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DEMOUNTABLE SHEAR CONNECTIONS WITH BOLTS AND WELDED
HEADED STUDS IN STEEL-CONCRETE COMPOSITE STRUCTURES

Abstract

The reuse of constructional elements or entire structures is an important approach in the construction
industry that follows the concept of sustainable development. Steel-concrete composite structures
enable the efficient use of material and savings in material consumption. However, widespread steel-
concrete composite beams with welded headed stud shear connectors do not have the demountability
feature and therefore cannot be entirely reused. In the past few decades, much research in the field of
steel-concrete composite structures has been focused on the development and investigations of
demountable floor systems. A further contribution to that field is provided in this thesis. A novel
demountable shear connection with bolts and welded headed studs is proposed. The suggested
connection is applicable in composite concrete slabs cast in open trough profiled steel sheeting.
Welded headed studs are installed in sheeting ribs, whereas bolts are placed between ribs.
Implementation of the additional plate or angles between the beam flange and the concrete slab is
required. During the building deconstruction, bolts are removed and the composite concrete slab is
easily separated from the steel beam with the possibility of being installed again. Destruction methods
are avoided and the entire floor structure including concrete slabs and steel beams may be reused in
another location in the same configuration as during the first life cycle.

The aim of the study is to promote the novel demountable connection with welded headed studs and
bolts. The objectives of the research are to describe the demountable connection response to the shear
load at the point of resistance and ductility, to identify failure mechanisms and propose instructions
for the design. The developed demountable connection is examined by static push-out tests,
conducting experimental and numerical investigations. The experimental work covers 20 push-out
test specimens divided into eight series. Different configurations of the demountable steel-concrete
connections are experimentally investigated: connections with continuous and discontinuous slabs
over the supporting beam, connections with and without stirrup reinforcement around headed studs,
connections with the angle between profiled sheeting ribs and the beam of 45°, 60° and 90°. The
resistance, ductility and stiffness of demountable connections are compared with corresponding non-
demountable connections with welded headed studs. According to the experimental research, the
appropriate numerical finite element models are developed and used for a detailed analysis of the
connection response and further parametric studies. A range of parameters that might influence the
connection response is covered by parametric studies, including the headed stud diameter and height,
bolt grade and diameter, concrete class, plate and angle thickness, the distance between the headed
stud and slab edge, stirrup reinforcement diameter and position, the angle between sheeting ribs and
the beam. The key influential parameters are identified and their effects on the connection
performance are quantified. According to the wide set of the obtained data, conclusions regarding the
connection response are drawn. Design recommendations for demountable shear connections with
bolts and welded headed studs are proposed.

Key words: reusability, headed stud, bolt, shear connection, profiled steel sheeting, steel-concrete
composite floor, shear resistance, push-out test, finite element analysis

Scientific field: Structural Engineering

Scientific subfield: Steel Structures
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JAEMOHTAKHU CMUYY'hHU CIIOJEBU OCTBAPEHU 3ABPTIBEBUMA U
MOXJAHUIINMA CA TI'JTIABOM KOJA CITPETHYTHUX KOHCTPYKIIMJA
Ol YEJIUKA U BETOHA

Pe3ume

[MpuHtMn MOHOBHE ymoTpeOe KOHCTPYKTUBHUX e€JeMeHaTa WM Ielle  KOHCTPYKIHUje Y
rpal)eBUHApCTBY y CKJIAJy je ca KOHIIETITOM OJPXKHUBOT pa3Boja. CIpernyTe KOHCTPYKIUje OJ1 YeIHKa
u OetoHa omoryhaBajy edukacHy ymoTpeOy maTepjajia W ymTeae y NoTpourmu. MehyTtum,
CIpETHYTE Tpe/ie O] UelrKa U OeTOHa ca 3aBapeHUM MOXKJAHUIIIMA Ca TJIaBOM KOje Cy Y IIUPOKO]
MPUMEHH, HUCY IEMOHTAKHE U HE MOTY C€ IIOHOBO YIOTPEOUTH. Y MPETXOAHUX HEKOIUKO JCIICHH]a,
MHOTa UCTPaXUBamba y 00JIACTH CIPErHYTHX KOHCTPYKIKja 0aBuiIa Cy ce pa3BojeM U HUCIUTHBAKbEM
JEMOHTXHUX MelycrnpaTHUX KOHCTpyKmnuja. lompuHOC HaBeneHOj o0nacTH JaT je Kpo3 OBY
mucepraiyjy. [IpennoxeH je HOBU IEMOHTaKHU cMHUUYYhH CIIOj ca 3aBPTHEBUMA U MOXKIaHUITIMA ca
TJIABOM, K0 pellehe MPUMEHIBHBO Y CIPErHYTHM II0YaMa ca Tpare3HuM MpOo(UINCaHuM JTUMOM.
[TocraBipame MOXKIaHWKa TpeABHleHO je y pebpuma HpopHIMCAaHOT JIMMA, JOK CE 3aBPTHEBU
nocTtaBJbajy usMmelyy, y mpeBojuma numa. HeonxonHa je mpuMeHa TOAATHOT YETUYHOT JIMMA WU
yraoHWKa Ha KOHTAaKTy U3Mel)y HOXuUIle yenudHe rpene U OeToHcke muioue. TOkoM JeMOHTaxe,
3aBPTHEBU CE YKJIamajy W CIPErHyTa miova ce jeTHOCTAaBHO pa3/iBaja O]l YEIUYHOT Mpoduia, y3
MoryhHocT moHOBHOT Kopumihewa. Ha oBaj HauuH, AECTpyKTHBHE MeToJe Cy H30€rHyre u
KOMIUJIETHA MeljycripaTHa KOHTPYKIIHja C€ MOYKE TIOHOBO YIIOTPEOUTH Ha APYTO]j JOKAIU]U Y UCTOM
00JIMKY Ka0 MPUJIMKOM MPBOT )KUBOTHOT ITHKITyCAa.

[{nsp HaydHOr HMCTpaKMBama j€ peanu3aldja WHOBATHBHOT JIEMOHTaXXHOT cMmuuyher cmoja ca
MOKIAHUIIMMA Ca TJIaBOM M 3aBpTH-eBUMa. L{MJb je omucaTH moHamame JIEMOHTaKHOT CIOja Ipu
nejcTBy cMmuuyher ontepehema y moryeny HOCHBOCTH W Je(OpMaOMIIHOCTH, WIACHTH(HUKOBATH
MeXaHu3Me JIOMa U JIaTH IpopavyHCKe npernopyke. J[eMoHTa)XHU cMUYyhH CI10j je€ HCIIUTHUBAH ITyTeM
TECTOBA CMHIIalkha MPUMEHOM EKCIEPUMEHTAIHUX M HYMEpPHYKMX Merojaa. ExcrnepumeHTasHo
ucnuTHBame o0yxBara 20 TecToBa CMUIIaka MOJEJFEHUX Y ocaM cepuja. McnutuBane cy pa3nuyure
KOH(UTypaIyje 1eMOHTaXHOT CI0ja: CII0jeBU ca KOHTHHYATHOM U AUCKOHTHHYAJTHOM TUIOYOM M3HAT
OCIIOHAYKe Tpejie, CII0jeBHU ca U 0e3 y3eHrrja MOCTaBbeHUX OKO MOXIAHHKA, CTIOjeBH Ca YTIOBUMA
n3melhy pebapa nmpodwmimcanor muma U oce Hocada ox 45°, 60° u 90°. HocuBOCT, QYKTHIIHOCT H
KpyTOCT AEMOHTa)XHHUX CIOjeBa ymopeheHe cy ca oaroBapajyhuMm cTaHIapJHUM CIOjeBHMa ca
3aBapeHMM MOXXJaHHWIIMMa ca TJaBoM. Ha OCHOBY eKCIIepHMEHTAIHUX pe3yiiTara, GOpMUpaHU CY
onrorapajyhu HyMepuuku MOJENH, KOjU Cy MOTOM KOpUIIThEeHU 3a JAeTalbHy aHalu3y MOHAaIllama
Croja W Jajby TapaMerapcky aHamusy. llapamerapckoMm aHamm3oMm oOyxBaheHW Cy pasmTu4uTh
napaMeTpu Koju OM MOINIM YTHUIATH HA TMOHANIAKE CMoja, YKJbY4Yyjyhu: MPEeYHUK U BUCUHY
MOJKIaHWKa, MIPEYHUK U Kjacy 4Bpcrohe 3aBpTHA, Kiacy OeToHa, NeOJpMHY JMMa M YraoHHKa,
pacTtojambe u3Mel)y MOXIAaHMKa M UBHUIE OCTOHCKE IJI0Ye, MPEYHUK U TMO3UIU]y Y3€HTHja, yrao
m3mehy pebapa mpodwimcaHor JimMa m oce Hocada. MIeHTH(UKOBAHW Cy KJbYYHHU YTHIIAJHH
napaMeTpu U BUXoB edekaT je kBaHTu(ukoBaH. Ha oCHOBY MIMPOKOT CKyMHa A00HMjeHUX pe3yJiTaTa,
JIOHETH Cy 3aKJbydlld 10 MHTamky MoHamama cMmudyher cmoja. Takohe, mate cy mpemopyke 3a
MPOjEeKOTOBAE IEMOHTAKHOT CI0ja Ca 3aBPTHEBUMA M MOXKJIAHUIIMMA Ca TTTaBOM.

Kibyuyne peum: moHoBHa ymnorpe0a, MOXKIAHHK, 3aBpTamb, CMHYyhH CIoj, mpoduivcaHu UM,
criperuyTa MelycrpaTHa KOHCTPYKIMja, HOCUBOCT Ha CMHUIalke, TECT CMULIAmba, METOJl KOHAUYHUX
eJleMeHara

Hayuna o6Jact: ['pal)eBunapcTBO

Y:ika Hay4uHa o0JacT: MeTaiiHe KOHCTPYKITHje
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Notation

Roman upper case letters:

A cross-sectional area of a coupon

As tensile stress area of a bolt

Awulst,eff effective area of the weld collar of a headed stud [1]

Ci calibration factor for shear resistance of a headed stud [2]

2 calibration factor for shear resistance of a headed stud [2], [3]

Dc concrete compressive damage variable of concrete damage plasticity model [4]

Dx concrete tensile damage variable of concrete damage plasticity model [4]

E modulus of elasticity of steel

E. modulus of elasticity of concrete according to [5]

Ecm secant modulus of elasticity of concrete [6]

Fra design value of the shear resistance of a bolt [7]

Foc bolt preloading force

Fu shear resistance of the high strength bolt

Fur frictional resistance of the high strength bolt

Gr fracture energy of concrete [8]

K ratio of the second stress invariant on the tensile meridian to the compressive meridian
in concrete damage plasticity model [9]

Lo original gauge length of a coupon

Mo plastic bending resistance of a headed stud [2], [3]

P shear resistance of a headed stud connector

Prd design value of the shear resistance of a headed stud connector [10]

Prdc design value of the shear resistance of a headed stud connector for concrete failure [1]

Pras design value of the shear resistance of a headed stud connector for steel failure [1]

Pra,1 design value of the shear resistance of a headed stud connector for concrete failure [2],
[3]

Prap design value of the shear resistance of a headed stud connector for steel failure [2], [3]

Puit ultimate load of the push-out test specimen

Puit mean value of the ultimate load of the push-out test specimens

Rg reduction factor for the resistance of a headed stud in profiled steel sheeting [5]

Ry reduction factor for the resistance of a headed stud in profiled steel sheeting [5]
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1 Introduction

1.1 Background

Steel-concrete composite structures are commonly used in construction, as they enable the most
efficient use of each material. By connecting a steel and a concrete part, the composite action is
realised, increasing the bearing capacities of the structural element. The most common steel-concrete
composite system is a downstand composite beam (T-beam) that consists of a steel profile and a
concrete slab placed over it. The concrete slab is implemented in one of two ways: as a solid slab or
as a composite slab cast in profiled steel sheeting. To join the steel beam and the concrete slab and to
prevent vertical separation and enable shear force transfer, shear connectors need to be used. The
most often applied mechanical connectors are welded headed studs. Besides those, many novel shear
connectors have been investigated in the past decades, including perfobond rib connectors, channel
shear connectors, shear connectors fastened with pins, etc.

In the modern age, when a lot of attention is paid to the preservation of the environment, sustainable
development is required in all segments of the industry. In the construction industry, new trends
include recycling and reusing old construction materials and replacing traditional materials with
alternatives whose production is environmentally safe. From the perspective of sustainable
development, the reuse of entire constructional elements is highly beneficial. Therefore, the
possibility of disassembling a structural system, that is typical for steel structures, is advantageous.
However, common steel-concrete composite beams with welded headed stud shear connectors do not
have the feature of demountability, implying that they cannot be reused in the second life cycle in the
original configuration including concrete slab and steel profile. Accounting for the negative impact
that the implementation of concrete has on the environment with the significant release of CO2 during
cement production, the reusability of concrete slabs is highly favourable. This has been confirmed by
the recent study on environmental benefits of different composite floor structures that has shown that
the demountable steel-concrete floor system leads to the lowest emissions and highest savings of
resources in most of the analysed impact categories compared to other traditional steel-concrete
composite floor solutions [14]. For those reasons, in the past few decades, much research in the field
of steel-concrete composite structures has been turned to developing and investigating demountable
steel-concrete composite floor systems, with the focus on shear connectors applicable in those
systems.

Various demountable shear connectors have been suggested, experimentally tested and numerically
analysed by authors and research groups, often in cooperation with industry partners. Bolted shear
connectors have a major role in deconstructability of composite structures, transferring shear force
between the steel profile and solid or composite concrete slab by different mechanisms. The most
widely investigated are friction-grip bolt connectors, which transfer shear force through friction on
the contact between the steel flange and concrete slab. However, due to loss or overcoming of
pretension force in friction-grip bolts, a sudden slip occurs, followed by additional deformations of
the beam. On the other hand, the implementation of bolt shear connectors that are not preloaded
influences the slip at the initial loading stage, induced by bolt-to-hole clearances, whose presence is
necessary from the execution point. Consequently, the initial stiffness of the connector is reduced,
leading to the incomplete steel-concrete composite action. Injection of the resin in holes of the steel
flange prevents the initial bolt slip inside the hole and provides sufficient stiffness of a connector.
However, the process of installation is somewhat prolonged. Furthermore, several other solutions
have been examined, with certain benefits and drawbacks. Nevertheless, proposed solutions do not
include welded headed studs, which are characterised by good mechanical performance and which
are widely used in construction. The idea of creating a connection that includes welded headed studs,
but also enables reusability of the floor structure, led to an alternative demountable shear connection
with two types of shear connectors, presented in the following.
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A novel demountable shear connection for the implementation in steel-concrete composite beams is
proposed in this thesis. The shear connection consists of two types of connectors: welded headed
studs and bolts, as shown in the layout presented in Figure 1.1. The suggested connection is applicable
in composite concrete slabs cast in open trough profiled steel sheeting. Welded headed studs are
installed in concrete ribs, whereas bolts are placed between ribs. Two possible solutions may be
applied depending on the chosen construction method, as shown in Figure 1.1: (a) composite concrete
slab continuous over the supporting beam; (b) composite concrete slab discontinuous over the
supporting beam. To accomplish the demountability of the shear connection with a continuous slab
given in Figure 1.1.a, an additional plate placed between the concrete slab and the steel beam is
required. Headed studs are welded to the plate, connecting the concrete slab and the plate, whereas
the bolts’ role is to connect the plate with the top flange of the steel profile. In the case of a
discontinuous concrete slab presented in Figure 1.1.b, a pair of angles is used to which headed studs
are welded. The connection between the angles and the steel beam is accomplished by bolts, while
welded headed studs connect the angles and the concrete slabs. In both cases shown in Figure 1.1, the
longitudinal shear force transfer is indirect, passing through two shear planes: “plate/angle-concrete
slab” and “steel profile-plate/angle”.

o
| |

LA L

shear plane
"plate/angle-concrete slab"
shear plane

"steel profile-plate/angle"

(a) continuous slab over the beam, (b) discontinuous slab over the beam.

When it comes to building deconstruction, bolts need to be removed and the composite concrete slab
is easily separated from the steel beam with the possibility of being installed again. In that manner,
no destruction methods are applied during deconstruction. In the second life cycle of the building, the
entire floor structure including concrete slabs and steel beams may be reused in the same
configuration as during the first life cycle. In addition, if concrete slabs need to be replaced for the
purpose of the structure reconstruction, it could be simply performed. Implementation of headed studs
and bolts, which are broadly available, and the absence of any requirements for additional equipment
for installation of connectors are considered advantages of the proposed connection.

Solutions presented in Figure 1.1 consider the example common in engineering practice when
profiled steel sheeting ribs are transverse to the supporting beam. However, floors of irregular shape
usually require the implementation of girders that make acute angles with each other. As a result,
profiled sheeting ribs are not transverse nor parallel to the beam, instead they form the angle 0° < a
< 90° with the beam axis, as shown in Figure 1.2. The behaviour of welded headed studs in metal
decking parallel or transverse to the beam has been broadly experimentally investigated. However,
the lack of available experimental results covering headed studs in alternative profiled sheeting
configurations has been observed. In addition, design codes do not give directions for calculating the
2



resistance of headed studs in profiled sheeting with the angle between ribs and the beam 0° < a <90°.
Investigations and discussions of the influence of the angle between profiled sheeting ribs and the
beam on the response of non-demountable and demountable connections with continuous slabs over
the support are covered by this thesis.

> > > > > |
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Figure 1.2: Example of the building floor layout with various profiled sheeting orientations.

1.2 Objectives of the Research

The aim of the research presented in the thesis is the realisation and promotion of the novel
demountable connection with bolts and welded headed studs applicable in steel-concrete composite
structures. The objectives of the research are to describe the connection response to the shear load at
the point of resistance and ductility, to identify failure mechanisms and propose instructions for the
design. To achieve the objectives, the following tasks are defined:

In the beginning, an analysis of the results of other research into different demountable shear
connections is conducted. A review of the design rules and recent research outcomes in the field
of non-demountable connections with welded headed studs in profiled steel sheeting is given.

Preliminary design of the demountable connection with welded headed studs and bolts is
suggested and presented through the case study of a multi-storey car park building. Detailing of
the shear connection is discussed and parameters that are analysed in the experimental and
numerical studies are introduced.

The experimental investigation of the novel demountable shear connection with welded headed
studs and bolts, as well as the corresponding non-demountable connection with headed studs, is
conducted. Therefore, the correlation between two solutions regarding stiffness, resistance and
ductility is analysed. The experimental investigation covers different configurations of the
demountable steel-concrete connections: connections with continuous and discontinuous slabs
over the support, connections with and without stirrup reinforcement around headed studs.

Furthermore, the experimental investigation includes specimens of demountable and non-
demountable connections with different angles between profiled sheeting ribs and the beam.
Comparisons are made between the structural response of connections with angles between
profiled sheeting ribs and the beams of 90°, 60° and 45°.

Results of the experimental investigation enable the development of the appropriate numerical
finite element models, which are used for a detailed analysis of the connection response and
further parametric studies.



e Parametric studies are performed to cover a range of parameters that might influence the
connection response, including headed stud diameter and height, bolt grade and diameter,
concrete class, plate and angle thickness, the distance between the headed stud and slab edge,
stirrup reinforcement diameter and position, the angle between sheeting ribs and the beam, etc.
The key influential parameters are identified and their effects on the connection performance are
quantified.

e After the analysis of the wide set of data obtained through the parametric studies, conclusions
regarding the connection behaviour are drawn and design recommendations are given.

1.3 Methodology of the Research

To reach the described objectives, the following research methodology is applied. A review of the
available literature is conducted to present the current state regarding demountable steel-concrete
composite floor solutions and welded headed studs in profiled steel sheeting. Experimental research
covers 20 push-out tests on demountable and non-demountable specimens, followed by standard tests
for obtaining material properties of concrete and steel components. Numerical finite element models
developed in software Abaqus [9] are calibrated with experimental results, simulating the quasi-static
analysis performed in the explicit solver. By changing the key parameters in the developed numerical
models, a parametric analysis is conducted. Results are statistically processed and analytically
interpreted, and discussions and conclusions are made.

1.4 Outline of the Thesis

The thesis is organised into eight chapters.

In Chapter 2, the state of the art in the developments in the field of demountable steel-concrete
composite floor systems is presented. Wide literature research is conducted to collect data on various
suggested and investigated solutions regarding demountable shear connectors. The main results of
experimental and numerical studies of push-out and beam tests published in the past years are
presented, compared and discussed. Moreover, in Chapter 2, a review of the design rules and recent
research results regarding welded headed studs installed in a composite slab with profiled steel
sheeting is given. New approaches for the calculation of headed stud resistance are presented. Suitable
push-out test set-ups and the influence of the reinforcement arrangement are discussed.

In Chapter 3, a preliminary design of the demountable connection with welded headed studs and bolts
is proposed through the case study of a multi-storey car park building. The adoption of geometric
parameters and connection detailing are discussed, announcing further experimental and numerical
investigations.

In Chapter 4, experimental research consisting of push-out tests and tests for obtaining material
properties is presented. The experimental programme including eight different push-out specimen
series is described, as well as the push-out test set-up. Experimental results are presented, compared
and discussed.

In Chapter 5, the focus is put on the numerical research performed using finite element analysis.
Developed numerical models are presented and validated through comparison with experimental
results. The behaviour of models is discussed.

In Chapter 6, parametric studies including a variety of different parameters regarding the connection
geometry, the angle between ribs and the beam and concrete class are conducted. The effects of varied
parameters on the connection behaviour are presented and discussed. Numerically obtained ultimate
loads for welded headed studs in profiled steel sheeting with ribs transverse to the supporting beam
are compared with analytical predictions.

In Chapter 7, recommendations for the design of demountable shear connections are proposed.
Directions for the selection of the plate and angle thickness, stirrup bar diameter, the distance between

4



the headed stud and angle leg, etc. are listed. The expression for obtaining shear resistance of welded
headed studs in profiled steel sheeting with the angle between ribs and the beam smaller than 90° is
suggested.

In Chapter 8, conclusions drawn from the experimental and numerical analyses are listed and
directions for future investigations are proposed.






2 Literature Review

This chapter is divided into two subchapters, presenting the literature review in two different areas.
Firstly, the state of the art in the demountable steel-concrete composite floor systems is presented.
The review provides valuable background for further studies in that field, including the research
presented in this thesis. Secondly, a summary of the codified design rules, recent research results and
new analytical procedures regarding welded headed studs in the composite slab with profiled steel
sheeting is given. The presented review is the basis for the experimental and numerical studies
presented within this thesis.

2.1 Demountable Steel-Concrete Composite Floor Systems’

In this subchapter, an overview of different systems for accomplishing composite action in
demountable steel-concrete composite floors is given. The main results of experimental and
numerical research of the push-out and beam tests published in past years are presented, compared
and discussed. Shear connectors are classified by their geometry and load-carrying mechanisms, and
each type is briefly presented in a separate subchapter.

2.1.1 Friction-Grip Bolts

Friction-grip bolts are the most widely studied and analysed demountable shear connectors. These
bolts are preloaded, hence shear force in the connection is transferred through friction between the
concrete slab and the top flange of a steel beam. In literature, they are often referred to as high-
strength friction-grip bolts.

Initial publications on the experimental beam and push-out tests on friction-grip bolts appeared in the
late 1960s [15]-[17]. Experimental investigations covered various parameters, such as concrete
strength, beam span, load geometry, bolt diameter, and in-situ and prefabricated concrete slabs. Main
conclusions were made on the observed full interaction between a concrete slab and a steel beam in
the serviceability load range.

A few years later, some of the research results were implemented in the British standard for bridge
design [18]. The mentioned standard requires compliance with the following condition when
designing bridges with friction-grip bolts: longitudinal shear resistance developed by friction should
be greater than the longitudinal shear force in the serviceability limit state. The equation for obtaining
frictional resistance is prescribed as:

Fu,leu'ijc/l.z (21)

where Fpc is the preloading force and u is the slip factor that should be taken as 0.45. The standard
refers to the loss of preloading force in bolts over time due to concrete creep and shrinkage effects
but does not specify a method to account for these effects.

The research on friction-grip bolts has regained popularity in recent years. Three different types of
shear connectors, including friction-grip bolts, have been tested with the purpose of creating a
composite action in the existing non-composite bridges by post-installation of bolts [19]—[21]. The
research included single bolt shear tests under static and fatigue loading, experimental large-scale
beam tests, and finite element numerical simulations of beam tests. Bolts were inserted in the holes
predrilled in a concrete slab, pretension force was applied, and the holes were filled with high-strength
grout, as shown in Figure 2.1.

! This subchapter is adopted from the article written by the PhD candidate: 1. Jakovijevié, M. Spremié, and Z. Markovié,
“Demountable composite steel-concrete floors: A state-of-the-art review,” J. Croat. Assoc. Civ. Eng., vol. 73, no. 03,
pp- 249-263, Apr. 2021, previously published in the Journal of the Croatian Association of Civil Engineers.
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Figure 2.1: Shear connection with friction-grip bolts in bridge rehabilitation work [19].

It was reported that high-tension friction-grip bolts showed notably higher fatigue resistance than
conventional welded shear studs, as a result of the elimination of weld between the flange and
connector, which turned out to be an important advantage in the design of composite bridges. Beam
specimens with post-installed shear connectors showed up to 50% increase in stiffness and resistance
compared with non-composite beams, although they were designed with the 30% shear connection
ratio only. Authors [21] suggested calculation of static resistance of post-installed shear connectors
using the following equation:

Fy=054,f, (2.2)

where 4s is the effective shear area of the shear connector and fi is the ultimate tensile strength of the
shear connector material.

Another contribution to this field of study was made through the implementation of friction-grip
bolted shear connectors in precast geopolymer concrete slabs [22]—[25]. Push-out and beam tests were
performed and the corresponding numerical models were developed, according to the arrangement
presented in Figure 2.2. Beams with post-installed friction-grip bolts in prefabricated slabs showed
lower ultimate capacity, but larger deformations than the beam with embedded bolts inside the
monolithic slab, which was also experimentally tested. The general weakness of the analysed system
was attributed to the clearances between precast concrete slabs that led to a considerable reduction of
the initial stiffness. To demonstrate the system’s demountability, during both push-out and beam tests,
after loading within serviceability range, some specimens were reassembled and then loaded again
until failure, resulting in load-slip behaviour similar to that of specimens that were not demounted. A
slight modification of Eq. (2.2) for shear resistance of friction-grip bolts in geopolymer concrete slabs
was suggested [22]:

F,=0.66 4 f, (2.3)

GPC precast slab Bolted shear connection

Steel beam

Steel beam

Figure 2.2: Implementation of friction-grip bolts in precast slabs [24].

A proposed simplified load-slip relationship typical for friction-grip bolts, including a linear and

nonlinear part, is presented in Figure 2.3 [22]. Three regimes of shear connector behaviour can be

observed. In the first regime, slip is almost negligible because of the applied pretension. Then, once

the friction at the steel-concrete interface induced by preload is overcome, some slip occurs due to

clearance between prefabricated holes and bolts. The slip is close to the sum of the clearance between
8



a steel flange hole and a bolt and the clearance between a concrete slab hole and a bolt. In the third
part, a nonlinear relation between the load and slip can be observed. The analytical formulation for
modelling shear connection in composite beams using pretensioned bolts was suggested, including
the mentioned three stages of bolt behaviour [26].

Shear force Qy),

Slip Axlip
Figure 2.3: Design recommendation of load-slip relationship for friction-grip bolts [22].

In further experimental work, some refined solutions were proposed in order to improve the
deformation response and decrease the maximum slip value. The use of the so-called through-bolts
in steel-precast composite bridges was suggested [27], [28]. Bolt holes were formed using PVC pipes,
which were placed at specified places along the concrete slab so that the space inside pipes was left
unfilled after concrete casting, as shown in Figure 2.4.a. The research covered push-out and beam
tests, and focused on several parameters influencing the connection behaviour: contact surface, bolt
diameter, and pretension load level.

Another solution applicable to building construction was proposed, involving friction-grip bolts that
were cast in steel cylinders, which were welded to the top plate and L profile, as presented in Figure
2.4.b [29], [30]. The suggested shear connection was tested by push-out tests in solid concrete slabs
and composite slabs with profiled steel sheeting, while the beam test was performed on the composite
slab only. A comparison between connections with galvanised and non-galvanised steel elements was
made, showing that the galvanised connection changes its behaviour after reassembling, with regards
to slip increase and reduction of friction resistance due to fading of the coating layer and decrease of
the friction coefficient.
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Figure 2.4: (a) Through-bolt [28], (b) Friction-grip bolt cast in steel cylinder [29].

A database showing the results of push-out tests conducted on friction-grip bolts subjected to full
pretension force is presented in Table 2.1. As can be observed from the results, the maximum slip
value, corresponding to the ultimate load level, varies from 10 mm to nearly 30 mm. The smallest
slip of 9.7 mm is observed in the case of bolts cast in steel cylinders, which can be explained by the
rigidity of the steel tube. On the other hand, the solution without any additional cylinders leads to the
final slip that is up to three times larger.



Table 2.1: Experimental results of a push-out test conducted on friction-grip bolts in solid slabs.
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951 5 o
[mm] [mm] [mm] [MPa] [MPa] [kN] [mm)]
19.05 25 - ASTM A325% - 49.65(cylinder) 128.1  11.1
) bolts cast in
- * -
[27] 1588 25 ASTM A325 49.65 (cylinder) 825 117 pur il
1270 25 - ASTMA325* - 49.65(cylinder) 538 111
2000 24 24 8.8 1020 47.00 (cylinder) 219.5  24.8
[22] 2000 28 24 8.8 1020 47.00 (cylinder) 216.0  27.5 geopolymer
concrete slabs
1600 24 24 8.8 1020 47.00 (cylinder) 153.0  29.5
[29] 2000 - 24 8.8 - 59.40 (cube) 1410 9.7 bolts cast in

steel cylinders

*minimum yield strength f; = 660 MPa, minimum tensile strength f, = 830 MPa

Even though the friction-grip bolt is the most widely investigated type of demountable shear
connector in composite floor structures, complete regulations in design codes considering friction-
grip bolts are still lacking. The main shortcoming of this connector could be attributed to durability
issues, keeping in mind the losses of pretension force over time, usually influenced by the fading of
the coating layer applied to the steel flange [31]. As a result, after friction is overcome, certain slip
occurs, contributing to additional deformation of the girder.

2.1.2 Bolted Shear Connectors without Embedded Nuts. Threaded Headed Studs

Compared with friction-grip bolts, bolted shear connectors without embedded nuts do not require
pretension, which reduces the time of bolt installation and does not cause problems with the loss of
bolt preloading force over time. Shear force is completely transferred by shear through the threaded
part of the bolt and concrete bearing around the bolt. However, because of the bolt slip in the hole,
lower initial stiffness is expected, which affects beam deflections and may induce serviceability
issues. First studies on bolted shear connectors without embedded nuts, performed in the 1980s,
revealed that the stiffness of analysed bolted connectors amounted to only 15% of the stiffness of
welded headed studs, while shear resistance was about 80% of the shear resistance of welded shear
connectors [32].

