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SYNOPSIS 

The use of post-tensioned composite (PTC) slab systems has become widespread in the 

construction industry, spanning from residential to commercial slab structures. The steel 

sheeting serves as permanent formwork, capitalising on its rigidity to significantly reduce 

the number of supporting props and shorten the construction progress with no removal 

process. However, the characteristics of steel sheeting arise from the ribbed structure, 

where one side, parallel to the ribs, refers to a longitudinal (strong) direction of slab. 

Otherwise, the other direction, perpendicular to the ribs, exhibits much lower strength, 

referred to as the transverse (weak) direction. 

In response to this issue, certain engineering firms have adopted post-tensioning methods 

as a solution to effectively enhance the bending stiffness of this weaker direction and 

replace the use of beam systems in the current methodology. This approach, therefore, 

extends the floor application to flat plate slab construction, marking a significant 

advancement in the field. Within the current level of literature review, there is a lack of 

research investigating the flexural behaviour of the PTC slab systems in two-way action 

and the impacts of post-tensioning on the bending strength of transverse directions. In 

terms of practical application, there are limitations from which no standard is specified, 

or available design programs fail to incorporate the effect of steel sheeting under the 

flexural behaviour of PTC slabs. As a result, this research gap highlights the need for 

further exploration in this critical area of construction engineering, which is the focus of 

this thesis. 

To address one of the identified research gaps, an experimental study was conducted for 

the first time in this field to investigate on the transverse direction of the PTC slab system. 

Given the allowable laboratory facilities, the experimental programme included the setup 

of three PTC specimens, featuring variations in tendon profiles and anchorage positions. 

Thus, this testing aimed to examine load-deflection characteristics, identify failure 

modes, and analyse the distinct crack patterns within the weak direction of PTC 
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structures. Subsequently, the results obtained from this current experiment were 

integrated with other existing tests to conduct a numerical analysis of the modelling 

techniques employed for PTC slab systems. This process encompassed a verification step 

involving the comparison of finite element method (FEM) results with experimental data. 

Having established satisfactory numerical techniques, a parametric study was then 

undertaken to fully investigate the full-scale PTC slabs in two-way action. Particular 

emphasis in this part was given to the effects of slab geometry, tendon profiles, and tendon 

spacings, as well as the effects of support conditions, on the flexural performance of PTC 

slab systems.  

In addition, the simplified design method was proposed by using stiffness coefficients, 

which were defined as the ratios between the bending stiffness of composite concrete and 

normal concrete slabs. Hence, this design approach provides an efficient and reliable 

method for engineering practitioners to apply these stiffness coefficients in available 

design software to predict the flexural behaviours of PTC slab systems. In the final stage, 

the simplified design approach is applied to a case study involving a typical floor in an 

existing building, aiming to design the PTC slab structures. By integrating various 

structural configurations, such as one-way beam systems, two-way beam systems, or flat 

plate slabs, the process and methodology for designing PTC floors are clearly 

demonstrated. This facilitates a comparison of the effectiveness of PTC flooring systems 

with other types of floor structures, based on two main factors: cost and embodied energy. 

As a result, a comparative study could be performed to produce the most effective slab 

options based on sustainable benchmarks and highlight the advantages of PTC slabs over 

other conventional floor systems. 
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�' �æ  Young modulus of steel 

�A  Eccentricity of prestressed tendon profile 

�(�æ  Service load 

�(�è  Ultimate load 
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�B�Ö�ñ  Compressive strength of concrete 

�B�Ö�å  Tensile stiffening strength of concrete for post-cracking behaviour 

�B�Ö�ç�ä�Ù
�ñ   Characteristic flexural tensile strength of concrete 

�B�Ö�ç
�ñ  Tensile strength of concrete 

�B�ã�Õ  Ultimate yield strength of strands 

�B�ã�Õ  Yield strength of profiled steel sheeting 

�B�ã�æ  Effective tendon stress corresponding to a given �Ý�ã�æ 
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�)  Total applied dead load 

�+�Ô�é Second moment of area replaces for the �+�Ö�å when tension stiffening is 

applied to prestressed concrete 

�+�Ö�å  Second moment of area of the cracked section 
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�G�6  =  
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�Õ�Ð�Ñ�×�Û�Ý�Ð�Ù�Î�ò
�>�#�ã�å�Ø�B�ã�Õ
E�#�ã�Ø�B�ì�ã 
E�:�#�æ�ç
F�#�æ�Ö�;�B�ì�æ�? 

�.  Effective span length between two supports 

�.�×�Ü  Length of tendon affected by the anchorage 

�.�ã�Ô  Length of tendon from jacking end to a point at a distance from that end 

�.�ë   Length of longitudinal direction (strong direction) of PTC slabs  
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CHAPTER 1 

 INTRODUCTION  

1.1 Background  

Steel decking first appeared in concrete slabs in the late 1970s to establish composite 

floor systems. These systems consist of a concrete slab cast on top of corrugated steel 

decking that acts as permanent formwork, providing support to the wet concrete during 

construction. After the concrete cures, the steel decking acts as a tensile reinforcement 

for the concrete slab. This combination of materials has created a composite floor system 

that is lightweight, strong, and efficient to construct (Wright et al., 1987; Wright & Evans, 

1988; �&�U�L�V�L�Q�H�O�� �	�� �2�¶�/�H�D�U�\���� �������������� �2�Q�� �W�K�H�� �R�W�K�H�U�� �K�D�Q�G���� �S�R�V�W-tensioning systems were 

introduced in the 1950s to concrete construction as a method to enhance the load-carrying 

capacity of reinforced concrete members (Lin, 1963; Burns &  Hemakom, 1977; Aalami, 

1990). By applying a controlled amount of prestressed members after the concrete 

casting, the flexural strength of the concrete structure can be significantly enhanced when 

compared to reinforcing bars (Miller et al., 2015; Abd-el-mottaleb & Mohamed, 2019). 

As a result, the use of post-tensioning in combination with composite structures has 

introduced a new generation of floor systems that are more efficient and cost-saving (refer 

to Figure 1.1).  

Over the years, with significant efforts in various investigations, researchers have only 

performed one-way PTC structures along the longitudinal direction of slabs (Ranzi et al., 

2013; Rana, 2016; Ranzi & Ostinelli, 2017) or composite structures with beam systems 

(Rackham et al., 2009; Chen et al., 2011; Baskar, 2012). Under consideration of this 

expected issue, the role of prestressed reinforcement has been considered by engineering 

practitioners as an effective solution to strengthen the weaker side of these deck forms. 

According to the findings of Dinh et al.'s study (2022), post-tensioning can increase the 
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flexural stiffness of the transverse direction in the PTC slab by 72.4%, while the 

contribution of the beams' stiffness only improves by 36% in this particular weak 

direction. As a result, the use of PTC slab systems not only effectively mitigates the 

inherent limitations of steel sheeting in composite floors but also facilitates the 

application of this floor type to flat plate structures. 

 

 

a) Typical structural components of PTC slabs 

b) Typical cross-section of reinforced composite slabs (Lysaght manual, 2023) 

Figure 1.1: Overview of PTC slab systems with profiled steel sheeting 

 

Many industrial partners have increasingly adopted PTC flooring systems for designing 

in two-way action or using them as flat plate slabs to minimise construction costs and 

maximise floor space. However, within the realm of research, only a few studies have 
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delved into the investigation of two-way composite slabs (Porter, 1974; Porter, 1988; 

Eldib et al., 2009; Mohammed et al., 2018) or two-way PT slabs (Bondy &  Bondy, 2012; 

Kim &  Lee, 2016), leaving a significant gap in the exploration of two-way bending PTC 

slabs and their application in flat plate structures. Therefore, this significantly highlights 

the necessity for further studies in this specific area. In response to the current limitations, 

this research, pioneering in its exploration of the field, was conducted to extend the body 

of knowledge on the two-way flexural behaviour of PTC slab systems. The anticipated 

outcomes of the research are expected to enhance the fundamental understanding of PTC 

slab systems, providing valuable insights for engineering practitioners. Additionally, the 

knowledge derived from this study will provide a firm basis for future research in this 

crucial domain of PTC structures. 

1.2 Research aims and objectives 

The overarching aim of this research is to enhance the fundamental understanding of and 

provide insight into the flexural behaviour of PTC slab systems. The specific primary 

objectives of this PhD research are to: 

�x Evaluate the current global research on the PTC slab systems; 

�x Investigate experimentally the structural behaviour in a transverse (weak) 

direction of PTC slab systems; 

�x Provide the appropriate numerical techniques in the analysis of the PTC slab 

systems; 

�x Carry out a parametric study on the flexural performance of full -scale PTC slabs; 

�x Develop simplified design methods from current engineering applications of PTC 

slabs; 

�x Apply the simplified approach to a case study for the design methodology of PTC 

slabs and highlight the structural advantages of the PTC slab system. 
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1.3 Research method overview 

The main methodology for this research was adopted by the traditional approach, 

including knowledge acquisition, data collection, and analysis to fulfil the research 

objectives. As a result, in light of the interconnection between these three components, 

the research outcomes were deemed satisfactory and reliable (see Figure 1.2). 

