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Abstract 

This thesis investigates the environmental and flexural performance of the 

recently developed ultra-shallow flooring system known as Prefabricated Ultra-

Shallow Slab (PUSS®). The prefabricated units consists of T-ribbed concrete 

slabs partially embedded within and connected to two side PFC channel steel 

beams via a novel horizontally-oriented shear connection system. This 

connection system incorporates either horizontally-oriented web-welded shear 

studs (WWSS), horizontal steel dowels welded to the webs, or a combination of 

both (WWSS with dowels). The unique configuration of the flooring system 

minimises its structural depth, yielding ultra-shallow floors with a high span-to-

depth ratio, surpassing other shallow flooring systems in efficiency. Additionally, 

it reduces the material usage, and when combined with lightweight concrete, the 

flooring overall weight (load on beneath structure) and the associated 

environmental impacts are significantly reduced. 

The environmental performance of the flooring system is evaluated through a 

comparative Life Cycle Assessment (LCA) study, focusing on the global warming 

potential (GWP) and embodied energy (EE) impacts of PUSS compared with the 

widely used hollow core precast slabs. The study examines 16 live load/ floor 

span scenarios and evaluates the benefits and drawbacks of utilising different 

concrete types in PUSS flooring, namely normal weight concrete (NWC), 

lightweight aggregates concrete (LWC) and geopolymer concrete (GPC). Results 

indicate that PUSS outperforms hollow core slabs in all scenarios, regardless of 

the concrete type used. PUSS with GPC offers the greatest GWP savings, 

achieving up to 50% reductions compared to hollow core slabs. However, PUSS 

with LWC demonstrates the best overall performance in terms of both GWP and 

EE, with up to 35% savings in EE and 46% in GWP, and its lighter weight reduces 

the load on supporting structural elements, further amplifying the overall 

environmental benefits.  

Furthermore, the research explores the effect of a group of parameters on the 

flexural behaviour of PUSS and the performance of the implemented shear 

connectors under bending through a series of experimental and computational 

studies. The investigated parameters include concrete type, concrete strength, 

degree of shear connection, span and slab depth. Four full-scale specimens, 

each with a span of 4 m were constructed and tested under four-point bending 
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tests at George Earle laboratory (GEL), University of Leeds. The results indicate 

that PUSS with LWC achieves similar flexural capacity to PUSS with NWC, 

though it exhibits lower initial stiffness and develops larger cracks. Additionally, 

the tests reveals that reducing the degree of shear connection lowers the slabsô 

moment capacity and leads to failure of some shear connectors. Despite this, 

PUSS units demonstrates ductile behaviour in all cases. 

A finite element model resembling the experimental tests was then developed, 

validated against the experimental results, and used in a comprehensive 

parametric Finite Element Analysis (FEA) study involving 324 models. The study 

shows that reducing the degree of shear connection (–) leads to decrease in 

moment capacity, but the reduction is non-linear due to the parabolic relationship 

between moment capacity and –. This highlights the complex interaction between 

shear connectors and overall slab performance. Larger discrepancies are noted 

between FE-derived moment capacities and hand calculations using existing 

shear capacity formulas, especially in lightweight concrete (LWC) models, 

underscoring the need for refinements in the shear resistance equation to achieve 

more accurate predictions. 

The gathered data from both experimental and FEA studies were extensively 

studied, and analysed through regression analysis, leading to the development 

of an optimised empirical formula to predict the shear resistance of the shear 

connectors employed in PUSS and their corresponding degrees of shear 

connection. This formula provides a more accurate prediction of shear resistance 

and degree of shear connection compared to existing methods, aligning closely 

with the results of 328 experiments and FEA models. Additionally, a moment 

capacity design methodology for PUSS flooring system in accordance with the 

Eurocode 4 standards is presented. This methodology offers a solid framework 

for the practical implementation of PUSS in construction, with the potential to 

inform future revisions of design codes. 
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Chapter 1  

Introduction 

1.1 Research Background and Motivation 

Steel-Concrete Composite (SCC) structural systems are integral to the 

advancement of the construction industry and have garnered significant research 

attention due to their efficiency in material utilisation, cost reduction and ability to 

provide high strength. SCC involves the combination of steel and concrete into a 

unified component, creating composite action between the two materials. The 

integration results in a singular, high-performance entity that surpasses the 

capabilities achieved by individual materials. 

SCC flooring systems represent one of the widespread SCC structural elements, 

and their evolution over the past decades has contributed to enhancing the quality 

of the floorings in buildings, the increase of spans, the mitigation of vibrations and 

the material reduction. This progression commenced with traditional downstand 

steel beams where concrete slabs positioned on top of the steel beams flange to 

form a composite beam. Subsequently, developments led to the integration of the 

slab thickness within the depth of the steel beam forming optimised composite 

slim floors (Ahmed and Tsavdaridis, 2018). Various slim floor systems have been 

developed over the years, including slim-floor constructed with deep composite 

decking, slim-floor constructed with precast concrete slab, ultra-shallow floor 

beams (USFB) and composite slim-floor beams (CoSFB). These systems share 

a common advantage of connecting concrete slabs to the steel beams within their 

structural depth, resulting in a reduced overall depth of the flooring system and 

thus the overall height of the building. In addition, these systems offer quick 

construction by using less or no propping and providing large uninterrupted floor 

areas. This enhances the buildingôs flexibility capacity. As a result, such kind of 

systems are widely used and gained popularity in the construction sector. 

However, it has been observed that to achieve spans longer than 10 m, these 

systems require depths exceeding 300 mm to increase the bending resistance of 

the slab, even when lightweight concrete is used. The increased depth leads to 

higher material consumption, increased weight, and the possibility of shear 

failure. Consequently, there is a need for further improvements to composite 

flooring systems to make them more economically viable (Tsavdaridis et al., 

2009; Hechler et al., 2013; Lawson et al., 2015). 
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Over the previous decade, considerable attention has been directed towards the 

performance of the shear connectors in these slim flooring systems capitalising 

on the connection between the steel and the concrete to control stiffness, 

strength, and ductility. Several innovative shear connection systems have been 

introduced and studied while many of them demonstrated favourable outcomes 

and promising results. Among the trends in the advancement of the shear 

connectors of slim floors, the utilisation of horizontally oriented shear connectors 

has gained prominence, moving away from the traditional vertical shear studs. 

Several types of horizontal shear connectors have been examined in the 

literature, such as web-welded shear studs, concrete dowels (through web 

openings) and concrete dowels with steel tie bars (dowels) (Chen and Limazie, 

2018; Majdub et al., 2022). The primary research focus has been on the 

performance of such shear connectors in slim composite beams, loading them 

experimentally and numerically to direct shear (Hechler et al., 2013; Limazie and 

Chen, 2017; Hosseinpour et al., 2018; Ahmed and Tsavdaridis, 2020; Coldebella 

et al., 2022) and flexural loading tests (Hechler et al., 2013; Chen et al., 2015; 

Baldassino et al., 2019; Sheehan et al., 2019; Dai et al., 2020). 

Moreover, the sustainability of structural elements is a crucial consideration that 

needs to be examined before selecting the appropriate structural system for a 

project. In the context of residential and office buildings, especially tall ones, 

floors constitute a significant proportion of the total weight (load) and material 

consumption, resulting in high environmental impacts (carbon footprint). Studies 

demonstrated that buildings account for approximately 40% of the global material 

flow, with the cement industry alone responsible for about 7% of the worldwide 

CO2 emissions (Meyer, 2009; Dong et al., 2015). On-site construction is a 

considerable source of material waste and carbon emissions, primarily from fuel 

consumption during material transportation and the operation of heavy 

equipment. Conversely, off-site prefabrication enhances quality control and site 

safety, and reduces material waste, adverse environmental impacts, labour work, 

and construction time, which makes it a sustainable construction practice (Jaillon 

and Poon, 2008). Therefore, innovative designs that facilitate the use of less and 

lighter materials can significantly contribute to carbon reduction and align with 

sustainability objectives. 
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1.2 Prefabricated Ultra-Shallow Slab (PUSS®) Flooring System 

This thesis focuses on studying a recently developed composite flooring system 

known as prefabricated ultra-shallow slab (PUSS). This innovative flooring 

system was initially introduced in 2017 and the previous research on it revealed 

its quick and efficient production capabilities and its potential to develop 

sustainable lightweight and high-strength long-span slim floor systems. Figure 

1-1 shows how PUSS units can be integrated within composite slim floor beams 

such as the CoSFB. 

 

Figure 1-1: Placing PUSS units within the depth of CoSFB 

According to BS EN 1992-1-1 (2004a) and SCI P359 (2011), the limiting 

span/depth ratio for single span slabs is 20. However, the significance of shallow 

floors lies in their ability to achieve higher span-to-depth ratios, saving both 

construction materials and overall cost. The unique configuration of PUSS 

flooring system minimises its structural depth, resulting in ultra-shallow floors, 

which exhibit larger span/depth ratio compared to other existing flooring systems, 

such as reinforced concrete (RC) and hollow core precast floors. For instance, a 

single span PUSS unit with a depth of 230 mm can span up to 8 meters without 

requiring a finishing layer, providing a span-to-depth ratio exceeding 34, which is 

of similar ratios to the state-of-art CoSFB. 

Previous research has highlighted several advantages of the PUSS system, 

particularly its lightweight nature, the possibility of integration of building services 

and reducing the overall building height (Ahmed, 2019). Moreover, Life Cycle 

Assessment (LCA) and Life Cycle Cost (LCC) studies of PUSS, specifically when 
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constructed with lightweight aggregate concrete (LWC), have demonstrated 

significant reductions in Global Warming Potential (GWP), energy consumption, 

time, and costs compared to other prefabricated flooring systems (Ahmed and 

Tsavdaridis, 2018). However, these studies have been limited to specific spans, 

loads, concrete types, and transportation distances.  

Additionally, the shear connection system in PUSS was tested experimentally 

and numerically using the push-out test methodology. As an outcome of the tests, 

a formula (Equation 2-4) was developed to predict the shear resistance of the 

system which was derived solely from push-out test observations and did not 

account for the system's response under bending loads (Ahmed and Tsavdaridis, 

2020). A detailed review of these studies, along with the shear connection system 

employed in PUSS, is provided in Section 2.6.1 of the Literature Review chapter. 

1.3 Problem Statement and Research Aims 

Previous studies of PUSS have shown promising results, particularly in 

demonstrating its potential environmental benefits and in the development of a 

novel horizontally oriented shear connection system. However, the environmental 

performance of the PUSS has not been fully explored, especially regarding the 

use of different concrete types and the impact of varying spans, loads, and other 

key parameters such as transportation distances and EOL allocation methods on 

the overall environmental footprint of the system. Additionally, earlier 

experimental and numerical research primarily focused on direct shear push-out 

tests, which do not provide a comprehensive understanding of the behaviour of 

slabs and shear connection system under bending. This is crucial for real-world 

applications, where floors are primarily subjected to flexural loads. 

This research seeks to address these gaps by exploring areas not covered in 

previous studies. The research aims to evaluate the environmental performance 

of the PUSS flooring system under various live load and span scenarios, 

comparing it to conventional hollow core slabs. This is achieved through a 

detailed comparative Life Cycle Assessment (LCA) study, which includes 

sensitivity analyses of key parameters such as transportation distances and end-

of-life allocation methods. The study also investigates the use of different 

concrete types in PUSS, aiming to identify the option that minimises CO2 

emissions and energy consumption. 
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Additionally, this research aims to investigate the flexural behaviour of PUSS and 

the performance of the employed shear connection system under bending 

through experimental and computational studies, focusing on the effects of 

various parameters. The ultimate goal is to develop an empirical formula to 

predict the shear resistance of the horizontally oriented shear connectors 

employed in PUSS under bending, based on analytical study of the experimental 

and numerical results. This facilitates the creation of a precise and effective 

design methodology for calculating the moment capacity of PUSS composite 

sections. 

1.4 Research Objectives 

In line with the research aims, the specific objectives of this study are summarised 

as follows: 

1. Conduct a comprehensive literature review on the sustainability of 

structural systems, shallow flooring systems, shear connectors, and 

relevant experimental and computational studies. 

2. Carry out a comparative Life Cycle Assessment (LCA) to evaluate the 

global warming potential (GWP) and embodied energy (EE) of the PUSS 

flooring system, using different concrete types and comparing it to the 

conventional hollow core slabs. In addition, it studies the pattern of change 

in environmental impacts with the increase of applied live load or span 

through exploring several live loads/ spans scenarios.  

3. Design and perform full-scale four-point bending tests on four PUSS units 

to assess the flexural performance of the composite slabs and the 

employed shear connectors, considering variables such as concrete type, 

slab depth, and the degree of shear connection. 

4. Develop and validate a high-fidelity model of the PUSS system under 

bending using ABAQUS software, followed by a comprehensive 

parametric study to examine the effects of key parameters, including 

concrete type and strength, degree of shear connection, span, and slab 

depth on the flexural behaviour of PUSS units and the performance of the 

employed shear connectors. 

5. Propose a reliable and optimised empirical formula for predicting the shear 

resistance of the shear connectors, derived from regression analysis of 

experimental and FEA data. 
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6. Develop a design methodology for the moment capacity of the PUSS 

composite section.  

1.5 Structure of the Thesis 

The thesis consists of seven chapters, which are briefly summarised below.: 

Chapter 1:  Introduction 

This chapter outlines the background and motivation of the research. It also 

summarises the research problem as well as its aims and objectives. 

Chapter 2:  Literature Review 

Chapter 2 provides a brief introduction to sustainability of structural systems and 

explores the composite flooring systems and their components. In addition, it 

presents an overall review of the previous experimental and numerical 

investigations relevant to the research topic, along with applicable design codes.  

Chapter 3:  Life Cycle Assessment (LCA) Study 

To assess the environmental benefits of the PUSS flooring system and to identify 

potential trade-offs, this chapter presents a comprehensive comparative Life 

Cycle Assessment (LCA) study, focusing on the global warming potential and 

embodied energy of PUSS flooring compared to widely used hollow core slabs, 

across a range of live loads, spans, transportation distances and allocation 

methods. The study includes a comparison of four distinct slabs used in buildings 

internal floorings: hollow core precast slabs and three PUSS slabs with different 

concrete types. 

Chapter 4:  Experimental Four-Point Bending Tests 

Chapter 4 discusses the methodology and results of the experimental four-point 

bending tests performed on a total of four PUSS units. The specimens are 

designed to investigate the effects of concrete type, shear connection system, 

and slab depth on the flexural behaviour. Details on specimen design, 

preparation, test setup, instrumentation, observations and test results are 

provided. 

Chapter 5:  Finite Element Analysis 

This chapter outlines the methodology followed in developing and validating the 

FE model that simulates the experimental four-point bending test on PUSS. It 
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then discusses the results of a comprehensive FE parametric study that 

investigates the flexural behaviour of PUSS units and the performance of the 

shear connection system under bending. The study analyses a total of 324 

models, considering key parameters such as slab depth, span, concrete type, 

concrete strength, and degree of shear connection. The aim is to quantify the 

shear strength of the shear connectors and their influence on the composite 

action of PUSS units. 

Chapter 6:  Analytical Study of Shear Connectors Capacity 

The focus of this chapter is on analysing the experimental and FE results to 

develop an empirical formula, using regression analysis, to predict the shear 

resistance capacity of shear connectors used in PUSS flooring system. This 

facilitates the calculation of the degree of shear connection provided by the 

implemented shear connection system. In addition, it is used to evaluate and 

design the bending capacity of PUSS units. 

Chapter 7:  Conclusions and Recommendations 

The final chapter summarises the key findings and contributions of the research, 

and offers recommendations for future work that could enhance the PUSS 

system. 
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Chapter 2  

Literature Review 

2.1 Introduction 

This chapter provides a comprehensive review of the key topics that are essential 

to understanding Prefabricated Ultra-Shallow Slabs (PUSS) and related 

composite flooring systems, and guiding the investigations presented in this 

thesis. The review is organised into several sections that cover (1) sustainability 

practices in construction, (2) an overview of existing composite flooring systems, 

including shallow composite beams; (3) a detailed discussion on the 

prefabricated slabs included in the study; and (4) a review of the experimental 

and computational investigations on shear connectors, particularly headed shear 

studs and horizontally oriented connectors. The aim of this chapter is to provide 

a thorough background of the existing research, identify gaps in knowledge, in 

relation to PUSS system and the implemented shear connection system. 

2.2 Global Environmental Challenges 

Over the previous decades, a continuous degradation of the environment was 

associated with the accelerated economic growth because of the substantial use 

of natural resources. Some of the key concerns of environmental impacts linked 

to this development include the extent of energy usage (embodied energy) and 

the climate change, primarily attributed to the release of greenhouse gases 

(GHGs). The rise of the GHGs concentration in the atmosphere is directly 

correlated with the annual increase of temperature, with carbon dioxide identified 

as the most significant anthropogenic GHG (Masson-Delmotte et al., 2021). 

Since 1980ôs, the world understood the importance of global collaboration 

towards controlling and assessing the emissions of GHGs to reduce the harmful 

environmental impacts. This led to the formation of the United Nations Framework 

Convention on Climate Change (UNFCCC) in 1994 that acts as a worldwide 

organization that aims to set goals, measures and strategies to prevent the 

harmful effects of human activities on the climate change (UNFCCC, n.d.). As a 

first stage in decreasing the release of GHGs, Kyoto Protocol took place in 1997, 

in which 37 industrialised countries and economies in transition and the European 

Union committed to reducing the main six GHGs emissions by an average 5% 

compared to 1990's level for the period from 2008 to 2012 (UNFCCC, 1997). This 
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protocol had some amendments that took place in Doha, 2012 and the new 

commitment increased the average reduction of the GHGs emissions by an 

average of 18% in comparison to 1990ôs level for the period between 2013 and 

2020 (UNFCCC, 2012). The UK is part of Kyoto Protocol parties and has a legal 

commitment to achieve its targets. In addition, in 2019, UK became the first major 

economy to pass a law committing to net zero GHGs by 2050 (UK Export 

Finance, 2021). 

To achieve these goals, researchers and manufacturers are exploring the 

possibility of implementing more environmentally friendly practices and materials 

in every industry, including the construction industry. GHGs emissions are more 

readily quantified compared with other environmental impacts due to the 

availability of extensive inventory databases. This abundance of data facilitates 

more detailed and accurate research, making the study of GHGs emissions a 

prominent focus in environmental research. However, it is just one of several 

impact categories that should be considered in evaluating the environmental 

impacts, such as ozone depletion, eutrophication, acidification and human 

toxicity. Unfortunately, there is some shortage in data and inventories of some of 

these impact categories for specific construction materials and equipment (Li et 

al., 2010; Mateus and Bragança, 2011; Van den Heede and De Belie, 2012; Jang 

et al, 2022; Rey-Álvarez et al, 2022). 

2.3 Role of Sustainable Building Design 

Achieving the net zero GHGs goal by 2050 is a collective responsibility shared 

by many stakeholders in the construction sector, starting from government 

authorities to on-site labours. Designers and engineers play a crucial role in 

mitigating impacts by focusing on sustainable design and sustainable 

construction practices of structural elements that lead to the reduction of the 

consumption of materials, especially materials with high carbon footprint (Ahmed 

and Tsavdaridis, 2018). 

2.3.1 Material Selection for Sustainability 

Material selection is one of the main factors affecting the overall energy 

consumption and GHGs emissions of buildings. Construction industry is a primary 

consumer of the global materials, counting for around 40% of the global 

consumption (Dong et al., 2015). Thus, it is responsible for a huge proportion of 
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the GHGs emissions and other environmental impacts. In addition, the cement 

industry alone is responsible for about 7% of the worldwide carbon footprint 

(Malhotra, 2000). Due to the huge demand for cement in construction projects, 

the world production of this construction material increases by around 7% per 

annum compared with other materials (Topçu et al., 2014). Therefore, it is 

necessary to partially replace cement with alternative cementitious materials 

derived from industrial by-products, particularly ground granulated blast furnace 

slag (GGBS) and fly ash (FA). Additionally, the use of diverse recycled materials 

can serve as substitutes for aggregates, thereby diminishing the requirement for 

extracting aggregates through quarrying (Meyer, 2009). 

The utilisation of geopolymer concrete (GPC) within the construction industry 

represents a promising sustainable practice and an interesting area of research 

focused on developing innovative products derived from industrial by-products 

and wastes. GPC is produced by substituting the traditional Portland cement with 

geopolymer binders, which are made by activating aluminosilicate materials with 

alkaline solutions, such as sodium hydroxide (NaOH). Industrial materials like FA 

and GGBS have emerged as primary source materials for GPC due to their 

abundant alumina-silica compounds (Nath and Sarker, 2014; Neupane, 2016; 

Suwan, 2016). It is worth noting that the production of GPC is more complex than 

ordinary concrete, involving a series of controlled processes. Initially, 

aluminosilicate source materials are blended with fine and coarse aggregates, 

followed by mixing with an alkaline activator solution to initiate geopolymerization. 

This process rapidly forms strong polymeric bonds, imparting strength and 

durability to the geopolymer concrete. The curing of GPC typically occurs at 

elevated temperatures (40ï90°C) to achieve optimal mechanical and durability 

properties in the final product (Zhang et al., 2020; Cui et al., 2023). Extensive 

research has explored various geopolymer cements and concrete blends, 

revealing favourable properties such as high mechanical and chemical 

performance (Bakharev, 2006; Duxson et al., 2007; Komnitsas et al., 2007; 

Hardjito et al., 2008; Al Bakri et al., 2013; Ryu et al., 2013). However, it is 

essential to note that the environmental impact of GPCs can significantly differ 

based on their specific compositions. Salas et al. (2018) compared different GPC 

designs documented in the literature. The findings indicated a substantial 

variation in carbon emissions associated with producing 1m³ of GPC, ranging 

from approximately 100 to over 300 kg CO2,e. 
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Kurda et al. (2018) explored the environmental benefits of using high volumes of 

recycled aggregates and fly ash in concrete. The study showed that replacing 

coarse natural aggregates with coarse recycled concrete aggregates reduces 

most of the studied environmental impacts by an average of approximately 20%. 

