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Abstract 

Demountable steel-concrete composite structures can support circular construction by 

enabling disassembly, reuse and adaptability, thereby reducing environmental impact. This PhD 

research, conducted in cooperation with the Budapest University of Technology and Economics 

and the K£SZ GROUP Ltd., Hungary, develops a demountable composite floor system 

consisting of steel beams and precast reinforced concrete panels, utilising demountable shear 

connectors to provide composite action while allowing for future separation and reassembly. 

An extensive push-out experimental programme, supported by numerical simulations, 

investigated six configurations of the proposed demountable shear connector to characterise its 

behaviour. A consistent multi-linear load-slip response was observed with adequate stiffness, 

resistance and ductility across all variants, although detailing changes affected performance. 

Failure was generally governed by bolt shear-bending, accompanied by local cracking and 

spalling of the surrounding concrete or mortar, confirming the key role of the local region. 

Full-scale composite beam tests with varying shear connection layouts were conducted on 

four specimens with a 5.8 m span to examine their global structural performance. The proposed 

system achieved adequate stiffness, resistance and ductility. Failure was primarily governed by 

bolt shear-bending, as observed in the push-out tests, accompanied by significant beam 

deflection and panel slip. At serviceability load levels, the specimens exhibited linear-elastic 

behaviour without permanent deformation or damage, indicating suitability for reuse. 

Global finite element models, incorporating both stiffer and softer shear connector 

mechanical models derived from push-out tests, accurately reproduced the experimental 

response, providing an enveloping and adequately safe representation of the structural response. 

A subsequent parametric study was conducted to identify and evaluate the influence of key 

parameters and analyse the longitudinal slip distribution. 

A novel Eurocode-based design algorithm was developed to determine the effective shear 

connector resistance, employing a cosine-based slip function refined by a weighting function 

to capture the observed behaviour. The method allows accurate estimation of both elastic and 

plastic moment resistances, as well as serviceability checks for deflection and end slip.  

The findings demonstrate that the proposed demountable steel-concrete composite system 

offers a technically comprehensive and sustainable solution for building construction, 

delivering structural efficiency while enabling circularity through disassembly and reuse. 

Keywords: sustainable structure, demountable steel-concrete composite structure, demountable shear 

connector, push-out test, beam test, numerical simulation, parametric study, design method 
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Notations 

Latin letters 

Aa Cross-sectional area of the steel beam 

Ac Cross-sectional area of the concrete panel 

d0 Standardised bolt hole 

Ea Elastic modulus of steel 

Ecm Secant modulus of elasticity of concrete 

Econcrete Elastic modulus of concrete 

Emortar Elastic modulus of mortar 

EMR,after,eow,out  Emissions and resource consumed from material recovery 

EVM,sub,out  Emissions and resources consumed from acquisition and preprocessing  

fcd Design value of compressive strength of concrete 

fcube Cube compressive strength of concrete at 28 days 

fcyl Cylinder compressive strength of concrete at 28 days 

fmc Compressive strength of mortar at 28 days 

fmt Flexural strength of mortar at 28 days 

ft Tensile strength of threaded rod (shear connector) from coupon test 

fyd Design value of yield strength of structural steel 

fy, fy1, fy2 Yield strength of steel elements from coupon test 
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fu1, fu2 Ultimate tensile strength of steel elements from coupon test 

ha Depth of steel section 

hc Thickness of concrete panel 

Iy,a Second moment of area of steel beam about the y-axis 

Iy,c Second moment of area of concrete slab about the y-axis 

Iy,comp Second moment of area of composite section about the y-axis 

kb Beam stiffness of the composite beam from the beam tests 

kflex Reduction factor for resistance of non-ductile shear connectors 

kini Initial stiffness of the shear connector from push-out test 

kp Preloading initial stiffness of the shear connector from push-out test 

ksc Secant stiffness of the shear connector from push-out test 

ksc,d Design initial stiffness of the shear connectors from the mechanical model 

L Span of the composite beam 

Lx Lever arm in the four-point bending set-up 

Mcalc Plastic bending resistance from the calculated method for comparison 

MEd Bending moment in the mid span from the characteristic load combination 

Mel,ɖ,Rd Elastic moment resistance for partial shear connection 

Mfem Plastic moment resistance from the numerical model for comparison 

ML/300,ɖ,Rd Elastic moment resistance at L/300 (partial shear connection) 

MMR,out  Mass of recovered material from the existing system 

MMR,in  Mass of input material that has already been recovered previously 

Mpl,ɖ,Rd Plastic moment resistance of the composite beam at partial shear connection 

Mpl,full,Rd Plastic moment resistance of the composite beam at full shear connection 

Mult Ultimate moment from the beam test 

Mu,fem Ultimate moment from the numerical simulation for model validation 

n Modular ratio 

nsc Number of shear connectors 

Pe Ultimate force of shear connector from push-out tests 

Pel Elastic limit force of shear connector from push-out tests 

Pek Force at 1.2 mm slip limit of shear connector from push-out tests 

Pi Resistance of the i-th connector obtained from the mechanical model 

Pi,w Weighted resistance of the i-th connector 

PL/300 Working load associated with a deflection limit of L/300 for beam tests 

PRd,eff Design value of effective shear resistance of the connector 
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PRk The characteristic resistance of shear connector from push-out tests 

PRk,eff Characteristic value of effective shear resistance of the connector 

Pult Ultimate load from the beam test 

qserv Service load of the composite beam (distributed) 

QR,out/QR,sub  Quality ratio (set to 1.0) 

s(x) Slip distribution along the beam 

ίӶ End slip of the composite beam 

s1 Defined end slip value in the cosine-based distribution 

si Slip at the i-th connector location 

sel End slip at elastic moment resistance 

sL/300 End slip at L/300 

ssc Connector spacing 

ssc,eq Equivalent connector spacing 

w Deflection of the composite beam from beam test 

w(x) Weighting function 

wi Weight at i-th connector location 

wi,norm Normalised weight at i-th connector location 

wel Deflection at elastic moment resistance level 

wL/300 Deflection at L/300 limit  

wult Ultimate deflection of the composite beam from the beam test 

x Distance from support (in composite beam) 

xi Position of i-th connector from support 

za Depth of the elastic neutral axis of the steel beam from the top flange 

zel,a Depth of elastic neutral axis in the steel section 

zel,c Depth of elastic neutral axis in the concrete 

Greek letters 

ŭini Initial slip from push-out tests 

ŭp Relative displacement corresponding to 0.4Pe from push-out tests 

ŭel Relative displacement corresponding to Pel from push-out tests 

ŭek Relative displacement at the deformation limit, taken as 1.2 mm 

ŭe Relative displacement corresponding to Pe from push-out tests 

ŭRk Relative displacement corresponding to PRk from push-out tests 

ŭu Characteristic relative displacement according to Eurocode 4 

ɔv Partial safety factor for shear connectors, taken as 1.25 
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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 intensive materials, including cement and steel. For this 

reason, ongoing technological and design innovations in structural engineering are essential to 

deliver safe, efficient structures with a lower environmental impact. Consequently, structural 

engineers have a professional responsibility not only to ensure safe and reliable performance, 

but also to make informed design decisions that reduce environmental impacts across the 

structureôs life cycle. Demountable steel-concrete composite 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 dissertation investigates demountable composite solutions through a combination 

of experimental testing and numerical modelling, intending to derive design-oriented 

conclusions for engineering applications. 

1.2 Key aspects of sustainable construction 

1.2.1 Demountable steel-concrete composite structures for sustainability 

Transitioning towards a circular economy in the construction industry is essential for 

achieving long-term sustainability and mitigating the sectorôs substantial environmental impact. 

The extraction of raw materials, high energy consumption, and the generation of construction 

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 optimisation of material 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 deconstruction and reuse, which enables the direct reutilisation of structural 

elements as a more environmentally responsible alternative to both conventional and recycled 

building materials [1,2] Conceptualising buildings as future material banks facilitates the 

efficient recovery, reintegration, and extended service life of components, thereby promoting 

resource circularity [3,4]. 

Within this framework, demountable steel-concrete composite structures represent a 

promising alternative approach towards sustainable construction. The distinctive feature of the 

system is the demountable shear connector, which enables the controlled separation and 

reassembly of components without compromising the global structural performance. By 
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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 sustainable building solutions. 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 closed-loop 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 of steel components represents an even more effective strategy 

for reducing CO  emissions and conserving natural resources. 

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 route powered by renewable 

energy sources. These methods can reduce carbon emissions by up to 95%, and in some cases, 

enable the production of near-zero-carbon steel [6-8]. 

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 around 14% relative 

to recycled steel, 43% compared with virgin steel, and 32 % compared with a 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 environmental advantages 

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 design guidelines, and logistical 

challenges related to dismantling and redistribution. While many technical prerequisites for 

reuse are already available, non-technical issues ï such as component classification, legal 

liability, and the need for reliable digital documentation ï still hinder widespread 

implementation. Recognising the need for regulatory support, the CEN/TC 250/SC 3 Working 

Group ñWG24 ï Design of Reclaimed Steel Components for Reuseò was established to develop 
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Eurocode EN 1993 provisions for reclaimed steel members [12]. This initiative marks a 

significant step toward formalising 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, faster on-site 

assembly, and reduced material waste. However, transportation logistics play a critical role, 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 involves higher initial costs due to the use of steel formwork, 

precision drilling, high-strength bolted shear connectors, and mortar filling operations. 

Nevertheless, studies indicate that prefabricating concrete elements can reduce embodied 

carbon by approximately 10% compared with conventional in-situ construction methods [13]. 

