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Abstract

Demountable steedoncrete composite structures can support circular construction by
enabling disassembly, reuse and adaptability, thereby rederowrgpnmental impacihis PhD
researchconducted in cooperation with the Budapest University of Technology and Economics
and the K£SZ GROUP Ltd., Hungary, devel ops
consisting of steel beams and precast reinfoooeatrete panels, utilising demountable shear
connectors to provide composite action while allowingditure separation and reassembly.

An extensive puslout experimental programmesupported by numerical simulations,
investigated six configurations of the proposed demountable shear connector to characterise its
behaviour A consistent multlinear loadslip response was observetith adequate stiffness,
resistance and ductilitgcross all variants, although detailing changes affected performance.
Failure was generally governed by bolt shHeanding, accompanied by local cracking and
spalling of the surrounding concrete or mortar, configrire key role of the local region

Full-scale composite beam tests with varying shear connection layoutsomeltected on
four specimens with a 518 span to examine thejtobal structural performance. The proposed
system achieved adequate stiffness, resistance and ductility. Failure was primarily governed by
bolt sheatbending, as observed in the ptmlt tests, accompanied by significant beam
deflection and panel slip.tAserviceability load levels, the specimens exhibited |edastic
behaviour without permanent deformation or damagkcating suitability foreuse

Global finite element modelsincorporating both stiffer and softer shear connector
mechanical modelslerived from pustout tests accurately reproduced the experimental
responsgproviding arenveloping and adequately safe representation of the structural response
A subsequent parametric study was conducted to identify and evaluate the influence of key
parameterand analyse the longitudinal slip distribution

A novel Eurocoddased design algorithm was developed to determine the effective shear
connector resistance, employing a cosiased slip function refined by a weighting function
to capture the observed behaviour. The method allows accurate estimatoth efastic and
plastic moment resistances, as well as serviceability checks for deflection and end slip.

The findings demonstrate that the proposed demountablecstagiete composite system
offers a technically comprehensive and sustainable solution for building construction,

delivering structural efficiency while enabling circularity through disassemllyeuse.

Keywords: sustainable structure, demountable steatrete composite structure, demountable shear

connector, pusiout test, beam test, numerical simulation, parametric study, destimod
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Latin letters
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Ac
do
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Ecm
Econcrete
Emortar
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EVM,sub,out
fed
feube
fcyl
fme
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ft
fyd

fy, fyl, fy2

Crosssectional area of the steel beam

Crosssectional area of the concrete panel

Standardisedolt hole

Elastic modulus of steel

Secant modulus of elasticity of concrete

Elastic modulus of concrete

Elastic modulus of mortar
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Designvalue ofcompressive strength of concrete
Cubecompressive strength of concrete at 28 days

Cylinder compressive strength of concrete at 28 days
Compressive strength ofiortarat 28 days

Flexuralstrength ofmortarat 28 days

Tensile strengtlof threaded rod (shear connectivom coupon test
Designvalue of yield strength of structural steel

Yield strengthof steel elementom coupon test



fua, fuz Ultimate tensile strengtbf steel elementsom coupon test

ha Depth of steel section

he Thickness of concrete panel

ly,a Second moment of area of steel beam about-tinasy
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ly,comp Second moment of area ajrapositesectionabout the yaxis

ko Beamstiffnessof the composite beafrom the beam tests

Kitex Reduction factor for resistance of nduactile shear connectors
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1 Introduction
1.1 Motivation

Sustainability is a defining challenge for the built environment, particularly because
construction relies heavily on carbon intens
reason, ongoing technological and desigrovations in structural engineering are essential to
deliver safe, efficient structures withi@aver environmental impacConsequently, structural
engineers have a professional responsibility not only to ensure safe and reliable performance,
but also to make informed design decisidhat reduce environmental impacts across the
Sstruct ur e 6Bemountable steelonadteecomposite systems support improved
circularity by enabling disassembly and reuse; nevertheless, their structural performance and
the associated design implications require systematic verification before wider adoption in
practice. This dissertatianvestigates demountable composite solutions through a combination
of experimental testing and numerical modellingtending to derivedesigroriented
conclusions foengineering applicatian
1.2 Key aspects ofsustainable construction
1.2.1 Demountable stealoncrete composite structures for sustainability

Transitioning towards a circular economy in the construction industry is essential for
achievinglong er m sustainability and mitigating the
The extraction of raw materials, high energy consumption, and the ieneyhconstruction
and demolition waste collectively represent major contributors to global resource depletion and
carbon emissions. In response, circular economy strategies increasingly emphasise the
minimisation of waste generation, the optimisatiomatterial and energy efficiency, and the
maximisation of resource recovery throughout the building life cycle. While recycling has
become an established practice, a key challenge for contemporary engineering lies in the aspects
of designing for deconstruon and reuse, which enables the direct reutilisation of structural
elements as a more environmentally responsible alternative to both conventional and recycled
building materials [2] Conceptualising buildings as future material banks facilitates the
efficient recovery, reintegration, and extended service life of components, thereby promoting
resource circularity [3].

Within this framework, demountable stexncrete composite structures represent a
promising alternative approach towards sustainable constru€tierdistinctive feature of the
system is the demountable shear connecstdiich enables the controlled separation and

reassembly of components without compromising gih@bal structural performance. By



enhancing adaptability, reusability, and the reduction of embodied carbon, demountable steel
concrete composite systems align with the principles of the circular economy and represent a
viable engineering pathway for the next generation of sustainablingugolutions. These
systems facilitate efficient dismantling and reassembly without compromising structural
integrity and performance, enabling the reuse of components across multiple life cycles.

1.2.2 Reuse and recycling potential of structural steel components

Steel, as a structural material, aligns inherently with the principles of the circular economy.

Its capacity for recycling allows the production of new steel from scrap metal while maintaining
equivalent mechanical and durability properties. This ckéseg process significantly reduces

the demand for virgin raw materials and contributes to minimising the environmental footprint

of steel production [5]. Although recycling plays a crucial role in reducing primary resource
consumption, the direct reuse oéalt components represents an even more effective strategy

for reducing CO emi ssions and conserving na

Several steel producers have developed and introduced green steel, which combines the
use of metal scrap with more environmentally friendly production technologies. These include
the application of direct reduced iron and the electric arc furnace routrgubly renewable
energy sources. These methods can reduce carbon emissions by up to 95%, and in some cases,
enable the production okearzerccarbonsteel [68].

Reusing structural steel elements can decrease environmental impacts by up to 95%
compared with primary production [9], with other studies showing that structures employing
reused steel beams and columns achieve embodied carbon reductions of aroundtiv& rel
to recycled steel, 43% compared with virgin steel, and 32o#wpared witha sustainable
conventional concrete structure [10].

Beyond the evident environmental benefits, reuse also reduces energy demand, avoids
melting and reprocessing stages, and preserves the embodied carbon already invested in the
material. A comprehensive review by Bartsch [11] highlights that the environradagatages
of steel reuse are a major driving force behind ongoing research and industrial interest.
However, significant barriers persist, particularly regarding the economic feasibility of
component recovery, the absence of harmonised European desgighings, and logistical
challenges related to dismantling and redistribution. While many technical prerequisites for
reuse are already available, Amchnical issue$ such as component classification, legal
liability, and the need for reliable digitalocumentationi still hinder widespread
implementation. Recognising the need for regulatory support, the CEN/TC 250/SC 3 Working
Group MnWN&RI4gn of Recl aimed Steel Components |



Eurocode EN 1993 provisions for reclaimed steel members [12]. This initiative raarks
significant step towardormalising steel reuse and advancing the circular transition of the
construction industry.
1.2.3 Prefabricated concrete for environmentally efficient construction and reuse

The prefabrication of reinforced concrete elements offers multiple advantages, including
enhanced concrete quality and durability, improved dimensional precision, fassge on
assembly, and reduced material waste. However, transportation logisticscptasabrole, as
the mass and geometry of prefabricated components largely determine their feasible size and
the associated transport distance, which in turn influences both cost and environmental impact.
Despite its benefits, prefabrication involvesheginitial costs due to the use of steel formwork,
precision drilling, higkstrength bolted shear connectors, and mortar filling operations.
Nevertheless, studies indicate that prefabricating concrete elements can reduce embodied
carbon by approximatelyO% compared with conventional-gitu construction methods [13].
In addition to prefabrication, the incorporation of limestone and fly ash as supplementary
cementitious materials can reduce carbon emissions by738%p primarily due to the lower
energy regirements of binder production [14]. The use of recycled aggregate concrete further
contributes to preserving natural mineral resources and mitigating environmental impacts [15].
Moreover, the structural and mechanical performance of these concretenisaftparable
to, or even enhanced over, that of conventional cement concrete. Optimising precast concrete
floor panels can significantly reduce their mass, leading to improved transport efficiency, lower
energy demand during construction, and, conseqguyeatl notable reduction in overall
environmental impact [16]. Recent case studies l@monstrated that the reuse of concrete
structural elements is feasible and can lead to reductions of up to 60% in carbon emissions and
40% in energy consumption compared dquivalent structures built from new concrete
materials [1718].
1.2.4 Design for deconstruction and reuse

A key challenge for modern engineering is to adopt design for deconstruction (DfD)
principles, which encourage the reapplication of structural elements as a more environmentally
responsible alternative to conventional or recycled materials [1]. This appotays a crucial
role in reducing embodied carbon by facilitating the reuse and recycling of components, thereby
diverting construction waste from landfill and decreasing the demand for eatbosive
virgin resources [121].

Recent studies indicate that the deconstruction pt@stibutes approximately 280%

of total life-cycle emissionsmainly due to machinery usmaking it the secontargest source,



after material production. This finding underscores the importance of minimising equipment
related carbon impacts and implementing DfD principles to managefdiie emissions
effectively [2223]. Although DfD may initially involve higher costs due to specialised
connections and increased design effort, its{@mm environmental and economic benefits are
substantial. When combined with material banks and efficient deconstruction planning, the
approach offers significant |feycle cost savings by redag waste disposal requirements and
enabling the direct reuse of components [9,24].

Quantitative studies demonstrate that proper implementation ofoelesgeed design can
achieve embodied carbon reductions ranging from 12% to 68%, considering optimised
manufacturing, faster assembly, reduceesibe equipment usage, and minimal matesiaste
[25]. Designing demountable stemincrete composite floors can significantly reduce the
environmental impact compared to conventional systems, even when transportation effects are
considered However, longer transport distances may partially oftbetse benefits by
increasing the overall environmental footprint [26]. Moreover, extending building life cycles
through multiple reuse iterations can yield relative cost savings of up to 75% and-carbon
footprint reductions of approximately 50% after threese cycles [27].

Despite its clear potential, several barriers continue to limit widespread adoption, including
the absence of standardised connection details, technicat@andmiauncertainties, and a lack
of regulatory frameworks to support circular construction [21,28]. However, the integration of
DfD principles with digital toolg particularly Building Information Modelling (BIM) has
been recognised as a key enabler, allovianghe optimisation of material recovery and reuse
potential from the earliest designges [29].

1.2.5 Demountable structurdaa practice

Existing demountable buildings demonstrate that reversible construction can operate
credibly across typologies and scales, enabling buildings to be disassembled, relocated and
reconfigured rather than demolish&these principles are especially valuable for temporary or
adaptive applications such as event venues, parking facilities, and modular offieelsere
standardised building layouts, prefabrication, and dry (mechanical) connections support rapid
assemblyefficient transportation, and Ilowaste trasformation over time.

