n
=g -g All

Damage variable is obtained as the dimensionless difference between undamaged
and damaged response of material as defined in Eg. A.12. It can be noticed in Fig. A.2
and Fig. A.4 that at the rupture point “r” material undergoes critical value of damage D,
immediately followed by fracture point “f” with total degradation of stiffness. This
behaviour is also noticed by [Lamaitre, 1985], defining value of critical damage as 1-
or/ on in range of D¢ =0.2 - 0.5 for most steels. Nevertheless this is macro scale
measure of damage variable, as average value across entire cross at which fracture
occurs. In the numerical analyses conducted here, significant non-uniform distribution
of damage variable was noticed at the cross section at which fracture occurs, affected by
higher equivalent plastic strains in the core of the cross section. Some other authors,
such as [Bonnora et al., 2006] also observed that real values of critical damage for steel
materials are higher (0.55-0.65). For this purpose, damage eccentricity factor ap was

introduced in Eg. A.12, with values ranging from 1.5 to 1.7 for different steels used
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here, as given in Table A.1. With those values, good match of experimental and

numerical rupture points were obtained (see Fig. 5.10).

1-0;/67)ap, n<i<r
i_{( | |) D A.12

1, i=f
Damage evolution laws were inserted in Abaqus in tabular form as damage
variable D, as functions of equivalent plastic displacement G . Values of G
corresponding to D, are defined by Eq. A.13, as proportional to evolution of plastic

strains in necking zone.
o =0 (P — Y NP =&Y, i=n A13

Total equivalent plastic displacement at fracture Ufp' can be defined by Eqg. A.14
as characteristic element length Lchar multiplied by plastic strain accumulated during the
necking (damage) process. Plastic strain accumulated during the necking (damage)
process is the difference between plastic displacement at fracture efp' and at the onset of
necking &' (see Fig. A.2).

0f' = sLerar(ef' —28') Al4

Finite element size factor Ag is introduced in Eq. A.14 to take into account
influence of element size on discretization in finite element method. Different element
sizes (mesh densities) were tried for each steel material analysed here in order to
establish those factors. It has been found that element size factor follows the rule given
in Eq. A.15, where Lg is the element size for the actual mesh density used and Ly is the
element size for the refined mesh density which could be considered as reference mesh.
Reference elements size Lg need to be established iteratively by subsequent refinement
of the mesh. It is reached when no further refinement gives difference in results in terms

of damage. Values used for bolts and steel section are presented in Table A.1.

s =3/ Le A.15

Characteristic element length Lcnsr iS dependent on finite element type and size
[Abaqus, 2012]. It is here defined in Eq. A.16 as element size Lg multiplied by element
type factor Ag which are presented in Table A.1 for element type and size for each

material as used later in push-out models.

I—char = XELE A.16
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Each steel material used here was analysed with two mesh types (C3D4 —

tetrahedron and C3D8R — hexahedral) in order to establish consistent value for element

type factor Ag. It has been found that value of 1 is good match for tetrahedron C3D4

elements, and that for hexahedral C3D8R elements it ranges from 2.5 to 3.2 depending

on ductility of material considered.

All parameters considered in this procedure are shown in Table A.1, for bolts

(series BT and CT) and the steel flange material.

Table A.1 Parameters for ductile damage of bolts and steel section

Damage Element type Element size Localization
initiation  fact. type fact. used  ref. fact. length fact.
strain (mm)  (mm) (mm)
Material &P ap Ae L2 % Aa |loc a
Bolt M16
. 0.078 1.7 C3D4 1.0 1.2 0.6 0.79 4.0 0.3
series BT
Bolt M24
) 0.050 1.7 C3D4 1.0 1.2 0.6 0.79 6.0 0.5
series CT
Flange
0.225 15 C3D8R 3.1 0.6 0.6 1 4.0 0.5
S235

Damage evolution laws for bolt and steel section, derived according to presented

procedure, are shown in Fig. A.4.
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<
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Equivalent plastic displacement (mm)

Fig. A.4 Damage evolution laws for bolts and steel section.

Comparison of FE and experimental results of tensile tests are shown in Fig. 5.10.