In addition to prefabrication, the incorporation of limestone and fly ash as supplementary 

cementitious materials can reduce carbon emissions by 35%-75%, primarily due to the lower 

energy requirements 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 concretes is often comparable 

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, consequently, a notable reduction in overall 

environmental impact [16]. Recent case studies have demonstrated 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 to equivalent structures built from new concrete 

materials [17-18]. 

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 approach plays 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 carbon-intensive 

virgin resources [19-21]. 

Recent studies indicate that the deconstruction phase contributes approximately 28-30% 

of total life-cycle emissions, mainly due to machinery use, making it the second-largest source, 
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after material production. This finding underscores the importance of minimising equipment-

related carbon impacts and implementing DfD principles to manage end-of-life emissions 

effectively [22,23]. Although DfD may initially involve higher costs due to specialised 

connections and increased design effort, its long-term environmental and economic benefits are 

substantial. When combined with material banks and efficient deconstruction planning, the 

approach offers significant life-cycle cost savings by reducing waste disposal requirements and 

enabling the direct reuse of components [9,24]. 

Quantitative studies demonstrate that proper implementation of reuse-oriented design can 

achieve embodied carbon reductions ranging from 12% to 68%, considering optimised 

manufacturing, faster assembly, reduced on-site equipment usage, and minimal material waste 

[25]. Designing demountable steel-concrete composite floors can significantly reduce the 

environmental impact compared to conventional systems, even when transportation effects are 

considered. However, longer transport distances may partially offset these 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 three reuse cycles [27]. 

Despite its clear potential, several barriers continue to limit widespread adoption, including 

the absence of standardised connection details, technical and economic uncertainties, and a lack 

of regulatory frameworks to support circular construction [21,28]. However, the integration of 

DfD principles with digital tools ï particularly Building Information Modelling (BIM) ï has 

been recognised as a key enabler, allowing for the optimisation of material recovery and reuse 

potential from the earliest design stages [29]. 

1.2.5 Demountable structures in 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 demolished. These principles are especially valuable for temporary or 

adaptive applications ï such as event venues, parking facilities, and modular offices ï where 

standardised building layouts, prefabrication, and dry (mechanical) connections support rapid 

assembly, efficient transportation, and low-waste transformation over time. 

A series of high-profile precedents illustrates this viability. The Temporary Courthouse in 

Amsterdam [30] demonstrates how a bolted steel-frame ñbuilding kitò can be designed 

explicitly for dismantling and relocation; now being reassembled for a new function, it 

illustrates how public buildings can be conceived as reusable. The Netherlands Pavilion at Expo 

2020 Dubai [31] extends the approach through circular procurement: it was designed for 
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disassembly, with primary construction materials intended to be returned to local owners and 

reused after deconstruction. Stadium 974 in Qatar [32] confirms the feasibility of its 

infrastructure scale by basing its design around modular units ï specifically, shipping containers 

ï within a repetitive steel frame, allowing for the dismantling and transportation of major 

elements for redeployment. Building D(emountable) in Delft [33] further demonstrates 

everyday applicability through a modular kit-of-parts and dry, demountable detailing, aimed at 

facilitating future disassembly and reconfiguration. Parking structures provide particularly 

strong evidence of market-ready demountability because their repetitive layouts suit 

standardisation and reassembly. For TU Delftôs Rotterdamseweg car park [34], the company 

reports that 98% of the structure above the foundations can be reused at another location, 

positioning the building as a relocatable resource. A demountable 550-space multi-storey car 

park for ASML in Veldhoven [35] similarly combines bolted steel connections with double-tee 

slabs detailed for reversibility, enabling future disassembly rather than demolition. A donor 

skeleton approach involves reusing structural elements recovered from buildings that have 

reached the end of their functional life ï on the basis that their technical service life is typically 

longer ï thereby avoiding new steel production and its associated impacts; at Milieupark De 

HER in Rotterdam [36], this material-led strategy meant that the available donor frame became 

a key determinant of both architectural and structural design, enabling approximately 75% of 

the structure to be realised from reused elements. The Bispehaven pilot project in Aarhus 

(Denmark) [37] demonstrates that structurally verified reuse of precast concrete elements is 

feasible at the building scale and can deliver meaningful embodied-carbon reductions. 

These examples demonstrate that demountable construction is not merely theoretical: 

when reversible detailing is combined with appropriate logistics, documentation, and 

procurement, buildings can serve as material banks and adaptable platforms across multiple life 

cycles. 

1.2.6 Summary of the sustainable 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 high-value recovery across the entire building 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 certified and redeployed with minimal loss of functional and economic value. 

Demountable steel-concrete 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 closed-loop recyclability; 

however, recent research indicates that direct reuse of members can deliver substantially greater 

embodied carbon reductions than recycling. Prefabricated concrete construction offers 

improved quality control, faster on-site assembly and reduced construction waste, and can 

reduce embodied carbon relative to comparable cast-in-situ solutions in suitable contexts. 

However, transport distances, element mass and higher upfront costs can temper these benefits. 

The use of low-carbon binders, recycled aggregates, and structural optimisation can further 

improve environmental performance. Several case studies demonstrate that the deconstruction 

and reuse of structural elements are technically feasible and can significantly reduce emissions 

compared to producing new components. 

1.3 State of the art  in demountable steel-concrete composite structures 

1.3.1 Overview 

The widespread application of welded headed studs in steel-concrete composite structures 

presents considerable difficulties when disassembly and reuse are required. These connectors 

become permanently embedded within the concrete, making their removal both labour-

intensive and often causing damage or loss of materials. Furthermore, the dismantling process 

necessitates significant manual labour and energy input, thereby diminishing overall efficiency 

and sustainability. Achieving cost-effective and practical demountability thus relies on the 

development of an optimally engineered shear connection system. In contrast to traditional 

welded studs, the demountable composite system utilises structural bolts as shear connectors, 

thereby facilitating both dismantling and reuse. Numerous 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 demountable shear connections 

Demountable shear connectors in steel-concrete composite structures build upon 

foundational mid-20th-century research by Dallam [38] and Marshall et al. [39], which 

established the mechanical behaviour of 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 disassembly. These findings 

paved the way for reusable composite systems and have subsequently enabled continued 

development and refinement of demountable shear connector technologies. 

Lam et al. [40] and Rehman et al. [41] found that threaded headed studs, employed 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 larger bolt-holes (oversized holes) 

to accommodate construction and reuse. These oversized holes introduce an initial slip before 

composite action engages, thereby reducing the initial stiffness. This undesirable effect should 

be mitigated through optimised design and construction techniques. Pavlovic et al. [42] 

investigated the influence of an initial bolt-hole clearance of 1.0-1.2 mm 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 1090-2 [43] typically permit bolt holes to be 

oversized by 1-2 mm (radial clearance), depending on the bolt diameter. Precast concrete 

elements following EN 13369:2023 [44] allow positional tolerances of Ñ6 mm for anchors and 

dimensional tolerances up to Ñ15-20 mm. When combined, these deviations may lead to 

erection mismatches of approximately 30 mm, often requiring on-site shimming or grouting. 

Given that the maximum allowable tolerances for both steel and concrete components exceed 

1 mm, careful attention must be given to designing 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 friction-grip bolts to enhance shear transfer, while Sarri 

[46] explored the use of resin injection into bolt holes to improve connection performance and 

mitigate the effects of oversized holes. Jakovljeviĺ et al. [47] developed a reusable bolted L-

profile with welded studs, which transfers shear force through two shear planes, achieving 

adequate performance while reducing on-site labour. Ding et al. [48] demonstrated outstanding 

stiffness and shear resistance in prefabricated highway bridge beams by employing high-

strength, large-diameter bolts combined with steel fibre-reinforced concrete blocks. 

Suwaed [49] develops demountable shear connectors for precast steel-concrete composite 

bridges using high strength bolts with a special locking configuration that prevents bolt slip in 

oversized holes, thereby enabling accelerated construction, accommodating precast tolerances, 

and allowing complete disassembly and replacement of slabs, beams, and connectors with shear 

resistance and stiffness exceeding conventional welded studs. Studies by He et al. [50,51] 
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establish the lockbolt demountable shear connector as a robust alternative to welded studs, 

demonstrating through comprehensive push-out and combined shear-tension tests that it 

provides high shear resistance, adequate ductility, and reliable performance under multi-axial 

loading, while enabling full deconstruction and reuse. 

Chen et al. [52,53] devised an innovative interlocking web connection with design 

recommendations for precast floor diaphragms that eliminates the need for traditional welding 

or bolting, thereby improving assembly, disassembly, and reuse efficiency. Guo et al. [54] 

proposed a puzzle-shaped interlocking connector for precast slabs and demonstrated that the 

net section capacity of the connection can be reliably predicted, providing design equations that 

ensure sufficient resistance while preserving full demountability. Guo et al. [55] developed a 

rapidly constructed demountable continuous shear connector that is unaffected by installation 

tolerance, demonstrating that it can achieve adequate shear resistance and slip capacity while 

enabling rapid installation and full reuse of composite members. 

1.3.3 Experimental investigations on full-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 and 10 m were tested by Moynihan et al. [56], 

comprising S355 UB254Ĭ102Ĭ28 steel sections and 140 mm thick C16/20 monolithic concrete 

slabs with steel decking, connected using M20 8.8 embedded bolts as demountable shear 

connectors. Observed failure modes included steel yielding, deck delamination, and cone-

shaped pull-out, with end slip values ranging from 2 mm to 26 mm. Although the shear 

resistance exceeded Eurocode predictions, the bending resistance was slightly lower than that 

of comparable composite beams with headed studs, primarily due to construction tolerances 

affecting the demountable system. 