More importantly, the study also found that using fly ash as a replacement of up 

to 60% of cement reduces most the studied impacts by an average of about 45%.  

In addition, several studies have highlighted the benefits of employing lightweight 

over heavyweight materials in various construction applications. Mateus et al. 

(2013) demonstrated the sustainability of lightweight materials in partition walls. 

The LCA study analysed and compared the environmental, economic, and 

functional life cycles of ten design alternatives for a new lightweight sandwich 

membrane (LSM) wall with two conventional partition wall systems: the traditional 

heavyweight conventional masonry partition wall (HCM) and the lightweight 

reference plasterboard partition wall (LRP). The comparison revealed the 

potential of the new lightweight solution to be more sustainable than both 

traditional systems, reducing the associated GWP by up to 85% and 60% in 

comparison to HCM and LRP, respectively. 

The industry's focus on achieving increased spans with minimal structural depth 

and flooring weight aligns with architectural and functional requirements, aiming 

to reduce the number of columns and foundations for a lighter and more 

sustainable construction, ultimately reducing time and costs. Consequently, 

different types of flooring systems have emerged, utilising new lightweight 

materials (Yan et al., 2016). 

2.3.2 Prefabrication and Sustainability 

On-site construction is another major contributor to energy consumption and CO2 

emissions, primarily for material transportation, heavy machinery, waste, and 

temporary materials (Dong et al., 2015). Prefabrication is a process that 

demonstrated efficacy in reducing on-site construction, improving quality control 

and site safety, and mitigating environmental impacts, construction time, and 

labour requirements (Meyer, 2009). Dong et al. (2015) conducted a LCA using 

cradle-to-site approach, comparing the carbon emissions of precast and 

traditional cast-in-situ construction for a residential building in Hong Kong. The 

study reported a 10% reduction in carbon emissions for the precast method. 

Regarding flooring systems, López-Mesa et al. (2009) found similar LCA 
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outcomes, stating that residential structures with precast hollow core concrete 

floors have 12.2% lower environmental impacts compared with those with cast-

in-situ floors. This reduction is attributed to the diminished use of timber formwork 

in precasting, leading to reduced waste and carbon emissions compared with 

cast-in-situ methods (Jaillon and Poon, 2008; Wong and Tang, 2012). 

2.3.3 Life Cycle Assessment (LCA) of Construction Practices 

Life Cycle Assessment (LCA) is a powerful tool developed in the 1970s to 

effectively and systematically evaluate the environmental impacts associated 

with products, processes, or designs. It measures and assesses the effects of the 

energy use, material consumption and waste generation on the environment 

through the whole life cycle of the studied product, from raw material extraction 

to the end-of-life stage (i.e. cradle-to-grave approach). LCA is particularly 

valuable when comparing alternative options that offer similar performance but 

differ in ecological impacts (Mateus et al., 2013). 

The main part of any LCA is the quantification of all energy and material flows 

associated with a product or a system to develop an inventory, followed by an 

impact assessment, which includes calculating and presenting findings in a 

predefined way that supports comparison or further analysis. The ISO 14040 

(International Organization for Standardization (ISO, 2006a) and ISO 14044 

(ISO, 2006b) standards of the International Organization for Standardisation 

(ISO) list the main four phases that must be carried out in any LCA study. The 

ñ14040 seriesò is within the broader ISO 14000 category on environmental 

management and most of the LCA studies adhere to the principles presented in 

it (BS EN ISO 14040, 2006a; BS EN ISO 14044, 2006b). Figure 2-1 illustrates 

the flowchart of the phases of LCA. 

These phases are strongly related to each other, and it is a normal practice to go 

back and forth between phases. The main tasks in steps are as follows: 

a) Defining goal and scope: includes the definition of the boundaries, 

timeframe and the limitations of the study. These definitions clarify the 

questions to be answered, and the reliability and precision of data needed 

to be used in the LCA. If LCA is to be used for comparing products or 

materials, then an appropriate functional unit must be defined that 

provides a level-playing field to compare the different products or services.  
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b) Life Cycle Inventory (LCI) analysis: includes the collection of the required 

data and calculation for inventory analysis. This step is considered as the 

most important and most time-consuming step. It is common that this step 

leads to redefinition of some of the system boundaries and other 

methodological choices. In this phase, usually some available life cycle 

inventory databases for building materials are used. 

c) Life Cycle Impact Assessment (LCIA): in this step, the environmental 

impacts are evaluated by converting the LCI to pre-defined impact 

categories based on a series of environmental indicators and selected 

characterisation models for each impact category. The common steps 

associated with this phase include the definition of impact categories by 

selecting a set of categories, classification factors and assigning of LCI 

results to each impact category, and the choice of a characterisation model 

to calculate indicator results within each impact category.  

d) Interpretation and conclusions phase: in this step, outcomes from the 

previous steps are analysed to get conclusions about the environmental 

impact of the product under investigation within the defined boundaries 

and limitations towards providing recommendations. In general, LCA 

results are very useful in finding opportunities to improve the 

environmental performance of a product or process in the life cycle period, 

decision-making and marketing. 

 

Figure 2-1: LCA phases (BS EN ISO 14040, 2006a; BS EN ISO 14044, 2006b) 
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LCA has wide applications in structural engineering, enabling the assessment of 

the environmental impacts of a buildingôs entire life cycle or a specific component. 

It is also used to evaluate the environmental benefits of incorporating recycled or 

manufacturing by-product materials into construction. Besides that, 

independently verified LCA results can be used to label the environmental 

performance and support marketing of products by giving the knowledge of 

productsô environmental impacts, which enables informed comparison between 

products fulfilling the same function, such as the comparison going to be carried 

out between the three flooring systems in this research. 

The environmental impact of the construction process is influenced not only by 

the chosen material but also by factors such as construction procedures, 

component assembly methods, maintenance needs, transportation, and more. 

Thus, a thorough LCA study is essential to inform decision-making in material 

selection and structural design. Comparative LCA studies are widely utilised to 

assess the environmental impacts of alternative building materials and 

components based on equivalent functional behaviours. For instance, Anderson 

and Moncaster (2020) examined the effect of compression resistance and 

material mix design on the embodied carbon of concretes. Similarly, Hill and 

Dibdiakova (2018) and Grazieschi et al. (2021) assessed how density and weight 

influence the environmental footprint of insulation panels with similar thermal 

resistance. Additionally, Asdrubali et al. (2023) explored how factors like 

maintenance requirements, disassembly potential, and durability affect the life 

cycle impacts of walls that share comparable thermal performance and superficial 

mass. Furthermore, Hahnel et al. (2021) analysed the effects of material selection 

on the environmental impacts of floors having similar structural performance. 

These studies underscore the importance of comparative assessments in 

identifying the most sustainable building practices. 

2.4 Composite Flooring System 

In recent decades, there has been a growing demand for high-quality flooring 

systems that can be constructed quickly, provide larger clear floor areas, and 

offer flexibility in utilising the floor space. One construction approach that showed 

good performance toward reaching these goals is the steel-concrete composite 

(SCC) construction. This method combines steel and concrete into a single 
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composite component, enabling the materials to work together, yielding higher 

structural performance than if they were used separately. 

Since its introduction, composite action has been recognised as an effective way 

of enhancing structural performance. In steel frame building construction, SCC 

beams are the most common form of composite elements. These are defined as 

ñelements resisting only flexure and shear that comprise two longitudinal 

components connected together either continuously or by a series of discrete 

connectorsò (Nethercot, 2003). Typically, SCC beams consist of a slab (either 

solid concrete slab or SCC slab) attached to a rolled steel I-beam section through 

shear connectors, with the most common being headed shear studs. 

Beams are designed initially for ultimate strength using load factor methods and 

the ultimate capacity of the composite element will be considered if the full shear 

connection exists between the components (slab and beam). However, in many 

cases the connection cannot resist all of the forces applied and considered as 

partial shear connection. The same pattern is repeated when considering the 

serviceability limit-state of composite beams. The slabs are designed to carry the 

floor load spanning between the parallel beams and also take compression 

perpendicular and along the beam line because it is connected to the steel beam 

sections with shear connectors. The connection between steel and concrete in 

the slab must be sufficient to control longitudinal shear and any uplift forces and 

the longitudinal forces generated by this connection must transfer fully from the 

steel section into the slab. The typical composite beam arrangement is shown in 

Figure 2-2 (a). 

A common example of composite beams is the composite downstand beam with 

SCC slabs that are made from steel deck sheets connected to the beam and 

cast-in-place concrete. A schematic drawing of this composite beam is shown in 

Figure 2-2 (b). Some disadvantages of this composite beam, which the flooring 

system under research aims to address, include the high total depth of the floor 

due to the slabs being placed on top of the beam and the need for on-site 

construction to install steel sheets, connect them to the beam, and cast concrete. 

These drawbacks can be avoided by the use of prefabricated slabs. 
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(a)    

(b)   . 

Figure 2-2: (a) Typical composite beam arrangement (Nethercot, 2003) (b) Composite 
downstand beam with steel deck composite slab (Crisinel and Marimon, 2004) 

2.5 Shallow Composite Beams 

Flooring systems play a pivotal role in determining building's overall weight and 

material usage, driving the demand for lighter, more environmentally friendly 

systems. The current trend in composite flooring construction is transitioning from 

traditional downstand steel beams to lighter, shallower, and often aka óplugô 

composite systems, where the concrete slab sits at the bottom flange 

(Tsavdaridis et al., 2009; Tsavdaridis et al., 2013; Ahmed and Tsavdaridis, 2019). 

These systems are called slim floors and many designs have been developed 

towards achieving this goal by applying some modifications to the beam sections 

that allows comprising the shear connections and the slabs thickness within the 

depth of the beam. This section presents an overview of some of the developed 

slim floor composite beams, that can be integrated with PUSS units to form 

flooring system. Additionally, it discusses research papers that explore the 

flexural behaviour of these composite beams and the performance of shear 

connectors employed to facilitate composite action between the beams and 

concrete flooring. 
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2.5.1 Slim Floor Beam (SFB) 

Slim floor beams are created by welding a plate to the bottom flange of a universal 

column section. The floor slabs are placed on this bottom plate, which serves as 

the slabôs support. Various kinds of slabs, including the hollow core precast slabs, 

have been integrated in that flooring system. They are placed directly on the 

bottom plates and then in-situ structural concrete with or without shear 

connectors and steel reinforcement (depending on the requirements) is placed to 

form a topping layer and a composite connection between the slabs and the 

beam, as shown in Figure 2-3 and Figure 2-4. A design guidance for SFB with 

hollow core precast units in agreement with the BS5950: Part 1 , was introduced 

by Mullett (1992). The flexural behaviour of SFB using deep profile decking and 

hollow core precast slabs was experimentally investigated by many studies over 

the last 3 decades. Some of these experimental researches are presented below. 

 

Figure 2-3: Using slim floor beams with hollow core precast slabs (Lawson et al., 2015) 

The results of full-scale six-point bending test on  SFB were discussed by Mullett 

(1998). The specimen was 7.5 m in span with an overall depth of 300 mm, and 

made of original CF210 deep decking with no shear connection, but with holes 

constructed on the web post which provided a passage for short lengths of 

concrete cylinders. The six-point loading simulating a uniformly distributed load, 

was discontinued after reaching a total load of 1016 kN, with a mid-span 

deflection of 150 mm (span/50).  The maximum bending moment was calculated 

to be 925 kN.m, which is 1.68 times the capacity of bare steel. Based on the 

calculated load intensity of the tests, the specimen could have supported an 

imposed load of 10.9 kN/m2 compared with the design value of 5 kN/m2. This 

increase in moment capacity due to composite action without shear connection 

led to the development of the Asymmetric Slim Floor Beams (ASB). 
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Figure 2-4: Various methods of floor construction using slim floor beams (Mullett, 1992) 

Wang et al. (2009) carried out three-point bending tests on two SFBs using deep 

decking with fixed end connection to a column frame. The span of the two 

specimens was 6 m with an overall depth of 290 mm and 0.75 m width of 

concrete slab. One of the specimens was with a higher reinforcement ratio and 

that did not show any influence on the stiffness but induced a slight higher failure 

load, which was 476 kN compared with 446 kN for the other specimen. As an 

outcome of the study, a formula for moment capacity in the hogging moment 

region ὓȟ  was proposed, together with an existing formula for the sagging 

moment ὓȟ . The failure load Ὂ of the SFBs with span ὒ was derived (Equation 

2-1) and verified with test results and FEA. 

Equation 2-1 

Ὂ
τὓȟ ὓȟ

ὒ
 

Hegger et al. (2009) tested the shear capacity and the load bearing behaviour of 

prestressed hollow core slabs in SFBs by conducting four full-scale tests carried 

out on continuous two-span floor systems (6 m x 10 m) that consists of a total of 

10 slabs. In the middle of the two-span system, the slabs were supported by a 

SFB. The conclusions of the research showed that large deformations due to 
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plastification of the supporting beam caused premature failure of the slabs and 

that on rigid supports, 60-70% of the shear strength of the slabs can be utilised 

under appropriate boundary conditions. 

Despite the practical application of SFBs over previous decades and the robust 

experimental foundation supporting their use, recent literature indicates a notable 

decline in research specifically focused on this configuration, particularly 

concerning their structural behaviour under loading in both experimental and 

numerical contexts. The inherent limitation in achieving an effective composite 

shear connection between the steel beam and the concrete slab has redirected 

attention toward more structurally integrated systems, such as Ultra-Shallow 

Floor Beams (USFB) and Composite Slim Floor Beams (CoSFB), which offer 

improved composite action and load transfer capabilities. Nonetheless, some 

contemporary studies still explore other aspects of SFBs, such as fire resistance, 

an example being the work by Alam et al. (2021), which investigates their thermo-

mechanical response under fire conditions experimentally and numerically. 

Consequently, the SFB system, while historically significant, is increasingly 

regarded as a transitional solution in the evolution of shallow composite flooring 

systems. 

2.5.2 Asymmetric Slim Floor Beam (ASB) 

ASBs (or ASFBs) are similar in application to SFBs; however, it uses different 

beam cross-section. The beam is rolled I section with the bottom flange larger 

than the top flange and therefore, additional plate is not required. Similar to SFB, 

this type of beams has been integrated with different kinds of floor slabs and an 

example with precast hollow core slabs is shown in Figure 2-5. A design guidance 

for ASB with precast hollow core concrete slabs with or without concrete topping 

was introduced in 2006 (Rackham et al., 2006). 

 

Figure 2-5: Asymmetric slim floor beam with precast concrete and concrete topping 
(Rackham et al., 2006) 
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Lawson et al. (1997) and Lawson et al. (1999) presented three full-scale six-point 

bending tests on 280 ASFB, 300 ASFB and 280 ASFB/100 (light steel) composite 

beams using deep decking. The first two specimens were with a 7.5 m and 1 m 

width while the third specimen was with 2 m width. The major difference in the 

third specimen is that it had a series of elongated web openings (160 mm x 

240 mm). The tests were first carried out with 1000 cycles of dynamic loading 

between 0 and 1.2 times the calculated working load, and then tested with 

monotonic loading up to the failure. The results of the tests showed that the 

bending resistance of the ASFB was increased by 30-50% due to the composite 

action, which did not deteriorate under the repeated loading, and the actual 

degree of shear connection was between 75-100%. As a result, a design shear 

bond strength of 0.6 N/mm2 was concluded. The initial stiffness of the composite 

section was maintained up to 70% of the failure load and the measured stiffness 

was very close to the design stiffness based on the uncracked section. The effect 

of the elongated openings on the performance of the beam was relatively small.  

Sheehan et al. (2018) presented the results of a bending test on a 12 m long 

composite beam subjected to uniformly distributed loading. The composite beam 

comprised a concrete slab on a steel profiled metal decking forming a composite 

slab, connected to an ASFB using welded shear studs. The test intended to test 

the flexural behaviour with degree of shear connection lower than the minimum 

specified by the Eurocode 4, and therefore, the degree of shear connection 

applied was equal to 33% whereas the minimum degree of shear connection 

based on the equations of Eurocode 4 should be 77%. The uniformly distributed 

load was applied and increased until the failure occurred because of the yielding 

of the steel beam without an observed concrete crushing or shear stud failure 

(Figure 2-6). The obtained maximum bending moment of the composite beam 

was almost equal to the plastic bending resistance according to the Eurocode 4 

and the end slips reached 19.2 mm which exceeded 6 mm, the limit for ductile 

behaviour in Eurocode 4 and hence, the shear connection showed a ductile 

behaviour. The analysis of the results and the conclusions of the study suggest 

that the design limits governing the minimum degree of shear connection could 

be revised to give better match. 
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Figure 2-6: Concrete slab showing no visible concrete crushing after testing (Sheehan et 
al., 2018) 

Although ASBs are considered a more recent development compared to 

traditional SFBs, they serve largely the same structural applications. As a result, 

most recent research on the behaviour of shallow flooring systems has 

increasingly shifted focus toward more advanced systems such as Ultra-Shallow 

Floor Beams (USFB), Composite Slim Floor Beams (CoSFB), and Deltabeams, 

which offer more effective composite shear connections between the beam and 

the slab. Nonetheless, there remains some ongoing research addressing specific 

aspects of ASBs, particularly in areas like fire resistance, such as the study 

conducted by Duma et al. (2022) which explores the bending resistance of ASB 

under fire. 

2.5.3 Ultra-Shallow Floor Beam (USFB) 

Ultra-Shallow Floor Beam is a slim floor perforated beam designed developed by 

Westok Ltd. It is fabricated by welding two highly asymmetric cellular T sections 

(one small at the top and a larger one at the bottom) over their webs forming a 

shape similar to ASB with large bottom flange but with additional web openings. 

These openings allow forming a strong composite connection with the floor slabs 

lying on the bottom steel flanges. This system has been used with various types 

of slabs including precast slabs as shown in Figure 2-7 (Tsavdaridis et al., 2009). 
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The web openings allow connecting the concrete slabs to the steel beam with 

concrete dowels and steel bars, which act as shear connectors. These 

connectors enhance both the longitudinal and vertical shear resistance. The web 

openings can also be used for passage of building services through the depth of 

the beam which minimises the overall required depth of the beams and produces 

lighter members. In this type of beams, and due to the fact that the connection is 

made at the web and not on the upper flange, the composite action is assured 

without increasing the beam height or the floor thickness, as would have been 

required with the use of traditional shear studs welded onto upper flange of the 

steel profile, and therefore, the concrete cover above the steel section can be 

reduced to a minimum. 

 

Figure 2-7: Cross-section configuration of USFB with precast units and metal decking 
(Tsavdaridis et al., 2009) 

Huo (2012) tested the shear connection in 16 full-scale USFBs specimens under 

direct longitudinal shear with push-out tests as well as two flexural tests. Four 

types of shear connectors were studied in push-out tests, which are concrete infill 

only shear connectors, tie bar shear connectors, ducting shear connectors and 

horizontal shear stud connectors with two types of concrete (normal and fibre 

reinforced concrete) while only the first two types of shear connectors were tested 

in flexural tests. The push-out test results concluded that uniform behaviour was 

demonstrated by each type of shear connectors. The use of concrete infill only 

shear connector showed brittle failure and the use of tie bars and studs increased 

the shear capacity, slip, and ductility capacity of the shear connectors (Figure 

2-8). The shear capacity of the shear connectors increased with increasing 

diameters of the web opening and with higher strengths of concrete infill. Based 

on the experimental results and a FEA parametric study, an empirical formula for 

calculating the shear capacity of the new shear connectors ὖ  was proposed 

(Equation 2-2). Where Ὢ  is the tensile splitting strength of concrete, Ὢ  is the 
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compressive strength of concrete, Ὀ is the diameter of the web opening, ὸ is the 

thickness of the web, Ὑ  is the additional resistance of the tie-bar or studs. 

Equation 2-2 

ὖ
ρȢφχυψὪὸὈ ρȢτσυυὪ

“Ὀ
τ Ὑ

ρȢυ
 

(a)  

(b)  

Figure 2-8: Failure profiles of the (a) concrete-infill-only shear connection, & (b) tie-bar 
shear connection (Huo, 2012) 

For the flexural tests, one USFB specimen with 6.2 m span, 1 m width and 

230 mm depth was tested under four-point and three-point asymmetric bending 

test. Half of the specimen had concrete infill only shear connector, and the other 

half had 16 mm tie bars shear connectors. Four cycles of four-point bending 

loading was applied first up to reaching the plastification, followed by three cycle 

of three-point asymmetric loading up to failure. The tests results were consistent 

with those of the push-out tests, where brittle failure was observed in the region 

with concrete infill only shear connectors, while ductile failure occurred in the 

region with 16 mm tie bar connectors. The specimen exhibited a flexural failure 

mode, and significant composite action was evident, as the measured test 

moment resistance reached 1.5 times the plastic moment resistance of the steel 

section. 
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Chen et al. (2015) examined the flexural behaviour of shallow asymmetric cellular 

composite floor beams with perfobond-like shear connections using four-point 

bending tests on four beams with varied web openings and concrete cover 

thicknesses. In addition, two specimens were without top steel flange. These 

beams incorporated tie-bars through circular or clothoidal web holes, improving 

slip capacity and ductility. The 4 m beams, composed of composite steel deck 

floors and asymmetric steel sections, showed effective composite action and 

increased shear resistance due to the tie-bar and concrete infill interactions. The 

findings supported the perfobond shear connection's effectiveness, as beams 

with this configuration demonstrated substantial horizontal shear resistance and 

favourable ductile behaviour, crucial for shallow floor applications. In terms of 

failure mechanisms, two failure modes were observed in the experiments: the 

specimens with top steel flange had flexural failing with concrete crushing in the 

compression zone without bond failure (Figure 2-9 (a)), while specimen without 

top steel flange failed in shear (Figure 2-9 (b)). 

(a)  

(b)  

Figure 2-9: (a) Concrete crushing under loading points in specimens had flexural failure, 
(b) Specimens with shear failure (Chen et al., 2015) 
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Recent studies have further advanced the understanding of USFB performance. 

