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BEHAVIOUR OF SHEAR CONNECTIONS REALISED BY CONNECTORS
FASTENED WITH CARTRIDGE FIRED PINS

Abstract

New demands towards fast construction resulted in development of different types of
prefabricated concrete slabs and shear connectors. Composite action between steel beam
and concrete slabs can be achieved with group positioning of shear connectors in
envisaged openings of prefabricated concrete slabs. The aim of presented investigation is
to promote application of mechanically fastened shear connectors in prefabricated
concrete slabs. X-HVB 110 shear connectors fastened to the steel base material with X-
ENP-21 HVB cartridge fired pins are used in experimental and numerical analysis
presented in this thesis. Presented investigation should improve understanding of X-HVB
shear connectors behaviour which is currently based on their application in solid or
composite concrete slabs. Also, this investigation should result in extension of currently
small basis of experimental results, which are mostly part of the technical reports and are
considered as proprietary. Feasibility study presented in this work highlighted the
importance of further investigation of X-HVB shear connectors in group arrangement, at
distances smaller than minimal recommended, in order to satisfy current
recommendations for minimal partial shear connection degree in composite floor
structures with profiled steel sheeting. Detail examination of X-HVB 110 shear
connectors positioned in envisaged openings of prefabricated composite slabs is
performed. The experiment aims at understanding the effects of the spacing between shear
connectors, orientation of shear connectors relative to the shear force direction and
installation power level used for installation of cartridge fired pins, when they are used
for prefabricated composite construction. In order to generate all structural performance
data, this investigation included experimental investigation of cartridge fired pins
performed through shear and tension tests. Extensive finite element analysis is conducted
in this research in order to develop and calibrate FE models of push-out test specimens of
X-HVB 110 shear connectors, and shear and tension tests of cartridge fired pins, based
on the results of presented experimental research. The novelty in the FE modelling
approach developed in this study is phenomenological simulation of installation

procedure of cartridge fired pins resulting in preloading of the pins and interaction with



the base material. Numerical FE models are developed through extensive calibration of
main parameters which are introduced in FE simulation of firing the pins in tension tests
and further sensitivity study. Parametric study of push-out FE models is performed for X-
HVB 110 shear connectors through variation of concrete and steel base material
properties. Main failure mechanisms which are obtained through experimental
investigation of X-HVB 110 shear connectors in prefabricated concrete slabs are related
to deformation capacity and pull-out of cartridge fired pins from the steel base material.
Developed FE models of push-out test series matched the failure mechanisms obtained
through experimental investigation. Pull-out of cartridge fired pins in FE models is
defined by equivalent compressive contact stresses and friction at the interface between
the base material and pins modelled as separate parts. This resembles the physical
mechanism of the load transfer of cartridge fired pins and is a recommended modelling
procedure as it gives good agreement with experimental results. Presented FE modelling
approach of installation procedure of cartridge fired pins highlights the clamping of the
fastener in steel base material as the most dominant anchorage mechanism. Prediction
models for pull-out resistance of cartridge fired pins loaded in tension and shear resistance
of X-HVB shear connectors are proposed based on the presented results of experimental

and numerical investigation.

Keywords: Prefabricated steel-concrete composite construction, Mechanically fastened
shear connectors, Cartridge fired pins, Push-out tests, Shear resistance, Pull-out

resistance, Anchorage mechanisms, FE analysis.
Field of science: Civil and Structural Engineering
Subdivision: Steel Structures

UDC number: 624.012./14.(043.3)