Another approach in accomplishing demountability of steel-concrete connections involves
manufacturing a shear connector by threading the body of a headed stud, as shown in Figure 2.5. In
this way, the final product has a geometry similar to the previously described bolts without embedded
nuts. In past years, a series of tests followed by numerical simulations were conducted on these
connectors installed in both solid slabs and composite slabs with metal decking [33]-[37]. Variations
in the length of the threaded and collar part of the stud were covered by studies, which also focused
on concrete strength, reinforcement arrangement in push-out test set-up, shear connector height and
temperature level during loading. Compared with welded studs, the behaviour of connections
achieved with threaded studs exhibited a notable difference in initial stiffness, as the outcome of the
stud-to-hole clearance, although the shear resistances were almost the same for both connectors. The
full-scale composite beam test demonstrated that the ultimate moment capacity of demountable
beams could be well predicted by the plastic theory [35].
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Figure 2.5: Threaded headed studs [33].

Furthermore, as push-out tests on threaded studs were conducted in both continuous and
discontinuous metal decking composite slabs, it was established that connectors in continuous slabs
had lower resistance, but higher load at 6 mm slip than those in discontinuous slabs [36]. It is
important to note that the embedment height showed significant influence on the failure of the
composite concrete slab, even though the height of both tested bolts satisfied the EN 1994-1-1:2004
request for the minimum welded stud height of 2d above the top of the steel deck, where d is the
shank diameter [10].

The study on demountable threaded headed studs in ultra-high performance concrete, which contains
evenly embedded steel fibres, is also worth mentioning [38]. To increase the slip capacities of
composite shear connections achieved with this type of concrete, welded studs were replaced with
threaded studs. However, although push-out tests revealed larger slip, it was still lower than 6 mm,
which is required by EN 1994-1-1:2004 [10] for ductile connectors.

2.1.3 Bolted Shear Connectors with Embedded Nuts

The idea of using bolted shear connectors with nuts in their base, embedded in a concrete slab, was
applied as a means of controlling bolt rotation and slip during loading. In that way, compared with
bolts without embedded nuts, an increase in stiffness is expected. Another important advantage of
these connectors is related to an easier mounting process than for bolts without embedded nuts, which
are difficult to keep in a vertical position before and during concrete casting. Still, connections
achieved with bolts with embedded nuts feature certain bolt-hole slip as a result of necessary
execution tolerances, provoking additional deflections of the steel beam at the execution stage [39].
Different connection arrangements were tested in push-out and beam tests, including one or two
embedded nuts, and they revealed a similar response trend.

In the 1980s, first research steps were made for implementing this type of connector in the
rehabilitation of existing bridges [40]. Bolts with a single embedded nut were mounted in predrilled
holes that were afterwards filled with grout, as shown in Figure 2.6.a. Authors commented on the
comparable load-slip behaviour of connections made with bolts and welded studs.

Several static and fatigue push-out tests in solid slabs, involving bolts with two embedded nuts, and
including a theoretical model for calculating concrete resistance to crushing and shear resistance of
bolts, were conducted at the very beginning of the 21% century [41]. However, it was discovered that
experimental results varied considerably from resistance calculations, and it was concluded that
further investigations were necessary to make general design recommendations.

More recently, tests on double-nut bolts were performed as a part of a research study including the
previously described friction-grip bolts, the purpose being to use them in bridge rehabilitation work
[19]-[21]. A steel-concrete connection layout including bolts with two nuts embedded above a steel
flange is presented in Figure 2.6.b. After filling the clearances with high-strength grout, a full
pretension force is applied on double-nut bolts, resulting in a load-slip relationship similar in shape
to the friction-grip bolt response, but with remarkably lower slip at failure.
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Figure 2.6: Shear connections in bridge rehabilitation work:
(a) Single-nut bolt [40], (b) Double-nut bolts [19].

Another experimental investigation showed that, in comparison with welded headed studs, the shear
connection involving bolts with a single embedded nut exhibited stiffness that is as much as 50%
lower for serviceability loads [42]. The phenomenon was attributed to the presence of bolt-to-hole
clearances, threads-to-hole penetration, and larger contribution of shear force to the failure. Further
numerical investigations helped in the formulation of the bolt failure model, including combined
loading involving axial, shear and bending deformation.

A comparison of load-slip response obtained from push-out tests of bolts with a single embedded nut
[42], threaded headed studs [33] and welded headed studs [33], all conducted in solid slabs, is given
in Figure 2.7. Although all presented connectors reached a similar ultimate load, the shape of load-
slip curves is notably different. As expected, bolts with embedded nuts show increased stiffness
compared with threaded headed studs, much closer to the welded studs’ stiffness. However, bolts
with embedded nuts failed at a very low slip rate (< 5 mm) due to brittle bolt failure, while concrete
crushing occurred for both threaded and welded stud connectors. In contrast to welded studs that
exhibit ductile behaviour after the ultimate load is reached, threaded studs presented in Figure 2.7
cannot be categorised as ductile according to [12], although slip capacity is larger than 6 mm.
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Figure 2.7: Comparison of shear connector behaviour.

Additional insight into the features of bolts with embedded nuts was given through experimental
testing of three beams of various spans [43]. A concrete slab was cast in profiled steel decking and
comparisons with previously performed tests on beams with welded headed studs were made.
According to the authors, beams with bolts showed comparative resistance to beams with headed
studs — moment capacities were lower in the maximum of 12%. After loading at serviceability loads,
two beams were demounted, reassembled and then loaded to failure, resulting in a certain slip
increase.

It should however be noted that investigations in this field are still ongoing. The cyclic behaviour of
shear connections with single-nut embedded bolts in precast concrete panels has been studied
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experimentally [44]. Furthermore, results of experimental and numerical research on the behaviour
of bolts with a single embedded nut in continuous, partially discontinuous and separate concrete slabs
with metal decking have been published [45]. It was discovered that partially and fully discontinuous
slabs have higher resistance than continuous slabs. Such findings are favourable as discontinuous
systems also provide for easier construction, deconstruction and repair.

2.1.4 Blind Bolts

The necessity to make the process of bolt mounting easier and faster led to the idea of using blind
blots as demountable shear connectors. Blind bolts are specially designed connectors that could be
installed from one side of a workpiece. Several comparative experimental and numerical analyses
were performed [46]-[52] as related to two types of blind bolts, both presented in Figure 2.8. A blind
bolt marked as BB2 should be put in a specialised tool that enables bolt installation, together with
washers and a nut. On the other hand, bolts marked as BB1 do not have parts that need to be
assembled. Instead, they have a collar that spreads open after the bolt is secured.

Figure 2.8: Blind bolts [48].

A comparison of load-slip curves obtained for two types of blind bolts and welded studs [51] is
presented in Figure 2.9. As the results of push-out tests show, BB1 bolts have higher initial stiffness,
but considerably smaller slip capacity when compared with BB2 bolts. While BB1 bolts failed due to
concrete failure, bolt shear failure occurred in the push-out test of BB2 bolts. Authors suggested that
an expended collar of the blind BB1 bolt provided additional inertia against slipping, but that the
collar also caused damage of the concrete slab and brittle failure. On the other hand, due to oversized
holes in the steel flange, the specimen with BB2 bolts had a large slip. The low ductility of welded
studs was attributed to poor welding and weld failure. Beam tests confirmed bolt properties relating
to ductility and resistance obtained through push-out tests. Demountability was demonstrated on
beam specimens with blind BB1 bolts, proving no considerable change in the load-deflection
behaviour after reassembly.
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Figure 2.9: Comparison of shear connector behaviour.

In addition to the behaviour of blind bolts in solid slabs under static loading tested in push-out and
beam tests, the investigation on blind bolts also covered dynamic behaviour [46], [47], time-
dependent behaviour [48] and behaviour under combined shear and tension [52]. Implementation of
blind bolts was suggested in both demountable composite beams [50], [51] and in bridge
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rehabilitation work [49], [51], the only difference being in the mounting process: in the latter case,
holes were cored in a concrete slab and drilled in a steel flange from the top side of the specimen,
bolts were then fixed and holes in the concrete slab were filled with grout. Nevertheless, a different
mounting process did not significantly affect bolt behaviour.

2.1.5 Bolted Shear Connectors with a Coupler System. Injection Bolts

The attempts to make the process of bolt replacement simple led to the application of bolted shear
connectors with a coupler system in composite steel-concrete floors. This connector consists of a bolt
that is embedded in a concrete slab, a removable bolt that is placed from below, and a coupler system
that connects the two bolts, all as shown in Figure 2.10.
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L-profile » g M20 coupler
S355 ¥ — T Gr.109
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Gr. 88

/
Figure 2.10: Bolted shear connector with a coupler system [29].

First analyses of this shear connector were performed by varying the geometry of bolts and by

comparing their response in push-out tests with welded headed studs [53]. The observed bolt failure

mode was shear through threads of the removable bolt, while no concrete damage was noticed. As

the authors concluded, the stiffness of the connection was highly influenced by the clearance between

the bolt and hole in the steel flange.

In subsequent studies, another research group conducted comparative investigations of bolted shear
connectors with a coupler system and friction-grip bolts cast in steel cylinders [29], [30]. The benefit
of bolt-coupler shear connectors over the friction-grip bolts was discussed considering the less likely
bolt damage during construction and transport. As beams with the installed coupler system exhibit
additional deflections in the execution stage due to bolt slip, similarly to single-nut and double-nut
bolts, the authors gave suggestions for solving this issue. Two types of the coupler system were
investigated: pretensioned bolts and bolts with epoxy resin injected in the hole of the steel flange.
Injected epoxy resin prevents a decrease in stiffness even when the holes in the steel flange are larger,
which is beneficial from the aspect of prefabrication, execution and deconstruction. For both types, a
coupler was welded to the L profile. A higher grade compared with that of the bolt was selected for
the coupler, because of the desired shear failure through threads of a lower bolt, which can easily be
replaced. Push-out tests were conducted in solid slabs and they involved testing of both types of
coupler connections, while the beam test included bolts with epoxy resin inserted in composite slab
with profiled metal decking.

Recorded load-slip curves for the pretension bolt-coupler system and the bolt-coupler system with
epoxy resin are compared in Figure 2.11 with the behaviour of friction-grip bolts cast in steel
cylinders, tested by the same authors [29] and previously mentioned in Subchapter 2.1.1, and with
welded studs of the same diameter [51]. All presented connectors have comparable initial stiffness,
although a drop in stiffness is observed after friction resistance is overcome for both types of bolts
with applied pretension force. The coupler system with injected resin retains higher stiffness, but it is
still lower compared with welded studs. Brittle shear failure of bolts occurred in all presented
connections, and no other damage patterns were noticed. The epoxy resin remained unaffected. The
bolt-coupler system with resin exhibited lower slip capacity than pretensioned bolts.
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Figure 2.11: Comparison of shear connector behaviour.

Additional tests using bolt-coupler shear connectors with epoxy resin were performed on tapered
composite beams, i.e. on the 90% scaled replication of a typical beam used for multi-storey car park
buildings [54]. Conducted experimental work confirmed the demountability of the proposed system.
However, it was shown that bolt-to-hole clearances should be increased compared to the size of
normal round holes in steel-to-steel connections in order to enable convenient dismantling: for M20
bolts, holes of 32 mm in diameter were needed. In that case, the implementation of epoxy resins
proved to be an effective solution to prevent the considerable initial slip of bolts. Moreover, numerical
models were developed and by implementing different shear connector arrangements, it was
investigated if the reduction in connectors’ number and their concentration near supports could
provide sufficient resistance at the serviceability load range. Conclusions regarding approximately
40-50% reduction of the number of shear connectors were made, suggesting an appropriate
arrangement around the supports.

2.1.6 Friction-Based Shear Connectors and Locking Nut Shear Connectors

Although characterised by different shear force transfer mechanisms, two types of demountable shear
connector systems, developed by the same authors and characterised by certain similarities in
geometry, the locking nut shear connector (LNSC) [55] and the friction-based shear connector
(FBSC) [56], are presented here in the same subchapter. The two systems were developed to
overcome drawbacks of previously mentioned demountable shear connectors, such as the initial slip
due to the bolt-to-hole clearance typical for threaded studs and bolts that are not preloaded, or a
sudden slip after friction resistance is overcome in the case of preloaded bolts. LNSC and FBSC
connectors were primarily developed for application in precast composite bridges, where they should
be installed within pockets in the concrete slab, enabling fast assembly and disassembly. However,
even though not purposely formed to be used in building floor structures, the connectors are included
in this review due to their original attribute — demountability.

Both systems consist of high-strength bolts that are fastened by one nut to the upper steel flange and
by another nut to the top surface of a concrete slab, as shown in Figure 2.12. The LNSC has an
additional conical nut that is placed in the countersunk seat of a steel flange, and its purpose is to
prevent bolt slip within the hole. Shear failure on the threaded part of the bolt is prevented by placing
a conical nut in the shear plane between the steel flange and the concrete slab. In the case of the
FBSC, a retaining washer is used to place the bolt in the right position. Countersunk holes are grouted
to prevent a sudden slip of bolts. In both systems, bolts are placed in conical precast concrete plugs
that are smaller than slab pockets, to avoid construction tolerance problems.

The typical failure mode of LNSCs and FBSCs, as observed during experimental push-out testing,
was the shear fracture of a bolt just above the conical nut. Push-out tests showed very high initial
stiffness of both systems, as well as large slip capacity and ultimate load. To get an insight into the
benefits of the suggested systems, load-slip curves for LNSC and FBSC are presented in Figure 2.13
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against the curves for bolts with embedded nuts and friction-grip bolts cast in PVC cylinders, which
have a similar diameter.
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Figure 2.12: (a) Locking nut shear connectors [55], (b) Friction-based shear connectors [56].
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Figure 2.13: Comparison of shear connector behaviour.

The complexity of two novel demountable systems from the aspect of geometry and requested
material brings benefits such as an increase in stiffness, but also an approximately double increase in
ultimate load. Hence, the application of LNSCs and FBSCs in bridge girders requires fewer slab
pockets than traditional welded headed studs or bolted connectors. A comparison of the two systems
shows that the LNSC exhibits an increased slip capacity in the post-ultimate domain.

2.1.7 Clamping Shear Connectors

A system with clamping connectors was developed for transferring longitudinal shear force in
demountable composite steel-concrete beams [57]. As presented in Figure 2.14, connectors made of
clamps and high-strength T-bolts are mounted in cast-in channels in a prefabricated concrete slab. T-
bolts are pretensioned, so that shear force is transferred through friction at the contact between the
concrete slab and steel girder. The advantage of the developed system is adaptability, without
predefined locations of bolt holes; it can therefore be applied if flange widths are changed after
deconstruction. Also, if flange thickness is being modified, clamping connectors can be reused by
adding shims.

The conducted push-out tests showed high initial stiffness, but very large deformation of the analysed
connection, as presented through load-slip curves in Figure 2.15. However, in contrast to friction-grip
bolts and pretension double-nut bolts of comparable diameter and tensile strength, the clamping
connector reaches approximately two times lower resistance at 10 mm slip. This is explained by the
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specific failure mode of clamping connections, which is caused by large rotations of bolts and bolt
head fracture. In order to solve this problem and limit bolt rotations, further modifications of bolts
are suggested. Moreover, surface fractures due to friction were observed in concrete planks,
particularly in specimens with three cast-in channels, which were characterised by deeper and wider
cracks than those with two channels. The authors formulated suggestions regarding design
recommendations, based on the developed numerical model [57].
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Figure 2.14: Connection with clamping shear connectors [57].
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Figure 2.15: Comparison of shear connector behaviour.

2.1.8 Summary

A number of various proposed solutions for demountable connectors, investigated by different
research groups, refer to the increased popularity of the specific topic of reusable steel-concrete
composite floor systems. Many of the mentioned studies on the presented types of demountable shear
connectors are still ongoing. The evolution of demountable shear connector systems started with basic
set-ups including very few components, but in order to compensate for certain weaknesses, more
complex models have been established. However, a constant balance is to be made between a proper
response of the structural system, fast and simple execution, and the economic aspect.

Specific procedures in design codes for demountable steel-concrete composite structures are yet to
be formulated and enacted. Some steps towards that have been made through the published “Guidance
on demountable construction systems for UK practice” [12]. The suggested design rules are given
considering the response of bolted shear connectors: lower stiffness compared with welded headed
studs and non-ductile behaviour in the post-ultimate domain. Procedures are proposed to enable
structure reuse, limiting the beam deflections and deformation of connectors. To determine the
effective resistance of non-ductile bolts, the shear connector resistance is multiplied by the reduction
factor krex to obtain the average load of all shear connectors along the beam span. A further calculation
may be conducted according to the EN 1994-1-1:2004 procedures based on plastic analysis. The
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abovementioned is applicable only if the slip capacity of the connectors is larger than 6 mm.
Otherwise, the implementation of the elastic theory is required. Moreover, according to the
publication, the end slip of a beam should be limited to 1.2 mm to prevent plastic deformation of
bolted shear connectors. To obtain cross-sectional properties for the calculation of deflections and
end slip, the stiffness of the shear connector should be taken into account.

Almost all of the solutions described in previous subchapters are based on the implementation of bolts
on the contact between the steel beam and concrete slab. None of the previously presented
connections considers the implementation of welded headed studs. By searching the available
literature in this field, only one experiment on the demountable shear connection consisting of welded
headed studs has been found [41]. As illustrated in Figure 2.16, the connection proposed for
implementation in bridges was formed of headed studs, welded to the additional steel plate, and bolts,
connecting the plate with the steel beam. As the connectors were installed in the solid concrete slab,
both headed studs and bolt heads were bearing against shear on the contact between the slab and steel
plate. Shear force was transferred by bolts on the contact between the steel plate and the beam. Two
performed push-out tests resulted in brittle bolt failure, meaning that ductile properties of welded
headed studs were not exploited. No further investigations of the connection were reported.
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Figure 2.16: (a) Connection with welded headed studs and bolts, (b) Push-out test set-up,
(c) Experimental load-slip curves [41].
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The idea of implementing headed studs as widespread used connectors, featuring good mechanical
performance in terms of resistance, stiffness and ductility, and not requiring additional equipment for
installation such as specially designed cylinders, plugs or clamps, resulted in the demountable
connection proposed and investigated within this thesis. Although non-demountable in their original
form, headed studs may be part of a demountable connection if implemented in combination with
bolts. In contrast to the solution with solid concrete slabs presented above, a newly suggested
connection with bolts and welded headed studs is applicable in steel-concrete composite slabs with
open trough profiled steel sheeting (Figure 1.1). Headed studs are welded to the additional steel plate
and cast in concrete ribs, whereas bolts are placed between ribs and connect the beam and the steel
plate. After the dismantling of the connection presented in Figure 2.16, bolts remain protruding from
the concrete slab, which makes them susceptible to damage during transport and relocation. On the
other hand, bolts in the novel connection may be completely removed after dismantling and therefore
remain unaffected during the transport to another location. Moreover, unlike the solution shown in
Figure 2.16, the novel connection is designed with the intention to avoid brittle failure of bolts and
enable ductile shear behaviour of headed studs. The proposed demountable connection is presented
and described in detail in Chapter 3.
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2.2 Welded Headed Studs in Profiled Steel Sheeting

Welded headed studs are the most commonly used mechanical shear connectors in composite steel-
concrete beams. The shear behaviour of these connectors has been widely studied since the mid-20™
century. Research in this field can be divided into two parts: investigations of welded headed studs in
solid concrete slabs and investigations of headed studs in composite concrete slabs cast in profiled
steel sheeting. Different response trends obtained from push-out tests of shear connections in the two
mentioned cases are graphically presented in Figure 2.17. The use of profiled sheeting could
considerably increase ductility and develop two peaks in a load-slip curve.
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Figure 2.17: Welded headed stud shear response in solid and composite concrete slabs [58].

Hawkins and Mitchell [59] defined four types of failure in composite slabs with profiled steel
sheeting: stud shearing failure, concrete pull-out, rib shearing and rib punching. Stud shearing is
characterised by a plastic hinge in the stud just above the weld collar. Concrete pull-out failure occurs
when the anchoring depth of a stud is too small and the concrete pyramid around the stud splits from
the slab. Rib shearing is typical for edge beams where the effective width of a concrete slab is narrow,
as shown in Figure 2.18. Rib punching failure may occur if a stud is placed in an unfavourable
position, off-centre in a rib so that a narrow concrete layer between a rib and a stud crushes and the
stud punches out of the rib wall.

rib shearing failure

et

Figure 2.18: Rib shearing failure [59].

According to Johnson and Yuan [60], five failure modes in composite slabs with ribs transverse to
the beam may occur: shank shearing, rib punching, rib punching with shank shearing, rib punching
with concrete pull-out and concrete pull-out. When ribs are parallel to the beam, two failure modes
were observed: splitting of concrete and concrete pull-out. Authors underlined that splitting of
concrete is the most common mode for slabs with ribs parallel to the beam, starting with local splitting
inside the rib, followed by deformation of rib walls and final failure.

Nellinger [61] distinguished four failure modes: stud failure, rib punch-through, concrete pull-out and
rib pry-out. The latter two are both failures of concrete manifesting through the separation of the
concrete cone from the concrete slab. Pull-out failure is characterised by high ductility and the
development of two plastic hinges in the headed stud, whereas rib pry-out is a brittle failure,
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commonly with only one plastic hinge formed. Therefore, pull-out is typical for beams with large
stud heights above the rib, so-called embedment depths, while rib pry-out is present when headed
stud embedment depth is small.

Lungershausen [62] explained differences in failure mechanisms in shear connections with solid slabs
and profiled steel sheeting. In solid slabs, the shear force is acting on the weld collar of a stud, until
a certain point when concrete in the stud base crushes and shear force is transferred to the stud shank.
Due to stud deformation, tension force in the stud is established simultaneously with compression
forces in the concrete cone. In the final stage, as cone compression forces are increasing, friction
between slab and steel profile is activated and failure of the stud occurs as a result of the tension and
shear interaction. The described mechanism is presented in Figure 2.19.a. For studs installed in
sheeting ribs transverse to the beam, when the first peak in the load-slip curve occurs, concrete around
the stud crushes and two hinges develop in the stud shank. As illustrated in Figure 2.19.b, the second
peak is characterised by the development of tension force in the stud shank, followed by the final
failure. However, if the stud height above the rib is too small, the second peak does not happen and
brittle failure occurs, with only one plastic hinge formed at the bottom of the stud. The example is
given in Figure 2.19.c, through three experimentally obtained curves for different stud embedment
depths.
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Figure 2.19: (a) Behaviour of a headed stud in a solid slab [61], (b) Behaviour of a headed stud in a
composite slab [61], (c) Load-slip response for different embedment depths [63].

Vigneri [63], [64] numerically investigated failure mechanisms of headed studs in profiled steel
sheeting and refined the model proposed by Lungershausen [62], suggesting the typical load-slip
relationship as given in Figure 2.20. The development of the first peak is dependent on headed stud
bending capacity and concrete strut resistance and it is characterised by two hinges formed in headed
studs. The second peak is characterised by the start of the concrete cone failure, concrete crushing in
front of the stud and a drop in the connection rotational stiffness. The third peak features certain
deactivation of the upper plastic hinge in the headed stud and its movement toward the stud head. At
the same time, tensile forces in connectors are activated. The final failure could be stud shear failure
or concrete pull-out failure. However, if embedment depth is small or if studs are placed in a
favourable position in the rib, the concrete rib starts rotating and the third peak is not achieved.
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Figure 2.20: Typical load-slip curve for a headed stud in profiled steel sheeting [63].

2.2.1 Design Procedure according to EN 1994-1-1

The commonly applied approach in design codes suggests determination of headed stud resistance in
composite beams with profiled steel sheeting through the reduction of headed stud resistance in solid
concrete slabs. EN 1994-1-1:2004 [10] defines two reduction factors, &t and k1, when the ribs of the
sheeting are transverse and parallel to the supporting beam, respectively. Both factors are empirically
developed and based on experimental results [65].

According to EN 1994-1-1:2004, the design resistance of automatically welded headed studs in solid
concrete slabs should be adopted as the minimum of Egs. (2.4) and (2.5):

0.8f, nd*/4
= (2.4)
Ty
and
0.29ad>/f . E
= JacEem (2.5)
v
where:
a=0.2(hy/d+ 1) <1, for hs/d >3 (2.6)

d 1is the stud shank diameter;

hsc is the overall shear connector height;

fu1s the characteristic stud tensile strength, which should be taken as 500 MPa at maximum;

fek s the characteristic cylinder compressive strength of the concrete;

Ecmis the secant modulus of elasticity of concrete;

yvis the partial safety factor, whose recommended value is 1.25.

Reduction factor & for sheeting with ribs parallel to the supporting beam is given as:

k1=0.6z—2<};l—j— 1>§1 (2.7)

where bo and /4y are the dimensions of the rib, presented in Figure 2.21. The upper limit of the overall
shear connector height is set to 4p+ 75 mm.
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Figure 2.21: Geometric parameters according to EN 1994-1-1:2004 [10].

Reduction factor 4: for sheeting with ribs transverse to the supporting beam is given as:

‘o 0.7 b (h 1) 25
t \/nrhp hp '

where 7nr< 2 is the number of stud connectors in a rib.

Eq. (2.8) is applicable in a certain scope: the diameter of the stud should not be greater than 20 mm
(for through deck welding), i.e. 22 mm (when holes are provided in the sheeting), profiled steel
sheeting dimensions should be /4, < 85 mm and bo> hp. EN 1994-1-1:2004 also defines upper limits
of reduction factor &t depending on the number of stud connectors per rib, sheeting thickness, and
installation technique (through deck welding or profiled sheeting with holes), as shown in Table 2.2.
Due to the recommended connection geometry, in many cases, these upper limits are decisive in the
determination of 4, which means that the reduction coefficient is rather constant [58].

Table 2.2: Upper limits of the reduction factor 4 [10].

Number of stud connectors ProﬁI.e d sheeting Welded through profiled Profiled shietlng with
. thickness, . holes and d = 19 mm or
per rib sheeting and d <20 mm _
¢t [mm] d =22 mm
1 <1 0.85 0.75
> 1 1.00 0.75
5 <1 0.70 0.60
> 1 0.80 0.60

For any rib orientation, EN 1994-1-1:2004 requires that the height of the connector should be at least
2d above the rib of the profiled steel sheeting and sets the lower limit of the rib width to 50 mm. The
overall slab depth should be at least 90 mm, whereas the slab depth above the sheeting rib should be
at least 50 mm.

2.2.2 Weaknesses of EN 1994-1-1 Design Procedures. Alternative Approaches

Although rules considering shear connectors are covered by design codes, many research results have
proven that EN 1994-1-1:2004 underestimates the welded stud resistance in profiled sheeting with
ribs transverse to the supporting beam. The application of reduction factors is questionable due to
differences between typical failure modes in solid slabs and slabs with profiled steel sheeting.
Moreover, in the current standard, the impact of stud position inside the concrete rib is not accounted
for when determining the resistance of shear connectors, even though such position is allowed:
“where the sheeting is such that studs cannot be placed centrally within a trough, they should be
placed alternately on the two sides of the trough, throughout the length of the span” [10].
Experimental results showed up to a 50% difference in the ultimate load when studs were placed
eccentrically inside the rib on the two different sides [58], which are marked as favourable and
unfavourable positions in Figure 2.22.

In contrast to EN 1994-1-1:2004, ANSI/AISC 360-16 [5] incorporates the influence of headed stud
position inside the rib defining the values of reduction factor Rz when the distance e (Figure 2.22) is
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smaller or greater than 50 mm. Also, ANSI/AISC 360-16 covers connections with more than two
headed studs per rib through the reduction factor Rp,. However, both reduction factors are given as
constants depending on the number of studs and stud position, without the consideration of decking
geometry and welded stud height. The headed stud shear resistance for sheeting with ribs transverse
to the beam is determined as the minimum between Rg Ry, fu d°n/4 and O.56P1t/4\/fc'\/Ec, where the first
condition is commonly relevant. As well as in EN 1994-1-1:2004, reduction factors were derived by
statistical evaluation of experimental results.

Compression in slab

h T/I f
pe| “pn

Edge of .
N Force from stud

beam b
(@) (b) (©
Figure 2.22: Stud position inside the rib: (a) central, (b) favourable, (¢) unfavourable [66].

In addition to the codified design rules, a number of studies were conducted with the purpose of
providing satisfactory predictions that cover the geometry of different types of commercially
available metal decking and overcoming the weaknesses of current design codes. Many authors have
developed analytical models for shear resistance of headed studs in profiled sheeting with ribs
transverse to the beam based on real failure modes in composite concrete slabs. To keep the design
rules simple, in some cases reduction factors have been derived from developed models, comparing
results with design criteria given for solid slabs.

Table 2.3: Design models for the resistance of welded headed studs in profiled sheeting
with ribs transverse to the beam.

on =Y R
EgE EFE S 22 BE
228 288 SF 2z, z&_
Model TEF T7 EZ BT EwE Other limi
O T S 8o =R o 5 @ s g ther limits
T2z TEe P E3° £3°
= 3= = 1) O
$°g <4g =° Jda =%
hs/d >4
Lungershausen [62] yes yes 3 no 140 heo— hp > 2d
16 mm <d <20 mm
Johnson and Yuan [60] yes no 2 yes not 0.8 <bo/h,<3.2
specified hoo— hy > 35 mm
Rambo-Roddenberry [68] yes no 2 yes 76 h,={25;38; 51; 76} mm
not .
Ernst [69] yes no 2 no specified not specified
- 16 mm <d <22 mm
>
Konrad [1] yes yes 2 yes specified hsch/s}z/ad>_lf156
<d<
Nellinger [67] yes yes 3 yes 155 16 m;:g: Zp_>2§ mm
Vigneri [64] yes yes 2 no 136 19 mm < d <22 mm

hee—hy>2d
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Several models and their scope of application are listed in Table 2.3. Models with the widest range
of application are those proposed by Konrad [1] and Nellinger [67], covering both re-entrant and open
trough profiled sheeting, and considering headed stud position inside the rib. The model suggested
by Nellinger was the basis for the calculation models and design recommendations proposed by the
working group CEN/TC250/SC4.PT3 [3]. In the next subchapters, models proposed by Konrad [1]
and working group SC4.PT3 [3] are described in detail.

2.2.3 The Model according to Konrad

The model proposed by Konrad [1], [70] for ribs transverse to the supporting beam, suggests
calculation of headed stud resistance through a similar algorithm as prescribed in EN 1994-1-1:2004,
i.e. the headed stud resistance for solid slabs should be multiplied by a specific reduction factor, k..
Konrad defines new expressions for the headed stud resistance inside a solid slab, which include the
parameter of the effective area of the weld collar, Awuistefr, but exclude the stud height. The design
resistance is obtained as the minimum between Egs. (2.9) and (2.10):

- e . 2 S 1
Pras = |313 Awyister <%> +240d <%>] E [N] (2.9)
and
r 2/3 13 12
Prac = (326 Awusefr (%) +220d* <%> <5%> ] % [N] (2.10)
where:
Awustetr 18 the effective area of the weld collar of a headed stud,
Awuistefr = 0.5 Ayt dwise  [mm’] (2.11)

d is the headed stud shank diameter in mm;

hwuist 1s the height of the weld collar in mm;

dwuist 1s the diameter of the weld collar in mm;

fu1s the characteristic stud tensile strength in MPa;

fek is the characteristic cylinder compressive strength of the concrete in MPa;
pvis the partial safety factor, 1.25.