 

 

Figure 1.2: Overview of research methodology 

 

1.3.1 Knowledge acquisition 

In this study, knowledge acquisition involved a thorough review of existing knowledge 

as well as specifying the outcomes of relevant research papers. The review covered a wide 

range of topics, including the behaviour of composite structures and applications of PTC 

slabs, the current design codes of practice, and existing experimental and numerical 

investigations. Based on the literature review, there have been huge limitations on the 

studies of PTC slabs, including: (1) no current numerical study verifies the modelling 

techniques used for the PTC slab systems; (2) no existing experimental programme has 

been performed on the two-way action or transverse direction of PTC slab systems; (3) 

no existing research specifies the variation of post-tensioning systems in the flexural 

strength within the PTC slabs�¶�� �Z�H�D�N�� �G�L�U�H�F�W�L�R�Q; and (4) no theoretical study provides 

reliable codes of practice or design methods for the two-way behaviour of PTC slabs. 

Furthermore, there are no published papers or evidence that emphasizes the effectiveness 

of this slab structure for sustainable development. As a result, these aspects were given 
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significant focus in this study, and research objectives were formulated following the 

identification of research gaps in the existing knowledge. 

1.3.2 Data collection 

Considering that conducting experimental tests on the full-size PTC slab systems presents 

a number of challenges due to limitations in the facility of the laboratory, which include: 

(1) dimensions of PTC specimens cannot be scaled due to the fixed rib height of steel 

sheeting and varying eccentricity of tendons due to different thicknesses; (2) employing 

profiled tendon in the post-tensioning system requires at least a span length of 4m to 

minimise less than 30% of stress losses from anchors during the jacking process; and (3) 

panels measuring from 4×4 (m) or larger sizes require a huge amount of space, set-up 

cost, and lifting capacity issues for the laboratory. Consequently, the research 

methodology in this case was strategically adjusted to overcome the minimised number 

of tests by placing a higher emphasis on the numerical approach as a cost-effective 

solution to generate a wider range of essential data. 

In order to accommodate the experimental programme within the allowable laboratory 

conditions, the scope of testing samples was refined to target specific limitations of the 

PTC floor, particularly concerning the post-tensioning systems �R�Q�� �W�K�H�� �V�O�D�E�V�¶��weaker 

direction. Therefore, for the first time in this domain, an experimental programme was 

conducted with three PTC specimens along the transverse direction of composite 

structures. 

Based on previous research, the flexural behaviour of reinforced composite slabs was 

proven to be governed by the transverse direction of the slab under bending effects. 

Consequently, reducing the length along the longitudinal direction of PTC slabs does not 

significantly affect the flexural response of the slabs. Recognising the specific 

characteristics of the floor, the dimensions of the specimens were minimised to 

accommodate the available test rigs in the laboratory and conduct 4-point bending tests.  

For the numerical approach, the modelling techniques provided in this context were fully 

validated with several current and existing benchmark tests in terms of one-way and two-

way PT structures, one-way and two-way composite slabs, and one-way PTC structures 

along the longitudinal and transverse directions. Having established that these numerical 

methods effectively predict the behaviour of PTC systems, an extensive parametric study 
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was conducted based on variations in slab geometry, post-tensioning layouts, and support 

conditions. In addition, a comparative study was drawn between PTC slabs and other 

conventional slabs to identify the structural advantages of the slab systems. 

1.3.3 Data Analysis  

An in-depth analysis was implemented to investigate observed patterns in the collected 

data. The results obtained through numerical and experimental approaches were 

explained to specify the impacts of various aspects on the service and ultimate strength 

of PTC slabs. Several trends and models were comprehended to present the correlation 

between different parameters contributing to the flexural response of PTC specimens. 

Then, the simplified design methods were developed based on the interpretation of the 

achieved results using specified stiffness coefficients, and a case study was provided to 

highlight the benefits of specific PTC floor systems. 

1.4 Thesis layout 

This thesis is divided into nine chapters. Excluding this introductory chapter (Chapter 1), 

the remainder of the thesis is presented as follows:  

Chapter 2 delves into an examination of the existing knowledge regarding the behaviour 

of PTC structures. The main aim is to leverage the information and available data as a 

reference while identifying shortcomings in this field and setting the objectives for this 

research. Hence, this section encompasses a review of available research related to PTC 

slabs, including current theories, numerical analyses, and experimental programmes. 

Additionally, there is consideration of sustainable design related to the cost and embodied 

energy of various slab options. 

Chapter 3 presents the set-up of an experimental programme undertaken on the transverse 

direction of PTC slab systems subjected to a four-point bending test. This part outlines 

the planning process, equipment preparation, material properties, concrete pouring, and 

the setup of testing frames. Hence, the techniques associated with post-tensioning systems 

are discussed. The design and implementation of testing programs for the PTC specimens 

are also described.  



CHAPTER 1: INTRODUCTION 

 

35 
 

Chapter 4 provides a comprehensive evaluation of the outcomes derived from the 

experimental programme outlined in Chapter 3. The structural behaviour of the test 

specimens was evaluated in relation to three categories: flexural behaviours, failure 

properties, and crack patterns of specimens. The ultimate loads were compared among 

different tendon profiles and anchor positions. In addition, unique failure modes and crack 

properties of PTC structures were observed and specified in this section. 

Chapter 5 presents the numerical analysis within the ABAQUS program for modelling 

PTC slab systems. This chapter entails the selection of various experimental programmes 

from the literature review relating to PT, composite, and PTC structures. These 

experiments were combined with the current tests in this thesis to facilitate a 

comprehensive verification process. Hence, the adopted modelling techniques were 

validated by comparing FEM models to experimental results. 

Chapter 6 provides a series of parametric studies to investigate the effects of key 

parameters on the flexural behaviour of the full -scale PTC slab systems. Particular 

emphasis was given to the effects of varying slenderness ratios, aspect ratios, the post-

tensioning system (tendon profiles and tendon spacings), and support conditions. The 

flexural responses of this slab were investigated with relevant patterns, showing the 

correlation between the bending stiffness ratios of both slab directions and the load 

capacity.  

Chapter 7 develops a simplified design approach for current engineering applications by 

using stiffness coefficients. These stiffness coefficient patterns were determined based on 

the bending stiffness of two directions, with variations in slab geometry and distributed 

loads. Hence, this approach was applied to the available design software to verify its 

reliability. A comparative analysis was carried out between two programs, ABAQUS and 

RAM Concept, in terms of conventional reinforced concrete (RC) models, reinforced 

composite (RCC) models, and PTC models. 

Chapter 8 investigates the structural design considerations of the PTC slab systems by 

applying the design approach described in Chapter 7, with a detailed description of 

procedure and methodology. The process entailed the structural design phase to create 

the bill of quantities based on the required materials. The effectiveness of this slab system 

in terms of sustainable benchmark was compared with alternative slab solutions to 

highlight its structural advantages. 
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Finally, Chapter 9 highlights the contribution of this research to achieving the specified 

aims and objectives and makes recommendations for future research. 
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CHAPTER 2 

 LITERATURE REVIEW  

2.1 Introduction 

Over decades, extensive research has been dedicated to the study of post-tensioned 

composite slabs (PTC). The investigations primarily involved experimental and 

numerical studies to assess the performance of the slab system. These studies 

encompassed various aspects in terms of flexural strength, bond-slip relationships, or the 

ultimate behaviour of the floor system. However, despite the breadth of research on these 

topics, the focus has predominantly been on the one-way behaviour of the slab, with 

consideration given to the specific longitudinal (strong) direction of sheeting ribs. As a 

result, the application of this floor type is currently limited, particularly in relation to flat 

plate systems or two-way bending slab designs. Since limitations and uncertainties on the 

understanding of PTC slabs still exist, further studies on this floor type are necessary to 

fill the gaps. 

This chapter first presents the literature review, which includes research on the 

development of composite and PTC slab systems, as well as an overview of the current 

code of methods based on Australian standards for design calculations. In addition, the 

relevant published research was identified and discussed to provide both a numerical and 

experimental approach for the PTC floor frames. For the potential benefits and practical 

applications of the floor system to be investigated, the cost performance and 

environmental impacts were also reviewed. 
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2.2 Review of post-tensioned composite structures  

In recent years, post-tensioned composite slabs (PTC) with profiled steel sheeting have 

been used in a wide range of applications, from high-rise buildings to industrial facilities. 

Many studies (Hedaoo et al., 2015; Hosain et al., 2019; Lim et al., 2021) stated that the 

use of galvanised steel decks provides an economic benefit with fast-track construction 

since steel decking is used as a permanent component, which shortens the formwork 

removal process and requires fewer installed props during the construction stage. There 

are many steel decking products available on the market. Hence, the re-entrant profile 

�V�W�H�H�O���V�K�H�H�W�L�Q�J�����V�X�F�K���D�V�����%�2�1�'�(�.���´�� ���/�\�V�D�J�K�W�����������������E�U�L�Q�J�V���P�R�U�H���J�H�R�P�H�W�U�L�F���D�G�Y�D�Q�W�D�J�H�V��

compared to the other profile systems. This evidently provides more structural space in 

the concrete area for the use of prestressed reinforcement compared with other decks 

having higher ribs. Therefore, the re-entrant profiles are more favourable in building 

practice, particularly when combined with the post-tensioning system (Patrick & Lloyde, 

2008).  