INOHAINAIBE CMUYYRUX CIIOJEBA U3BEJIEHUX MOXKJIAHUIIUMA
CA EKCEPUMA CA EKCIIVIO3UBHUM YIIYHHABAILEM

Pesume

CaBpeMeHU TpeHI0BH Y I'pal)eBUHAPCTBY ce Hajuyenthe orienajy y moBehanuM 3axTeBuma
3a yOp3aHOM TpajJmbOoM, IITO je YTHIAJO Ha pa3BOj HOBUX BpTca mpedabpHKOBaHUX
OETOHCKHUX IJIOYa U CpefcTaBa 3a crpesame. Crpesame npedadpukoBaHUX OETOHCKHX
104a U YeJIMYHUX FPEeTHUX HOcaya Hajuenrhe ce MOCTUXKE MOCTaB/balbeM MOKIAHUKA Y
OTBOpe y OETOHCKO] IUIOYH, KOjU Cy 3a TO MpeABUljeHH y mporecy mnpedadpukammje.
[Ipeamer HayyHOT MCTpaKMBamka je MOoHAIamke CMUYYNHX CIojeBa OCTBapeHUX moMohy
X-HVB wMoxnanuka y mnpedalOpuxoBanum OetonckuMm miodama. X-HVB 110
MOKJAHUIIM TIOBE3aHMU Cy ca 4yenuyHuM npoduianma y3 momoh nsa X-ENP-21 HVB
MEeXaHW4YKa CII0jJHA CpeacTBa (eKcepa) eKCIUIO3WBHUM ynylaBameM. llpukazano
UCTIUTUBae Tpeba J1a JorpuHece 60JbeM pasymeBamy noHamama X-HVB mMoxnannka
y cMuuyhuM crojeBuMa, Koje je TPEHYTHO 3aCHOBAHO HA HMCIUTUBAbUMA Y MYHUM H
CIPETrHYTUM OETOHCKUM ILIouamMa Ha npoduiIcaHuM JTUMOBUMA. Takohe, HCIUTHUBAKE
Tpeba aa nompuHece MPOLUINPEHY TPEHYTHO Malie 0a3e eKCIIepUMEHTATHIX UCITUTHBAbA,
KOja cy HajBehuM JeJIoM cajipikaHa y TEXHUYKUM U3BEIITajuMa KOjU HUCY JIAKO JOCTYITHU
UCTpaXKMBauMMa. YIIOpe/IHa aHaJI13a HOCUBOCTH 3aBapeHUX MOKIAHUKA ca IJIaBOM U X-
HVB moxnaHuka y CIperHyTuM Iuioyama ca npo(uiIMcaHuM JIMMOM, NPE3CHTOBaHA y
OBOM pajy, Harjacuia je motpedy 3a I0JaTHUM HCIUTHBAKBLUMA OBE BPCTE MOXKIaHHUKA
KaJla Cy OHM TPYIHCaHU Ha pacTojarbiMa Koja Cy Mama 0] MUHUMAIIHO TPENOPYICHUX,
Kako OM ce 3a70BOJbMJIE TPEHYTHE NPENnopyKe Yy MOorjiely MHHHUMAJIHOT IPOLEHTa
napuyjasHor cmuuyher crnoja. JlerajbHO ekcrniepuMeHTanHo ucnutuBame X-HVB 110
MOYK/TaHUKa TIOCTaBJLEHUX Y OTBOpE MpehaObpHUKOBaHNX OETOHCKUX TI0YA CIIOPBEIHO je
y oBoM panay. UcnutuBame je o0yxBaTWIIO yTHIIAQ) TIoJI0kaja U MelyycoOHOT pacTojama
MOX/IaHUKa y OJHOCY Ha MpaBal cMuuyyhe cuiie Kao M pasziIHyuuTe jaunHe Yrpaame
ekcepa. Y LWJby jacHOT caryieflaBama IIOHAIllakha OBE BPCTE€ MOXKJAHHKA,
eKCIIEpUMEHTATHO HCIIHTUBAKE €CKepa je CIPOBEICHO KpO3 TECTOBE CMUIama W
3are3ama. Hymepndaku Mozenn 6a3upaHu Ha METOIM KOHAUHUX eJleMeHaTa pa3BrjeHH Cy
3a motpebe cumynupama cMuayhux crojesa ca X-HVB 110 moxxaanunyMa kao 1 eckepa