Values of the effective area of the weld collar for common headed stud shank diameters are given in
Table 2.4.

Table 2.4: Effective area of the weld collar [1].

Diameter of the headed Height of the weld Diameter of the weld Effective area of the
stud shank collar collar weld collar
d [mm] hwuist [mm] dwuist [mm] Awuist.efr [mm?]
16 4.5 21.0 473
19 6.0 23.0 63.0
22 6.0 29.0 87.0
25 7.0 40.0 140.0

Although Egs. (2.9) and (2.10) might seem statistically obtained, they were developed assuming three
load components that Lungershausen [62] had described: pressure on the weld collar, bending of the
stud shank and horizontal component of the tensile force in the stud, whereas friction forces were not
accounted for. The expressions got their final form by applying certain simplifications.

The scope of application is defined for headed stud geometry: 16 mm < d < 25 mm, hsc/d > 4, and
material properties: 20 MPa < f& < 100 MPa, fu < 740 MPa.
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Konrad conducted 17 push-out tests with three types of profiled steel sheeting by varying the number
of reinforcement layers, stud height and position and number of headed studs inside the rib. According
to experimental results, numerical models were developed and used for the determination of the
reduction factor k1, which was defined as:

- for pre-holed steel sheeting:

b
k, =k, [ke 0.038 h—m + 0.597l <1 (2.12)
p
- for welded-through headed studs, with sheeting thickness # > 0.75 mm:
b
k, =k, kr, Ike 0.042 W + O.663l <1 (2.13)
p
where:
1.0, n,=1
k, = {0.8, n =2 (2.14)
~ (1.0, 55 mm<e <100 mm
ke = {2.0, e > 100 mm 2.15)
_ (1.25, re-entrant trough profile
Fere = {1 .00, open trough profile (2.16)
nr is the number of headed studs in the rib;
bm, hp and e are defined in Figure 2.23.
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Figure 2.23: Geometric parameters according to Konrad [1].

In the case of welded-through headed studs when profiled steel sheeting thickness is # < 0.75 mm, Eq.
(2.12) could be applied.

As shown, the reduction factors that are given by Konrad account for the geometry of profiled steel
sheeting, the number of studs and their position inside the rib, presented through the distance between
the rib wall and the stud in the direction of shear force, marked with e.

The design resistance of welded headed studs in ribs transverse to the beam should be obtained as:
Prq = k) Prac < Pras (2.17)

As well as the current design standard EN 1994-1-1:2004, Konrad’s model is limited to the maximum
of two headed studs per rib and connectors with a diameter between 16 mm and 20 mm for through
deck welding, i.e. from 16 mm to 22 mm in the case of the pre-holed steel sheeting. The minimum
anchorage depth of connectors is required to comply with the following condition Asc/hp > 1.56.

Egs. (2.12) and (2.13) are not applicable when the distance e is smaller than 55 mm, which is labelled
as the unfavourable position of headed studs. Even though Konrad proposed another equation for
connections with e < 55 mm, he suggested avoiding such stud placing due to a high coefficient of
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variation when comparing design predictions with experimental results. However, for some
commonly applied profiled steel sheeting, for example Cofraplus 60 [71], the criteria e > 55 mm
cannot be matched even when a headed stud is placed centrally inside the rib. For that reason, further
experimental testing was conducted through the DISCCO project funded by Research Fund for Coal
and Steel [72] and analysed by Eggert [73], who tested the following equation given by Konrad:

b
k, =kn[0.317 h—m +0.06l§0.8 (2.18)
p

Eggert reported that Eq. (2.18) provides mostly safe-sided predictions when compared with
experimental results of push-out tests for two analysed types of profiled steel sheeting, as presented
in Figure 2.24.
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Figure 2.24: The experimental resistance vs. predicted resistance according to Konrad [73].

2.2.4 The Model according to SC4.PT3

The design procedures proposed by Nellinger [67] are based on mechanical models which describe
failure modes in composite shear connections with profiled steel sheeting. Expressions cover deep
steel decking, which is not the case with the current EN 1994-1-1:2004 rules, which are applicable to
rib depth up to 85 mm. In total 33 push-out tests were conducted, varying the type of profiled steel
sheeting, concrete strength, number of studs per rib, number of reinforcement layers, welding
procedure and applied transverse loading. In the proposed equations, Nellinger included the influence
of transverse loading, which was applied during experiments. However, as the calculation model [67]
is complex for engineering practice, soon after Odenbreit and Nellinger [2] suggested a simplification
of the model that is presented in the following.

The model is based on three load-bearing components: failure of concrete in tension during concrete
cone failure, stud resistance to bending and shear failure of a stud. Simplified static schemes for
concrete cone failure and headed stud bending, assuming the development of one and two plastic
hinges, are presented in Figure 2.25. By superposition of these two bearing components, the first
failure criterion is determined. Pure shear failure of a headed stud is assumed as the second failure
criterion.
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Figure 2.25: (a) Headed stud bending with one and two hinges [74], (b) Concrete cone failure [2].

According to Odenbreit and Nellinger [2], the design resistance of a shear connector should be
obtained as the minimum between:

Pra1 =G [ oo, + 7o — d/2l E (2.19)
and
1
Prap=C fuﬂzy— (2.20)
\Y
where:

C1 is the calibration factor, suggested value is 0.6;

(2 is the calibration factor, suggested value is 0.9;

act 1s the factor that accounts for the relaxation of concrete strength, proposed as oct= 0.85;
fam1s the concrete tensile strength, > 20 MPa;

W is the section modulus of concrete cone surface,

W=0.4he brax’ ! biop (2.21)

hsc 1s the overall shear connector height;

bmax 1s the maximum width of the rib;

btop, hp and ha are defined in Figure 2.26;

nr is the number of headed studs in the rib;

ny is the number of plastic hinges,

1, hy <2d/n,
n, ={ A S 2m (2.22)
2, ha>2d\/n,
M is the bending resistance of a stud,
P
My = f, < (2.23)

fu1s the characteristic stud tensile strength, > 400 MPa;
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d is the stud shank diameter;
hs s the position of the upper plastic hinge,
hy=p hy < h, (2.24)

= {0.45, open trough profile

0.41, re-entrant trough profile (2.25)

yvis the partial safety factor, 1.25.
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Figure 2.26: Geometric parameters according to Nellinger [67].

The described model was the base of the design procedure suggested by the working group
CEN/TC250/SC4.PT3 [3]. The new model is recommended for headed studs in open trough profiled
sheeting if any of the following two conditions are satisfied: 4a < 2.7d or e < 60 mm (Figure 2.23.a).
For open trough or re-entrant trough profiles that do not satisfy the requirement, the existing design
procedures in EN 1994-1-1:2004 [10] are referred.

Not unlike the model proposed by Odenbreit and Nellinger [2], the model given by SC4.PT3 also
considers a stud position inside a rib. New forms of Egs. (2.19) and (2.20) are:

and

where:

Posi—an Coa ko [l Mo |1 (2.26)
ROLTINT2ER T n, 082k, — di2|y,, '
d 1
PRd,Z = aN 058](;]7[__ (227)
4y,
o = {1.15, for 10 or more ductile headed stud connected ribs (2.28)
N"11.0, otherwise
C2>=1.85 hp/bo, 1.0<(C>2<1.35 (2.29)

oc2 18 the factor that accounts for relaxation effects, with recommended value ac2 = 1.0;
ku 1s the correction factor given in Table 2.5;
fetk 1s the characteristic value of concrete tensile strength;

fuis the characteristic stud tensile strength, which should be taken as 450 MPa maximum;

W= (2.4 hot (1, = 1) €) bunay/ (6 biop) (2.30)
2, n, =1 or staggered position
ny=1{ hx—2d (2.31)
Yo l1+ <2, n.=2
0524 — =™

et 1s the transverse spacing between the studs inside the rib;
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all the other symbols are as defined for the previous model, Egs. (2.19) and (2.20).

Table 2.5: Correction factor ky [3].
Welded through profiled sheeting

ku Profiled sheeting with holes

t<1mm t>1mm
Centred or staggered position 1.00 1.05 1.25
Favourable position 1.10 1.16 1.38
Unfavourable position 0.80 0.95 1.00
Alternately placed studs 0.95 1.00 1.19

Proposed Eq. (2.26) includes variations in the position of headed studs inside the concrete rib through
the correction factor ku, covering possible cases presented in Figure 2.27.
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Figure 2.27: Headed stud position in the rib [3].

As well as the current EN 1994-1-1:2004 rules, the proposal suggested by SC4.PT3 is applicable if
there are no more than two shear connectors per rib and the stud diameter is not greater than 20 mm
when through deck welding is applied, i.e. 22 mm when holes are provided in the profiled sheeting.
Moreover, it is required for the bottom reinforcement layer to be placed below the head of the stud.

2.2.5 Slip Capacity

The plastic design approach is commonly applied in steel-concrete composite beams of building
structures. Development of plastic hinges and stress redistribution in the beam are followed by
increased deformations of the shear connection, which needs to be adequately designed. Shear
connectors should be ductile, providing sufficient slip capacity to justify the plastic distribution of
shear. On the other hand, the application of partial shear connection is a common practice in
composite slabs with ribs transverse to the supporting beam where the number of headed studs along
the beam length is limited by the profiled sheeting geometry. In that case, the plastic capacity of the
composite beam is restricted by the longitudinal shear resistance and deformation capacities of
installed connectors. If the slip capacity of a connector is insufficient, premature failure of the beam
may be induced. Therefore, special care should be devoted to proving the appropriate ductility of
shear connectors.

Generally, slip at the beam end is larger for longer spans and lower degrees of shear connection. To
apply the partial shear design approach, the degree of shear connection needs to be beyond the set
limits according to EN 1994-1-1:2004 [10], depending on the effective beam span length, steel yield
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strength and the ratio between areas of two steel flanges. At the same time, shear connectors need to
be headed studs with Asc> 4d, 16 mm < d < 25 mm. If all conditions are satisfied, headed studs may
be considered ductile. If the applied connection cannot fulfil the mentioned requirements,
experimental push-out tests following Annex B of EN 1994-1-1:2004 need to be conducted to obtain
the shear connection slip capacity. According to EN 1994-1-1:2004, “a connector may be taken as
ductile if the characteristic slip capacity is at least 6 mm” [10], where the characteristic slip capacity
corresponds to the minimum of all test values obtained as shown in Figure 2.28 and reduced by 10%.

» s
B

u

Figure 2.28: Experimental determination of slip capacity [10].

2.2.6 Push-Out Test Set-Up

Push-out tests are the most commonly performed tests for investigating composite shear connection
behaviour. In EN 1994-1-1:2004, Annex B [10] directions for push-out tests for specimens with solid
concrete slabs are provided. However, EN 1994-1-1:2004 does not cover a specific test set-up for
composite slabs with profiled steel sheeting. Appropriate test arrangements have been widely
discussed, as the geometry of specimens, boundary conditions and load application directly affect the
connection response.

Hicks [66] conducted push-out and beam tests on specimens cast in open trough profiled sheeting,
comparing shear connection response in two cases. He concluded that the mismatch of load-slip
curves in the two cases is a result of the absence of the compression force at the steel-concrete
interface in push-out tests, which is present in real composite steel-concrete beams. That compression
force is essential for composite concrete slabs as it resists the tension force in headed studs, activated
during pull-out failure. Hence, the lower ductility and smaller ultimate load measured during push-
out tests could be explained. The application of constant concentric transverse loading during push-
out tests, equal to 12% of the ultimate load, showed the best match with composite beam behaviour.

On the other hand, some authors [58] attributed differences in the shear response of push-out and
beam tests to the development of friction forces. As positive effects of friction on the resistance of
shear connectors are not incorporated in design codes, push-out tests were found as the relevant
experimental procedure for obtaining the connector shear resistance. Although friction forces are
present in the common beams, in certain cases these effects should not be taken into account, e.g.
when cycle loading is applied to the beam. Therefore, the elimination of friction effects during
experimental testing is recommended.

Several authors, as Ernst [69] and Qureshi [75], opted for one-side push-out tests, where the load is
applied in a horizontal direction, as presented in Figure 2.29. That set-up enables easier fabrication
of specimens due to the presence of only one concrete slab. In addition, results of push-out tests are
expected to be closer to the beam behaviour as the slab self-weight is included.
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Figure 2.29: Horizontal push-out test [75].

In order to propose a standard push-out test set-up for double-symmetric specimens, experimental
investigations were conducted as a part of the DISCCO project [72]. To one group of specimens,
transverse loading was applied through a hydraulic jack, whereas the other group was constrained by
tension ties. It was observed that tension ties were not activated during testing, except in some cases
when specimens bent. Transverse loading was applied concentrically and eccentrically, as shown in
Figure 2.30, and the degree of transverse loading was varied, all to simulate real loading conditions
in composite beams. The results showed that the impact of the transverse load application on the
results is highly dependent on the failure mode. Therefore, it was suggested to apply transverse
loading of 10% of the ultimate load, if the ratio between stud height and rib height is smaller than
1.56. In those cases, it is recommended to use a hydraulic jack, whereas eccentricity is optional.

(b)

(a) i TL § 12 TL2 §

f _ | [ 24
TL

Figure 2.30: Transverse load application [61]: (a) concentric, (b) eccentric.
The recommended standard specimen geometry [72] is presented in Figure 2.31. The specimen height
is dependent on the profiled sheeting geometry. Slab width should be sufficiently adopted to include
the whole concrete cone that develops during a pull-out failure in push-out tests. The concrete cone
width may be approximated with et + 2 hsc/tan(25°), where e is the transverse spacing between the
studs inside the concrete rib and /sc is the height of the stud.

Pr—
- «325 T — E j o ose

he

2100mm  hsftan@5°) | e | hsftan(@5°) [2100 mm [
A

A A A

b

AR R
Figure 2.31: Recommended push-out test set-up [72].

According to the DISCCO project report [72], the recess at the base of the concrete slab is optional,
but if it is formed, sufficient horizontal reinforcement above the recces should be provided. The recess

31



in the concrete slab was proved not to affect the shear resistance or slip capacity of the connection
according to Eggert [73] and Vigneri [64].

2.2.7 Influence of the Concrete Reinforcement

According to EN 1994-1-1:2004 [10], the minimum amount of reinforcement in the concrete slab of
the composite beam in both directions is 80 mm?/m, with the shortest spacing between bars equal to
double overall concrete slab depth or 350 mm, whichever is smaller. However, the position of the
reinforcement inside the slab is not precisely defined for composite slabs with profiled steel sheeting.
EN 1994-1-1:2004 requires that “the surface of a connector that resists separation forces (for example,
the underside of the head of a stud) should extend not less than 30 mm clear above the bottom
reinforcement” [10] and refers to Figure 2.32.a. On the other hand, according to Figure 2.32.b, the
presence of only one reinforcement layer is allowed in slabs with profiled steel sheeting, which is
inconsistent with the previous requirement [76].

(a) (b)

Figure 2.32: Reinforcement in composite beams according to EN 1994-1-1:2004 [10].

To increase the resistance of headed studs in profiled steel sheeting, various reinforcement
arrangements have been analysed since the first studies in this field. On the one hand, the optimum
position of mesh reinforcement along the concrete slab depth has been discussed, whereas, on the
other hand, additional reinforcing elements placed inside the concrete rib have been developed and
tested.

Konrad [58] reported that there was no considerable difference at the point of the ultimate load
between the push-out specimen with one reinforcement layer in the upper zone of the concrete slab
and the specimen with two reinforcement layers, where the additional layer was placed on the profiled
steel sheeting. However, a notable difference in ductility was observed, as presented in Figure 2.33.
The failure of the specimen with one reinforcement layer was described as a mixed failure of rib
shearing, concrete pull-out and stud shearing, while rib shearing occurred for the specimen without
bottom reinforcement.
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Figure 2.33: Load-slip curves obtained by Konrad [1]:
(a) specimen with bottom reinforcement, (b) specimen without bottom reinforcement.
Similar results concerning the impact of the bottom reinforcement were obtained for specimens
featuring concrete pull-out failure, during experimental research conducted as a part of the DISCCO
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project [72]. Nevertheless, for the specimens that failed by rib pry-out, the influence of the bottom
reinforcement on the ultimate load and initial stiffness was significant, as presented in Figure 2.34.
In that case, bottom bars reinforced the concrete cone around headed studs and increased the
connector shear resistance by almost 50%.
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Figure 2.34: Load-slip curves for different reinforcement mesh patterns [61].

Vigneri [64] experimentally tested specimens with one layer of reinforcement mesh varying its
position along the concrete slab depth: mesh above the head of the welded stud and mesh below the
head of the welded stud. In both cases, pull-out failure of concrete cone occurred and similar load-
slip curves were obtained, as shown in Figure 2.35.
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Figure 2.35: Load-slip curves for two positions of reinforcement mesh [64].

To improve headed stud performance, the implementation of an additional reinforcement inside
concrete ribs has been studied. The solution with waveform reinforcement which follows the shape
of open trough profiled steel sheeting was investigated by Patrick [77] (Figure 2.36.a), Ernst [76]
(Figure 2.36.b) and Vigneri [64] (Figure 2.36.c). Ernst showed that reinforcement could increase
ultimate loads and prevent rib-shearing and concrete pull-out failure, increasing the shear connector
resistance by 20%. Specimens with waveform reinforcement showed about 80% higher load at 6 mm
slip than those without it [76]. Vigneri [64] obtained similar results, showing that specimens with
waveform reinforcement have approximately 26% higher shear resistance, as well as improved
ductility.

Albarram [78] studied the behaviour of headed studs installed in deep steel decking, with rib depth
larger than 80 mm. As these connections are characterised by brittle failure of concrete, the solution
with the reinforcement grid placed inside the ribs of deep steel decking was suggested, as presented
in Figure 2.36.d. The new solution affected ductility and increased the shear resistance of headed
studs by 25%.
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Figure 2.36: Various reinforcement arrangements [64], [77]-[79].

2.2.8 Summary

Although welded headed studs are widely used in steel-concrete composite structures, there are still
certain unanswered questions considering their behaviour. Formulation of general expressions for the
calculation of headed stud shear resistance when applied in composite slabs with profiled steel
sheeting has been a challenge over the years. Reasons lie in a variety of profiled steel sheeting types
on the construction market and different failure mechanisms depending on the connection geometry.
In addition, different push-out test set-ups used in investigations complicate the manipulation of the
experimental database.

Analytical procedures for calculating stud shear resistance published in the past years are mostly
based on the mechanical models of failure in contrast to the design rules prescribed in EN 1994-1-
1:2004 [10] which were statistically derived from experimental results. The existing design directions
do not consider the headed stud position inside the rib. However, the prime drawback of the codified
design rules refers to the unsafe predictions in certain cases when sheeting ribs are transverse to the
supporting beam. Several studies showed a positive effect of the reinforcement installed in profiled
sheeting ribs, although neither EN 1994-1-1:2004 [10] nor many proposed analytical expressions
consider that parameter in headed stud resistance calculation.

Moreover, it is remarked that design procedures do not provide directions for obtaining headed stud
shear resistance when profiled sheeting ribs are not transverse or parallel to the supporting beam.
Reviewing the available literature in this field, studies investigating the response of welded headed
studs for different profiled sheeting configurations with the angle between ribs and the beam in the
range between 0° and 90° have not been found. Nevertheless, the angle between ribs and the beam
smaller than 90° is not uncommon in practice, especially when building floors are of irregular shape.
Therefore, the parameter of the angle between profiled sheeting ribs and the beam has been found
appealing for research, and it is varied in the experimental and numerical studies of this thesis.
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3 Connection Design

There are more than a few examples in construction where the application of demountable steel-
concrete composite structures is highly favourable and beneficial. For instance, those are buildings
that are subjected to changes over time (e.g. industrial buildings in which production processes are
developing and changing, business parks with changing market requirements), different short-term
structures and buildings that require relocation (e.g. multi-storey car park buildings, educational
buildings) [12].

In this chapter, the proposed demountable shear connection is presented through the case study of a
multi-storey car park building, as a typical example of a structure that may be subjected to
deconstruction, relocation and multiple uses. The preliminary design is described, analysing the
effects of the connection implementation in the car park building. Detailing of the shear connection
is discussed and key parameters that are analysed in the experimental and numerical works are
introduced.

3.1 Case Study

The multi-storey car park building “Obili¢ev venac” in Belgrade was designed and built in the 1970s
as a demountable steel-concrete composite structure. The main bearing structure consisted of steel
frames. The floor was formed of prefabricated solid concrete slabs, connected to steel beams by high-
strength friction-grip bolts. However, over the course of 40 years, the serviceability of the building
became considerably affected by significant deformations of the floor structure. The conducted
monitoring showed a progressive increase in beam deflections over time as a result of the composite
action loss between steel beams and concrete slabs. Friction-grip bolts were subjected to corrosion,
influencing the significant reduction of the bolt cross-sectional area and decrease of the connector
shear resistance, inducing the final failure of the shear connection. During the reconstruction, friction-
grip bolts were replaced by welded headed studs as a work- and cost-effective repair solution,
providing better durability than the original design. However, the installation of stud connectors
transformed the floor structure into a non-demountable system.

As an alternative demountable solution for application in the car park building “Obili¢ev venac”, the
implementation of a new floor structure is proposed and discussed. Design is based on the input
parameters according to the original car park building project: beams’ spans, spacing, beam profiles,
steel grade and concrete class. In addition to the structure self-weight, the following loads have been
adopted for design: live load during construction 0.75 kN/m?, installations 1.0 kN/m? and live load in
garage 2.5 kN/m?[80].

To connect steel beams and concrete slabs, a demountable connection with headed studs and bolts is
applied. The requested material for the two different beams in the building structure, spanning 15 m
and 10 m, is summarised in Table 3.1. Three different types of open trough profiled metal decking
commercially available in Europe are analysed: Cofraplus 60 [71], ComFlor 60 [81] and Multideck
60-V2 [82]. All three selected types have an overall depth of approximately 60 mm, which is
considered an optimum solution for the analysed composite concrete slabs spanning 2.3 m.

The proposed floor structure consists of composite concrete slabs of the overall depth of 120 mm,
cast in open trough profiled steel sheeting. Slabs are discontinuous over the support, with the installed
angles on the edges in contact with the beam, according to the connection layout presented in Figure
3.1. Headed studs are welded to angles and bolts connect angles with the beam top flange. To
dismantle the structure, bolts should be removed and concrete slabs separated from the steel beam. In
the second life cycle of the structure, slabs may be reused, as well as beams. As bolts are entirely
removed during deconstruction, they are not affected during transportation to another location. To
accomplish convenient transportation, slab segments 5.0x2.3 m, weighing 2.7 tonnes are suggested.
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Table 3.1: Proposed solutions for two analysed beams of the car park building.

Beam span I5m 10 m
Beam spacing 23 m 23 m
Steel grade S355 S235
Beam profile IPE 400 IPE 360
Concrete class C30/37 C30/37
Concrete slab depth 120 mm 120 mm
Profiled steel Cofraplus ComFlor Multideck Cofraplus ComFlor Multideck
sheeting 60 60 60-V2 60 60 60-V2
C"n;r:rtel Zr‘l’zlume 0.085 m’® 0.088 m’ 0.085 m’ 0.085 m’ 0.088 m’ 0.085 m’
Headed studs d=16 mm, d=16 mm, d=16 mm, d =16 mm, d=16 mm, d=16 mm,
hee=100mm  Ahe=100mm  Ae=100mm  A—=100mm  Ae=100mm  he=100 mm
Bolts M16 8.8 M20 8.8 M20 8.8 M16 8.8 M20 8.8 M20 8.8
Longitudinal
spacing between 207 300 332 207 300 332
headed studs [mm]
Longitudinal
spacing between 414 600 664 414 600 664
bolts [mm]
Number of
connectors 2 2 2 2 2 2
per cross-section
Total number of
headed studs 146 100 90 96 66 60
Total number of 7 50 44 48 3 30
bolts

Additional elements steel angles #, = 8 mm steel angles #, = 8 mm

L1

WY @

Wara Il a am | e

headed stud d=16 mm
bolt M16 8.8

ﬁ

Figure 3.1: Layout of the demountable shear connection with profiled steel sheeting Cofraplus 60.

The proposed demountable shear connection contains headed studs of 16 mm in diameter and 100
mm in height, and M16 or M20 bolts of grade 8.8. A pair of headed studs is set in each sheeting rib,
whereas a pair of bolts is set between every second rib. For the beams spanning 15 m and 10 m, the
total number of headed studs is in the range of 90—-146 and 60-96, respectively, depending on the
selected metal decking. The total number of bolts is approximately two times smaller. Prediction for
bolts in the longitudinal spacing twice longer than the spacing between headed studs leads to savings
in execution time and costs.

The number of connectors and their diameters are adopted according to design rules in EN 1993-1-
8:2005 [7] and EN 1994-1-1:2004 [10], with the initial assumption of keeping the bolts’ resistance
greater than headed studs’ and therefore avoiding large bolt deformations and failure. In other words,
it is presumed that bolts’ response is elastic at ultimate loads, whereas headed studs’ deformation is
in the plastic domain. Therefore, simple dismantling of bolts is assured, whereas good mechanical
performance of headed studs is exploited. Design resistance of headed studs used with different metal
decking, calculated according to EN 1994-1-1:2004 [10], and design shear resistance of bolts,

36



calculated according to EN 1993-1-8:2005 [7], are given and compared in Table 3.2. Nevertheless,
findings presented in Chapter 2 indicate that the design rules given in EN 1994-1-1:2004 overestimate
the shear resistance of headed studs for profiled sheeting with narrow ribs, as Cofraplus 60. Hence, it
may be expected that the real ratio between headed stud and bolt resistance is even smaller.

Table 3.2: Design shear resistance of headed studs and bolts.

Design shear resistance Design shear Ratio Ratio
Headed stud of the headed stud Bolt resistance of the bolt
Pra [kN] Frq [kN] Pra/ Fra 2Pra / Fra
d=16 mmin 29.16 M16 8.8 7721 0.38 0.75

Cofraplus 60

d=16 mm in
ComFlor 60 or 34.74 M20 8.8 120.64 0.29 0.58
Multideck 60-V2

It should be emphasised that the design resistance of headed studs presented in Table 3.2 is calculated
assuming the position of a continuous slab over the beam. However, as the proposed design includes
a discontinuous slab, effects of the slab discontinuity on the connection response should be
determined and the validity of the initial assumption should be tested. The actual resistance of the
demountable connection is analysed through the experimental and numerical analyses in the thesis.
Connection stiffness and ductility are also examined, comparing the responses of demountable and
corresponding non-demountable connections.

The total number of connectors implemented in the demountable connection is larger in comparison
with the other demountable steel-concrete composite solutions with bolts. However, this system does
not require special tools and additional parts, such as steel/PVC cylinders and helical reinforcement,
which are needed for shear connections with friction-grip bolts. Moreover, both types of connectors,
headed studs and bolts, are commercially available standard products commonly used in construction.

The described system with headed studs and bolts features two shear planes: (1) on the contact
between angles and the top flange, and (2) on the contact between angles and the concrete slab. As a
consequence, the transfer of shear force is indirect, with the force passing through the angles. The
presence of two shear planes affects the total connection slip, which is dependent on the slip of headed
studs in the shear plane “angle-concrete slab”, and bolts in the shear plane “steel profile-angle”. As
bolts are installed in holes with adequate bolt-to-hole clearances, it is assumed that bolts slip inside
holes after the mounting. The initial slip of bolts leads to incomplete interaction between the concrete
slab and steel beam, inducing additional deflections of the steel beam. This deflection may be
calculated according to the equation based on the initial bolt-to-hole clearances [39] or considering
the stiffness of a shear connector and the effect of its flexibility on the bending stiffness of a composite
beam [12]. The average initial clearance of the adopted M16 bolt is 1 mm, assuming a bolt hole
diameter of 18 mm. According to [39], the initial clearance induces additional deflections of steel
beams: 18.6 mm for the beam of the profile IPE 400, spanning 15 m, and 13.6 mm for the beam of
the profile IPE 360, spanning 10 m. In other words, according to the case of un-propped construction
given in Table 3.3, for the first beam, additional deflection equals 23% of the deflection induced by
dead weight in the first phase of construction, whereas for the second beam, it is 61% of the dead
weight deflection (results are presented for profiled steel sheeting Cofraplus 60, as no significant
differences in deflections between three proposed solutions with different types of analysed metal
decking are observed). It is clear that for longer beam spans, application of propping is necessary to
decrease deflections due to structure dead weight.

Nevertheless, the exact values of the required execution tolerances and bolt hole diameters should be
defined, preferably by conducting full-scale beam tests and demonstrating assembling and
disassembling of the system. Although bolt holes on beam flange and L profiles are cut by CNC
machines, accomplishing very high precision, bolt mounting could be affected by girder
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deformations, meaning that execution tolerances are highly dependent on the beam span. Again, the
application of propping is suggested to minimise those effects. If oversized holes are designed,
problems of the incomplete slab-beam interaction and initial deflections could be exceeded by
implementing preloaded bolts or injecting resin in bolt holes.

Table 3.3: Deflections in the beam mid-span.

Mid-span deflection

Span I])Brzzflg; Execution stage Composite stage
dead weight initial slip imposed load dead weight imposed load
[m] - [mm] [mm] [mm] [mm] [mm]
15 IPE 400 80.8 18.6 234 10.1 23.2
10 IPE 360 22.3 13.6 6.6 2.6 6.0

3.2 Detailing of the Shear Connection

Special attention should be devoted to the detailing of the demountable connection, with the accent
on the connection between the composite concrete slab and angles, accomplished by headed studs.
Detailing parameters should be carefully selected to provide the appropriate connection response.
Parameters are discussed in the following, initial assumptions on their adoption are elaborated and
further experimental and numerical investigations are announced.

The suggested connection includes cold-formed steel angles to which headed studs are welded,
whereas bolts are used for connecting angles with the beam top flange. The thickness of the steel
angle should be suitably adopted to avoid deformation of the bolt holes and plate beneath headed
studs. EN 1994-1-1:2004 [10] requires the following: “except when the studs are located directly over
the web, the diameter of a welded stud should be not greater than 2.5 times the thickness of that part
to which it is welded, unless test information is provided to establish the resistance of the stud as a
shear connector”. In other words, the thickness of the component to which the stud is welded should
be at least 0.4d, where d is the diameter of the shank of a headed stud. For studs of 16 mm in diameter,
the minimum thickness is 0.4d = 6.4 mm; therefore, the adopted value is rounded and set to 8 mm.
Bearing resistance at bolt holes for the angle thickness of 8 mm is greater than bolt shear resistance;
hence, it is not considered critical. The validity of the selected thickness is examined through the
experimental work. The optimum thickness is investigated in parametric analysis.

The proposed solution with headed studs of 16 mm in diameter and 100 mm in height, embedded in
the concrete slab of 120 mm in thickness, satisfies all requirements given in EN 1994-1-1:2004 [10]
considering a minimum total slab depth, minimum slab depth and minimum connector height above
the top of the sheeting rib, and minimum concrete cover above the connectors.