Ataei et al. [57] tested four 7 m span composite beams comprising S355 460UB67.1 steel 

sections and 150 mm thick C40/50 geopolymer concrete slabs. The reference specimen 

incorporated a monolithic continuous slab with embedded bolts, whereas the remaining beams 

employed discrete 1000 mm wide and 1000 mm long panels with prefabricated holes, 

connected using M20 8.8 post-installed friction-grip bolts in varying numbers. Observed failure 

modes included concrete crushing and buckling of the longitudinal reinforcement. The friction-

grip bolted shear 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 successfully deconstructed within 

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

Rehman et al. [58] investigated a 5.2 m span composite beam comprising an S355 IPE300 

steel section and a 120 mm thick C30/37 monolithic concrete slab with steel decking, connected 

using 17 mm 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 steel-concrete interface and 

enhanced ductility. Failure was governed by the yielding of the steel section, accompanied 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 the demountable connection concept. 

Nijgh et al. [59] conducted full-scale tests on a 14.4 m span composite beam comprising 

an S355 tapered steel girder (590-725 mm deep) and 120 mm thick, prefabricated C30/37 

concrete slabs. The system employed M20 8.8 bolted shear connectors, M20 10.9 embedded 

couplers, and M20 8.8 external bolts, with epoxy injection used to eliminate slip in the oversized 

bolt holes. Several connector layouts were investigated, and all provided adequate bending and 

shear stiffness. Epoxy injection effectively suppressed initial slip in the bolt-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 6 m span composite beams comprising S355 IPE360 

steel sections and two longitudinally continuous 150 mm thick C35/45 monolithic concrete 

slabs with metal decking. One beam, using M20 8.8 friction-grip bolts as shear connectors, 

failed through concrete crushing accompanied by crest cracking and shear deformation of the 

bolts. The second beam, incorporating M20 8.8 embedded bolts and couplers, exhibited a lower 

ultimate resistance and failed progressively, initially due to shear connector failure and 

subsequently to concrete crushing. Both beams exhibited higher load-carrying capacity than 

comparable specimens with headed studs reported by Nellinger et al. [61], 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 Numerical investigations on demountable composite beams 

Apart from laboratory investigations, numerous studies have focused on the numerical 
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modelling of demountable steel-concrete composite beams, with particular emphasis on 

accurately capturing slip and nonlinear shear connection behaviour. Kozma [62] developed an 

analytical and numerical framework within partial-interaction theory, employing multilinear 

load-slip relationships to represent the nonlinear response of demountable shear connectors. 

Jakovljeviĺ et al. [63] used three-dimensional nonlinear finite element models to simulate 

composite beams with preloaded and non-preloaded bolts and large bolt-hole clearances, 

highlighting that detailed contact and slip modelling is crucial for reliable prediction of stiffness 

and ductility. Honarvar et al. [64] analysed a blind-bolted composite beam subjected to 

combined flexural and torsional loading, demonstrating that an explicit representation of bolt 

geometry and contact conditions can reproduce global load-deformation 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 design methods for conventional composite beams remain applicable to demountable 

systems. Dai et al. [66] numerically investigated cellular composite beams with demountable 

connectors and conducted a parametric study on the influence of concrete strength, connector 

layout and the asymmetry ratio of the cellular steel section, achieving accurate predictions of 

moment resistance. He et al. [67] carried out comprehensive experimental and numerical studies 

on demountable composite beams with ultra-high-performance concrete and flat or corrugated 

webs under negative bending, with finite element simulations accurately reflecting the cracking 

behaviour, stiffness evolution and ultimate load-carrying capacity. 

Ataei et al. [68] developed and validated detailed nonlinear finite element models of 

innovative semi-rigid composite beam-to-column joints with precast slabs, high-strength steel 

components and demountable friction-grip 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 capacities. Uy et al. [69] performed 

advanced nonlinear finite element analyses and parametric investigations on coped composite 

beam-column connections, showing that the models reliably captured plastic deformation 

patterns and strength behaviour. 
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1.3.5 Design of demountable steel-concrete composite beams 

Although research on demountable composite beams has grown in recent years, most 

studies have concentrated on experimental behaviour rather than on developing consistent 

design methodologies. Eurocode 4 [70] 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 design context. Leskelª and Hanswille [71] and Schªfer [72] 

introduced cosine-based slip functions linked to the bending moment distribution, while 

Lawson [73] verified simplified elastic methods for predicting slip and effective stiffness. More 

recently, Kozma [74] developed algorithms for characterising shear connectors and proposed 

adaptations tailored to reusable shear connection systems, extending Eurocode-compatible 

design concepts to demountable applications. The recently published guidance on demountable 

composite structures [75] offers practical recommendations for design, detailing and execution, 

providing engineers with an essential framework for implementing reuse-oriented solutions 

within the existing Eurocode environment and helping to bridge the gap between research 

advances and engineering practice. 

1.3.6 Summary of the literature review 

The literature overview shows that demountable steel-concrete 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 crucial for achieving adequate stiffness, resistance, and ductility while still 

permitting the disassembly and reuse of structural elements. Demountable systems inherently 

require appropriate assembly tolerances, which, in practice, lead to oversized bolt holes for the 

connectors. These clearances 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 slip and stiffness 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, prestressed and embedded 

coupler-based connections, specialised bolted details, and alternative interlocking shear 

connector concepts. Advances in connector design and installation techniques can effectively 

mitigate the effects of initial slip and the associated reduction in stiffness. However, while these 



18 

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 

global structural performance comparable to conventional welded-stud systems, while enabling 

the dismantling and reuse of members. Across different connector types and slab 

configurations, demountable composite beams generally achieve similar stiffness, load-bearing 

capacity and ductility, with observed failure modes including concrete crushing, bolt 

deformation and localised splitting, depending on the specific arrangement. 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 studies have shown that bolted shear connectors with relatively low degrees of shear 

connection can still provide stiffness levels comparable to those of fully connected systems, 

while greatly facilitating efficient deconstruction. 

Numerical investigations based on advanced finite element modelling have successfully 

reproduced the global and local responses observed in experiments, clarifying the influence of 

connector layout, concrete properties, and interaction mechanisms on stiffness, ductility, and 

load-bearing capacity. However, most models are calibrated against specific push-out datasets 

and are tailored to particular connector geometries or joint details, limiting their generality for 

beam-level design across different demountable systems. 

Design-oriented research on demountable composite beams remains relatively limited 

compared with the extensive experimental work, and current Eurocode 4 provisions still 

address only conventional, non-demountable systems. Analytical developments, including 

cosine-based slip formulations and connector characterisation methods, together with recently 

published guidance documents, extend Eurocode-compatible concepts to reusable shear 

connections and provide practical recommendations for design and detailing, but 

comprehensive, generally applicable design rules for demountable beams are still unavailable. 

1.4 Research gap and problem definition 

In line with current sustainability drivers, design for deconstruction and reuse is an 

essential mindset 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 design situations; each project, 

therefore, requires case-specific solutions and detailing decisions, with limited consolidated 

guidance on deconstruction, storage, logistics, and reassembly. Within the broader set of actions 

necessary to enable circularity in buildings, careful structural design and detailing of 
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demountable systems remains a key engineering task. 

Several studies have investigated demountable steel-concrete composite structures, 

including large-scale experimental tests and design proposals. However, 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 tolerances associated with bolt-hole 

clearance influence fit-up and structural response, and must be addressed through detailed 

design. 

1.5 Aims and objectives of the research 

The research presented in this dissertation, conducted in cooperation with the Budapest 

University of Technology and Economics and the industrial partner K£SZ Group, 

bim.GROUP Ltd., Hungary, aims to develop a sustainable steel-concrete composite structural 

system, leveraging the partnersô practical requirements, design and build experience, and 

available fabrication infrastructure, within the Eurocode design context. The key objective is to 

provide a scientific basis for system development by clarifying the unique 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 shear-connection-level and member-level behaviour. 

The study identifies governing failure mechanisms and quantifies the key performance 

parameters required for subsequent design-oriented assessment. The 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 plastic moment resistance, and relevant serviceability limit 

states, including deflection and end slip. The proposed approach 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 research began with the development of a demountable steel-concrete composite 

system, with particular emphasis on the demountable shear connector, implementing the state 

of the art in recent research findings and sustainability trends. During the development process, 

the industrial partnerôs requirements and manufacturing capabilities were considered, and 

construction details were incorporated to facilitate fabrication, assembly and erection; besides, 



20 

particular attention was given to improved tolerances and the effects of bolt-hole clearance 

during assembly and reassembly. 

A detailed push-out 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. To extend the 

experimental study, numerical simulations were conducted to identify additional factors that 

govern the response and to support the interpretation of the test results. 

Large-scale beam tests were then designed and executed to investigate the global behaviour 

of the developed composite system for different connector arrangements and concrete panel 

configurations. In addition to the global response, failure modes, deflection, and slip were 

assessed, and elastic behaviour with reusability was examined at serviceability load levels. 