Pereira Júnior et al. (2023) investigated the flexural behaviour of steelïconcrete 

USFBs integrated with precast hollow-core slabs through the development of a 

finite element model based on experimental tests and perform a parametric study. 

The findings indicated that the flexural performance and crack control was highly 

sensitive to factors such as dilation angles and reinforcement ratios in concrete 

topping. Notably, models lacking steel tie bars through web openings 

demonstrated reduced bearing capacity. The study emphasised the importance 

of incorporating tie bars to enhance structural performance and provided insights 

into the position of the plastic neutral axis under varying loading conditions. 

Experimental four-point bending experimental tests on long-span USFBs 

incorporating lightweight and ultra-lightweight concretes was the subject of 

research presented by Tsavdaridis et al. (2024). The 7.2-meter span beams 

demonstrated increased bending resistance due to composite action facilitated 

by plug shear connections through web openings and additional tie bars. The 

study concluded that cracked section properties should be considered for 

accurate deflection analysis, and the failure mode was governed by the crushing 

of concretes prior to reaching the plastic bending resistance of the composite 

section. 

The extensive body of research on USFBs underscores their effectiveness in 

achieving robust composite action, structural efficiency, and adaptability in 

modern construction. Their design facilitates integration with various slab types 

and building services, making them a preferred choice in shallow floor 

applications. While much of the recent work has concentrated on structural 

aspects such as flexural behaviour and shear performance, other important 

topics like fire resistance have also been addressed, as exemplified by the study 

of Alam et al. (2021), further broadening the understanding of USFB applications. 

2.5.4 Composite Slim Floor Beam (CoSFB) 

Composite Slim Floor Beam is one of the most recent slim floor systems. It is 

composed of a steel I-beam section with circular web openings and a plate 

welded to the bottom flange of the beam. The steel decking or prefabricated slabs 

are placed over the bottom plate and concrete is poured in site with placing steel 

reinforcement passing through the web openings, that creates concrete dowels 

that transmit the shear between the beam and the slab (Hechler et al., 2013). 
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Similar to USFB, the shear connection is made at the web and not on the upper 

flange, and therefore, no increase in the beam height or the floor thickness will 

be required. This type of systems has been used with different kinds of slabs such 

as the composite decking systems and hollow core precast slabs (Lawson et al., 

2015; ArcelorMittal, 2019). Figure 2-10 shows a schematic drawing of the CoSFB. 

 

Figure 2-10: Composite slim floor beam (CoSFB) (Lawson et al., 2015) 

Hechler et al. (2013) tested the shear capacity of the shear connectors concrete 

dowels into 6 CoSFBs through push-out tests. The tests investigated the 

influence of varying the concrete compressive strength, the thickness of the steel 

beam web, the web hole diameter and the reinforcement bar diameter that 

passes through the web. It was found that the concrete strength barely influenced 

the shear capacity of the connectors, while a small effect on the shear capacity 

has been recognised when changing the web thickness. However, a significant 

increase in bearing capacity by doubling the diameter of the bar was observed. 

Therefore, the influence of the reinforcement bar seems to be crucial in design 

for the bearing capacity and demonstrated that concrete infill around the web hole 

has a great effect on the bearing capacity of the concrete dowelsô shear 

connectors. 

Baldassino et al. (2018) investigated the service and ultimate behaviour of two 

full-scale composite slim floor beam (CoSFB) specimens using HEB 200 steel 

sections with welded bottom plates embedded in concrete. First specimen was 

left unloaded for the entire duration of 10 months, while started loading the 

second specimen after 3 months under distributed load until the end of the 10 

months. The study aimed to monitor the effects of creep and shrinkage on the 

tested specimens. Afterwards, both specimens were tested to failure using four-

point bending tests. Both beams exhibited ductile flexural behaviour by concrete 

crushing. The shear-lag effects played an important role in the flexural response. 

At the end of the tests, the shear connector steel reinforcing bars installed through 

the web holes deformed locally with increased deformation moving away from the 
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centerline (Figure 2-11). The study validated the effectiveness of CoSFBs in 

meeting Eurocode requirements for both serviceability and ductility, and 

highlighted their potential for use in high-performance shallow floor systems. 

 

Figure 2-11: Observations of failure condition at the completion of the ultimate tests 
(Baldassino et al., 2018) 

Sheehan et al. (2019) performed a total of nine bending tests (four-point and six-

point bending) on nine CoSFBs specimens to study the effect of different 

parameters on the maximum bending capacity. Parameters included shear 

connection type and degree of shear connection, the effect of the top concrete 

cover, the effect of the location of the loadings and the type of the loading. In 

general, the CoSFBs were made by encasing HEB 200 steel beam section with 
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web opening in the middle of T-shape concrete slab. Additionally, a 400X15 mm 

steel plate was welded to the bottom of the steel beam. The total depth of the 

beam was 240 mm (120 mm is the thickness top slab part), the span of the slabs 

is 6 m and the width is 2 m. Due to the various parameters under study, each 

specimen gave different bending capacity that showed the effect of a specific 

parameter. All the specimens showed flexural failure, however, the mid-span 

deflection exceeded L/40 at failure which is way higher than the serviceability 

limits and end-slip exceeded 6 mm which indicated ductile behaviour. The main 

outcome of the research is that the transverse bars passing through holes in the 

steel beam web proved to be effective shear connectors and that the use of 

bigger size of web holes (concrete dowels) clearly enhances the performance of 

CoSFBs. The calculated maximum values of the shear in each specimen showed 

a good agreement with a previously done test on similar slabs but with 4 m span. 

The difference is that the specimens of the previous tests failed in shear, while 

the current specimens failed in flexure. 

Dai et al. (2020) continued the investigation into slim-floor composite beams with 

dowel shear connectors, building on Sheehan et al. (2019)ôs findings on 

transverse bar connectors. Dai et al. employed a numerical model validated 

against experimental data to study the effect of various parameters on the shear 

performance, including dowel diameter, reinforcement, and concrete strength. 

Testing was conducted under both eccentric and concentric loading, with shear 

connection provided through dowel action of transverse bars of diameters 

ranging between 12 and 24 mm in web holes with diameters up to 160 mm. 

Findings indicated that larger dowel holes increased shear strength, however, the 

larger hole causes more reduction in steel sections webôs area, reducing the load-

bearing capacity. Therefore, for the tested steel section, the optimum hole 

diameter was recommended to be from 80 to 120 mm. In addition, dowel action 

enhanced the overall ductility of slim-floor systems, with specimens achieving 

mid-span deflection up to span/50, showing significant agreement with prior 

findings on transverse bars as effective shear connectors. 

Borghi et al. (2021) presented a parametric numerical investigation comparing 

CoSFBs to ASBs using ABAQUS software. Finite element models were 

developed and calibrated against experimental data. The analysis considered 

load-deflection behaviour of composite beams with variable parameters related 
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to concrete and steel components. Results showed that CoSFBs offer improved 

bending resistance and structural efficiency compared to ASBs due to their 

effective shear connection provided by transverse bars through web openings. 

The CoSFB specimens exhibited smaller plastic deformations, confirming their 

advantages over ASBs. The parametric study also revealed that steel related 

parameters have substantial influence on the slim floors behaviour compared to 

concrete related parameters. 

The extensive and evolving research on CoSFBs underscores their growing 

significance in modern structural systems. That is mainly because ï as in USFBs 

ï it effectively combine shallow profile geometry with enhanced shear 

connectivity through dowel action at web openings, allowing for robust composite 

action without increasing floor thickness. 

2.5.5 Deltabeam 

(a)                                          

(b) (c) .   

Figure 2-12: (a) Deltabeam parts (b,c) The use of Deltabeam with hollow core and 
composite steel decking slabs (PEIKKO, 2014) 

Deltabeam is another type of slim floor beams having several distinguishing  

features from the other beams. It is made of cut steel plates that are welded 

together at factory to form a trapezoidal boxed cross-section with the bottom 

flange being larger than the top one and equipped with ledges that allows placing 

various types of floor slabs, such as hollow core slabs and composite slabs with 

steel decking. The boxed section is not closed and it comes with circular openings 
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in the two webs which allows it to be filled with concrete cast in-situ with placing 

steel reinforcement passing through the web openings to form concrete dowels 

that transmit the shear between the beam and the slab and provide effective 

composite action of  steel  Deltabeam  body  with  infill  concrete  after  full  

hardening. Figure 2-12 presents the components in the cross-section of 

Deltabeams and the use of Deltabeam with different types of slabs. 

Peltonen and Leskelä (2006) conducted 75 push-out tests to investigate the 

capacity of the concrete dowel in Deltabeam with variable parameters of web hole 

diameter, the geometry of the lip (mainly the lip depth), and concrete strength. 

The push-out tests were designed based on the assumption that only the 

concrete outside of the steel box plus the concrete dowel within the lip depth are 

effective to the shear resistance mechanism. Therefore, a foil parting the concrete 

infill  was used to simulate the concrete dowel shear connection in the push-out 

test specimens. The tests demonstrated the ductile load-slip behaviour of the 

concrete dowel, with average maximum slips of 6-9 mm. The disassembling of 

the specimens showed that failure of all specimens was due to the shearing off 

of the concrete dowel. The effect of the depth of the lip, which is the depth of the 

concrete dowel, had less effect on the resistance of the 75mm diameter web 

holes. A formula was developed for the shear resistance of the concrete dowel 

ὖ  (Equation 2-3), where Ὢ  is the mean tensile strength of the concrete, 

Ὧ Ὢ  is a resistance factor that depends on the geometry of the hole (depth 

and diameter), and ὃz  is the area of the hole.  

Equation 2-3 

ὖ Ὧ Ὢ Ὢ ὃz  

Further insights were provided by Kyriakopoulos et al. (2021), who undertook an 

extensive experimental and numerical campaign to investigate the flexural 

behaviour and robustness of Deltabeams. Seven full-scale specimens were 

tested under three-point sagging bending to evaluate ductility, composite 

interaction, and structural resilience under large displacements. Two groups were 

studied: Type 1 with shear studs on the top flange and limited confinement, and 

Type 2 with enhanced side confinement and no concrete topping. Results 

showed that Type 2 specimens exhibited superior ductility and slip performance 

due to enhanced confinement, achieving high deflections (up to L/16) without 

strength degradation. Full shear interaction was confirmed by strain 
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measurements and corroborated via nonlinear finite element simulations in 

Abaqus, demonstrating good agreement with experimental data. At the end of the 

tests, type 1 sections could not prevent spalling of top concrete, causing buckling 

in the web and top plate (Figure 2-13 (a)). On the other hand, the confinement in 

type 2 sections prevented spalling of concrete and the specimens were in good 

condition (Figure 2-13 (b)). In a related study, Kyriakopoulos et al. (2022) 

investigated the behaviour of Deltabeams under extreme deformation conditions, 

employing both experimental tests and numerical modelling. This study 

emphasised the robustness of the composite system and highlighted the key 

structural features that ensure performance during large displacement and 

progressive collapse scenarios. 

(a)  

(b)  

Figure 2-13: Conditions of (a) Type 1 sections and,(b) Type 2 sections at the end of the 
tests (Kyriakopoulos et al., 2021) 

Although introduced only in the late 1990s, Deltabeam systems have been the 

subject of extensive research due to their structural efficiency and application 

flexibility. In addition to structural performance, numerous studies have explored 

other critical aspects, such as fire resistance performed by Maraveas (2017) and 

Beckmann et al. (2023). These investigations further affirm the comprehensive 

interest and development of Deltabeam technology in modern structural 

engineering. 
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2.5.6 Summary 

The comparison table below (Table 2-1) summarises the differences and 

similarities between the shallow composite flooring systems previously 

discussed. The comparison incorporates key attributes including structural 

configuration, shear connection mechanisms, span and depth limitations, as well 

as practical advantages and disadvantages. This is based on the discussion 

presented in the previous sections and complemented by data extracted from the 

study by Ahmed and Tsavdaridis (2019).  

Table 2-1: Comparative summary of shallow composite beam systems 

System 
Slim Floor 
Beam (SFB) 

Asymmetric 
Slim Floor 
Beam (ASB) 

Ultra-
Shallow 
Floor Beam 
(USFB) 

Composite 
Slim Floor 
Beam 
(CoSFB) 

Deltabeam 

Steel Section 
Components 

Universal 
column 
section + 
welded 
bottom plate 

Rolled I-
section with 
large bottom 
flange 

Welded 
asymmetric 
cellular T-
sections 

I-section + 
welded 
bottom plate 

Trapezoidal 
welded box 

Web Holes No No Yes Yes Yes 

Shear 
Connection 
Type 

Concrete infill Concrete infill 

Concrete 
dowel via 
web holes + 
tie bars and 
dowels 

Concrete 
dowel via 
web holes + 
tie bars and 
dowels 

Concrete 
dowel via web 
holes + tie 
bars and 
dowels 

Composite 
Action 
Efficiency 

Moderate Moderate High High High 

Span 
Limitation (m) 

5-10 6-7.5 Up to 10 Up to 12 Up to 13.5 

Depth 
Limitation 
(mm) 

280-320 310-340 300 350 200-500 

Advantages 

Simple 
fabrication, 
low floor 
height 

No need for 
bottom plate, 
easy 
integration 
with slabs 

High 
composite 
efficiency, 
service 
integration, 
low depth 

High 
composite 
efficiency, 
service 
integration, 
low depth 

Lightweight, 
flexible with 
slab types, 
long spans 

Disadvantages 

Limited 
composite 
action, low 
shear 
connection 
efficiency 

Limited 
composite 
action, low 
shear 
connection 
efficiency 

Requires 
precise 
dowel 
detailing, 
more 
fabrication 
work 

Requires 
precise 
dowel 
detailing, 
more 
fabrication 
work 

Complex 
manufacturing, 
dependent on 
detailing for 
shear 
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2.6 Prefabricated Slabs 

The growing call for sustainable practices has led to the development of 

innovative integrated floor slabs that enable wide spans and integrated building 

services. Various flooring systems have been developed, that offer advantages 

for residential and office buildings, malls and airport structures. Notably, slim floor 

construction, characterised by the integration of steel beams into slabs, has 

emerged as a focal point of research and resulted in the development of various 

products. This construction approach combines the benefits of prefabricated slab 

elements with steel-framed construction, resulting in an economically viable 

building solution that effectively meets the demands outlined above (Hechler and 

Braun, 2010).  

Slim composite beam systems have been paired with various types of 

prefabricated flooring slabs, such as steel-decking composite slabs and hollow 

core precast slabs (Lawson et al., 2015). The use of prefabricated slabs in such 

systems has many advantages; one of them is the great performance in time and 

cost reduction (Hicks, 2003; Mullett, 1992). This section gives an overview of the 

PUSS flooring system and the previous research done on it, as well as one of the 

widely used prefabricated slabs that will be used in the comparative LCA of this 

thesis, which is the hollow core precast slab. 

2.6.1 Prefabricated Ultra-Shallow Slabs (PUSS®) 

The recently developed prefabricated ultra-shallow slab (PUSS) flooring system 

represents a flooring solution designed for efficient, sustainable construction. 

PUSS units are fully fabricated offsite by casting-in-place reinforced ribbed 

concrete slabs within two parallel flange C-channel steel beams, which are 

connected with a novel horizontally oriented shear connection system. This 

system consists of either (1) horizontally-oriented web-welded shear studs 

(WWSS), (2) horizontal steel dowels welded to the webs, or (3) a combination of 

both shear connection systems (WWSS with dowels) (Ahmed and Tsavdaridis, 

2018). The horizontal steel dowels connections pass through the slab from one 

edge steel beam to the other, which makes them useful during the process of 

casting concrete as they hold the two edge beams in place, minimising the need 

for additional framework. For building installation, the prefabricated slabs are 

moved as ready-made floor units to the construction site and installed at their 

intended locations in the building. Figure 2-14 provides schematic drawings of a 
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segment of a standard 2 m wide PUSS unit featuring a connection system 

composed of a combination of WWSS and steel dowels. 

 

Figure 2-14: Schematic drawing of a 1.6m segment of a standard PUSS flooring unit with 
steel dowel and WWSS shear connection system (Alali and Tsavdaridis, 2021) 

Previous studies of PUSS have emphasised its advantages, highlighting its light 

weight, which is a result of the use of lightweight concrete along with troughs and 

ribs running below the thin concrete flange. That facilitates the construction of 

lightweight buildings, as slabs contribute significantly to the overall weight of the 

structures. In addition, the slabsô shape, characterised by regular voids 

underneath the ribbed slab permits the integration of building services and ceiling 

fixtures, thereby reducing the overall building height. Alternatively, the voids can 

accommodate the placement of acoustic insulation materials (Ahmed, 2019). 

Furthermore, the outcomes of the previous Life Cycle Assessment (LCA) and Life 

Cycle Cost (LCC) studies conducted on the flooring system demonstrated some 

advantages of PUSS made of lightweight aggregate concrete (LWC) with Lytag 

in comparison to precast hollow core and the Cofradal slabs (ArcelorMittal, 2019), 
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indicating a considerable decrease in the overall Global Warming Potential 

(GWP), energy consumption, time and cost. Moreover, the implementation of 

wider units made of lightweight materials reduces the number of necessary lifts 

during slabs installation, the overall transportation cost, construction time and 

energy consumption. In addition, the well-monitored and controlled prefabrication 

offsite significantly reduces the required on-site work, which usually causes 

construction errors and tends to be more costly compared to offsite work (Ahmed 

and Tsavdaridis, 2018).  

Additionally, the performance of shear connection system employed in PUSS 

flooring system was previously examined under direct static shear force using the 

push-out test methodology. The research included experimental tests and 

numerical finite element parametric study. The investigations incorporated three 

concrete types: normal weight concrete (NWC), lightweight aggregate concrete 

with Lytag aggregates (LWC), and ultra-lightweight aggregate concrete with Leca 

aggregates made of expanded clay (ULWC).  

The findings of the research stated that both shear connection systems showed 

ductile failure behaviour, however, the WWSS with dowels system showed more 

ductile failure mode and showed an interlocking mechanism and strong tie 

between the concrete and the horizontal dowels together with the shear studs. 

That makes the WWSS with dowels system preferred over the WWSS system in 

regions with high shear. Also, it has been found that there is a great relation 

between the shear strength of the shear studs and dowels with the ultimate 

strength of concrete and the diameter of the shear connectors. The results 

indicate that the shear strength increases as the concrete strength increases, 

which reduces the feasibility of using ULWC in such a shear connection system 

unless its compressive strength is enhanced by the used some admixtures and 

additives. Also, it was found that the shear strength increases as the height of the 

shear studs and the diameter of the shear studs or dowels increases due to the 

increase of the shear connection area. 

As a result of the push-out tests observations, a formula was developed to predict 

the shear resistance of the shear connection system (Equation 2-4) (Ahmed and 

Tsavdaridis, 2020). 

Equation 2-4 

ὖ ρȢψχσὪὨὥ Ȣ πȢψὪὃ 
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Where:  ὖ  is the shear resistance of shear stud or dowel,  

Ὢ  is the cylinder compressive strength of concrete, 

Ὠ is the diameter of stud or dowel, 

ὥ is the distance from first stud or dowel to the top of concrete, 

Ὢ is the ultimate tensile strength of the material of the stud or dowel 

which should not be greater than 500 N/mm2, 

and ὃ is the cross-sectional area of the shear stud or dowel. 

From the final outcomes of the performed research, some recommendations are 

going to be considered in this research. It was recommended that the WWSS 

shear connection system should be used only in regions with low shear, while the 

WWSS with dowels system should be used in regions with high shear. That is 

because of the more ductile failure and the high shear resistance and tying 

resistance shown by the WWSS with dowels system. In addition, although that 

the ultra-lightweight concrete (contains Leca aggregates) significantly reduces 

the unit weight of concrete, its low compressive strength weakens the shear 

strength capacity and therefore it is not recommended to use it with this system 

unless its strength is enhanced by the use of additives and admixtures. It was 

also recommended to continue the research on the shear connection system by 

testing the slab units under static flexural tests to develop design methodologies 

of the PUSS units and that is what is going to be studied in this research (Ahmed, 

2019). Figure 2-15 displays a grid of PUSS flooring system composed of five 

PUSS units, sitting on the bottom flange of the composite beams, and within their 

depth. 

 

Figure 2-15: Grid of PUSS flooring system 
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2.6.2 Hollow Core Slabs 

Hollow core slabs have been widely used in flooring and roofing applications 

since the 1950s. They are favoured for their nearly fully automated production 

process, which optimises material use, saves time, and offers environmental 

benefits. Compared to solid concrete, hollow core slabs can save up to 50% in 

concrete usage and 30% in steel consumption (International Federation for 

Structural Concrete (fib), 2000). 

Typically produced from reinforced concrete, hollow core slabs feature 

longitudinal voids that reduce their overall weight and cost. Their depths generally 

range from 150 to 450 mm, depending on the required span and load-bearing 

capacity, with spans of up to 20 metres for high-depth, low-load applications (Way 

et al., 2007). Figure 2-16 shows typical hollow core slab units and their cross-

sections. 

 

Figure 2-16: (a) Hollow core floor units (b) Typical cross-sections for floor units (Way et 
al., 2007) 

Precast hollow core concrete units have fire resistance of 1 to 2 hours and good 

in insulating sounds. They come in different shapes of voids and the units can be 

manufactured in a variety of shapes and sizes to suit the requirements of the 

construction site. Casting complex shapes to match architectural needs might 

require difficult preparation of forms on-site with big chances of errors, fabricating 

and pre-casting such units offsite under factory controlled conditions is more 

economic and has more accuracy with much less chances of error (Way et al., 

2007). After installation, a 50 to 75 mm concrete topping is often applied on-site 

to create a level surface, which adds weight but can enhance the mechanical 

properties of the slab (Mones and Breña, 2013). However, the 1200 mm width of 
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hollow core slabs limits their span to about 10 metres for slabs with a thickness 

of less than 300 mm under medium service loads (Longley, 2019). 