The exact position of headed studs in the cross-section should be carefully adopted. According to EN
1994-1-1:2004 [10] when the distance between the edge of a concrete slab and a row of shear
connectors of the diameter d is smaller than 300 mm, three requirements need to be satisfied: (1) U-
bars should be placed around the studs and as low as possible accounting for the concrete cover layer,
(2) the minimum distance between the slab edge and headed studs should be 64, and (3) U-bars should
have the diameter of at least 0.5d. However, meeting the criteria considering the transverse distance
between the headed stud and the slab edge is problematic, as in this particular case, the connector is
not placed right above the steel flange if the space of 6d is selected. Therefore, the distance between
the stud connector and the slab edge is reduced to 4d = 64 mm and the connection response is
examined in the experimental work. The problem of the optimum stud position is studied through
parametric analysis.

The effects of the U-bars with the diameter of 0.5d = 8 mm on the connection behaviour are studied
through the experimental program of the thesis, comparing the response of connections with and
without stirrup reinforcement. Position of U-bars along stud height and U-bar diameter are varied as
parameters in numerical studies.

38



The layout of the proposed connection including the adopted detailing is presented in Figure 3.2. The
proposed connection design is experimentally tested.

; <
13|
‘ ~—
U-bar @8 mm
2 L128x105x8
Iil

Figure 3.2: Detailing of the demountable shear connection.
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4 Experimental Work

To investigate the behaviour of the proposed demountable shear connection with welded headed studs
and bolts, experimental research was conducted through static push-out tests. In that way, information
on the connection response to shear was collected, load-slip curves were obtained and failure modes
were detected. Furthermore, experimental testing of material was performed to obtain the mechanical
properties of the connection components.

Push-out tests were conducted on three different configurations of the demountable shear connection
with sheeting ribs transverse to the supporting beam. Varied parameters included slab discontinuity
and stirrup reinforcement. In addition, the corresponding non-demountable connection with welded
headed studs was experimentally tested and used for comparison. Special attention was directed to
the examination of the connection performance when the angle between profiled sheeting ribs and
the beam is smaller than 90°. Therefore, demountable and non-demountable specimens with angles
between ribs and the beam of 45° and 60° were tested.

4.1 Experimental Program and Specimen Preparation
Experimental work covers 20 push-out tests in total, divided into the following series:

- Series S (3 specimens) — non-demountable steel-concrete composite connection with welded
headed studs installed in a composite slab with an open trough profiled steel sheeting (Figure
4.1);

- Series D (3 specimens) — demountable steel-concrete composite connection with bolts and
welded headed studs applied to a composite slab with an open trough profiled steel sheeting;
headed studs are welded to the steel plate, and bolts connect the plate and the flange of a steel
profile (Figure 4.2);

- Series DL (2 specimens) — demountable connection with bolts and welded headed studs, but
contrary to series D, the concrete slab is discontinuous over the steel profile and a pair of
angles is applied instead of the steel plate (Figure 4.3);

- Series DLU (2 specimens) — connection identical to series DL with the difference of added
stirrup U-bars passing around the headed studs (Figure 4.4);

- Series S45 (3 specimens) — non-demountable connection with the angle between ribs of the
profiled steel sheeting and the steel beam of 45° (Figure 4.5);

- Series D45 (2 specimens) — demountable connection with the angle between ribs of the
profiled steel sheeting and the steel beam of 45° (Figure 4.6);

- Series S60 (3 specimens) — non-demountable connection with the angle between ribs of the
profiled steel sheeting and the steel beam of 60° (Figure 4.7);

- Series D60 (2 specimens) — demountable connection with the angle between ribs of the
profiled steel sheeting and the steel beam of 60° (Figure 4.8).

A summary of the specimen properties and varied parameters is given in Table 4.1. Series S, the non-
demountable solution with ribs transverse to the beam, widely present in building constructions,
served as a control series for comparison with the proposed demountable connections with ribs
transverse to the beam, and other connections with the angle between profiled sheeting ribs and the
beam smaller than 90°. Demountable shear connections with continuous slabs over the beam were
examined through series D, while demountable shear connections with discontinuous slabs over the
beam were examined through series DL. Series DLU was used to determine the influence of the
stirrup reinforcement around headed studs in connections with discontinuous slabs over the support.
Series S45 and S60 were tested to examine the influence of the angle between profiled sheeting ribs
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and the beam on the shear behaviour of a non-demountable connection, while series D45 and D60
were used to analyse the same effect in demountable connections.

Table 4.1: Summary of the push-out tests.

Number of Headed Plate/angle Angle between

Series specimens studs Bolts thickness Slab ribs and the Remark
beam
S 3 / / . /
continuous
D 3 90° /
DL 2 M12 8.8 8 mm . . /
discontinuous
DLU 2 d=16 mm U-bars @ 8§ mm
S45 3 hsc:100 mm / / 450 /
D45 2 M16 8.8 8 mm . /
continuous
S60 3 / / 60° /
D60 2 M16 8.8 8 mm /
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Figure 4.1: Test specimen layout: series S.
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All specimens were made with the open trough profiled steel sheeting Cofraplus 60 [71],
commercially available in Europe. For specimens S45, D45, S60 and D60, pairs of concrete slabs
connected to the steel profile were developed as mirror reflections, as shown in Figure 4.9.

Figure 4.9: Specimens D45 and D60 before concrete casting.
Each specimen consisted of eight headed studs of 16 mm in diameter. A headed stud height of 100
mm and concrete slab depth of 120 mm were kept constant in all tests. Headed studs were welded to

the steel profile flange, plate or angle, whereas profiled steel sheeting with pre-punched holes was
placed over before concrete casing, as shown in Figure 4.10.

Demountable specimens contained eight M12 or M16 bolts of grade 8.8. Bolt diameter and grade
were chosen to keep bolt shear resistance higher than that of the headed stud and therefore accomplish
similar behaviour of demountable and non-demountable connections, as previously discussed in
Chapter 3. M12 bolts were applied to models with ribs orthogonal to the steel profile (series S, D,
DL, DLU), whereas M16 bolts were applied to the specimens with the angle between profiled
sheeting ribs and the steel beam smaller than 90° (series S45, D45, S60, D60) since larger resistance
of headed studs was expected in those connections.

Figure 4.10: Headed studs during welding and placed in the profiled sheeting.

In specimens with continuous concrete slabs over the steel profile (series S and D), the distance
between the headed studs was set to 100 mm (Figure 4.1 and Figure 4.2) to satisfy the detailing
demands given in EN 1994-1-1:2004 [10]. At the same time, the headed studs in discontinuous slabs
(series DL and DLU) were placed at a distance of 4d = 64 mm in the transverse direction from the
vertical angle leg, where d is the diameter of the headed stud (Figure 4.3 and Figure 4.4). The adopted
length is smaller than 6d, which is required according to EN 1994-1-1:2004 [10] as the minimum
stud-to-edge distance. However, by choosing shorter distance, it is possible to keep a headed stud
right above a steel flange, as explained in Chapter 3. The effects of the selected stud-to-edge distance
on the connection damage are discussed throughout the study.
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In specimens with the angle between profiled sheeting ribs and the beam of 45° and 60° (series S45,
S60, D45, D60), the distance between headed studs in the concrete rib in the direction transverse to
the steel beam was 100 mm, while the distance in the direction parallel to the steel beam depended
on the adopted angle (Figure 4.5-Figure 4.8).

The bolt position was chosen according to the predefined hole position for the profile HEB 260. Bolt
hole diameters were selected to comply with the requested execution tolerances. Bolt holes cut in the
profile flange, plates and angles had a diameter of 13 mm in specimens with ribs transverse to the
steel beam (series S, D, DL, DLU), while a diameter of 18 mm was applied to specimens with the
angle between profiled sheeting ribs and the steel profile smaller than 90° (series S45, D45, S60,
D60).

The thickness of the steel plate and angles at which the headed studs were welded was set to 8 mm.
As explained in Chapter 3, the plate and angle thickness should be selected to avoid the deformation
of the bolt holes and the plate beneath the headed studs. According to EN 1994-1-1:2004 [10], the
thickness of the part to which the stud is welded should be greater than 0.4d. As the limiting value of
0.4d equals 6.4 mm in the case of the tested connection, the plate thickness was rounded and set to 8
mm. The same thickness was selected for angles, which were made using the plate by cutting and
cold forming the material. Design bearing resistance at bolt holes for the plate thickness of 8 mm is
greater than bolt shear resistance; hence, it was not considered critical. The validity of the adopted
thickness is examined throughout the study.

A recess in the concrete slab base, marked as optional according to EN 1994-1-1:2004, Annex B [10],
was avoided during fabrication to accomplish easier specimen preparation. According to several
research results, the absence of the recess is not expected to influence experimental results [64], [73].
A slab width of b = 600 mm was adopted to satisfy the condition b > et + 2 hsc/tan(25°) [72], where et
is the transverse spacing between the studs inside the concrete rib and 4sc is the height of the stud.
Therefore, it was intended to fully include a concrete cone that develops during a failure of headed
studs in push-out tests.

One layer of reinforcement of 8 mm in diameter was placed in the top zone of the slab. For series S,
D, DL and DLU longitudinal bars were bent on one side into a hook to reinforce the supporting rib
of the concrete slab, as suggested by several authors [34], [36]. Stirrup bars applied in specimens of
series DLU were formed in a U-shape to pass around the headed stud. The U-bar diameter was
adopted as 0.54= 8 mm. U-bars were placed at the level of the top surface of profiled sheeting ribs
and oriented in the transverse direction, as shown in Figure 4.11.
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Figure 4.11: U-bar geometry and specimens with stirrups before concrete casting.

Specimen preparation was performed in two phases. In the first phase, the pilot specimens of series

S were made and tested, whereas in the second phase, concrete casting was simultaneously done for

all the other specimens (Figure 4.12), and push-out tests were conducted subsequently. In both cases,

concrete with a maximum aggregate size of 16 mm was used, to comply with the EN 1994-1-1:2004
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[10] demand considering the relations between the nominal aggregate size and connection geometry.
To minimise initial shrinkage cracks, specimens were kept in wet conditions during the first three
days.

Specimens were assembled for push-out testing 28 days after concrete casting. Demountable
specimens were assembled by connecting concrete slabs and steel profiles with bolts. Nuts were
tightened without the application of pretension force. For specimens of non-demountable shear
connections S45 and S60 (except series S), HEB 260 profiles had been longitudinally cut in two
segments before concreting and afterwards welded to each other before push-out testing. The aim was
strictly practical as it was intended to perform all concrete castings at once, accomplishing the same
material properties of the concrete on both sides of each specimen.
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Figure 4.12: Concrete casting.

4.2 Experimental Testing of Material
For components that form push-out specimens, material properties were obtained through
standardised testing procedures:

- tensile tests were conducted on steel coupons to obtain stress-strain curves and measure steel
yield strength, ultimate tensile strength and modulus of elasticity;

- compression and splitting tests were conducted on concrete cubes and cylinders to obtain
concrete compressive strength, tensile strength and modulus of elasticity.

Statistical evaluation was conducted according to directions provided in Annex D of EN 1990:2010
[83].

The geometry of steel coupons was adopted in compliance with the requirements given in EN ISO
6892-1 [84]. The testing procedure was performed as strain control, applying the uniform
displacement rate of 0.1 mm/min up to 1% strain and setting the displacement rate of 2.2 mm/min
afterwards [85]. All specimens were tested in the servo-hydraulic testing machine with the capacity
of' 300 kN in the Laboratory for Materials at the Faculty of Civil Engineering, University of Belgrade.

The results of the material testing of steel components (steel profile, steel plate, profiled steel sheeting,
headed studs and bolts) and concrete cubes and cylinders are given in the following. Reinforcement
bars were not tested, as it is assumed that during push-out testing stress in bars is below the yield
strength and material behaviour is elastic, which is later confirmed through numerical analysis.

4.2.1 Steel Profiles and Plates

To investigate the material properties of steel profiles, plates and angles, coupons were taken from
the profile flange and steel plate. Considering that angles were made of the same material as plates,
coupons from angles were not taken.
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Coupons made from the flange of the steel profile had a round cross-section of 10 mm in diameter,
whereas coupons taken from the plate were cut by a water jet cutter and had a rectangular cross-
section, 12.5%8 mm. Coupons’ geometries are given in Figure 4.13.a. All coupons were tested using
the digital extensometer, with the gauge length Lo = 50 mm. Tensile test set-ups are shown in Figure
4.13.b, while the appearance of coupons after the testing is presented in Figure 4.13.c.
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Figure 4.13: (a) Geometry of coupons, (b) Coupon testing, (c) Coupons after the testing.

Mechanical properties of both materials were obtained by means of experimental testing of three
coupons. Test results are summarised in Table 4.2 and Table 4.3, whereas stress-strain curves are
graphically presented in Figure 4.14. The average values of yield strength and ultimate tensile
strength are 297.3 kN and 418.6 kN for the steel profile flange, and 357.1 kN and 520.7 kN for the
steel plate, respectively.
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Figure 4.14: Stress-strain curves: (a) steel profile, (b) steel plate.
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Table 4.2: Steel profile material properties.

Test coupon geometry Material mechanical properties
Specimen Diameter Cross- Yield Ultimate tensile =~ Modulus of  Strain at ultimate
pecime ete sectional area  strength strength elasticity strength
d [mm] A [mm?] fy [MPa] fu [MPa] E [GPa] eu[%]
SP1 10.00 78.50 282.1 415.7 198.0 21.04
SP2 10.00 78.50 3123 418.0 198.0 20.13
SP3 10.00 78.50 297.7 422.1 197.0 21.00
Mean 297.3 418.6 197.7 20.72
St. deviation 15.10 3.22
CoV [%] 5.08 0.77
Characteristic 246.45 407.75
Table 4.3: Steel plate material properties.
Test coupon geometry Material mechanical properties
. . . Cross- Yield Ultimate Modulus of  Strain at ultimate
Specimen Thickness  Width sectional area  strength  tensile strength elasticity strength
t [mm)] b [mm] A [mm?] Jfy [MPa] fu [MPa] E [GPa] &u[%]
PL1 8.20 12.60 103.32 358.1 525.4 200.0 17.03
PL2 8.20 12.60 103.32 359.5 516.8 207.0 17.23
PL3 8.20 12.60 103.32 353.7 519.9 195.0 16.93
Mean 357.1 520.7 200.7 17.06
St. deviation 3.03 4.35
CoV [%] 0.85 0.84
Characteristic 346.90 506.04

4.2.2 Profiled Steel Sheeting

Coupons taken from profiled steel sheeting were cut by a water jet cutter to minimise the coupon
deformation and generation of additional stress. The coupon of a width of 12.5 mm and gauge length
Lo =50 mm is presented in Figure 4.15.a. To precisely obtain the sheeting thickness, the ultrasonic
measurement was performed as shown in Figure 4.15.b. All four coupons were tested using the digital
extensometer. For two coupons, strain gauges were added to precisely obtain the elastic modulus.
The tensile test set-up is shown in Figure 4.15.c, while the appearance of coupons before and after
the testing is presented in Figure 4.15.d.
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Figure 4.15: (a) Coupon geometry, (b) Ultrasonic thickness measurement, (c) Coupon testing,
(d) Coupons before and after the testing.
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Stress-strain curves are given in Figure 4.16, whereas a summary of profiled steel sheeting material
properties is given in Table 4.4. The average values of yield strength and ultimate tensile strength are
347.7 kN and 408.2 kN.
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Figure 4.16: Stress-strain curves for profiled steel sheeting coupons.

Table 4.4: Profiled steel sheeting material properties.

Test coupon geometry Material mechanical properties
. . . Cross- Yield Ultimate Modulus of  Strain at ultimate
Specimen Thickness Width sectional area  strength  tensile strength elasticity strength
¢t [mm] b [mm] A [mm?] Jfy [MPa] fu [MPa] E [GPa] eu[%]
PS1 0.85 12.58 10.693 361.5 418.9 - 17.87
PS2 0.86 12.54 10.784 358.1 408.2 - 17.80
PS3 0.85 12.60 10.710 334.7 405.3 196.0 18.17
PS4 0.87 12.61 10.971 336.3 400.4 193.0 15.57
Mean 347.7 408.2 194.5 17.35
St. deviation 14.1 7.8
CoV [%] 4.06 1.92
Characteristic 310.5 387.6

4.2.3 Headed Studs

Round coupons made from headed studs were 5 mm in diameter and the gauge length was Lo = 50
mm, as shown in Figure 4.17.a. The strain was measured by a digital extensometer, as presented in
Figure 4.17.b. The comparison between specimens before and after the testing is given in Figure
4.17.c. In total, three coupons were tested.
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Figure 4.17: (a) Coupon geometry, (b) Coupon testing, (¢c) Coupons before and after the testing.
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Stress-strain curves are presented in Figure 4.18, showing the dominant nonlinear behaviour of the
material without the distinct yield point. Therefore, the yield strength was obtained as the 0.2% proof
stress fo2 and the results are summarised in Table 4.5. The average values of yield strength and
ultimate tensile strength are 421.0 kN and 509.0 kN. Compared with the response of steel coupons
taken from the profile flange and plate, the strain at ultimate stress of headed stud material is 4-5
times smaller, whereas the strain at fracture is approximately three times smaller.
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Figure 4.18: Stress-strain curves for headed stud coupons.

Table 4.5: Headed stud material properties.

Test coupon geometry Material mechanical properties
Specimen Diameter Cross- Yield Ultimate tensile =~ Modulus of  Strain at ultimate
sectional area strength strength elasticity strength
d [mm] A [mm?] fy [MPa] fu [MPa] E [GPa] eu[%]
HS1 5.00 19.625 427.6 522.2 196.0 4.34
HS2 5.00 19.625 415.8 498.6 193.0 3.31
HS3 5.00 19.625 419.5 506.2 211.0 4.06
Mean 421.0 509.0 200.0 3.90
St. deviation 6.0 12.0
CoV [%] 1.43 2.37
Characteristic 400.6 468.4

4.2.4 Bolts

Round coupons of 5 mm in diameter were made from M12 and M16 bolts, as presented in Figure
4.19.a. Due to the small size of coupons, the application of a digital extensometer during testing was
not possible, so in order to measure strains, two strain gauges were glued around the coupon diameter,
as shown in Figure 4.19.b. The comparison between M16 coupon specimens before and after the
testing is given in Figure 4.19.c. Altogether, two coupons made from M16 bolts and two coupons
made from M12 bolts were tested.

Stress-strain curves based on the measurement of strain gauges are presented as black lines in Figure
4.20. Strains were recorded until a certain dilatation when glue used for strain gauge fixation broke.
The initial part of the stress-strain curve enabled the determination of the 0.2% proof stress f0.> and
modulus of elasticity. To provide a better graphical presentation of bolt ductility, stress-strain curves
were extended according to the measurement of the elongation obtained from the testing machine
(grey lines in Figure 4.20). Results are summarised in Table 4.6. The average values of yield strength
and ultimate tensile strength are 928.9 kN and 966.5 kN.
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Figure 4.19: (a) Geometry of coupons, (b) Coupon testing, (c) Coupons before and after the testing.
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Figure 4.20: Stress-strain curves for bolt coupons.

Table 4.6: Bolt material properties.

Test coupon geometry

Material mechanical properties

Specimen Diameter Cross-sectional Yield Ultimate tensile Modulus of
area strength strength elasticity
d [mm] A [mm?] fy [MPa] fu [MPa] E [GPa]
M12-1 4.95 19.234 911.3 971.5 210.0
M12-2 4.95 19.234 959.4 992.3 205.0
Ml6-1 4.95 19.234 906.9 958.4 207.0
M16-2 4.71 17.414 938.1 943.6 201.0
Mean 928.9 966.5 204.0
St. deviation 24.6 20.7
CoV [%] 2.64 2.14
Characteristic 864.3 912.1

4.2.5 Concrete

In each phase of concrete casting, cubes 15x15%15 cm were made to obtain the concrete compressive
strength fccuve. Cubes were kept in a wet environment for the first 28 days. Push-out testing of
specimens started 28 days after the specimen fabrication and continued in the next five weeks in
irregular intervals. Cubes were tested at the time of push-out specimen testing to obtain precise
information on the concrete cube strength at that moment. Results corresponding to the specific push-

out test series are presented in Table 4.7. Mean values of the concrete compressive strengths are in
the range of 38.3 MPa to 46.6 MPa.
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Table 4.7: Compressive strength of concrete.

Compressive strength of concrete cubes, fc cuve [MPa]

Measured Mean St. deviation CoV [%] Characteristic
36.1
42.4
1 S-01 159 383 33 8.60 29.6
39.5
423
40.5
43.7
43.6
1 S-02, S-03 45.0 43.7 1.7 3.96 40.2
441
46.3
43.8
40.8
442
2 D 438 43.1 1.5 3.51 39.1
43.4
43.8
S45, S60, 449
D45, D60 453
47.1
48.5
45.4
2 DL, DLU 470 46.6 1.5 3.13 42.8

45.6

Phase Specimens

453 1.4 2.98 41.7

In the second phase of concrete casting, besides cubes, concrete cylinders @15%x30 cm and Q15%15
cm were made to obtain the elastic modulus Ecm and concrete tensile strength fecim, respectively. By
performing splitting tests on concrete cylinders, concrete splitting tensile strength fetsp was measured
and then converted to concrete axial tensile strength feem by multiplying by 0.9 [6]. Results are given
in Table 4.8 and Table 4.9. Comparing experimental results with predictions given in EN 1992-1-
1:2004 [6] based on relations between elastic modulus and concrete tensile strength and concrete
compressive strength, a good match was observed.

Table 4.8: Modulus of elasticity of concrete.

Modulus of elasticity of concrete, Ecm [MPa]

Phase . L
Measured Mean St. deviation CoV [%] Characteristic
30383
31 658
2 33534 32396 1548 4.78 28 789
34 296
32107
Table 4.9: Axial tensile strength of concrete.
Ph Axial tensile strength of concrete, fom [MPa]
ase
Measured Mean St. deviation CoV [%] Characteristic
2.85
3.01
2.96
2 331 2.98 0.27 8.97 2.39
3.18
2.55

Further in the thesis, when comparing and discussing experimental and numerical push-out test
results, the mean value of concrete cylinder compressive strength fem is assigned to each test series.
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Cylinder compressive strength was calculated by multiplying the mean value of cube compressive
strength by 0.8. All necessary values for developing numerical models and testing analytical
expressions as modulus of elasticity and concrete tensile strength were derived from the cylinder
compressive strength fem using the expressions given in EN 1992-1-1:2004 [6].

4.3 Push-Out Test Set-Up and Measurement Procedure

Experimental testing was performed in the Laboratory for Materials at the Faculty of Civil
Engineering, University of Belgrade. Push-out tests were conducted following instructions given in
EN 1994-1-1:2004, Annex B [10]. The vertical load was applied on steel profile HEB 260 through
the thick steel plate to provide a uniform pressure distribution in the cross-section. Concrete slabs
were placed on the layer of fresh gypsum to accomplish good contact with the support. According to
recommendations given in the DISCCO report [72], no transverse loading was applied as the ratio
between the stud and rib height was larger than 1.56.

For each specimen from series S, S45 and S60, a total of eight displacement transducers were
installed:

- four for measuring the horizontal separation between the concrete slab and steel profile (H1-
H4 in Figure 4.21);

- four for measuring the vertical slip between the concrete slab and steel profile (V1-H4 in
Figure 4.21).

Test set-up for non-demountable specimens is presented in Figure 4.21, using the example of series
S. The vertical slip between the concrete slab and steel profile was measured at the top of the
specimen. To measure the horizontal separation between the concrete slab and steel profile, profiled
steel sheeting was locally cut on the rib as close as possible to headed studs, and a glass plate was
glued to the concrete to provide a smooth surface for sensor movement.
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Figure 4.21: Test set-up for non-demountable specimens.
For specimens from series D, DL, DLU, D45 and D60, 12 displacement transducers were installed:

- four for measuring the horizontal separation between the concrete slab and steel profile (H1—
H4 in Figure 4.22);

- four for measuring the vertical slip between the concrete slab and steel profile (V1-V4 in
Figure 4.22);

- four for measuring the vertical slip between the concrete slab and steel plate/angle (V5-V6 in
Figure 4.22).
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In that way, recorded information on the slip of demountable specimens includes not only
displacement between the concrete slab and steel profile but also the slip in two shear planes: “steel
plate/angle-concrete slab” and “steel profile-steel plate/angle”. Test set-up for demountable
specimens is shown in Figure 4.22, using the example of series D, DL and DLU. Vertical and
horizontal displacements were measured at the top of the specimen and in the area near headed stud
connectors, respectively, in accordance with the non-demountable specimens as previously described.

Front side Back side
V2. V6 V5 V1 V3 V7 V8 V4

[V

| H2

Figure 4.22: Test set-up for demountable specimens.

The exception from the listed measured values was made in the case of the specimen DLU-01, where
two additional displacement transducers for measuring the lateral horizontal separation between two
slabs were used. Sensors were placed at the top of the specimen, as shown in Figure 4.23. However,
the displacement remained negligible during the experiment (less than 0.5 mm) and therefore, it was
not measured in further testing.

=

Figure 4.23: Measurement of lateral displacement between two slabs.

The applied force was measured by a load cell of the capacity of 1000 kN placed at the top. Data
recording was performed at a frequency of 1 Hz using the multichannel acquisition devices.

The loading regime, shown in Figure 4.24, was adopted following propositions given in EN 1994-1-
1:2004, Annex B [10]. Firstly, the load was applied in three steps up to 40% of the expected ultimate
load. Then, the specimen was unloaded to 5% of the expected ultimate load and cycles ranging from
5% to 40% of the assumed shear resistance were repeated 25 times. In the last phase, loading was
applied in one step, minding that failure does not appear in less than 15 minutes. Data were recorded
until the load dropped to 20% below the maximum load. The only exception of the described regime
was made for specimens S-02 and S-03 (Figure 4.25), which were unloaded at 70% of the expected
ultimate load and then loaded again, in order to observe the connection’s initial stiffness.
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Figure 4.24: Loading regime.

4.4 Push-Out Test Results

Load-slip curves obtained during push-out testing are presented in Figure 4.25-Figure 4.32. For
demountable specimens, load-slip curves are given for the overall slip between the concrete slab and
steel profile and the slip in the plane “steel plate/angle-concrete slab”.
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Figure 4.25: Load-slip curves for series S.
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Figure 4.26: Load-slip curves for series D:
(a) steel profile-concrete slab, (b) steel plate-concrete slab.

57



____________

(b) 300
250

200

Load [kN]
o
o

_____________
-~

----DL-01 100 - ----DL-01
—DL-02 50 ——DL-02
0 ; . ; ; : ; 0 ; ; ; ;
0 2 4 6 8 10 12 14 0 6 8 10 12 14
Slip [mm] Slip [mm]
Figure 4.27: Load-slip curves for series DL:
(a) steel profile-concrete slab, (b) steel angle-concrete slab.
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Figure 4.28: Load-slip curves for series DLU:
(a) steel profile-concrete slab, (b) steel angle-concrete slab.
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Figure 4.29: Load-slip curves for series S45. Figure 4.30: Load-slip curves for series S60.
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Figure 4.31: Load-slip curves for series D45:
(a) steel profile-concrete slab, (b) steel plate-concrete slab.
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Figure 4.32: Load-slip curves for series D60:
(a) steel profile-concrete slab, (b) steel plate-concrete slab.

The ultimate load, stiffness at serviceability loads, slip and transverse separation between a concrete
slab and a steel profile are summarised in Table 4.10 and Table 4.11. For demountable specimens,
the slip is also presented for the shear plane on the contact between the steel plate/angles and the

concrete slab.

Ultimate load Pultexp is defined as the maximum measured load of the specimen, as shown in Figure
4.33. The characteristic load is calculated according to statistical evaluation procedures given in
Annex D of EN 1990:2010 [83] and the alternative method provided in Annex B of EN 1994-1-
1:2004 [10], which defines characteristic resistance as the minimum failure load reduced by 10%.
Stiffness at serviceability loads is obtained per headed stud connector, i.e. bolt, at the load of 0.7 Puitexp

(Figure 4.33).

The load-slip curves shown in Figure 4.25-Figure 4.32 are characterised by several local peaks
developed in the pre-ultimate and post-ultimate domains. Due to local peaks, the load drop is
sometimes greater than 10% of the ultimate load, causing the load equal to 90% of the failure load to
be reached several times during testing. To obtain the slip capacity according to Annex B of EN 1994-
1-1:2004 [10], the maximum slip in the post-ultimate domain corresponding to 90% of the failure
load is determined (Figure 4.33) and the characteristic value is calculated.
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Figure 4.33: Load-slip curve and definition of the main parameters.

Table 4.10: Results of the push-out test: series S, S45 and S60.

. . Transyerse Max. slip at
) ) Ultimate load Stiffness separation at
Series Specimen Putes 0.9Putexp
Putexp [KN] kse [KN/mm] [mm] Ouexp [Mm]
S-01 207.7* 95% 0.31* 3.59%
S-02 274.0 80 0.36 4.09
S-03 255.1 70 0.59 5.30
S Mean 264.6 75 042 4.70
St. deviation 13.36
CoV [%] 5.05
Characteristic -1/2296® 3.68@
S45-01 362.3 89 0.63 5.25
S45-02 318.1 78 0.34 1.63
S45-03 331.6 98 0.80 4.82
S45 Mean 337.3 88 0.59 3.90
St. deviation 22.65
CoV [%] 6.71
Characteristic 261.0 M /286.3 @ 147 ®
S60-01 251.8 76 0.45 6.03
S60-02 275.4 66 0.28 4.20
S60-03 267.0 82 0.25 1.58
S60 Mean 264.7 75 0.33 3.94
St. deviation 11.96
CoV [%] 4.52
Characteristic 22441 /226.6® 1.42®

* not included in statistical evaluation
M according to EN 1990:2010, ? according to EN 1994-1-1:2004

Results obtained for specimen S-01 were excluded from the statistical evaluation given in Table 4.10.
It is assumed that that specimen, which was the first one prepared, had an asymmetric set-up during
the testing, caused by uneven lengths of two concrete slabs. In addition, it is suspected that concrete
around headed studs may not have been sufficiently consolidated because hand compaction was
applied by rodding. For concrete compacting of all the other specimens, a needle vibrator was used.
As a consequence, specimen S-01 showed considerably lower resistance than the other specimens of
the same series.
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Table 4.11: Results of the push-out test: series D, DL, DLU, D45 and D60.