Besides those given benefits in the application of steel sheet, research by Porter et al. 

(1975) and Eldib et al. (2009) indicated a major structural characteristic of this composite 

structure. Their findings demonstrated that the nature of the steel sheeting geometry 

creates two distinct directions for the slabs. The longitudinal direction, which is parallel 

to the ribs, is the strong direction of slabs since the sheeting ribs contribute to enhancing 

the tensile strength of the concrete bottom face. On the other hand, the transverse 

direction, which is perpendicular to the ribs, is referred to as the weak direction. 

Consequently, the asymmetrical nature of composite floors in both directions introduces 

many differences from conventional concrete floors, including variations in bending 

stiffness between the two directions, as extensive research has been studied (Kubic & 

Daniels, 1979; Wei et al., 2006; Feng et al., 2015; Dinh et al., 2022). 

2.2.1 Profiled steel sheeting 

Profiled steel sheeting is one of the most crucial elements used in composite steel-

concrete floors. According to Wright et al. (1987), steel sheeting offers several 

advantages: (1) it provides a platform to support construction loads and a safe surface for 

construction workers; (2) it serves as a permanent form for the in-situ cast concrete slab, 

thereby saving time and cost without the removal process; (3) its geometry can effectively 
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reduce the concrete volume, thus decreasing the overall dead loads; and (4) it enhances 

the tensile strength of the bottom face of the concrete slab by acting as a permanent form. 

Various types of steel decking have been introduced to construction practice, typically 

defined based on the different profile ribs they possess, such as re-entrant ribs, 

trapezoidal, L-shaped, or re-entrant L, and flat deck profiles (without ribs). Based on the 

studies by Mäkeläinen and Sun (1999), Gholamhoseini et al. (2014), and Bai et al. (2020), 

one of the most common failure modes for composite slabs is horizontal shear failure or 

shear bond failure, which involves slipping and separation between the profiled steel 

sheeting and the concrete topping. Compared to flat-deck profiles, other steel sheet 

profiles with encased ribs in concrete form rib shear connectors that can transfer 

longitudinal shear between the interface of concrete and steel components. As a result, 

steel sheeting types with oriented ribs can enhance the adhesive bond and longitudinal 

shear resistance between the concrete surface and the steel deck, thereby increasing the 

strength, stiffness, and ductility of composite slabs. (Burnet and Oehlers, 2001).  

Push test results from the studies by Stark (1978) and Burnet (1998) demonstrated that 

separation at the steel-concrete interface for re-entrant profiles was less than that for 

trapezoidal profiles. According to Fielder (2008), the material specifications for the 

"RF55" product (re-entrant type) indicate double the stiffness in both vertical shear and 

web crushing resistance compared to the "KF40" product (trapezoidal type). Therefore, 

re-entrant profile types of steel sheets are more widely used than trapezoidal profiles. 

Additionally, Patrick and Lloyde (2008) mentioned that shallow decking ribs can 

minimize intrusion into a slab soffit, thereby providing more space for the installation of 

reinforcement. By combining these factors, the BONDEK steel sheet produced by 

Lysaght offers one of the most efficient products, with re-entrant profiles and 55mm of 

deck ribs.   

2.2.2 Various aspects of composite slabs  

The field of research on composite slab decks has undergone extensive development, 

integrating concrete materials with profiled steel sheeting and reinforcement to establish 

durable structures. A foundational framework emerged for assessing the performance of 

composite slabs, highlighting significant reductions in structure weight, construction 

costs, time, and deformations (Wright, 1987; Wright & Evans, 1988; Johnson, 2004). 
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Several researchers have delved into the behaviour of one-way composite slabs under 

bending, with a predominant focus on analysing the flexural characteristics of the floor 

(Klaiber & Porter, 1981; Daniels & Crisinel, 1993; Chen, 2003; Lee et al., 2001). Several 

articles have explored the shear-bond interface of composite structures, considering 

factors such as rib embossments (Shen, 2001; Marimuthu et al., 2007), deck profiles 

(Gholamheseini et al., 2014; Thondel & Studnicka, 2012), and their impact on the shear-

bond strength of composite slabs (Siva et al., 2016; Burnet & Oehlers, 2001). However, 

these investigations predominantly revolve around the strong direction of the floor 

parallel to the ribs. Typically, the transverse direction (perpendicular to the steel deck 

ribs) remains overlooked, with little consideration of its contribution to the structure when 

designing a composite floor system.  

2.2.3 Flexural behaviour of composite slabs 

Research has expanded to explore the application of floors in two-way action (Pereira & 

Simões, 2019; Porter & Ekberg, 1977; Kubic & Daniels, 1979; Zhan et al., 2022), aiming 

to broaden the application of composite floor systems and increase floor space in both 

directions. Five tests were first conducted on full-scale composite slabs with a single span, 

supported at four edges, examining the loads transmitted in both directions (Porter &  

Ekberg, 1977). Then, Eldib et al. (2009) used these specimens as a reference for validation 

in their modelling analysis, focusing on the impact of the slab aspect ratio and slenderness 

ratio on the service and ultimate flexural behaviour of floor systems. Both investigations 

found that, under load application, the composite slab system exhibited one-way 

behaviour in its flexural response, which was primarily governed by the transverse 

direction of the slabs. Approximately 80�±90% of the initial load increment was 

transmitted in a longitudinal direction, parallel to the deck ribs.  

The parametric study of Eldib et al. (2009) indicated that within aspect ratios from 0.5 to 

1, there was no remarkable change in the one-way bending behaviour of composite slabs 

in both service and ultimate conditions, unless the aspect ratio was increased to 2 when 

the percent of distributed loads in both directions became nearly equal at 50%. As a result, 

the greater the ratio of the span parallel to the deck ribs and the span perpendicular to the 

deck ribs, the more the composite plate's mechanical performance tended to the two-way 

slab behaviour. The research conducted by Kubic &  Daniels (1979) also concluded that 

steel-deck-reinforced concrete slabs exhibit enhanced efficiency in responding to two-
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way bending when the ribs are oriented in a much longer direction. Nevertheless, most of 

these investigations concentrated on the bending characteristics of two-way composite 

slabs comprising profiled steel, beam systems, and shear studs.  

In cases where a profiled steel composite deck was used as a two-way plate, the material 

strength aligned with the plate ribs was not exerted sufficiently, causing the weak 

direction perpendicular to the ribs to govern more of the flexural behaviour (Wei et al., 

2006). To distinguish between a one-way plate and a two-way plate in reinforced concrete 

slabs, American standards (AASHTO, 2012) have adopted an aspect ratio of 2. However, 

Feng et al. (2015) suggest that the differentiation between one-way and two-way slabs in 

steel-concrete composite decks should be an aspect ratio of 3.  

2.2.4 Application of post-tensioning systems in composite slabs 

The application of composite slabs extends beyond reinforcing bars, incorporating the 

post-tensioning method, a highly effective strengthening technique for current floor beam 

systems. Pattrick & Lloyde (2008) employed the "KF57" structural steel deck from 

�)�L�H�O�G�H�U�V�¶���P�D�Q�X�D�O���������������� �W�R�� �F�R�Q�V�W�U�X�F�W���R�Q�H-way post-tensioned composite (PTC) floors. 

This experimental study aimed to assess the load-deflection curves for distinct floor types, 

including plain post-tensioned (PT), plain composite, and PTC slabs. In the investigation 

by Ranzi et al. (2013), a post-tensioning system was applied to two different deck forms, 

namely "Condeck HP" and "Primeform," with a focus on evaluating the contribution of 

profiled steel sheeting to the load-carrying capacity of this floor system type. The study 

incorporated various geometric and material characteristics in the model to analyse the 

influences of floor systems on moment capacity (Ranzi, 2013; Ranzi & Ostinelli, 2017). 

The theoretical investigation also delved into the partial shear connection behaviour of 

composite slabs.  

Among the existing research, Rana et al. (2015) presented finite element (FE) models of 

one-way PTC slabs to capture the effects of profiled steel sheeting on PT floors, with a 

primary focus on the bond-slip effect of PTC slabs. Nonetheless, these aforementioned 

studies were limited as post-tensioning systems are primarily implemented in a one-way 

direction within the composite floor, particularly along the strong direction of the ribs. 

When designing composite floors for two-way action or flat plate slab options, it is critical 

to emphasize the weak direction of steel sheeting for bending stiffness enhancement. 
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Consequently, research focusing on the impact on the transverse direction of composite 

structures plays a more crucial role in this case.  

The installation of post-tensioning systems in this transverse direction of steel deck 

concrete slabs addresses significant limitations in the current code of practice or available 

design methods. Only the Lysaght manual (2023) recommends installing straight tendons 

on the sheeting ribs of PTC slabs for effective crack control and stress distribution; 

however, it does not mention the potential benefits of using profiled tendons with a 

parabolic shape. This parabolic profile appears to produce a higher eccentricity of tendon, 

which allows for load balancing to counteract the structural slab's self-weight. 

Consequently, there is a noticeable research gap focusing on the effects of various tendon 

profiles on the specific transverse direction of PTC slab systems. 