Hollow-core precast slabs have been used widely as a part of composite flooring 

systems presented in section 2.5. A lot of research and studies have been done 

to investigate the benefits and the properties of the precast hollow core slabs in 

all aspects. The following papers represent some of the previously done works 

that have studied topics like economic and environmental benefits, shear 

strength, flexural strength, etc. 

Yee (2001a) outlined the environmental and social benefits of precast concrete 

technology, noting that the benefits extend beyond cost and structural efficiency. 

One key advantage is the reduction in transport needs for materials and workers, 

leading to lower emissions and reduced strain on transportation networks. 

Precast units also contribute to tidier and safer construction sites, with reduced 

noise and air pollution, which can improve conditions for nearby residents and 

workers. Additionally, precast technology minimises the need for formwork on-

site, particularly in congested urban areas, and enables more efficient production 

under controlled factory conditions. The durable steel or fibreglass moulds used 

in precast production can be reused multiple times, reducing material waste 

compared to the timber formwork typically used in on-site construction. 

In a follow-up study, Yee (2001b) highlighted the structural and economic 

advantages of precast concrete, including significant material savings in both 

steel and concrete for long-span and high-load structures. The mass production 

of precast units, combined with the reduced need for on-site labour, further 

contributes to overall cost savings. Additionally, precast units serve as formwork 

for composite slab and beam connections, streamlining the construction process. 

Although the initial cost of formwork for precast production may be higher than 

traditional on-site formwork, the long-term savings from reusing durable moulds 

offset these initial costs. 

Hawkins and Ghosh (2006) investigated the shear strength of hollow core precast 

slabs, particularly those with depths greater than 320 mm. Since shear 

reinforcement is not feasible in such slabs, shear strength depends entirely on 

the concreteôs capacity. Their study presented results from shear strength tests 

conducted by three U.S. companies and a European research program. The 

findings revealed that the shear strength of deep hollow core slabs was 
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sometimes lower than predicted by ACI 318-05 equations. The European tests 

suggested that hollow core slabs up to 410 mm in depth may require adjusted 

critical section locations to better evaluate web-shear strength, while the 

American tests indicated that further research is needed before modifying the 

design code. 

Rahman et al. (2012) conducted four-point bending tests on 15 precast hollow 

core slab specimens, with depths ranging from 200 to 300 mm and spans of either 

2.5 m or 5 m. The study aimed to determine the ultimate load capacity and failure 

modes of the slabs, correlating these findings with the span-to-depth ratio. Three 

distinct failure modes were identified: pure flexural failure (for span-to-depth 

ratios >9), flexure-shear failure (span-to-depth ratios between 3.5 and 9), and 

web shear failure (span-to-depth ratios <3.5). While the ACI equations accurately 

predicted web shear failure for ratios <3.5, they underestimated flexure-shear 

strength for ratios between 3.5 and 8, and predicted flexure-shear failure where 

pure flexural failure occurred experimentally (ratios >9). 

Zhang et al. (2022) investigated the flexural performance of precast hollow-core 

(PHC) slabs using high-strength tendons. The study aimed to assess a novel 

spliced connection method that uses U-shaped steel bars, anchorage bars, and 

post-cast concrete. Three full-scale specimens were tested: one long slab and 

two specimens where two shorter slabs were connected to replicate the same 

total length. Load-displacement responses, failure modes, and strain distributions 

were analysed. The spliced slabs demonstrated comparable flexural strength and 

ductility to the long slab, confirming the feasibility of the splicing technique. 

However, the study highlighted discrepancies in predictions by existing design 

codes, which overestimated the slabs' flexural capacity. This discrepancy 

suggests the necessity for refining current code provisions to enhance safety and 

reliability. 

These studies underline the importance of hollow core slabs in structural design 

due to their material efficiency and structural performance, while also highlighting 

the need for ongoing research to refine design codes, particularly in relation to 

deep slabs and shear capacity. 
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2.6.3 Modular Steel ChannelïConcrete Composite Flooring System 

(MSCCF) 

A novel prefabricated flooring system, the Modular Steel ChannelïConcrete 

Composite Floor (MSCCF), has recently been developed by a group of 

researchers in China to enhance structural performance and accelerate 

construction for modular and long-span floors. The MSCCF system shares 

conceptual similarities with the PUSS flooring system, particularly in terms of 

placing concrete slab between parallel C-channel steel beams to form the 

structural edge of each slab unit. However, MSCCF is distinguished by employing 

perforated steel plates (PSPs) as shear connectors. Once placed at the intended 

flooring location on construction site, adjacent slab modules are connected using 

high-strength bolts passing through the webs of the channels. This 

interconnection transforms the back-to-back C-channels into a composite beam 

system termed the Double C-Channel Beam (DCCB). Figure 2-17 provides a 

visual representation of the mentioned flooring system. The MSCCF system was 

designed to eliminate the need for in-situ wet work, thereby significantly improving 

construction speed and reliability, especially in modular buildings. Its design also 

aims to provide a highly integrated structural system with robust mechanical 

performance and efficient load transfer. To evaluate its viability, Fang et al. (2023; 

2024a; 2024b) conducted extensive experimental and numerical investigations 

that addressed various aspects of its flexural behaviour, the performance of PSP 

shear connectors, and the influence of mechanical interconnection. 

 

Figure 2-17: Schematic drawings of modular steel channelïconcrete composite flooring 
system (MSCCF) (Fang et al., 2024b) 
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Fang et al. (2023) tested seven specimens under bending loads to assess the 

impact of parameters such as slab width, beam depth, and shear connector 

spacing. Their findings confirmed that the system, when assembled using dry 

construction methods, offers high efficiency in terms of both structural 

performance and rapid assembly. The use of high-strength bolts ensured integrity 

and cooperation between the modules, achieving high flexural stiffness, sufficient 

ductility, and excellent load-carrying capacity. Notably, the ductility index of the 

beam was approximately 6.5, with mid-span deflections between 1/444 and 1/333 

of the span under serviceability loadsðwell within the acceptable limits defined 

in AS 2327.1. The PSP connectors were shown to provide robust composite 

action, with the mechanical behaviour of partially connected beams closely 

mirroring those of fully connected ones, with less than 10% variation in strength, 

stiffness, and ductility. However, while increasing slab width marginally improved 

bending performance, it significantly weakened overall integrity due to increased 

separation between modules. Increasing beam depth enhanced strength and 

integrity but reduced ductility. 

Further experimental work by Fang et al. (2024b) explored the bending behaviour 

of complete MSCCF floor systems. Four specimens were tested under different 

boundary and shear connection conditions. The results demonstrated that bolted 

connections were instrumental in enhancing both structural integrity and torsional 

stability. Floors with bolted interconnections resisted lateral-torsional buckling 

more effectively, with an increase in initial torsional stiffness by up to 144% 

compared to unbolted floors. Additionally, the bolted systems experienced a 

change in failure modeðfrom pure flexural failure in simply supported specimens 

to punching shear-flexural failure in semi-continuous configurations. The 

presence of bolts also led to notable gains in overall system stiffness (58%) and 

ultimate bearing capacity (15%), albeit with a 23% reduction in ductility. While 

reducing bolt spacing enhanced initial stiffness, it had a minimal effect on strength 

or ductility. Importantly, PSP connectors remained effective under all tested 

conditions, even in partially connected configurations. 

Complementing these structural investigations, Fang et al. (2024a) conducted a 

dedicated study on the shear performance of the PSP connectors. A series of 15 

push-out tests, combined with validated finite element models, evaluated the 

influence of variables such as PSP thickness, opening diameter, concrete 
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strength, and connector spacing. Two main failure modes were observed: PSP 

failure (typically flexural-shear or fracture at thin sections) and concrete crushing 

(more prevalent in thicker PSPs or weaker concretes). While all PSP 

configurations provided high shear stiffness and capacity, only those with 

thicknesses up to 6 mm showed adequate ductility as defined by Eurocode 4. 

Increasing PSP thickness improved strength but reduced ductility, with 

diminishing returns beyond 10 mm. Larger openings in the PSPs enhanced 

ductility but reduced stiffness and capacity. Similarly, closely spaced PSPs (150 

mm) experienced overlapping stress fields that reduced effectiveness compared 

to single-row configurations. The researchers also derived a shear capacity 

equation based on both experimental and numerical data, accounting for 

interaction between concrete and steel. This equation was shown to be accurate 

and suitable for preliminary design. 

In summary, the research on the MSCCF flooring system demonstrated that it is 

a structurally sound and efficient prefabricated solution for modular buildings, 

which make it a promising prefabricated flooring solution with potential 

applications in modular, high-performance, and rapid-construction buildings. 

2.6.4 Real-Life Applications of Composite Prefabricated Slabs 

The composite prefabricated flooring systems discussed in the preceding 

sections, including the Prefabricated Ultra-Shallow Slab (PUSS), and the Modular 

Steel ChannelïConcrete Composite Floor (MSCCF), demonstrate a broad range 

of real-life applications that align with current construction trends, particularly in 

modular, sustainable, and high-performance building design. 

These systems are especially well-suited for use in modular construction due to 

their offsite fabrication and readiness for immediate installation upon arrival at the 

construction site. The units are typically transported in a near-finished form and 

placed directly onto supporting beams without requiring significant on-site 

adjustment or additional formwork. This minimises construction time and labour 

demands, reduces disruption in urban environments, and enables faster project 

delivery schedules. They are also designed to eliminate the need for an in-situ 

concrete topping altogether, enabling truly dry assembly processes. This is 

particularly advantageous in reducing construction time and in regions with 

limited access to wet construction resources. The modular nature of these 

systems also facilitates integration into volumetric modular buildings, where each 
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room or unit is fabricated offsite as a complete module. In such applications, the 

floor system forms an integral part of the volumetric unit and the abovementioned 

systems can be part of it. 

Beyond their role as floor components, the structural detailing and experimental 

work conducted on the shear connectors used in systems like PUSS and MSCCF 

carry broader implications. These investigations not only advance the 

understanding of shear transfer mechanisms in shallow and modular floors but 

also contribute to the design of shear connectors in composite beam-slab 

systems used across multi-storey commercial and residential buildings. The 

findings related to ductility, ultimate strength, and load-slip behaviour of 

horizontally oriented and perforated shear connectors can be extended to the 

development of enhanced composite action in steel-concrete hybrid structures. 

Additionally, the integration of embedded voids, ducts, or troughs within the slab 

cross-sections, such as in PUSS and hollow core slabs, allows for the routing of 

mechanical, electrical, and plumbing services within the floor zone. This 

functional integration supports more compact and architecturally flexible building 

designs, reduces floor-to-floor height, and supports the use of prefabricated 

service modules. Such features are highly valued in modern office buildings, 

airports, hotels, and high-rise housing. 

Lastly, the improved environmental and economic performance of these flooring 

systems, as evidenced by previous LCA and LCC studies on some of them, 

makes them appealing options for eco-friendly developments and public 

infrastructure projects where sustainability, lifecycle cost, and carbon footprint are 

key concerns. Their potential to reduce construction waste, transport 

requirements, and operational energy usage further enhances their applicability 

in environmentally regulated construction sectors. 

2.7 Code of Practice 

Eurocode 4 (European Committee for Standardization (CEN), 2004b) defines 

composite beam as "a composite member subjected mainly to bending" while it 

defines composite slab as "a slab in which profiled steel sheets are used initially 

as permanent shuttering and subsequently combine structurally with the 

hardened concrete and act as tensile reinforcement in the finished floor". In this 

research, although we are examining composite slab units, their way of 
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construction and load application is more related to the composite beams defined 

in Eurocode 4 because they are mainly subjected to bending and do not have 

steel sheets. 

Eurocode 4 (CEN, 2004b) serves as the principal design standard adopted 

throughout this thesis, as it provides a comprehensive and widely recognised 

framework for the structural design of composite steelïconcrete members within 

the European context. Its provisions for flexural resistance, partial shear 

connection, and shear connector behaviour are particularly relevant to the PUSS 

flooring system investigated in this study. In addition to Eurocode 4, equations 

from ANSI/AISC 360-10 (2010) and AASHTO (2020) are also introducedð

specifically for evaluating the shear resistance of headed shear studs. These two 

codes were selected for their international significance and practical relevance in 

steelïconcrete composite construction, offering alternative approaches for 

assessing connector behaviour under varying assumptions. Including these 

standards allows for a broader comparative assessment of shear connector 

performance when implemented in PUSS slabs. This, in turn, enables 

identification of the most appropriate predictive model for the system and 

supports the development of a tailored empirical equation reflecting the actual 

performance observed in the experimental and numerical studies. 

2.7.1 Resistances of Cross-Section of Composite Beams 

Bending Resistance: Eurocode 4 (CEN, 2004b) determines the plastic 

resistance moment of a composite cross-section at ultimate limit states by using 

stress block method, which assumes that the stresses within the cross-section 

reach a constant value in both tension and compression. The code specifies 

some assumptions that should be made in applying the stress block method: 

¶ The structural steel is stressed to its design yield stress Ὢ  in both tension 

and compression. 

¶ The effective area of the longitudinal steel reinforcements is stressed to 

their design yield stress Ὢ  in both tension and compression. Otherwise, 

the reinforcement in compression in concrete slab may be neglected. 

¶ The concrete tensile strength shall be neglected. 

¶ The effective area of concrete in compression for full shear connection is 

the area between the depth of the plastic neutral axis (PNA) and the most 
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compressed fibre of concrete. This area resists a constant concrete 

compressive stress („ȟ ) of πȢψυὪ  where Ὢ  is the design cylinder 

compressive strength of concrete. 

¶ For partial shear connection, the effective area of concrete in uniform 

compression stress is the area from most compressed fibre of concrete to 

the depth where concrete can develop compressive resistance equal to 

the longitudinal shear resistance of the shear connectors. The ratio of the 

reduced area of compression for partial shear connection to the whole 

area of compression for full shear connection is equal to – which is the 

degree of shear connection and  –
ȟ
, where ὔ is the longitudinal shear 

resistance of the shear connectors and ὔȟ is the full compressive 

resistance of the concrete slab. 

The plastic stress distribution of a downstand composite beam with full and partial 

shear connection is shown in Figure 2-18. In the stress block method, the moment 

capacity of the cross-section is calculated by taking moments about the plastic 

neutral axis.  

 

Figure 2-18: (a) Plastic stress distribution of a downstand composite beam with full shear 
connection in sagging and hogging bending (b) Plastic stress distribution of a 

downstand composite beam with partial shear connection (CEN, 2004b) 
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The code also provides a simplified linear interaction method which relates the 

moment resistance of the cross-section to the degree of shear connection. This 

simplified linear relationship is expressed in Equation 2-5. Figure 2-19 compares 

the plots of the increment in the moment resistance as the degree of shear 

connection increases using the linear interaction and the stress block methods. 

It is clear from the plots that the linear interactive method gives conservative 

results. 

Equation 2-5 

ὓ ὓ ȟȟ ὓ ȟ ὓ ȟȟ

ὔ

ὔȟ
 

Where: ὓ  is the design moment resistance of the composite section in 

partial shear connection, 

  ὓ ȟȟ  is the plastic moment resistance of the steel section, 

ὓ ȟ  is the design moment resistance of composite section in full 

shear connection, 

ὔ is the longitudinal shear resistance of the shear connectors, 

ὔȟ is the full compressive resistance of the concrete slab, 

and 
ȟ
 – which is the degree of shear connection.  

 

Figure 2-19: Comparison between the plastic stress block method (line 1) and the 
simplified linear interaction method (line 2) for ductile partial shear connection (CEN, 

2004b) 

2.7.2 Headed Shear Stud Connection 

Eurocode 4 (CEN, 2004b) states that shear connection and transverse shear 

reinforcement are provided in composite structures to transmit the longitudinal 
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shear force between structural steel and the concrete, and the effect of natural 

bond between the two materials is ignored. It also states that the shear connector 

should be capable of preventing the separation of concrete from structural steel 

and have sufficient deformation capacity to be ductile connector. A connector is 

considered ductile if the characteristic slip capacity ‏ φ mm. Failure and 

splitting due to longitudinal shear concentrated forces caused by the shear 

connectors should be prevented. In general, the limitation for the use of partial 

shear connection for members with span less than 25 m is that the degree of 

partial shear connection – πȢτ. 

The design shear resistance of a welded headed shear stud in solid slab and 

concrete encasement ὖ  should be calculated from Equation 2-6 or Equation 

2-7, whichever is smaller. 

Equation 2-6 

ὖ
πȢψὪ“ὨȾτ

‎
 

Equation 2-7 

ὖ
πȢςω‌Ὠ ὪὉ

‎
 

Where: ‎ is the partial factor and its recommended value is 1.25, 

 Ὢ is the ultimate tensile strength of the material of the stud, and 

not larger than 500 N/mm2 for studs in solid slab and concrete 

encasement, 

 ‌ πȢς ρ for σ Ὤ ȾὨ τ & ‌ ρ for Ὤ ȾὨ τ, 

 Ὠ is the diameter of the stud, 

 Ὤ  is the overall nominal height of the stud, 

 Ὢ  is the concrete cylinder compressive strength at the age 

considered, of density not less than 1750 kg/m3, 

 and Ὁ  is the secant modulus of concrete. 

BS5950-3.1 (British Standards Institution (BSI), 1990) provided specifications for 

headed shear studs in terms of dimensions and spacing in details. The design 

shear resistance is also provided with corresponding stud dimensions and normal 

weight concrete strength, as shown in Table 2-2. 
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Table 2-2: Characteristic shear resistance of headed shear studs in normal weight 
concrete (BSI, 1990) 

 

The American Institute of Steel Construction (ANSI/AISC 360-10 (2010)) also 

provides a formula for calculating the nominal shear strength of headed shear 

studs ὖ that is a function of the stud cross-sectional area ὃ in mm2, the concrete 

characteristic cylinder compressive strength Ὢ  in MPa  and the elastic modulus 

of concrete Ὁ in MPa, as given in Equation 2-8. Where Ὢ is the ultimate strength 

of the shear stud steel in MPa (but not greater than 500 N/mm2), Ὑ  and Ὑ  are 

factors depending on the studs and welding arrangement and their multiplication 

value can be assumed to be 0.75. The shear strength obtained according to AISC 

is usually higher than that of Eurocode 4. 

Equation 2-8 

ὖ πȢυὃ ὪὉ ὙὙὃὪ 

The American Association of State Highway and Transportation Officials 

(AASHTO (2020)) also provides a formula for determining the nominal shear 

strength of headed shear studs ὖ. The formula closely resembles that of 

ANSI/AISC 360-10, with the inclusion of a resistance factor ( )ɲ for shear 

connectors, typically taken as 0.85. The AASHTO equation is presented in 

Equation 2-9.  

Equation 2-9 

ὖ ᶮπȢυὃ ὪὉ πȢχυὪὃ 

Eurocode 4 (CEN, 2005) Annex C provides the equations for designing the shear 

resistance of horizontal lying headed shear studs that causes splitting in the 

direction of the slab thickness as shown in Figure 2-20. 
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Figure 2-20: Position and geometrical parameters of horizontally lying shear stud 
connections (CEN, 2005) 

That shear resistance should be determined for ultimate limit states other than 

fatigue by using Equation 2-10. 

Equation 2-10 

ὖ ȟ

ρȢτὯ ὪὨὥ Ȣ ὥȾί Ȣ

‎
 

Where: Ὧ ρ for shear connection in edge position and Ὧ ρȢρτ for 

middle position, 

Ὢ  is the characteristic concrete cylinder compressive strength at 

the age considered in N/mm2, 

Ὠ is the diameter of the shank of the stud within ρω Ὠ ςυ mm, 

ὥᴂ is the effective edge distance = ὥ ὧ ᶮȾς υπ mm, 

ὥ is the horizontal spacing of studs within ρρπὥ ττπ mm, 

ί is the spacing of stirrups with both ὥȾς ί ὥ and ίȾὥᴂ σ, 

‎ is a partial factor and its recommended value is 1.25, 

ὥ is the vertical distance from the edge of the slab to the centre of 

the stud, 

ὧ is the vertical concrete cover, 

and ᶮ is the diameter of the stirrups with ᶮ ψ mm. 

Eurocode 4 (CEN, 2005) Annex C states that to prevent the failure by pull-out of 

the stud at the edge of the slab, the following conditions should be fulfilled: 
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For uncracked concrete: ‍ σπЈ or  ὺ ÍÁØ ρρπ άάȠρȢχὥ ȠρȢχίȾ

ς 

For cracked concrete:  ‍ ςσЈ or ὺ

ÍÁØ ρφπ άάȠςȢτὥ ȠςȢτίȾς 

Also, it states that the splitting force in the direction of the slab thickness should 

be resisted by stirrups, which should be designed for tensile force Ὕ according 

to Equation 2-11. 

Equation 2-11 

Ὕ πȢσὖ ȟ 

The influence of the vertical shear on the design resistance of stud connectors 

due to vertical support should also be considered. The interaction may be verified 

by using Equation 2-12. 

Equation 2-12 

Ὂȟ
ὖ ȟ

Ȣ
Ὂȟ
ὖ ȟ

Ȣ

ρ 

where ὖ ȟ is calculated using Equation 2-13. 

Equation 2-13 

ὖ ȟ

πȢρςὪᶮ Ȣ Ὠ
ὥ
ί

Ȣ

‰ Ȣ ὥ ȟ
ȢὯ

‎
  Ὧὔ 

with the following conditions satisfied: 

Ὤ ρππάάȠρρπὥ ςυπάάȠ ɲ ρςάάȠ ɲ ρφάάȢ 

Where:  ɲis the diameter of the longitudinal reinforcement with ɲ ρπάά, 

Ὠ is the diameter of the shank of the stud within ρω Ὠ ςυ mm, 

ὥᴂȟ is the relative effective edge distance = ὥȟ ὧ ᶮȾς υπ 

mm, 

Ὤ is the overall height of the headed stud with ὬȾὨ τ, 

and ὥȟ is the relative vertical distance from the slab edge to the 

centre of the stud. 