Max. slip at 0.9 Puiexp

Transverse
, , Ultimate load Stiffness separation at Total slip: Shear plane:
Series Specimen Puttexp HEB-slab plate/angle-
slab
Putexp [KN] ks [KN/mm] [mm] Ouexp [Mm] Oups,exp [MmM]
D-01 244.0 24 0.28 6.68 5.43
D-02 245.0 21 0.84 13.06 -
D-03 239.5 18 0.24 3.73 2.20
D Mean 242.8 21 0.45 7.82 3.82
St. deviation 2.93
CoV [%] 121
Characteristic ~ 233.0 1 /215.6 @ 336 1.98 @
DL-01 251.3 23 0.29 5.16 4.57
DL-02 250.6 20 0.68 5.75 4.97
DL Mean 251.0 22 0.97 5.46 4.77
St. deviation 0.49
CoV [%] 0.20
Characteristic -®/2255® 4.64 @ 4.11®
DLU-01 267.8 15 0.67 10.66 9.25
DLU-02 263.0 21 0.75 7.67 6.74
Mean 2654 18 0.71 9.17 8.00
DLU St. deviation 3.39
CoV [%] 1.28
Characteristic -®/236.7® 6.90 @ 6.07 @
D45-01 333.2 27 0.58 433 4.27
D45-02 331.6 30 0.98 6.54 5.94
D45 Mean 332.4 29 0.78 5.44 5.11
St. deviation 1.13
CoV [%] 0.34
Characteristic -2/2984® 3.90 @ 3.84@
D60-01 256.7 26 0.38 4.84 3.76
D60-02 294.6 12 1.23 14.01 11.47
D60 Mez.in. 275.7 19 0.81 943 7.62
St. deviation 26.80
CoV [%] 9.72
Characteristic -®/231.0® 436@ 3381

M according to EN 1990:2010, ® according to EN 1994-1-1:2004

Load-slip curves for shear between the steel profile and concrete slab indicate higher initial stiffness
of non-demountable specimens compared with the demountable ones. All demountable specimens
feature an initial slip at the beginning of loading, as presented in Figure 4.26.a—Figure 4.28.a and
Figure 4.31.a—Figure 4.32.a. However, the initial slip is not present in the shear plane “steel
plate/angle-concrete slab”, as shown in Figure 4.26.b—Figure 4.28.b and Figure 4.31.b—Figure 4.32.b.
Comparing the stiffness at serviceability loads shown in Table 4.10, it is observed that the average
stiffness per stud connector is in the range of 18—29 kN/mm for demountable specimens and 75—-88
kN/mm for non-demountable specimens. Hence, the stiffness of demountable connections is
approximately three to four times smaller than of the corresponding non-demountable connections.
According to the obtained data, most of the demountable connections feature larger slip at 90% of
the ultimate load than non-demountable connections. Slip in the shear plane “steel plate/angle-
concrete slab” corresponding to 90% of the maximum load is smaller than the overall slip of
demountable specimens and closer to the slip of non-demountable ones.

For loads above 200 kN, curves are characterised by fluctuations that are attributed to the crack
development across concrete slabs. Damage occurred in all concrete ribs containing headed studs,
causing cracks to open and stabilise alternately in different ribs, inducing drops and rises in the
measured load. The measured ultimate loads of demountable and non-demountable specimens with
sheeting ribs transverse to the beam were in the range of 240-274 kN, while for the specimens with
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the angle between sheeting ribs and the beam smaller than 90°, they were in the range of 252-362
kN, indicating the resistance increase with the decrease of the angle size. Nevertheless, for comparing
maximum loads of test series, differences in the concrete compressive strengths should be accounted
for.

The appearance of a specimen before and during the push-out test is shown in Figure 4.34. A
considerable deformation of profiled steel sheeting and separation from the concrete slab were
observed during the testing of each specimen. Furthermore, a certain outward inclination of the slabs
was noticed in the later stages of loading.

(b)

efore the testing, (b) Specimen during the testing.

Figure 4.34: (a) Specimen b
At the top surface of concrete slabs, cracks were observed during the testing of both demountable and
non-demountable specimens. Although they did not induce the specimen failure, it is interesting to

note that they followed the direction of the profiled sheeting ribs. Crack patterns are presented in
Figure 4.35 using the example of three specimens with different angles between ribs and the beam.
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Figure 4.35: Crack pattern on the concrete slab top surface:
(a) series D, (b) series S45, (c) series S60.

After testing, specimens were demounted, and concrete failure was observed in each slab. Failure
forms for different series with sheeting ribs transverse to the beam are shown in Figure 4.36. Failure
modes of demountable specimens D and non-demountable specimens S are equivalent, indicating the
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development of concrete cones and concrete pull-out failure. Concrete failure of the discontinuous
concrete slab of the specimen DL corresponds to the failure form of the continuous slab of the
specimen D. Specimens DLU reinforced with U-bars also feature concrete cone failure, as detected
on the right side of the specimen presented in Figure 4.36.d. However, the left side of the specimen
DLU, shown in Figure 4.36.d, indicates the separation of entire concrete ribs from the rest of the
concrete slab.

Specimens with discontinuous slabs over the beam did not exhibit longitudinal concrete splitting
between a headed stud and a slab edge, although the applied stud-to-edge distance had been set to 4d,
which is smaller than the requested 6d according to EN 1994-1-1:2004 [10]. It might be supposed
that the vertical angle leg reinforces the edge and contributes to the prevention of splitting failure.

Figure 4.37: Failure forms of specimens: (a) series S45, (b) series S60.
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Specimens with the angle between ribs and the steel profile smaller than 90° were also characterised
by the development of concrete cones and pull-out failure, as shown in Figure 4.37. Concrete cones
followed the concrete ribs, forming the angle of 45°, i.e. 60°, with the vertical axis.

After the removal of the surrounding concrete, a certain deformation of welded headed studs was
observed, as presented in Figure 4.38. Development of a single slight curvature along stud height was
noticed, but deformation was not significant. No rupture of headed studs occurred in any of the
conducted push-out tests. Moreover, deformation of the plate and angles was not detected after the
testing of demountable specimens, implying that plate bending on contact with headed studs did not
appear for the selected plate thickness.

(a) (b)

R - \ > . .
Figure 4.38: Headed studs after the testing: (a) series D, (b) series S45, (c) series S60.

A

To demonstrate reassembling of a demountable shear connection, bolts were dismantled after testing.
Easy bolt removal proved the demountability of the proposed shear connection. Bolts and a bolt hole
in the steel plate after testing of demountable specimens are presented in Figure 4.39. As there was
no plastic deformation observed in M12 and M16 bolts, it could be assumed that these connectors
had an elastic response during the experiment, as it was intended. Also, no deformation of the steel
material around bolt holes occurred in the steel plate and angles, nor the steel profile.

‘ .

“m\u\\mu\\m‘«lJ ¢

LU

Figure 4.39: Condition of components after the testing: (a) M12 and M 16 bolts, (b) steel plate.

4.5 Discussion of the Test Results

Load-slip curves obtained during push-out testing of series S and D are presented together in Figure
4.40.a. Comparing the response of the developed demountable connection with welded headed studs
and bolts with the corresponding non-demountable connection with welded headed studs, it is
observed that the demountable connection exhibits larger deformations due to shear load. Bolt
connectors induce lower initial stiffness of the connection due to movement inside the holes. As no
pretension force was applied during bolt mounting, bolt slip inside the hole starts at the early loading
stage before applying loading cycles. The measured initial slip due to bolt displacement has values in
the range of 0.25-0.70 mm, depending on the exact bolt position inside the holes released during
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specimen mounting. For the selected bolt diameter of 12 mm and bolt hole diameter of 13 mm, a
clearance between the connector and the hole is 1 mm, limiting the initial slip to that value.

Comparing the load-slip behaviour of non-demountable specimens and load-slip response in the shear
plane “steel plate-concrete slab” of demountable specimens given in Figure 4.40.b, it is noticed that
the curves overlap in the initial part. For the mentioned curves of series S and D, increased initial
stiffness up to the load of approximately 100 kN is observed, followed by the stiffness reduction
afterwards. Results suggest that at the initial loading stage, the behaviour of headed studs, welded to
the steel plate with a thickness of 8 mm, corresponds to the behaviour of the stud connectors welded
to the steel profile flange.

(a) 300 (b) 300
/"\\
250 - S 250 - _
"///\/?l?»\'""—--_, L ‘,,-__:;:;/__J
Z 200 22 =200 | —
T x
§150 T 150
----5-02 S ----5-02
100 —5-03 100 —s5-03
D-01 D-01 plate-slab
50 - D-02 50 - D-02 plate-slab
D-03 D-03 plate-slab
0 . . . . . . 0 . ,
0 2 4 6 8 10 12 14 0.0 0.5 1.0 1.5
Slip [mm] Slip [mm]

Figure 4.40: Comparison of the response of demountable and non-demountable specimens:
(a) total slip, (b) slip in the shear plane with welded headed studs.

Comparing the slip capacity of demountable and non-demountable connections (Table 4.10 and Table
4.11), it is observed that the slip at load 0.9Puiis below 6 mm for both specimens S, suggesting that
connectors cannot be classified as ductile. On the other hand, two out of three tested demountable
specimens D have the slip at load 0.9Pur larger than 6 mm. Although, it is noted that the overall slip
of the demountable connection contains the initial bolt slip.

Data measured during the push-out testing provide information on the slip in both shear planes of
demountable specimens. The overall slip of the demountable connection is compared with the slip in
planes “steel plate-concrete slab” and “steel profile-steel plate” in Figure 4.41. An exact match until
the end of cyclic loading is accomplished for the load-slip curves of the overall slip and slip in the
contact “steel profile-steel plate”, suggesting that the shear plane with bolt shear connectors is active.
For loads above 100 kN, a disagreement between the mentioned curves is present as at that stage
shear plane “steel plate-concrete slab” gets activated as well. The phase between the load level of 100
kN and the first peak load is characterised by a simultaneous slip in both shear planes, i.e. the total
slip is the sum of the slip of bolts and welded headed studs.

In further loading, demountable specimens feature distinct increases in the overall slip between the
concrete slab and steel profile. However, the slip in the shear plane “steel profile-steel plate” becomes
negligible. Almost all displacement appears on the contact between the concrete slab and steel plate,
due to the slip of headed studs. Demountable specimens with discontinuous slabs over the support
are characterised by a similar response, as shown in Figure 4.42.
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Figure 4.41: Comparison of the slip: (a) overall slip and slip on the contact “steel plate-concrete slab”,
(b) overall slip and slip on the contact “steel profile-steel plate”.
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Figure 4.42: Comparison of the overall slip and the slip on the contact “steel angle-concrete slab™:
(a) series DL, (b) series DLU.

To observe the difference in the behaviour of demountable shear connections with continuous and
discontinuous slabs over the support, load-slip curves for series D, DL and DLU are presented
together in Figure 4.43. There are no significant dissimilarities in the response of demountable
specimens with different configurations. Curves overlap in the initial part up to approximately 200
kN. For loads above 200 kN, curves of the specimens DL have more fluctuations in contrast to
relatively smooth curves of the specimens DLU, indicating that the cracks in concrete slabs without
the additional stirrup reinforcement are more pronounced. Connections with discontinuous slabs with
additional U-bars have larger slip capacity (more than 6 mm) than discontinuous slabs without
stirrups (less than 6 mm) (Table 4.11).
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Figure 4.43: Comparison of the response of demountable specimens with continuous and discontinuous
slabs: (a) total recorded data, (b) initial loading stage.
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Comparisons of the ultimate loads of series S, D, DL and DLU are given in Table 4.12. As in all
push-out tests, concrete failure occurred with no rupture in bolts nor headed studs, the experimental
ultimate load for each specimen, Puitexp, Was normalised with concrete compressive strength. For
normalisation on the series S concrete strength of 35 MPa, the following relation was applied [64]:

23
35 MPa> @.1)

Jom

where fem 1s the concrete cylinder compressive strength in MPa. Normalised resistances, Puitexp,nor,
were used for comparison of ultimate loads of different test series. Correlation between specimens’
resistance is shown through the ratio Pultexp.nor/Pult.exp.nor,s, Where Pultexpnors is the mean value of the
normalised ultimate load obtained for series S.

P ult,exp,nor — P ult,exp (

Taking into account the variation between ultimate loads of specimens from the same series,
dissimilarities in the resistance of demountable and non-demountable shear connections are not
significant. The lower value of the normalised ultimate load of demountable specimens D in
comparison with non-demountable specimens of series S, could be assigned to differences in the
stiffness of components to which the headed studs are welded: steel plate and top flange of the steel
profile. This parameter is analysed through numerical analysis.

Discontinuity of the composite concrete slab over the support does not affect the resistance of the
shear connection for the set distance between a headed stud and an angle leg of 4d, as observed when
comparing results shown for series D and DL. The implementation of U-bars in series DLU increases
the peak load compared with the DL specimens without stirrup reinforcement. A good match between
average ultimate loads obtained for series S and DLU indicates that the developed solution of a
demountable shear connection with bolts and headed studs corresponds well to the non-demountable
connection with welded headed studs at the point of shear resistance. The adopted distance between
the headed stud and the angle leg of 4d seems to be sufficient for the proposed configuration of the
demountable shear connection, though further conclusions regarding the exact stud-to-edge distance
are made according to the results of parametric studies.

Table 4.12: Comparison of push-out test series: S, D, DL and DLU.

Concrete . Normalised Mean value of
. Ultimate . . . .
compressive load ultimate the normalised Ratio Ratio
Series Series strength load* ultimate load
ﬁ:m Pult,exp Pult,exp,nor T)ult,exp,nor fult,exp,nor i_)ull,exp,nor
[MPa] [kN] [kN] [kN] /Pult,exp,nor,S /Pult,exp,nor,S
S-02 35.0 274.0 274.2 1.04
S S-03 35.0 255.1 255.3 264.8 0.96 1.00
D-01 34.5 244.0 246.4 0.93
D D-02 34.5 245.0 247.5 2453 0.93 0.93
D-03 34.5 239.5 241.9 0.91
DL-01 37.3 251.3 240.9 0.91
DL proo 373 250.6 2403 240.6 0.91 0.91
DLU-01 37.3 267.8 256.8 0.97
PLU - pru.o2 373 263.0 2522 254.5 0.95 0.96

*normalised with fm = 35 MPa

Furthermore, the influence of the angle between profiled sheeting ribs and the beam is discussed
through the analysis of experimental data for series S45, S60, D45 and D60. To observe differences
in the response of demountable and non-demountable connections with the angle between profiled
sheeting ribs and the beam smaller than 90°, load-slip curves for each specimen with the specific
angle are presented in Figure 4.44. To make curves suitable for comparison, load-slip curves given
for non-demountable specimens are compared with load-slip curves for the plane “steel plate-concrete
slab” of demountable specimens. For both angles of 45° and 60°, a similar trend is present in the
response of non-demountable and corresponding demountable connections for the shear plane “steel
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plate-concrete slab”. Nevertheless, comparing the overall slip between the steel profile and concrete
slab at load 0.9Puit (Table 4.10 and Table 4.11), it is noticed that the mean value of the slip for series
D45 is larger than for S45, as well as that the average slip of series D60 is larger than the one of S60.
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Figure 4.44: Comparison of the response of demountable and non-demountable specimens:
(a) series D45, (b) series D60.

For demountable specimens D45 and D60, the overall slip is compared with the slip in the plane
“steel plate-concrete slab” in Figure 4.45. The results confirm the previously made conclusions about
the behaviour of demountable connections: the slip of a demountable connection consists of the slip
of welded headed studs and bolts. Firstly, the initial slip happens as the consequence of bolt
displacement inside holes. The measured values of the initial slip are influenced by the position of
bolts inside the holes. After the initial slip, the load-slip relationship is linear, defined by the
simultaneous slips of bolts and headed studs. Finally, with the propagation of concrete cracks in the
slab, the overall slip and slip in the shear plane “steel plate-concrete slab” notably increase.
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Figure 4.45: Comparison of the overall slip and the slip on the contact “steel plate-concrete slab”:
(a) series D45, (b) series D60.

Comparisons of load-slip curves of the analysed non-demountable and demountable connections with
continuous slabs over the support with different angles between profiled sheeting ribs and the beam
are presented in Figure 4.46. In both graphs, curves corresponding to specimens with the angle
between profiled sheeting ribs and the beam of 45° are distinguished by reaching the highest loads.
Response of the connections with the angle between ribs and the beam of 60° is close to the one of
the connections with ribs transverse to the supporting beam.
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Figure 4.46: Comparison of the response of specimens with different angles between ribs and the beam:
(a) non-demountable specimens, (b) demountable specimens.

In order to compare the resistance of specimens with different angles between sheeting ribs and the
beam, ultimate loads are normalised on the concrete strength of 35 MPa according to Eq. (4.1) and
compared in Table 4.13. Ultimate loads for series S45 and D45 match, as well as for series S60 and
D60, indicating minor differences in the resistance of demountable and non-demountable series.
Demountable and non-demountable connections with the angle between ribs and the beam of 45°
reached the highest ultimate loads. On the other hand, connections with the angle between sheeting
ribs and the beam of 60° had similar resistance as non-demountable specimens with ribs transverse
to the beam. However, comparing series D and D60, somewhat higher loads are noticed for specimens
with the smaller angle between ribs and the beam. To make precise conclusions and quantify the
effect of the angle between ribs and the beam, finite element analysis with parametric studies is

conducted.
Table 4.13: Comparison of push-out test series: S, S45, S60, D, D45 and D60.
Concrete . Normalised Mean value of
. Ultimate . . . .
compressive load ultimate the normalised Ratio Ratio
Series Series strength load* ultimate load
ﬁ:m Pult,exp Pult,exp,nor Fult,exp,nor fult,exp,nor Z)ult,exp,nor
[MPa] [kN] [kN] [kN] /Pult,exp,nor,S /Pult,exp,nor,S

S-02 35.0 274.0 274.2 1.04

S S-03 35.0 255.1 2553 264.8 0.96 1.00
S45-01 36.2 362.3 354.0 1.34

S45 S45-02 36.2 318.1 310.8 329.6 1.17 1.24
S45-03 36.2 331.6 324.0 1.22
S60-01 36.2 251.8 246.0 0.93

S60 S60-02 36.2 2754 269.1 258.7 1.02 0.98
S60-03 36.2 267.0 260.9 0.99
D-01 34.5 244.0 246.4 0.93

D D-02 34.5 245.0 247.5 2453 0.93 0.93
D-03 34.5 239.5 241.9 0.91
D45-01 36.2 333.2 325.6 1.23

D4 pyson 36.2 3316 324.0 324.8 122 1.23
D60-01 36.2 256.7 250.8 0.95

D60 D60-02 36.2 294.6 287.8 269.3 1.09 1.02

*normalised with fom = 35 MPa
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S Numerical Analysis

The results of the experimental work were complemented with the results of numerical analysis to
gain a complete understanding of the behaviour of demountable shear connections with bolts and
welded headed studs in steel-concrete composite beams. Numerical models were developed and
calibrated according to the shear response of experimentally tested push-out specimens. Results of
model behaviour are presented and discussed in this chapter.

Numerical analysis including geometrical and material nonlinearities was conducted in finite element
software Abaqus [9]. For modelling of push-out tests, the explicit solver was used, simulating the
quasi-static analysis.

5.1 Development of Finite Element Models

5.1.1 Geometry, Boundary Conditions and Loading

For the development of finite element models, all components of specimens tested in push-out tests
were considered: headed studs, bolts, concrete slabs, profiled steel sheeting, steel profile, plate/angles
and reinforcement bars. In addition, a supporting plate on which the concrete slab was laid was
created. Components were modelled as solid parts, with two exceptions: profiled steel sheeting was
modelled as a shell part and reinforcement bars were modelled as truss parts. Models of
experimentally tested series are presented in Figure 5.1 and Figure 5.2.

Symmetry boundary conditions were applied where it was applicable. In models simulating
specimens S, D, DL and DLU, double vertical symmetry conditions were used, whereas for
specimens S45, S60, D45 and D60, a single symmetry condition was assigned, as shown in Figure
5.3. All points at the top surface of the steel cross-section were constrained to the reference point to
which vertical loading was applied. Nodes at the bottom surface of the supporting plate were also
constrained to the reference point setting the fully fixed boundary condition.

(@) (b) © (d)

J
.J

z z

z

Figure 5.1: Geometry of finite element models: (a) model S, (b) model D, (c) model DL,
(d) reinforcement mesh and U-bars for model DLU.
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Figure 5.2: Geometry of finite element models:
(a) model S45, (b) model D45, (c) model S60, (d) model D60.
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Figure 5.3: Boundary conditions: (a) double symmetry in model D, (b) single symmetry in model D60.

For connecting headed studs with the surface to which they were welded (a steel profile, plate or
angles), the tie constraint was used. To set proper contact conditions between reinforcement bars and
the concrete slab, the embedded constraint was applied. For the other contacts between parts, surface-
to-surface contact was assigned: applying “hard” contact in the normal direction and setting different
friction coefficients in the tangential direction, listed in Table 5.1.

Loading was applied as controlled displacement, using the smooth step amplitude function which
showed good results for simulating quasi-static experiments [4], [86], [87]. The duration of the
experiment was set to 1000 s. The mass scaling method was applied with the time increment of 0.003
s, providing a good match between numerical and experimental results.
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Table 5.1: Adopted values of the friction coefficient.

Contact Friction coefficient
concrete slab-supporting plate 0.45
concrete slab-headed studs 0.45
concrete slab-profiled sheeting 0.45
concrete slab-steel profile/plate/angle 0.30
between steel parts 0.20

5.1.2 Finite Element Mesh

The complexity of the numerical model and large zones in the concrete slab where cracks propagate
influenced a large number of finite elements necessary for simulating a proper model response.
Hence, a reduction of the computing time was essential. As efficient elements at the point of the
computing time, 8-node linear hexahedron elements with reduced integration C3D8R were applied
to solid parts. Similarly, 4-node linear quadrilateral elements with reduced integration S4R were
applied to shell parts. For meshing truss parts, 2-node linear elements T3D2 were used.

Mesh size was varied throughout the model, with the smallest size of elements in headed studs and
surrounding concrete (2 mm) and the largest elements in the periphery regions of the model where
development of cracks and failure were not expected (10 mm). The adopted mesh was a result of the
convergence study through which the size of elements on different parts had been varied to obtain the
optimum mesh. To develop a mesh consisting of C3D8R elements, simple geometry of a part is
required; therefore, it was necessary to divide each solid part into smaller partitions before meshing.
As C3D8R elements tend to be not stiff enough in bending, the application of only one of these
elements through the part thickness was avoided. Furthermore, the tendency was to use elements of
the same or similar size on the contact of two surfaces. As an example of the performed meshing, the
mesh applied to model D is presented in Figure 5.4. Results of the mesh sensitivity study with the
size of the adopted finite elements for bolts, headed studs and surrounding concrete, and the plate,
are presented in Figure 5.5.

Figure 5.4: Finite element mesh for model D.

73



(a) 300

i
A’I,f

:
|
i

Wi

250 A

X

755
%

vy
| ||

200 A

Load [kN]
o
o

100 - bolt mesh 1.5 mm
50 - —bolt mesh 2.5 mm (adopted) \
——bolt mesh 4 mm
0 ! ! I I I 1.5 mm 4 mm
0 2 4 6 8 10 12
Slip [mm]
(b) 300
250 -
200 -

Load [kN]
o
o

100 - stud mesh 1 mm
50 4 ——stud mesh 2 mm (adopted)
——stud mesh 4 mm
0 T T T T T
0 2 4 6 8 10 12
Slip [mm] 2 mm 4 mm
(¢) 300
250 -

200 -

Load [kN]
@
o

100 1 ——4 FE per plate thickness
50 - —3 FE per plate thickness (adopted)
——1 FE per plate thickness
0 T T . : r
0 2 4 6 8 10 12 3 FE

Slip [mm]

Figure 5.5: Mesh sensitivity study for model D: (a) bolt mesh,
(b) mesh for headed studs and surrounding concrete, (¢) plate mesh.

5.1.3 Material Models

Material models applied in the numerical analysis were based on the experimental testing of the
material. To describe the material behaviour of the steel components in the elastic domain, measured
modulus of elasticity and Poisson's ratio of 0.3 were set. For defining material response in the plastic
domain, true stress-strain curves were obtained from experimental stress-strain curves of coupon
testing, according to Abaqus user manual [9]. True stress-plastic strain curves as implemented in the
numerical model for steel profile, plate, profiled sheeting, headed studs and bolts are presented in
Figure 5.6. Ductile and shear damage material models were not considered in the analysis as damage
of steel components did not occur during push-out tests.

As reinforcement bars were not tested in tensile tests, the material model for reinforcement was
adopted as a bilinear model, according to EN 1992-1-1:2004 [6]. Modulus of elasticity was defined
and yield strength was set to 500 MPa. A top branch of the stress-strain curve was assumed to be
horizontal. The adopted approximations are justified by the fact that stress in bars does not exceed
130 MPa during simulations, as later shown in Figure 5.29.
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Figure 5.6: True stress-strain curves for steel components:
(a) steel profile, plate and profiled sheeting, (b) stud and bolt connectors.

As the failure of all push-out specimens was the failure of concrete, it was essential for numerical
modelling to apply a material model which provides good predictions on the behaviour of composite
slab cast in open trough profiled steel sheeting. Several models were considered: the model given by
Carreira and Chu [13], the model suggested by Birtel and Mark [11], the model that Vigneri applied
in the numerical analysis [64]. However, the best results were obtained applying the model proposed
by Pavlovi¢ [4], which had been successfully implemented in several works [86], [87]. Therefore,
that model was used in further numerical analysis. Comparisons of results of push-out simulations

for different concrete damage plasticity models and descriptions of the considered models are given
in Annex A.

For describing concrete behaviour in the elastic domain, modulus of elasticity and Poisson’s ratio of
0.2 were applied. For defining compressive response in the plastic domain, the concrete stress-strain
curve given in EN 1992-1-1:2004 [6] was extended by sinusoidal (from point D to E in Figure 5.7)
and linear function (from point E to F in Figure 5.7), according to Pavlovi¢ [4]:

1 sin(u™P-ou ©/2) u

el . += > €cu <& ¢ u
oue) = [ BT Bsin(ag ) a | fen e S e (5.1)
[fcuE(gch - gc) +fch (80 - 8cuE)]/(8ch - gcuE)a € > EquE
where:
_ € — €cuD
€cuE — €cuD (52)
/.
p=em 5.3
f;:uD ( )
/.
a=== 54
fcuE ( )

ot and aue are factors that influence the shape of the sinusoidal function.

Other symbols are defined in Figure 5.7.

The model is flexible at the point of adopting the exact shape of the sinusoidal function and stress
and strain values at points E and F. Therefore, parameters were calibrated to match experimental

results and to keep the curve smooth. They are presented and compared with the values suggested by
Pavlovi¢ in Table 5.2.
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Figure 5.7: Concrete stress-strain curve in compression [4].

Table 5.2: Adopted parameters for concrete compression model.

Parameter Pavlovié [4] FEA
a 15 8

oD 0.50 0.50

O4E 0.90 0.60

EcuE 0.03 0.05

EcuF 0.10 0.20

feur [MPa] 0.40 0.40

The adopted stress-strain curve for uniaxial compression is given in Figure 5.8.a. The implemented
curve is characterised by slower descending than the original one used by Pavlovi¢. It is important to
note that Pavlovi¢’s model was originally designed for modelling push-out tests with solid concrete
slabs where local concrete damage occurs in the area near shear connectors. However, different failure
mechanisms present in this research, failure of concrete cone and propagation of cracks throughout
the larger area of the slab, requested the adoption of the curve with higher stresses and larger strains
in the post-ultimate domain.
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Figure 5.8: Concrete behaviour in compression (fem = 37.3 MPa):
(a) stress-strain curve, (b) compression damage.

Concrete compression damage was described using the compressive damage variable D., derived
from the uniaxial stress-strain curve and described by Eq. (5.5). The compression damage curve is
shown in Figure 5.8.b.

Dc=1 —Jé (5.5)

O¢
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The concrete tension damage model was adopted completely according to Pavlovi¢ [4]. The stress-
strain curve is given in Figure 5.9.a. Stress-strain relation in the elastic domain is linear, up to concrete
tensile strength ferm. Afterwards, the sinusoidal function is used for describing tension softening until
stress fem/20. Concrete tension damage was described similarly as concrete compression damage
using the tensile damage variable Dy, according to Eq. (5.6). The tension damage curve is shown in
Figure 5.9.b.

D=1 —<cm (5.6)
Ot
(@) 3.00 (®) 1.00

w =
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Figure 5.9: Concrete behaviour in tension (fem = 37.3 MPa): (a) stress-strain curve, (b) tension damage.

The concrete damage plasticity model in Abaqus requires a definition of plasticity parameters. The
dilation angle was set to 38°, as performed in several other studies [64], [86]. Values of other
parameters were set according to recommendations given in the software user manual [9]. Flow
potential eccentricity was adopted as 0.1. The ratio of equibiaxial-to-uniaxial compressive strength
was defined as 1.16. Parameter K which represents the ratio of the second stress invariant on the
tensile meridian to that on the compressive meridian was taken as 0.67.

5.2 Validation of Finite Element Models

To validate the finite element models, their behaviour was compared with the behaviour of the
experimental specimens by analysing load-slip curves, ultimate loads, crack patterns and
deformations of the connection components.

Load-slip responses of developed models were compared with experimental results for each test
series. All input parameters were set to be the same in all finite element models, except the geometry
and concrete damage models. The concrete material model was applied according to the measured
concrete compressive strength for each test series, presented in Subchapter 4.2.5. Comparisons
between load-slip curves from the experimental research and numerical study are given in Figure
5.10-Figure 5.17.
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(b) 300

250

Load [kN]
o
o

100

50

0 2 6 8 10 12 14
Slip [mm]
\ vd' ; “’ T = -

[/

[/
1 ——DL-FEA

----DL-01

1 —DL-02
/
0 2 10 12 14

T T

6 8
Slip [mm]

14

(a) steel profile-concrete slab, (b) steel angle-concrete slab.

78

——DL-FEA
----DL-01
—DL-02
2 4 6 8 10 12
Slip [mm]

14



(@) 300
250 1

200 -

Load [kN]
o
£

.....
——

(b) 300

250 -

200 -

Load [kN]
o
o

10

100 { 100 A
——DLU-FEA ——DLU-FEA
----DLU-01
50 | Y 50 4 ----DLU-01
' —DLU-02
0 . - : . : 0 ; : : ; :
0 4 6 8 10 12 14 4 6 8 10 12 14
Slip [mm] Slip [mm]
Figure 5.13: Load-slip curves for series DLU:
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Figure 5.16: Load-slip curves for series D45:

(a) steel profile-concrete slab, (b) steel plate-concrete slab.
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Figure 5.17: Load-slip curves for series D60:
(a) steel profile-concrete slab, (b) steel plate-concrete slab.

In general, a good match between experimentally and numerically obtained load-slip curves is
accomplished. Disagreement in the initial loading stage showing the overall slip between the concrete
slab and steel profile of demountable specimens may be explained. Although no additional pretension
force was applied to bolts during specimen mounting, even the nut tightening induced a certain
preload. However, as that variable was not measured during the experiment, it was decided to avoid
numerical modelling of bolt pretension. Therefore, in numerical models, the initial slip of bolts
happens at the load of 0 kN. During numerical modelling, bolts were placed in such positions in holes
to simulate the average initial slip determined during the experimental testing of 0.5 mm.

The average values of ultimate loads obtained by experimental testing are compared with ultimate
loads obtained through numerical simulations in Table 5.3. The relative difference in results does not
exceed 7%.

Table 5.3: Comparison of experimental and numerical ultimate loads.