To extend the global analysis, numerical models were developed and calibrated against the 

push-out and beam test results to reproduce the observed behaviour. A parametric study was 

then conducted to identify the governing parameters and assess the systemôs applicability across 

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 resistance, as well as ultimate and serviceability limit state checks for the proposed 

composite system. 
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2 Proposed demountable steel-concrete composite system 

2.1 Industrial background and initial concept 

In line with the practical needs and expertise of the industrial partner, K£SZ Group, and 

its strategic design partner bim.GROUP Ltd., this research develops a novel demountable steel-

concrete composite beam system within the context of Eurocode design. It optimises 

demountable shear connector performance to support structural efficiency, reliability and 

practical applicability, tailored for enabling large-scale building applications, while enabling 

reuse over several life cycles in line with current sustainability drivers. The key aim is to exploit 

complete prefabrication of both steel and reinforced concrete components to enhance element 

quality, reduce on-site labour requirements, while enabling rapid assembly and reassembly 

using straightforward, cost-effective construction technologies with clearly defined tolerance 

limits suitable for industrial production. 

K£SZ Group operates dedicated fabrication divisions for both precast concrete and steel 

structures, which creates a strong incentive to develop a system that can efficiently utilise and 

integrate both production streams within a single structural concept. Consequently, 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. This industrial 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 system comprises hot-rolled steel beams and precast reinforced 

concrete panels that incorporate embedded steel C-profiles along their edges. Composite action 

is provided by threaded rods embedded in the panels, which function as demountable shear 

connectors. Key innovations aimed at enhancing the bolt-hole clearance, fabrication and 

construction feasibility along with structural performance (initial stiffness, resistance, and 

ductility) of the shear connectors are illustrated in Figure 1 and include: 

¶ completely precast reinforced concrete slab elements without on-site concreting, 

enabling straightforward construction access, 

¶ embedded steel C-profiles 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 

¶ connection plate between precast slabs to provide global structural stiffening. 
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Figure 1. The proposed structural system 

The proposed structural system prioritises prefabrication, enabling improved concrete 

quality and durability, while also supporting efficient mass production through standardised 

geometries and reusable steel formwork. The embedded C-profiles provide a protective edge 

formwork, facilitate erection and control bolt locations and tolerances. Predrilled holes in these 

assemblies allow the use of demountable shear connectors with a 2 mm clearance in the steel 

beam flange. During assembly, threaded rods with embedded nuts, as shear connectors, are 

inserted into ribbed tubes in the panels, the lower nut at the flange side is tightened by hand to 

snug-tight with no dedicated prestressing force, and 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 the in-plane behaviour of the 

slab. As an alternative detail, the threaded rods may be cast directly into the precast panel 

without mortar filling, which simplifies the on-site process but requires a larger bolt-hole 

clearance (4 mm) 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 without the need for cutting. This approach provides a practical, 

demountable solution that utilises familiar construction techniques while maintaining reliable 

composite action. The protruding threaded rod connectors above the panel can be adapted 

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. A directly embedded threaded rod replacement is 
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challenging because removal would require drilling through the embedded C-profile 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 structural integrity. In contrast, connectors 

embedded in mortar filling can be replaced more easily: the mortar surrounding the bolt acts as 

a sacrificial element that can be drilled out, allowing installation of a new threaded rod with 

nuts and fresh mortar. This replaceability is a key practical advantage of the mortar-filled 

detailing. 

Although the prefabrication and detailing of the system ï steel formwork, drilled holes, 

high-strength threaded connectors and mortar filling ï lead to higher initial fabrication costs 

compared with conventional monolithic solutions, these enable significantly faster on-site 

erection, reduced waste generation and more controlled quality and durability, which can lower 

overall construction costs and environmental impact. More importantly, the ability to dismantle 

and reuse the structural components with minimal on-site labour 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 relative to traditional 

steel-concrete composite floors. 

2.3 Environmental impact and reusability of the proposed system 

Recent research indicates that combining the direct reuse of structural elements with 

prefabricated reinforced concrete and design principles for deconstruction offers an effective 

approach to reducing embodied carbon and advancing circularity in building construction. The 

proposed demountable steel-concrete composite system is consistent with these propositions, 

as it integrates reusable steel beams and precast concrete panels connected through demountable 

shear connectors, explicitly targeting multiple service lives rather than a single use. 

The adopted configuration enables rapid assembly and complete disassembly without 

damaging the main components, allowing elements to be returned to a material bank for reuse 

in future projects or to be used directly as the same structure at a different location. By avoiding 

traditional wet joints and demolition-intensive separation of steel and concrete, the system 

preserves the embodied carbon of both materials, while significantly reducing waste generation 

and machinery-related emissions at the end of life compared to conventional composite floors. 

Prefabrication further improves dimensional accuracy, quality control, and durability, and 

minimises on-site 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 materials, and 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 materials have been 

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 these represent a promising direction for future refinement of the concept. 

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, low-carbon construction sector in which materials 

retain value through reuse and adaptation rather than disposal. 

2.4 Embodied carbon analysis 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, following 

the approach set out in [76]. Environmental Product Declarations (EPDs) were provided by the 

industrial partner for the steel components [77] and precast concrete elements [78], while 

additional EPDs were selected for the mortar filling [79] and the threaded rods [80]. In all cases, 

only the product stage (A1-A3: raw material supply, transport and manufacturing) was 

considered, as these modules are the most relevant for the global embodied carbon. Module D1, 

expressed in kgCO2e/t was calculated using Eq. (1) [76], where MMR,out is the mass of recovered 

material from the existing system; MMR,in is the mass of input material that has already been 

recovered from the previous system according to the provided EPDs; EMR,after,eow,out represents 

emissions and resource consumed from material recovery; simplified values of 200 kgCO2e/t 

for steel reuse, 500 kgCO2e/t for steel recycling, and 10 kgCO2e/t for concrete recycling were 

adopted from [76]; EVM,sub,out denotes the emissions and resources use from acquisition and 

preprocessing of the substituted primary material, here taken as the sum of A1, A2 and A3 from 

the respective EPDs; and the quality ratio QR,out/QR,sub is set to 1.0 for every case, assuming 

equivalence between reused or recycled and primary materials. 

-ÏÄÕÌÅ $ρ ὓ ȟ ὓ ȟ ϽὉ ȟ ȟ ȟ Ὁ ȟ ȟ Ͻ
ὗȟ
ὗȟ

 (1) 

In this study, three end of life scenarios were defined for the steel and concrete elements 

and their connectors, present in Table 1 with the corresponding D1 results, and listed below: 
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¶ Sc. 1 ï Baseline scenario: Structural 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. 

¶ Sc. 2 ï 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. 

¶ Sc. 3 ï High-reuse scenario: Both 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 scenarios with the corresponding D1 factor in kgCO2e/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 single 6 m long beam test specimen was considered, incorporating 

the proposed details (C profile, connection plates, threaded rod and mortar filling), as described 

in Section 4.1. In the reference solution, the steel beam and concrete panel are identical, but 

welded headed studs are used instead of the proposed demountable shear connection, and 

Scenario 1 was adopted. A summary and comparison of module D1 and the embodied carbon 

of each component in all scenarios, including the reference case, together with the 

corresponding quantities and A1-A3 factors, is presented in Table 2. 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. 

Table 2. Summary and comparison of the module D1 and the embodied carbon for each component 

Component 
Quantity 

[kg] 

A1-A3 

[kgCO2e/t] 

Module D1 [kgCO2e/t] Embodied carbon [kgCO2e/t] 

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 

Precast concrete 1740.0 181.5 -34.3 -172.5 -145.2 256.2 256.2 63.2 15.8 

Reinforcement 58.2 1557.0 359.4 -718.4 -514.8 111.5 111.5 60.7 48.8 

Steel assemblies 120.6 1752.7 -446.9 -710.9 -665.9 0.0 157.5 131.1 125.6 

Mortar filling 28.1 298.0 0.0 -238.4 0.0 0.0 0.0 8.4 1.7 

Shear connector 12.6 3820.0 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 

Total embodied carbon [kgCO2e/t] 823.2 1028.8 683.5 560.3 

Embodied carbon for 1 m [kgCO2e/t/m] 137.2 171.5 113.9 93.4 

Relative embodied carbon to the reference [-] 1.00 1.25 0.83 0.68 
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The results show that the proposed demountable system when reuse is not considered in 

Sc. 1, has 1.25 times the embodied carbon of the reference solution, the conventional composite 

beam with welded headed studs. In Sc. 2, representing a low reuse case with significant 

connector damage, the embodied carbon is only 83% of the reference and a 33% reduction 

occurs relative to Sc. 1. Representing a high reuse case in Sc. 3, the embodied carbon is reduced 

to 68% of the reference, giving a 54% reduction compared to Sc. 1. The comparison of the 

embodied carbon values relative to 1 m is presented in Figure 2. Overall, the detailing 

improvements in the proposed system, which increase both material quantities and A1-A3 

emission factors, 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 life cycle. Besides, 

the trends and magnitudes of embodied carbon reductions observed in the reuse scenarios are 

consistent with reductions reported for reusable constructional [81], and with the considerable 

upfront savings found for buildings using reused concrete elements [82]. These results indicate 

that the proposed system provides a promising basis for design for reuse, with embodied carbon 

performance that aligns with key sustainability aspects and principles discussed in Section 1.2. 