In a current review, there is a lack of research findings about the use of post-tensioning 

in the two-way action behaviour of composite floor systems, and there is also no 

investigation examining the impact of post-tensioning on the transverse direction of this 

specific floor type. Only Dinh et al.'s (2022) recent investigation first assessed the 

application of a post-tensioning system on the two-way action of composite slab 

structures. This research aligns with prior studies by emphasising the significance of 

weak-direction deflection in affecting the bending behaviour of reinforced composite or 

post-tensioned composite slabs. Specifically, the study revealed a nearly 50% reduction 

in stiffness ratio in the transverse direction of the composite floor when compared to a 

normal concrete slab of identical dimensions. Conversely, the stiffness in the longitudinal 

direction increased by 30%. As a result, the disparity between the two axes was measured 

at 2.6. 

2.3 Review of code provisions  

2.3.1 Strength design of one-way post-tensioned composite slab 

According to Ranzi & Ostinelli (2017), a theoretical approach was established in their 

research to address the gap in the existing available code method for PTC slab systems. 

along the longitudinal directions The obtained results were validated against the 

experimental measurements to calculate the ultimate flexural strength of this design. 

Hence, in their theoretical study, several assumptions were made regarding the 
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calculation procedure for the moment capacity of the PTC slab. These assumptions 

include: (1) considering that the concrete element only resists compressive stresses and 

using a rectangular stress block to represent concrete stress (as shown in Figure 2.1); (2) 

assuming that plane sections remain plane and perpendicular to the member axis; (3) 

taking into account both full and partial shear connections at the interface between the 

concrete and steel deck; and (4) describing prestressing using a simplified method based 

on the stress-strain model of prestressing tendons. 

 

Figure 2.1: The stress-strain distribution in the design approach  
(Ranzi &  Ostinelli, 2017) 

 

According to the theoretical studies of Ranzi &  Ostinelli (2017), the ultimate bending 

moment of the given PTC section is determined as follows: 

�/ �è 
L �0�Ö�V�Ö
F �0�ã�å�Ø�V�ã�å�Ø
E�/ �ã�å  (2.1)  

Moreover, based on Ranzi &  Ostinelli (2017), �0�ã�å�Ø  is defined as follows: 

�0�ã�å�Ø
L �ê�ã�è�#�ã�å�Ø                                               (2.2) 

�ê�ã�è is calculated based on Australian guidelines (AS3600, 2018) as: 

�ê�ã�è 
L �B�ã�Õ�:�s
F
�Þ�-�Þ�.

�

�;  (2.3) 

Otherwise, �G�5 and �G�6 are calculated from: 

�G�5 
L �r�ä�t�z���B�K�N���B�ì�ã�å�Ø���B�ã�Õ
R�r�ä�{��  (2.4) 
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�G�5 
L �r�ä�v���B�K�N���B�ì�ã�å�Ø���B�ã�Õ
O�r�ä�{��   (2.5) 

�G�6 
L
�5

�Õ�Ð�Ñ�×�Û�Ý�Ð�Ù�Î�ò
�>�#�ã�å�Ø�B�ã�Õ
E�#�ã�Ø�B�ì�ã 
E�:�#�æ�ç
F�#�æ�Ö�;�B�ì�æ�?          (2.6) 

2.3.2 Service design of one-way composite slab  

AS3600 (2018) provides a simplified method for determining the deflections of 

reinforced concrete beams, which can also be applied to calculate the deflections of one-

way reinforced slabs. As highlighted in the review by Liang (2015), this simplified 

method is also used to calculate the deflections of composite slabs with profiled steel 

sheeting. The immediate deflections of the composite slab under short-term service loads 

can be computed by considering crack control. Specifically, the steel sheeting and 

conventional reinforcement areas are converted to an equivalent concrete area using the 

modulus ratio illustrated in Figure 2.2. 

 

Figure 2.2: Cross-section and transformed cracked section (Liang, 2015) 

 

In this method, the neutral axis �@�á can be determined by equating the first moment of 

area of the compressive and tensile areas about the neutral axis as follows: 

�5

�6
���>�@�á

�6 
L �J�#�ã
k�@�ã 
F�@�á
o
E�J�#�å�:�@�å
F �@�á�;                            (2.7) 

The second moment of area of the cracked section can be obtained by taking the second 

moment of area about the neutral axis as: 

�+�Ö�å
L
�5

�7
�>�@�á

�7 
E�J�#�ã
k�@�ã 
F�@�á
o
E�J�#�å�:�@�å 
F �@�á�;�6                  (2.8) 

The effective second moment of area of the section evaluated by Branson (1963) is:  
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�+�Ø�Ù
L �+�Ö�å
E�:�+�Ú
F �+�Ö�å�;�:
�Æ�Î�Ý

�Æ�Þ�Ð
�;�7 
Q�+�Ú                                          (2.9) 

Hence, the short-term deflection is calculated using equation 4.2(1) given by Chowdhury 

&  Loo (2018) for the simply-supported condition under the distributed loading. 

�Ü
L
�9�ê �Å�0

�7�<�8�¾�Î�Â�Ð�Ñ
                                                               (2.10) 

2.3.3 Service design of post-tensioned slab  

In the evaluation of serviceability design presented by Gilbert et al. (2015), simplified 

techniques employing the calculation of the effective second moment of area (�+�Ø�Ù) are 

utili sed to determine short-term deflection. However, it has been observed that the 

equations used to estimate �+�Ø�Ù for a reinforced section are not directly applicable to 

prestressed concrete, as �+�Ø�Ù does not fall within the range between the second moment of 

area of the uncracked section (�+�è�á�Ö�å) and the transformed crack section (�+�Ö�å). 

Consequently, the empirical equation for �+�Ø�Ù proposed by Branson (2010) has been 

incorporated into various codes and specifications, including AS 3600 (2018). For 

prestressed concrete sections, the following equation can be employed: 

�+�Ø�Ù
L �+�Ô�é
E�:�+�è�á�Ö�å
F �+�Ô�é�;�:
�Æ�Î�Ý

�Æ�Ð�ã�ß�á�,
�;�7 
Q�+�è�á�Ö�å       (2.11)  

�/ �Ö�å is the cracking moment, AS 3600 (2018) suggest that the cracking moment maybe 

taken as: 

�/ �Ö�å
L �<�@�B�Ö�ç�ä�Ù
�ñ 
E

�É

�º
�A
E�2�A��
R�r                (2.12) 

The short-term deflection of the one-way simply supported post-tensioned slab can be 

determined as: 

�G�4 
L
�Æ�Ð�ã�ß�á�, �>�ì�Û�É

�¾�Î�á�, �Â�Ð�Ñ
    (2.13) 
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2.4 Review of existing numerical analysis 

2.4.1 Post-tensioned structures 

2.4.1.1 Contact method for post-tensioning system 

Kang & Huang (2012) introduced a modelling technique known as the "contact method" 

for simulating prestressed structures. Instead of directly considering the interaction 

between tendons and surrounding concrete elements, they employed sheathing as a 

replacement for contact formulation. This approach involves embedding the sheathing 

into the concrete elements to ensure deformation compatibility, as depicted in Figure 2.3. 

As a result, this technique offers a more accurate representation of the behaviour of 

prestressing strands in practical scenarios and allows modelling in both bonded and 

unbonded conditions. The interface modelling between tendons and corresponding 

sheathing is achieved using the surface-to-surface contact capability provided by 

ABAQUS contact formulations. For the unbonded condition, a "frictionless" behaviour 

was defined as free slipping of the tendon within the sheathing during the prestressing 

stage. Conversely, the bonded condition was defined as a transition from "frictionless" to 

"rough" (infinite friction), ensuring perfect bonding between the tendons and the inner 

face of the duct members after prestressing. 

 

Figure 2.3: Contact method for PT modelling techniques (Kang & Huang, 2012) 

 

2.4.1.2 Spring method for post-tensioning system  

�2�Q�H���R�I���W�K�H���Q�X�P�H�U�L�F�D�O���P�H�W�K�R�G�V���X�V�H�G���L�Q���.�D�Q�J���	���+�X�D�Q�J�
�V�����������������D�Q�D�O�\�V�L�V���Z�D�V���W�K�H���³�6�S�U�L�Q�J��

�V�\�V�W�H�P�� �P�H�W�K�R�G���´�� �Z�K�L�F�K�� �L�Q�Y�R�O�Y�H�V�� �D�� �O�D�U�J�H�� �Q�X�P�E�H�U�� �R�I�� �O�L�Q�H�D�U�� �V�S�U�L�Q�J�V�� �W�R�� �H�O�L�P�L�Q�D�W�H�� �W�K�H��
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boundary nonlinearity (see Figure 2.4). This approach includes models of real and virtual 

tendons without the sheathing cover. They are connected by a spring attached at each 

node. The stiffness of linear springs was defined as being rigid enough to rotate without 

�D�[�L�D�O���R�U�� �E�H�Q�G�L�Q�J���G�H�I�R�U�P�D�W�L�R�Q�V�����7�K�H�� �Y�L�U�W�X�D�O�����W�U�L�Y�L�D�O�����W�H�Q�G�R�Q�V���Z�L�W�K���D���Y�H�U�\�� �V�P�D�O�O���<�R�X�Q�J�¶�V��

modulus were embedded in the concrete element, ensuring no effects on the structural 

behaviour of the concrete structures. The parametric study of Kang & Huang (2012) also 

examined the optimal spring quantity, location, and length. Their analysis demonstrated 

that the quantity of springs or spring length had no effect on the analytical results as they 

would converge to a unique solution if the springs were in the necessary locations of 

contraflexure points or under loading points. 