A series of higkprofile precedents illustrates this viabilifihe Temporary Courthouse in
Amsterdam B0] demonstrates how a bolted sttet ame A bui |l ding kito
explicitly for dismantling and relocation; now being reassembled for a new function, it
illustrates how public buildings can be conceived as reusHideNetherlands Pavilion at Expo

2020 Dubai[31] extends the approach through circular procurement: it was designed for

10



disassembly, with primary construction materials intended to be returned to local owners and
reused after deconstruction. Stadium 974 in Q&2 confirms the feasibility of its
infrastructure scale by basing its design around modulariusitscifically, shipping containers

T within a repetitive steel frame, allowing for the dismantling and transportation of major
elementsfor redeployment. Building D(emountable) in Del[f83] further demonstrates
everyday applicability through a modular-kit-parts ad dry, demountable detailingimed at
facilitating future disassembly and reconfiguratioRarking structures provide particularly
strong evidence of marketady demountability because their repetitive layouts suit
standardisation and reassembiigr T U Del ft 6 s Rot t d3¥dteernempang g car
reports that 98% of the structure above the foundations can be reused at another location,
positioning the building as a relocatable resource. A demountablepa®@ multistorey car

park for ASML in Veldhoven35] similarly combines bolted steel connections with doub&

slabs detailed for rersibility, enabling future disassembly rather than demolitfomlonor
skeleton approacimvolves reusing structural elements recovered from buildings that have
reached the end of their functional lifen the basis that their technical service life is typically
longeri thereby avoiding new steel production and its associated impacts; at Milieupark De
HER in Rotterdanfi36], this materialed strategy meant that the available donor frame became

a key determinant of both architectural and structural desigaibling approximately 75% of

the structure to be realised from reused elemérits. Bispehaven pilot project in Aarhus
(Denmark)[37] demonstrates that structurally verified reuse of precast concrete elements is
feasible athebuilding scale and can deliver meaningful embodiabon reductions.

These exampledemonstrate that demountable construction is not merely theoretical:
when reversible detailing is combined with appropriate logistics, documentation, and
procurement, buildings can se®material banks and adaptable platforms across multiple life
cycles.

1.2.6 Summarnyof thesustainable background

Transitioning construction towards a circular economy is framed as essential for reducing

resource depletion, embodied energy, and greenhouse gas emissions by prioritising waste
prevention, material efficiency, and highlue recovery across the entirellung life cycle.
Within this paradigm, designing for deconstruction and direct reuse is presented as the most
effective strategy, with buildings conceptualised as material banks whose components can be
recovered, re certif i eodsofdfundional and econbnoigvalue. wi t h

Demountable stealoncrete composite systems are highlighted as a particularly promising

pathway because demountable shear connectors enable controlled separation and reassembly
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of steel and concrete elements while preserving overall structural performance. Structural steel
is described as inherently compatible with circularity due to its citsga recyclability;
however, recent research indicates that direct reuse of membelslivar substantially greater
embodied carbon reductions than recyclirRyefabricated concrete construction offers
improved quality control, faster esite assembly and reduced construction waste, and can
reduce embodied carbon relative to comparab&tigssitu solutions in suitable contexts.
However, transport distances, element mass and higher upfront costs can temper these benefits.
The use of lowcarbon binders, recycled aggregates, and structural optimisation can further
improve environmental pefmance Several ase studies demonstrate ttia deconstruction
and reuse of structural elements are technically feasible and can significantly reduce emissions
compared to producing new components.
1.3 Stateof the art in demountable steelconcrete compositestructures
1.3.1 Overview

The widespread application of welded headed studs in®iaetete composite structures
presents considerable difficulties when disassembly and reuse are required. These connectors
become permanently embedded within the concnetaking their removal both labour
intensive andaftencausing damage or loss of materials. Furthermore, the dismantling process
necessitates significant mantletbourand energy input, thereby diminishing overall efficiency
and sustainability. Achieving cosffective and practicatlemountability thus relies on the
development of an optimally engineered shear connection sybtetontrast to traditional
welded studs, the demountable composite system utilises structural bolts as shear connectors,
thereby facilitating both dismantling and reud&imerous alternative solutions have been
proposed in the literature, seeking to optimise the balance between structural performance,
simplicity of reuse, and sustainability.
1.3.2 Literature overview on@mountable shear connect®n

Demountable shear connectors in stamicrete composite structures build upon
foundational mie20thcentury research by DallanB8§] and Marshall et al.39], which
established the mechanical behaviof high-strength bolted and friction grip connections.
Their studies demonstrated effective shear transfer between steel and concrete, confirmed the
structural feasibility of composite beams with resistances comparable to welded studs, and
highlighted the advantages of bolted systems for assembly and dishssEnmeise findings
paved the wayfor reusable composite systems and have subsequently enabled continued
development and refinement of demountable shear connector technologies.

Lam et al.[40] and Rehman et aJ41] found that threaded headed studsployed as
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demountable shear connectors, demonstrate comparable behavioural characteristics (stiffness,
resistance, and ductility) to welded headed studs, while also enabling deconstruction, making
them a practical alternative. While headed studs provide high initial stiffness by ensuring
immediate composite action, demountable systems require laotidroles (oversized holes)
to accommodate construction and reuse. These oversized holes introduce an initial slip before
composite action engages, thereby reducingnilial stiffness. This undesirable effect should
be mitigated through optimised design and construction techniques. Pavlovic[4P]al.
investigated the influence of an initial balble clearance of 1.0.2mm and reported that it
does not significantly affect ultimate behaviour. They also demonstrated that bolted
connections achieve resistance nearly equivalent to welded studs, although with more brittle
failure modes and reduced ductility.

Exact tolerances depend on the specific structural concept and detailing; however, steel
structures designed in accordance with EN 1R9a3] typically permit bolt holes to be

oversized by 2 mm (radial clearance), depending on Hwdt diameter. Precast concrete

elements following EN 13369:20284] al | ow posi t i omif@ranchosslarelr anc e
di mensi onal t o i2@mma Whoea somhined, these dB\viations may lead to

erection mismatches of approximately r@th, often requiring oisite shmming or grouting.

Given that the maximum allowable tolerances for both steel and concrete components exceed
1 mm, careful attentiomust be given taesigning demountable connectors. This detailing is
critical because these tolerances significantly affect connector performance and, consequently,
the structural behaviour of the demountable system.

To overcome these challenges, several innovative methods have been proposed. Kozma et
al.[45] introduced coupler systems and frictignip bolts to enhance shear transfer, while Sarri
[46] exploredthe use of resin injection into bolt holkesimprove connection performance and
mitigate the effects of [4] dewaloped 2 eubable boltee & . Jak
profile with welded studs, which transfers shear force through two shear planes, achieving
adequate performance while reducingsite labourDing et al.[48] demonstrated outstanding
stiffness and shear resistance in prefabricdtgghway bridge beams by employing high
strength, largeliameter bolts combined with steel filneginforced concrete blocks.

Suwaed49] develos demountable shear connectors for precast-staetrete composite
bridges using high strength bolts with a spe
oversized holes, thereby enabling accelerated construction, accommodating precast tolerances,
and allowingcompletedisassembly and replacement of slabs, beams, and connectors with shear

resistance and stiffness exceeding conventional welded Suahkes by Heet al. p0,51]
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establish the lockbolt demountable shear connector as a robust alternative to welded studs,
demonstrating through comprehensive pagh and combined shestension tests that it
provides high shear resistance, adequate ductility, and reliable performance undexialulti
loading, while enabling full deconstruction and reuse

Chen et al.[5253] devised an innovative interlocking web connectwith design
recommendation®r precast floor diaphragms that eliminates the need for traditional welding
or bolting, thereby improving assembly, disassembly, and reuse efficiénoyet al. 4]
proposed a puzzshaped interlocking connector for precast slabs and demonstrated that the
net section capacity of the connection can be reliably predicted, providing design equations that
ensure sufficientesistancavhile preserving full demountabilityGuo etal. [55] developed a
rapidly constructed demountable continuous shear connector that is unaffected by installation
tolerance, demonstrating that it can achieve adequate shear resistance and slipvdaifgacity

enabling rapid installation and full reuse of composite members.

1.3.3 Experimental investigations duall-scale demountable composite beam tests

Recent investigations on demountable composite beams have assessed the performance of
demountable shear connectors, focusing on their structural response, governing failure
mechanisms and potential for reuse of components

Composite beams with spans of 2, 5 andnl@ere tested by Moynihan et §b6],
comprising S355 UB2541 1ran2thick 816R0 norolithicceadtei o n s
slabs with steel decking, connected using M20 8.8 embedded bolts as demountable shear
connectors. Observed failure modes included steel yielding, deck delamiraitbrcone
shaped pulbut, with end slip values ranging fromn#n to 26 mm. Although the shear
resistance exceeded Eurocode predictions, the bending resistance was slightiigdowieat
of comparable composite beams with headed studs, primarily due to construction tolerances
affecting the demountable system.

Ataei et al[57] tested four n span composite beams comprising S355 460UB67.1 steel
sections and 156 im thick C40/50 geopolymer concrete slabs. The reference specimen
incorporated a monolithic continuous slab with embedded bolts, whereas the remaining beams
employed discretel000mm wide and 1000mm long panels with prefabricated holes,
connected using M20 8.8 passtalled frictiongrip bolts in varying numbers. Observed failure
modes included concrete crushing &odkling of the longitudinal reinforcemernithe friction
grip boltedshear connectors enabled beams with partial shear connection to achieve stiffness

comparable to those with full shear connection. Although the monolithic slab with embedded
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bolts provided a higher ultimate load capacity, the precast panel configuration developed
localised compression transfer, leading to longitudinal splitting at high load levels and an
increase in ductility. All demountable specimens could be successfaibnsteucted within

the service load range, allowing reuse of the structural components.

Rehman et a[58] investigated a 5.th span composite beam comprising an S355 IPE300
steel section and a 120m thick C30/37 monolithic concrete slab with steel decking, connected
using 17mm threaded headed studs as demountable shear connectors. Compared with an
equivalent beam with welded connectors, the demountable specimen exhibited broadly similar
global behaviour but with reduced initial stiffness due to slip at the sbeerete interface and
enhanced ductility. Failure was governedthgyielding of the steel sectigraccompanied by
limited concrete cracking, and the ultimate bending resistance was in close agreement with
plastic theory predictions. The beam could be successfully demounted and reassembled at the
working load level, demonstrating the practicality of deenountable connection concept.

Nijgh et al.[59] conducted fuHlscale tests on a 14m span composite beam comprising
an S355 tapered steel girder (5B@bmm deep) and 12Gm thick, prefabricated C30/37
concrete slabs. The system employed M20 8.8 bolted shear connectors, M20 10.9 embedded
couplersand M20 8.8 external bolts, with epoxy injection used to eliminate slip in the oversized
bolt holes Several connector layouts were investigaé@d all provided adequate bending and
shear stiffness. Epoxy injection effectively suppressédl slip in thebolt-holes, enabling
immediate and uniform composite action under live loading. Furthermore, concentrating
connectors near the supports reduced both midspan deflection and interface slip

Kozma et al[60] investigated two 6n span composite beams comprising S355 IPE360
steel sections and two longitudinally continuous @80 thick C35/45 monolithic concrete
slabs with metal decking. One beam, using M20 8.8 friagigp bolts as shear connectors,
failed through concrete crushing accompanied by crest cracking and shear deformation of the
bolts. The second beam, incorporativig0 8.8 embedded bolts and couplersdibited a lower
ultimate resistance and failed progressively, initially due to shear connector failure and
subsequently t@oncrete crushing. Both beams exhibited higher-lmadying capacity than
comparable specime with headed studs reported by Nellinger ef@&l], confirming the
efficiency of bolted shear connectors at low degrees of shear connection. The demountability
of the system was demonstrated, as no visible cracking or plastic deformation occurred at
working load levels.

1.3.4 Nunrerical investigations on demountable compobié@ams

Apart from laboratory investigations, numerous studies have focused on the numerical
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modelling of demountable steebncrete composite beams, with particular emphasis on
accurately capturing slip and nonlinear shear connection behaviour. K6Zhteveloped an
analytical and numerical framework within pariateraction theory, employing multilinear
loadslip relationships to represent the nonlinear response of demountable shear connectors.
Jakovl j e[63 dsed étealimehsional nonlinear finite element models to simulate
composite beams with preloaded and -pogloaded bolts anthrge bolthole clearances,
highlighting that detailed contact and slip modelling is crucial for reliable prediction of stiffness
and ductility. Honarvar et al[64] analysed a blindbolted composite beam subjected to
combined flexural and torsional loading, demonstrating that an explicit representation of bolt
geometry and contact conditions can reproduce global-deé@mation behaviour, slip
development and torsional stiffness with good accuracy.