2.7.3 Testing of Composite Floor Slabs 

Eurocode 4 (CEN, 2004b) Annex B gives the detailed test procedure to determine 

the shear-bond behaviour of composite slabs with profiled steel sheets through 
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the ά Ὧ and the partial shear connection methods. Similar test setup can be 

applied in testing PUSS units in bending. The standard test set-up for composite 

slabs is shown in Figure 2-21. 

 

Figure 2-21: Four-point bending test setup (CEN, 2004b) 

The ά Ὧ method is used to determine ά and Ὧ factors for the composite slab 

by full-scale four-point bending tests on a total of six specimens divided into two 

groups, group A with three maximum possible span specimens and group B with 

three shortest possible span specimens with assuring longitudinal shear failure 

for both groups. The ά and Ὧ parameters are determined by plotting graph of  

versus . A point is plotted from each specimen and a straight line is drawn to 

connect these points and a plot similar to the plot in Figure 2-22 will be produced.  

From that plot, ά and Ὧ factors are determined and that is given by Equation 2-14 

Equation 2-14 

ὠ

ὦὨ
Í
ὃ

ὦὒ
Ȣ Ὧ 

Where: ὠ is the support reaction under the ultimate test load which is taken 

to be 0.5 times the failure load for ductile failure and 0.4 time the 

failure load for brittle failure, 

  ὦ is the width of the slab, 

  Ὠ is the depth of the mid-axis on the profiled sheeting from top of 

the slab, 

  ὃ  is the cross-sectional area of the profiled sheeting, 

  and ὒ is the shear span. 
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Figure 2-22: Design relationship for longitudinal shear resistance of the composite floor 
slab (CEN, 2004b) 

The partial shear connection method is done by performing four-point bending 

tests to determine the design value of the longitudinal shear strength of the 

composite slab †ȟ . The partial connection method is more straightforward than 

the άɀὯ method and it verifies the bending strength of ductile slabs with ductile 

connections. In this method, the longitudinal shear failure should be assured in 3 

slabs with the maximum possible span and 1 slab with the shortest possible span. 

A graph that relates the bending moment strength with the degree of the shear 

connection of the slab will be produced at the end of the experimental work as 

shown in Figure 2-23. From this plot, the degree of shear connection – can be 

found. The longitudinal shear strength †  is related to the ultimate shear stress 

and can be calculated using Equation 2-15. 

Equation 2-15 

†
–ὔȟ ‘ὠ

ὦὒ ὒ
 

Where: – is the degree of shear connection from the experiment, 

  ὔȟ is the compressive normal force in concrete, 

  ‘ is the default value of the friction coefficient to be taken as 0,5, 

  ὠ is the support reaction under the ultimate test load, 

  ὦ is the width of the slab, 

  ὒ is the shear span, 

  and ὒ is the overhang span. 
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This equation takes into account the additional longitudinal shear resistance 

produced by the support reaction by the term ʈ6. If this resistance is neglected, 

then this term can be removed. 

 

Figure 2-23: Determination of the degree of shear connection from bending moment test 
(CEN, 2004b) 

2.8 Experimental Work on Headed Shear Studs Connections 

Various types of shear connectors have been used to transfer the longitudinal 

shear forces between concrete and steel in SCC beams and slabs, and form the 

composite action. However, Headed shear studs are the most common type of 

shear connection used in both bridge and building construction. The current 

codes of practice provide detailed specifications on their use and design, and that 

is discussed in section 2.7.2. This section reviews some of the publications that 

experimentally investigated headed shear studs connectors in solid slabs, 

profiled decking slabs, the use with lightweight concrete and horizontally lying 

shear studs. Other experimental tests on other types of shear connectors in 

different types of composite beams were previously presented in section 2.5. 

2.8.1 Headed Studs Used in Solid Slabs 

Slutter and Driscoll (1965) carried out nine push-out tests using solid slabs, 12 

composite beam tests with 4.5 m span composite beams and one two-span 

continuous beam test. The conclusions showed that the ultimate flexural strength 

of the beam is related to the ultimate strength of the stud shear connection, and 

that the studôs diameter Ὠ and the concrete cylinder compressive strength Ὢᴂ 

directly govern the ultimate strength of the stud ή as: 

Equation 2-16 

ή ωσπὨ  Ὢᴂ 
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Davies (1967) studied the spacing and layout pattern of the studs by conducting 

20 small-scale push-out tests using solid slabs. The studs were 10 mm in 

diameter and 50 mm in height. The results demonstrated that placing two studs 

per flange perpendicular to the direction of load provides 25% higher failure load 

than if placed parallel to the direction of load. In addition, it was concluded that 

the ultimate strength of the studs varies linearly with the longitudinal spacing of 

the studs. 

Johnson et al. (1981) presented statistical analyses of the results of 125 push-

out tests from 11 sources with 101 new push-out tests and 4 composite beam 

tests. The analyses concluded that the strength of studs in push-out tests is 

strongly influenced by the width of the slabs with little scatter found in the results 

due to experimental error. One of the parameters studied in the new push-out 

tests is the height of the weld collar. The results showed that the failure strength 

of a stud increases continuously as the height of weld collar increases from 0 to 

πȢσυὨ. The main conclusion is that the stiffness and strength of studs are highest 

when shank failure occurs. It was also found that it is possible to base the spacing 

of studs on shank failure loads whenever sufficient breadth of concrete slab can 

be provided. The minimum breadth is about twice the longitudinal spacing of the 

studs. The possibility of transferring the maximum shear flow to the slab without 

splitting the concrete depends on the layout of the studs. They should be spread 

as uniformly as practicable over the whole available width of the steel flange, and 

not located in a single straight line above the web. 

2.8.2 Headed Studs Used with Profiled Decking 

Grant et al. (1977) performed 17 composite beam bending tests using profiled 

steel decking with 19 mm diameter studs. The considered variables in the study 

were the yield strengths of the steel beam, geometry of steel decking and degree 

of partial shear connection. The specimens had spans of 7.3 m or 9.8 m, with a 

constant slab solid part thickness of 64 mm. Four points loading tests with 

monotonic load was applied up to the estimated working load, and then cycled 

10 times. The results were analysed and compared with 58 additional tests 

conducted by other researchers that studied variables such as strength and 

weight of concrete, height and diameter of studs, reinforcements type and loading 

type. As a conclusion, flexural capacity of a composite beam with profiled steel 

decking appeared to be more accurately and conservatively estimated if the slab 
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force is considered to act at the mid-depth of the solid portion above the ribs, 

rather than at the centroid of the concrete stress block. An equation for the 

capacity of studs in the ribs of composite beams with profiled steel decking ὗ  

was developed (Equation 2-17) that is function of the number of studs in the rib 

ὔ, the heights of the studs and the rib, Ὄ and Ὤ respectively, and the average rib 

width ὡ. Where ὗ  is the strength of the stud in a flat soffit slab. 

Equation 2-17 

ὗ
πȢψυ

Ѝὔ

Ὄ Ὤ

Ὤ

ὡ

Ὤ
ὗ ὗ  

Easterling et al. (1993) indicated that one of the important parameters found from 

previous studies that controls the shear strength of studs is the position of the 

studs relative to the stiffener in the bottom flange of the deck. This research 

project was conducted to evaluate the strong vs. weak stud position issue. Four 

composite beam tests and eight push-out tests were carried out. All composite 

beam specimens were with a span of 9.1 m and a width of 2 m with a total of 

twelve 19 mm diameter studs. The difference between specimens was the 

position of the studs. The push-out test specimens were constructed using the 

same deck and studs used in the beam tests. In four specimens, the  studs were 

in the strong position (at the end of the rib in the opposite direction of the force) 

and in four specimens the studs were placed in the weak position (at the 

beginning of the rib in the opposite direction of the force). The results showed 

distinctively different behaviours of the studs in the strong and weak positions. 

The failure modes of the strong position studs showed developing of concrete 

shear cones or shearing off the shank, while the weak position studs failed by 

punching through the deck rib but with more ductile behaviour in terms of load vs. 

slip. However, the results of both types of tests showed that the values calculated 

using Equation 2-17 are higher than measured values but no modifications were 

proposed as further evaluation was required. 

2.8.3 Headed Studs Used with Lightweight Concrete 

Chinn (1965) tested 10 lightweight composite slabs specimens with headed studs 

of 13, 16, 19 and 22 mm diameters in push-out tests. The used stud lengths were 

almost four times of their diameters and the flanges of the steel section were 

greased. The results demonstrated shear failure mode in all the studs, except for 

22 mm, which showed slab cracking. As a finding of the study, it was stated that 
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the ultimate strength of the studs in push-out tests was 18% to 43% higher than 

their direct shear strength. The conclusion was that the concrete strength has no 

effect on the ultimate strength of the studs, as shown in developed formula 

(Equation 2-18), where Ὠ is the stud diameter. However, this was disapproved by 

the conclusions of the later studies, such as the studies presented below. 

Equation 2-18 

ὗ σωȢςςὨȢ  

Ollgaard et al. (1971) carried out 48 push-out tests on headed studs of 16 and 

19 mm diameter with normal and lightweight concretes. The research studied 

seven parameters, which are the stud diameter, the number of studs per slab, the 

compressive and tensile strengths of concrete, the elastic modulus of concrete, 

the density of concrete, and the type of aggregate. The results of the study 

showed that the strength of the studs is highly influenced by the concrete 

compressive strength and elastic modulus, compared to the minimal effects of 

the tensile strength and density of the concrete. Similar deformation behaviour of 

studs in both types of concrete were noticed, and the strength of the studs in 

lightweight concrete was 15% to 25% lower than that in normal concrete. The 

observed failure modes were: concrete failure, stud shearing and a combination 

of both. A formula for the ultimate strength of the stud was developed (Equation 

2-19), which its simplified formula was adopted by the AISC specifications 

afterward (Equation 2-8). In addition, a mathematical relation between load and 

slip of the stud was presented (Equation 2-20), where ὗ is the load in kip and ῳ 

is the slip in inch. 

Equation 2-19 

ὗ ρȢρπφὃὪᴂ
Ȣ
Ὁ Ȣ  

Equation 2-20 

ὗ ὗ ρ Ὡ Ⱦ 

Hawkins (1973) performed 47 push-out tests on solid slabs studying the effects 

of five parameters: the type of steel stud material (cold or hot formed), stud 

diameter (19 or 22 mm),  concrete type (normal or lightweight), concrete strength 

and the presence of reinforcement. As a result, it was found that the concrete 

strength is the main factor governing the capacity of the  studs for a given slip 

value with less effects of the steel stud material. Only the ultimate tensile strength  

of the steel stud was found to be an important property and not its yielding 
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strength. The remaining variables had less significant influence on the capacity 

of studs. Four failure modes were observed in the tests: shearing of studs, punch-

out of studs, pull-out of studs and the cracking of the unreinforced slab. 

Valente and Cruz (2009) performed a total of 21 push-out tests on shear 

connectors with lightweight concrete. Twelve on headed studs connectors of 19, 

22 and 25 mm diameter and nine on Perfobond rib shear connectors. Four 

parameters were under study, which are the type of shear connector, stud 

diameter, the number of studs (single or double) and the reinforcement 

arrangement of the slab. The results indicated that LWC is suitable choice for 

composite structures with some loss in the load capacity with normal concrete. It 

was stated that in order to ensure the stud shear failure, LWC with a compressive 

strength of at least 55MPa to 60MPa should be used. LWC showed ductile 

behaviour for the headed studs and the double stud shear connector allowed an 

increase in the slip deformation but showed a decrease in the load capacity of 

the connector. For the Perfobond rib shear connector, large cracking and 

crushing in some zones of the concrete slab failure was observed but the rib 

connector did not show any failure. A very stiff behaviour was also observed at 

the beginning of the test with ductile failure and a very high load capacity 

associated with it. As in shear studs connectors, it was also observed that the 

connector load capacity tends to decrease when LWC is used compared to 

normal concrete. In general, the measured maximum loads of Perfobond 

connectors were much higher than shear studs. 

2.8.4 Horizontally Lying Headed Shear Studs 

Kuhlmann and Breuninger (2002) investigated subjecting horizontally lying studs 

to longitudinal shear by conducting 50 push-out tests. The studs in the tested 

specimens were welded on the web post of a composite girder or slim-floor tee 

sections. The failure mode associated with this lying arrangement was mainly a 

splitting of the concrete because the splitting action of the tension force creates 

cracks. Hence, vertical stirrups are used to prevent the concrete from expanding. 

The results of the research showed that the concrete compressive strength, studs 

diameter, distance from the studs to the top surface of concrete slab, and the 

amount and arrangement of reinforcement are the most important parameters in 

the shear strength of the lying studs. The measured characteristic slip value of 

the lying studs at failure was 17.4 mm, which is much higher than the minimum 
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value of 6 mm specified by Eurocode 4 and therefore it is considered as ductile 

shear connection. As a continuation of the previous studies, Kuhlmann and 

Kürschner (2006) further investigated the horizontally lying studs by applying 

vertical shear, a combination of vertical and longitudinal shear, and cyclic 

longitudinal shear in a total of 19 cyclic push-out tests. The results showed that a 

higher peak load close to static resistance causes a decrease of fatigue life, and 

that a rise of concrete strength leads to a slight increase of fatigue life. However, 

the significant influence of the stirrup diameter could not be demonstrated. 

Ahmed (2019) performed a total of 8 push-out shear tests on PUSS units with 

two parameters including the type of concrete (NWC, LWC or ULWC) and the 

arrangements of two innovative shear connection systems which are the 

horizontal lying WWSS and a combination of WWSS with horizontal steel dowels. 

The study also included FEA parametric study that studied other parameters 

including the diameter of the studs and dowels (16, 19, 20 and 22 mm), the height 

of the shear studs (75 and 100 mm) and the compressive strength of concrete. 

The research findings and the developed shear strength equation (Equation 2-4) 

were previously presented in section 2.6.1. 

2.9 Summary 

This chapter provides a comprehensive literature review covering various 

aspects relevant to the research on Prefabricated Ultra-Shallow Slabs (PUSS). It 

begins with exploring the role of construction in addressing sustainability 

challenges. Additionally, it included an in-depth exploration of composite beams 

and shallow flooring systems, offering a foundation for understanding the 

structural behaviour of such systems and their associated shear connectors. The 

review also examined prior experimental studies that investigate the performance 

of shear connectors, with a particular focus on headed shear studs, and their 

relevance to the PUSS flooring system. 

Sustainability has become a major concern in construction, and this chapter 

explored how PUSS addresses these issues. The literature on sustainability 

practices, material selection, and prefabrication emphasised the importance of 

using lightweight prefabricated systems like PUSS to reduce CO2 emissions, 

energy consumption, and construction waste. Life Cycle Assessment (LCA) 

studies of similar prefabricated systems, including hollow core slabs, 

demonstrated the potential for significant environmental benefits when adopting 
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such systems. The sustainability review informed this thesis by identifying key 

parameters, such as material choices and manufacturing processes, that 

influence the environmental performance of flooring systems. 

A key challenge identified in this review is the scarcity of literature on shear 

connection systems used in PUSS, particularly those involving horizontally lying 

studs and steel dowels. However, insights gained from studies of other shear 

connection systems provide useful guidelines for developing methodologies to 

test the behaviour of PUSS shear connectors under direct longitudinal shear 

forces and flexural loads.  

The results of previous push-out tests on PUSS have shown that parameters 

such as the concrete strength, diameter and length of shear connectors, and the 

location of the connectors significantly influence the composite action and the 

overall strength of SCC flooring systems. These findings will be critical for 

analysing the flexural tests conducted in this research. 

The information gathered from prior studies of four-point bending tests and other 

composite beams influenced the design of experimental and numerical 

investigations in this thesis. Factors such as the strength of concrete, the 

geometry of the steel beams, and the arrangements of the shear connectors, 

which have a direct impact on composite action and bending capacity, were 

considered when designing the experiments and the finite element analysis 

(FEA) models. 

In summary, this research contributes to the limited literature on the novel shear 

connectors employed in PUSS, as well as the performance of lightweight 

composite flooring systems under flexural loads. Additionally, the findings from 

this study may help refine the design provisions of Eurocode 4, offering potential 

modifications to improve the design methodologies for shallow composite floor 

systems. The results will also provide essential data for future sustainability 

assessments, guiding the development of more environmentally friendly flooring 

systems. 
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Chapter 3  

Life Cycle Assessment (LCA) Study 

3.1 Introduction 

To quantify the environmental benefits of using PUSS flooring system and to 

understand if there are any important trade-offs, this chapter presents a 

comprehensive comparative Life Cycle Assessment (LCA) study of the ecological 

impacts associated with PUSS flooring and the widely used hollow core slabs at 

variable live loads, spans, transportation distances and allocation methods. The 

study compares a total of four distinct slabs used in buildings internal floorings: 

hollow core precast slabs and three PUSS slabs with different concrete types.  

3.2 Methodology 

The adopted method for the LCA study is the Cradle-to-Grave approach, using 

an attributional methodology, to evaluate the global warming potential and 

embodied energy of the flooring systems in accordance to BS EN 15978 (British 

Standards Institution (BSI), 2011b). This include the life cycle stages from 

acquisition of raw materials (module A1), manufacturing of slabs (module A3), 

transportation (modules A2, A4, C2) and construction  (module A5), as well as 

end-of-life (EOL) stages of the flooring systems, which covers demolition and 

disposal or recycling (modules C1, C3, C4, D). The listed modules numbers are 

in accordance with BS EN 15804:2012+A2:2019 (BSI, 2019a) where A1-A3 are 

product stage modules, A4-A5  are construction stage modules, B1-B7 are use 

stage modules, C1-C4 are end of life stage modules and D is recycling module 

as seen in Figure 3-1. 

 

Figure 3-1: Life cycle stages modules in accordance with BS EN 15804:2012+A2:2019 
(BSI, 2019a) 
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In addition, Figure 3-2 presents a flowchart of the general system boundaries for 

the whole life (Cradle-to-Grave) of construction projects with modules numbers. 

The life cycle stages included in the presented LCA study are delimited in the 

figure with a dashed line, clearly specifying the boundaries of this study. 

 

Figure 3-2: LCA general life cycle stages of a structural product with LCA study 
boundaries 

3.3 Comparative Study 

The scope of this study is to evaluate the environmental impacts of PUSS flooring 

system for a selection of live loads/ spans scenarios (total of 16 scenarios, 

consisting of four slab spans (6, 8, 10 and 12 m) and four live loads (2, 3, 4 and 

5 kN/m2), ï Table 3-1) and compare the performance with hollow core precast 

slabs which are the current state-of-art long-span precast flooring system. The 

selected range of live loads and spans are within practical ranges commonly used 

for long-span floorings in industry standards for typical applications in residential, 

office, and commercial buildings. Figure 3-3 presents a flowchart of the LCA 

model structure applied in this study.  

Table 3-1: Live load/ slab span scenarios of the LCA study 

 
Live Load (kN/m2) 

2 3 4 5 

S
p

a
n

 (
m

) 

6 LL 2 ï Span 6 LL 3 ï Span 6 LL 4 ï Span 6 LL 5 ï Span 6 

8 LL 2 ï Span 8 LL 3 ï Span 8 LL 4 ï Span 8 LL 5 ï Span 8 

10 LL 2 ï Span 10 LL 3 ï Span 10 LL 4 ï Span 10 LL 5 ï Span 10 

12 LL 2 ï Span 12 LL 3 ï Span 12 LL 4 ï Span 12 LL 5 ï Span 12 
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Figure 3-3: Structure of the LCA model for this study 

The performance of the PUSS system is assessed using three distinct practical 

concrete types: normal weight concrete (NWC), lightweight aggregate concrete 

with Lytag aggregates (LWC) ï as recommended by previous LCA studies of 

PUSS ï, and geopolymer concrete (GPC). The comparative study is useful in 

identifying the most environmental friendly option. Table 3-2 outlines the 

characteristics of each flooring system included in the study. In addition,  

 

Table 3-3 presents the details of concrete mix designs used in each flooring 

system. 

Table 3-2: Characteristics of the flooring systems 

Flooring 
system 

Concrete 
material 

Width 
of slab 
(mm) 

Span of 
slab 

range (m) 

Live load 
range 

(kN/m2) 

Depth 
of slab 
(mm) 

Dead load 
range 

(kN/m2) 

Hollow core 
precast slab 

NWC 1200 

6 to 12 2 to 5 

200 to 
400 

3.23 to 5.84 

PUSS NWC 2000 

200 to 
430 

2.99 to 4.64 

PUSS LWC with Lytag 2000 2.09 to 3.36 

PUSS GPC 2000 2.78 to 4.35 
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Table 3-3: Details of concrete mix designs used in the studied flooring systems 

Flooring 
system 

Concrete 
material 

Cement 
(kg/m3) 

Water 
(kg/m3) 

Aggregates 
(kg/m3) Fly 

Ash 
(kg/m3) 

NaOH 
(kg/m3) 

Density 
(kg/m3) 

Concrete 
Grade 

Fine Coarse 

Hollow 
core 

precast 
slab 

NWC 454 213 660 1073 - - 2400 C40/50 

PUSS NWC 343 175 621 1261 - - 2400 C20/25 

PUSS 
LWC  with 

Lytag 
Aggregates 

250 197.5 625 520 - - 1592.5 C20/25 

PUSS GPC - 112 623 935 469 75 2214 C40/50 

Although the structural performance of PUSS using GPC has not yet been 

experimentally examined, GPC is included in this LCA study due to its potential 

as an environmentally friendly alternative to conventional Portland cement. As 

discussed previously in the literature review, GPC replaces cement partially or 

fully by industrial by-products such as fly ash (FA) or ground granulated blast 

furnace slag (GGBS), substantially reducing environmental impacts (Provis and 

Van Deventer, 2014; Salas et al., 2018). While GPC encompasses a wide range 

of concrete mixes, Salas et al. (2018) compiled extensive data on various GPC 

mixes, evaluating their environmental impacts relative to their compressive 

strength. For this study, the Alkali Activated GPC with FA mix, as presented by 

Yang et al. (2013), was chosen because it represents a practical GPC mixes 

combining satisfactory structural performance and favourable environmental 

credentials, providing a compressive strength of 40 MPa. 