 

a) Description of unbonded post-tensioned modelling technique 

b) Concrete finite element meshes and unbonded tendon modelling systems 

Figure 2.4: Spring method for PT modelling techniques (Kang and Huang, 2012) 
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2.4.1.3 Interface method for post-tensioning system 

The FEM techniques for the PT structures were first introduced by Ellobody & Bailey 

(2009) when examining the effect of fire conditions on an unbonded post-tensioned slab. 

During the prestressing stage, the interaction between the tendon and the surrounding 

concrete element was modelled (refer to Figure 2.5). According to numerical studies by 

Ellobody & Bailey (2009) or Khatib et al. (2018), the direct surface interaction (in contact 

pair options) of the inner concrete interface and tendon was specified with tangential and 

normal behaviours. For tangential behaviour, no friction was modelled between two faces 

�W�R���U�H�V�H�P�E�O�H���X�Q�E�R�Q�G�H�G���W�H�Q�G�R�Q�V�����D�Q�G���Q�R�U�P�D�O���E�H�K�D�Y�L�R�X�U���Z�D�V���G�H�I�L�Q�H�G���D�V���³�K�D�U�G���F�R�Q�W�D�F�W�´���W�K�D�W��

allows the interface element to displace relatively without penetration. 

 

a) Interface method used for the contact of post-tensioning system in concrete 
element 

b) FEM results: stress distribution of concrete under fire condition 

Figure 2.5: Interface method for post-tensioned modelling techniques through 
ABAQUS software (Ellobody &  Bailey, 2009) 
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2.4.2 Composite structures 

2.4.2.1 Contact method for concrete and steel sheet interaction 

Specific numerical studies (Montha & Sirimontree, 2018; Katwal et al., 2018; Tong et al., 

2019; Sundararooban & Krishnan, 2017) have developed three-dimensional (3-D) non-

linear FE models using ABAQUS software to study the behaviour of composite slab 

systems. To avoid the problems of high computational cost and numerical convergence, 

the steel sheet and concrete interface was modelled by utilising the contact properties with 

hard contact for normal behaviour and applying penalty friction for tangential behaviour 

(see Figure 2.6). The friction resistance input with a given friction coefficient in the model 

allows the profiled steel deck to slide against the concrete surface in a tangential direction. 

The shortcoming of this model is that it cannot represent the full-range bond-slip 

relationship between steel sheeting and concrete because the surface interaction 

mechanism is defined only by the friction property. In the contact properties, the bottom 

face of the concrete element is treated as a master surface due to its higher stiffness; 

otherwise, the steel decking is defined as a slave surface. 

 

Figure 2.6: Finite element model of the contact method for steel sheeting and concrete 
bottom face by Albarram et al., (2020) 
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2.4.2.2 Radial-thrust method for concrete and steel sheet interaction 

The connector element of radius type (CONN3D2), as depicted in Figure 2.7, has been 

utilised in the modelling investigations conducted by Rana et al. (2015), Abdullah et al. 

(2007), and Abdullah et al. (2020) to simulate the interaction between the concrete and 

steel sheeting. This approach permits the specification of distinct radial and thrust 

displacements. Radial displacement refers to the slip between the concrete and steel sheet, 

whereas thrust displacement represents the separation between these two components. 

Each connector element connects a pair of nodes, one in the concrete and one in the steel 

sheet, which are nearest to each other. The bond-stress slip data obtained from Rana et 

al.'s (2015) push tests was transformed into load versus slip patterns and assigned to the 

connector's properties. As a result, the study by Rana et al. (2015) produced bond-stress 

slip curves in various steel sheeting profiles. This technique also includes the input 

properties of friction coefficients. 

 

a) Overview of the finite element mesh b) Radial thrust connector at interface 

c) Bond stress-slip curve d) FEM results: stress distribution 

Figure 2.7: Radial thrust method simulation through ABAQUS software  
(Rana et al.,2015) 
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2.4.3 Prestressing mechanism 

The method known as the "temperature field via cooling tendon" or "cooling method" has 

been employed in the prestressing process in the studies conducted by Bailey & Ellobody 

(2009), Kang &  Huang (2012), and Wang et al. (2017). This method involves 

manipulating the temperature along the tendon element to achieve prestressing. The 

assumption is made that a uniformly distributed prestress field is obtained after post-

tensioning, without considering the precise simulation of stress loss. This approach is 

based on the principles of Hooke's law with thermal effects, where temperature changes 

result in volume changes and generate thermal stresses. However, achieving the desired 

prestress requires several iterations to attain the target stress value, which can be time-

consuming and computationally demanding. A similar setup to real-world practice 

requires anchorages at both ends to maintain an increasing stress during the prestressing 

stage and ensure it remains at the desired value afterwards. In their numerical modelling, 

Kang & Huang (2012) demonstrated the simulation of end anchorages for post-tensioning 

strands using beam multi-point constraints (MPC). This technique creates a rigid beam 

that enables the modelling of compatible deformations between the tendon and concrete 

nodes. 

2.5 Review of existing experimental work 

This section presents experimental programmes relating to composite, PT, and PTC 

structures, with an emphasis on two major purposes. The first goal is to understand the 

methods or solutions used in previous works to set up dimensions, loads, support 

conditions, and test results in each experiment. The second consideration is the intended 

use of these testing specimens in the numerical analysis. Experimental data is critical for 

verifying the FE models and, in particular, improving the techniques being used for the 

simulations. Hence, the diversity of testing is considered in this section, with varying PT 

structures, tendon profiles, eccentricity, tendon prestress forces, or different steel sheets 

employed in each specimen. This variety of experiments can broaden the scope of testing 

on PTC slabs, as well as aid in the performance of numerical studies that compare the 

validity of various FE techniques. 
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2.5.1 Post-tensioned composite structures 

Despite the widespread use of PTC slabs, research and experimental programmes in this 

field are limited. Schravendeel et al. (1990) initially highlighted the feasibility of 

employing post-tensioned systems in composite slabs. Subsequently, Koukkari (2001) 

explored the use of profiled steel decking for implementing unbonded post-tensioning 

tendons. Several years later, Patrick &  Lloyde (2008) conducted the first experiment in 

Australia utilising the "KF57" structural steel deck from Fielders (2008) to construct a 

post-tensioned composite floor (refer to Figure 2.8). This research was the first and only 

existing comparative study to examine the flexural behaviour of plain PT slabs, composite 

slabs, and PTC slabs. In this experiment, the results highlight that the PTC slab reached 

the highest peak of jacking load with fewer deflections when compared to other slab 

systems. Within the strong direction of PTC slabs, the steel decking makes a major 

contribution to the flexural strength of the slabs. 

 

 

a) One-way PTC slab testing b) Jacking force procedure 

Figure 2.8: Experimental program of one-way PTC slab (Pattrick & Lloyde, 2008) 

 

In addition, Ranzi et al. (2013) proposed essential tests to be carried out on one-way PTC 

slabs using "Condeck HP" and "Primeform" deck forms. A total of six samples were 

prepared, four of which involved the combination of profiled steel sheeting and post-

tensioning strands. The specimens had a full length of 7200 mm with an internal simply-
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supported span of 6000 mm (see Figure 2.9). This experimental programme captured the 

models needed to predict the flexural strength of PTC systems based on the partial shear 

connection theory. These models were then applied to evaluate the impacts of geometric 

and material properties on the moment capacity of the slab. Although the models are 

slightly overestimated in the case of full shear connections, they still provide fundamental 

knowledge for the theoretical development of PTC slab systems. 

 

a) Loading and support conditions  

b) Overview of samples during ultimate test 

Figure 2.9: Testing of one-way PTC slab (Ranzi et al., 2013) 

 

2.5.2 Post-tensioned structures 

Cooke et al. (1981) conducted a research experiment focusing on PT structures, 

specifically the simply supported one-way slab system (see Figure 2.10), to gain a 
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comprehensive understanding of the stress on the prestressing steel at the flexural 

strength. The tendon was meticulously measured from the prestressing stage to the point 

where it reached ultimate strength. The results obtained from Cooke et al.'s (1981) study 

showed distinct flexural behaviour for each investigated slab in both bonded and 

unbonded systems. Furthermore, fracture patterns and longitudinal concrete strain under 

cracking load and at the stage of greatest deflection were analysed.  