Good match was achieved after a few iterations for each material. Also, those material
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models were used with no further change for the push-out models shown in section 5.2
and good FEA results were obtained, compared to experimental results as shown in
section 5.7.

A.3. Validation of the procedure based on tensile tests DIC results

Length of strain localization in necking zone 1 in procedure shown in section
A.2 was assumed to have a physical meaning of effective length to witch the plastic
strains are localized from the necking to rupture. Here, this physical meaning will be
proved using results of advanced tensile test DIC analysis, shown in section 4.3.1.

Distributions of longitudinal strains obtained by advanced tensile test DIC
analysis are shown in Fig. 4.17 (section 4.3.1) at different loading stages. Those
distributions are used to establish the effective strain localization length at rupture point
“r”, as it is shown in Fig. A.5. After the necking process starts plastic strains tend to
localize in the necking zone. The rest of the parts, along specimen length, stays at the
level of plastic strains that they have reached between the yielding and necking and they
are mostly evenly distributed along specimen length. Effective strain localization length
is established by the principle of equal areas bellow the real (solid lines) and idealized

(dashed lines) strain distribution curves shown in Fig. A.5.

100 1 strain localization
90 1 |- = - idealized strain effective length
H H H |Ioc
80 4 distribution ¢ R
real strain !
= 70 1 distribution
S 60 - N
< igh strains area ——>
g 50 A
w
§ 40 A
F 30 4 _
low strains area
20 A
10 -
0 £= — —— : :
10 20 30 40 50

Path along specimen (mm)
Fig. A.5 Determination of strain localization effective length.

Two averaging regions are defined for idealized strain distribution curve: high

strains area and low strains area. Low strains area is defined to have full specimen
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length and strain level averaged to values at the beginning and end of the gauge length
(43.81 mm in this case). Therefore, area of this part is known. Effective strain
localization length I'° is than obtained in order to equalize areas bellow the real and
idealized strain distributions, keeping the extreme value of strain in the localized
necking zone. The same philosophy was used during development of damage
parameters extraction procedure (Eg. A.6 and Eq. A.7) shown in section A.2.

For the case shown here effective strain localization length 1'° =55 mm was
obtained for the rectangular tensile test coupon. It will be used for tensile test models of
rectangular coupons shown in Fig. A.6 in order to validate the procedure shown in

section A.2.

a) C3D4 — tetrahedron elements b) C3D8R — hexahedron elements
Fig. A.6 FE models for rectangular tensile test coupon.

Two identical FE models were built with different finite element types (C3D4 and
C3D8R). Intention was to additionally validate values of the element type factor A
proposed in section A.2. Parameters used in the ductile damage model extraction
procedure are shown in Table A.2.
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Table A.2 Parameters for ductile damage for rectangular tensile test coupon

Damage Elementtype  Element size Localization
Finite —
- initiation  factor type factor used referefence factor length  factor
strain mm) (mm mm
- (mm) (mm) ()
Snpl op /1E LE LR /15 | oc o
Tetrahedron  0.042 1.7 C3D4 1.00 12 0.6 079 55 0.3
Hexahedron  0.042 17 C3D8R 312 12 06 0.79 55 0.3
1400 - . -
undamaged response = plasticity curve PPtde
1200 + Damage initiation,
"necking"” point P
'Dio;
1000 - '
1 Y Oj
p( II /9 T~
< r
28004 | / X
2 | // |
§ : / | Critical damage,
5 | / " " 00i
> | / | ruprute” point
g 0600 } i | (D,=0.3-0.55)
- II / |
I / |
400 1 | I/ I Total damage,
; . I “fracture” point
! </ I (DFD)
200 A ! |
e o | Pl
L accumulated plastic strain /
I A
L / b
0 0.1 0.2 03 f 0.4 0.5
Localized true plastic strain (-)
a) plasticity curve
0.10 -
\ -
0.08\] =5
0.06 {\_ 5!2

Equivalent plastic strain
] at the onset of damage

0.00-

067 1.00 133 167 200
Stress triaxiality (-)

b) damage initiation criterion

0.00 0.33

0.2 0.3

0.1
Equivalent plastic displacement (mm)

c) damage evolution law (C3D4)

Fig. A.7 Input parameters for plasticity and damage material model.
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Based on the values from Table A.2, and nominal stress-strain curve “Cr”, shown
in Fig. 4.7 (section 4.3.1) input data for ductile damage model is generated. It is
presented in Fig. A.7 in the form of plasticity curve, damage initiation criterion and
damage evolution law.