Additional to the environmental potentials of GPC, the worldwide efforts towards 

the standardisation of alkali-activated materials are moving rapidly over the 

previous decade and resulted in the production of national specifications and 

guidelines for alkali-activated materials in many countries such as the UK, 

Switzerland, Australia and China (Provis, 2018). Additionally, the adoption of 

geopolymer concrete is gradually increasing across multiple construction sectors, 

particularly in precast applications (Heath et al., 2013). In the UK, the market for 

geopolymer concrete was valued at approximately USD 275.3 million in 2024 and 

is projected to grow to approximately USD 515.7 million by 2030, with a 

compound annual growth rate (CAGR) of about 11% (Grand View Research, 

2024). 
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Nevertheless, the widespread commercial use of GPC in the UK still faces 

practical challenges, primarily the declining availability of consistent-quality FA 

and GGBS. Given that the selected GPC mix in this study relies predominantly 

on FA, it is critical to acknowledge the reduced availability of high-quality FA in 

the UK, a consequence of the gradual closure of coal-fired power plants. 

According to Kwasny et al. (2024), UK production of suitable-quality FA for 

concrete applications was approximately 4.6 million tonnes in 2014, with around 

50% of this quantity utilised in concrete production. Despite the declining fresh 

FA supply, the UK possesses significant reserves of lagoon and landfill FA, 

estimated at over 100 million tonnes. Research demonstrates that with proper 

processing, such as drying, grinding, and screening, these reserves could be 

effectively made available for use in GPC applications (Kwasny et al., 2024). 

3.3.1 Functional Unit 

The unit of comparison or the functional unit in this study is chosen to be one 

square meter (m2) of flooring area for each live load/ span scenario. Therefore, 

each of the 16 live loads/ spans scenarios are evaluated separately and then the 

final outputs of each scenario are combined in a table to explore the pattern of 

change in environmental impacts with the increase of applied live load or span. 

All the GHG emissions, energy consumption, and materials are then related to 

this functional unit, e.g. kg CO2,e/m2, MJ/m2, kg/m2, etc. 

3.3.2 System Boundaries 

The LCA study assesses the entire life of the flooring systems, from mining (A1) 

and manufacturing of flooring materials to production of slabs (A3), on-site 

construction (A5), end-of-life (EOL) demolition (C1) and disposal to landfill (C4) 

or recycling (C3). It also includes the transportations between each life cycle 

stage (A2, A4, C2), considering transportation distances relevant to the UK 

industry. However, the operation (use) and maintenance stage (B1-B5) is not 

included in the system boundary, as explained in section 3.5.1.2d. This is 

displayed in Figure 3-2 as well as a detailed flowchart in Figure 3-4. The grid of 

each flooring system is chosen to be 12 m wide X the span of the slab which is 

variable for each span scenario ranging between 6 m and 12 m (Figure 3-5). The 

simplified general life cycle inventory calculation equation for each flooring 

system per functional unit is presented in Equation 3-1. 
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Equation 3-1 

ὒὅὍ ὓ ὒὅὍ Ὕ ὒὅὍ  

ὓ ὒὅὍ ὓ ὒὅὍ  

ὓ Ὀ ὒὅὍ  

Where:  ὒὅὍ  is the total LCI (carbon emissions or embodied carbon) of 

flooring system per functional unit (CO2,e/m2 of slab or MJ/m2 of 

slab), 

ὓ  is the mass of each material used in production per 

functional unit (kg/m2 of slab), 

ὒὅὍ  is the LCI of each material per kg of material (CO2,e or 

MJ per kg of material), 

Ὕ  is the operation time of each construction equipment 

per functional unit (hr/m2 of slab), 

ὒὅὍ  is the LCI of each equipment per hr of usage (CO2,e 

or MJ per hr of usage of equipment), 

ὓ  is the mass of each material demolished at EOL per 

functional unit (kg/m2 of slab), 

ὒὅὍ  is the LCI of each demolished material per kg of 

material (CO2,e or MJ per kg of demolished material), 

ὓ  is the mass of each material recycled at EOL per 

functional unit (kg/m2 of slab), 

ὒὅὍ  is the LCI of each recycled material per kg of material 

(CO2,e or MJ per kg of recycled material), 

ὓ  is the mass of each material/ product being 

transported in each of the transportation stages per functional unit 

(tonne/m2 of slab), 

Ὀ  is the distance of each transportation stage in (km) 

and ὒὅὍ  is the LCI of transportation trucks per tonne 

of materials per km (CO2,e or MJ per tonne.km). 
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Figure 3-4: System boundaries of the studied flooring systems 

(a)  
 

(b)  

Figure 3-5: Grids of (a) Hollow core flooring (b) PUSS flooring 
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3.3.3 Impact Categories and Calculation Methodology 

The study is focused on the environmental impacts associated with these flooring 

systems during their entire life. The impact categories compared in the study are: 

¶ Global Warming Potential (GWP), which is an indicator of the extent of 

global warming caused by GHGs over a period of time (usually 100 years). 

For CO2, the characterisation factor is 1 for GWP (Brander et al., 2012). 

The characterisation factors of other GHGs for GWP as CO2,e over 20, 100 

and 500 years are provided in Table 3-4. The LCIA results for GWP are 

calculated at midpoint level using conversion factors from IPCC guidelines 

(Masson-Delmotte et al., 2021). 

¶ Embodied Energy (EE), which is an indicator of the total energy 

consumption during the life cycle of the product. The calculation of EE 

does not differentiate between renewable from non-renewable energy 

sources. 

Table 3-4: GWP Characterisation factors of GHGs (Masson-Delmotte et al., 2021) 

GHG GWP indicator GWP-20 GWP-100 GWP-500 

CO2 

CO2,e 

1 1 1 

CH4-fossil 82.5 ± 25.8 29.8 ± 11 10 ± 3.8 

CH4-non 
fossil 

79.7 ± 25.8 27 ± 11 7.2 ± 3.8 

N2O 273 ± 118 273 ± 130 130 ± 64 

3.4 Life Cycle Inventory (LCI) 

The inventories of all the inputs flow such as materials and energy, and outputs 

flow, for example, air emissions and wastes are quantified for each product 

system. The gathered coefficients of carbon emissions and embodied energy for 

all the materials, equipment use, and transportation from a group of references 

from the UK where possible or nearby countries are given in Table 3-5 & Table 

3-6. In addition, the approximated waste factors of each of the production 

materials and the transportation distances are also gathered and presented in 

Table 3-7 & Table 3-8. Waste factors are the additional material required to 

accommodate errors or mistakes, typically estimated as a percentage of material 

over the needed amounts of raw materials. 
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Table 3-5: Embodied carbon and energy of the materials for production and EOL 
processes 

  

Embodied 
Carbon 

Coefficient 
(kg CO2.e/kg) 

Embodied 
Energy 

Coefficient 
(MJ/kg) 

Notes Reference 

Materials:      

Concrete mix 40/50 
MPa (density: 2400 
kg/m3) 

0.151 1 Using UK 
weighted 
average 
cement 

(Hammond and 
Jones, 2011) 

Concrete mix 25/30 
MPa (density: 2400 
kg/m3) 

0.113 0.78 

Precast concrete 0.029 0.45 

Added to the 
coefficient of 
the concrete 
mix 

Cement - general 
(UK 
 weighted average) 

0.74 4.5  

Fly ash 0.008 0.1  

GGBS 0.083 1.6  

NaOH 0.6329 3.505  (Thannimalay, 
2013) 

Water 0.001 0.01  

(Hammond and 
Jones, 2011) 

Fine aggregates 
(sand) 

0.0048 0.081  

Coarse aggregates 
(gravel or crushed 
rock) 

0.0052 0.083  

Steel reinforcement 
(density: 7850 
kg/m3) 

0.077 1.04 

For each 100 
kg of rebar per 
m3 of concrete, 
added to the 
coefficient of 
the concrete 
mix 

Shear studs & 
dowels 

1.4 17.4 
UK Typical Ȥ 
EU 59% 
Recycled Steel sections 1.53 21.5 

Prestressed 
reinforcement 

1.81 20.3  (Hjulsbro, 2020) 

End-of-life processes:       

Concrete 
demolition 

0.00054 0.007  (Sjunnesson, 2005) 

Recycling steel 
rebars, shear studs 
& dowels 

-0.33 -3.2 
using 50:50 
method (Hammond and 

Jones, 2011) 
Recycling steel 
sections 

-0.39 -4.2 
using 50:50 
method 
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Table 3-6: Embodied carbon and energy for construction equipment and transportation 

  
Embodied 

Carbon 
Coefficient 

Unit 
Embodied 

Energy 
Coefficient 

Unit Reference 

Construction equipment:       

Concrete 
compactor 

0.2 kg CO2,e/m3 1.18 MJ/m3 

(Gorkum, 
2010) 

Tower crane 
of 100 ton 

53.23 kg CO2,e/hour 720 MJ/hour 

Concrete 
pump 

46.12 kg CO2,e/hour 540 MJ/hour 

Transportation:       

20-ton 
diesel fuel 
truck 

0.15 kg CO2,e/tonne.km 2.4 MJ/tonne.km 

(Hammond 
and Jones, 

2011) 

Table 3-7: Approximate waste factors of each of the production materials 

Materials Waste Waste Factor Reference 

Precast Concrete 0.01 

(Orr et al., 
2020) 

In-Situ Concrete 0.053 

Steel Sections 0.01 

Steel Rebars 0.053 

Steel Deck 0.01 

Others 0.01 

Table 3-8: Approximate transportation distances at between different life cycle stages 

Transportation Distance (km) Reference 

Cementitious materials to 
manufacturing site 

100 
(Hammond and 
Jones, 2011) Aggregates to manufacturing site 38 

Precast units to construction site 155 

Demolition to landfill 50 (Orr et al., 2020) 

3.5 Inventory Results 

The inventory results for each flooring system over the range of the investigated 

live load/ slab span scenarios are presented in this section. The calculation of 

these results for each scenario undertakes a series of steps. The first is the 

manual design of each flooring system based on the live loads and slab spans 

inputs, followed by quantifying the total amount of materials per flooring system. 

From these quantities, the inventory results are calculated at different life cycle 

stages of each flooring system, which are: manufacturing, transportation, on-site 

construction and end-of-life (demolition and recycling). A detailed example of 

these steps for one of the live load/ slab span scenarios is provided in section 

3.5.1  followed by overall outcomes for all the scenarios in section 3.5.2. These 

two sections detail the results using the approximate transportation distances 

listed in Table 3-8 and the coefficients of the ñ50:50ò allocation approach for EOL 
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recycling (Table 3-5). In addition, sensitivity analysis covering the transportation 

distance and EOL recycling allocation approaches is discussed in section 3.5.3. 

3.5.1 Example of Inventory Results Calculation Methodology 

This section outlines a detailed example of the calculation procedure for the 

inventory results of one of the analysed live load/ slab span scenarios. 

Specifically, for slabs span = 8 m undertaking 3 kN/m2 live load (LL 3 ï Span 8). 

3.5.1.1 Design Optimisation of the Flooring Systems 

In this step, the flooring systems are designed manually to carry a live load equal 

to 3 kN/m2 for a span equal to 8 m, considering Serviceability Limit State (SLS) 

and Ultimate Limit State (ULS), including design for deflection, flexure, and 

longitudinal shear. 

¶ Hollow core precast slab is designed in accordance with Eurocode 2 (CEN, 

2004a). Initially, the slab depth is selected from the manufacturersô 

recommendations for this specific live load and span and designed to have 

this depth, which is 200 mm (Longley, 2019; Forterra, 2020; FP McCann, 

2021). Furthermore, two additional slabs are designed with two larger 

depths (with 50 mm increment). The production materials for each of the 

three designs are quantified, and the inventory results are calculated for 

each design. The design with the lowest values is selected (Table 3-9). 

Note that an additional 50 mm finishing layer is needed, which adds to the 

total flooring depth and materials. 

¶ PUSS units (with NWC, LWC or GPC) are designed ï as in Chapter 4 ï in 

accordance with Eurocode 4 (CEN, 2004b), taking into consideration the 

findings of previous laboratory tests performed on PUSS units (Ahmed and 

Tsavdaridis, 2020; Alali and Tsavdaridis, 2023; Alali and Tsavdaridis, 

2024). The depth of the slab depends on the available PFC steel sections 

in the UK market (British Steel, 2018). The initial steel section is selected 

to be equal to the designed depth of the one-step lower live load/ slab span 

scenario. Therefore, the selected initial steel section for this design is 

260x90x35 PCF. In addition, two more slabs are designed with the two 

larger steel sections (300x90x41 PFC and 300x100x46 PFC). As in the 

design process of hollow core slabs, the design that produces the lowest 
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values is selected. For consistency, the same depth is selected for all the 

three PUSS systems (Table 3-9). 

After evaluating the total inventory results for each of the three designs of each 

flooring system, the outcomes are compared to select the design with the lowest 

GWP and EE per functional unit. As shown in Table 3-9, the second designs 

(highlighted in green) for each flooring system exhibit the lowest values. 

Therefore, for this live load/ span scenario, the design with 250 mm depth is 

selected for the hollow core slabs, while the design with 300 mm depth is selected 

for PUSS units (using 300x90x41 PFC). 

Table 3-9: Comparison of total inventory results for design optimisation 

Flooring system 
Design 

Hollow core 
precast 

slab 

PUSS 
with NWC 

PUSS 
with LWC 

PUSS 
with GPC 

1
s
t  

D
e
s
ig

n
 Depth (mm) 200 260 (using 260x90x35 PFC) 

GWP (kg CO2,e/m2 of slab) 190.06 126.43 101.55 96.25 

EE (kg MJ/m2 of slab) 2075.12 1594.03 1302.04 1383.45 

2
n
d
 

D
e
s
ig

n
 Depth (mm) 250 300 (using 300x90x41 PFC) 

GWP (kg CO2,e/m2 of slab) 165.42 120.36 99.83 92.39 

EE (kg MJ/m2 of slab) 1707.77 1527.08 1293.10 1336.98 

3
rd

 

D
e
s
ig

n
 Depth (mm) 300 300 (using 300x100x46 PFC) 

GWP (kg CO2,e/m2 of slab) 171.23 124.74 104.28 96.86 

EE (kg MJ/m2 of slab) 1760.29 1594.52 1361.20 1404.97 

The decision to select deeper slabs (the 2nd designs) for minimised environmental 

impacts contrasts with the expectation that shallower depths (1st designs) would 

have lower impacts. This can be attributed to the fact that shallower depths 

require denser reinforced concrete to meet structural requirements, which might 

potentially increase the overall environmental impact. Furthermore, in the case of 

PUSS system, shallower slabs may necessitate wider side concrete joists, which 

could lead to higher concrete usage. For instance, in the presented case, the 

260 mm slabs have more concrete compared with the 300 mm slabs, as detailed 

in Table 3-10, which presents the individual material mass and total mass per 

square meter for each design of the flooring systems. 
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Table 3-10: Comparison of material quantities in all design alternatives 

Flooring system 

 
Material (kg per m2 of slab)              

Hollow 
Core 

Precast 
Slab 

PUSS 
with NWC 

PUSS 
with LWC 

PUSS 
with GPC 

1
s
t  D

e
s
ig

n
 

Concrete 292.74 311.01 206.37 286.92 

Steel/prestressed 
reinforcement 

44.04 16.48 16.48 16.48 

Finishing Layer 126.36 0.00 0.00 0.00 

Steel section 0.00 53.08 53.08 53.08 

Shear connectors 0.00 2.43 2.43 2.43 

Total mass (kg per m2 of slab) 463.14 383.01 278.36 358.91 

2
n
d
 D

e
s
ig

n
 

Concrete 373.02 301.73 200.21 278.35 

Steel/prestressed 
reinforcement 

28.61 9.74 9.74 9.74 

Finishing Layer 126.36 0.00 0.00 0.00 

Steel section 0.00 63.21 63.21 63.21 

Shear connectors 0.00 2.43 2.43 2.43 

Total mass (kg per m2 of slab) 527.98 377.11 275.59 353.74 

3
rd

 D
e
s
ig

n
 

Concrete 402.16 300.85 199.63 277.54 

Steel/prestressed 
reinforcement 

28.61 9.71 9.71 9.71 

Finishing Layer 126.36 0.00 0.00 0.00 

Steel section 0.00 69.18 69.18 69.18 

Shear connectors 0.00 2.43 2.43 2.43 

Total mass (kg per m2 of slab) 557.13 382.17 280.95 358.87 

3.5.1.2 Detailed Inventory Results 

The detailed inventory results for each life cycle stage are outlined in Table 3-11 

and Table 3-12 for GWP and EE, respectively. These outputs are also illustrated 

as bar charts in Figure 3-6 & Figure 3-7. Comparing the total GWP of PUSS 

flooring systems with hollow core slabs demonstrates that PUSS reduces the 

associated GWP by 27.24%, 39.65% and 44.15%, respectively, when 

implementing NWC, LWC and GPC in PUSS. Similarly, PUSS flooring system 

consumes less total energy compared with hollow core slabs, saving 10.58% 

when using NWC, 24.28% with LWC and 21.71% with GPC. The detailed life 

cycle stages inventory results provide a better understanding of the difference in 

environmental performance between the flooring systems at each life cycle stage. 

a. Manufacturing/ production stage: This stage comprises the inventory 

results of all materials used in producing the flooring systems (A1, A3) as 

well as off-site slabs manufacturing process (A5). Material inventories 

cover all the emissions and embodied energy from the acquisition of raw 

materials (A1), processing them and transporting them to the slabs 
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manufacturing sites (A2). The findings demonstrate that for all the flooring 

systems, this stage produces between 90 to 93% of the total carbon 

emissions and consumes between 87 to 91% of the total energy. During 

this stage, when compared with hollow core slabs, PUSS flooring 

produces 20.90%, 31.63% & 37.72% less carbon emissions when NWC, 

LWC  & GPC are used respectively. In terms of embodied energy, PUSS 

with NWC consumes only 1.7% less energy than hollow core slabs, while 

PUSS with both LWC and GPC has about 13% less embodied energy than 

hollow core slabs. 

b. Transportation stage(s): The inventory results herein combine four main 

transportation stages, which are the transportation of slabs and 

construction materials to construction site (A4), transportation of 

manufacturing waste to landfill, transportation of construction waste to 

landfill and transportation of EOL demolition to final disposal (C2). The 

calculated GWP and EE are for fuel combustion from the transportation 

using 20-tonne payload diesel trucks. The assumed transportation 

distances are given in Table 3-8. The outputs show that for the studied 

flooring systems, transportation stage makes an average of around 8% of 

the total GWP and 10% of the total EE, which makes it the second highest 

proportion. The inventory results from transportation stages highly depend 

on the transportation distances. Therefore, a sensitivity analysis of the 

transportation distance variation is presented in section 3.5.3.1. 

Additionally, the weight of the flooring system plays an important factor, 

thus, hollow core slabs have the largest values because they are the 

heaviest. In comparison to it, PUSS has 18%, 41.5% & 23.4% lower GWP 

and EE with NWC, LWC & GPC respectively. It is clear that PUSS with 

LWC has the lowest outcomes in this stage due to its lighter weight. 

c. On-site construction stage: As the analysed flooring systems are 

prefabricated, on-site construction (A5) inventory results are mainly from 

the use of power operated tools and equipment such as cranes to install 

the slabs into their places. In addition, the installation of the finishing layer 

to hollow core slabs requires the use of concrete pumps, compactors and 

vibrators (Gorkum, 2010). Off-site production mitigates the percentage of 

GWP and EE accompanying on-site construction stage and makes it only 

about 1% or less. Consequently, this stage is marginal, having little effect 
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on the overall outcomes. Findings also indicate that PUSS flooring 

reduces the on-site construction GWP and EE by about 44% in 

comparison to hollow core slabs.  This is because the wider 2 m PUSS 

units decrease the overall required number of slabs when compared with 

hollow core slabs and thereafter reduce the needed operation time of 

tower cranes. In addition, PUSS flooring system does not require a 

finishing layer, which reduces the need of construction equipment on-site. 

d. Operation (use) & maintenance stage (B1-B5): Floorings in buildings, 

along with structural elements in general, are designed to remain 

operational throughout the lifetime of the building with little or no 

maintenance required. In addition, in the event maintenance becomes 

necessary, impacts are expected to be almost equal across all flooring 

systems in various load/ span scenarios. Therefore, the inventory results 

associated with this stage are assumed to have negligible effects on the 

overall outcomes. 

e. End-of-life (EOL) stage: This stage reflects the impacts related to building 

demolition (C1) and materials reusability potential (recycling) (C3). The 

ICE inventory (Hammond and Jones, 2011) provides the necessary 

information about the recyclability of steel elements, stating that about 

95% of steel sections and 75% of the reinforcement bars can be recycled, 

while the remaining disposed to landfill (C4) (Ahmed and Tsavdaridis, 

2018). For concrete, only its demolition and disposal to landfill are 

considered in this study. The inventory results from the demolition of the 

flooring systems are extremely insignificant, contributing to less than 0.2% 

of the total GWP and EE. Conversely, recycling plays a noteworthy role in 

LCA outcomes, recovering a portion of the total GWP and EE, thereby 

presented as negative values. The larger amount of steel components 

used in PUSS flooring, in comparison to hollow core slabs, results in 

recovery values of GWP and EE that exceed those of hollow core slabs 

by over 170%. In the recycling calculations of this example, the '50:50 

allocation' approach is employed, assigning burdens from recycling 

processes equally to the flooring system and subsequent products in 

which the material is used. Using this approach for recycling, hollow core 

slabs recovers only about 6% of the total GWP and EE, whereas for PUSS 

units with different concrete materials, the recycling-based recovery 
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ranges from 12% to 18%.  Note that there is a level of uncertainty 

associated with selecting the best EOL recycling allocation method. The 

'substitution method' involves assigning the environmental impacts 

associated with the recycled materials entirely to the product under 

assessment, enhancing its environmental advantages, which is expected 

to be supported by products manufacturers. On the other hand, the 'cutoff 

method' allocates the benefits of recycling entirely to the subsequent 

products. These two methods represent the extremes of distributing the 

benefits, and the selection of other methods such as the '50:50 allocation' 

approach leads to results between the two extremes (Hammond and 

Jones, 2011; Huang et al., 2013; Allacker et al., 2014). While the 

application of different allocation approaches definitely leads to 

pronounced disparity in the final outcomes (Nicholson et al., 2009), the 

sensitivity analysis by Cherubini et al. (2018) showed that, in most cases, 

it has no impact on the relative ranking in comparative LCA studies. A 

sensitivity analysis of the allocation methods is presented in section 

3.5.3.2 and its outcomes agrees with Cherubini et al. (2018). 