 

Figure 2. Embodied carbon comparison for 1 m in each scenario 

The embodied carbon assessment presented in this study is subject to several limitations, 

which should be refined in future research. The analysis is restricted to product stage impacts 

(A1-A3) from the selected EPDs, while transport, construction, use stage effects and detailed 

end of life processes (A4-A5, B stages, C1-C4) are not modelled. Generic constant values were 

adopted for emissions associated with post end of waste recovery, and all reused and recycled 

materials were assumed to be functionally equivalent to primary materials. The assessment is 

based on a single 6 m-long beam with an effective composite width of 1 m and does not 

consider the entire system or additional site activities related to deconstruction, inspection, 

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

for comparing the relative embodied carbon performance of the proposed demountable system. 
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3 Analysis and behaviour of the shear connectors 

3.1 The push-out experimental program 

3.1.1 The push-out specimens 

The push-out experimental programme was designed to characterise the structural 

behaviour of the proposed demountable shear connector system. The influence of key 

constructional details ï oversized bolt holes, embedded C-profiles, through bolts, mortar filling, 

and connection plates ï was investigated through six distinct structural arrangements, each 

represented by three nominally identical specimens. In total, eighteen push-out tests were 

carried out in the Structural Laboratory of the Budapest University of Technology and 

Economics, following the recommendations of Eurocode 4. The configuration of the specimens 

is summarised below and illustrated in Figure 3. 

A) Embedded bolt, embedded nut 

B) Embedded bolt, embedded nut, mortar filling  

C) Through bolt 

D) Through bolt, connection plate 

E) Through bolt, mortar filling  

F) Through bolt, connection plate, mortar filling  

 

Figure 3 . The push-out specimen types 

Each push-out specimen consisted of an HEB260 S235 steel column connected to four 

separate precast reinforced concrete panels of concrete class C50/60. For every panel, two 

M16 8.8 connectors were provided ï either threaded-up-to-head embedded bolts or M16 8.8 

through-bolts (threaded rods) ï resulting in a total of eight shear connectors per specimen. 

Specimens A and B were designed to be consistent with previously reported demountable 

systems [45,46], which comprise L-shaped steel profiles and embedded bolts with cast-in nuts, 

and therefore serve as reference configurations for comparison with the new details. In 

specimens C, D, E, and F, the shear connection is provided by an embedded C-profile combined 

with threaded rods, without embedded nuts in the concrete. Nuts and washers are located only 

on the top surface of the panels and on the underside of the steel flanges. In all cases, the nuts 
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are tightened by hand to a snug-tight condition without a specified prestressing force. 

The C-profile assemblies within the panels incorporate 100 x 100 mm rectangular cut-outs 

on the steel flange side. These openings create a viewing window so that local concrete damage 

and connector deformation can be visually observed during the push out tests. For application 

in the proposed building system, an oversized hole with a diameter of d0 + 8 mm (which is 

26 mm for an M16 bolt with a standard hole diameter of d0 = 18 mm) is envisioned in instead 

of the rectangular opening, to reflect practical fabrication and erection tolerances better. 

Specimens B, E and F were constructed with on-site 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 by the manufacturer, had a characteristic 

compressive strength of 62 MPa and a characteristic modulus of elasticity of 26 GPa. In 

specimens D and F, an additional connection plate was installed on top of the panels to increase 

the stiffness of the threaded-rod shear connectors. To illustrate the specimen configuration in 

more detail, the construction drawing of specimen F are shown in Figures 4 and 5.  

In line with recent recommendations, transverse tie bars were provided in the slab to limit 

artificial transverse tension around the connector region, while the C profile and surrounding 

reinforcement further contributed to confining the concrete and reducing transverse 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 connector zone, while the C profile together with the slab 

reinforcement provided additional confinement of the concrete, thereby attenuating transverse 

cracking and splitting around the connectors. The reinforcement layout of a single panel, 

together with the panels incorporating the embedded ribbed tubes with plastic caps after 

concreting, is presented in Figure 6. 

Test specimens without mortar filling (A, C and D) incorporate oversized holes in the steel 

beam flange with a diameter of d0 + 4 mm = 20 mm, corresponding to a radial clearance of 

4 mm. In contrast, specimens with mortar filling (B, E, and F) use standard bolt holes with 

d0 = 18 mm, providing a reduced clearance of 2 mm. 

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 here to estimate the specimenôs resistance and to design the loading setup. 

Based on mean material properties, the estimated resistance of a single bolt was 75.36 kN, 

giving a predicted total load-bearing capacity of 602.88 kN for one push-out specimen. 
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Figure 4. Details of specimen type F ï top view 

 

Figure 5. Details of specimen type F ï side views 

  

Figure 6. Fabrication of specimen type F ï reinforcement (left) and concreting of the panels (right) 

3.1.2 Loading and measurement details 

The test setup and loading protocol were established in accordance with Eurocode 4. The 

programme began with 25 preloading cycles, nominally between 5% and 40% of the estimated 
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specimen resistance. In the current case, slightly larger load increments were adopted due to 

limitations of the loading equipment, and the preloading range was approximately 60-280 kN. 

During these cycles, friction between the steel flanges and concrete panels, induced by bolt 

tightening, was relieved, allowing any initial slip of the connectors to develop. To further 

minimise unintended friction, the steel-concrete interfaces were greased before testing. 

Monotonic loading was applied using a WPM testing machine with a maximum capacity 

of 6000 kN. Throughout each test, global vertical displacement (GV 1-2), relative vertical 

displacements (J1/2-V and B1/2-V), and horizontal displacements (J1/2-H and B1/2-H) were 

recorded by LVDTs. In addition, strain gauges positioned above each shear connector in the 

loading direction measured stresses in the steel flanges (J1/2-SA/F and B1/2-SA/F), allowing 

for an evaluation of the stress distribution among the bolts. The sensor layout is illustrated in 

Figure 7, and a prepared push-out specimen is shown in Figure 8. 

  

Figure 7. Sensor setup for the push-out tests ï top view (left) and side view (right) 

 

Figure 8. The prepared push-out 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 push-out specimens. The compressive strength of the concrete was measured on standard 

cylinders or cubes after 28 days, using samples stored together with the test panels. 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 

determined by 8 mm diameter machined coupon tests. The mean values of the measured 

material properties are summarised in Table 3. The characteristic elastic modulus is 

Emortar = 26 GPa for the mortar, as specified by the manufacturer, and Econcrete = 38.3 GPa for 

the concrete, interpolated from the measured compressive strengths from Eurocode 2 [83]. 

Table 3. Measured material properties 

Material  Grade Test type Type Num. Dim. [mm] Standard [MPa]  AV SV 

Concrete C50/60 Compressive cube 15 150x150x150 
EN 12390-1 

[84] 

fcube 69.9 6.1 

fcyl 55.6 4.4 

Mortar 
F8 Flexural prism 9 40x40x150 EN 1015-11 

[85] 

fmt 7.5 0.5 

C62 Compressive cube 18 40x40 fmc 59.4 6.7 

Connector 8.8 Tensile coupon 3 D8 
EN ISO 6869-1 

[86] 

fy 853.2 19.0 

ft 944.6 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 force-relative displacement relationships for specimens B-2, C-2 and F-

2 are shown in Figure 9, where the slip values correspond to the average of the four 

displacement sensors installed at the steel-concrete interfaces. 

 

Figure 9. Preloading cyclic force-relative displacement diagrams 

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

force-relative displacement relationship is almost linear, and the apparent stiffness is high. In 
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subsequent cycles, the displacements increase slightly, with a gradual reduction in stiffness. 

After completing the last preloading cycle, the residual relative displacements are taken as the 

initial slip (ŭini), with values between 1.5 mm and 3.4 mm, reflecting both bolt adjustment 

within the holes and the independent movement of the individual panels. 

In the subsequent evaluation, the force-relative displacement diagrams are shifted to the 

origin using the measured initial slip and then 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. Nevertheless, in a real composite beam, this early-stage 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 present push-out programme is to characterise and 

compare the shear connector behaviour in 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 examined in this work. 

3.2.2 Evaluation of the stiffnesses 

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

¶ The preloading initial stiffness kp is obtained from the first cycle as the ratio of 40% 

of the ultimate load, 0.4Pe, corresponding to the upper limit of the preloading range, 

to the associated relative displacement ŭp. 

¶ The initial stiffness kini is taken as the slope of the initial linear portion of the 

transformed force-relative displacement curve and is defined as the ratio of the force 

Pel at a relative displacement of 0.3 mm (ŭel). 

¶ The secant stiffness ksc is defined as the ratio of the force Pek at a relative displacement 

of 1.2 mm (ŭek). It is noted that, for demountable composite structures, an end slip limit 

of 1.2 mm in the serviceability limit state is recommended to avoid significant plastic 

deformation of the connectors [75]. Limited plasticity may occur, but is not expected 

to impair demounting and reassembly. 