FEA results are presented and compared to corresponding experimental results in
Fig. A.8 to Fig. A.11. Nominal stress-strain curves for both element types, compared to

the experimental curve are shown in Fig. A.8.

1000 -
900 A
800 A

< 700 -

o

S 600 -

2 500 1 - - - -FEA- C3D4 \

Test TN

S

3 400 1 - .- FEA-C3D8R Y
E 300 A W
E 200 A X
<100 W\

\
I

0

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Nominal strain (-)

Fig. A.8 Experimental and FEA nominal stress-strain curves.

T

i 32.12750
400
B

LE, LE22
(Avg: 75%)

Y

e x

Stage 185
a) C3D4 elements b) C3D8R elements C) experimental

Fig. A.9 Longitudinal strains at 0.6r point (FEA vs. test).
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o
)

- - = Test-0.2r point
----- Test - 0.6r point
Test - rupture point
— = = FEA - rupture point
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o
1
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N
o
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Path along specimen (mm)

Fig. A.10 Distribution of longitudinal strains at rupture.

OOO00000000000
STSTRTOE T8 e

a) C3D4 elements b) C3D8R elements ) experimental
Fig. A.11 Deformed shapes at fracture (FEA vs. test).

Contour plots of longitudinal strains are presented in Fig. A.9 for loading stage
0.6r (60% between the necking and rupture — see Fig. 4.15, section 4.3.1). Fig. A.10
shows the distribution of longitudinal stresses along centreline of specimen surface at

rupture. Fractured shapes and damage variable values are shown in Fig. A.11.
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Very good match of FEA and experimental results are obtained. It can be
concluded that 1, previously assumed in section A.2, does have physical meaning of
effective length of strain localization in necking zone. Results for two types of finite
elements (C3D4 and C3D8R) are also quite consistent.

It should be pointed out that advanced tensile test DIC analyses are more
demanding compared to the classical uniaxial tensile tests with extensometers.
Additionally, it can be conducted using only certain shapes of test coupons. Here it is
shown that standard tensile tests on round bars can be successfully used for
determination of ductile damage model parameters, by obtaining proposed parameters

iteratively.
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Annex B - Influence of certain parameters on FEA results

Influence of some parameters governing the behaviour and results of FE models
of push-put tests, presented in Chapter 5 will be shown in this Annex.

Most of the geometric and material parameters used to build FE models of push-
out tests were predetermined by tests such as: steel material properties, concrete
compressive and tensile strength, etc. Those parameters were used in models of push-
out test with no change, as they were obtained in each standard or specific test. On the
other hand, some parameters that were not obtained by tests were identified that may
have influence on the results. The most influencing ones were chosen to be investigated
by small parametric analyses. They were calibrated to match the results of both series of
push-out tests (BT and CT), since they were conducted using the same test set-up,
equipment and surrounding conditions. Those parameters are:

P1 — lateral restraint of the concrete slab (ky3),

P2 — concrete plasticity parameter K,

P3 — shape of concrete compressive stress-strain curve (descending part),

P4 — friction coefficient in the concrete-flange interface (greased).

Their influences are briefly shown here in Fig. B.1 as comparison of force-slip
curves of push-out test models for bolts M16 and M24 (series BT and CT). In each
analysis, only one parameter was changed with regard to the original set of parameters.

Values of parameters are given in Table B.1.

Table B.1 Parametric study of push-out FE models parameters

P1 P2 P3 P4
Parameter Parameter designation kus (KN/mm) K (-) fB=fon/ fus ae K

PO original set 40 0.59 15 0.9 0.3
P1 lateral restraint 20 0.59 15 0.9 0.3
P2 parameter K 40 0.62 15 0.9 0.3
P3 concrete curve 40 0.59 20 1.0 0.3
P4 friciton coefficient 40 0.59 15 0.9 0.14
Adopted 40 0.59 15 0.9 0.14
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Fig. B.1 Influence of analysed parameters on force-slip curves for failure loading.