Long et al[65] combined experimental, numerical and analytical studies on prefabricated
demountable composite beams with bolted shear connectors, confirming that calibrated
numerical models can reproduce both global and local flexural responses and that Eurocode
based dsign methods for conventional composite beams remain applicable to demountable
systemsDai et al.[66] numerically investigated cellular composite beams with demountable
connectors and conducted a parametric study on the influence oétsostrength, connector
layout and the asymmetry ratio of the cellular steel section, achieving accurate predictions of
moment resistancele et al[67] carried out comprehensive experimental and numerical studies
on demountable composite beams with iftigh-performance concrete and flat or corrugated
webs under negative bending, with finite element simulations accurafiglgting thecracking
behaviour, stiffness evolution and ultimate lazatrying capacity.

Ataei et al.[68] developed and validated detailed nonlinear finite element models of
innovative semrigid composite bearto-column joints with precast slabs, higtrength steel
components and demountable frictignp bolted shear connectors; the models closely matched
experimental results and supported a broad parametric study that informed a simplified
analytical model for predicting joint moment and rotation capacitlg<st al.[69] performed
advanced nonlinear finite element analyses and pararnretestigations on coped composite
beamcolumn connections, showing that the models reliably captured plastic deformation

patterns and strength behaviour.
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1.3.5 Design of demountable stemncrete composite beams

Although research on demountable composite beams has grown in recenimgsirs,
studies haveconcentrated on experimental behaviour rather than on developing consistent
design methodologies. Eurocodlg70] provides calculation procedures for conventional
composite beams, covering elastic and plastic resistance checks alongside serviceability
criteria, but it does not yet include specific provisions for demountable systems.

Several authors have proposed analytical approaches to describe slip distribution and
connector behaviour within a [dlexnidgnS ¢ ftea x t
introduced cosindased slip functions linked to the bending moment distribution, while
Lawson[73] verified simplified elastic methods for predicting slip and effective stiffness. More
recently, Kozmg74] developed algorithms farharacterisingghear connectors and proposed
adaptations tailored to reusable shear connection systems, extending Ewmupdéble
design concepts to demountable applications. The recently published guidance on demountable
composite structurd3d 5] offers practical recommendations for design, detailing and execution,
providing engineers with an essential framework for implementing @umsated solutions
within the existing Eurocode environment and helping to bridge the gap between research
advancs and engineeringractice.

1.3.6 Summary of the literatuneview

The literature overview shows that demountable steetrete composite structures form
an active and increasingly important research field, driven by the need for reuse and reduced
environmental impact. The proper design of the key component, the demountable shear
connector, is cruciafor achieving adequate stiffness, resistance, and ductility while still
permitting thedisassembly and reuse of structural elements. Demountable systems inherently
require appropriate assembly tolerances, whitpracticelead to oversized bolt holes for the
connectors. Thesgearances introduce initial slip at the interface and a corresponding reduction
in the initial stiffness of composite beams. As a result, connector detailing and installation
methods must be carefully controlled and optimised to limit this initial sipstiffness loss
while maintaining practicality and robustness in construction.

Recent research on demountable shear connectors has yielded a range of versatile solutions
for both monolithic and precast concrete slabs, including systems with threaded headed studs,
high-strength bolted connectors combined with resin injection, presttesid embedded
couplerbased connections, specialised bolted details, and alternative interlocking shear
connector concept&dvances in connector design and installation techniques can effectively

mitigate the effects of initial slip and the associatstliction in stiffness. However, while these
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innovative approaches enhance performance, their reliance on specialised components and
processes may introduce additional complexity and cost in practical applications.

Beam tests reported in the literature confirm that demountable shear connectors can deliver
globalstructural performance comparable to conventional wedtiedl systemsvhile enabling
the dismantling and reuse of members. Across different connector types and slab
configurations, demountable composite beams generally achieve similar stiffnedsdoad
capacity and ductility, with observed failure modes including concrete crushing, bolt
deformation and localised splitting, depending on the specifiogeraent. In all cases, the
beams remained demountable within service load ranges and could be disassembled and
reassembled without significant damage, demonstrating their practical reusability. Furthermore,
several studieBave shown that bolted shear connectors with relatively low degrees of shear
connection can still provide stiffness levels comparablthose of fully connected systems,
while greatly facilitating efficient deconstruction.

Numerical investigations based on advanced finite element modelling have successfully
reproducedhe global and local responses observed in experiments, clarifying the influence of
connector layout, concrete properties, and interaction mechanisms on stiffness, dawtility,
load-bearing capacity. However, most models are calibrated against specifioyiudditasets
and are tailored to particular connector geometries or joint details, limiting their generality for
beamlevel design across different demountable systems.

Designoriented research on demountable composite beams remains relatively limited
compared with the extensive experimental work, and current Eurdcqdevisions still
address only conventional, ndemountable systems. Analytical developments, including
cosinebased slip formulations and connector characterisation methods, together with recently
published guidance documents, extend Eurowmhepatible concepts to reusable shear
connections and provide practical recommendations for design and detailing, b
comprehensive, generally applicable design rules for demountable beams anawilable
1.4 Researchgap and problem definition

In line with current sustainability drivers, design for deconstruction and reuse is an
essentialmindset for promoting resource efficiency in the construction sector. Although
existing research and built case studies provide valuable insights, there is no single standard or
generally applicable guidance that can be directly adopted for all desigticsis; each project
therefore,requires casepecific solutions and detailing decisions, with limited consolidated
guidance on deconstruction, storage, lgss and reassembly. Within the broader seibtibns

necessaryto enable circularity in buildingscareful structural design and detailing of
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demountable systems remains a key engineering task.

Several studies have investigated demountable -st@erete composite structures,
including largescale experimental tests and design propobbis/ever, available guidance is
often tied to a specific connector concept or remains excessively general, making it difficult to
make reliable design decisions, which may lead to overdesign or, in the worst case,
unconservative assumptions. More accurate and practically applicable design guidance is
therefore required, particularly where construction tolerancesceded with bothole
clearance influence fitp and structural responsand must be addressed through detailed
design
1.5 Aims and objectives of theresearch

The research presented in this dissertation, conducted in cooperation with the Budapest
University of Technol ogy and E c o n@roup,c s an
bim.GROUPLtd., Hungary, aims to developsastainablesteetconcrete compositstructural
system|l everaging the partner s andhuildaxperienceaénd r equ i
available fabrication infrastructureithin the Eurocode design conteXhe key objective is to
provide a scientific basis for system development by clarifyinguthigue physical and
mechanical response of the proposed system arising from its novel detailing and system
arrangement. The research focuses on laboratory experiments and numerical simulations,
enabling systematic evaluation of both shaamnectioAlevel and membefevel behaviour.
The study identifies governing failure mechanisms and quantifies the key performance
parameters required for subsequent desiggnted assessmeifithe primary objective of the
research is to develop a dedicated calculation algorithm that reflects the characteristic behaviour
of the proposed composite system and provides procedures for determining the effective
connector resistance, elastic and ptastioment resistance, and relevant serviceability limit
states including deflection and end slip. The propdsapproach is intended to remain
consistent with existing Eurocode provisions while extending their practical application to the
developed demountable composite beam system, with explicit consideration of dismantling and
reuse.
1.6 Methodology

The PhD researdheganwith the development of a demountable ste@icrete composite
system, with particular emphasis on the demountable shear conireglementingthe state
of the art inrecent researdindingsandsustainabilitytrends During the development process,
the industrial partnerds requirements and n

construction details were incorporated to facilitate fabrication, assembly and ereetioles,

19



particular attention was given tmprovedtolerancesand the effects of behole clearance
during assembly and reassembly.

A detailed pustout test programme was designed and conducted using multiple
configurations to characterise the local behaviour of the proposed demountable shear connector
and to evaluate key parameters such as stiffness, resistance and ductility. Totlesten
experimental study, numerical simulations weoaducted to identify additional factors that
govern the response and to supportitierpretation of the test results.

Largescale beam tests were then designed and executed to investigate the global behaviour
of the developed composite system for different connector arrangementsramdtepanel
configurations. In addition téhe global response, failure modes, deflection, and slip were
assessed, and elastic behaviour with reusabilityewasiined at serviceability load levels.

To extend the global analysis, numerical models were developed and calibrated against the
pushout and beam test results to reproduce the observed behaviour. A parametric study was
thenconducted to identify the governi nagrogar ame:’
practical design cases.

Based on the observed connector and beam behaviour, a design calculation procedure was
developed that follows the slip distribution and enables the determination of the effective
connector resistancas well as ultimate and serviceability limit state checks for the proposed

composite system.
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2 Proposeddemountable steelconcrete compositesystem
2.1 Industrial background and initial concept

In I'ine with the practical needs and exper
its strategic design partner bim.GROUtd., this research develops a novel demountable-steel
concrete composite beam system within tentext of Eurocode designt optimises
demountable shearonnector performance to support structural efficiency, reliability and
practical applicabilitytailored forenabling largescalebuilding applications, whilenabling
reuse over several life cyclesline with current sustainability driver§he key aim is to exploit
complete prefabrication of both steel and reinforced concrete components to enhance element
quality, reduce osite labour requirements, while enabling rapid assembly and reassembly
using straightforward, cogfffective constructin technologies with clearly defined tolerance
limits suitable for industrial production.

KESZ Group operates dedicated fabrication
structures, which creates a strong incentive to develop a system that can efficiently utilise and
integrate both production streams within a single structural cor@epsequently, the system
has been conceived from the outset through close collaboration between fabrication, assembly
and design teams, ensuring that detailing reflects workshop capabilities, erection logistics and
engineering performance requirements.shihdustrial partnership anchors the research in real
project constraints and provides a direct pathway for the developed demountable composite
system to be adopted in practice.

2.2 The developed system

The proposed structural systaompriseshotrolled steel beams and precast reinforced
concrete panekhat incorporate embedded steegbfiles along their edge€omposite action
is provided by threaded rods embedded in the panels, which function as demountable shear
connectors Key innovations aimed at enhancing thelt-hole clearance, fabrication and
construction feasibilityalong with structural performance (initial stiffness, resistance, and
ductility) of the shear connectors are illustrateéigure 1 and include:

1 completely precastreinforced concrete slab elements without osite concreting,
enablingstraightforwardconstruction access,
embedded steel-@rofiles to improve panel alignment and bolt positioning,
mortar filling (grouting)around the connectors to achieve tighter tolerances,

embedded nuts within the mortar to enhance construction efficiency and stiffness, and

= =4 4 =

connection plate between precast slabs to provide global structural stiffening.
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Figure 1 Theproposed structural system

The proposed structural system prioritises prefabricagmabling improved concrete
quality and durability, while also supporting efficient mass production through standardised
geometries and reusable steel formwork. The embeddadfilles provide a protective edge
formwork, facilitate erection and control bolt locations and toleratredrilled holes in these
assemblies allow the use of demountable shear connectors wittmackarance in the steel
beam flange. During assembly, threaded rods witheeladdd nutsas shear connectorse
inserted into ribbed tubes in the panels, the lower nut at the flange side is tightdrad to
snugtight with no dedicated prestressing forcand the tubes are subsequently filled with
mortar(grouting) which remains confined to the precast element so that the steel flange holes
stay unfilled and the connectors remain removable. Connection plates are then positioned on
top of the panels to provide additional local stiffness and enhance plenig behaour of the
slab. As an alternative detail, the threaded rods may be cast directly into the precast panel
without mortar filling, which simplifies the oesite process but requires a lardgmit-hole
clearance (4nm) in the steel flange to accommodate fabrication tolerances. In both
configurations, demounting is achieved simply by loosening the nuts, allowing the panels and
beams to be separated withadbhe need forcutting This approachprovides a practical,
demountable solution that utiliséamiliar constructiongchniques while maintaining reliable
composite actonThe protruding threaded rod connecto
within local recess pockets that avoid any interference with floor finishing; since these recesses
do not influence the structural behaviour, they were not considered in the development.

During the demounting of the structural system, damage to individual shear connectors

may necessitate their replacement. directly embedded threaded ragplacement is
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challenging because removal would require drilling through the embedgedfie and the
high-strength concrete panel, along with the bolt, followed by refilling the resulting void with
concrete or mortar of comparable quality to preserve structuratitgtdg contrast, connectors
embedded in mortar fillingan be replaced more easily: the mortar surrounding the bolt acts as
a sacrificial element that can be drilled out, allowing installation of a new threadedthod
nuts and fresh mortar. This replkeability is a key practical advantage of the mefiléed
detailing.