Table 3-11: GWP results for LL= 3 kN/m2 & span= 8 m (GWP - kg CO2,e/m2 of slab) 

Flooring system 
 

Life cycle stage   

Hollow core 

precast slab 

PUSS with 

NWC 

PUSS with 

LWC 

PUSS with 

GPC 

Manufacturing 161.96 128.11 110.73 100.87 

Transportation 13.18 10.81 7.71 10.10 

On-site construction 1.47 0.83 0.83 0.83 

Demolition 0.26 0.16 0.11 0.15 

Recycling -11.45 -19.55 -19.55 -19.55 

Total 165.42 120.36 99.83 92.39 

Table 3-12: EE results for LL= 3 kN/m2 & span= 8 m (EE ï MJ/m2 of slab) 

Flooring system 
 

Life cycle stage   

Hollow core 

precast slab 

PUSS with 

NWC 

PUSS with 

LWC 

PUSS with 

GPC 

Manufacturing 1574.43 1547.47 1363.77 1368.95 

Transportation 210.85 172.94 123.37 161.53 

On-site construction 19.71 11.25 11.25 11.25 

Demolition 3.43 2.09 1.39 1.93 

Recycling -100.64 -206.68 -206.68 -206.68 

Total 1707.77 1527.08 1293.10 1336.98 
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Figure 3-6: GWP results for LL= 3 kN/m2 & span= 8 m (a) by life cycle stage (b) by flooring 
system 
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Figure 3-7: EE results for LL= 3 kN/m2 & span= 8 m (a) by life cycle stage (b) by flooring 
system 

3.5.2 Assessment of All Live Load/ Slab Span Scenarios 

The methodology for calculating inventory results, as outlined in section  3.5.1, is 

similarly applied for the remaining 15 live load/slab span scenarios. The results 

for all the scenarios are then compiled and compared, providing a comprehensive 

perspective to the LCA results associated with varying live loads and spans in 

flooring systems. The gathered detailed inventory results associated with every 

load/slab span scenario are presented in Appendix A.  
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3.5.2.1 Global Warming Potential (GWP) 

The cumulative GWP of all the analysed flooring systems across the examined 

scenarios are gathered and compared in Table 3-13. Each GWP result for the 

three PUSS floorings is followed by a percentage that indicates the extent to 

which it deviates from the hollow core slabs (benchmark) with identical spans and 

live loads. Green shades demonstrate that all calculated GWPs for PUSS 

floorings are lower than those of hollow core slabs, with darker shades 

representing higher deviation. Upon a comprehensive analysis, it is evident that 

PUSS with GPC stands out as the option with lowest GWP, followed by PUSS 

with LWC, and then PUSS with NWC. Moreover, it is noteworthy that PUSS 

flooring exhibits slightly greater benefits at lower spans, with the percentage 

difference from hollow core slabs decreasing a little as spans increase, though 

still yielding favourable results. These results are visually presented as 3D 

surfaces in Figure 3-8 (a) which illustrates distinct variations in results across the 

investigated live loads and spans without any overlap. The same results are also 

depicted in a 2D plot for GWP versus span in Figure 3-8 (b). Both figures reveal 

a clear linear relationship between the total GWP and the live load and span. To 

precisely capture this relationship, the results for each flooring system are fitted 

into linear equations of the form presented in Equation 3-2. The derived linear 

equations are evaluated using the coefficient of determination (R-squared) which 

is most appropriate to examine how linear equations fit to the data (Figueiredo et 

al., 2011; Chicco et al., 2021). All the derived equations for GWP agreed with the 

analysis outcomes, yielding R2 values higher than 0.977. The high R² values 

(close to 1) indicate that the model explains a large proportion of the variance in 

the data, confirming the suitability of using R-squared for this analysis. The 

flooring system-dependent coefficients and corresponding R2 values for each 

flooring system are provided in Table 3-14. 

Equation 3-2 

Ὃὡὖ (kg CO2,e/m2 of slab) ὥὛ  ὦὒὒ 

Where:  ὥ & ὦ are flooring system-dependent coefficient 

Ὓ & ὒὒ are the slab span and live load variables respectively 
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Table 3-13: Comparison of GWP results for all live load/ slab span scenarios (kg CO2,e/m2 
of slab) 

Span 
(m) 

LL 
(kN/m2) 

Hollow core 
precast slab 

PUSS 
with 
NWC 

% of 
HC 

PUSS 
with 
LWC 

% of 
HC 

PUSS 
with 
GPC 

% of 
HC 

6 2 119.5 89.5 74.9% 72.1 60.3% 64.4 53.9% 
6 3 137.8 92.0 66.7% 73.7 53.5% 66.6 48.3% 
6 4 153.0 107.4 70.2% 85.3 55.7% 77.5 50.6% 
6 5 163.3 111.1 68.0% 87.8 53.8% 80.6 49.4% 

8 2 152.6 105.4 69.1% 87.1 57.1% 78.9 51.7% 
8 3 165.4 120.4 72.8% 99.8 60.3% 92.4 55.9% 
8 4 173.6 127.1 73.2% 104.6 60.3% 95.8 55.2% 
8 5 190.0 133.5 70.3% 109.0 57.3% 101.3 53.3% 

10 2 181.1 138.2 76.3% 113.6 62.7% 107.7 59.5% 
10 3 195.7 138.9 70.9% 117.1 59.8% 109.0 55.7% 
10 4 203.8 148.0 72.6% 123.5 60.6% 114.6 56.3% 
10 5 220.3 152.3 69.1% 126.5 57.4% 118.1 53.6% 

12 2 229.5 158.1 68.9% 130.3 56.8% 124.5 54.3% 
12 3 234.1 160.8 68.7% 136.0 58.1% 128.5 54.9% 
12 4 243.3 173.7 71.4% 145.0 59.6% 137.1 56.3% 
12 5 271.1 184.1 67.9% 152.2 56.2% 146.0 53.9% 

* Green shades indicate that GWPs for PUSS floorings are lower than those of hollow core 
slabs, darker shades represents higher deviation 

 

 

Figure 3-8: (a) 3D plot of GWP results (b) 2D plot of GWP results with curve fitting 
equations 
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Table 3-14: Constants of curve fitting equations for GWP and EE 

Flooring system 
GWP (kg CO2,e/m2 of slab) EE (MJ/m2 of slab) 

a1 b1 R2 a2 b2 R2 

Hollow Core Precast Slab 16.23 12.51 0.9773 172.14 125.39 0.9578 

PUSS with NWC 11.69 8.13 0.9873 154.56 88.64 0.9852 

PUSS with LWC 9.97 5.90 0.9913 134.42 63.70 0.9815 

PUSS with GPC 9.55 4.89 0.9793 139.92 65.96 0.9717 

 GWP = a1 * S + b1 * LL EE = a2 * S + b2 * LL 

 S = span (m) & LL = live load (kN/m2) 

3.5.2.2 Embodied Energy (EE) 

The cumulative EE of flooring systems are outlined in Table 3-15. As with the 

GWP analysis previously discussed, each EE outcome is accompanied by a 

color-coded percentage, indicating its deviation from the hollow core slabs 

(benchmark) with comparable spans and live loads. Following an inclusive 

evaluation, the analysis reveals that PUSS with LWC stands out as option with 

the lowest associated EE, succeeded by PUSS with GPC, and then PUSS with 

NWC. This order differs from the observed GWP outcomes. Furthermore, as 

indicated by the GWP results, a noticeable trend emerges, in which the difference 

in EE between PUSS and hollow core slabs is more pronounced at lower spans 

and live loads, but diminishes as these variables increase. The visual 

representation of the results is illustrated as 3D surfaces in Figure 3-9 (a). Also, 

Figure 3-9 (b) presents a 2D plot depicting EE versus span, offering a graphical 

representation. Similar to GWP graphs, a clear linear relationship between the 

total EE and the live load and span is noticed from the figures. Employing curve 

fitting, the results for each flooring system are expressed through linear 

equations, as outlined in Equation 3-3, which closely align with the results of the 

LCA, achieving R2 values surpassing 0.957. The flooring system-dependent 

coefficients as well as R2 values for each flooring system are presented in Table 

3-14. The impact of the slab span on the total inventory results (GWP and EE) 

appears more pronounced than that of the live load, signified by its higher 

coefficients within Equation 3-2 & Equation 3-3. 

Equation 3-3 

ὉὉ (MJ/m2 of slab) ὥὛ  ὦὒὒ 

Where:  ὥ & ὦ are flooring system-dependent coefficient, 

and Ὓ & ὒὒ are the slab span and live load variables respectively. 
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Table 3-15: Comparison of EE results for all live load/ slab span scenarios (MJ/m2 of slab) 

Span 
(m) 

LL 
(kN/m2) 

Hollow core 
precast 

slab 

PUSS 
with 
NWC 

% of 
HC 

PUSS 
with 
LWC 

% of 
HC 

PUSS 
with 
GPC 

% of 
HC 

6 2 1182.8 1088.3 92.0% 892.6 75.5% 919.4 77.7% 
6 3 1414.1 1122.5 79.4% 915.7 64.8% 950.6 67.2% 
6 4 1551.9 1309.3 84.4% 1056.6 68.1% 1105.6 71.2% 
6 5 1681.3 1358.9 80.8% 1090.5 64.9% 1150.0 68.4% 

8 2 1545.7 1316.0 85.1% 1111.8 71.9% 1138.5 73.7% 
8 3 1707.8 1527.1 89.4% 1293.1 75.7% 1337.0 78.3% 
8 4 1792.3 1594.8 89.0% 1340.0 74.8% 1383.4 77.2% 
8 5 1999.8 1681.9 84.1% 1399.4 70.0% 1461.3 73.1% 

10 2 1887.4 1768.8 93.7% 1481.3 78.5% 1558.2 82.6% 
10 3 2068.6 1788.4 86.5% 1541.1 74.5% 1585.7 76.7% 
10 4 2122.2 1890.4 89.1% 1611.3 75.9% 1663.6 78.4% 
10 5 2330.5 1946.1 83.5% 1649.4 70.8% 1712.1 73.5% 

12 2 2445.7 2039.2 83.4% 1712.7 70.0% 1804.8 73.8% 
12 3 2453.6 2095.2 85.4% 1810.1 73.8% 1873.7 76.4% 
12 4 2568.7 2244.9 87.4% 1913.0 74.5% 1992.5 77.6% 
12 5 2917.7 2385.7 81.8% 2010.1 68.9% 2118.4 72.6% 

* Green shades indicate that EEs for PUSS floorings are lower than those of hollow core slabs, 
darker shades represents higher deviation 

 

 

Figure 3-9: (a) 3D plot of EE results (b) 2D plot of EE results with curve fitting equations 
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3.5.2.3 Floor Weight and Depth 

The inventory results previously outlined do not solely assess the environmental 

performance of the flooring system. Additional measures contribute to reduced 

environmental impacts by enabling the downsizing of other structural elements, 

leading to a reduction in overall material consumption within a building. Utilising 

lighter floorings, for instance, reduces the dead loads imposed on other structural 

elements like beams, columns, and foundations. Furthermore, a shallower slab 

depth diminishes the necessary beam size, subsequently lowering the overall 

building height and reducing material usage. 

The densities of the flooring systems, expressed as mass per square meter of 

the flooring area, are compared side by side in Figure 3-10 for direct assessment. 

The figure notably displays PUSS with LWC as the lightest option among the 

studied systems, followed by PUSS with GPC. In contrast, hollow core slabs 

exhibit significantly greater weight, nearly doubling that of PUSS with LWC. 

Furthermore, all three PUSS flooring options demonstrate nearly identical slope 

increments with increasing spans, however, the slope associated with hollow 

core slabs is steeper, indicating a more substantial disparity, especially at higher 

spans. It is also evident from the figure that changes in live load have a relatively 

minor impact on the flooring weight compared with the changes in span which 

have more significant influence. 

 

Figure 3-10: Floor weight change pattern with increasing spans and live loads 

As illustrated in Figure 3-11, the depths of hollow core slabs and PUSS units 

closely align at smaller spans. However, as spans increase, hollow core slabs 

exhibit smaller depths compared with PUSS. While this might initially appear as 

an advantage to hollow core slabs, they require an additional 50 mm finishing 

layer, a requirement not needed for PUSS flooring. Consequently, it can be 
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concluded that the depth is of less significance in comparing the environmental 

performance of the two flooring systems.  

 

Figure 3-11: Floor depth change pattern with increasing spans and live loads 

Based on the densities and depths of the slabs under examination, linear 

equations were derived through curve fitting. The derived equations are useful to 

roughly estimate the densities (Equation 3-4) and depths (Equation 3-5) of the 

slabs by substituting the magnitude of the live loads and spans. The flooring 

system-dependent coefficients for these equations as well as R2 values for each 

flooring system are presented in Table 3-16. 

Equation 3-4 

Density (kg per m2 of slab) ὥὛ  ὦὒὒ 

Equation 3-5 

Depth (mm) ὥὛ  ὦὒὒ 

Where:  ὥ, ὥ, ὦ & ὦ are flooring system-dependent coefficient 

Ὓ & ὒὒ are the slab span and live load variables respectively 

Table 3-16: Constants of curve fitting equations for densities and depths of slabs 

Flooring System 
Density (kg per m2 of slab) Mass (mm) 

a3 b3 R2 a4 b4 R2 

Hollow Core Precast Slab 37.90 33.40 0.9273 29.98 14.25 0.8990 

PUSS with NWC 28.11 36.38 0.8483 

31.25 11.67 0.9376 PUSS with LWC 20.64 24.58 0.8873 

PUSS with GPC 26.35 33.73 0.8562 

 Density = a3 * S + b3 * LL Depth = a4 * S + b4 * LL 

 S = span (m) & LL = live load (kN/m2) 

3.5.3 Sensitivity Analysis 

A sensitivity analysis is applied to explore the impacts of uncertainties in 

transportation distance and EOL recycling allocation methods on the LCA 

outputs. These parameters are selected due to their significant influence on the 

results, ranking second and third after the off-site construction phase, and the 
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level of uncertainty associated with them. The analysis aims to assess the effects 

of varying transportation distances and the recycling allocation methods on the 

final GWP and EE outcomes of the LCA study. 

In addition to transportation distance and EOL recycling allocation methods, there 

are several other parameters that can influence LCA results and could be 

considered in sensitivity analyses within construction-related studies. These 

include variations in material production processes (such as different cement 

manufacturing routes, clinker ratios, or energy mixes), assumptions related to the 

service life of the structural system, maintenance and repair schedules, and 

alternative transportation modes (such as rail, road and sea). Furthermore, the 

use of renewable energy during manufacturing may significantly affect embodied 

carbon results. While these parameters are acknowledged as potentially 

impactful, their inclusion is beyond the scope of this study. Nevertheless, their 

influence is recognised and has been noted in the recommendations for future 

research. 

3.5.3.1 Transportation Distance 

The previously presented LCA results utilise the approximate transportation 

distances listed in Table 3-8. For the sensitivity analysis, these distances are 

adjusted by factors of 1/3, 2/3, 2, and 3 times the original values to account for 

uncertainty. The results of this analysis are illustrated in Figure 3-12 (GWP) and 

Figure 3-13 (EE). 

The general conclusion from this sensitivity analysis is that varying the 

transportation distance does not alter the ranking of the environmental 

performance of the studied flooring systems. PUSS with GPC consistently 

remains the best performer in terms of GWP, while PUSS with LWC is the best 

in terms of EE. Hollow core slabs, on the other hand, consistently exhibit the worst 

performance across all 16 scenarios analysed. 

However, the sensitivity analysis reveals that the impact of transportation 

distance on the final GWP and EE outcomes (as a percentage compared with the 

previously presented results) varies between the flooring systems. For GWP, the 

transportation distance has the least effect on hollow core slabs and the greatest 

effect on PUSS with GPC. Specifically, reducing the distances to 1/3 of the 

original values decreases the total GWP of hollow core slabs by an average of 
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approximately 5%, and by 6% for both PUSS with NWC and PUSS with LWC, 

while it reduces the GWP of PUSS with GPC by an average of 9%. Conversely, 

increasing the distances to three times the original values raises the total GWP 

by about 16% for hollow core slabs, 18% for both PUSS with NWC and PUSS 

with LWC, and 27% for PUSS with GPC. 

In terms of EE, the transportation distance affects PUSS with both NWC and LWC 

the least, while PUSS with GPC is the most affected. Calculations with 1/3 

distances reduce the total EE by around 8% for hollow core slabs, 7.7% for both 

PUSS with NWC and PUSS with LWC, and 10% for PUSS with GPC. Conversely, 

using three times the original distances increases the total EE by approximately 

24% for hollow core slabs, 23% for both PUSS with NWC and PUSS with LWC, 

and 30% for PUSS with GPC. These findings underscore that while transportation 

contributes 5.75% to 11.5% of the total GWP and 7% to 14.5% of the total EE in 

the initial LCA, these contributions can vary significantly with actual transportation 

distances. 

 

Figure 3-12: Sensitivity analysis of transportation distance effect on GWP outcomes 

 



 

- 114 - 

 

Figure 3-13: Sensitivity analysis of transportation distance effect on EE outcomes 

3.5.3.2 EOL Recycling Allocation Approach 

The LCA study in sections 3.5.1 and 3.5.2 employs the ñ50:50ò allocation 

approach for EOL recycling as outlined in section 3.5.1.2.e, wherein 50% of the 

recycling benefits are attributed to the studied flooring systems. To evaluate the 

sensitivity of this assumption, two additional approaches are considered: the 

ñcutoffò approach, which excludes any recycling benefits from the studied 

floorings, and the ñsubstitutionò approach, which allocates 100% of the recycling 

benefits to the studied floorings (Hammond and Jones, 2011; Huang et al., 2013; 

Allacker et al., 2014). The results of this analysis are presented in Figure 3-14. 

Similar to the transportation distance, the sensitivity analysis for recycling 

allocation methods indicates that altering the allocation approach does not 

change the ranking of the environmental performance of the studied flooring 

systems across all the 16 scenarios analysed. However, the impact of changing 

allocation approaches is most pronounced for both PUSS with GPC and PUSS 

with LWC. Adopting the cutoff approach increases the GWP and EE associated 

with these floorings by an average of approximately 20% and 15%, respectively, 

compared with the 50:50 approach. Conversely, utilising the substitution 
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approach decreases the GWP and EE by similar percentages. For hollow core 

slabs, the changes are the least significant, having an average of about 7% in 

GWP and 6% in EE. For PUSS with NWC, the average percentages are about 

15% and 13%, respectively. 

 

Figure 3-14: Sensitivity analysis of recycling allocation method effect on GWP and EE 
outcomes 

Overall, using the substitution approach decreases the GWP and EE outcomes 

for all flooring systems, but as a percentage, the difference between PUSS 

flooring and hollow core slabs increases, further favouring PUSS flooring. 

Conversely, the cutoff approach increases the GWP and EE outcomes for all 
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flooring systems, but as a percentage, the difference between PUSS flooring and 

hollow core slabs decreases, though PUSS flooring still has less associated 

environmental impacts. 

3.6 Results Discussion 

Building upon the detailed analysis of the results, this section explores the 

broader implications of the study findings by having an overall look at the life cycle 

stages of all the explored scenarios, and discussing the key factors influencing 

the environmental impacts of the studied flooring systems in the context of UK 

geographical conditions. The following key points highlight the main takeaways 

from the analysis: 

a. The manufacturing phase of the analysed flooring systems constitutes a 

significant portion, ranging from 86% to 94%, of the total calculated GWP 

for all flooring systems and between 83% and 93% of the total EE. These 

high proportions are consistent with findings from previous research on 

precast floorings, where the manufacturing phase often accounts for up to 

over 90% of the total environmental impacts (Balasbaneh et al., 2022). 

These percentages are lower for smaller live loads and slabsô spans and 

gradually increase as these variables increase. This is primarily attributed 

to the inclusion of materials inventories in this phase. Moreover, a 

substantial portion of the impacts comes from the construction process, 

leaving minimal share from on-site construction work. 

b. The inventory results from all transportation phases throughout the life 

cycle of the flooring systems accounts for a relatively small but significant 

share of the environmental impacts. For the investigated live load/ slab 

span scenarios, when using the approximate average transportation 

distances within UK (Table 3-8), transportation contributes to between 

5.75% and 11.5% of the total GWP and 7% to 14.5% of the total EE, which 

is consistent with previous research stating that transportation on average 

contributes to between 7% and 10% of total GWP and EE (Balasbaneh et 

al., 2022; Vukotic et al., 2010). These percentages can vary significantly 

due to the uncertainties in transportation distances or transportation 

modes, as highlighted in the sensitivity analysis. Although the 

transportation-related impacts increase with larger live loads and spans -

due to the heavier slabs requiring more transportation trips- it is found that 
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their proportional contribution to the total inventory results decreases. This 

inverse relationship is a result of the transportation phaseôs relatively lower 

impact compared to the manufacturing phase. 

c. The on-site construction phase contributes only between 0.25% and 

1.25%, respectively, of the total GWP and EE for the PUSS flooring system 

with the three concrete alternatives, whereas it is responsible for a range 

of 0.35% to 2.2% of the total GWP and EE for the hollow core slabs flooring 

system, in agreement with the case study presented by Balasbaneh et al., 

(2022) stating that on-site construction is responsible for around 2% of the 

total GWP and EE of hollow core slabs. These percentages are inversely 

proportional to the live load and span. The elevated results and 

percentages accompanying hollow core slabs is attributed to the necessity 

of adding a finishing layer. 

d. The end-of-life (EOL) phase comprises two sections: demolition to landfill, 

mainly considered for demolished concrete, and the recycling of steel 

elements in the flooring system. The demolition of concrete in the flooring 

systems appears negligible, responsible for less than 0.25% of the total 

inventory results for all floorings across all live load/ span scenarios. 