Figure 2.10: Plan and elevation of instrumentation on one-way PT slab- slab 5  
(Cooke et al., 1981) 

 

Du & Tao (1985) conducted an experiment using post-tensioned beam members to 

investigate the impacts of various parameters such as concrete strength, non-prestressed 

and prestressed reinforcement layouts, and prestressed forces. Figure 2.11 depicts the 

testing layout for these specimens. In this programme, the load-displacement 

relationships were thoroughly examined to investigate the flexural behaviour and ultimate 

strength of the specified beams. Additionally, the ultimate stress of the unbonded tendon, 

the distribution of compressive strain in the concrete, and the patterns of flexural cracking 

were also analysed. 
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Figure 2.11: Cross-section, loading arrangement and instruments for PT beam testing 
(Du & Tao, 1985) 

 

There has been limited research on the use of profiled curve tendons for post-tensioned 

(PT) structures. One such effort was undertaken by Lou et al. (2013), who employed 

parabolic tendons in their continuous prestressed beam testing. According to Figure 2.12, 

a single parabolic tendon was used for each continuous beam, along with non-prestressed 

reinforcement that included bending and shear reinforcing bars. Lou et al. (2013) focused 

on several parameters, including load-deflection curves on both spans, an increase in 

stress of the unbonded tendon, as well as charts depicting the load-moment curve and 

load-reaction force at the support. These findings are of significant importance in the 

domain of numerical modelling, as they help investigate the nonlinear behaviour of 

parabolic tendons in continuous beams. 

 

Figure 2.12: Cross-section and detailed loadings and support for continuous PT beam 
testing (Lou et al., 2013) 
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capacity, crack behaviour, and shear-bond analysis in two-way composite floors. The set-

up of testing specimens is shown in Figure 2.14 with specific dimensions, loading, and 

boundary conditions. This experiment serves as a crucial foundation for the analysis of 

both directions on composite floors. When subjected to applied loads, the results 

demonstrate a rapid reduction in stiffness in the transverse direction of the floor, with 

limited load-carrying capacity. At the service stage, the disparity between the distributed 

reactions in the strong and weak directions is 60%, but gradually increases to 80% at the 

ultimate stage. 

 

Figure 2.14: Test set-up of typical two-way composite slab systems (Porter, 1988) 

2.6 Review of structural design methodology and sustainable assessment 

2.6.1 Structural design methodology 

Several studies have emphasized various design methodologies for concrete floors, 

ranging from RC to PT structures. In the research by Miller and Doh (2015), the design 

strategy employed two main software tools: RAM Concept for 3D FEM analysis and 

RAPT for 2D analysis. These software programs effectively support RC and PT floor 



CHAPTER 2: LITERATURE REVIEW 

 

58 
 

design based on the Australian Code of Practice and standards (AS3600, 2018). The 

results obtained from the two software programs were compared with each other and with 

manual calculations to design complete reinforcement for RC and PT floors. The case 

study performed included two existing building types to compare the structural design of 

PT and RC floors across different structures, such as one-way beams, two-way beams, 

and flat plate slabs. 

In a study by Trinh et al. (2018), a simplified design method based on AS 3600-2018 was 

used for designing RC and PT floors, along with an interaction diagram for designing RC 

columns. A case study was conducted on an office building to design RC and PT floor 

structures. 

Jayasinghe et al. (2021) utilized Concept V4 software, developed by The Concrete Centre 

(2020), to design various slab systems, including one-way slabs, two-way slabs, flat slabs, 

hollow core slabs, and ribbed slabs. This software effectively supports the design of 

reinforcement and estimates cost and embodied energy based on the bill of quantities for 

the required materials. Two scenarios were conducted on a single-story frame to account 

for material, formwork, story height, and construction time. 

However, based on the literature review, it is evident that there is a significant gap in 

design methodologies for PTC systems. No current studies have included an analysis of 

this type of floor, with most focusing on PT floors or composite floors separately. 

Therefore, developing a simplified design approach for PTC floors is both important and 

necessary. This will help expand research and advance the structural design methodology 

for PTC floors in the future.  

2.6.2 Sustainable assessment 

Several researchers have investigated and analysed the cost-performance and 

environmental impacts of optimising the appropriate structural solution. The study by 

Copiello (2016) demonstrates a positive non-linear relationship between embodied 

energy (EE) and construction material costs, implying that if EE values exceeded a 

particular threshold, the cost increased more than proportionally. Otherwise, Jiao et al. 

(2012) represented the correlation between EE and construction cost, which includes 

labour cost, working time, and the embodied energy of labour. Jayasinghe et al. (2021) 

also studied various alternative floor structural designs corresponding to variable span 
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lengths to determine the optimal cost as well as carbon emissions. The key findings in 

their research indicate that a flat slab is the most optimal option in the range of 6m to 8m 

of span length, and the post-tensioning systems may assist this floor type to cut on 

expenses and related EE when the column spacing is greater than 7m. 

In a study by Drewniok (2021), the findings indicated that waffle slabs had the lowest 

embodied carbon for all feasible spans, while hollow-core slabs were the second-best 

option for spans longer than 7 metres. On the other hand, flat slabs, two-way slabs, and 

post-tensioned flat slabs were observed to have similar embodied carbon for spans 

ranging from 4 to 7 metres.  

Miller et al. (2015) conducted a study to compare the embodied energy of one-way 

spanning slabs and flat slabs with and without drop panels using a fixed column grid. The 

results indicated that all three types of slabs exhibited a reduction in embodied energy of 

up to 49% with post-tensioning. The study also found that the reinforced flat slab design 

had a lower embodied energy of 7% compared to the other two reinforced solutions, 

which had nearly the same level of embodied energy. According to Trinh et al. (2018), 

the use of pre-stressed tendons leads to a notable reduction in material requirements and 

�U�H�O�D�W�H�G���H�P�E�R�G�L�H�G���L�P�S�D�F�W�V�����U�D�Q�J�L�Q�J���I�U�R�P���������������W�R�����������������7�K�H���V�W�X�G�\�¶�V���I�L�Q�G�L�Q�J�V���L�Q�G�L�F�D�W�H��

that reducing the weight of a building does not always lead to a decline in embodied 

emissions. 

The study by Gan et al. (2017) evaluates and compares the embodied carbon of various 

building materials, taking into account the carbon emissions from their manufacturing 

and transportation. When compared to composite and reinforced concrete buildings of the 

same structural form and height, steel buildings have a 50�±60% lower total weight but a 

25�±30% higher embodied carbon.  

2.7 Summary 

This chapter has been the subject of an extensive literature review, comprising numerical, 

experimental, and theoretical studies. Numerous finite element (FE) methods have been 

developed for the modelling of PT and composite structures; however, comprehensive 

comparisons among these methods are lacking. Only Rana et al. (2015) has conducted 

numerical analysis of one-way PTC slabs, focusing on the bond-slip relationship between 
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concrete and steel sheets rather than the prestressing process. Hence, this research gap 

highlights the need for further numerical investigations, which require conducting in-

depth analysis of these combined modelling techniques along with validation against 

testing data. 

From an experimental standpoint, the existing research has predominantly concentrated 

on the one-way behaviour of PTC slabs aligned with the longitudinal direction of steel 

sheeting. According to the literature review, the majority of studies suggest that the 

flexural behaviour of two-way composite slabs exhibits one-way bending at the ultimate 

limit state, governed by the transverse direction of the steel sheeting. As a result, there is 

a critical need for further experimental programmes specifically addressing the weak 

direction of PTC slabs, and hence these experiments will become the first available tests 

in this research domain. 

In terms of practical application, a significant challenge arises from the scarcity of studies 

and methodologies dedicated to PTC slab systems. Insufficient experimental programmes 

and numerical analysis for PTC floors have contributed to the absence of standardised 

codes or design methods for this specific slab type. Only the Lysaght manual (2023) 

recommends installing straight tendons in the transverse direction of PTC slabs for 

effective crack control and stress distribution; however, it does not mention the potential 

benefits of using other profiled tendons. Consequently, there is also a noticeable research 

gap required on the effects of various tendon profiles on the specific transverse direction 

of PTC slabs. Furthermore, additional experimental and numerical studies are required to 

assess the structural response of PTC slabs in a two-way action. By addressing these 

limitations, this will facilitate the development of a simplified design method, allowing 

engineering practitioners access to the structural design of this floor system. 

The extensive literature review highlights the importance of incorporating structural 

solutions into the design phase of building construction. Despite the numerous studies 

that have been carried out to reduce the quantity of required materials through slab 

optimization, there is still limited research on specific composite floor systems. In most 

studies, composite slab systems are claimed to reduce the cost of dismantling formwork, 

speed up processes, and decrease labour costs, but without any specific data relating to 

the comparison of this floor type with other conventional slabs. Hence, the research gap 

on PTC slabs from a design perspective has established the investigation of this thesis. 
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As a result, the critical research gaps are identified in the most up-to-date literature 

review. These research gaps are: 

�x The lack of a verification process for the combined numerical techniques used in 

the simulation of PTC slabs; 

�x No available experimental programmes investigated the post-tensioning impacts 

on the specific transverse (weak) directions of PTC slabs; 

�x The limitations of fully comprehensive research on the two-way flexural 

behaviour of full -scale PTC slabs; 

�x The absence of standardised codes of practice or design methods for the PTC slab 

systems; 

�x The lack of PTC slab assessment from a structural design perspective. 
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CHAPTER 3 

 EXPERIMENTAL PROGRAMME  

3.1 Introduction 

Based on the research gaps highlighted in Chapter 2, there is currently no available 

experimental programme specifically investigating the two-way behaviour or transverse 

direction of post-tensioned composite (PTC) slab systems. However, there are some 

existing tests related to two-way post-tensioned (PT) slabs, two-way composite slabs, and 

one-way PTC slabs across the longitudinal direction of steel decking. Due to the 

anticipated challenges in setting up large full-scale specimens for PTC systems and 

significant constraints in laboratory facilities, the research methodology was adjusted as 

mentioned in the introduction. In this case, the emphasis is on the numerical approach to 

cover a wider range of data for this project. As a result, the experimental approach in this 

study aimed to provide a supplement to existing experiments in the literature review and 

address knowledge gaps relating to the transverse direction of PTC slab systems. Then, a 

numerical study was conducted to extend the testing results and further investigate the 

two-way behaviour of full-scale PTC slab systems. 