The initial and secant stiffness values determined for each specimen type are plotted in 

Figure 10. The determined values for all individual specimens, together with the corresponding 

parameters, are summarised in Table 4, and an overall comparison is presented in Figure 11. 
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Figure 10. Defined preloading initial stiffness (left) and initial with secant stiffness (right) of each type  

Table 4. The initial and secant stiffnesses of each specimen 

Type 
0.4Pe 
[kN]  

kp 
[kN/mm] 

kpïAV 
[kN/mm] 

Pel 
[kN]  

kini 
[kN/mm] 

kiniïAV 
[kN/mm] 

Pek 
[kN]  

ksc 
[kN/mm] 

kscïAV 
[kN/mm] 

A-1 236.0 118.02 

122.04 

248.3 827.67 

847.67 

462.0 385.00 

377.78 A-2 233.7 164.65 223.6 745.33 385.0 320.83 

A-3 237.9 83.47 291.0 970.00 513.0 427.50 

B-1 220.5 92.56 

89.84 

104.0 346.59 

360.39 

341.0 284.17 

299.17 B-2 230.0 87.70 101.5 338.24 346.0 288.33 

B-3 236.2 89.26 118.9 396.35 390.0 325.00 

C-1 227.5 98.36 

138.99 

237.0 790.00 

729.11 

396.0 330.00 

337.22 C-2 228.8 139.88 203.6 678.67 413.0 344.17 

C-3 224.2 178.74 215.6 718.67 405.0 337.50 

D-1 213.4 110.57 

132.15 

181.2 604.00* 

718.33 

366.0 305.00* 

392.50 D-2 208.4 106.79 142.1 473.62* 357.0 297.50* 

D-3 223.3 179.09 215.5 718.33 471.0 392.50 

E-1 218.8 110.66 

102.19 

126.2 420.68 

410.25 

339.0 282.50 

298.06 E-2 224.2 85.21 120.5 401.61 373.0 310.83 

E-3 212.6 110.71 122.5 408.46 361.0 300.83 

F-1 212.8 99.53 

89.35 

123.0 410.00 

396.73 

325.0 270.83 

285.83 F-2 216.3 72.57 116.1 387.06 358.0 298.33 

F-3 215.0 95.94 117.9 393.13 346.0 288.33 

 

 

Figure 11. Comparison of the stiffnesses 

Types A, C and D exhibit the highest initial stiffness (kini) values. In specimen A, the 

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

the embedded nut. Specimens with mortar filling exhibit reduced initial stiffness due to the 
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lower elastic modulus of the mortar; the corresponding values for types E and F are very similar. 

Comparing the through-bolt 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 stiffness (ksc) 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 mortar filling , 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 stiffnesses (kp) are approximately four to 

five times lower than the initial stiffness, confirming the presence of an initial soft response 

stage governed mainly by bolt-hole clearance and positioning effects. When comparing the 

initial and secant stiffnesses, similar qualitative trends are obtained. Specimens A, C and D, 

which do not contain mortar filling , consistently show higher stiffness values than the other 

configurations. This stiffness parameter, therefore, captures the influence of the initial-stage 

uncertainties discussed previously, such as bolt positioning and prestress variation, which are 

more effectively mitigated in the non-mortar-filled specimens. 

The mortar filling , and more generally the material properties in the close region of the 

bolts, clearly govern both 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 be required to 

engage these plates, which does not occur within the investigated load range. 

3.2.3 Bolt force distribution 

The force-stress diagram is used to evaluate how the applied load is shared between the 

individual bolts. The bolt-hole clearance 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 example, Figure 12 presents the 

force-stress curves for specimen C-3, where continuous lines correspond to the upper bolts and 

dashed lines to the lower bolts, with the strain gauge locations indicated in Figure 7. 

The different stress levels measured in the bolts at the same applied load confirm a non-

uniform distribution of bolt forces. At lower load levels, the force-stress curves are almost linear 

and parallel, except for the earliest stage, during 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 specimens. However, 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 through a fully plastic mechanism. 

Specimens with mortar filling  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 bolts. Therefore, equal force sharing between the bolts is not 

achieved, even in the plastic range of response. The distribution of forces depends on the actual 

bolt positions within the holes, the ductility of the shear connection, which is governed by bolt 

deformation, and the extent of local damage in the surrounding concrete and mortar filling . 

 

Figure 12. Force-stress diagram for specimen C-3 

3.2.4 Failure mode 

All specimens failed by a combined plastic shear-bending mechanism of the bolts acting 

in the plane of the steel-concrete interface, as illustrated in Figure 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 the close region of the bolts (Figure 13 (right)). For the 

specimens with mortar filling , larger bolt deformations and more extensive local detachments 

are observed (Figure 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 the bolts (left), concrete cracking and mortar filling with bolt deformation (right) 
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3.2.5 Behaviour characteristics 

The force-relative displacement relationship represents the key outcome of the push-out 

tests and forms the basis for characterising the shear connectorsô behaviour. In the evaluation, 

both directly recorded and transformed force-relative displacement curves were considered. For 

each connector configuration, Figure 14 presents the measured and transformed curves 

obtained from the average of the vertical displacements recorded by four LVDTs, which are 

positioned to capture the relative displacement at the steel-concrete interface. 

 

Figure 14. Force-relative 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 clearly distinguished. Within the examined specimens, the 

measured shear resistances lie in a relatively narrow range of approximately 520-570 kN (65-

71 kN for each connector), with ultimate relative displacements of about 6-7 mm, indicating 

adequate ductility and a comparable ultimate capacity across the various detailing options. 

Similar structural solutions reported in the literature [45,46] exhibit comparable 

behavioural characteristics, where prestressed bolts and mechanical couplers act as flexible-

brittle shear connectors with a distinctly multilinear load-slip response. The measured force-

relative displacement curves likewise show a noticeable initial rigid phase associated with the 

depletion of frictional resistance and the repositioning of the bolts within their holes, in 

agreement with observations reported in the literature. 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 force, Pe, is defined as the maximum load attained during the push-out tests, 

corresponding to the ultimate relative displacement ŭe. For each specimen, 90% of the ultimate 

force, PRk, is identified together with the associated slip ŭRk that occurs prior to reaching the 

peak resistance. In addition, the characteristic relative displacement ŭu is evaluated in 

accordance with the provisions of Eurocode 4 for ductile shear connectors. An overview of 

these parameters and their graphical interpretation is provided in Figure 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 level Pel, after which nonlinear behaviour 

sets in and partial plasticity develops, accompanied by progressive stiffness degradation as the 

connectors deform and cracking initiates in the surrounding concrete or mortar. Once the load 

corresponding to a relative displacement of 1.2 mm (Pek) is reached, the shear connectors enter 

a plastic stage characterised by pronounced plastic deformations, large relative slip values and 

a short hardening branch leading up to the ultimate resistance Pe. The extent of this plastic 

deformation region in the force-relative displacement diagram provides a direct measure of the 

ductility of the individual shear connector types. 

Eurocode 4 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 6 mm, thereby permitting the use of plastic design methods for the composite 

beam. In contrast, the specimens investigated in this study exhibit a continuously increasing 

load-slip response up to failure, reaching slip values of about 6 mm without forming a distinct 

plastic plateau. Nevertheless, the connectors are regarded as ductile because they provide 

sufficient plastic deformation capacity within this slip range. This interpretation is supported 

by the observed load-slip characteristics, the predominantly plastic shear-bending 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 force-relative 

displacement diagrams, which intentionally exclude the uncertain initial phase, thus allowing a 

more precise comparison of stiffness, resistance, and ductility between the different shear 

connection details. Besides, both measured and transformed force-relative displacement curves 

are presented to examine the whole response, including initial positioning effects. 
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Types A and B develop the highest ultimate forces among the tested configurations, and 

their force-relative displacement responses are plotted in Figure 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 resistance but restricts large plastic deformations.  

Type B exhibited slightly smaller ultimate and characteristic slip values than the other 

specimens. In contrast, type A constitutes an exception due 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 small slip values, 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 the shear 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 favour a bolt-hole clearance of about 

1 mm, this detail employs an increased clearance of 4 mm to meet fabrication requirements, a 

decision which further influences stiffness and slip capacity. 

 

Figure 16. Force-relative displacement diagrams of type A and B ï with (left) and without (right) initial stage 

Figure 17 shows the force-relative displacement responses for types C and D-3. These 

types exhibit slightly higher resistances and display a small plastic hardening branch near 

failure, compared with the mortar-filled configurations, reflecting the higher strength and 

stiffness of the surrounding concrete. The bolts in these specimens attract larger forces at 

relatively small slip values and deform in combination with local concrete cracking, with 

limited hardening stiffness in the post-yield range. Specimens D-1 and D-2 were excluded from 

the current evaluation due to construction imperfections ï primarily poor concrete quality 

surrounding the connectors, compounded in D-1 by missing anchorage nuts which evaluated in 

Section 3.3.1 ï rendering them non-representative with no impact on conclusions. 

Figure 18 compares the force-relative 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 mortar filling  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. 

 

Figure 17. Force-relative displacement diagrams of type C and D ï with (left) and without (right) initial stage 

 

Figure 18. Force-relative displacement diagrams of type E and F ï 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 effectively connecting adjacent panels, rather than to 

modify the local behaviour of the individual shear connectors. The resulting diaphragm action 

of the connected slab assembly is investigated in detail during beam tests, where the global 

response of the system can be captured. 

The evaluated force and slip parameters, including ŭini, PRk, ŭRk, Pe, ŭe, and ŭu, as defined 

in Sections 3.2.1 and 3.2.5, are compared for each shear connector type in terms of their average 

values (AV) and coefficients of variation (CV), as summarised in Table 5. The relationship 

between ultimate forces (Pe) and relative displacements (ŭe) and the corresponding 

characteristic relative displacements (ŭu) is illustrated for all specimens in Figure 19. In 

accordance with the evaluated force-relative displacement diagrams, the ultimate forces and 

corresponding slip values of the different connector types are close to each other, and 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 discussed previously. 

Based on the observed behaviour, the specimens with mortar filling  (types B, E and F) can 

be regarded as the most favourable shear connection solution, because the mortar properties in 
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the vicinity of the connectors enhance the effectiveness and engagement of the bolts. The 

smaller bolt-hole clearance adopted in these details is also beneficial, as it reduces initial slip 

and improves overall load transfer and stiffness. 