It can be noticed in Fig. B.1(a) that for bolts M16 (series BT), influences of all the
analysed parameters are practically negligible. On the other hand, Fig. B.1(b) shows
that bolts M24 (series CT) are more sensitive to change of each analysed parameter.

This is attributed to the difference in failure modes in those two push-out tests. Failure
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of the bolt by shear is dominant for series BT, while failure of the concrete is dominant
failure mode in series CT of push-out test. Practically all analysed parameters are
influencing the behaviour of the concrete part in the models, except for friction
coefficient in the flange-concrete interface. Major influence can be subscribed to the
lateral restraint (P1) and plasticity coefficient K (P2), as the curves in Fig. B.1(b),
rapidly decreases at certain points. This is attributed to limited confined condition of
concrete in front of the shear connector governed by these parameters.

Friction coefficient, simply translates the curves in Fig. B.1, when compared to
the original set of parameters. Again influence in the case of bolts M24 (series CT) is
more pronounced, since higher confinement conditions in concrete are produced in this
case leading to higher contact pressures between the steel flange and concrete slab (see
section 7.3 for explanation of contact stresses).

Adopted values of parameters that provided the satisfactory results for both series

of push-out tests are given in Table B.1.
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Annex C - Input data for material models in Abaqus

Fragments of input files in Abaqus are shown here, defining material properties

used in the main FEA parametric study (section 6.3.2). Abaqus v6.12-3 was used.

C.1. Bolts

*Material, name = HV88
*Damage Initiation,
criterion = DUCTILE
0.576346, -1.,0.001
0.210968, -0.33, 0.001
0.1286, 0.,0.001
0.110687, 0.1, 0.001
0.0952694, 0.2, 0.001
0.078391, 0.33, 0.001
0.0607465, 0.5, 0.001
0.0286946, 1.,0.001
0.00640263, 2.,0.001
*Damage Evolution,
type = DISPLACEMENT,
degradation = MULTIPLICATIVE,
softening = TABULAR
0., 0.

0.00386873, 0.0109395
0.0182441, 0.0291932
0.0520358, 0.0529426
0.101076, 0.08169
0.150683, 0.109233
0.192597, 0.131579
0.265689, 0.168215
0.33025, 0.197789
0.415202, 0.24641
0.499208, 0.287944
0.564363, 0.321303
0.63089, 0.355096

1., 0.36845

*Damage Initiation,
criterion = SHEAR
0.08,1.732, 0.1
*Damage Evolution,
type = DISPLACEMENT,

degradation = MULTIPLICATIVE,

softening = EXPONENTIAL
0.3,0.7
*Density
7.8e-06,
*Elastic
210000., 0.3
*Plastic
522.3, 0.
555.6, 0.0004
577.7,0.0013
600.1, 0.0028
605.1, 0.0071
621.3, 0.0085
631.1, 0.0099
701.6, 0.0217
772.1, 0.037
815., 0.0524
840.8, 0.0684
850.9, 0.0782
860.8, 0.0897
877.5, 0.109
899.8, 0.134
927.5,0.1643
954.9, 0.1934
977.6, 0.217
1016.2, 0.2556
1048.4, 0.2868
1103.5, 0.3381
1152.9, 0.3819
1194.2, 0.4171
1237.6, 0.4527
1255.1, 0.4668
1349.2, 0.5391
1462.2, 0.6195
1597.7, 0.7081
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C.2. Steel section

*Material, name = s235, rtol = 0.01

*Damage Initiation,
criterion = DUCTILE
1.,-0.33,0.001

0.4, 0.,0.001

0.3, 0.1,0.001

0.2, 0.25,0.001

0.18, 0.33, 0.001
0.16, 0.5,0.001
0.14, 1.,0.001

0.08, 3.33,0.001
*Damage Evolution,
type = DISPLACEMENT,
softening = TABULAR
0., 0.
0.000278923, 0.0140905
0.00426591, 0.0338668
0.00776066, 0.0617512
0.022396, 0.108311
0.0641033, 0.186025
0.0959663, 0.227394
0.13641, 0.277952
0.188815, 0.351168
0.219497, 0.390227
0.253493, 0.439757
0.293658, 0.488259
0.347621, 0.534949
1., 0.705798