Although the prefabrication and detailing of the sysiesteel formwork, drilled holes,
high-strength threaded connectors and mortar fillingad to higher initial fabrication costs
compared with conventional monolithic solutions, sithenable significantly faster esite
erection, reduced waste generation and more controlled qaadltgurability which can lower
overall construction costand environmental impadtlore importantly, the ability to dismantle
and reuse the structural components with minimaditemlabour and intervention considerably
reduces embodied carbon over multiple life cycles and supports circular construction principles.

The developed system therefore provides a straightforward assembly and disassembly
procedure based on simple bolted technologies, without the need for specialised labour, and
delivers reductions in construction time, cost and environmental impact retatragitional
steelconcrete composite floors.

2.3 Environmental impact and reusability of the proposed system

Recent researcindicates that combining the direct reuse of structural elements with
prefabricated reinforced concrete and design principles for deconstruction offers an effective
approacho reducing embodied carbon and advancing circularity in building construction. The
proposed demountable stegincrete composite system is consistent with tipegpositiors,
as it integrates reusable steel beams and precast concrete panels connected through demountable
shear connectors, explicitly targeting multipleviee lives rather than a single use.

The adopted configuration enables rapid assembly and complete disassembly without
damaging the main componerdaipwing elements to be returned to a material bank for reuse
in future projects or to be used diredlythe same structure at a different locati®ynavoiding
traditional wet joints and demolitieimtensive separation of steel and concrete, the system
preserves the embodied carbon of both materials, while significantly reducing waste generation
and machineryelated emissions #te end of lie compared toonventional composite floors.
Prefabrication further improves dimensional accuracy, quality cordral durability, and
minimises orsite material losses and energy use during construction. Although fabrication and

connection detailing may be more expensive initially, these costs are offset over time by lower
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life-cycle expenditure, reduced demand for new matemald,avoidance of emissions from
new production.

The environmental performance of the system could be enhanced even further by using
low-carbon materials such as green steel, recycled aggregates, and concretes with
supplementary cementitious materials and reduced clinker content. These maeadieen
shown to significantly lower embodied carbon while maintaining structural adequacy. The
development and optimisation of these material choices fall outside the scope of the present
work, but theerepresent a promising direction for future refinemenhefconcept.

Overall, the proposed system illustrates how a carefully engineered demountable
composite structure can combine environmental benefits, economic efficiency and practical
constructability, contributing to a circular, lesarbon construction sector in whiomaterials
retain value through reuse and adaptation rather than disposal.

2.4 Embodied carbonanalysis of the proposed system

To analyse the reuse potential of the proposed system, the embodied carbon was
determined using a simplified calculation that focuses on the effect of demountability,
concentrating on module D1, the output flows associated with reuse and recycling nigllowi
the approach set out iiig]. Environmental Product Declarations (EPDs) were provided by the
industrial partner for the steel component3][and precast concrete elements]][ while
additional EPDs were selected for the mortar fillidg] and the theaded rods30]. In all cases,
only the product stage (AA3: raw material supply, transport and manufacturing) was
considered, as these modules are the most relevant for the global embodiedwaditaD1,
expressed iRgCOye/t was calculated usingq. (1) [76], whereMwr,outis the mass of recovered
material from the existing systeriivr,iniS the mass of input material that has already been
recovered from the previous system according to the provided ERBSier.cow,cut€presents
emissions and resource consumed from material recovery; simplified values kaf D@/t
for steel reuse, 5KyCOelt for steel recyahg, and 10 kgCOyelt for concrete recyoig were
adoptedfrom [76]; Evm,sub,out denotes themissios and resourcessefrom acquisition and
preprocessing dhesubstituted primary material, here talkenthe sum of A1, A2 and ABm
the respectiviEPDs; andhe quality ratioQrou/Qr,subis set to 1.0 for every casassuming

equivalence between reusadrecycled and primary materials
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I n this study, three end of | ife scenarios

and their connectorpresent inrablel with the corresponding D1 results, and listed below:
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1 Sc 17 Baseline scenaricstructural steel elements are assumed to be reused at 7% and
recycled at 93%, while 20% of the reinforced concrete is recycled and all shear
connectors are sent to landfill, consistent with the reference EPD assumptions.

1 Sc.271 Low-reuse scenario: Steel and concrete elements are assumed to be reused at
80%, with no reuse of connectors; all connectors are treated as waste at end of life.

1 Sc 371 High-reusescenarioBoth steel and concrete elements are assumed to be reused
at 95%, and 80% of the connectors and associated mortar filling are also reused.

Table 1.Reuse and recycle scenariwith the corresponding D1 factém kgCQel/t for each component

Steel Concrete Reinforcement Mortar filling Shear connector|
Reuse | Recycle| Reuse | Recycle| Reuse | Recycle| Reuse | Recycle| Reuse | Recycle
Sc. 1 7% 93% 0% 20% 0% 20% 0% 0% 0% 0%

D1 -108.7 | -338.2 0.0 -34.3 0.0 359.4 0.0 0.0 0.0 0.0
Sc.2 80% 20% 80% 0% 80% 0% 0% 0% 0% 0%
D1 -1242.2| 576.2 | -145.2 0.0 |-1085.6| 570.8 0.0 0.0 0.0 0.0

Sc.3 95% 5% 95% 0% 95% 0% 80% 0% 80% 0%
D1 -1475.1| 764.1 | -172.5 0.0 -1289.1| 570.8 | -238.4 0.0 -2896.0| 0.0

For the calculation, a singlens long beam test specimen was considered, incorporating
the proposed details (C profile, connection
in Sectiord.1 In the reference solution, the steel beam and concrete panel are identical, but
welded headed studs are used instead of the proposed demountable shear coandction
Scenarial was adoptedA summary and comparison of module D1 and the embodied carbon
of each component in all scenarios, including the referecase, together with the
corresponding quantities and AB factors, is presented Trable2. The total embodied carbon
of the beam in each scenario, the corresponding value normalised per metre, and the relative

value with respect to the reference case are also included.

Table2. Summary and comparison of the moduleddd theembodied carbofor each component

Quantity | A1-A3 Module D1[kgCOuelt] Embodied carbofkgCOue/t]
Component

[kg] |[kgCQefl | Sc.1 | Sc.2 | Sc.3 | REF | Sc.1 | Sc.2 | Sc.3
IPE360 342.4 | 1752.7 | -446.9 | -710.9 | -665.9 | 447.1 | 447.1 | 372.1 | 356.7

Precastoncrete | 1740.0 | 1815 | -34.3 | -1725 | -145.2 | 256.2 | 256.2 | 63.2 15.8
Reinforcement 58.2 1557.0 | 3594 | -718.4 | -514.8 | 111.5 111.5 60.7 48.8

Steel assemblies 120.6 | 1752.7 | -446.9 | -710.9 | -665.9 0.0 1575 | 131.1 | 125.6
Mortar filling 28.1 298.0 0.0 -238.4 0.0 0.0 0.0 8.4 1.7
Shearconnector | 12.6 | 38200 0.0 |-2896.0| 0.0 0.0 0.0 48.1 11.6
Headed stud 4.8 1752.7 | 0.0 0.0 0.0 8.4 0.0 0.0 0.0

Totalembodied carbofkgCOe/t] | 823.2 | 10288 | 683.5 | 560.3

Embodied carbon for th [kgCOe/t/im] | 137.2 | 1715 | 113.9 93.4

Relative embodied carbon to the referen¢( 1.00 1.25 0.83 0.68
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The results show thdlhe proposed demountable system when reuse is not considered
Sc.1,has 1.25 times the embodied carbon of the reference solution, the conventional composite
beam with weldecheaded studsin Sc 2 , representing a | ow reus
connector damage, the embodied carboonly 83% of the referencand a 33% reduction
occurgelativetoScl.Re pr es ent i ng iaSchsjthe bmbodedcsrbon s eedueed
to 68% of the referencegiving a54% reduction comparetb Sc.1. The comparison of the
embodied carbon values relative tanlis presented irFigure2. Overall, the detailing
improvements in the proposed system, which increase both material quantities-&3d Al
emission faairs, lead to a higher initial embodied carbon and expected higher initial costs, but
even modest levels of reuse allow these upfront burdens to be offset over the lifBegicles,
the trends and magnitudes of embodiadbon reductions observed in the reuse scenarios are
consistent with reductions reported for reusable constructiBfiglandwith the considerable
upfront savings found for buildings using reused concrete eleff@t3 hese results indicate
that the proposed system provides a prorgibisis for design for reuse, with embodsadbon
performance that aligns with key sustainability aspects and principles discuSssdiaml.2

204Q Embodi ed clanfkbgoGét/m]o r

154
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Figure 2.Embodied carbolgomparison forl m ineach scenario

The embodied carbon assessment presented i

which should be refined in futurereseartth e anal ysi s is restricted
(Al-A3) from the selected EPDs, while transpor
end of | i f eAbpr dBc essCagesenmt,Modiellied. Generic constant values were

adopted for emissions associated with post e
materials were assumed to be functionally equivalent to primary materials. The assessment is
based on a singlé m-long beam with an effectiveompositewidth of 1m and does not
considerthe entiresystemor additional site activite related to deconstruction, inspection,

storage or refabrication. Within these simplifications, the method provides a consistent basis

for comparing the relative embodiedrbon performance of the proposed demountable system.
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3 Analysis and behaviour of the shear connectors
3.1 The pushout experimental program
3.1.1 The puskout specimens
The pushout experimental programme was designed to characterise the structural

behaviour of the proposed demountable shear connector system. The influence of key
constructional details oversizedolt holes, embedded-@rofiles, through bolts, mortar filling,
and connection plateis was investigated through six distinct structural arrangements, each
represented by three nominally identical specimens. In total, eighteeropiugists were
carried out in the Structural Laboratory of the Budapest Univeddityechnology and
Economics, following the recommendations of Eurocbdehe configuration of the specimens
is summarised below and illustratedRigure 3.

A) Embedded bolt, embedded nut

B) Embedded bolt, embedded nut, mofiling

C) Through bolt

D) Through bolt, connection plate

E) Through bolt, mortafilling

F) Through bolt, connection plate, marfdling
i B i i B

i

= = [
D) E) F)

Figure 3. The pusfout specimen types

Each puskout specimen consisted ah HEB260 S235 steel column connected to four
separate precast reinforced concrete panelooéreteclass C50/60. For every panel, two
M16 8.8 connectors were providédeither threadedip-to-head embedded bolts 16 8.8
throughbolts (threaded rod$)resulting in a total of eight shear connectors per specimen.

Specimens A and B were designed to be consistent with previously reported demountable
systemg45,46], which comprisé-shaped steel profiles and embedded bolts withinasits,
and therefore serve as reference configurations for comparison with the new details. In
specimens C, D, ,land F, the shear connection is provided by an embedgedfi® combined
with threaded rods, without embedded nuts in the concrete aNdt&/ashers are located only

on the top surface of the panels andtmunderside ohe steel flanges. In all cases, the nuts
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are tightened by hand to a shtight condition without a specified prestressing force.

The Gprofile assemblies within the panels incorporate @00 mm rectangular cubuts
on the steel flange side. These openurgste a viewing window so that local concrete damage
and connector deformation can beFovappiicated | y ob
in the proposed building systemrm aversized hole witta diameterof c + 8 mm (which is
26 mm for an M16 bolt with a standard hole diametedof 18 mm) is envisionedh instead
of the rectangular openintp reflect practical fafication and erection tolerances better

Specimens B, E and F were constructed witksibe mortar filling(grouting)around the
threaded rods. The mortar was placed after the concrete had reached sufficient strength and the
bolts had been positioned in ribbed steel tubes inserted into predrilled holes in the panel
alongside the reinforcement. The mortar, supplied bynmhaufacturer, had a characteristic
compressive strength of 82Pa and a characteristic modulus of elasticity ofGE&a. In
specimens D and F, an additional connection plate was installed on top of the panels to increase
the stiffness of the threadedd dear connectordo illustrate the specimen configuration in
more detail, the construction drawing of specimedshown inFigures 4 and5.