According to the Lysaght manual (2023), the only recommendation for the transverse 

direction of PTC slabs is to install straight tendons on the sheeting ribs for effective crack 

control and stress distribution. However, the potential advantages of using profiled 

tendons with a parabolic shape, which are not mentioned in this guideline, appear to be 

more favourable. This tendon profile creates a higher eccentricity, which allows for 

greater load balancing to counteract the self-weight of the structural slab. Hence, a notable 

research gap has emerged to focus on the effects of different tendon profiles on the 

specific transverse direction (weak direction) of PTC slab systems. In response to this 
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issue, an experimental programme was carried out at Griffith Laboratory for the first time 

in this research field to investigate this knowledge gap. The decision was made to 

implement three PTC specimens in this experimental programme that investigate the 

weaker side of the steel deck-concrete, incorporating both straight and profiled tendons 

with different anchorage positions. Based on different stages of the experimental study, 

this chapter first outlines details of configurations, specimen preparation, experimental 

setup, and testing procedures for these PTC specimens.  

3.2 Testing setup 

3.2.1 Specimen dimensions and designations  

This experimental programme specifically highlights the influence of post-tensioning 

layouts on the transverse direction of concrete-steel deck structures. As highlighted in 

Section 2.2.2, when employing composite flooring on flat plate slabs, the transverse 

direction of this floor type predominantly governs the flexural behaviour of the floor in 

both the service and ultimate stages, and there is no discernible change in the behaviour 

when the length along the longitudinal direction is less than that of the transverse direction 

(Eldib et al., 2009). Therefore, to facilitate a setup appropriate to the capacity of test 

equipment in laboratory conditions that effectively reduce cost and time, the width of the 

specimen (longitudinal direction) in this case was reduced to a minimum of 200 mm, 

without consideration of secondary effects from the longitudinal direction. Hence, the 

increased length and effects of the longitudinal direction will be discussed later in the 

numerical analysis for the full-size PTC slabs.  

On the other hand, the length in the transverse direction of the floor type was set at 4 

metres. This dimension corresponds to the distance between two contra-flexural points 

for a 6-metre span from column to column (see Figure 3.1), assuming fully fixed support 

conditions. Instead of implementing the entire system with a fully fixed 6-metre span, 

w�K�L�F�K�� �U�H�T�X�L�U�H�V�� �V�X�E�V�W�D�Q�W�L�D�O���F�R�V�W�V�� �D�Q�G�� �H�[�S�H�U�L�P�H�Q�W�D�O���I�D�F�L�O�L�W�L�H�V�����W�K�H�� �V�S�H�F�L�P�H�Q�¶�V���H�I�I�H�F�W�L�Y�H��

length was reduced to 3.6 metres under simply supported conditions with approximately 

the contraflexure point at 0.21L from each end. This adjustment allowed for a focused 

study of flexural behaviour at the mid-span of the transverse direction. Therefore, aspects 

related to the column region and punching shear in this zone are beyond the scope of the 
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present study. In addition, a specimen thickness of 250 mm was selected to align with the 

typical thickness for concrete slabs with steel sheeting, as suggested by Lysaght (2023). 

This thickness, in turn, provides sufficient space for the installation of prestressed and 

non-prestressed reinforcement. 

 

 

Figure 3.1: Elevation view of typical 6-metre span of PTC slab 

 

The primary aim of this experimental programme is to investigate the load-carrying 

capacity and deformation characteristics of three PTC specimens incorporating different 

tendons profiles and anchorage positions. The configurations of the first two specimens 

were designed to demonstrate the influence of the tendon profiles, including straight and 

parabolic tendons. On the other hand, the third specimen's design aimed to provide a 

comparative evaluation of different anchorage positions on the specimen. These 

specimens maintained a consistent reinforcement ratio. 

According to Figure 3.2, specimen PTC-1 had a straight tendon running through its mid-

depth, positioned 125 mm from the top and bottom covers. While specimen PTC-2 

featured a profiled tendon with a maximum allowable eccentricity of 60 mm, signifying 

the distance between the centre of the prestressing tendons and the specimen's centreline. 

Both PTC-1 and PTC-2 specimens were subjected to the same anchorage conditions. On 

the other hand, PTC-3 was configured with an elevated anchorage zone at both ends, 

raisi�Q�J���W�K�H���D�Q�F�K�R�U�D�J�H�V���E�\���D�S�S�U�R�[�L�P�D�W�H�O�\���������P�P���W�R���L�Q�F�U�H�D�V�H���W�K�H���W�H�Q�G�R�Q�¶�V���H�F�F�H�Q�W�U�L�F�L�W�\���I�U�R�P��

60 mm to 90 mm. This represents the maximum allowable eccentricity that can be 

achieved by changing the location of each end anchorage. It is important to note that due 
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to the geometric shape of the profiled steel ribs, the eccentricity cannot exceed 60 mm 

�Z�L�W�K�R�X�W���D�O�W�H�U�L�Q�J���W�K�H���D�Q�F�K�R�U�D�J�H�V�¶���S�R�V�L�W�L�R�Q�V���L�Q���W�K�L�V���F�D�V�H. 

 

 

a) PTC-1 �± Straight Tendon 

 

b) PTC-2 �± Profiled Tendon (60 mm eccentricity) 

 

c) PTC-3 �± 30 mm Anchorage Lift -up (90 mm eccentricity) 

Figure 3.2: Reinforcement details of all test specimens (Dimensions in mm) 

 

3.2.2 Profiled steel sheeting  

The profiled steel sheeting used in this experiment was the standard BONDEK sheet 

provided by Lysaght (2023) (see Figure 3.3). This particular steel sheeting was selected 

in this study for some reasons: (1) It exhibits a high yield strength as compared to other 

steel deck products; (2) It features a rib height of approximately 55mm, which is relatively 

low to allow more space for the installation of reinforcement in concrete structures; and 

(3) The re-entrant profiles of the ribs have the potential to enhance bonding strength with 
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concrete elements more effectively than other decking profiles (Rana et al., 2015). 

Therefore, the shear-bond slip at the interface between concrete and this specific type of 

decking is minimised under the influence of bending effects. 

The steel sheet has an original dimension of 600 mm in width and a minimum length of 

1m, with a rib height of 55 mm. To accommodate the intended size of the specimen, a 

total of 7 pieces of steel decking were selected and subsequently cut into smaller 200-mm 

pieces (refer to Figure 3.3). These sheets were then interconnected by overlapping the 

ribs and utilizing interlocks, resulting in a combined length of 4 metres. To guarantee the 

integrity of the joints between the two steel plates during the test and prevent any 

disconnection that could potentially lead to localised damage affecting the results, two 

steel screws (6-mm types) were utilised at the overlapping areas of the ribs. 

 

 

a) Typical BONDEK dimensions 
(Lysaght, 2023) 

b) Cutting BONDEK into 200 mm width 

Figure 3.3: Dimensions and set-up of steel sheeting BONDEK 

 

3.2.3 Reinforcing bars  

According to AS 3600 (2018), two N12 bottom reinforcing bars were required for crack 

control due to dry shrinkage. An additional two N12 bars were placed at the top to address 

any cracking resulting from pre-compression caused by post-tensioning. Shear 

reinforcement was implemented using 12 mm-diameter bars spaced at 150 mm intervals. 

These shear bars were designed to be sufficiently strong to prevent the post-tensioning 
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from failing in shear, which could potentially lead to catastrophic damage during the 

experiment. As a result, each specimen was strengthened by incorporating four N12 

longitudinal bars running along it, while a total of nine N12@150 shear bars were 

positioned within a range of 1.2 metres apart from the two supports (as illustrated in 

Figure 3.4). The reinforcement ratio remained consistent at 0.9% in all three specimens. 

Due to the opposing orientations of the reinforcing bars and prestressing strands with 

�U�H�V�S�H�F�W���W�R���W�K�H�� �V�W�H�H�O���V�K�H�H�W�L�Q�J�¶�V���U�L�E�V�����W�K�H�� �S�O�D�F�H�P�H�Q�W���R�I�� �W�K�H�V�H���U�H�L�Q�I�R�U�F�H�P�H�Q�W�V���Q�H�F�H�V�V�L�W�D�W�H�G��

installing them on the top of the ribs. 

The steel installation procedure commenced externally, allowing for easier adjustments 

and interconnection of the steel bars before they were placed inside the mould. In details, 

�W�K�H���³�%�2�1�'�(�.�´�� �V�W�H�H�O���V�K�H�H�W�L�Q�J���Z�D�V���L�Q�V�W�D�O�O�H�G���I�L�U�V�W�����I�R�O�O�R�Z�H�G���E�\���S�R�V�L�W�L�R�Q�L�Q�J���W�K�H��bottom bars 

directly above the ribs. To secure the top steel bars, the logs were cut to a height of 203 

mm, ensuring a sufficient 25 mm cover for the upper steel. Once the longitudinal steel 

frame was firmly fixed, shear bars were inserted with a spacing of 150 mm, placing the 

adjacent stirrups symmetrically to prevent the steel frame from tilting to one side. Below 

the shear bars, 25-mm-high steel chairs were used to secure the steel in position and 

maintain adequate cover. Otherwise, plastic chairs with a 25-mm width were also placed 

on both sides of the shear bars to ensure cover for both sides. Steel wires were used to 

connect the longitudinal and shear reinforcements. This process was repeated for all three 

specimens before they were placed inside the mould. 