Concrete Ultimate load Ratio
. compressive

Series strength EXP FEA FEA/EXP
fem [MPa] Patrexp [KN] Puisea [KN] Puttfea/ Puttexp

S 35.0 264.6 262.5 0.99

D 34.5 242.8 255.3 1.05

DL 373 251.0 248.2 0.99

DLU 373 265.4 271.6 1.02

S45 36.2 3373 319.8 0.95

D45 36.2 332.4 309.9 0.93

S60 36.2 264.7 283.2 1.07

D60 36.2 275.7 283.8 1.03

For the final validation of numerical results, model behaviour was inspected at the point of crack
development and deformation of connectors. Cracks in the concrete slab along the rib length for
models with three different angles between sheeting ribs and the beam are presented in Figure 5.18.
In each of the presented models, cracks propagate downward from the welded stud head to the free
concrete edge making an acute angle with the bottom slab surface. Cracks between two headed studs
in the concrete rib are detected as well. The described crack pattern indicates concrete cone failure
which had also been observed during the experimental testing. In addition, concrete cracks at the top
surface of the slab shown in Figure 5.19 correspond to experimental findings. Cracks follow the
direction of profiled sheeting ribs, making the angle of 90°, 45° or 60° with the vertical axis.
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Figure 5.18: Cracks in the concrete slab indicating concrete cone failure:
(a) model S, (b) model S45, (b) model S60.
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Figure 5.19: Crack pattern on the concrete slab top surface:
(a) model S, (b) model S45, (b) model S60.

In each numerical model, the deformed shape of the headed stud is characterised by a single curvature,
matching the shape of headed studs observed in the experimental testing. Deformation of headed
studs in the direction of shear force is presented in Figure 5.20. As observed in Figure 5.20,
deformation of M12 and M 16 bolts in demountable connections remains insignificant in comparison
with headed studs’, which is in accordance with experimental findings.
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Figure 5.20: Deformed shapes of connectors:
(a) model S, (b) model S45, (c) model S60, (d) model D, () model D45, (f) model D60.

5.3 Results of Finite Element Analysis and Discussion

Comparisons of the performance of demountable and non-demountable numerical models were made.
To provide comparable results, input parameters for the concrete material properties were set to be
the same in each model, applying the concrete damage model obtained for fem = 37.3 MPa, originally
corresponding to series DL and DLU. Load-slip curves are compared in Figure 5.21 and Figure 5.22.
Ultimate loads and values of the maximum slip at 90% of the ultimate load, provided for the total slip

and the slip in planes “plate/angle-concrete slab” and “steel profile-plate/angle”, are listed in Table
5.4.
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Figure 5.21: Comparison of the response of demountable and non-demountable connection models:
(a) total slip, (b) slip in the shear plane with welded headed studs.
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Figure 5.22: Comparison of the response of specimens with different angles between ribs and the beam:
(a) non-demountable connection models, (b) demountable connection models.

Table 5.4: Comparison between push-out test series.

Concrete Max. slip at 0.9Pyyt fea
Model compressive  Ultimate load Total slip: Shear plane: Shear plane: Ratio
strength HEB-slab plate/angle-slab HEB-plate
_fcm [MPa] Pult,fea [kN] 5u,fea [mm] (Su,ps,fea [mm] 5u,bs,fea [mm] Puh,fea/Pult,fea,S
S 37.3 271.9 8.90 - - -
D 37.3 261.8 10.36 9.50 0.86 0.96
DL 37.3 248.2 9.17 8.45 0.72 0.91
DLU 37.3 271.6 9.20 8.37 0.83 1.00
S45 373 321.3 7.24 - - 1.18
D45 373 318.7 9.30 8.29 1.01 1.17
S60 373 289.0 8.03 - - 1.06
D60 37.3 289.0 9.40 8.50 0.92 1.06

According to the results of finite element analysis, each model shows a ductile response with a slip
at 0.9Puit larger than 6 mm. Demountable connections have larger slip than non-demountable ones.
Values of the slip of non-demountable models are close to the slip in the shear plane “steel plate-
concrete slab” of demountable models. The initial slip between the steel profile and plate in
demountable models is 0.5 mm, while the slip at 0.9Pur is in the range of 0.7-1.0 mm. Differences in
ductility are not distinct between demountable models of different configurations, nor between non-
demountable ones. By reducing the angle between profiled sheeting ribs and the beam from 90° to
45° a certain decrease in the slip is present, which is more pronounced in non-demountable
connections.

Model D has slightly lower resistance than the non-demountable model S. Model DL with a
discontinuous slab over the support has smaller resistance than the model D with a continuous slab
and almost 10% lower ultimate load than the non-demountable model S. The difference in the
maximum load between models with discontinuous slabs over the beam with and without U-bars,
DLU and DL, is approximately 10%. Implementation of stirrup bars around headed studs increases
the resistance, resulting in the model DLU having the same resistance as the model S. It is concluded
that the behaviour of the proposed demountable connection with a discontinuous slab over the beam
and U-bars passing around headed studs, corresponds well at the point of resistance to the non-
demountable connection.

By reducing the angle between profiled sheeting ribs and the beam from 90° to 45°, an increase in the
ultimate load is present in both demountable and non-demountable connection models. Models S60
and S45 have 6% and 18% higher ultimate load than model S, respectively. For the smaller angle, the
increase in the resistance is more pronounced, indicating that the rise is not a linear function of the
angle.
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Finite element models developed in Abaqus were used for further examination of the demountable
connection response. The behaviour of bolt and stud connectors was analysed during the load
application. As stress in connectors was not measured during push-out testing, numerical modelling
is a useful tool for accessing that data. Stress in connectors of model D at the overall connection slip
of 2 mm and 6 mm is shown in Figure 5.23. Load-slip curves on the total slip and component slip in
two shear planes are also presented. The slip of bolts is pronounced at the beginning of loading. After
bolt-to-hole clearances are voided, slipping in the shear plane with headed studs starts. At the total
slip of 2 mm, bolt slip equals 0.82 mm, whereas the slip of headed studs is 1.22 mm. However, at the
total slip of 6 mm, bolt slip remains almost the same (0.87 mm), while the slip of headed studs
increases to 5.13 mm. Between the slip of 2 mm and 6 mm, the load-slip relationship is characterised
by the deformation increase and almost constant load.
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Figure 5.23: Load-slip curves and stress in shear connectors of the model D at the slip of:
(a) 2 mm, (b) 6 mm.

Conclusions regarding the slip correspond to the stress distribution and deformation of connectors.
In headed studs, stress is higher at the total slip of 6 mm than at the slip of 2 mm (Figure 5.23). The
concentration of stress is noticed in the stud shank just above the weld collar. This stress is above the
material yield strength and influences the development of a plastic hinge in the headed stud. Another
concertation of stress is at the top half of the stud shank, although the hinge is not completely formed
across the stud cross-section.

The highest stress in bolts is below the material yield strength both at the total connection slip of 2
mm and 6 mm. Moreover, changes in the stress in bolts are minor in the presented two moments and
the bolt deformation remains insignificant. Stress in bolt holes of the plate shown in Figure 5.24 is
slightly above the yield strength, though the bearing deformation is negligible.
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Figure 5.24: Stress in the bolt hole of the plate in the model D at the slip of:
(a) 2 mm, (b) 6 mm.

The other demountable models, DL, DLU, D45 and D60, are characterised by similar trends in the
connection response as the described model D. Stress distribution in connectors of models D60 and
D45 at the slip of 6 mm is presented in Figure 5.25. In all models, deformation of headed studs is
followed by the development of one plastic hinge at the bottom of the stud shank. Stress in M 16 bolts
(Figure 5.25) is smaller than those in M12 bolts (Figure 5.23), though the deformation of all bolts is
minor.
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Figure 5.25: Stress distribution in headed studs and bolts at the slip of 6 mm:
(a) model D60, (b) model D45.

Moreover, the stress in headed stud connectors at the slip of 6 mm is presented for non-demountable
specimens, S, S45 and S60, in Figure 5.26. Headed studs have a very similar response as in
demountable models. Differences in the stress distribution in headed studs in connections with
various angles between sheeting ribs and the beam are negligible.
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Figure 5.26: Stress distribution in headed studs at the slip of 6 mm:
(a) model S, (b) model S45, (b) model S60.

Deformation of headed studs in models with ribs transverse to the beam followed the direction of the
applied shear force in push-out tests. However, numerical models showed certain deformation of
headed studs in the lateral direction in models with the angle between ribs and the beam smaller than
90°. At the slip of 6 mm, the average lateral deformation of headed studs is 1.8 mm for connections
with the angle between ribs and the beam of 45°, and 1.4 mm for connections with the angle between
ribs and the beam of 60°. It is concluded that headed studs deform in the direction at the angle of 11—
19° from the vertical axis, i.e. beam longitudinal axis, as presented in Figure 5.27. This behaviour
could be explained by the asymmetric disposition of the model and the arrangement of headed studs.
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Figure 5.27: Deformation of headed studs in the lateral direction at the slip of 6 mm: (a) S45, (b) S60.
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Deformation of the plate and angles was not visually observed after the experimental testing. Hence,
numerical models were used to examine and quantify the deformation of steel components to which
headed studs were welded. Displacements in the direction normal to the flange corresponding to the
connection slip of 6 mm are presented in Figure 5.28. Flange deformation in model S is negligible.
However, the deformation of thinner components than the flange — the plate in model D and the angle
in model DL, is more pronounced. The maximum out-of-plane displacement in models D and DL
with the amplitude of approximately 0.5 mm is beside the headed studs in the upper concrete rib of
the model. The vertical leg of the angle prevents deformation in the corner, hence deformation
propagates towards the edge of the horizontal leg (Figure 5.28.c). On the other hand, plate
deformation is pronounced near the axis of symmetry, between two headed studs in the rib (Figure
5.28.b). To analyse the influence of different plate and angle thicknesses on the connection response,
a parametric study is conducted and presented in the next chapter.
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Figure 5.28: Deformation of the flange, plate and angle at the slip of 6 mm:
(a) model S, (b) model D, (c) model DL.

As another parameter that was not measured during the experiment, the normal stress in U-bars was
tracked during numerical simulation. Stress in the U-bar and load plotted against slip in the plane
angle-slab are shown in Figure 5.29. According to the presented, the stress increase in stirrup bars
follows the loading of the specimen, indicating the activation of U-bars. The highest stress in U-bars
corresponds to the moment when the ultimate load is reached. The maximum stress of 130 MPa is far
below the reinforcement yield strength.
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Figure 5.29: Activation of U-bars during the loading of the model DLU.

87



Crack patterns in concrete slabs of different models with sheeting ribs transverse to the supporting
beam are compared in Figure 5.30. Fractures causing separation of the concrete cone and final pull-
out failure are observed in each of the developed models in planes x-y and x-z. Moreover, in the
direction of shear force, concrete damage occurs in front of the headed studs, indicating rib punching.
Concrete cones of presented connections have slightly different edge slopes, from 23° to 27°. The
concrete cone of the model DLU is larger than in the model DL with an edge slope of approximately
23° instead of 27°. The concrete cone developed in models with discontinuous slabs, DL and DLU,
differs in its shape from the cone of models S and D, as the edge extending from the stud head to the
vertical angle leg has a slope of approximately 10° instead of being horizontal.

Connections with the angle between profiled sheeting ribs and the beam of 45° and 60° are
characterised by similar failure mechanisms. The formation of concrete cones is presented in Figure
5.31, through the crack pattern caused by exceeding of concrete tensile strength. Cones are formed
within the rib and follow its direction. The phenomenon of local rib punching in front of the headed
studs is presented in Figure 5.32, showing finite elements which exhibited compressive damage of
concrete.
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Figure 5.30: Concrete tensile damage at the slip of welded headed studs of 1 mm:
(a) model S, (b) model D, (¢) model DL, (d) model DLU.
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Figure 5.31: Concrete tensile damage at the slip of 1 mm: (a) model S45, (b) model S60.
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Figure 5.32: Concrete compressive damage at the slip of 6 mm: (a) model S45, (b) model S60.
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6 Parametric Studies

6.1 Parametric Studies Program

Based on the validated numerical models simulating push-out tests, parametric studies were
performed. Additional sets of finite element models were developed to provide further information
on the demountable connection behaviour. According to the presented results, general conclusions
regarding the demountable connection shear response were drawn.

Firstly, the initial parametric study was conducted analysing the parameters of the slab reinforcement
and depth. Moreover, the influence of the slab width of the push-out model was examined. According
to the results, decisions regarding further modelling were made.

Secondly, parametric studies were performed on demountable connections with continuous slabs over
the beam. The impact of the plate thickness on the demountable connection response was examined.
The proposed design of demountable shear connections with continuous slabs over the beam was
tested on a set of models with different concrete classes and geometries. The behaviour of developed
connections was compared to the behaviour of the corresponding non-demountable connections.

Thirdly, parametric studies covered demountable connections with discontinuous slabs over the
beam. The effects of the angle thickness, stirrup diameter, stirrup position and stud-to-edge distance
on the resistance of demountable connections with discontinuous slabs were studied. In order to
define design proposals, a set of models with different concrete classes and geometries was analysed.
Comparisons of the behaviour of demountable connections with continuous and discontinuous slabs
over the support were made.

Then, the influence of the angle between profiled sheeting ribs and the beam was studied, examining
the performance of shear connections with angles of 60°, 45° and 30°. A relation between the
resistance of the shear connection with ribs transverse to the supporting beam (o = 90°) and the shear
connection with the angle between ribs and the beam 30° < o < 90° was established.

Finally, numerically obtained resistances of different connections were compared with analytical
predictions for headed stud shear resistance in profiled steel sheeting.

6.2 The Initial Parametric Study

6.2.1 Influence of the Mesh Reinforcement

As discussed in Chapter 2, slab reinforcement may affect shear connection response at the point of
ductility and resistance. To draw conclusions regarding the influence of the mesh reinforcement in
the specific case of the shear connection analysed within the frame of this thesis, additional models
were developed: a model with reinforcement in the bottom zone of the slab and a model with
reinforcement mesh in both zones of the slab, as presented in Figure 6.1. Results compared in Figure
6.2 and Table 6.1 are given for the non-demountable model, whereas similar findings were obtained
for demountable models. According to the results, the reinforcement position along the slab depth
does not affect the response of the connection. Similar conclusions were made by Vigneri [64] during
experimental testing of headed studs in profiled steel sheeting Cofraplus 60. However, a numerical
study showed that a model with two layers of reinforcement had an increase in the resistance of 9%
in comparison with the original model with only one layer of reinforcement in the top zone.
Nevertheless, for the selected slab depth of 120 mm, with only 60 mm concrete depth above the
profiled sheeting surface, two layers of reinforcement are difficult to realise in practice, so that case
is rather hypothetically analysed.
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Figure 6.1: Reinforcement mesh position.

Table 6.1: Influence of the slab reinforcement:
model S.

Concrete  Ultimate

Slab strength load Ratio

Load [kN]
o
o

reinf. Sfem Puitfea Pt fea i/
100 ——top reinforcement only [MPa] [kN] Puiteat
~~~~~~~ bottom reinforcement onl (1) top 350 262.5 )
50 - ) Y (2) bottom 35.0 268.6 1.02
- - top + bottom reinforcement top +
0 | . . . 3) bottom 35.0 285.5 1.09
0 2 4 6 8 10

Slip [mm]

Figure 6.2: Influence of the slab reinforcement: model S.

6.2.2 Influence of the Slab Depth

The effect of the slab depth on the connection response was studied. For the constant headed stud
diameter of 16 mm and height of 100 mm, slab depth was varied in the range from 120 to 180 mm.
Load-slip curves presented in Figure 6.3 and ultimate loads given in Table 6.2 indicate that the
increase in the slab depth leads to a certain increase in the connection shear resistance, although that
rise is not very significant. The increase in the ultimate load could be attributed to the increase in the
bending stiffness of the slab. Results coincide with experimental findings of Vigneri [64] obtained
for slabs cast in profiled steel sheeting Cofraplus 60. In further parametric studies, connections with
the smallest slab depths are analysed in order to provide safe-sided predictions.

300
250 - Table 6.2: Influence of the slab depth:
model S.
5'200 | Slab  Concrete  Ultimate Ratio
4
5150 depth  strength load
3 h ﬁ:m Pult,fea Pult,fea,(i)/
100 —slab depth 120 mm 0 [Ilnzrg] [1;/[51)8] 2[?;2 Puttfean
....... lab depth 150 . . -
50 - e o 2 150 350 273.7 1.04
=0 P mm (3) 180 35.0 281.8 1.07
0 T . . .
0 2 4 6 8 10

Slip [mm]
Figure 6.3: Influence of the slab depth: model S.

6.2.3 Influence of the Slab Width

Additional numerical models were developed to study the impact of the slab width on the specimen
resistance and verify the width adopted in experimental testing. The width of the non-demountable
model S was increased from 600 mm to 700 and 800 mm. Results presented in Figure 6.4 and Table
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6.3 show that there is a minor increase in the ultimate load with the increase in the slab width in the
analysed range. In addition, the crack patterns of the three models compared in Figure 6.5 illustrate
similar concrete cones in each case. In other words, it is confirmed that the adopted slab width of b >
et + 2 hso/tan(25°) provides satisfactory results for specimens with ribs transverse to the beam.

300
250 Table 6.3: Influence of the slab width:
model S.
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= width  strength load
B 150 - o.
S b ﬁ:m Pult,fea Pult,fea,(i)/
100 - ———-slab width 800 mm [mm] [MPa] [kN]  Purreaq)
. 1) 600 35.0 262.5 -
....... lab dth 700 (
50 1 slab Wfd - c00 mm @) 700 35.0 268.2 1.02
——slab width 600 mm (3) 800 35.0 273.6 1.04
0 . . . |
0 2 4 6 8 10

Slip [mm]
Figure 6.4: Influence of the slab width: model S.
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Figure 6.5: Crack pattern at the slip of 2 mm for the applied slab width:
(a) 600 mm, (b) 700 mm, (c¢) 800 mm.

Similarly, the specimen width was examined on models with the angle between ribs and the beam
smaller than 90°. An increase in the slab width of the push-out model S45 negligibly affected the
shear connection ultimate load as shown in Figure 6.6 and Table 6.4. In model S60, the effect of the
increase in the slab width from 600 to 700 mm is more evident, as shown in Figure 6.7 and Table 6.5.
The resistances of the connection S60 when slab widths of 700 mm and 800 mm were applied are the
same. Therefore, in further modelling, the slab width was set to 700 mm for the connections with
headed studs of 100 mm in height. The same was applied to the models with the angle between
sheeting ribs and the beam of 90°, 45° and 60°. However, in the case of models S45 and S60, with
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the increase in slab width, slab length was also increased to fully include concrete ribs with headed
studs, as presented in Figure 6.8.
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Table 6.4: Influence of the slab width:
model S45.
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Figure 6.6: Influence of the slab width: model S45.
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Table 6.5: Influence of the slab width:
model S60.
Slab  Concrete  Ultimate Ratio
width  strength load
o.
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Figure 6.7: Influence of the slab width: model S60.
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Figure 6.8: Adopted push-out models for further parametric analysis for s = 100 mm: (a) S45, (b) S60.

As parametric studies presented in the following subchapters also cover headed studs of 125 mm and
150 mm in height, concrete slab width and length were suitably set, in accordance with the presented
findings. For models with headed studs of 125 mm in height, the slab width was applied as 800 mm,
while for the stud height of 150 mm, the slab width was set to 900 mm, as summarised in Table 6.6.
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Table 6.6: Adopted slab widths for different headed stud diameters.

Transverse spacing Predicted width of the

Headed stud height between headed studs concrete cone Adopted slab width
hsc [mm] e [mm] ey + 2 hy/tan(25°) [mm] b [mm)]
100 100 528.9 700
125 100 636.1 800
150 100 743.4 900

6.2.4 Input Parameters for Further Parametric Studies

Considering the presented results of the initial parametric analyses, decisions regarding further
parametric studies are made and listed in the following:

(1) all models have one layer of reinforcement mesh placed in the slab top zone;

(2) all models have a minimum slab depth for the selected headed stud height, respecting the
minimum cover over the connector defined in EN 1994-1-1:2004 [10];

(3) the slab width is applied depending on the headed stud height:

- for hsc = 100 mm, the width is » = 700 mm,;
- for hse = 125 mm, the width is b = 800 mm;
- for hsc = 150 mm, the width is 5 = 900 mm.

6.3 Demountable Shear Connections with Continuous Slabs over the Beam

One of the goals in the design of the demountable shear connection is to create a connection that has
nearly the same resistance as the corresponding non-demountable connection with welded headed
studs. As the demountable connection with a continuous slab over the support has additional
components compared with the non-demountable connection, including bolts and the plate, it is
important to choose the proper bolt diameter and plate thickness to accomplish the desired connection
response.

6.3.1 Influence of the Plate Thickness

Effects of the plate thickness on the connection response were studied on the demountable connection
model D, varying that dimension in the range from 4 to 10 mm. Load-slip curves presented in Figure
6.9 and comparison of ultimate loads given in Table 6.7 indicate that responses of models with the
plate thickness of 8 and 10 mm do not differ. On the other hand, a decrease of the plate thickness
below 8 mm induces a drop in the connection shear resistance, notably pronounced in the case of the
plate thickness of 4 mm.

To explain the results, plate deformation in the area near welded headed studs was analysed. Out-of-
plane deformation at the slip of 6 mm is shown in Figure 6.10. An increase in the deformation with
the decrease of the plate thickness is present. For the plate thickness of 4 mm, the maximum plate
deformation of 1.75 mm is evident, whereas for the plate thickness of 10 mm, it is 0.25 mm and
cannot be visually noticed. Deformation of the plate induces a certain rotation of the stud connector
which results in lower connection resistance to shear.
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Table 6.7: Influence of the plate thickness:
model D.
P!ate Concrete ~ Ultimate .
thick- Ratio
strength load
S _ No.  ness
100 - - =-plate th!ckness 4 mm f fem Pt fea Pt fea, (i)/
----plate thickness 6 mm [mm] [MPa] [kN] Pt fea3)
50 —plate thickness 8 mm 0 4 34.5 218.7 0.86
~~~~~ plate thickness 10 mm 2) 6 34.5 245.4 0.96
0 . : . . T 3) 8 34.5 255.3 -
2 4 6 8 10 12 4 10 34.5 259.7 1.02
Slip [mm]
Figure 6.9: Influence of the plate thickness: model D.?
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Figure 6.10: Deformed plate shape at the slip of 6 mm for the plate thickness of:
(a) 4 mm, (b) 6 mm, (c) 8 mm, (d) 10 mm.

In order to minimise the plate deformation, additional models were developed with an added pair of
bolts between two pairs of headed studs in the longitudinal direction. It was tested if the additional
bolt may fix the plate to the profile flange and increase the plate stiffness. However, results showed
that the plate deformation has a strictly local character and consequently, the implementation of the
additional bolt did not affect the connection response. The example of the 4 mm thick plate presented
in Figure 6.11 shows that the deflection of the plate with the added bolt is negligibly smaller in
comparison with the basic model. In terms of ultimate loads, relevant differences in the response of
the two models were not noticed for any of the applied plate thicknesses, as presented in Table 6.8.
Those results are advantageous as they validate the application of bolts in two times larger

2 In this chapter, all load-slip curves of demountable connection models are presented without the initial bolt slip, i.e. they
are shifted for the slip value of 0.5 mm or 1.0 mm, depending on the bolt hole diameter (bolt-to-hole clearance was
initially set to half of the subtract between the diameter of a hole and a bolt). The reason is practical — to enable easier
graph reading. Nevertheless, the initial bolt slip should be considered in a beam design.

96



longitudinal spacing than headed studs, leading to savings in material consumption and construction
time.

(a) U, U1

v -1.007e+00
-1.158e+00
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-5.789%e-01
-7.298e-01
-8.806e-01

Y -1.031e+00
-1.182e+00
-1.333e+00

-1.484e+00
X -1.635e+00

Figure 6.11: Deflection of 4 mm thick plate: (a) two bolts in the longitudinal direction,
(b) three bolts in the longitudinal direction.

Table 6.8: Influence of the bolt inserted between headed studs: model D.
Ultimate load

P late Concrete Two bolts in the Three bolts in the Ratio
thickness strength . o
long. direction long. direction
fp [mm] Jfem [MPa] Pt fea2n [KN] Puitfeasn [KN] Pt fea 30/ Pult fea2b
4 34.5 218.7 219.8 1.01
6 34.5 2454 248.5 1.01
8 34,5 255.3 257.4 1.01
10 34.5 259.7 267.7 1.03

According to the presented, the plate of 8§ mm in thickness showed a satisfactory connection response
to the shear, similar to the response of the connection with a 10 mm thick plate. The thickness of 8
mm was considered the most appropriate thickness of the plate in the analysed case of the
demountable shear connection with the headed stud of 16 mm in diameter.

6.3.2 Comparison of the Behaviour of Non-Demountable and Demountable Shear
Connections with Continuous Slabs over the Beam

Based on the presented effects of the plate thickness on the connection response, comparisons of the

behaviour of the non-demountable and demountable shear connections were made. Two hypotheses

regarding the adoption of the plate thickness and bolt diameter were tested through a comparison of

the non-demountable and demountable connection resistance.

In total 12 demountable and 12 non-demountable models were developed varying the applied
parameters: concrete class (C20/25—-C50/60), stud diameter (16-22 mm) and stud height (100 and
125 mm). In that way, the spectrum of possible shear connection configurations for the selected
profiled steel sheeting was covered. The slab depth and width were applied according to Subchapter
6.2.4. Bolt diameter was chosen to keep the ratio between the headed stud and bolt resistance lower
than 0.70, where headed stud resistance had been derived from push-out simulations of non-
demountable models. Plate thickness #, was adopted to satisfy the condition required in EN 1994-1-
1:2004 [10] regarding the relation between headed stud diameter and thickness of the component to
which the stud is welded: #, > 0.4d, where d is the stud shank diameter. Both bolt diameter and plate
thickness were selected from the range of standard dimensions common in steel fabrication.

Load-slip curves for several demountable and non-demountable models are compared in Figure 6.12.
An increase in the connection resistance with the increase in the concrete class and stud diameter is
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shown. A good match in the response of demountable and non-demountable connections was
accomplished.
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Figure 6.12: Load-slip curves for demountable and non-demountable models:
(a) varied concrete class for the headed stud diameter of 16 mm,
(b) varied headed stud geometry for the concrete class C30/37.

Ultimate loads obtained for demountable and non-demountable models are compared in Table 6.9
and Figure 6.13. The ultimate load is presented per connector, obtained by dividing the total ultimate
load by the number of stud connectors in the model. The parametric analysis covered welded headed
studs in profiled steel sheeting Cofraplus 60 with resistances in the range from 30 to 70 kN.

Correlation between ultimate loads of demountable and non-demountable models is strong, with the
mean value of the ratio Puitfea,0/Pult.fea,s €qual to 1 and the coefficient of variation of 2.28%. Therefore,
for the analysed set of models, ultimate loads of demountable shear connections may be considered
equal to the ultimate loads of non-demountable connections. The proposed design of the demountable
connection including specified plate thickness and bolt diameter has been verified. It may be assumed
that the shear resistance of the demountable connection with bolts and headed studs is equivalent to
the shear resistance of welded headed stud connectors in profiled steel sheeting.

Table 6.9: Comparison of the resistance of demountable and non-demountable shear connections.

g % % g é é 2 = Ultimate load per connector
g 5 8 5 3 0 £ B :
= = o 3 = 8 = § Non- Ratio
5 = < - o S S = Demountable
El 2 7 s 2 g O ® connection demountgble
n A = O connection
d hsc h db tp _ ﬁm Pult,fea,D Pult,fea,S Pult,fea,D/
[mm] [mm] [mm] [mm] [mm] [MPa] [kN] [kN] Puitfeas
16 100 120 12 8 C20/25 28.0 29.98 3091 0.97
16 100 120 12 8 C30/37 38.0 34.51 3491 0.99
16 100 120 12 8 C40/50 48.0 37.71 38.01 0.99
16 100 120 12 8 C50/60 58.0 40.26 40.66 0.99
19 125 150 16 8 C20/25 28.0 43.51 42.15 1.03
19 125 150 16 8 C30/37 38.0 49.76 47.61 1.05
19 125 150 16 8 C40/50 48.0 53.16 52.53 1.01
19 125 150 16 8 C50/60 58.0 57.13 56.15 1.02
22 125 150 16 10 C20/25 28.0 53.28 54.61 0.98
22 125 150 16 10  C30/37 38.0 61.65 62.71 0.98
22 125 150 16 10  C40/50 48.0 66.65 66.89 1.00
22 125 150 16 10 C50/60 58.0 70.68 69.99 1.01
Mean 1.00
Coefficient of variation [%] 2.28
Correlation coefficient 0.997
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Figure 6.13: Relation between the shear resistance of demountable and non-demountable connections.

6.4 Demountable Connections with Discontinuous Slabs over the Beam

To design a demountable connection with a discontinuous slab over the supporting beam, the angle
thickness and bolt diameter should be appropriately adopted, as in the case of demountable
connections with continuous slabs. Moreover, the stirrup reinforcement and distance between the
headed stud and slab edge should be suitably selected. The influence of these parameters on the
connection shear response is discussed in the following.

6.4.1 Influence of the Angle Thickness

The angle thickness of the demountable connection with a discontinuous slab over the support was
analysed on two models: DL and DLU. The angle thickness was varied from 4 to 10 mm. Results
given in Figure 6.14 and Figure 6.15, i.e. Table 6.10 and Table 6.11, correspond to results shown in
the previous subchapter presenting the connection response for the varied plate thickness (Figure 6.9
and Table 6.7). Nevertheless, a drop in the shear resistance when angle thickness is reduced from 8
mm to 4 mm (18-20%) is even more pronounced than a drop in the shear resistance when the plate
thickness is reduced to the same value (14%). That may be attributed to the reduction of the thickness
of the vertical angle leg, whose presence affects the connection behaviour as explained later in
Subchapter 6.4.3.

300
250 T e Table 6.10: Influence of the angle thickness:
- model DL.
200
z Aggle Concrete  Ultimate .
= thick- strength load Ratio
o 150 No.  ness &
o
- 100 - - =angle thickness 4 mm tp fcm Puitfea Pult,fea,(i)/
----angle thickness 6 mm [mm] [MPa] [kN] Puifea3)
50 ——angle thickness 8 mm @) 4 373 202.4 0.82
------- angle thickness 10 mm 2) 6 373 234.4 0.94
0 : . : . ; 3) 8 37.3 248.2 -
0 2 4 6 8 10 12 (4) 10 37.3 261.9 1.06

Slip [mm]
Figure 6.14: Influence of the angle thickness: model DL.
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300

250 | Table 6.11: Influence of the angle thickness:
model DLU.
200 H
z Aggle Concrete  Ultimate .
= thick- Ratio
=150 A strength load
s No.  ness
S 100 4 - - —angle thickness 4 mm t Sfem Pulfea Puit fea,iiy/
-=---angle thickness 6 mm [mm] [MPa] [kN] Puifea3)
50 —angle thickness 8 mm (1) 4 37.3 216.2 0.80
------- angle thickness 10 mm ) 6 373 2475 0.91
0 . . . . . 3) 8 373 271.6 -
0 2 4 6 8 10 12 4) 10 37.3 271.3 1.00

Slip [mm]

Figure 6.15: Influence of the angle thickness:
model DLU.

For the models with discontinuous slabs DL and DLU, for the angle thickness of 8 mm or larger,
ultimate loads converge to a certain value. Hence, the thickness of 8 mm was confirmed to be an
optimal solution in that case, as it had been previously concluded for the corresponding model with
a continuous slab.