In line with recent recommendations, transverse tie bars were provided in the slab to limit
artificial transverse tension around the cor
reinforcement further contributed to confining the concrete and irggltransverse cracking in
the vicinity of the connectors.

The precast panels were reinforced with both longitudinal and transverse bars to control
unintended transverse tension in the connect
reinforcement provided additional confinement of the concrete, thatedryuating transverse
cracking and splitting around the connectofbe reinforcement layout of a single panel,
together with the panels incorporating the embedded ribbed tubes with plastic caps after
concreting, is presented kHigure 6.

Test specimens without mortar filling (A, C and D) incorporate oversized holes in the steel
beam flange with a diameter df + 4 mm=20mm, corresponding to a radial clearance of
4 mm. In contrast, specimens with mortar filling (B, &d F) use standard bolt holegh
do = 18 mm, providing a reduced clearance ahn.

The shear resistance of a connector is governed by concrete failure and the shear capacity
of the bolt[75]. As this method was developed for a different configuration, the resulting
resistance was used heoestimate the specimésresistancandto desigrthe loadingsetup
Based on mean material properties, the estimated resistance of a single bolt wai,75.36

giving a predicted total loadearing capacity of 602.88\ for one puskout specimen.

28



B 203 | 200 | 203
300 | ? | 300
| ‘ i
0 i ' | Lﬁ/ PL15 CONNECTION PLATE )
Sl O . T I ] T 1%1 —
& | :|‘ | | :(: |
2 1 1h : 1 ih 1‘
/o [l
| L Ll Il
| L)
C50/60 REINFORCED D40 RIBBED TUBE
CONCRETE PANEL C62 MORTAR FILLING
(=3 (=] p
B €

<{M16 8.8 THREADED ROD

(PL3 C-PROFILE) M16 8.8 ANCHORAGE NUT>

oy P Il‘ |
T | B
8 i |
‘|!\ ‘s[m
ol Nl N
S ST - L . .
o : [H {M16 8.8 ANCHORAGE NUT »
ta 253 | 100 | 253 at
B, 606
Figure 4. Details of specimen typeiRop view
A-A B-B
[ 1 |
o ; .
3 ! !
T T I 1 T | I
203 ! 200 | 203 of (62| 120 |58 i >
| (I ! < [ Sa—
A . 1 i— S || — 8
: "¢" | -4)' “ o ——tHE | e S = ——
| [P B I A [ A | N (1 i
 |50] 100 *50 w: |47f| 120 18 |40 |
| | | LI £ |
I i I o ! o
8 g | | : & | &
253 | | 100 ‘\ | 253 !
1 | |
s ‘ S [3 | oo |
IR e = == R = - & & =
I | I i 2.—
1 1 i
i | 3 !
‘ 1 « ! 8
s 1 RN .| NOWOROO) . ' =
8 |

Figure 5. Details of specimen typeiFside views

Figure 6. Fabrication of specimen typeiFreinforcemen{left) and concreting of the paneglgght)
3.1.2 Loading and measurement details
The test setup and loading protocol were established in accordance with Eurotbde

programme began with 25 preloading cycles, nominally between 5% and 40% of the estimated
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specimen resistancen the current caseslightly larger load increments were adopted due to
limitations of the loading equipment, and the preloading range was approximas kN.
During these cycles, friction between the steel flanges and concrete, padeted by bolt
tightening, was relieved, allowing any initial slip of the connectordeeelop To further
minimise unintended friction, the stemncrete interfaces were greasefioretesting.

Monotonic loading was applied using a WPM testing machine with a maximum capacity
of 6000kN. Throughout each test, global vertical displacement (&), Telative vertical
displacements (J1/2 and B1/2V), and horizontal displacements (JH2and B1/2H) were
recorded by LVDTSs. In addition, strain gauges positioned above each shear connector in the
loading direction measured stresses in the steelda(il/2SA/F and B1/2SA/F), allowing
for anevaluation of the stress distribution among the bolts.sEmsor layout is illustrated in

Figure 7, and a prepared pustut specimen is shown Figure 8.
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Figure 7. Sensor setup for the puslut tests top view(left) and side viewright)

Figure 8. The prepared pushut test specimen
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3.1.3 Material tests

Material tests were carried out to determine the actual properties of the components used
in the puskout specimens. The compressive strength of the concrete was measured on standard
cylinders or cubes after 28 days, using samples stored together weéhtthanels. The flexural
and compressive strengths of the mortar filling were obtained from bending tests on prisms and
compression tests on cubes at 28 days, while the tensile properties of the threaded rods were
determinedby 8 mm diameter machined cowoip tess. The mean values of the measured
material properties are summarised Table3. The characteristic elastic modulus
Emortar= 26 GPafor the mortar, as specified by the manufactuaed Econcrete= 38.3GPafor

the concretenterpolated from the measured compressive streifigim Eurocode? [83].

Tabe 3. Measured material properties

Material | Grade | Testtype | Type | Num. | Dim. [mm] Standard [MPa] | AV sV
fcube 69.9 6.1

Concrete | C50/60| Compressivg cube 15 | 150x150x15( EN 123901

(84] for | 55.6 | 4.4
Mort F8 Flexural prism 9 40x40x150 | EN 101511 fnt 75 0.5
ortar
C62 | Compressivg cube 18 40x40 (83] finc 594 | 6.7
f 853.2| 19.0
Connector| 8.8 Tensile |coupon 3 D8 EN |S§3)668691 4
[86] f.|9446| 14.7

3.2 Evaluation of the test results
3.2.1 Preloading cycles

During the preloading cycles, applied up to a maximum of 40% of the estimated resistance,
the initial response of the specimens and the development of early slip were observed.
Representative cyclic foraelativedisplacementelationships for specimens® G2 and F
2 are shown inFigure9, where the slip values correspond to the average of the four

displacement sensors installed at the steatrete interfaces.
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Figure 9. Preloading cyclic forceelative displacement diagrams

The cyclic curves exhibit similar characteristics for all specimens. In the first cycle, the

forcerelative displacementlationship is almost linear, and the apparent stiffness is lmgh
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subsequent cycles, the displacements increase slightly, with a gradual reduction in stiffness.
After completngthe last preloading cycle, the residual relative displacements are taken as the
initial slip (Gni), with values between 1rdm and 3.4nm, reflecting both bolt adjustment
within the holes and the independent movement of the individual panels.

In the subsequent evaluation, fleece-relative displacemerdiagrams are shifted to the
origin using the measured initial slip atieen adjusted to reflect the initial stiffness, allowing
for a more accurate comparison between specimens. Both the original and transformed curves,
with and without the preloading phase, are presented; however, all defined parameters and
conclusions refer specifically to the transformed diagrams.

The initial uncertainties, including the unknown bolt prestressing force and the actual bolt
position within the holes caused by panel rotation, are largely eliminated by the preloading
cycles.Neverthelessni a real composite beam, this eastgge behaviour, together with these
effects, can influence the global structural response and will therefore be investigated further in
the beam tests. The primary objective of the presentpuisprogramme is to chasterise and
compare the shear connector behavio terms of stiffness, resistance and ductility for each
configuration. The positioning of the bolts within the holes is a random, probabilistic parameter
whose influence may vary with the number of connectors; this aspect is acknowledged but not
thoroughly examineh this work.

3.2.2 Evaluation of the stiffnesses

The stiffness values of the test specimens are defined and evaluated as follows.

1 The preloading initial stiffnesl, is obtained from the first cycle as the ratio of 40%
of the ultimate load0.4Pe, corresponding to the upper limit of the preloading range,
to the associated relative displacemgnt

1 The initial stiffnesskini is taken as the slope of the initial linear portion of the
transformed forceelative displacemerturve and is defined as the ratio of the force
Pe at a relative displacement of v8n (Uer).

1 The secant stiffnedscis defined as the ratio of the forPe at a relative displacement
of 1.2mm (le). It is noted that, for demountable composite structures, an end slip limit
of 1.2mm in the serviceability limit state is recommended to avoid significant plastic
deformation of the connectof85]. Limited plasticity may occubut is not expected
to impair demounting and reassembly.

The initial and secant stiffness values determined for each specimen type are plotted in
Figure 10. Thedetermined value®r all individual specimens, together with the corresponding

parameters, are summarisedable4, and an overall comparison is presenteBigure 11.
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Tabe 4. The initial and secant stiffnesses of each specimen
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Figure 11. Comparison of the stiffnesses

Type 0.4P. Ko kol AV Pel Kini Kinil AV Pex Ksc ksd AV

[kN] [kN/mm] | [KN/mm] | [KN] [KN/mm] | [KN/mm] | [KN] [KN/mm] | [KN/mm]
A-1 2360 11802 2483 827.67 4620 38500
A-2 2337 164.65 12204 2236 74533 84767 3850 32083 377.78
A-3 2379 83.47 2910 970.00 5130 42750
B-1 2205 9256 104.0 | 346.59 341.0 | 284.17
B-2 2300 87.70 89.84 1015 | 338.24 | 360.39 | 346.0 | 288.33 | 29917
B-3 2362 89.26 118.9 | 396.35 390.0 | 325.00
C-1 2275 98.36 237.0 | 790.00 396.0 | 330.00
C-2 2288 13988 13899 203.6 | 678.67 | 729.11 | 413.0 | 344.17 | 33722
C-3 2242 17874 215.6 | 718.67 405.0 | 337.50
D-1 2134 11057 181.2 | 604.00* 366.0 | 305.00*
D-2 2084 10679 13215 142.1 | 473.62* | 718.33 | 357.0 | 297.50* | 39250
D-3 2233 17909 2155 | 718.33 471.0 | 392.50
E-1 2188 11066 126.2 | 420.68 339.0 | 282.50
E-2 2242 85.21 10219 120.5 | 401.61 | 410.25 | 373.0 | 310.83 | 29806
E-3 2126 11071 122.5 | 408.46 361.0 | 300.83
F-1 2128 99,53 123.0 | 410.00 325.0 | 270.83
F-2 2163 7257 89.35 116.1 | 387.06 | 396.73 | 358.0 | 298.33 | 28583
F-3 2150 95.94 117.9 | 393.13 346.0 | 288.33

120 mkp[k Mnn] ®mki fk Xmn] ®mks ¢ Mnnj

A-1 A-2 A3 B-1 B-2 B-3 C-1 C-2 C-3 D-1 D-2 D-3 E-1 E-2 E-3 F-1 F-2 F-3

Types A, C and D exhibit the highest initial stiffng&si) values. In specimen A, the

stiffness is particularly pronounced, which is attributed to the additional restraint provided by

the embedded nut. Specimens with mortar fillednibit reduced initial stiffness due tbhe
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lower elastic modulus of the mortéine corresponding values for types E and F are very similar.
Comparingthe throughbolt configurations, the stiffer embedded bolts with nuts in type B
caused cracking of the surrounding mortar and consequently behaved more flexibly than the
alternative details, resulting in the lowest initial stiffness among all specimens.

The secant stiffnesgksc) values are more consistent across all specimens than the
corresponding initial stiffnesses, indicating a convergence of behaviour at higher slip levels.
For the configurations with mortétling, the secant stiffness is relatively higher compared to
their initial stiffness, because the bolts in these specimens start to undergo plastic deformation
at smaller relative displacements than in the other connector types.

During the first preloading cycle, the measured stiffnedggsire approximately four to
five times lower than the initial stiffness, confing the presence of an initial soft response
stage governed mainly Hyolt-hole clearance angbositioningeffects. When comparing the
initial and secant stiffnesses, similar qualitative trends are obtafpedimens A, C and D,
which do not contain mortdilling, consistently show higher stiffness values than the other
configurations. This stiffness paramettreiefore, captures the influence of the initistage
uncertainties discussed previously, such as bolt positioning and prestress variation, which are
more effectively mitigated in the nemortarfilled specimens.

The mortarfilling, and more generally the material properties indlose regiorof the
bolts, clearlygovernboth the initial and secant stiffness of the connectors. The connection
plates, by contrast, do not influence the measured stiffness values, because a substantially larger
deformation of the connector at the top surface of the concrete panel would ibedrégu
engage these plates, which does not occur within the investigated load range.