*Density

C.3. Reinforcement

*Material, name = R500
*Density

7.8e-06,

*Elastic

C.4. Concrete

7.8e-06,
*Elastic
210000., 0.3
*Plastic
265.4, 0.
276.,0.014
276.7,0.017
295.8, 0.02
323.8,0.029
350.1, 0.041
384., 0.061
414.8, 0.089
434.9,0.115
455.1, 0.147
468.5,0.173
476.4, 0.19
487.8,0.213
504.3, 0.247
533., 0.302
584.8, 0.395
614.3, 0.444
652.5, 0.504
712.,0.591
745.9, 0.638
791.2, 0.697
838.3, 0.755
886.3, 0.811
1086.5, 1.014

210000., 0.3
*Plastic
400., 0.
500., 0.3

Properties of Concrete Damge Plasticity model (CDP) are given for 4 different

concrete materails used in the parametric study.
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C.4.1. C20/25

*Material, name = C28
*Density

2.5e-06,

*Elastic

30000., 0.2

*Concrete Damaged Plasticity
36., 0.1, 1.2,0.59, O.
*Concrete Compression Hardening
11.2, O.

19.8, 0.00049

25.5, 0.00098
27.8,0.00146
28.,0.00163
27.5,0.00193

26.1, 0.00223
23.8,0.00253

20.8, 0.00283
17.,0.00313

15., 0.00335
13.,0.00402

11.06, 0.00513

9.24, 0.00668

7.55, 0.00868

6.04, 0.01112
4.72,0.01401
3.62,0.01734
2.77,0.02112

2.18, 0.02534

1.87, 0.03

04, 01

*Concrete Tension Stiffening
2.2, 0.

1.87, 0.0001

1.54, 0.0002

1.23, 0.0003

0.95, 0.0004

0.7, 0.0005

0.49, 0.0006

0.32, 0.0007

0.2, 0.0008
0.13, 0.0009
0.11, 0.001
*Concrete Compression Damage
0., O.

0., 0.0002

0., 0.0005

0., 0.00091

0., 0.00107
0.0175, 0.00138
0.0679, 0.00173
0.1486, 0.00211
0.2571, 0.00251
0.3913, 0.00293
0.4642, 0.00322
0.5359, 0.00396
0.6049, 0.00513
0.6701, 0.00675
0.7303, 0.0088
0.7845, 0.01129
0.8315, 0.01423
0.8706, 0.01759
0.9009, 0.0214
0.922, 0.02564
0.9333, 0.03031
0.9857, 0.10036
*Concrete Tension Damage
0, O
0.1514, 0.00011
0.299, 0.00022
0.439, 0.00033
0.5678, 0.00044
0.6821, 0.00055
0.779, 0.00066
0.856, 0.00076
0.9111, 0.00087
0.9427, 0.00097
0.95, 0.00107
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C.4.2. C30/37

*Material, name = C38

*Density
2.5e-06,
*Elastic
33000., 0.2

*Concrete Damaged Plasticity
36., 0.1, 1.2,0.59, 0.
*Concrete Compression Hardening

152, O.
26.4, 0.00052
34.2,0.00104
37.8, 0.00157
38.,0.00174
37.5, 0.002
35.9, 0.00226
33.3, 0.00252
29.6, 0.00278
24.9, 0.00304

21.86, 0.00326
18.92, 0.00393
16.08, 0.00504

13.4, 0.0066

10.93, 0.00861

8.7,0.01106
6.76, 0.01396
5.15, 0.0173
3.89, 0.02109
3.01, 0.02532
2.53, 0.038
04, 0.1

*Concrete Tension Stiffening

29, 0.