Ca CKCIIUIO3MBHUM YIIYLIABAEEM KOjI/I cy OHTCpChCHI/I Ha CMHUIAIKkLE M 3aTC3alkbEC U



KamuOpHCaHU Cy TpeMa pe3yiaTaTuMa eKCIEPHUMEHTATHOT HCIUTUBama. Cumynanuja
yrpailkbe eKcepa ca eKCIIO3UBHUM YITYIIaBamkeM Koja je AepUHHCaHa KPO3 HyMEPHUKE
MoJieie pe3yNiToBala je MpeaHanpe3ameM ekcepa U JeUHUCAKEM MOCEOHUX YyCIoBa
UHTEepaKiuje u3mely excepa u OCHOBHOT MaTepHjaia. Hymepuuku Mozemnu cy pa3BujeHH
KpO3 OICEXKHY KanuOpalijy OCHOBHUX IMapameTapa KOju Cy KOPUIITCHHU 3a Je(PUHUCAHE
mporeca yrpaiibe U HAKHAJHO Cy aHAIM3UPAHU KPO3 CTYIU]y OCETILUBOCTH CIPOBEIHY
Ha mozaemmuma ca X-HVB 110 moxxnanunmma. [Tlapamerapcka aHanm3a CripoBe/ieHa je Ha
Mozaenuma cmuuyhux cmojea X-HVB 110 Moxpannka Kpo3 MpoMeHY MEXaHWYKHX
CBOjcTaBa 0€TOHA U OCHOBHOT YEeIMYHOT MaTepHjaia. OCHOBHHM MOJIEIIH JIOMa KOJH CYy C€
MI0jaBWIIA KPO3 EKCIIEPUMEHTAITHO UCITUTHBALE ITOBE3aHU CY ca AedopMaIiijom eKcepa u
IbUXOBUM H3BJAUCHEM M3 OCHOBHOI YEIMYHOT MaTepujania. PazBHjeHU HyMEpUUKHU
monenu cmuayhux crojea ca X-HVB 110 MmoknanunimmMa noTBpAUIN Cy OBAaKBE BUIOBE
noma. HocuBoCT Ha M3BaYCHE eKcepa M3 OCHOBHOT YEITUYHOT MaTepujaia neduHucaHa
j€ KpOo3 EKBHBAJCHTHH HANOH NMPHUTHCKA U KOe(PHUIMjEHT Tpema KOjU je pa3BUjeH Ha
KOHTaKTHO] TIOBPIIMHH U3Mel)y ekcepa U OCHOBHOT YeIHMYHOT MaTtepHjana. OBakaB HAUHH
HYMEPUYKOT MOJeNHpama Ipoleca yrpalmkbe ecKepa IMoKazao je no0po ciarame ca
pe3yiTaTiMa eKCIIePUMEHTATHOT WMCIIMTHBAaKka WM HarjallaBa YKJBCIITEHE eKcepa y
OCHOBHM YE€JIMYHM MaTepujal Kao HajJOMHUHAHTHUJU MEXaHU3aM aHKEpOBamwa.
[IpenukTHBHM U3pa3u 3a HOCUBOCT €Kcepa Ha wu3Blademe U HocuBocT X-HVB
MOXKJaHUKa y cMUYyhuM crojeBuMa JAeQUHHCAaHH Cy Yy OBOM paJy Ha OCHOBY

MPE3CHTOBAHOTI' CKCIICPUMCHTAJIHOT U HYMCPHUYKOT UCITUTHBAbA.

Kibyune peun: [IpedabpukoBaHe coperHyre KOHCTpykuuje, MokIaHUIM ca
MEXaHUYKUM CIIOJHUM CpelacTBUMa, Excepu ca eKCIUIO3MBHHUM yIyllaBawkeM, TecT Ha
cmuname, HocuBoct Ha cmuname, HocuBocT Ha u3Bnauewme, MexaHN3Mu aHKEpOBama,

MeTo KOHauYHUX eJIeMeHaTa.
Hayuna o6aact: ['paheBunapcTBo
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Chapter 1. Introduction

1.1. Background

Construction industry is constantly facing new demands towards fast construction
and the smallest possible quantity of work at construction site. In the recent decades,
development of different types of prefabricated concrete slabs has taken an important
place in the field of composite constructions. Prefabrication of concrete slabs reduces
construction time and represents a solution which is widely used for various types of

composite steel-concrete buildings.