6.4.2 Influence of the Stirrup Diameter and Position

The positive effects of stirrup reinforcement on the connection resistance were shown through
experimental and numerical findings. In this subchapter, the influence of the U-bar diameter and the
reinforcement position along the headed stud height is analysed.

The stirrup diameter was varied from 4 to 10 mm. However, all models showed almost the same
response as presented in Figure 6.16 and Table 6.12, indicating that variations in bar diameter do not
affect shear resistance or ductility of the connection.

300
250 | Table 6.12: Influence of the stirrup diameter:
model DLU.
—200 - -
£ Stlmp Concrete  Ultimate .
= dia- strength load Ratio
§ 150 1 No. meter g
- 100 4 - -St?rruP d?ameter 4 mm 0 fcm Pult,fea Pult,fea,(i)/
-=-=--stirrup diameter 6 mm [mm] [MPa] [kN] Pt fea3)
50 | —strirrup diameter 8 mm (1) 4 373 262.6 0.97
~~~~~~ stirrup diameter 10 mm ) 6 373 265.9 0.98
0 . . : . . 3) 8 373 271.6 -
0 2 4 6 8 10 12 (4) 10 37.3 269.9 0.99

Slip [mm]

Figure 6.16: Influence of the stirrup diameter:
model DLU.

To compare the activation of stirrup reinforcement in developed models, the axial force in U-bars is
plotted against slip in Figure 6.17. Curves presented for models with stirrup bars of 8 mm and 10 mm
in diameter coincide, and the maximum force i1s almost the same in those two cases. The maximum
axial force is somewhat smaller for stirrups with a smaller diameter. Observing the stress in bars, it
is noticed that the stress is the largest in U-bars of 4 mm in diameter, but it is still below the
reinforcement yield strength.
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Figure 6.17: Axial force in U-bar for different bar diameters.

In the experiment, U-bars were put on the level of the top surface of profiled sheeting ribs as such
position enabled simple installation. Furthermore, by avoiding the bar placement inside the rib,
enough space inside the sheeting rib was provided for concrete casting. Bar position along the stud
height was varied in numerical models, as shown in Figure 6.18, where the original position applied
in the experiment is marked as position 1. Although EN 1994-1-1:2004 [10] suggests placing U-bars
as low as possible accounting for the concrete cover layer, a change in the connection behaviour was
not considerable for models with U-bars closer to the weld collar than in the basic model.
Nevertheless, the resistance is decreased in the model with U-bars placed just below the stud head,
as presented in Figure 6.19 and Table 6.13. Consequently, it is recommended to place U-bars at the
level of the top surface of profiled sheeting ribs or within the sheeting rib if adequate concrete
compaction is possible to accomplish.
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Figure 6.18: Varied stirrup position.

300
250 | Table 6.13: Influence of the stirrup position:
model DLU.
=200 1 Concrete  Ultimate .
= i trength load Ratio
T150 - No. Stirrup ~ stréng
3 - — pos. ﬁ:m Pult,fea Pult,fea,(i)/
100 - —stirrup position 1 [MPa] [kN] Pultfea1)
- - =stirrup position 2 0 1 373 271.6 -
50 - ===-stirrup position 3 2) 2 37.3 263.3 0.97
""""" stirrup position 4 A3) 3 37.3 263.4 0.97
0 ' ' ' ' T 4 4 37.3 255.2 0.94
0 2 4 6 8 10 12

Slip [mm]

Figure 6.19: Influence of the stirrup position:
model DLU.
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6.4.3 Influence of the Stud-to-Edge Distance

In connections with discontinuous slabs over the support, the distance between the headed stud and
slab edge in the lateral direction is an important parameter that should be carefully adopted in design.
EN 1994-1-1:2004 [10] requires the minimum stud-to-edge distance of 6d in the general case.
However, experimental and numerical results proved that the developed demountable connection
with the stud-to-edge distance of 4d has equal resistance to the non-demountable connection with a
continuous slab over the beam. Therefore, the influence of the stud-to-edge distance in composite
concrete slabs cast in profiled steel sheeting with installed angles on slab edges is discussed. The
parametric study also covered demountable connections with discontinuous slabs without the vertical
angle leg on the slab edge (Figure 6.20.b), to determine if the presence of steel angle contributes to
the connection resistance. These models are labelled as NDL, i.e. NDLU, depending on whether U-
bars are applied or not.

(a)
|

L;l L;l
Figure 6.20: Demountable connections with discontinuous slabs over the beam:
(a) angle on the slab edge, (b) slab edge without the vertical angle leg.

The slab-to-edge distance was varied in models in the range from 3d to 6d, in both models with angles
(Figure 6.21.a) and without the vertical angle leg (Figure 6.21.b). Load-slip curves for the models
without and with stirrup reinforcement are shown in Figure 6.22 and Figure 6.23. Distinct differences
in load-slip curves are present between models with and without vertical angle legs, indicating that
the steel element on the slab edge plays an important role in the shear connection response. The
connection with angles and stud-to-edge distance of 34 has almost the same resistance as the
connection with stud-to-edge distance of 64 without angles. However, the latter one is characterised
by almost two times smaller slip capacity. It is concluded that the vertical angle leg reinforces the
slab edge resulting in larger shear resistance and ductility of the connection.

(a) (b)
angle
concrete edge
without the angle leg

Figure 6.21: Finite element models:
(a) model with the angle (DL, DLU), (b) model without the angle (NDL, NDLU)).
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Figure 6.22: Influence of the distance between a
headed stud and a slab edge: models DL, NDL.

Figure 6.23: Influence of the distance between a
headed stud and a slab edge: models DLU, NDLU.

Comparisons between ultimate loads for chosen different slab-to-edge distances and for models with
and without angles, when stirrups are applied and when they are not, are given in Table 6.14 and
Table 6.15. For both connections with and without U-bars, an increase in the ultimate load with the
increase in the slab-to-edge distance is more pronounced when the slab edge is without the angle than
when angles are applied. The shear resistance of the models with angles is 11-23% higher compared
with the models without angles. The increase in the ultimate load when angles are applied is more
distinct for smaller slab-to-edge distances. It is concluded that angles applied in the demountable
connection with a discontinuous slab over the beam provide a considerable contribution to the shear
connection resistance and ductility.

Table 6.14: Influence of the distance between a headed stud and a slab edge: models DL, NDL.

Distance between With L profile Without L profile
the headed stud Concrete Ratio
strength Ultimate load Ratio Ultimate load Ratio
No. and slab edge
es Sfem Pt fea,pL Puit fea,pLGY/ Pt feaNpL Puiseanoriy  Pultfeant/
[-] [MPa] [kN] Pt feapL2) [kN] Putteanpre)  PultfeaNDL
(1 3d 37.3 238.3 0.96 194.1 091 1.23
(2) 4d 37.3 248.2 - 212.7 - 1.17
3) 5d 37.3 254.3 1.02 2252 1.06 1.13
4 6d 37.3 266.2 1.07 235.9 1.11 1.13

Table 6.15: Influence of the distance between a headed stud and a slab edge: models DLU, NDLU.

Distance between

With L profile

Without L profile

Concrete .
the headed stud strength  Ultimate load Ratio Ultimate load Ratio Ratio
No. and slab edge
es fem Pyt feapru Pt feaprucy/ Pyt feaNDLU Puiseanpruiy — PuisfeapLu/
[-] [MPa] [kN] PutfeaDLUR) [kN] PutteanpLue)  PultfeaNDLU
) 3d 37.3 256.5 0.94 213.5 0.95 1.20
2) ad 37.3 271.6 - 224.2 - 1.21
3) 5d 37.3 262.1 0.97 237.0 1.06 1.11
4) 6d 37.3 280.0 1.03 251.9 1.12 1.11

The distance between the headed stud and angle of 4d showed satisfactory behaviour of the
demountable connection in the experimental and numerical testing presented in previous chapters,
close to that of the connections with continuous slabs. Therefore, the same distance was applied to
the other models for different stud diameters and varied concrete strengths. The set of developed
models corresponds to models of demountable connections with continuous slabs over the support
presented in Subchapter 6.3.2. However, as in some cases, the obtained ultimate loads of demountable
connections with discontinuous slabs over the beam were larger than those of the corresponding
connections with continuous slabs over the beam, additional models with the slab-to-edge distance
of 3d were developed to determine the optimum design. All models included U-bars with a diameter
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of at least 0.5d, placed around headed studs at the level of the top surface of profiled sheeting ribs.
The bolt diameter and angle thickness greater than 0.4d were adopted as previously selected for
demountable connections with continuous slabs.

All models of demountable connections with discontinuous slabs over the support were compared to
corresponding models of demountable connections with continuous slabs to determine the
appropriate stud-to-edge distance for which resistances of two connections are equal. Ultimate loads
for connections with discontinuous slabs are shown in Table 6.16 and compared with the response of
corresponding models with continuous slabs through the ratio Puit,fea,pLU/Pult.fea, 0. However, a direct
proportionality between the ratio and stud-to-edge distance, whether it is expressed in millimetres or
as the function of the stud shank diameter, was not observed, indicating that other parameters also
affect the reduction of the resistance of connections with discontinuous slabs.

Table 6.16: Comparison of the resistance of demountable shear connections with continuous and
discontinuous slabs.

- 3 2 5 5 9 £ Ultimate load per connector
5 £ = 3 g B 2% o 5
E % & £ = § 23® 5 .
S = X = = S 38 5 2 Discontinuous ~ Continuous ~ Ratio
E 2 = = %;D 8 g < & 5 slab over the slab over
Z /M < D 28 S beam the beam
d hsc h db t (%] €s €s ﬁm Pult,fea,DLU Pult,fea,D Pult,fea,DLU
[mm] [mm] [mm] [mm] [mm] [mm] [-] [mm] [MPa] [kN] [kN] /Pyt fea.n
16 100 120 12 8 3d 48 28.0 26.98 29.98 0.90
16 100 120 12 8 8 3d 48 38.0 31.98 34.51 0.93
16 100 120 12 8 8 3d 48 48.0 35.69 37.71 0.95
16 100 120 12 8 8 3d 48 58.0 38.55 40.26 0.96
16 100 120 12 8 8 4d 64 28.0 29.61 29.98 0.99
16 100 120 12 8 8 4d 64 38.0 34.03 34.51 0.99
16 100 120 12 8 8 4d 64 48.0 37.06 37.71 0.98
16 100 120 12 8 8 4d 64 58.0 40.53 40.26 1.01
19 125 150 16 8 10 3d 57 28.0 42.03 43.51 0.97
19 125 150 16 8 10 3d 57 38.0 47.79 49.76 0.96
19 125 150 16 8 10 3d 57 48.0 52.01 53.16 0.98
19 125 150 16 8 10 3d 57 58.0 55.98 57.13 0.98
19 125 150 16 8 10 4d 76 28.0 45.11 43.51 1.04
19 125 150 16 8 10 4d 76 38.0 50.64 49.76 1.02
19 125 150 16 8 10 4d 76 48.0 55.25 53.16 1.04
19 125 150 16 8 10 4d 76 58.0 58.80 57.13 1.03
22 125 150 16 10 12 3d 66 28.0 53.15 53.28 1.00
22 125 150 16 10 12 3d 66 38.0 61.63 61.65 1.00
22 125 150 16 10 12 3d 66 48.0 67.09 66.65 1.01
22 125 150 16 10 12 3d 66 58.0 72.76 70.68 1.03
22 125 150 16 10 12 4d 88 28.0 56.60 53.28 1.06
22 125 150 16 10 12 4d 88 38.0 64.81 61.65 1.05
22 125 150 16 10 12 4d 88 48.0 71.01 66.65 1.07
22 125 150 16 10 12 4d 88 58.0 76.79 70.68 1.09

Analysing the set of data, an adequate correlation between the ratio Puit fea,DLU /Pultfea,0 and value of
esfem! was detected, where es is the stud-to-edge distance and fem is the cylinder compressive strength
of concrete. The ratio Pultfea,bLU /Pult,fea,d plotted against esfem’! for each analysed model is presented
in Figure 6.24, as well as the linear regression line. The proposed analytical relationship between
ultimate loads of demountable connections with discontinuous slabs and demountable connections
with continuous slabs is given as:
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ItfeaDLU _ 5 507 esfcmo'l 1073+ 0.7799 (6.1)

Pyt feap
where:
e, 1s the stud-to-edge distance in mm;
fem s the cylinder compressive strength of the concrete in MPa.
For the defined linear regression model, the coefficient of determination R?is 0.93.

1.20

1.10 1

1.00 +

0.90 -

Pult,fea,DLU /Pult,fea,D

0.80 -
y =2.2797x + 0.7799

2 =
0.70 | R? = 0.9296
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Figure 6.24: Relation between shear resistance of demountable shear connections
with discontinuous and continuous slabs.

To test the analytical prediction, comparisons between analytically and numerically obtained results
are provided in Table 6.17. A low coefficient of variation of 1.24% and a high correlation coefficient
of 0.964 imply that the suggested analytical equation provides satisfactory predictions.

In the end, according to the proposed equation, the appropriate stud-to-edge distance for
accomplishing equal resistance of the shear connections with continuous and discontinuous
composite concrete slabs was defined. As the function of the concrete strength, optimum distances
are listed in Table 6.18. For the adopted stud-to-edge distance of at least 70 mm, the resistance of the
connection with a discontinuous slab is not expected to be smaller than of the demountable connection
with a continuous slab. Consequently, the application of analytical expressions for shear resistance
of welded headed studs in profiled steel sheeting may be applicable even in the case of connections
with discontinuous slabs.
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Table 6.17: Reduction of the resistance of demountable shear connections with discontinuous slabs.

5] - o -c% Ultimate load per connector Ratio
S & gsS g L=
E 3 sz ES
iS ﬁ 2 2 < g % }‘j’ Discontinuous ~ Continuous  Numerically  Analytical
E %5 A E % O = slab over the  slab over the obtained prediction @)/ (1)
n 2 beam beam (D 2)
d hsc €s €s fcm Pult,fea,DLU Puh,fea,D Pult,fea,DLU/ ffmgzlgg_f;
[mm] [mm] [] [mm] [MPa] [kN] [kN] Putgea 0.7799
16 100 3d 48 28.0 26.98 29.98 0.90 0.93 1.04
16 100 3d 48 38.0 31.98 34.51 0.93 0.94 1.01
16 100 3d 48 48.0 35.69 37.71 0.95 0.94 0.99
16 100 3d 48 58.0 38.55 40.26 0.96 0.94 0.99
16 100 4d 64 28.0 29.61 29.98 0.99 0.98 1.00
16 100 4d 64 38.0 34.03 34.51 0.99 0.99 1.00
16 100 4d 64 48.0 37.06 37.71 0.98 0.99 1.01
16 100 4d 64 58.0 40.53 40.26 1.01 1.00 0.99
19 125 3d 57 28.0 42.03 43.51 0.97 0.96 1.00
19 125 3d 57 38.0 47.79 49.76 0.96 0.97 1.01
19 125 3d 57 48.0 52.01 53.16 0.98 0.97 0.99
19 125 3d 57 58.0 55.98 57.13 0.98 0.97 0.99
19 125 4d 76 28.0 45.11 43.51 1.04 1.02 0.99
19 125 4d 76 38.0 50.64 49.76 1.02 1.03 1.01
19 125 4d 76 48.0 55.25 53.16 1.04 1.04 1.00
19 125 4d 76 58.0 58.80 57.13 1.03 1.04 1.01
22 125 3d 66 28.0 53.15 53.28 1.00 0.99 0.99
22 125 3d 66 38.0 61.63 61.65 1.00 1.00 1.00
22 125 3d 66 48.0 67.09 66.65 1.01 1.00 0.99
22 125 3d 66 58.0 72.76 70.68 1.03 1.01 0.98
22 125 4d 88 28.0 56.60 53.28 1.06 1.06 1.00
22 125 4d 88 38.0 64.81 61.65 1.05 1.07 1.02
22 125 4d 88 48.0 71.01 66.65 1.07 1.08 1.01
22 125 4d 88 58.0 76.79 70.68 1.09 1.08 0.99
Mean 1.00

Coefficient of variation [%] 1.24
Correlation coefficient 0.964

Table 6.18: The distance between the headed stud and angle for accomplishing equal resistance of the shear
connections with continuous and discontinuous composite concrete slabs.

Distance between the headed stud

Concrete strength and vertical angle leg

fem [MPa] es[mm]
28.0 69.2
38.0 67.1
48.0 65.6
58.0 64.3

6.5 Influence of the Angle between Profiled Sheeting Ribs and the Beam

Experimental and numerical results presented in previous chapters imply that the angle between
sheeting ribs and the beam influences the resistance of the shear connection. To find a correlation
between the shear resistance of connections with profiled sheeting ribs transverse to the supporting
beam (o = 90°) and connections with the angle between ribs and the beam smaller than 90° (a < 90°),
a parametric study was conducted. The set of push-out models included headed studs of 16, 19 and
22 mm in diameter, concrete classes in the range C20/25—-C50/60 and angles between sheeting ribs
and the beam of 30°, 45° and 60°. According to previous findings, it is clear that if specific design
procedures are followed, the resistance of the demountable connection with bolts and headed studs
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should be equal to the resistance of the corresponding non-demountable connection with headed
studs. Therefore, to analyse the effect of the angle between ribs and the beam, only non-demountable
models were developed, assuming that the same conclusions may be applied in the design of
demountable connections.

Load-slip curves are compared in Figure 6.25, showing the increase in the connection resistance with
the increase in the concrete class and stud diameter. However, it is noticed that the connection
resistance is affected more by the stud diameter than the concrete strength or angle between profiled
sheeting ribs and the beam.

(a) 500 (b) 700
600
400 = == o | | e
500 -
= | = o S S i Y |
Z 300 £ 400 -
g\ ET T 8 300 - )
- 200 A - C20/25 -C30/37 | A )
$30 - C40/50 $30 - C50/60 ~16/100 mm 719/125 mm |-
--------- S45- C20/25 ——S45- C30/37 200 ~+ -22M25mm  ——S45- 16/100 mm
004 |- S45-C40/50 - - - S45- C50/60 -19/125mm - S45 - 22/125 mm
S60 - C20/25 —— S60 - C30/37 100 - -16/100 mm  ----- S60 - 19/125 mm
»»»»» S60- C40/50 - - - S60 - C50/60 - 22/125 mm
0 T T T T 0 + T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Slip [mm] Slip [mm]

Figure 6.25: Load-slip curves for models with different angles between sheeting ribs and the beam:
(a) varied concrete class for the headed stud diameter of 16 mm,
(b) varied headed stud geometry for the concrete class C30/37.

The ultimate load per connector of each model with the angle between sheeting ribs and the beam o
< 90°, Pultfea,sa, was compared with the ultimate load per connector obtained for the corresponding
connection with ribs transverse to the beam, i.e. a = 90°, Puitfea s, as presented in Table 6.19.

The set of ratios Pult.fea,Sa /Pult,fea,s, Where Pultfea,Se 1S the resistance of the connection with the angle
between profiled sheeting ribs and the beam a < 90°, and Puitfea,s is the resistance of the corresponding
connection with ribs transverse to the beam, i.e. @ = 90°, is in the range of 1.06—1.30. The relation
between the applied concrete strength or stud diameter and the obtained ratio was not observed. The
key influential parameter is the angle between sheeting ribs and the beam. The mean values of the
ratio Pultfea,Sa/Pultfea,s for the applied angles of 60°, 45° and 30° are 1.10, 1,19 and 1.30, respectively.
The maximum coefficient of variation is 2.75%.

The relation between the resistance of the connection with the angle between sheeting ribs and the
beam a, and the connection with ribs transverse to the beam, was introduced through the factor ko. In
Figure 6.26, the ratio PultfeaSa /Pultfeas 1S plotted against sin(a) and the regression line is fitted. The
initial request that the ratio Pultfeasa /Pultfeas €quals 1 for the angle o = 90° determines one point of
the line. The slope of the regression line is adopted for the minimum root-mean-square error, as
presented in Table 6.20. Finally, the regression line is defined as:

Pt ensal Patceas= 11 0.61 (1 — sin a) (6.2)

ult,fea,Sa’ * u
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Table 6.19: Comparison of the resistance of connections with different angles between profiled sheeting ribs
and the beam.

=

3 = = § g § E‘) Ultimate load per connector
£ 2 = 2§ 2
= 2 o 2 o 8 2 o Ratio
o g 'g = S g S § o — o
3 & 72y %0 ‘g, — g ;_:) a#90 a=90
“ < = O S

2 @]

d hsc h a j[cm Pult,fea,Sa Pult,fea,S Pult,fea,Sa/
[mm] [mm] [mm] [°] [MPa] [kN] [kN] Puit feas
16 100 120 60 C20/25 28.0 32.90 30.91 1.06
16 100 120 60 C30/37 38.0 37.96 3491 1.09
16 100 120 60 C40/50 48.0 41.88 38.01 1.10
16 100 120 60 C50/60 58.0 44.40 40.66 1.09
19 125 150 60 C20/25 28.0 49.03 42.15 1.16
19 125 150 60 C30/37 38.0 53.43 47.61 1.12
19 125 150 60 C40/50 48.0 58.30 52.53 1.11
19 125 150 60 C50/60 58.0 60.19 56.15 1.07
22 125 150 60 C20/25 28.0 60.05 54.61 1.10
22 125 150 60 C30/37 38.0 68.08 62.71 1.09
22 125 150 60 C40/50 48.0 73.39 66.89 1.10
22 125 150 60 C50/60 58.0 78.18 69.99 1.12

Mean 1.10

Coefficient of variation [%] 2.35

16 100 120 45 C20/25 28.0 36.34 30.91 1.18
16 100 120 45 C30/37 38.0 41.71 3491 1.19
16 100 120 45 C40/50 48.0 44.70 38.01 1.18
16 100 120 45 C50/60 58.0 48.23 40.66 1.19
19 125 150 45 C20/25 28.0 51.96 42.15 1.23
19 125 150 45 C30/37 38.0 58.20 47.61 1.22
19 125 150 45 C40/50 48.0 61.81 52.53 1.18
19 125 150 45 C50/60 58.0 66.44 56.15 1.18
22 125 150 45 C20/25 28.0 65.65 54.61 1.20
22 125 150 45 C30/37 38.0 73.45 62.71 1.17
22 125 150 45 C40/50 48.0 78.91 66.89 1.18
22 125 150 45 C50/60 58.0 83.71 69.99 1.20
Mean 1.19

Coefficient of variation [%] 1.63

16 100 120 30 C20/25 28.0 40.19 30.91 1.30
16 100 120 30 C30/37 38.0 46.53 3491 1.33
16 100 120 30 C40/50 48.0 50.71 38.01 1.33
16 100 120 30 C50/60 58.0 54.43 40.66 1.34
19 125 150 30 C20/25 28.0 56.39 42.15 1.34
19 125 150 30 C30/37 38.0 61.75 47.61 1.30
19 125 150 30 C40/50 48.0 67.00 52.53 1.28
19 125 150 30 C50/60 58.0 71.79 56.15 1.28
22 125 150 30 C20/25 28.0 67.83 54.61 1.24
22 125 150 30 C30/37 38.0 77.50 62.71 1.24
22 125 150 30 C40/50 48.0 85.44 66.89 1.28
22 125 150 30 C50/60 58.0 90.84 69.99 1.30
Mean 1.30

Coefficient of variation [%] 2.75
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Figure 6.26: Development of the factor k.

The developed relation may be used to estimate the resistance of the welded headed stud in profiled
steel sheeting for the angle between sheeting ribs and the beam a. The analytical prediction of the
shear resistance of the welded headed stud in profiled steel sheeting with the angle between sheeting
ribs and the beam 30° < a < 90° is given through the expression:

Pult,anl,Sa: k(x‘ Pult,fea,S (63)

where:
ky=1+0.61(1 —sina) (6.4)
a is the angle between profiled sheeting ribs and the beam, 30° <a < 90°

Puitfea s 1s the numerically obtained shear resistance of the welded headed stud in profiled steel
sheeting for sheeting ribs transverse to the supporting beam.

The proposed equation was tested on developed numerical models. Comparisons between
numerically obtained ultimate loads and analytical predictions are presented in Table 6.21 and Figure
6.27. The coefficient of variation of 2.47% indicates a good estimate of the proposed analytical
expression.

120.00

Numerical shear resistance,
Pultfea Sa [kN]
[e)]
o
o
o
1

0.00 T T T T T
0 20 40 60 80 100 120

Analytical shear resistance, Py an sq [KN]

Figure 6.27: Comparison between numerically and analytically obtained shear resistance of a welded headed
stud in profiled steel sheeting with a # 90°.
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Table 6.21: Relation between the shear resistance of connections with o # 90° and a = 90°.

=
5 = - 5 E B Ultimate load per connector
: > 5 £ ¢ —
8 < = o Analytica .
:3 '§ § § .OEDE %,3) FEA FEA predi}::tion Ratio
= & 2 28~ 2
s <4 3 a=90° a#90° a#90°
d hsc h a ﬁm Pult,fea,S Pult,fea,S(x Pult,anl,Sa Pult,anl,Sa

[mm] [mm] [mm] [°] [MPa] [kN] [kN] [kN] /Pyt fea Sa
16 100 120 60 28.0 30.91 32.90 33.44 1.02
16 100 120 60 38.0 3491 37.96 37.77 0.99
16 100 120 60 48.0 38.01 41.88 41.12 0.98
16 100 120 60 58.0 40.66 44.40 43.99 0.99
19 125 150 60 28.0 42.15 49.03 45.59 0.93
19 125 150 60 38.0 47.61 53.43 51.50 0.96
19 125 150 60 48.0 52.53 58.30 56.82 0.97
19 125 150 60 58.0 56.15 60.19 60.74 1.01
22 125 150 60 28.0 54.61 60.05 59.08 0.98
22 125 150 60 38.0 62.71 68.08 67.84 1.00
22 125 150 60 48.0 66.89 73.39 72.35 0.99
22 125 150 60 58.0 69.99 78.18 75.71 0.97
16 100 120 45 28.0 30.91 36.34 36.44 1.00
16 100 120 45 38.0 3491 41.71 41.15 0.99
16 100 120 45 48.0 38.01 44.70 44 .80 1.00
16 100 120 45 58.0 40.66 48.23 47.93 0.99
19 125 150 45 28.0 42.15 51.96 49.68 0.96
19 125 150 45 38.0 47.61 58.20 56.12 0.96
19 125 150 45 48.0 52.53 61.81 61.91 1.00
19 125 150 45 58.0 56.15 66.44 66.18 1.00
22 125 150 45 28.0 54.61 65.65 64.37 0.98
22 125 150 45 38.0 62.71 73.45 73.92 1.01
22 125 150 45 48.0 66.89 78.91 78.84 1.00
22 125 150 45 58.0 69.99 83.71 82.49 0.99
16 100 120 30 28.0 30.91 40.19 40.34 1.00
16 100 120 30 38.0 3491 46.53 45.56 0.98
16 100 120 30 48.0 38.01 50.71 49.61 0.98
16 100 120 30 58.0 40.66 54.43 53.06 0.98
19 125 150 30 28.0 42.15 56.39 55.01 0.98
19 125 150 30 38.0 47.61 61.75 62.13 1.01
19 125 150 30 48.0 52.53 67.00 68.55 1.02
19 125 150 30 58.0 56.15 71.79 73.28 1.02
22 125 150 30 28.0 54.61 67.83 71.27 1.05
22 125 150 30 38.0 62.71 77.50 81.84 1.06
22 125 150 30 48.0 66.89 85.44 87.29 1.02
22 125 150 30 58.0 69.99 90.84 91.33 1.01

Mean 0.99

Coefficient of variation [%] 2.47
Correlation coefficient ~ 0.995

6.6 Comparison with Analytical Predictions

In the end, numerically obtained ultimate loads for welded headed studs in profiled steel sheeting
were compared with design predictions. Three different analytical procedures were used for
comparison: design provisions provided in EN 1994-1-1:2004 [10] and two newly developed
procedures proposed by Konrad [1] and the working group CEN/TC250/SC4.PT3 [3]. The set of
numerical models included 28 models of non-demountable connections. In comparison with the
models analysed in previous subchapters covering concrete classes C20/25-C50/60, headed stud
diameters of 16-22 mm and heights of 100—125 mm, the set was extended to cover headed stud
heights of 150 mm.
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The shear resistance obtained by finite element analysis and analytical predictions of the headed stud
resistance in profiled steel sheeting calculated without partial safety factors and applying the mean
values of material properties are given in Table 6.22. For the analysed set of data, EN 1994-1-1:2004
and the model suggested by SC4.PT3 provide unsafe predictions with the mean value of the ratio
between the numerical ultimate load per connector and analytical shear resistance of 0.82 and 0.84,
respectively. On the other hand, the analytical model proposed by Konrad gives safe-sided results
with an average value of 1.12. However, the highest coefficient of variation between numerical and
predicted resistances is present for EN 1994-1-1:2004, while it is the smallest for the design model
proposed by SC4.PT3.

Table 6.22: Comparison of numerically obtained shear resistance of a headed stud in profiled steel sheeting
with the analytical predictions.

" = 5 Predicted headed stud resistance Ratios
ES +~ 72} o0 o
b5 < = = 5 9 5 —
g '%0 N g ‘E g k34 —~ en
= < o 5 o 2 ; 3 =
- 5 8 2 g 3 5 Ay z < 3
3 2 = b= 5 g 3 = 5] <t A " &
= wnn 72} o =t = Q — M O ~ % ~
@ O S) = z «n £ S g
&) - 5 E € 4
N s &
d hsc h _ ﬁ:m Pult,fea Pex Px Pscq
[mm] [mm] [mm] [MPa]  [kN] [kN] [kN] [kN]

16 100 120 C20/25  28.0 30.91 34.25 28.41 34.95 0.90 1.09 0.88
16 100 120 C30/37 38.0 3491 41.24 32.16 39.45 0.85 1.09 0.88
16 100 120 C40/50  48.0 38.01 41.24 35.40 43.47 0.92 1.07 0.87
16 100 120 C50/60  58.0 40.66 41.24 38.30 47.16 0.99 1.06 0.86
16 125 150 C20/25 28.0 36.25 40.80 28.41 37.51 0.89 1.28 0.97
16 125 150 C30/37 38.0 39.81 49.12 32.16 42.80 0.81 1.24 0.93
16 125 150 C40/50  48.0 42.69 49.12 35.40 47.53 0.87 1.21 0.90
16 125 150 C50/60  58.0 45.19 49.12 38.30 51.87 0.92 1.18 0.87
16 150 180 C20/25  28.0 37.60 40.80 28.41 40.07 0.92 1.32 0.94
16 150 180 C30/37 38.0 41.36 49.12 32.16 46.16 0.84 1.29 0.90
16 150 180 C40/50  48.0 43.88 49.12 35.40 51.59 0.89 1.24 0.85
16 150 180 C50/60  58.0 46.66 49.12 38.30 52.48 0.95 1.22 0.89
19 125 150 C20/25 28.0 42.15 57.53 39.60 52.65 0.73 1.06 0.80
19 125 150 C30/37 38.0 47.61 69.27 44.78 57.95 0.69 1.06 0.82
19 125 150 C40/50  48.0 52.53 69.27 49.26 62.67 0.76 1.07 0.84
19 125 150 C50/60  58.0 56.15 69.27 53.25 67.02 0.81 1.05 0.84
19 150 180 C20/25  28.0 46.71 57.53 39.60 55.21 0.81 1.18 0.85
19 150 180 C30/37 38.0 50.96 69.27 44.78 61.30 0.74 1.14 0.83
19 150 180 C40/50  48.0 55.36 69.27 49.26 66.74 0.80 1.12 0.83
19 150 180 C50/60  58.0 57.14 69.27 53.25 71.73 0.82 1.07 0.80
22 125 150 C20/25 28.0 54.61 77.14 53.41 74.58 0.71 1.02 0.73
22 125 150 C30/37 38.0 62.71 92.87 60.43 79.87 0.68 1.04 0.79
22 125 150 C40/50  48.0 66.89 92.87 66.50 84.60 0.72 1.01 0.79
22 125 150 C50/60  58.0 69.99 92.87 71.92 88.94 0.75 0.97 0.79
22 150 180 C20/25  28.0 61.75 77.14 53.41 77.14 0.80 1.16 0.80
22 150 180 C30/37 38.0 66.50 92.87 60.43 83.23 0.72 1.10 0.80
22 150 180 C40/50  48.0 69.63 92.87 66.50 88.66 0.75 1.05 0.79
22 150 180 C50/60  58.0 73.81 92.87 71.92 93.66 0.79 1.03 0.79
Mean  0.82 1.12 0.84

Coefficient of variation [%]  10.46 8.34 6.53