2.46, 0.0001
2.03, 0.0002
1.63, 0.0003
1.25, 0.0004
0.92, 0.0005
0.64, 0.0006
0.42, 0.0007

0.26, 0.0008
0.17, 0.0009
0.15, 0.001

*Concrete Compression Damage

0, O
0.,0.00018

0., 0.00047

0., 0.00088

0., 0.00105
0.0139, 0.00132
0.0555, 0.00163
0.1247, 0.00197
0.2215, 0.00234
0.3458, 0.00275
0.4247, 0.00306
0.5021, 0.00382
0.5767, 0.00502
0.6473, 0.00666
0.7124, 0.00874
0.7711, 0.01126
0.8221, 0.01421
0.8645, 0.0176
0.8976, 0.02143
0.9207, 0.02569
0.9333, 0.03038
0.9895, 0.10045

*Concrete Tension Damage

0, O

0.1514, 0.00011
0.299, 0.00023
0.439, 0.00034
0.5678, 0.00045
0.6821, 0.00056
0.779, 0.00067
0.856, 0.00078
0.9111, 0.00088
0.9427, 0.00098
0.95, 0.00108
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C.4.3. C40/50

*Material, name = C48

*Density
2.5e-06,
*Elastic
35000., 0.2

*Concrete Damaged Plasticity
36., 0.1, 1.2,0.59, 0.
*Concrete Compression Hardening

19.2, O.
32.6, 0.00053
42.7,0.00105
47.6,0.00158
48.,0.00175
47.3,0.00199
45.1, 0.00223
41.1, 0.00247
35.4,0.00271
27.5,0.00295
24.19, 0.00317
20.98, 0.00385
17.88, 0.00496
14.95, 0.00653
12.25, 0.00854
9.83, 0.011
7.72, 0.0139
5.98, 0.01726
4.63, 0.02106
3.69, 0.02531
3.2, 0.03
04, 0.1

*Concrete Tension Stiffening

3.5 0.
2.97,0.0001
2.45, 0.0002
1.96, 0.0003
1.51, 0.0004
1.11, 0.0005
0.77, 0.0006
0.5, 0.0007

0.31, 0.0008
0.2,0.0009
0.18, 0.001

*Concrete Compression Damage

0, O
0.,0.00014

0., 0.00038

0., 0.00076

0., 0.00093
0.0148, 0.00119
0.0613, 0.00149
0.1428, 0.00184
0.2635, 0.00225
0.4279, 0.00272
0.496, 0.00303
0.563, 0.00379
0.6275, 0.005
0.6885, 0.00665
0.7447,0.00874
0.7952, 0.01127
0.8391, 0.01423
0.8754,0.01764
0.9036, 0.02147
0.9231, 0.02575
0.9333, 0.03046
0.9917, 0.10054

*Concrete Tension Damage

0, O

0.1514, 0.00011
0.299, 0.00022
0.439, 0.00033
0.5678, 0.00044
0.6821, 0.00055
0.779, 0.00066
0.856, 0.00076
0.9111, 0.00087
0.9427, 0.00097
0.95, 0.00107
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C.4.4. C50/60

*Material, name = C58

*Density
2.5e-06,
*Elastic
37000., 0.2

*Concrete Damaged Plasticity
36., 0.1, 1.2,0.59, 0.
*Concrete Compression Hardening

23.2, O.
39., 0.00055
51.1, 0.00109
57.5,0.00164
58.,0.00182
57.3, 0.00203
55.1, 0.00224
51., 0.00245
44.8, 0.00266
36.1, 0.00287
31.8, 0.00294

27.54, 0.00326
23.43, 0.00393
19.55, 0.00504
15.97, 0.00665
12.75, 0.00883

9.95, 0.01164
7.62,0.01511
5.81, 0.0193
4.55, 0.02425
3.87, 0.03
04, 0.1

*Concrete Tension Stiffening

41, 0.
3.48, 0.0001
2.87,0.0002
2.3,0.0003
1.77, 0.0004
1.3, 0.0005
0.91, 0.0006
0.59, 0.0007

0.36, 0.0008
0.23, 0.0009
0.21, 0.001

*Concrete Compression Damage

0, O
0.,0.00012

0., 0.00034
0.,0.00071

0., 0.00088
0.012, 0.00111
0.0507, 0.00138
0.1205, 0.0017
0.2269, 0.00208
0.377, 0.00252
0.4517, 0.00271
0.5252, 0.00314
0.596, 0.00392
0.6629, 0.00513
0.7247, 0.00685
0.7802, 0.00912
0.8285, 0.01199
0.8687, 0.01553
0.8999, 0.01977
0.9216, 0.02475
0.9333, 0.03052
0.9931, 0.10062