Table 5. Measured ultimate forces and relative displacements 

Type 
ŭini 

[mm] 
PRk  

[kN]  
PRk AV 
[kN]  

ŭRk 
[mm] 

ŭRk AV 
[mm] 

Pe  
[kN]  

Pe AV 
[kN]  

Pe CV 
[%] 

ŭe  
[mm] 

ŭe AV 
[kN]  

ŭe CV 
[%] 

ŭu 
[mm] 

ŭuk 

[mm] 

A-1 2.06 531.1 

530.7 

1.7 

1.86 

590.1 

589.7 0.7% 

2.6 

2.77 8.2% 

3.20 

2.61 A-2 1.82 525.9 2.5 584.3 3.1 3.38 

A-3 2.63 535.3 1.4 594.7 2.6 3.09 

B-1 1.93 496.2 

515.1 

3.3 

3.55 

551.3 

572.3 2.8% 

6.6 

6.02 7.5% 

7.19 

5.05 B-2 2.70 517.5 3.9 575.0 6.0 5.77 

B-3 2.67 531.5 3.4 590.5 5.5 5.05 

C-1 3.10 511.9 

510.4 

2.9 

3.47 

568.8 

567.1 0.9% 

6.1 

6.73 13.8% 

6.27 

6.07 C-2 1.49 514.9 4.7 572.1 8.0 7.43 

C-3 1.70 504.5 2.8 560.5 6.1 6.07 

D-1 2.26 480.2* 

502.4* 

3.4* 

1.8* 

533.5* 

558.2* 0.0%* 

10.4* 

6.1* 0.0%* 

10.40* 

5.79* D-2 2.31 468.8* 4.2* 520.9* 9.0* 8.57* 

D-3 1.70 502.4 1.8 558.2 6.1 5.79 

E-1 2.05 492.3 

491.7 

4.5 

3.96 

547.0 

546.4 2.2% 

7.1 

6.79 3.2% 

6.63 

6.18 E-2 2.70 504.5 3.8 560.6 6.6 6.18 

E-3 2.88 478.3 3.6 531.5 6.7 6.33 

F-1 1.91 478.7 

483.1 

4.4 

4.18 

531.9 

536.7 0.7% 

7.0 

6.71 7.6% 

6.84 

5.94 F-2 3.38 486.7 3.8 540.8 6.0 5.94 

F-3 2.59 483.8 4.3 537.5 7.1 6.85 

*Construction imperfections are detected and excluded from the current evaluation 

 

 

Figure 19. Comparison of the ultimate forces and relative displacements 

3.3 Supplementary tests on local connector behaviour 

3.3.1 Supplementary evaluation of the local behaviour 

During the push-out test programme, specimens D-1 and D-2 exhibited an altered local 

response that required separate evaluation, as they highlighted the sensitivity of the connection 

system to construction imperfections. In both specimens, poor concrete quality was observed 

in the region surrounding the connectors, resulting in lower stiffness and shear resistance, as 

well as increased deformability. For specimen D-1, the anchorage nuts were missing on the 

outer side of the panels, which caused bolt pull-out from the concrete and produced an extended 
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horizontal plateau in the force-relative displacement response. The zone of poor concrete 

quality and the observed pull-out failure are illustrated in Figure 20, while the corresponding 

force-relative displacement curves for D-1 and D-2 are shown in Figure 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, have a decisive influence on the 

shear connector behaviour. 

  

Figure 20. Local concrete failure (left) and bolt pull-out (right) 

3.3.2 Supplementary push-out test with increasing load cycles 

A supplementary push-out test with incrementally increasing load cycles was conducted 

to investigate the shear connection behaviour further. This additional specimen (C-4) 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 resulting force-relative 

displacement response is shown in Figure 21 (right). 

These specimens exhibit larger initial slip values than the monotonic reference specimens 

C-1 to C-3, reflecting the cumulative effect of repeated loading on positioning and bolt-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 connector type. 

 

Figure 21. Force-relative displacement diagrams of specimen D-1 and D-2 compared to reference D-3 (left) and 

specimen C-4 compared to reference C-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 push-out specimens in the ATENA [87] software 

environment. Specimens C and E were selected as representatives of the two principal 

configurations: type C, serving as the reference solution with bolts embedded directly in 

concrete, and type E, representing the modified variant with a surrounding mortar filling . The 

numerical models were developed within an MSc thesis under the authorôs supervision, while 

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 C-profile were modelled as S235 structural steel with characteristic material 

properties, while the M16 8.8 threaded rods and nuts forming the shear connectors were also 

represented by solid elements using an effective (unthreaded) shank diameter, a Youngôs 

modulus of 210 GPa and the experimentally determined tensile strength of 944.6 MPa. The four 

C50/60 concrete panels were assigned a modulus of elasticity of 37.3 GPa and a compressive 

strength of 70.7 MPa, consistent with the material test results. Additional rigid load-transfer 

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 illustrated in Figure 22 (left). 

For the steel components (column, C-profiles and bolts), a linear elastic-perfectly plastic 

material model was adopted, with separate parameter sets for the steel members and the high-

strength connectors. The concrete and mortar regions were modelled using a Drucker-Prager 

plasticity model suitable for quasi-brittle materials, enabling the representation of cracking, 

crushing and inelastic deformation in the vicinity of the connectors. An overview of the 

assigned material models applied to the individual parts is given in Figure 22 (right). 

 

Figure 22. The complete 3D model (left) and the applied material models (right) 
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The solid elements of the embedded bolts and C-profiles are fully integrated with the 

adjacent concrete panel elements. A 6 mm 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 the C-profiles of the panels are modelled using contact 

elements without friction, reflecting the greased steel-steel interfaces used in the experiments. 

The upper four bolts are positioned concentrically within 16 mm 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 0.2. To represent the imperfect bolt 

position within the oversized holes, separate load-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 prescribed gap in the global vertical direction, varied between 0.5 

and 3.5 mm, while being rigid in the transverse direction to prevent bolt pull-out. Under this 

arrangement, the upper bolts carry the 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. This staged 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. The configuration of these contact elements is illustrated in Figure 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 size of 10 mm for the bulk of the 

specimen, refined to 1-3 mm near the shear connectors, as shown in Figure 23 (right). 

  

Figure 23. The details of the bolt contact elements (left) and the applied finite element mesh (right) 
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Loading is applied to the upper load-transfer blocks via prescribed vertical displacements 

at an increment of 0.04 mm per step (10 mm total displacement over 250 steps). Monitor 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 load-relative displacement response. 

Quantitative convergence results for the element size and load increment sensitivity studies are 

presented in Figure 24. 

 

Figure 24. Convergence results for the element size (left) and load increment (right) 

3.4.3 Validation of the numerical model 

The numerical model is validated by comparing its force-relative displacement curves with 

the push-out test results. For types C and D, numerical responses with and without defined bolt 

position modelling are compared to experiments in Figure 25 (left), while for types E and F 

(with mortar filling  and defined bolt positions), the experimental and numerical curves are 

shown in Figure 25 (right). 

 

Figure 25. Force-relative displacement diagrams of type C-D (left) and E-F compared to the results of the 

numerical analysis (right) 

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 subsequent numerical evaluation. 

According to the force-relative displacement curve of the model without bolt-hole 

clearance (M TOL 0 in Figure 25 (left)), the initial stiffness is almost twice as high, and the 

plastic transition zone is shorter than in the tests. Nevertheless, the secant stiffness and ultimate 
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imperfect bolt positioning with a uniform 0.5 mm gap (M TOL 1 in Figure 25 (left)) 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 analyses are summarised in Table 6. 

Table 6. 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 
(kini) [kN/m] 

729 1872 1225 404 1212 

Secant stiffness 
(ksc) [kN/m] 

337 393 370 292 342 

Resistance 
(Pe) [kN]  

567 579 580 542 580 

 

Specimens E and F (M MORTAR in Figure 25 (right)) show similar behaviour as in the 

tests, with reduced stiffness and resistance compared with the non mortar types. Despite minor 

discrepancies, the model successfully reproduces the response of the mortar-filled connectors. 

The model incorporating bolt-hole clearance reproduces the observed structural behaviour 

well, especially in the plastic transition stage. During the tests, the non-uniform force 

distribution between bolts resulted in a softer overall response. After redistribution in the final 

plastic stage, the bolt forces became more similar but never fully equalised, which explains why 

the model without defined bolt positions can still predict the ultimate resistance accurately, 

while showing notable discrepancies in stiffness. 

The yielding and plastic deformation in the bolts for models with and without defined bolt-

hole clearance are shown in 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 

detachment, can be observed, as illustrated in Figure 27. No substantial cracking has occurred 

away from the connector region. Overall, the failure modes predicted by the numerical models 

are consistent with those observed in the push-out tests and accurately represent the actual 

structural behaviour. 

 

Figure 26. Plastic failure of the bolts without (left) and with defined bolt position (right) 
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Figure 27. The local damages of the concrete (right) and mortar with cracking, spalling (right), 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 slight deviation from the real contact 

conditions, no such thread-related 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 unlimited plastic straining. While ultimate bolt resistance is 

accurately reproduced, post-peak behaviour cannot be reliably simulated, with the model 

overestimating deformability beyond this point. Consequently, the numerical study focuses on 

stiffness and resistance up to peak load and conservatively neglects ductile post-peak effects, 

which is adequate for validation against experimental results. Future enhancements could 

employ fracture criteria (e.g., ductile damage initiation) for realistic failure prediction. A key 

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 provided by the 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 model analyses 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 for the C-D and E-F configurations, 

the simulations accurately reflect the key behavioural characteristics and 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 study was conducted to 

identify the primary factors influencing the 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 parallel, additional simulations on specimen type E examined different 

surrounding concrete grades to assess their impact on the mortar-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 bolt-position scenarios were analysed for the 

lower bolts on both sides of the specimen, as summarised in Table 7, where the offset distance 

from the hole centre defines the position. Model M-TOL-0 represents the ideal case, where 

there is no tolerance, in which all bolts are concentric in their holes and engage simultaneously. 