Numerically obtained ultimate loads are plotted against predicted resistance values in Figure 6.28—
Figure 6.30. In the same graphs, experimental results of the resistance for series S and D are presented,
as well as experimental results for headed studs in the profiled steel sheeting Cofraplus 60 published
by Vigneri [64] and within the DISCCO project report [72]. The complete database of experimental
results used for comparison is given in Annex B, with the listed connection geometry, material
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properties and headed stud installation technique. The existing database for the selected profiled steel
sheeting provided in the research of Vigneri and DISSCO project, including headed studs of 19 mm
and 22 mm in diameter, is extended by the results of this research obtained for headed studs of 16
mm in diameter. Furthermore, most of the existing experimental push-out tests included one headed
stud per concrete rib, while this research contributed with results for connections with two headed

studs in the rib.

Numerically obtained data presented in graphs match some of the experimental results given by
Vigneri and in the DISCCO project report. It is observed that EN 1994-1-1:2004 design procedures
predict the same resistance for several different connections, meaning that they are less sensitive to
mechanical and geometrical parameters of the connection than the other two design models.
According to the presented, for almost all results in the database, Konrad’s model gives conservative
predictions, while EN 1994-1-1:2004 predictions are unsafe. For certain experimental results given
by Vigneri and in the DISCCO project report, the newly developed equations by SC4.PT3 provide
safe-sided predictions, whereas for the set of numerically obtained data, predictions are unsafe.
However, it is remarked that analytically predicted values used for comparison are obtained without
partial safety factors, applying the mean values of the measured material mechanical properties. To
make general conclusions regarding the applicability and suitability of design models, a reliability
analysis needs to be performed.
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Figure 6.28: Comparison between experimental and numerical results with predicted shear resistance
according to EN 1994-1-1:2004 [10].
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Figure 6.29: Comparison between experimental and numerical results with predicted shear resistance
according to Konrad [1].
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7 Design Recommendations

The results of experimental work, numerical analysis and parametric studies were used to draw
general conclusions regarding the behaviour of the demountable shear connection with welded
headed studs and bolts. According to concluded, recommendations for design and detailing were
proposed.

Design instructions were developed for demountable shear connections with continuous and
discontinuous slabs over the beam. A demountable shear connection designed following the
suggested guidelines may be assumed to have equal resistance as the corresponding non-demountable
shear connection with welded headed studs.

Design recommendations also include the analytical expression for obtaining the resistance of shear
connections with angles between profiled sheeting ribs and the beam 30° < a < 90°. The expression
applies to both demountable and non-demountable shear connections with welded headed studs.

7.1 Demountable Shear Connections with Continuous Slabs over the Beam

A demountable shear connection with bolts and welded headed studs with a continuous slab over the
supporting beam is presented in Figure 7.1. The connection is suggested for application in composite
beams consisting of a steel profile and composite concrete slab cast in open trough profiled steel
sheeting. Headed studs are welded to the steel plate, while bolts connect the steel plate and profile
flange. Headed studs are placed in every profiled sheeting rib, whereas bolts can be placed between
every second rib.

i = |
| |
| | |
o\ O tp >0.4d
S

Figure 7.1: Demountable shear connection with a continuous slab over the beam.

To design a demountable shear connection with bolts and welded headed studs cast in a continuous
slab over the beam, two recommendations should be followed:

(1) shear capacity of bolts should be adequate to enable the elastic behaviour of bolts at ultimate
loads;

(2) plate thickness should be greater than 0.4d, where d is the stud shank diameter.

If the listed requirements are fulfilled, the resistance of the shear connection may be calculated as for
the corresponding non-demountable shear connection with welded headed studs.

7.2 Demountable Shear Connections with Discontinuous Slabs over the Beam
Demountable shear connection with bolts and welded headed studs could be implemented in slabs
that are discontinuous over the supporting beam, as shown in Figure 7.2. Headed studs should be
welded to steel angles, which are connected to the profile flange by bolts. As well as for connections
with continuous slabs over the support, composite concrete slabs should be cast in open trough
profiled steel sheeting.
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Figure 7.2: Demountable shear connection with a discontinuous slab over the beam.

Recommendations for the design of a demountable shear connection with a discontinuous slab over
the supporting beam are listed:

(1) shear capacity of bolts should be adequate to enable the elastic behaviour of bolts at ultimate
loads;

(2) angles of thickness greater than 0.4d, where d is the stud shank diameter, should be used on
the slab edge;

(3) U-bars with a diameter of at least 0.5d should be placed around headed studs at the level of
the top surface of profiled sheeting ribs or lower;

(4) headed studs should be installed at a distance of at least 70 mm from the vertical angle leg in
the transverse direction.

Resistance of the shear connection designed according to the proposed recommendations may be
assumed to be equal to the resistance of the corresponding non-demountable shear connection with
welded headed studs and continuous slab over the beam. If U-bars are not implemented or headed
studs are installed at a distance smaller than 70 mm from the vertical angle leg, the resistance of the
connection should be reduced.

7.3 Connections with the Angle between Profiled Sheeting Ribs and the Beam
Smaller than 90°

In a general case, the presented demountable shear connection has ribs that are transverse to the
supporting beam (a = 90°). However, the angle between sheeting ribs and the beam may be smaller
than 90°. In that case, the resistance of the demountable or non-demountable shear connection with
welded headed studs could be obtained according to the proposed expression.

For shear connections with angles between profiled sheeting ribs and the beam in the range from 30°
to 90°, shear resistance of the welded headed stud may be determined as:

P,=k, Py (7.1)
where:
ko 1s the factor depending on the angle o,
ky=1+0.61(1 —sina) (7.2)

Pq is the shear resistance of the welded headed stud for the angle between profiled sheeting
ribs and the beam 30° < a < 90°

Poo 1s the shear resistance of the welded headed stud in profiled steel sheeting transverse to
the beam.
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It is important to emphasise that Eq. (7.1) is developed according to the results of numerical
simulations of push-out tests for connections with profiled steel sheeting Cofraplus 60 [71]. However,
in order to widen the application of the proposed relation to any other metal decking, additional
models with varied profiled sheeting geometry need to be analysed.
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Conclusions

The novel demountable shear connection with welded headed studs and bolts, designed for
application in composite concrete slabs cast in open trough profiled steel sheeting, has been realised.
The connection response to shear load has been examined by push-out tests, conducting experimental
and numerical research. The connection behaviour has been analysed for different configurations,
comparing the connection resistance, ductility and stiffness with corresponding non-demountable
connections with welded headed studs.

The following conclusions can be drawn:

(1

2

3)

“4)

)

(6)

(7

®)

©)

The proposed solution of demountable shear connection with bolts and welded headed studs cast
in profiled steel sheeting has a similar resistance and failure mode as the corresponding non-
demountable shear connection with welded headed studs. The failure is characterised by the
separation of the concrete cone from the rest of the slab.

The main difference in the response of demountable and non-demountable connections is
reflected in the slip capacity. The total slip of the demountable connection is the sum of the bolt
slip and the slip of welded headed studs. Bolt slip is dominant in the initial loading stage due to
the presence of bolt-to-hole clearances. In the later stages of loading, after bolt-to-hole clearances
have been voided, the slip of headed studs becomes a dominant component in the total slip of
the connection.

As aresult of the initial bolt slip inside holes, demountable connections have approximately three
to four times smaller stiffness at serviceability loads than non-demountable connections.

The thickness of the plate and angles affects the behaviour of the demountable shear connection.
Therefore, the thickness of the plate and angles should be carefully selected to avoid plate
deformation due to the shear of headed studs. The thickness of the plate and angles greater than
0.4d provides a satisfactory response of the connection.

The relation between the resistance of the demountable connection with a discontinuous slab
over the beam and the corresponding demountable connection with a continuous slab over the
beam has been determined. The relation is dependent on the concrete strength and transverse
distance between welded headed studs and slab edge in the demountable connection with a
discontinuous slab over the support.

Resistance of the demountable connection with a discontinuous slab over the supporting beam
corresponds to the resistance of the demountable connection with a continuous slab over the
supporting beam if proper design is performed. U-bars of 0.5d in diameter should be placed
around headed studs at the level of the top surface of profiled sheeting ribs or lower. Angles of
thickness greater than 0.4d should be used on the slab edge. The transverse distance between
welded headed studs and angle legs should be adopted as at least 70 mm.

In addition to the primary function of accomplishing connection demountability, angles applied
on the edges of discontinuous concrete slabs have a reinforcing role. Connections without the
vertical angle leg on the slab edge were found to have smaller resistance and ductility than those
with angles. Reduction in the resistance when angles are avoided is in the range of 11-23% for
the analysed connections.

The position of mesh reinforcement along the slab depth does not affect the connection response.
The slab depth has a minor influence on the connection shear resistance.

The angle between profiled sheeting ribs and the beam affects the resistance of the connection.
With the decrease of the angle, the resistance of the shear connection increases.
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(10) The relation between the resistance of the connection with angles between profiled sheeting ribs

and the beam in the range from 30° to 90° and the connection with ribs transverse to the beam
has been proposed. According to the relation, the analytical expression for the resistance of
welded headed studs for the angle between profiled sheeting ribs and the beam between 30° and
90° has been recommended.

(11) Resistance of welded headed studs in profiled steel sheeting with ribs transverse to the supporting

beam has been compared with analytical design predictions. It is observed that the models
proposed by Konrad and working group SC4.PT3 are more sensitive to connection geometry and
material properties than the design rules given in EN 1994-1-1:2004. The model proposed by
Konrad provides safe-sided predictions for the applied mean values of material properties, unlike
the other two procedures. The smallest variation between calculated and obtained resistances is
observed for the model proposed by SC4.PT3.

In addition, recommendations for future work may be proposed:

(1

2

3)

“4)

To demonstrate the feasibility of the proposed solution and verify the shear response of the
connection with bolts and welded headed studs when implemented in the girder, full-scale beam
tests should be performed. Therefore, the practical requirements for bolt-to-hole clearances could
be determined, and the exact deformations induced by the incomplete interaction due to the initial
slip of bolts may be quantified. The use of preloaded bolts or the application of resin injected in
bolt holes may be considered as two alternatives for reducing the initial bolt slip. The
contribution of plates and angles to the bending resistance of the composite cross-section could
be determined. In addition, beam tests could be used to observe girder behaviour in the second
use, after already being loaded to a certain level before demounting and reassembling.

Following concepts of sustainable construction, the application of the shear connection with bolts
and welded headed studs in steel-concrete composite beams with “green” concrete could be
considered. Further experiments should be performed to investigate the behaviour of headed
studs when applied in different types of “green” concrete.

More push-out tests should be conducted covering different profiled sheeting types to validate
the proposed analytical relation for the resistance of connections with angles between profiled
sheeting ribs and the beam smaller than 90°. Furthermore, the analyses may be extended to
connections with one headed stud in the concrete rib and connections with headed studs welded
through metal decking.

Investigations of the behaviour of headed studs in connections with angles between profiled
sheeting ribs and the beam smaller than 90° could be extended to beam tests. In that way, drawn
conclusions regarding the response of shear connectors could be confirmed.
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Annex A: Concrete Damage Plasticity Models

To develop finite element models that realistically simulate the conducted push-out tests, several
concrete damage models were considered. Besides the model proposed by Pavlovi¢ [4] described in
Subchapter 5.1.3, models given by Carreira and Chu [13], Birtel and Mark [11] and Vigneri [64] were
analysed. Different concrete damage material models and obtained results are presented in the
following.

A.1 Model according to Carreira and Chu
Carreira and Chu [13] described concrete compression behaviour using a stress-strain curve according
to the following equation:

_ IB (gc/gcl)
o.(e) =1, 1+ (e (A.1)
where:
S\
b _<32.4 MPa) £ 155 (A.2)

fem 1s the mean value of the cylinder compressive strength of concrete in MPa;
gc1 1s the compressive strain in the concrete at fom.

This stress-strain relation was applied to the numerical model to simulate concrete compression
behaviour for strains larger than &c1. For strains smaller than &c1, the stress-strain curve given in EN
1992-1-1:2004 [6] was implemented. Concrete compression damage was introduced using the
damage variable Dc, according to Eq. (5.5). In numerical simulations, this compressive model was
applied in combination with the tensile model presented in Subchapter 5.1.3.

A.2 Model according to Birtel and Mark
Birtel and Mark [11] used the following stress-strain relation, previously elaborated by Krétzig and
Polling [88] for strains larger than eci:

2
2+ ycfcmgcl Cyet VCSC
2f;:m ¢ 2801

-1

oc(ec) =< (A.3)

where yc is the parameter that defines the area under the stress-strain curve. Xu et al. [89] adopted this
parameter as 1.7 for modelling shear connection with headed studs. The same value was used in this
study.

Furthermore, Birtel and Mark proposed the expression for obtaining the compressive damage variable
De:

{ 0/E m
&' (1/b—=1)+0o/Eop

(A4)

where:

ecP'is the plastic strain defined as inelastic strain multiplied by the factor bc, 0 < bc <1,
I
‘C’lc) = bc(gc_ O-C/Ecm) (AS)

Ecm is the secant modulus of elasticity of concrete.

The proposed value of the factor bc is 0.7.
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Instead of applying the stress-strain curve to define the tensile behaviour of concrete, Birtel and Mark
used the following relation between the stress and crack opening:

700 = |£00) () 800 A6)
where:
gw) = ll+ (iv—w)al L ) (A7)
w s the crack opening,
w=514— (AS)

fétm

we s the critical value of the crack opening at which tensile stress cannot be transferred;
fetm 1S the mean value of the concrete tensile strength;

Gr is the fracture energy, which is the function of the concrete compressive strength according
to Model Code 2010 [8].

Similarly to compressive damage, Birtel and Mark defined the tensile damage variable Dx:
{ 0/Ecm
' (1/b—1)+6y/Eem (A.9)

D=

where &' is the plastic strain defined as inelastic strain multiplied by the factor b, 0 < b < 1,
1
& = bi(e 0/ Ecm) (A.10)

The proposed value of the factor bt is 0.1.

A.3 Model according to Vigneri

Vigneri [64] used the following relation to simulate concrete compressive response:

F(gg_c)n (A.11)

where:

n=125(0.058f, +1 MPa) (A.12)

fem 1s the mean value of the cylinder compressive strength of concrete in MPa;
gc1 1s the compressive strain in the concrete at fom.

Eq. (A.11) was used to describe the total stress-strain curve. Concrete compressive damage was
applied according to Eq. (A.4).

To model concrete tensile behaviour, Vigneri implemented the same procedure as proposed by Birtel
and Mark through Eq. (A.6)—(A.8). However, Vigneri did not use Eq. (A.9) to define tensile damage
variable; instead, Eq. (5.6) was applied.

128



A.4 Comparisons between Concrete Damage Plasticity Models

Different stress-strain curves for concrete response under uniaxial compression and corresponding
concrete damage-inelastic strain relations are compared in Figure A.1. Besides models presented in
this Annex, the model proposed by Pavlovi¢ with the originally selected parameters and those adopted
in this research (Table 5.2) is given in the graph. Furthermore, stress-crack opening and tensile
damage-crack opening curves according to Vigneri are presented in Figure A.2.
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Figure A.1: Concrete behaviour in compression (fem = 37.3 MPa):
(a) stress-strain curves, (b) compression damage.
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Figure A.2: Concrete behaviour in tension according to Vigneri (fem = 37.3 MPa):
(a) stress-crack opening curve, (b) tension damage.

Listed concrete material models are applied to push-out models and load-slip curves are compared to
the experimental ones. As shown in Figure A.3.a, the model given by Birtel and Mark [11]
overestimates the connection resistance and the load-slip curve does not follow the shape of
experimental results for the specimen DLU. The model according to Carreira and Chu [13] predicts
lower shear resistance and slip capacity than experimentally obtained. Similar results are observed
applying the model proposed by Pavlovi¢ with the originally selected parameters [4].

Best matches between experimental and numerical results for model DLU are observed for the
concrete damage model used by Vigneri [64] and the final adopted concrete damage model described
in Subchapter 5.1.3. However, the model according to Vigneri does not provide good predictions for
connections with angles between profiled sheeting ribs and the beam smaller than 90°. An example
is specimen S45 where a considerable decrease in the connection stiffness is noticed for loads above
200 kN, as presented in Figure A.3.b. Therefore, the model proposed by Pavlovi¢ with the calibrated
parameters listed in Table 5.2 is used in all numerical simulations of push-out tests.
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Figure A.3: Load-slip curves for different concrete damage plasticity models:
(a) model DLU, (b) model S45.
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Annex B: Database of Experimental Push-Out Tests with Cofraplus 60

Table B.1: Database of experimental results of push-out tests with profiled steel sheeting Cofraplus 60.
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[
1.04.1* 22.16 124.3 150 - 1 551.0 30.1 20.90 PP TB 73.91
1.04.2%* 22.24 124.0 150 - 1 551.0 30.9 21.50 PP TB 73.61
1.04.3* 22.20 123.9 150 - 1 551.0 30.9 21.50 PP TB 68.66
1.05.1* 22.16 124.0 150 - 1 551.0 30.0 22.10 PP TB 69.95
1.05.2* 22.17 123.8 150 - 1 551.0 30.7 22.10 PP TB 79.15
1.05.3* 22.20 123.9 150 - 1 551.0 32.6 22.80 PP TB 74.43
1.03.1 22.14 123.3 150 - 1 514.0 41.0 33.59 PP TB 81.50
1.03.2 22.10 122.0 150 - 1 514.0 42.5 33.96 PP TB 93.88
1.03.3 22.22 122.7 150 - 1 514.0 429 34.05 PP TB 97.13
E 2.01.1 19.10 121.7 150 - 1 467.0 42.4 33.93 WT T 65.25
; 2.01.2 19.12 121.7 150 - 1 467.0 42.6 33.98 WT T 70.13
8 2.01.3 19.23 122.0 150 - 1 467.0 41.8 33.79 WT T 74.88
2 2.02.1 19.00 122.5 150 - 1 467.0 40.7 33.52 WT TB 69.88
8 2.03.1 19.00 121.7 150 - 1 467.0 39.7 33.27 PP T 57.63
% 2.04.1 19.00 120.6 150 100 2 467.0 40.3 33.42 WT T 68.38
=) 2.05.1 19.00 121.0 150 100 2 467.0 40.2 33.40 WT TB 65.63
2.05.2 19.00 121.7 150 100 2 467.0 38.6 32.99 WT TB 71.06
2.05.3 19.00 121.7 150 100 2 467.0 39.2 33.14 WT TB 67.06
2.06.1 22.20 122.2 150 - 1 514.0 40.1 33.37 PP T 87.50
2.06.2 22.22 122.2 150 - 1 514.0 39.6 33.25 PP T 101.60
2.06.3 22.25 122.2 150 - 1 514.0 40.6 33.50 PP T 96.50
2.07.1 22.17 121.7 150 - 1 514.0 46.4 34.86 PP TB 114.60
2.07.2 22.32 122.2 150 - 1 514.0 46.3 34.84 PP TB 112.40
2.07.3 22.33 122.2 150 - 1 514.0 46.0 34.77 PP TB 107.60
2.08.1 19.09 122.0 150 - 1 467.0 45.8 34.73 PP TB 59.10
CP12A.1 19.00 98.0 120 - 1 551.0 42.2 33.89 PP B 68.31
CP12A.2 19.00 98.0 120 - 1 551.0 42.9 34.05 PP B 65.25
CP12A.3 19.00 98.0 120 - 1 551.0 44.0 3431 PP B 69.48
CP14A.2 19.00 98.0 140 - 1 551.0 49.7 35.59 PP B 72.35
y CP14A.3 19.00 98.0 140 - 1 551.0 50.2 35.70 PP B 82.47
o, CP14B.1 19.00 98.0 140 - 1 551.0 50.7 35.80 PP T 85.46
'é CP14B.2 19.00 98.0 140 - 1 551.0 50.8 35.82 PP T 80.45
oh CP14B.3 19.00 98.0 140 - 1 551.0 51.1 35.89 PP T 88.70
> CP14D.1 19.00 125.0 140 - 1 504.3 43.5 34.20 PP B 80.33
CP14D.2 19.00 125.0 140 - 1 504.3 43.7 34.24 PP B 87.31
CP14D.3 19.00 125.0 140 - 1 504.3 44.2 34.36 PP B 85.19
CP14C.2 19.00 94.0 140 - 1 551.0 51.9 36.06 WT T 83.54
CP14C.3 19.00 94.0 140 - 1 551.0 52.0 36.08 WT T 85.08
“w S-02 16.00 100.0 120 100 2 509.0 35.0 32.03 PP T 34.25
'5 S-03 16.00 100.0 120 100 2 509.0 35.0 32.03 PP T 31.89
g D-01** 16.00 100.0 120 100 2 509.0 34.5 31.89 PP T 30.50
= D-02%* 16.00 100.0 120 100 2 509.0 345 31.89 PP T 30.63
~ D-03** 16.00 100.0 120 100 2 509.0 34.5 31.89 PP T 29.94

*transverse loading was applied during the testing; **demountable specimens with bolts and welded headed studs
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U3jaBa o ayTopcTBY

Mme n npesnme aytopa: Nengopa Jakosrbesuh

Bbpoj nHagekca: 902/17

UsjaBrbyjem
Aa je JOKTOpCKa AvcepTaumja nos Hacrnosom

DEMOUNTABLE SHEAR CONNECTIONS WITH BOLTS AND WELDED HEADED STUDS IN
STEEL-CONCRETE COMPOSITE STRUCTURES

HacCnoB Ha CPMNCKOM je3uKy:

AJEMOHTA>XHWN CMUYY U CMNOJEBM OCTBAPEHN SABPTHEBMMA N MOXOAHNLNMA CA
MABOM KO[ CMNPEMHYTUX KOHCTPYKUWJA O[] HEJTMKA N BETOHA

e pe3yntat ConCTtBeHOr UCTpaXXmMBa4dKor paaa,

e [a OucepTauMmja y UENVHU HU Yy OernoBuMa Huje Guna npennoXxeHa 3a cTuuamwe apyre
AvnromMe npema cTyamjckum nporpammma apyrmx BUCOKOLLKONICKUX YCTaHOBA;

e [a Ccy pe3yntaTu KOPEKTHO HaBEeAEHW U
e [la HMCaM KpLuMo/na ayTopcka npasa U KOpUCTUO/Na MHTENEKTyanHy CBOjUHY ApYrvMX nuua.

Motnuc aytopa

Y Beorpaay, anpun 2022.
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U3jaBa 0 UICTOBETHOCTMU LUTaMMNaHe U eNeKTPOHCKe Bep3uje
AOKTOpPCKOr paaa

Mme v npesume aytopa: Micmpopa JakoBrbesuh
Bbpoj nHagekca: 902/17

Crtyaujcku nporpam: 'paheBnHapcTBO

Hacnos paga:

DEMOUNTABLE SHEAR CONNECTIONS WITH BOLTS AND WELDED HEADED
STUDS IN STEEL-CONCRETE COMPOSITE STRUCTURES

HacnoB Ha cprncKkoM je3uky:

AEMOHTAXXH/ CMNYY RN CMOJEBM OCTBAPEHN SABPTHEBVIMA
MOXOAHNLIMMA CA TMABOM KO CMNPEMHYTUX KOHCTPYKUWJA O
YEJIMKA N BETOHA

MeHTOpM: npod. ap 3natko Mapkosuh, gunn. rpaf). MHx.
B. Npoc. ap Munan Cnpemuh, gunn. rpaf. nHxX.

M3jaBrbyjeM aga je wtamnaHa Bepavja MOr AOKTOPCKOr paja UCTOBETHA efeKTPOHCKO] BEP3UjU KOjY
cam npegao/na pagu noxpaweHa y iurutanHom penosutopujymy YHuBepsuteta y beorpany.

[osBorbaBam ga ce objaBe Moju NUYHM NogaumM Be3aHu 3a obuvjarbe akagemckor HasvBa AOKTopa
Hayka, Kao LUTO Cy MMe 1 NpesnmMe, roguHa u mecTo pohewa n gatym ogbpaHe paga.

OBM nUYHKM nogaum Mory ce o6jaBUTU Ha MpPEXHUM CTpaHuuama aurntanHe ombnuoteke, y
€NeKTPOHCKOM KaTanory u y nyénukaunjama YHmeepauteTa y beorpaay.

MoTnuc aytopa

Y beorpaay, anpun 2022.
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UsjaBa o kopuwhewy

Oenawhyjem YHuBep3uTeTcky bubnmnoteky ,Cetosap Mapkoeuh® ga y urutanHm penosntopujym
YHuBep3uTeTa y beorpagy yHece Mojy AOKTOPCKY AucepTtauujy nod HacnoBOM:

DEMOUNTABLE SHEAR CONNECTIONS WITH BOLTS AND WELDED HEADED STUDS IN
STEEL-CONCRETE COMPOSITE STRUCTURES

Hacnos Ha cprncKkoMm je3uky:

AEMOHTA>XXHN CMUYY TR CMOJEBM OCTBAPEHN SABPTHEBVMA N MOXOAHNLIMMA CA
MABOM KO CIMNMPEMHYTUX KOHCTPYKUMJA Of1 HEJIMKA N BETOHA

Koja je Moje ayTopcKo aerno.

OucepTaunjy ca cBMM npunosuma npenao/na cam y enekTpoHCKoM chopMaty MorogHoM 3a TpajHo
apxvBupamse.

Mojy [OKTOpcKy AucepTauuvjy noxpaweHy Yy [OurutanHom penosutopujymy YHuBepsuTeTa y
Beorpagy v 4ocTynHy y OTBOPEHOM NPUCTYNY MOry ia KOPUCTE CBU KOju NOLLTYjy oapeabe caapxaHe
y ogabpaHom Tuny nuueHue KpeatneHe 3ajegHuue (Creative Commons) 3a kojy cam ce ognyyuno/na.

1. AytopctBo (CC BY)
2. AytopcTBo — HekomepuujanHo (CC BY-NC)
@AyTOpCTBO — HekoMepuujanHo — 6e3 npepaga (CC BY-NC-ND)
4. AyTOpCTBO — HEKOMEpLMjanHo — aenutu nog nctum ycrnosuma (CC BY-NC-SA)
5. AytopctBo — 6e3 npepaga (CC BY-ND)
6. AytopctBo — aenutu nog nuctum ycnosmma (CC BY-SA)

(Monumo ga 3aoKpyXxute camo jegHy o WeCT NoHyheHnx nuueHum.
KpaTak onuc nuueHum je cactaBHu 40 OBe u3jaBe).

Motnuc aytopa

Y beorpaay, anpun 2022.
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1. AytopcTBO. [Jo3BO/baBaTe yMHOXaBawe, OUCTPMOYUM)y M jaBHO caonwTaBarwe pgena, u
npepage, ako ce HaBefe nme ayTopa Ha HauvH ogpefeH of cTpaHe ayTopa unu gasaoua nuueHLe,
Yyak 1 y komepumjanHe cepxe. OBO je HajcnoboaHWja og CBUX NIULEHLM.

2. AyTOopcTBO — HeKkoMmepuujanHo. [lo3BorbaBaTe YMHOXaBake, ANCTPUBYUMjy u jaBHO
caonwTaBawe ferna, u npepage, ako ce HaBefe nMme aytopa Ha HayuH ogpeheH o cTpaHe ayTopa
unu gasaoua nuueHue. OBa nuueHua He Jo3BOrbaBa KomepuujanHy ynotpeby gena.

3. AyTopcTBO — HEKOMepUujanHo — 6e3 npepapa. [lo3BorbaBaTe YMHOXaBake, ANCTPUbYLnjy n
jaBHO caonwTaBake gena, 6e3 npomeHa, npeobnukoBaka unu ynotpebe gena y cBoM geny, ako
ce HaBe[ie UMe ayTopa Ha Ha4vH ogpeheH of cTpaHe ayTopa unu gasaoua nuueHue. OBa nuueHua
He Jo3BoSbasa KoMmepuujanHy ynotpeby gena. Y ogHoOCy Ha cBe ocTarne nvueHue, OBOM NULEHLIOM
ce orpaHuyasa Hajsehn obum npaea Kopuwhewa gena.

4. AyTopcTBO — HeKoMepuujanHO — [enuTu noa WUCTUM  ycnoBuma. [losBorbaBaTe
YMHOXaBaHhe, AUCTpubyumjy 1 jaBHO caonwTasawe Aena, u npepaje, ako ce HaBefe ume aytopa
Ha HauyuH ogpeheH of cTpaHe ayTopa unu gasaoua nuueHLUe 1 ako ce npepaga avctpubympa nog
NUCTOM unun cnuyHoM nuueHuom. OBa nuueHua He [03BOSfbaBa komepuujanHy ynotpeby gena u
npepaaa.

5. AyTopcTBO — 6e3 npepapa. [lo3BorbaBaTe YMHOXaBake, AUCTPUBYLMjy 1 jaBHO caoniluTaBake
Aena, 6e3 npomeHa, npeobnvkoBaka unu ynoTpebe genay cBoM Aeny, ako ce HaBede MMe ayTopa
Ha HauuH ogpeheH on cTpaHe ayTopa unvM gasaoua nuueHue. OBa nuueHua [O03BOSbaBa
KomepuujanHy ynoTpeby gena.

6. AyTopCcTBO — AenuTu noa UCTUM ycrnoBuma. [lo3BorbaBaTe YMHOXaBakwe, OUCTpUbyuunjy u
jaBHO caonwiTaBawe Aena, u npepage, ako ce HaBede MMe ayTopa Ha HauuH ogpefneH of cTpaHe
ayTopa unv gaBaoLa NuueHLE 1 ako ce npepaga aucTpmbymnpa nog MCTOM NN CAIMYHOM NTULLEHLIOM.
OBa nuueHua gos3eorbaBa KomepuujanHy ynotpeby gena u npepaga. CnuuHa je codTBEPCKMM
nvueHuama, 04HOCHO NULEHLamMa OTBOPEHOr Koaa.
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