*Concrete Tension Damage

0, O

0.1514, 0.00012
0.299, 0.00023
0.439, 0.00035
0.5678, 0.00046
0.6821, 0.00058
0.779, 0.00069
0.856, 0.00079
0.9111, 0.0009
0.9427, 0.001
0.95, 0.00111
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1. AyropctBo - [lo3BOJbaBaTe YMHOXKABAKE, JUCTPUOYITH]Y U JABHO CAOIIITABAHE
Jiena, ¥ mpepaje, ako ce HaBejle MMe ayTopa Ha HauuH ojpeleH oj cTpaHe ayropa WiH
JaBaola IUIEHIe, Yak W Yy KomepuujamHe cBpxe. OBO je HAjCIO0O0THH]a OJf CBUX

JINLIEHIIH.

‘2. AyTOpCTBO — HGKOMepLII/IjaJIHO‘. Jlo3BOJbaBaTE YMHOXKaBaWkE, TUCTPUOYIIN]Y U

JaBHO CaoMIITaBamke JeJIa, U IIPepajie, ako ce HaBeJe UMe ayTopa Ha Ha4MH ojpeheH ox
CTpaHe ayTopa MM JaBaoua juneHue. OBa JHUIEHLA HE J03BOJbaBa KOMEpLUjaHY
yrotpeOy nena.

3. AyrtopcTBO - HEKoMeplMjaaHo — Oe3 mpepazae. /[o3BosbaBaTe yMHOXKaBame,
IUCTpuOyLMjy W jaBHO CaoNINTaBamke [ena, 0e3 MpoMeHa, NpeoOIMKOBamba WIH
ynoTpebe aena y CBOM Jelly, aKo ce HaBeJle MMe ayTopa Ha HauMH ojjpeheH o cTpaHe
ayTopa win naBaoua juueHie. OBa JUIeHIla He J03BOJbaBa KOMEpLHjalHy ynoTpedy
nena. Y OJHOCY Ha CBE OCTase JMIEHIIE, OBOM JIMIIEHIIOM ce OrpaHn4aBa Hajsehu oOum
npaBa Kopuiihema aena.

4. AyTOpCTBO - HEKOMEPIHjaTHO — JEIHUTH IO/ UCTUM YCIIOBHMA. J{03BOJbaBaTe
YMHOXKaBamwe, AUCTpUOYLM]y M JaBHO CaoNIlTaBame JAeja, U Ipepaje, ako ce HaBese
UMe ayTopa Ha HauuH ojapeheH on cTpaHe ayTopa WIM JaBaolia JIMIEHIE M aKo ce
npepaga AUCTpUOYUpa TIMOJ HWCTOM WM CIMYHOM JwuneHioMm. OBa JHIEHIa He
J103BOJbaBa KOMEpLMjaIHY YHOTpeOy Aea U mpepaja.

5. AytopcTBo — 0e3 npepaze. Jlo3BosbaBaTe YMHOXKaBaWbe, TUCTPUOYLIN]Y U jJaBHO
CaoIIITaBame Jeia, 0e3 MpoMeHa, MPeodINKOBaka WIKM YIOTpede Jiena y CBOM JIelny,
aKo ce HaBe/Ie MMe ayTopa Ha Ha4MH oJpel)eH o/ CTpaHe ayTopa WX AaBaola JIUICHIIE.
OBa nuIieHIIa 103B0JbaBa KOMEPLUjaJIHy yIIOTpeOy Jerna.

6. AyTOpcTBO - JENUTH IOJ HUCTUM YycioBuMa. Jl03BoJbaBaTe€ YMHOXKABAaIbE,
TUCTpUOYLIM]y U JaBHO CaoMINTaBame Jella, U Ipepajae, ako ce HaBeae UME ayTopa Ha
HauuH ojpeheH ox cTpaHe ayTopa WM JaBaolla JHUIEHIIE W aKo ce Ipepaja
IUCTpuOyHpa TOJ HWCTOM WM CIHMYHOM JmneHIoM. OBa JHUIEHIA J103BOJhaBa
KOMepLHjanHy ynoTpeOy nena u mnpepana. CiauuHa je co(TBEpPCKMM JHUIIEHLIAMa,

OIHOCHO JIMICHIIaMa OTBOPEHOI KOJIa.
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