Conversely, recycling is a major contributor to the difference between the 

two flooring systems in the final results. Under the ñ50:50ò allocation 

approach, steel recycling recovers between 4% and 7% of the total 

inventory results for hollow core slabs and between 10% and 18% for 

PUSS floorings. These percentages are directly proportional to the live 

load and span. However, the sensitivity analysis in section 3.5.3.2 

demonstrates that the recovery percentage can vary significantly 

depending on the selected EOL recycling allocation approach. 

e. The inventory results across all live load/ span scenarios reveal an overall 

better environmental performance of the PUSS flooring system with all 

three concrete alternatives compared with hollow core slabs, considering 

both GWP and EE. PUSS with GPC emerges as the option with the lowest 

overall GWP, reducing it by 40% to 50% in comparison to hollow core 

slabs. It is followed by PUSS with LWC, which achieves savings between 

37% and 46% of the total GWP generated by hollow core slabs, and finally, 

PUSS with NWC, which demonstrates reductions between 24% and 33% 

of the total GWP generated by hollow core slabs. Regarding EE, PUSS 
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with LWC is identified as the option with the lowest overall EE, conserving 

between 21% and 35% of the total EE generated by hollow core slabs. It 

is followed by PUSS with GPC, achieving savings between 17% and 32% 

of the total EE generated by hollow core slabs, and finally, PUSS with 

NWC, which shows reductions of only between 6% and 20% of the total 

EE generated by hollow core slabs. 

The reduction in the total inventory results for PUSS flooring compared with 

hollow core slabs is a cumulative effect derived from all life cycle phases. For the 

manufacturing phase, the reduction results from the use of less materials and the 

incorporation of concretes with less environmental impacts in PUSS with LWC 

and PUSS with GPC floorings. In transportation phase, savings are attributed to 

the lighter weights of PUSS slabs, enabling the transportation of larger number 

of slabs per truck loading. For the on-site construction phase, the wider PUSS 

units reduce the required number of slabs, subsequently minimising the number 

of lifts needed by tower cranes for slab placement. Hollow core slabs necessitate 

the use of additional on-site equipment, such as concrete pumps and 

compactors, for finishing layer placement. For concrete demolishing phase, there 

is negligible difference; however, the higher steel content in PUSS flooring allows 

for a greater recovery percentage during recycling. 

3.7 LCA Study Limitations 

While the LCA conducted in this chapter offers valuable insights into the 

environmental performance of different flooring systems, a number of limitations 

should be acknowledged. Firstly, the analysis excludes the maintenance and 

operational phase due to the limited availability of reliable and standardised 

inventory data for these stages. This omission may slightly underestimate the 

total environmental impacts, although previous studies suggest the contribution 

of this phase is often minimal for passive structural components. 

Secondly, the study employs the ICE (2011) inventory database to quantify 

embodied energy (EE) and embodied carbon (EC), as it provides a more 

comprehensive dataset covering both indicators. While this version is slightly 

dated, it remains the most suitable for dual-indicator assessments. A verification 

exercise was carried out using the newer ICE v3.0 (2019) and ICE v4.0 (2024) 

databases, which include EC data only. The updated values resulted in an 

average increase of around 5% in EC figures across all flooring systems, without 
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altering the relative ranking or final conclusions. Therefore, retaining ICE (2011) 

inventory ensures consistency with both the embodied energy analysis and the 

peer-reviewed publication produced from this chapter. 

Finally, the LCA results are specific to UK-based conditions, including 

transportation distances, material availability, and construction practices. While 

this enhances regional relevance, it may limit the direct applicability of the results 

to other geographical contexts with different infrastructure or material sourcing 

profiles. 

3.8 Conclusions and Recommendations 

Construction sector stands as a major contributor to environmental degradation, 

responsible for significant GHGs emissions and consuming considerable 

amounts of energy. Addressing the worldwide demand and in the meantime 

reducing these harmful effects can be achieved only by restricting the impacts of 

construction, given the economic growth and the escalating demand for new 

buildings to accommodate a growing population. A more viable approach 

involves the widespread adoption of sustainable and environmentally friendly 

construction practices. Several construction techniques are recognised as 

environmentally friendly alternatives to traditional construction methods. Notably, 

opting for prefabrication instead of on-site concrete casting, substituting cement 

in concrete with more sustainable materials, the use of lighter construction 

materials, and deploying optimisationed composite structural elements contribute 

significantly in reducing the environmental impacts and resource consumption. 

This chapter evaluates the environmental performance of two flooring systems 

ðPUSS and hollow core slabsð through a comparative LCA study. Both flooring 

systems demonstrate comparable functional behaviours in terms of fire 

resistance, thermal insulation, and the presence of voids for the passage of 

building services. To ensure similar structural performance, both systems were 

designed to withstand equivalent loads and compared across 16 live load/ slab 

span scenarios. The PUSS flooring system is assessed utilising three concrete 

alternatives: NWC, LWC, and GPC. The LCA includes evaluating the EE and 

GWP of the flooring systems from cradle-to-grave. The study highlights the 

environmental advantages of the fully prefabricated composite flooring systems 

(PUSS) and its benefits over the widely used hollow core precast flooring system. 
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The assessment outcomes reveal that, regardless of the flooring span and 

applied live loads, PUSS with GPC exhibits the most favourable performance in 

terms of GWP, closely followed by PUSS with LWC. However, in terms of EE, 

PUSS with LWC emerges as the top performer, with PUSS with GPC closely 

trailing. The marginal difference in the two impacts makes selecting the best 

option challenging. Nevertheless, the lighter weight of PUSS with LWC implies 

additional savings in inventory results through design modifications to the 

underlying structure, from beams to foundations. This characteristic makes it the 

flooring option with the best environmental performance in this study. Following 

these two floorings, PUSS with NWC ranks third, while hollow core slabs exhibits 

the least favourable environmental performance. Furthermore, the sensitivity 

analysis results confirm that variations in transportation distance and recycling 

allocation methods do not alter the relative ranking of the flooring systems. This 

robustness in ranking underscores the reliability of the findings despite potential 

uncertainties in these parameters. 

The findings of this chapter indicate that various manufacturing approaches 

significantly influence the GHGs emissions and EE, ranked from most to least 

impactful, these approaches are: reduction of material consumption, off-site 

production, optimisation of the transportation distance and increasing slab unit 

width.  

It is essential to note that the design of the analysed PUSS and hollow core units 

is in accordance with EC2 and EC4. The use of alternative design codes may 

yield different designs, consequently affecting the total inventory results and 

accordingly the derived curve-fitting equations. Nevertheless, the difference 

should remain within the acceptable limits and follow the same overall trend. In 

addition, while this study has yielded valuable outcomes, there is room for 

enhancement in future research to provide even more comprehensive outcomes. 

Two areas recommended for further research are discussed below: 

1. The design of PUSS units is constrained by the utilisation of existing British 

steel parallel flange channel (PFC) sections. Incorporating custom-made 

sections into consideration has the potential to yield even more versatile 

designs. This expansion would facilitate the investigation of the impact of 

larger slab spans, given that the currently available sections can achieve 

a maximum span of 12 m in PUSS units. Future studies could also involve 
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exploring new calculation methodologies or generating new materials and 

equipment inventories instead of relying on published databases. 

2. Moreover, for enhanced precision, future studies are encouraged to 

expand the sensitivity analysis by including other influential parameters, 

such as variations in material production processes, energy sources, or 

transportation modes, as briefly discussed in Section 3.5.3. In addition, 

detailed inventory results from operation and maintenance stage of the 

flooring systems can be considered, as well as end-of-life (EOL) concrete 

recycling. While these factors might not lead to significant changes in 

outcomes or substantial differences between flooring systems, their 

inclusion would contribute to the overall accuracy of the outputs. Lastly, 

examining the impact of flooring systems on underlying structural 

elements and quantifying the resultant material savings, when added to 

the total inventory results of the floorings, has the potential to significantly 

enhance the environmental performance of lighter flooring systems. 
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Chapter 4  

Experimental Four-Point Bending Tests 

4.1 Introduction 

Literature review identified the need for investigating the flexural behaviour of the 

prefabricated ultra-shallow flooring system (PUSS) experimentally. This chapter 

presents the four-point bending tests performed on a total of four PUSS units. 

The test specimens were designed to study the effects of concrete type, shear 

connection system and the depth of the slabs on the flexural behaviour of the 

slab. All test specimens were tested under displacement controlled monotonic 

loading. This chapter outlines the specimens design, details and preparation, test 

setup details, instrumentation, test observations and the results. 

4.2 Experimental Program 

The experimental work of this research investigates the flexural behaviour and 

failure mechanism of the prefabricated ultra-shallow flooring system (PUSS) 

under bending by performing four-point bending test. In this test, the shear 

resistance of the shear connectors and the degree of composite action caused 

by the shear connections between steel and concrete under bending are also 

examined. The details of four 4-point bending test specimens and test procedures 

conducted in this study are presented in the following sections. 

4.2.1 Details of Test Specimens 

In the construction practices, PUSS slabs are designed to have a fixed width of 

2 m. This dimension is selected taking into consideration the possibility to fit in 

transportation means (Ahmed, 2019). The test specimens were initially designed 

to represent the actual construction practice 2 m width. In addition, more slabs 

with larger spans were initially planned to be tested. Due to the limited availability 

of allocated space and time for conducting the tests at George Earle laboratory 

(GEL), the number of test specimens was reduced, and specimens were scaled 

down while maintaining practical dimensions of 4 m clear span and 1.1 m width, 

representing scaled-down models of true slabs with 7.3 m spans. Two shear 

connectors systems were used in the experiments and were selected based on 

the recommendations from literature, which are (a) web-welded shear studs with 
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horizontally lying steel dowels (WWSS with dowels) and (2) horizontally lying 

dowels only (Ahmed, 2019). The tests investigated the effects of: 

1) Two shear connection systems: 

a) WWSS with dowels 

b) Dowels only 

2) Two types of concrete: 

a) Normal weight concrete 

b) Lightweight aggregates concrete using Lytag aggregate 

3) Two steel sections (with different depths): 

a) 230 mm depth (steel section 230x75x26 PFC) 

b) 300 mm depth (steel section 300x100x46 PFC) 

 

Figure 4-1: 3D view of the details of test specimens 
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Two 230x75x26 PFC channel steel sections are used as edge beams for three 

specimens, while two 300x100x46 PFC channel steel sections are used for 

specimen NWC-300-SD. For the three of the specimens, the shear connection 

system is composed of three steel dowels of Ø20 mm (spanning across the width) 

welded to the web posts of each PFC steel beam passing through the slabs ribs. 

In addition, two shear studs with Ø16 mm are welded horizontally to the web 

posts of each beam at the remaining two rib locations, as shown in Figure 4-1. 

For LWC-230-D specimen, only three steel dowels with Ø20 mm are used. Note 

that for all the tested specimens, shear connectors are welded at the midpoint of 

the slab depth, at a depth of 115 mm for specimens with 230 mm depth, and at a 

depth of 150 mm for the fourth specimen, which has 300 mm depth. Finally, two 

of the specimens are cast with normal weight concrete and the other two with 

lightweight concrete ï with Lytag aggregates. The dimensions and differences 

between the test specimens are presented in Table 4-1. In addition, detailed 

drawings of all the four specimens are illustrated in Appendix B. 

Table 4-1: Specimen test matrix 
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Specimen 
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) 
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th
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m
m

) 

D
e
p
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 (

m
m
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Steel 
Beam 
size 

Concrete 
type 

Shear 
connectors 

Degree 
of shear 

connection 
(ʂ) 

1 NWC-230-SD 

1.1 

4.4 
 

(4 m 
clear 
span) 

230 

2
3

0
x
7

5
x
2

6
 

P
F

C
 

NWC* 
3 x Ø20 mm 
steel dowels 

with 
4 x Ø16 mm 

WWSS 

100% 

2 LWC-230-SD LWC* 100% 

3 LWC-230-D LWC 
3 x Ø20 mm 
steel dowels 

only 
67% 

4 NWC-300-SD 300 

3
0

0
x
1

0
0
x
4

6
 

P
F

C
 

NWC 

3 x Ø20 mm 
steel dowels 

with 
4 x Ø16 mm 

WWSS 

57% 

*NWC and LWC stand for normal weight concrete and lightweight concrete with Lytag, respectively. 

The implemented shear connectors, which are a combination of WWSS and steel 

dowels or steel dowels only, compose the longitudinal shear connection system. 

However, the longitudinal shear connection system also affects the bending 

resistance of PUSS units due the composite action between steel beams and the 

concrete slab. Using the principle of equilibrium between tension and 

compression, the depth of plastic neutral axis (PNA) in PUSS units can be 

calculated at different degrees of shear connection, where the degree of shear 
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connection ʂ (ʂ ὙȾὙ) is the ratio of the longitudinal shear resistance of the 

shear connectors, Ὑ  to the compressive resistance of the slab in full shear 

connection, Ὑ. 

In order to estimate the required type, spacing and size of shear connectors to 

achieve full shear connection in the first two specimens, and to evaluate the 

degree of shear connection (ʂ) in the remaining specimens, the shear resistance 

of the employed shear connectors and the longitudinal shear between steel 

beams and concrete slab need to be evaluated. Equation 4-1 is utilised in this 

study to assess the shear resistance of the shear connectors. However, it is 

important to note that the procedure outlined in Eurocode 4 (CEN, 2005) for 

calculating longitudinal shear between steel and concrete is not directly 

applicable to the studied flooring system. This procedure is primarily designed for 

vertical headed shear studs connecting top concrete slabs to bottom steel beams. 

In the case of PUSS units, horizontal shear connectors welded to the sides of the 

steel beams connect them to the concrete slab. Therefore, an alternative 

approach is adopted in this study to evaluate the longitudinal shear between steel 

and concrete, which is based on the concept of shear flow in built-up members 

(ή).  

Equation 4-1 

ή ὠὗϳὍ 

Where:  ή is the shear flow between the composite members (steel section 

and concrete) in unit of shear force per unit of length,  

ὠ is the value of the shear force at the section, 

ὗ is the first moment of area of steel section in relation to the neutral 

axis, 

and Ὅ is the moment of inertia of the entire cross-section about the 

neutral axis. 

The calculation of shear flow of each specimen involves substituting the shear 

force related to the sectionôs bending moment capacity. Then, the total 

longitudinal shear force between steel and concrete is determined by multiplying 

the shear flow (ή) by the shear span. Finally, the necessary spacing and size of 

shear connectors to achieve full shear connection are estimated using their shear 

resistance capacities derived from Equation 2-4 (ὖ ρȢψχσὪὨὥ Ȣ

πȢψὪὃ). It is worth noting that the calculated total longitudinal shear forces 



 

- 126 - 

between steel side beams and concrete slab are relatively small and the 

utilisation of only 5 shear connectors with 870 mm spacing on each side of the 

slabs of 230 mm depth is sufficient to achieve full degree of shear connection. 

This is primarily due to the relatively low magnitude of first moment of area 

associated with steel sections (ὗ) as they are small in area and their neutral axes 

are close to the neutral axes of the composite sections. 

4.2.2 Specimens Preparation 

The fabrication of formwork and shuttering for the concrete ribbed slabs and 

steelwork (from welding of shear connectors to shaping of reinforcements) were 

conducted by SC4 Ltd. (a British steel fabricator) (Figure 4-2). to provide lifting 

anchors for the slabs, holes with 50 mm diameter were drilled at the two ends of 

the side C-channel steel beams.  

Ready-mix concretes conforming to BS EN 197-1 (BSI, 2011a) were cast in the 

prepared formworks at the worksite of SC4 on two separate days, the first day for 

casting NWC and the second day for LWC. A vibrator was used to ensure 

appropriate compaction (Figure 4-3). Concrete sample cubes and cylinders 

specimens were prepared from the same ready-mix concrete used for the 

specimens (Figure 4-4 (a)). NWC and LWC used in the four specimens were both 

of concrete class 20/25, with a maximum aggregate size of 14 mm. Slump tests 

on both types of concrete gave an average of around 100 mm slump (Figure 

4-4 (b)). Afterwards, slabs were kept at the worksite for 30-50 days for curing at 

an average temperature of about 15°C before moving them to the University of 

Leeds to prepare for testing. 

  

Figure 4-2: Prepared specimens before casting concrete 
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Figure 4-3: Cast specimen 

  

Figure 4-4: (a) Slump test (b) Prepared concrete cylinders and cubes 

4.2.3 Materials Properties  

4.2.3.1 Concrete Properties 

From the concrete cubes and cylinders samples taken from the cast concrete, 

the density of NWC and LWC were measured to be 2230 kg/m3 and 1560 kg/m3 

respectively. Standard tests were carried out to determine the properties of all 

materials (concrete and steel). The material properties of concrete obtained from 

compression and splitting tensile tests performed on the concrete cubes (at day 

7, day 14, day 28 and on-the-day of the tests ï 3 cubes each day) and 3 concrete 

cylinders (on the day of experiments) in accordance with BS EN 12390-3 (BSI, 

2019b) and BS EN 12390-6 (BSI, 2009) are presented in Table 4-2. Figure 4-5 

shows the average stress-strain curves for the cylinder compressive strength of 

NWC and LWC on tests days. In addition, Figure 4-6 presents pictures taken 

during and after the concrete samples testing process. 
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Table 4-2: Concrete properties 

Specimen 
Concrete 

type 

Average cube 

compressive 

strength, (MPa) ï 

Day 7, 14, 28 

Average strength, (MPa) ï Day of the 

Experiment ╔╬  

(GPa

) 

Day 

7 

Day 

14 

Day 

28 

Cube - 

compressive 

Cylinder - 

compressive 

Split 

tensile 

NWC-230-SD NWC 11.7 17.5 20.6 26.9 22.4 2.15 28.5 

LWC-230-SD LWC 11.4 16.5 19.7 26.2 21.56 1.86 11.05 

LWC-230-D LWC 11.4 16.5 19.7 26.4 22.46 1.97 11.7 

NWC-300-SD NWC 11.7 17.5 20.6 27.1 22.5 2.2 26.9 

 

Figure 4-5: Average stress-strain curves of cylinder compressive tests for NWC and LWC 
on the day of the experiments 

 

Figure 4-6: (a) NWC concrete cube under compression test; (b) LWC concrete cylinders 
after splitting tensile test 
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4.2.3.2 Steel Properties 

A total of 10 coupons were machined from the steel section of the test specimens. 

Six of the coupons were cut from the 230x75 steel sections (3 from webs & 3 

from flanges) and the remaining four were cut from the 300x100 steel sections (2 

from webs & 2 from flanges). The steel coupons were tested under uniaxial 

tension according to ISO 6892-1 (ISO), 2019). Figure 4-7 (a) shows a picture of 

steel coupons after testing and Figure 4-8 displays the stress-strain curve of the 

steel section coupons. Similar tests were also carried out on coupons from the 

steel rebars and shear connectors (steel dowels and shear studs) as presented 

in  Figure 4-7 (b) and their associated stress-strain curves are provided in Figure 

4-9. The average tensile strength of steel coupons obtained from steel beam 

section, rebars and shear connectors are presented in Table 4-3. 

 

Figure 4-7: (a) Steel rebar during tensile test; (b) Steel section coupons after tensile test 

 

Table 4-3: Average mechanical properties of steel sections, rebars and shear connectors 

Coupons from 
 █◐ (MPa) 

(Average) 

█◊ (MPa) 
(Average) 

╔▼ (GPa) 
(Average) 

Flanges of 230x75x26 PFC 405 528 200 

Webs of 230x75x26 PFC 434 545 200 

Flanges of 300x100x46 PFC 448 543 200 

Webs of 300x100x46 PFC 455 547 200 

Ø20 mm steel dowels 484 657 210 

Ø16 mm shear studs 600 700 210 

Ø8 mm - Ø12 mm steel rebars 571 677 210 
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Figure 4-8: Stress-strain curves of steel section coupons 

 

 

Figure 4-9: Stress-strain curves of shear connectors and steel rebars 
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4.2.4 Test Setup and Loading Protocol 

The four-point bending tests are carried out in accordance with the specifications 

of Eurocode 4 (CEN, 2004b). Test specimens are simply supported near the two 

ends of their lengths with an overhang of 100 mm at both ends. Two concentrated 

line loads of equal magnitudes are applied symmetrically on the middle part of 

the specimens using a 1000 kN hydraulic jack and spreader beams to translate 

the load from the hydraulic jack to the specimens. The distance between the 

centreline of the line loads is 1000 mm and it is the same for all the tests. A load 

cell is connected to the hydraulic jack to record the loading readings and the 

whole loading apparatus is attached to the reaction frame as shown in Figure 

4-10 to Figure 4-12. 

The static displacement controlled monotonic loading is applied in cycles, starting 

by applying three pre-loading incremental loading cycles in the elastic loading 

range to break local bonds between concrete and steel as well as to establish the 

residual deflections and slips within the elastic region. Each of these cycles is 

followed by a release. Then, a fourth cycle is applied on specimens up to the 

ultimate capacity (maximum expansion of the hydraulic jack) as presented in 

Table 4-4. To properly evaluate the flexural behaviour of PUSS in the post-elastic 

range, the four-point bending tests are displacement controlled, with a sufficiently 

small displacement rate (1 mm/minute) to avoid dynamic impacts and to be able 

to track every damage in the specimens. Each test takes at least 3 hours to 

conduct which is more than the minimum duration for the test specified by 

Eurocode 4 (CEN, 2004b) stating that similar four-point bending tests on 

composite slabs should take at least 1 hour before reaching failure. 
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Figure 4-10: Side view sketch of the test setup for 4 m span PUSS slab 

 

Figure 4-11: 3D view sketch of the test setup for 4 m span PUSS slab on the GEL floor 












































































































































































































































































