For the imperfect configurations M TOL 1 to M TOL 4, predefined gaps between 0.0 mm and 

3.5 mm were assigned to the lower bolts, while the upper bolts remained centrally positioned. 

The resulting force-relative displacement curves for these cases are shown in Figure 28 (left). 

Table 7. The defined bolt positions of the lower bolts on both sides of the specimen from 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 1.5 2.5 3.5 

M-TOL-2 0.0 3.5 3.5 3.5 

M-TOL-3 0.0 0.0 3.5 3.5 

M-TOL-4 0.5 0.5 0.5 0.5 

 

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

yet achieves the same ultimate resistance. In the unfavourable bolt-position case M TOL 2, a 

breakpoint appears in the load-relative displacement curve at about 300 kN, resulting in two 

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

yielded significantly. No such behaviour has been reported in previous studies and is considered 

unlikely to occur in practice, even in full-scale composite beams with many connectors. The 

remaining bolt-position models exhibit similar overall behaviour. The imperfect configurations 
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develop slightly lower ultimate resistances than M TOL 1, indicating no substantial loss of 

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 larger slip values because the 

bolts must first travel within the hole, and this deformation is highly dependent on the initial 

gap, in line with the experimental observations. This highlights the importance of ensuring a 

bolt-hole clearance of 2-4 mm for the proposed connector types, which can be reliably achieved 

in practice by using the C profile and mortar filling, as described in Section 2.2. 

3.5.3 The effect of the bolt grade 

Different bolt grades, 5.6 and 10.9, were investigated and compared with the reference 

model M BOLT 8.8 (identical to M TOL 1). The higher grade bolts lead to a marked increase 

in shear resistance, while the overall stiffness remains essentially unchanged. However, the 

shape of the plastic transition region varies because of the differing bolt deformation capacities. 

The corresponding load-relative displacement responses are plotted in Figure 28 (right). 

 

Figure 28. The effect of different bolt positions (left) and different bolt grades (right) 

3.5.4 The effect of the concrete grade 

In addition to the reference model M C50/60 (identical to M TOL 1), further simulations 

were carried out for concrete strength classes C35/45, C30/37 and C25/30. The load-relative 

displacement curves for each grade are shown in Figure 29 (left). All variants display similar 

qualitative 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 re-analysed with a surrounding concrete grade of C30/37 while keeping 

the same mortar filling . The resulting force-relative displacement curves for the original and 

modified models, shown in Figure 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 connector, as presented 

in Figure 30, unlike the reference case. This 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, which is particularly critical 

for demountable composite systems. 

 

Figure 29. The effect of different concrete grades of connector type C-D (left) and different concrete grades for 

connector type E-F (right) 

 

Figure 30. Concrete crack development and crack pattern 

3.5.5 The effect of the panel thickness 

The push-out tests considered a panel thickness of 120 mm, while the numerical study 

additionally examined 100 mm and 150 mm thick panels. The corresponding load-relative 

displacement curves in Figure 31 show very similar stiffness for all thicknesses, and in each 

case, bolt failure occurs at a load of about 550 kN and a relative displacement of roughly 2 mm. 

In the 100 mm panel, extensive cracking forms both near the connectors and at more distant 

locations after bolt yielding, although such thin panels are rarely used in practice. In contrast, 

the 150 mm panel develops fewer cracks and exhibits a less pronounced hardening branch. This 

apparent hardening is mainly a modelling issue, 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 behaviour, but does affect crack 

intensity and pattern, which is also strongly governed by the concrete grade. 
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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 mortar filling , the response primarily depends on the material 

immediately surrounding the bolt, which explains the limited sensitivity to the overall panel 

concrete grade, despite more severe cracking at lower grades and around the mortar pocket. 

Using the same mortar filling  with a reduced concrete grade led to almost unchanged stiffness 

and resistance. Still, it produced larger cracks around the mortar pocket, which can accelerate 

reinforcement corrosion and threaten durability. Within the investigated range, panel thickness 

has a negligible influence on the global behaviour of the connector system, but it clearly 

determines the intensity and pattern of cracking of the concrete. Variations in bolt position and 

hole clearance have a noticeable but secondary effect on connector stiffness and resistance, with 

only small differences between the configurations. Minimising bolt-hole clearance remains 

essential, as 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 conducted to evaluate the behaviour of the 

proposed demountable shear connectors in six configurations. All variants exhibited similar 

behavioural characteristics with a consistent three stage load-slip response ï (i) elastic, (ii) 

plastic transition and (iii) plastic deformation ï while detailing improvements altered the 

behaviour. The ultimate resistances fell within a relatively narrow range, characterised by 

ductile failure, which was governed by the shear-bending of the bolts, accompanied by local 

cracking and spalling of the concrete or mortar around the connectors. 

Mortar filling enhances slip capacity and bolt force redistribution, without a significant 

reduction in shear resistance, while 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 solution. The local region of concrete or mortar 
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surrounding the connector, with controlled bolt-hole clearances, is a key driver of structural 

behaviour, while the connection plate does not influence connector 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 concrete grade and 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 further analysed through full-scale 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 system, a full-scale composite beam test 

programme was designed based on the preceding push-out investigations. The experimental 

series consisted of four 5.8 m spanned composite beams, each tested in the Structural 

Laboratory of the Budapest University of Technology and Economics under four-point bending 

to characterise stiffness, resistance, and ductility at the structural member scale. 

Each specimen incorporated an IPE360 S355 steel section and 120 mm 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 each cross-section, the slab consisted of two 

separate 500 mm wide panels, intentionally separated by a 6 mm gap, resulting in a total 

effective width of 1006 mm. The total beam length was 6.0 m, with a clear span of 5.8 m 

between the supports, and the same basic geometry was used for all tests. The chosen beam 

span and cross section are representative of typical secondary beams in composite office floors, 

designed for usual imposed loads and slab self weight, with beam spacings in the order of 3-

4 m. The key details are shown in Figures 32 and 33 and are designated as follows. 

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

¶ DC2-E: two panels, embedded nut, mortar filling (type B)  

¶ DC3-F: two panels, embedded nut, mortar filling (type B), connection plates, 

¶ DC4-G: ten panels, embedded nut, mortar filling (type B), connection plates. 

 

Figure 32. General details of the composite beam ï cross-section 
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Figure 33. General details of the composite beam ï side view and top view 

Two shear connectors were positioned symmetrically at 50 mm from the beam centreline, 

and the longitudinal spacing between successive connectors was 290 mm. Four beam 

configurations were examined to isolate the effects of shear connection detailing (connector 

type C and B, as defined in Section 3.1.1) and slab segmentation. 

Precast panels incorporated a 3 mm thick cold-formed C-profile frame, which acted as 

permanent formwork and improved dimensional tolerances during casting, as previously 

detailed. The flanges of the C profile were drilled with oversized bolt holes for the demountable 

shear connectors and for the mortar filling ribbed tubes. The slab reinforcement consisted of 

S500B ◖10 mm top and bottom rebars, transverse stirrups, and U-shaped rebar hooks placed 

around the connectors to enhance shear transfer. A nominal concrete cover of 15 mm, 

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 2, but this primarily affects durability and rather than global structural behaviour 

investigated here. The precast concrete panels were arranged in two distinct ways to represent 

different slab configurations likely to be encountered in practice: specimens DC1 C, DC2 E 

and DC3 F were constructed with two longitudinally continuous panels along the span, whereas 

specimen DC4 G consisted of ten shorter panels arranged longitudinally in a five by five 

layout, separated by intentional 10 mm gaps, allowing for a direct comparison between 

longitudinal and transverse panel layouts. The detailing of the precast panels for specimen 

DC4 G is shown in Figures 34 and 35. 
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Figure 34. Details of the reinforced concrete panel for test specimen DC4-G ï top view and side view 

  

Figure 35. Details of the reinforced concrete panel for test specimen DC4-G ï reinforcement inside the C-profile 

frame (left) and ribbed tube for mortar filling with transversal reinforcement (right) 

For specimen DC1-C, both flanges of the C-profile were drilled with 18 mm bolt-holes, 

corresponding to the standard hole diameter d0 = 18 mm for M16 bolts. The top flange of the 

IPE360 beam, however, was provided with a slightly larger 20 mm hole (d0 + 2 mm) to allow 

for construction tolerances. In the remaining specimens, the top flange of the C-profile was 

drilled with a 58 mm hole to accommodate the ribbed tube used around the connector. In these 

cases, the lower flange of the C-profile contained an oversized 26 mm hole (d0 + 8 mm) to 

combine installation tolerance with the possibility of bolt deformation, while the top flange of 

the IPE360 beam was provided with a standard 18 mm hole. 

In specimen DC1 C, the M16 8.8 threaded rod shear connectors (type C) were installed in 

the C profiles before casting the concrete panels. After hardening, the panels were placed onto 

the steel beam so that the threaded rods aligned with the corresponding holes in the top flange. 

Lower and upper nuts were then fitted and tightened to a torque of 40 Nm using a hand torque 

wrench to ensure consistent clamping of the connection. 

For the remaining specimens (DC2 E, DC3 F, and DC4 G), 56 mm diameter ribbed tubes 

were installed along with the reinforcement before casting the concrete panels. After hardening, 






































































