3.2.3 Bolt force distribution

The forcestress diagram is used to evaluate how the applied load is shared between the
individual bolts. Théolt-holeclearance adopted in the connection detail and the actual position
of each bolt within its hole govern the sequence of load engagement and, consequently, the
distribution of forces between the shear connectors. As an exariglee 12 presents the
force-stress curves for specimer3Cwhere continuous lines correspond to the upper bolts and
dashed lines to the lower bolts, with the strain gauggtitmes indicated ifrigure 7.

The different stress levels measured in the bolts at the same applied load confirnm a non
uniform distribution of bolt forces. At lower load levels, the festeess curves are almost linear
and parallelexcept for the earliest stagdyring which the individual bolts are progressively
mobilised.Once sufficient seating and deformation of the bolts have occurred, a clear stress

redistribution develops at higher load levels for all speciméf®mvever, the observed
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differences in bolt forces indicate that plastic redistribution remains incomplete, and the
connectors therefore fail in a progressive manner rather than tredutiyrplastic mechanism.
Specimens with mortafilling exhibit a more favourable force distribution, as the higher
deformation capacity of the surrounding material at low load levels promotes a more gradual
and uniform engagement of the boltfierefore, qual force sharing between the bolts is not
achieved, even in the plastic range of respoRise distribution of forces depends on the actual
bolt positions within the holes, the ductility of the shear conneotvbich isgoverned by bolt
deformation, and the extent of local damage in the surrounding concrete andfitiogtar
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Figure 12. Force-stress diagram for specimen3C

3.2.4 Failure mode

All specimens failed by a combined plastic sHeanding mechanism of the bolts acting
in the plane of the steebncrete interface, as illustrated kigure 13 (left). The failure is
characterised by pronounced plastic deformation and bending of the shear connectors
accompanied by local detachment from the surrounding concrete or mortar, together with
cracking and spalling of the concrete in these regiorof the bolts Figure 13 (right)). For the
specimens with mortdilling, larger bolt deformations and more extensive local detachments
are observedHgure 12 (right)), reflecting the greater deformation capacity of the infill
material. Owing to the relatively high concrete strength and the limited overall bolt
deformations, no significant cracking of the panels is detected at positions remote from the

connectors.

Figure 13. Failure of thebolts (left), concretecracking andmortar filling with bolt deformatiorfright)
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3.2.5 Behaviourcharacteristics
The forcerelative displacement relationship represents the key outcome of th@ydush
tests and forms the basis for characterising the shean n e c t o r slidtheleealuaionj o ur

both directly recorded and transformed ferefative displacemermurves were considered. For

each connector configuratiorkigure 14 presents the measured and transformed curves
obtained from the average of the vertical displacements recorded by four | MDIEh are
positioned to capture the relatidesplacemenat the steetoncree interface.
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Figure 14. Forcerelative displacement diagrams for each specimen with (left) and without initial stage (right)

The behavioural characteristics of the tested shear connectors are broadly comparable
across all configurations; however, the influence of the main innovations, namely the embedded
nut and the mortar filling, can be cleadistinguishedWithin the examinegpecimensthe
measured shear resistances lie in a relatively narrow range of approximat&ly@a0 (65
71KkN for each connectagrith ultimate relative displacements of abouf &m, indicating
adequate ductility and@mparablailtimate capacity across thariousdetailing options.

Similar structural solutions reported in the literatyeh,49 exhibit comparable
behavioural characteristics, where prestressed bolts and mechanical couplers act as flexible
brittle shear connectors with a distincthultilinear load-slip response. The measured foerce
relative displacement curséikewise showa noticeableanitial rigid phase associated with the
depletionof frictional resistance and the repositioning of the bolts within their holes, in
agreement with observatioreported in the literater The subsequent hardening stages and the
ultimate response, including the failure characteristics, are also consistent with the referenced
studies on comparable demountable connectors.

The ultimate forcePe, is defined as the maximum load attained during the-pushests,
corresponding to theltimate relative displacemetd. For each specimen, 90% oéthitimate
force, Pry, is identified together with the associated shpthat occurs prior to reaching the
peak resistance. In addition, the characteristic relative displaceieist evaluated in
accordance with the provisions of Eurocdd®r ductile shear connectors. An overview of

these parameters and their graphical interpretation is providadure 15.
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Figure 15. Definition of the studied parameters

Three principal behavioural stages can be distinguished from the test results: (i) an elastic
stage, (ii) a plastic transition stage, and (iii) a plastic deformation stage. In the elastic stage, the
response remains approximately linear up to the load Rayelfter whichnonlinearbehaviour
sets in and partial plasticity develops, accompanied by progressive stiffness degradation as the
connectors deform and cracking initiates in the surrounding concrete or rortarthe load
corresponding to a relative displacement ofrird (Pex) is reached, the shear connectors enter
a plastic stage characterised by pronounced plastic deformations, large relatratusii@nd
a short hardening branch leading up to the ultimate resisRndée extent of this plastic
deformation region inhie forcerelative displacemermtiagram provides a direct measure of the
ductility of the individual shear connector types.

Eurocodet defines ductile shear connectors as those that develop a plastic load plateau
after relatively small slip and are capable of sustaining plastic behaviour up to a characteristic
slip of at least 6nm, thereby permitting the use of plastic design metlhadthe composite
beam In contrast, the specimens investigated in this study exhibit a continuously increasing
load-slip response up to failure, reaching slip values of about6without forming a distinct
plastic plateauNevertheless, the connectors aegarded as ductile becausey provide
sufficient plastic deformation capacity within this slip range. This interpretation is supported
by the observed loaslip characteristics, the predominantly plastic stwarding failure

modes, and the redistribution of forces between individual bolts.

3.2.6 Evaluation and comparison

A detailed evaluation was carried out for each connector configuration. In this assessment,
the connector behaviour is primarily interpreted from the transformed fosdative
displacementliagrams, whictntentionally excludehe uncertain initial phaséhus allowing a
more precisecomparison of stiffness, resistan@nd ductility between the different shear
connection detailBesidesboth measured and transformed ferekative displacement curves

are presentetb examine thevholeresponse, including initial positioning effects.

37



Types A and B develop the highest ultimate forces among the tested configurtidns
thar forcerelative displacement responses are plottedrigure 16. Compared with the
remaining types, these connectors display a pronounced hardening branch after the plastic
transition stage, reflecting the more rigid response of the embedded bolts and nuts within the
concrete or mortar, which enhances ultimate resisthaotrestricts large plastic deformations.
Type B exhibitedslightly smaller ultimate and characteristic shiglues than the other
specimensin contrast,tpe A constitutean exceptiomue to its very stiff behaviour, governed
by pure shear failure of the bolts at high load levels, with exceptionally high initial and
hardening stiffness and relatively smalipsvalues resulting in limited ductility. In this
configuration, only minor cracking is observed around the bolts, while a single large, almost
vertical crack develops in the plane of tiear connectors, attributable to the extra restraint
provided by the embedded nut, which suppresses ductile bolt yielding and distributed concrete
cracking. Contrary to common recommendations that favdwwltehole clearance of about
1 mm, this detail employs an increased clearancemimto meet fabricatiorequirementsa
decisionwhichfurtherinfluencesstiffness and slip capacity.
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Figure 16. Forcerelative displacement diagranad type A and B with (left) and without(right) initial stage

Figure 17 shows he forcerelative displacement responses for types C af8l These
types exhibit slightly higher resistances and display a small plastic hardening branch near
failure, compared with the mortdilled configurations, reflecting the higher strength and
stiffness of the surrounding concrete. The bolts in these specimens attract larger forces at
relatively small slipvalues and deform in combination with local concrete cracking, with
limited hardening stiffness in the paseld range Specimens EXL and D2 were excludd from
the current evaluation due to construction imperfectionsimarily poor concrete quality
surrounding the connectors, compounded-h By missing anchorage nwtdich evaluated in
Section3.3.17 rendering them nerepresentative with no impact on conclusions.

Figure 18 compares the foreeelative displacement responses of specimens with mortar
filling (types E and F)A reduction in resistance and only a modest hardening branch are

observed in the plastic deformation stage. The méliag promotes a more favourable load
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distribution and a smoother plastic transition; however, this improvement does not translate into
higher ultimate resistance.
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Figure 17. Forcerelative displacement diagrana$type C and I with (left) and without(right) initial stage
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Figure 18. Forcerelative displacement diagrana$type E and R with (left) and without(right) initial stage

The stiffening influence of the connection plates on the ultimate response of specimens D
and F can be regarded as negligible. These plates are primarily intended to enhance the overall
in-plane stiffness of the slab system by effectivaynnectingadjacent panels, rather than to
modify the local behaviour of the individual shear connectors. The resulting diaphragm action
of the connected slab assemidyinvestigated in detaifluring beam tests, where the global
response of the system can be captured.

The evaluated force andsiarametersincludingini, Prk, Urk, Pe, Ue, andly, as defined
in Sectiors 3.21 and3.2.5 are compared for each shear connector type in terms of their average
values (AV) and coefficients of variation (CV), as summarisediahle5. The relationship
between ultimate forcegPe) and relative displacemest (e) and the corresponding
characteristicrelative displacement§liy) is illustrated for all specimens iRigure19. In
accordance with the evaluated foredative displacement diagrams, the ultimate forces and
corresponding slipvalues of the different connector typese close to each otheand no
pronounced differences are observed between most configurations. Only type A deviates clearly
from this trend, combining the highest ultimate resistance with the lowest deformation capacity,
as discussegreviously

Based on thebservedehaviour, the specimens with morfiding (typesB, E and K can

be regarded as the most favourable shear connection solution, because the mortar properties in

39



the vicinity of the connectors enhance the effectiveness and engagement of the bolts. The
smallerbolt-hole clearance adopted in these details is also beneficial, as it reduces initial slip
and improves overall load transfer and stiffness.

Tabe 5. Measured ultimate forces and relative displacements

Type Uini Pre |PrcAV| Urk | UrkAV| Pe | PeAV | P.CV| Ul | UAV | GCV| Uy Uk
[mm] | [kN] | [KN] | [mm]| [mm] | [kN] | [kN] | [%] |[mm]| [kN] | [%] | [mm] | [mm]

A-1| 2.06 | 5311 1.7 5901 2.6 3.20

A-2 | 1.82 | 5259 | 530.7| 25 | 1.86 | 5843|5897 | 0.7% | 3.1 | 277 | 82% | 3.38 | 2.61

A-3 | 2.63 | 5353 14 5947 2.6 3.09

B-1 | 1.93 | 4962 3.3 5513 6.6 7.19

B-2 | 270 | 5175|5151 | 39 | 355 | 5750|5723 | 28% | 6.0 | 6.02 | 7.5% | 577 | 5.05

B-3 | 267 | 5315 34 5905 55 5.05

C-1| 3.10 | 5119 29 5688 6.1 6.27

C-2| 149 | 5149 | 5104 | 4.7 | 347 | 5721|5671 | 09% | 80 | 6.73 |138%| 7.43 | 6.07

C-3 | 1.70 | 5045 2.8 5605 6.1 6.07

D-1| 2.26 |4802* 3.4* 5335* 10.4* 10.40*

D-2 | 2.31 |4688*|5024* | 4.2* | 1.8* |5209*|5582*|0.0%* | 9.0* | 6.1* |0.0%* | 8.57* | 5.79*

D-3| 1.70 | 5024 18 5582 6.1 5.79

E-1| 2.05 | 4923 4.5 5470 7.1 6.63

E-2 | 270 | 5045 | 4917 | 3.8 | 3.96 | 5606 | 5464 | 2.2% | 6.6 | 6.79 | 3.2% | 6.18 | 6.18

E-3 | 288 | 4783 3.6 5315 6.7 6.33

F-1| 191 | 4787 44 5319 7.0 6.84

F-2 | 338 | 4867 | 4831 | 38 | 4.18 | 5408 | 5367 | 0.7% | 6.0 | 6.71 | 7.6% | 594 | 594

F-3 | 259 | 4838 4.3 5375 7.1 6.85

*Construction imperfectiorasre detectecand excluded fronthe currentevaluation
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Figure 19. Comparison of the ultimate forces and relative displacements

3.3 Supplementary testson local connector behaviour
3.3.1 Supplementary evaluation of the local behaviour

During the pustout test programme, specimenslland D2 exhibited a alteredlocal
response that required separate evaluation, as they highlighted the sensitivity of the connection
system to construction imperfections. In both specimgost concrete quality was observed
in the region surrounding the connectaesulting in lower stiffness and shear resistance, as
well asincreased deformability-or specimen EL, the anchorage nuts were missing on the

outer side of the panels, which caused boltpullfrom the concrete and produced an extended
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horizontal plateau in the forgelative displacementesponseThe zone of poor concrete
quality and the observed pult failure are illustrated ikigure 20, while thecorresponding
force-relative displacement curves forDand D2 are shown ifrigure 21 (left).