Composite action between steel beams and prefabricated concrete slabs is often
achieved with shear connectors positioning in envisaged openings of slabs and therefore
their discontinuity in comparison to the uniformly distributed shear connectors along the
beam span. Development of new types of shear connectors represents alternative solution
to the traditionally used welded headed studs and often reduces the construction time and
overall construction cost. Application of various types of shear connectors results in
significant differences in required equipment and amount of work at the construction site,
preparation of base material for shear connectors installation and required temperature
and weather conditions during installation procedure. Main properties, such as: shear
resistance, stiffness and ductility, are the most important characteristics of shear
connectors. Therefore, all these features will influence the determination of shear
connector application for specific construction.

1.2. The advantage of shear connectors fastened with cartridge fired pins

Mechanically fastened shear connectors represent a new group of connectors for
composite steel-concrete construction which are fastened to the steel base material with
cartridge fired pins. They represent a unique system comprised of two elements, shear
connector and mechanical fasteners. Therefore, their overall behaviour is, among other
factors, also related to the behaviour and failure mechanisms of fasteners. X-HVB shear

connectors are well-known representative of this group of shear connectors.

X-HVB shear connectors are fastened to the steel base material with two X-ENP-
21 HVB cartridge fired pins. Installation of these fasteners (pins) is performed with

special powder actuated fastening tool. They are often defined in literature as cartridge



fired pins or powder actuated fasteners. Development of these alternative shear
connectors for composite steel-concrete construction, was conditioned with development
of fasteners for their connection to the base material and first national approvals for their

application in Europe, were granted in 1970s.

Shear connectors fastened with cartridge fired pins are alternative for the headed
studs and bolted shear connectors for steel-concrete composite construction. Behaviour
of X-HVB shear connectors in composite shear connections is expected to be different
from the behaviour of headed studs as the most widely used shear connectors, which
behaviour is described in various literature, research information and design codes.
Experimental and numerical analysis of mechanically fastened shear connectors can lead
towards wider application in composite construction and to extension of currently
available recommendations for their application, which nowadays can be obtained only

by manufacturer.

The main characteristic of X-HVB shear connectors is significantly lower
installation time in comparison to the headed studs and bolted shear connectors.
Installation of cartridge fired pins is performed with relatively simple hand-held
installation tool which does not require electricity source at construction site. The
installation procedure itself is a simple procedure, without welding or any other
technological procedure. Also, the quality of installation procedure is not affected with
special atmospheric or temperature conditions at the construction site, resulting in less
work interruptions. Moreover, installation of this type of shear connector does not require
additional preparation of base material or predrilling of holes in the base material. Base
material coatings (zinc coatings or paintings) for corrosion protection do not affect the
installation quality and should not be removed from the base material before connector
installation. Also, the installation quality can be simply performed, through visual
checking of the fastener stand-off over the surface of the fastened material. For fasteners
that do not allow an accurate visual check, the use of stand-off template is recommended.

Shear resistance of connectors fastened with cartridge fired pins in solid concrete
slabs is determined by resistance and failure mechanisms of cartridge fired pins which
are used for connection with the base material. Overall resistance and deformation
capacity is the result of local deformation of connector fastening leg around cartridge

fired pins, bending of fasteners and local deformation of concrete in the contact zone of



the connector. Shear resistance of X-HVB shear connectors in solid concrete slabs is
significantly lower in comparison to the welded headed studs and bolted shear connectors.
Shear resistance of this type of shear connector in composite slabs with profiled sheeting
is reduced only for very narrow profiled sheeting ribs. For specific types of profiled
sheeting, shear resistance is not reduced in comparison to the solid slabs. Moreover, their
installation in composite slabs with profiled steel sheeting is simple and fast, not requiring
any additional work or predrilling of the holes. Therefore, continuous profiled sheeting
can be used on the construction site, which reduces the profile cross-section and amount

of work in comparison to the single span profiled sheeting.