In line with the general findings of this study, these results confirm that the local conditions
around the connector (concrete quality and available space for bolt deformation), as well as
construction details such as the presence of anchorage nuts Heussive influence on the
shear connector behaviour.

Poor concrete quality

8 Air voids

Figure 20. Local concrete failuréleft) andbolt pull-out (right)
3.3.2 Supplementary pusbut test with increasing load cycles

A supplementary pusbut test with incrementally increasing load cycles w@sducted
to investigate the shear connection behaviour furtfleis additional specimen {€) had the
same configuration as type C, and was subjected to five loading cycles at each of four
progressively higher load levels, without prior preloading cycles. The resultingrédatize
displacement response is showrrigure 21 (right).

Thesespecimen exhibit larger initial slipvalues than the monotonic reference specimens
C-1 to G3, reflecting the cumulative effect of repeated loadingositioningandbolt-hole
clearance. However, the overall stiffness, ultimate resistance and corresponding ultimate slip
are essentially identical to those of the original series, indicating that the applied cyclic loading
regime does not impair the shear capacity of this connggie.
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Figure 21. Forcerelative displacement diagrams of specimeth Bnd B2 compared toeferenceD-3 (left) and
specimen € compared toeferenceC-1 (right)
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3.4 Numerical analysis of the shear connector
3.4.1 Details of the numerical model

The behaviour of the proposed shear connectors was further investigated by developing
nonlinear finite element models of the pw@it specimens in the ATENAB7] software
environment. Specimens C and E were selected as representatives of the two principal
configurations: type Cserving as the reference solution with bolts embedded directly in
concrete, and type E, representthg modified variant with a surrounding mort#iing . The
numeri cal model s were devel ope duparvisiom ivimle an MS
the author formulated the scientific interpretation of the results presented in this dissertation.

The whole test setup was idealised using 3D solid finite elements. The HEB260 steel
column and the @rofile were modelled as S235 structural steel with characteristic material
properties, while the M18.8 threaded rods and nuts forming the shear connectors were also
represented by solid elements wusing an effe
modulus of 21@Pa and the experimentally determined tensile strength of B#2a6 The four
C50/60 concrete panels were assigned a modulus of elasti@#/3GPa and a compressive
strength of 70.MPa, consistent with the material test resultdditional rigid loadtransfer
blocks were introduced at the top of the column and under the panel supports to reproduce the
test boundary conditions. The resulting finite element model is illustratédune 22 (left).

For thesteelcomponents (column,-@rofiles and bolts), a linear elasperfectly plastic
materialmodel was adopted, with separate parameter sets for the steel members and the high
strength connectors. The concrete and mortar regions were modelled using a-Bragker
plasticity model suitable for quabrittle materials, enabling the representation of cracking,
crushing and inelastic deformation in the vicinity of the connectors. An overview of the
assigned material modedgpliedto the individual parts is givein Figure 22 (right).

M16 8.8 bolt (2.) 8235 HEB260 and
C-profile (2.)

Connection
plate (2.)

C62 Mortar
filling (3.)

Load-transferring
object (1.)

C50/60 Concrete
panel (3.)

1. Linear elastic 2. Linear elastic and 3. Uniaxial (Drucker-Prager)
c o + perfectly plastic

€ €

Figure 22. The complete 3D mod@éft) and the applied material modelsght)
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The solid elementsf the embedded bolts andpZofiles arefully integrated withthe
adjacent concrete panel elements. mr@ gap is introduced between neighbouring concrete
panels to reproduce the separation present in the physical specimens. The interfaces between
the flanges of the steel column and therGfiles of the panels are modelled using contact
elements without fation, reflecting the greased stetéel interfaces used in the experiments.

The upper four bolts are positioned concentrically withimibé diameter holes in the steel
flange, without clearance, and contact between the shanks and the corresponding bolt holes in
the column flanges is modelled with a friction coefficient of D@represent the imperfect bolt
position within the oversized holes, separate{gap contact elements are introduced between
the bolt shank and the hole surface at the lower four connectors. These interfaces are active
only in compression after a presmdgap in the global vertical direction, varied between 0.5
and 3.5mm, while being rigid in the transverse direction to prevent boltquill Under this
arrangement, the upper bolts cating load from the outset, whereas the lower bolts remain
inactive until the upper connectors deform sufficiently for the gap to close, at which point the
lower bolts progressively engage. Tlataged activation closely reproduces the behaviour
observed in the tests. The bolt and hole geometries are locally adjusted to define the contact
regions, but the mechanical properties of the bolts are kept identical to those of the physical
specimens. Téconfiguration of these contact elements is illustratétgare 23 (left).

3.4.2 Verification of the numerical model

The numerical model was verified by a sensitivity study on mesh refinement and loading

rate. The adopted finite element mesh uses a typical element sizenaf 1dr the bulk of the

specimen, refined to-2 mmnear the shear connectors, as showfigare 23 (right).

M1I16 8.8 bolt

Separate load gap (bolt) Separate load gap (hole)

Shear plane

Figure 23. The details of the bolt contact elemefiet) and he applied finite element megight)
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Loading is applied to the upper lerdnsfer blocks via prescribed vertical displacements

at an increment of 0.0¢am per step (1&hmtotal displacement over 250 stepSonitor points

are assigned on the bolts to capture the vertical relative displacements, while the reaction forces

at the supports are recorded to obtain the global-reative displacement response

Quantitative convergence results for the elerser® and loadhcrement sensitivity studies are

presented ifrigure 24.
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Figure 24. Convergence results for the elemsizie(left) and loadincrement(right)

3.4.3 Validation of the numerical model

The numerical model is validated by comparing its fortative displacemermurves with

the pushout test results. For types C and D, numerical responses with and widfioeidbolt

position modelling are compared to experiment§igure 25 (left), while for types E and F

(with mortarfilling and defined bolt positionsjhe experimental and numerical curves are

shown inFigure 25 (right).
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Figure 25. Forcerelative displacement diagrams of typeD(Jleft) and EF compared to the results of the
numerical analysigright)

The numerical simulations confirm that the connection plates in specimens D and F have

no influence on the local shear connector behaviour, in line with the experimental observations.

Consequently, these configurations are omitted from the subsequentaalienealuation.

According to the forceelative displacement curve of the model withdaglt-hole

cl earance

Figdre 26 (efit)), the initial stiffness is almost twice as hjgimd the

plastic transition zone is shorter than in the tests. Nevertheless, the secant stiffness and ultimate

resistance match well with the average measured values for specimen TyperGodel with
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imperfect bolt positioning with a uniform Obm g ap ( M Figuel2s (1&ft)) predicts
essentially the same ultimate resistance as the tests, while its stiffness, though still somewhat
higher, agrees much better with the measured response. The corresponding stiffness and

resistance values from the numerical and experimental &sadye summarised Trable6.

Table6. Comparison of the stiffness and resistance values of the numerical and experimental results

Parameter EXP-C M-TOL -0 M-TOL-1 EXP-E M-MORTAR
Initial stiffness
(ki) [KN/M] 729 1872 1225 404 1212
Secant stiffnesg
(ked) [KN/m] 337 393 370 292 342
Resistance
(Po) [KN] 567 579 580 542 580

Speci mens E and Hguré26l(right) Bhowsirilar behaviour as in the
tests, with reduced stiffness and r ensnorst ance
discrepancies, the model successfully reproduces the response of thdfilteattaonnectors.

The model incorporatingolt-holeclearance reproduces the observed structural behaviour
well, especially in the plastic transition stadeuring the tests, the neamiform force
distributionbetween bolts resulted asofter overaltesponse. After redistribution in the final
plastic stage, the bolt forces became more similar but never fully equalised, which explains why
the model withoudefinedbolt positions can still predict the ultimate resistance accurately,
while showing notable discrepancies iiffisess.

The yielding and plastic deformation in the bolts for models with and wittedurtedbolt-
hole clearance are shown Figure 26. In the models with imperfect bolt positions, the upper
bolts undergo plastic deformation, while the lower bolts only reach yield stress at the failure
load level, as anticipated. Local cracking of the concrete and mortar, together with partial bolt
detathyment can be observeds illustrated inFigure 27. No substantial crackingasoccurred
away from the connector region. Ovér#he failure modes predicted by the numerical models
are consistent with those observed in the pushtests and accurately represent the actual

structural behaviour.

. % Von Mises Stress \ =
. o \ Von Mises Stress
¢ [MPa]
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Figure 26. Plastic failure of the bolts withouleft) and with defined bolt positiofright)
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Detachment | Mortar filling

Yon Mises Stress Von Mises Stress

Sigmav Sigmav
[MPa] [MPa]
296 .4 1414
q 2593 1 1238
2223 106.1
185.2 88.4
148.2 707
111.2 53.0
[~ 741 1 354
371 177
Spalling 0.0 0.0

Figure 27. The local damages of the concrétght) and mortar with cracking, spallinfright), with detachment

The model exhibits several limitations that may lead to minor discrepancies in predictions.
The threads of the bolts are not modelled, and their penetration into the steel flanges is therefore
neglected. Although this simplification may introduce a sldgwuiation from the real contact
conditions, no such threadlated effects were identified in the experiments. A further
limitation is that shear failure of the bolts cannot be modelled in the present model, as the
adopted material model allows unlimitethgtic straining. While ultimate bolt resistance is
accurately reproduced, pegstak behaviour cannot be reliably simulated, with the model
overestimating deformability beyond this point. Consequently, the numerical study focuses on
stiffness and resistaaap to peak load and conservatively neglects ductilepezt effects,
which is adequate for validation against experimental results. Future enhancements could
employ fracture criteria (e.g., ductile damage initiation) for realistic failure predi&idey
parameter not specifically calibrated is fracture energy, which varies with maximum aggregate
size even within the same concrete class and directly influences responses, particularly the
connector's stiffness; the exact aggregate size was not prawideel fabricator. This omission
may account for minor discrepancies between measured and numerical stiffness values. While
beyond the scope of this study, its incorporation could enhance future predictions. Despite these
minor discrepancies, the modeladyses remain appropriate, as the key parameters are
sufficiently accurate and do not alter the overall conclusions.

The study shows that the stiffness of the shear connectors, and in particular their elastic
and plastic transition behaviour, is highly sensitive to the actual imperfect bolt positions and
bolt-hole clearances. The numerical models capture this effect and successfully reproduce the
observed response; although some discrepancies remain forDhen@ EF configurations,
the simulationsaccurately reflect the key behavioural characteristicd are adequate for

further investigation.
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3.5 Parametric study

3.5.1 Overview

Building on the laboratory and numerical results, a parametric studycovakicted to

identify the primary factors influencirte performance of the proposed shear connections. For

specimen type C, the analyses examined the influence of bolt position, bolt and concrete

strength classes, and panel thickness, all of which proved to have a marked impact on connector

behaviour. In prallel, additional simulations on specimen typeekamined different

surrounding concrete grades to assess their impadhe motar-filled configuration. All

parametric variants were analysed with the validated finite element model, varying one

parameter at a time while keeping all other conditions unchanged.

3.5.2 The effect of the bolt position

The effect of bolt position on real structures is inherently random because the actual bolt

locations within oversized holes are probabilistic and depend on the number and arrangement

of connectors. In this study, four representative-po#iition scenar® were analysefbr the

lower bolts orbothsides of thespecimenas summarised ihable7, wherethe offset distance

from the hole centre defines the positidvhodel M-TOL-0 represents the ideal case, where

there isno tolerance, in which all bolts arerccentric in their holes and engage simultaneously.
M nminmCand 1
3.5mm were assigned to the lower bolts, while the upper bolts remained centrally positioned.

For

t he

I mper fect

configurations

The resulting forceelative displacement curves for these cases are shdviguire 28 (left).

Table7. The defined bolt positioref the lowerbolts onbothsides of thespecimerfrom the centre of the hole

Model B-1 [mm] | B-2[mm] | B-3[mm] | B-4 [mm] Definition of bolt position
M-TOL-0 0.0 0.0 0.0 0.0
M-TOL-1 0.5 15 25 35 \
M-TOL-2 0.0 35 35 35 Y] Position
M-TOL-3 0.0 0.0 35 35 ‘/
M-TOL-4 0.5 0.5 0.5 0.5

Model M-TOL-1 shows a softer plastic transition than the ideal®L-0 configuration,

yet achieveshe same ultimate resistance. In the unfavourablepbolts i t i o n

case

breakpointappears in the loacklative displacemerdurve at about 30KN, resulting in two

t

o

M

distinct plastic transition stages, because the lower bolts only engage after the upper bolts have

yielded significantlyNo such behaviour has been reported in previous studies and is considered

unlikely to occur in practice, even in ftdtalecomposite beams with many connectdrise

remaining boHlposition models exhibit similar overall behaviour. The imperfect configurations

a7
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develop slightly |l ower wultimate resistances
strength, and share the same initial stiffness. However, their secant stiffness values differ
because the upper bolts undergo larger plastic deformations.

It can be concluded that imperfect bolt positions do not significantly affect the resistance
or overall stiffness of the connectors. However, they can lead to larggaklgs because the
bolts must first travel within the hole, and this deformation is highly dependent on the initial
gap, in line with the experimental observatiofkis highlights the importance of ensuring a
bolt-hole clearance of-2 mm for the proposed connector types, which can be reliably achieved
in practice by using the C (BectofRi2l e and mort a
3.5.3 The effect of the bolt grade

Different bolt grades, 5.6 and 10.9, were investigated and compared with the reference
mod el M BOLT 8.8 (identical to M TOL 1). The
in shear resistance, while the overall stiffness remains essentially unchelogezler, the
shape of the plastic transition regiariesbecause of the differingplt deformation capacities.
The corresponding loaetlativedisplacementesponses are plotted kigure 28 (right).

P [k HIE]IM-—T—O@‘ B S TTYTLETIRIFEL L g e g P [k I\]I ______________________
509 AL 70
L O TIMT 0w -
S0 [mToB
404 :.;// "r WT—OTl —Tﬂ_ﬁ MT 0D 50 ) )
30¢ il--’\ i alaa M-T O41 40 ,,' @ —T“T  M-BOLES
2084 M-T O JH g‘; --mTor 309/ - " :1“: i
’ Iﬁﬂ —-M-TO3 204/ ,7 . .. —MBOLS54
1 I REEY M oo
0 D)
0 o4 . . | | i ]

0'1'2'34'1'56'7U'[mm]'»0123456'7ﬂl[mm]'w
Figure 28. The effect odlifferent bolt positiongleft) anddifferent bolt gradegright)
3.5.4 The effect of the concrete grade
I n addition to the reference model M C50/ 6
were carried out for concrete strength classes C35/45, C30/37 and Citt#30adrelative
displacementurvesfor each gradareshown in Figure 29 (left). All variants display similar
gualitative behaviour, consistent with the experimental trends, while decreasing the concrete
grade produces a modest reduction in both stiffness and ultimate resistance of the connector.
Specimen E was fanalysed with a surrounding concrete grade of C30/37 while keeping
the same mortdilling. The resulting forceelative displacement curves for the original and
modified models, shown iRigure 29 (right), indicate almost identical resistance and stiffness,
with only minor deviations in the plastic transition region. In the modified model, cracking
initiates both around the mortar filling and at locations further from the connastpresented

in Figure 30, unlike the reference caskhis result suggests that lower concrete strength classes
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may be used for the panels, because the region immediately surrounding the shear connector
primarily governs the structural response. However, the associated cracking pattern could
accelerate corrosion and thus threatens durability and reusability, \stpelticularly critical

for demountable composite systems

—M-C5 6 0

[ M-
! - e MORTAIF

C5 60

| =als ala |\

| MORTAF
£) F) c3m7

1" --mc3m5

- -M-C3 B 7

o TM-C2 B0

o 1 2 3 4 5 6 7 U[mmh 5 6 7 Oa[mm

Figure 2. The effect of different concregeadesof connector type O (left) anddifferent concretgradesfor
connectortype EF (right)
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Figure 30. Concrete crack development and crack pattern

3.5.5 The effect of the panel thickness

The pushout tests considered a panel thickness ofh2Q) while the numerical study
additionally examined 10m and 150nm thick panels. The corresponding leathtive
displacementurves inFigure 31 show very similar stiffness for all thicknesses, and in each
casebolt failure occurs at a load of about 389 and a relative displacement of roughlgng.
In the 100mm panel, extensive cracking forms both near the connectors and at more distant
locations after bolt yielding, although such thin panedsrarely used in practicén contrast,
the 150mm panel develops fewer cracks and exhibits a less pronounced hardening branch. This
apparent hardening is mainly a modelliiggue as the bolts in the analysis are allowed
unlimited plastic deformation, whereas real bolts would fail at a finite strain. This indicates that
the panel thickness has little influence on shear connection behawwdpes affect crack

intensityand patternwhich is also strongly governed by the concrete grade.
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imm
Figure 31. The effect of the various panel thicknesses
3.5.6 Evaluation of the parametric study

The parametric study shows that bolt grade is the dominant parameter governing shear
connection resistance, while concrete grade primarily affects cracking rather than ultimate
capacity. For specimens with morfdling, the responserimarily depends on the material
immediately surrounding the bolt, which explains the limited sensitivity to the overall panel
concrete gradeajespite more severe cracking at lower grades and around the mortar pocket.
Using the same mortéitling with a reduced concretgace led to almost unchanged stiffness
and resistancestill, it producedarger cracks around the mortar pocket, which can accelerate
reinforcement corrosion and threaten durability. Within the investigated range, panel thickness
hasa negligible influence on the global behaviour of the connector system, but it clearly
determines thentensityandpatternof crackingof theconcreteVariations inbolt position and
hole clearance havenaticeable busecondargffect on connector stiffness and resistancty wi
only small differences between the configurations. Minimising-bolé¢ clearance remains
essentiglas increased clearance reduces effective stiffness and may also reduce strength.

3.6 Summary of the behaviour of the proposed demountable shear connectors

An extensive push out test programme was
proposed demountable shear connectors in six configurations. All variants exhibited similar
behaviouralcharacteristicvitha consi st e nt-slig responsd (i dlaatig,@) | oad
plastic transitionand (iii) plastic deformationi while detailing improvementsltered the
behaviour.The ultimate resistances fell within a relatively narrow range, characterised by
ductile failure, which was governed by the sHeanding of the bolts, accompanied by local
cracking and spalling of the concrete or moatarund the connectors.

Mortar filling enhance slip capacity and boltorce redistribution, without a significant
reduction in shear resistanoshile it does reduce the initial stiffness of the connection.
Embedded nuts increase connector stiffness, and combining them with mortar filling resulted
in a more pronounced hardening branch, with only slightly increased slip compared to other

configurations, providing the most effective solutidime local region of concrete or mortar
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surrounding the connector, with controlled Hudtie clearances, is a key driver of structural
behaviour, while the connection platees not influenceonnector performance.

Numerical models reproduced stiffness, resistance and failure modes accurately, and the
parametric study demonstrates that bolt position and bolt grade predominantly govern the
stiffness and resistance of the demountable shear connection, while coradetampt panel
thickness mainly influence cracking and durability rather than ultimate capacity and do not alter
the fundamental response of the connectors.

The proposed demountable connector configurations provide adequate stiffness,
resistance, and ductility for practical applications in demountable composite beams, and their

performance is being furthanalysedhrough fullscale beam testing.
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4 Experimental analysis and behaviour of the composite beams
4.1 Beam experimental program
4.1.1 Test specimens
To assess the global behaviour of the developed systems;szdidl composite beam test
programme was designdxhsed orthe preceding pusbut investigations. The experimental
series consisted of four 5.8 spanned composite beams, each testethe Structural
Laboratory of the Budapest University of Technology and Econamidsr fouspoint bending
to characterise stiffness, resistance, and ductility adttheturalmemberscale.
Each specimen incorporated an IPE360 S355 steel semtidd20mm thick precast

concrete panels cast in C50/60 concrete and connected to the beam flange by M16 8.8 threaded
rods acting as demountable shear connectors. At eachserttssn, the slabonsisted of two
separate 50Mm wide panels, intentionally separated by mrf gap, resulting ira total
effective width of 1006nm. The total beam length was06n, with a clear span of.&m
between the supports, and the same basic geometry was useddsetsallhe chosen beam
span and cross section are representat, ve of
designed for wusual i mp onithebdamlsmaeangisin therodler sfl3a b s €
4 m. Thekey details are shown iigures32 and33 and are designated as follows.

1 DC1-C: two panels, no embedded nut (type C), no mortar filling,

1 DCZ2-E: two panels, embedded nut, mortar filling (type B)

1 DC3F: two panels, embedded nut, mortar filling (type B), connection plates,

1 DCA4-G: ten panels, embedded nut, mortar filling (type B), connection plates.
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Figure 32. General details of the composite bearrosssection
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Figure 33. General details of the composite beaide view and top view

Two shear connectors were positioned symmetrically ab®m0from the beam centreline,
and the longitudinal spacing between successive connectors wasn29Bour beam
configurations were examined to isolate the effects of stwamection detailindconnector
type C and B, as defined 8ection3.1.1) and slab segmentation

Precast panslincorporated a 8m thick coldformed C-profile frame, which acted as
permanent formwork and improved dimensional tolerances during casting, as previously
detaled The fl anges of the C Iwlthwledordthedemeuntabledr i | |
shear connectors and for thertar filling ribbedtubes The slab reinforcememonsisted of
S 5 0 0 Bmm thpdand bottom rebars, transverse stirrups, astidpedebar hooks placed
around the connectors to enhance shear tran&femominal cacrete cover of 15m,
corresponding to the minimum permitted value for exposure class X0, was adopted. In practice,
higher exposure classes (e.g. XC1 and above) would require larger covers in accordance with
Eurocode?, but this primarily affects durali andrather thanglobal structural behaviour
investigated herelhe precast concrete panels were arranged in two distinct ways to represent
different slab configurations likely to be encountered in pracjgee ci mens DC1 C,
and DC3 F uedwithtwo longitsidinally continuous panels along the span, whereas
speci men DC4 G consisted of ten shorter pan
layout, separated by intentional dfn gaps allowing for a direct comparison between
longitudinal and transverse panel layoube detailing of the precast panels for specimen
DC4 &hownm Figures34 and35.
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Figure 34. Details of the reinforced concrete panel for test specimen-@C4op view and side view

Figure 35. Details of the reinforced concrete panel for test specimen-GC4einforcement insidéhe C-profile
frame(left) andribbed tube for mortar filling with transversal reinforceméright)

For specimen DGL, both flanges of the -Brofile were drilled with 18nm bolt-holes,
corresponding to the standard hole diamdier 18 mm for M16 bolts. The top flange of the
IPE360 beam, however, was provided with a slightly largen@0hole(do + 2 mm) to allow
for construction tolerancefn the remaining specimens, the top flange of @hgrofile was
drilled with a 58mm holeto accommodate the ribbed tube used around the connector. In these
cases, the lower flange of thep@ofile contained an oversized &@n hole (o + 8 mm) to
combine installation tolerance with the possibitfybolt deformation, while the top flange of
the IPE360 beam was provided with a standarchd@Bhole.

I n speci men B.gthreaGed rod dhear cohhedipype C)were installed in
the C profiles before casting the concrete p
the steel beam so that ttieeadedods aligned with the corresponding holes in the top flange.
Lower and upper nuts were then fitted and tightened to a torqueNrh4fsing a hand torque
wrench to ensure consistent clamping of the connection

For the remaining s@ardi hesomtdabDetERblded tubBsC3 F
were installeglongwith the reinforcemerteforecasting the concrete panels. After hardening,
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