Shear connectors fastened with cartridge fired pins may be used for construction of
new buildings and for reconstruction or strengthening of floor structures in the old
buildings. Moreover, the main prerequisite of the cost-efficient use of this type of shear
connector is achieved considering fast and simply installation procedure. Therefore, they
can be competitive to the traditionally used welded headed studs, particularly for
composite floor structures with profiled sheeting. Current design recommendations for
composite steel-concrete structures do not define prediction models for shear resistance
of mechanically fastened shear connectors. In addition, main failure mechanisms of shear
connectors fastened with cartridge fired pins are related to the failure of fasteners.
Verification of the shear connector and fastener resistance thus has to be provided by
tests. Further experimental and numerical analysis of this type of shear connector and
cartridge fired pins should lead to the extension of currently small basis of experimental
results and should improve understanding of their overall behaviour and their wider

usage.

1.3. Goal of the research

The aim of the research presented in this thesis is the investigation of X-HVB shear
connectors behaviour and encouragement of their application in prefabricated concrete
slabs. This investigation should improve understanding of X-HVB shear connectors
behaviour which is currently based on their application in solid or composite concrete
slabs with continuous arrangement of shear connectors over the beam span.

Characterization of behaviour and failure mechanisms and determination of prediction



models for shear resistance of this type of shear connectors in prefabricated concrete slabs
with grouped shear connectors are the main goals of this research.

1.4. Objectives of the research

The analysis of the previous experimental investigations of X-HVB shear
connectors and fasteners which are used for their connection to the steel base material,
needs to be performed as a first step and is followed with small feasibility study of their
application on wide range of floor structures with composite concrete slabs. Further,
experimental investigation of X-HVB shear connectors is performed through standard
push-out tests. The influence of group arrangement of shear connectors in prefabricated
concrete slabs on shear resistance, stiffness and slip capacity is analysed based on the
results of experimental investigation. Experimental investigation of cartridge fired pins
through tension and shear tests is necessary for understanding of overall behaviour and
failure mechanisms of the new type of shear connectors which are in the scope of this
thesis. Experimental investigation is followed with development of numerical FE models
which are calibrated with results of experimental investigation and further used for the
parametric study. Numerical models of X-HVB shear connectors are used to recognize
main parameters for shear connection behaviour, definition of main failure mechanisms

and quantification of main parameters for shear resistance of this type of shear connector.

1.5. Methodology of the research

In the scope of this thesis, analytical, experimental and numerical methods are

performed through:

- Investigation and analysis of the previous experimental investigations of shear
connectors with cartridge fired pins and new innovative shear connectors
which are also connected to the steel base material with cartridge fired pins.
Also, investigation included previous examination of cartridge fired pins and
design recommendations which can be find in different design codes.

- Experimental investigation of X-HVB shear connectors through standard push-
out tests and experimental investigation of cartridge fired pins through tension
and shear tests is performed. Moreover, standard tests to obtain properties of



materials used in the tests (steel base material, concrete and shear connectors)
are performed.

- Numerical 3D finite element models of shear connectors push-out tests and
tension and shear tests of cartridge fired pins with damage material models are
built and calibrated based on the results of experimental investigation.

- Developed and calibrated numerical FE models of shear connectors and
cartridge fired pins are used for parametric study.

- Prediction models for shear resistance of X-HVB shear connectors and pull-
out resistance of cartridge fired pins are proposed based on the results of

experimental and numerical investigation.

1.6. Outline of the thesis

The thesis is organized in following chapters:

Chapter 2 gives an overview of the most important characteristics of X-HVB shear
connectors, their development, previous examination and recommendations for
application in steel-concrete composite structures obtained by manufacturer. Also, the
literature review chapter gives information about other types of mechanically fastened
shear connectors, which can be used in composite construction. The second part of this
chapter presents the most important characteristics of cartridge fired pins and their design

recommendations which can be found in European and North American design codes.

Chapter 3 presents a small feasibility study which deals with application of X-HVB
s