 

 

a) Preliminary design of reinforcement  
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b) Shear stirrups  c) Longitudinal bars 

Figure 3.4: Design and installation of steel bars reinforcement 

 

3.2.4 Post-tensioning systems 

A total of three post-tensioning strands (7-wire ordinary types), each measuring 12.7 mm 

in diameter, were employed. Two tendons from PTC-2 and PTC-3 were profiled 

(parabolic shape), while PTC-1 placed a straight tendon through the system. To achieve 

the desired tendon profile, chairs of varying heights (ranging from 65 mm, 80 mm, and 

125 mm) were connected with shear reinforcement to put the tendon in place. In the case 

of bonded prestressed tendon, 7-wire strands were encased within a 20-mm steel duct 

system. As a result, these ducts protect the tendon from direct contact with the concrete 

during the stressing process, and they also allow for grouting later to create a strong bond 

between the tendon and surrounding concrete. 

At each end of the tendons, anchorage was positioned. The live end served as the point 

for stressing the tendon, while the dead end secured it in place. At the live end anchorage, 

the anchor was affixed using two screws on either side of a steel plate, with foam 

employed to cushion any impact against the side formwork. A hole was then drilled in 

the side formwork to allow the tendon to pass through. For specimens PTC-1 and PTC-

2, both end-anchorages were installed at the mid-depth of the section, which is 125 mm 

from the bottom face. On the other hand, anchorages in the case of PTC-3 were placed at 

155 mm from the soffit, which is 30 mm higher than in other cases, to increase the 
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eccentricity of the tendon to 90 mm. The tendon was kept one metre longer at the stressing 

head to facilitate pulling and limit the pull-out impact of tendon damage to the technician. 

Otherwise, at dead-end anchorage, about 400 mm of tendon remained uncovered by the 

duct system, and a small amount of grease oil was applied around the tendon to reduce 

friction contact with the concrete during the jacking process. The plastic pipe was 

positioned lastly at the open end of the duct system and securely fastened with tape, 

enabling it to facilitate the grouting process at a later stage. The materials used for the 

installation process are shown in Figure 3.5. 

 

  

a) Live-end anchorage  b) 12.7 mm diameter strand 

  

c) Dead-end anchorage d) Layout at the dead-end 

Figure 3.5: Overview of post-tensioning system  
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3.3 Material properties 

3.3.1 Concrete 

Concrete with a target compressive strength of 40 MPa was employed in this experiment. 

The concrete mix was purchased from a local ready-mix supplier and produced using 

general-purpose cement, sand, and aggregate with a maximum size of 10 mm. To achieve 

a specified slump from 80 mm to 120 mm, small aggregates (less than 10 mm) were 

necessary to avoid voids in the concrete and enhance its workability.  

3.3.2 Steel bars and steel sheeting  

The deformed reinforcing bars D500 class N were used with a design yield strength of 

500 MPa intended for shear and bending (AS.3600, 2018). While the steel sheet 

BONDEK has a standard yield strength of 550 MPa (Lysaght, 2023), steel bars and steel 

sheeting have elastic moduli of 200 GPa and 205 GPa, respectively. 

3.3.3 Prestressing strands 

The prestressing strand used is of the 7-wire ordinary type, with a diameter of 12.7 mm. 

The ultimate strength of each strand is up to 1870 MPa, and its corresponding yield 

strength is 85% of the maximum tensile strength, according to AS3600 (2018). The elastic 

modulus for the prestressing strand is 195 GPa, with allowable errors within 10 GPa. 

3.4 Casting concrete specimen 

3.4.1 Casting concrete 

The concrete casting zone was carefully prepared with the final check of the mould 

strength prior to the arrival of the concrete truck. All necessary casting tools were 

prepared, including cylinders, a hammer, cone, vibration machine, shovel, water hose, 

and laboratory safety gear. To maintain cleanliness in the casting area and facilitate post-

casting cleanup, the floor was covered with a layer of black plastic (see Figure 3.6a). 

After that, concrete was procured from the Hanson company for delivery to the university 

laboratory. Prior to the pouring process, a slump test was conducted to assess the 

concrete's workability (refer to Figure 3.6c). Due to hot weather conditions causing rapid 



CHAPTER 3: EXPERIMENTAL PROGRAMME 

 

71 
 

evaporation, a small amount of water was added to the concrete mix. The resulting slump 

value measured 120 mm, falling within the acceptable consistency range for reinforced 

concrete structures. Subsequently, the amount of concrete was poured gradually into the 

mould, employing vibration to ensure even compaction within the specimen's positions. 

Careful attention was given to the uniform distribution and spreading of concrete across 

all areas. The edges of the timber mould were worked with a hammer to further ensure 

even spreading of the concrete and aggregate. 

After the mould was completely filled, excess concrete was removed, and the concrete 

surface was temporarily levelled to achieve the accurate specimen height. The remaining 

concrete was used to create 21 cylinders for testing concrete's compressive and tensile 

strength at various required milestones. The standard size cylinder used in the test was 

200 mm in height and 100 mm in diameter. To prevent concrete evaporation, the initial 

watering was applied an hour after the pouring process. Simultaneously, extra care was 

taken to smooth the surface, ensuring a visually pleasing appearance for these specimens 

(see Figure 3.6e). These specimens and cylinders were then left at the laboratory site, 

where the average temperature measures around 26�±27 degrees Celsius.  

 

  

a) Site preparation  b) Concrete truck  
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c) Slump testing d) Pouring concrete 

  

e) Screeding concrete f) Concrete cylinder 

Figure 3.6: Process of casting test concrete specimens 

 

3.4.2 Curing concrete 

The curing procedure was implemented for both testing specimens and concrete 

cylinders. To shield the concrete surface, a thin cushion was applied, preventing rapid 

evaporation of water, which could lead to voids on the surface and internal holes in 

concrete (see Figure 3.7a). Throughout the initial 7 days, these specimens underwent 

continuous watering twice daily, in the morning and afternoon. Subsequently, from day 

7 to day 21, water was applied once a day, and the watering process only stopped after 

the 21 days when the concrete had confirmed to reach 90% of its strength and had fully 

solidified. 
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For the curing of concrete cylinders, the steel mould was removed from the concrete 

cylinders after 24 hours, and these cylinders were submerged directly into a spacious 

basin filled with water, covering the cylinder surface by approximately 3 mm (see Figure 

3.7b). The water curing method was employed in this case due to its efficacy in ensuring 

superior concrete quality during the crucial stages of reaction and formation. Maintaining 

an optimal temperature of 23 degrees Celsius within the lab room, the cylinders 

underwent the curing process for a duration of 28 days. After specific intervals, three 

cylinders were extracted for testing, marking key milestones in the evaluation process. 

 

  

a) Curing test specimen b) Curing concrete cylinder in water 

Figure 3.7: Curing process of concrete specimens 

 

3.4.3 Jacking tendons 

The jacking tendon procedure was executed by skilled technicians from Tension 

Concrete, requiring precision and caution due to the risk associated with tendon 

overstressing, especially as only one tendon was used in each specimen. Initially, the 

concrete end face was removed, where the live-end anchorages were placed. 

Subsequently, the post-tensioned wedge was inserted into the tapered hole of the 

anchorage head. The hydraulic pump and stressing jack were set up and connected. The 

stressing jack was then positioned on the additional 1-metre length of tendon and attached 

to the wedge head (see Figure 3.8a). Prior to pulling, a white streak was marked on the 

top of the tendon for measurement of extension. The pressure pump was responsible for 
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controlling the hydraulic jack to stress the tendons. The procedure aimed for a target of 

85% of the tendon's tensile strength, with pulling force ceasing at 156 kN per tendon. 

Afterwards, the extension of each tendon was measured to estimate the stress loss in the 

tendon. Then, the excess 1-metre length of the tendon was cut. The grouting process 

involved creating concrete grout by mixing cement and water; a higher water content 

(approximately 60 to 70%) was added to facilitate grout flow through the duct system. 

The grout was injected into the plastic tube attached to one head, and the other end was 

monitored to confirm successful grout delivery (see Figure 3.8c). To assess the grout 

strength, small cube samples (50×50×50 mm) were extracted after one week. 

Additionally, the live-end portion, which had previously been pulled, was sealed with an 

epoxy mixture to prevent air contact with the tendon. 

 

  

a) Jacking tendon (live-end) b) Controlling pressure pump 

  

c) Grouting tendon d) Cutting tendon (live-end) 
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e) Sealing head of tendon f) Grouting concrete cubes 

Figure 3.8: Procedure of jacking and grouting tendon 

3.5 Testing procedure 

3.5.1 Lifting specimens 

Following the concrete casting, the specimens underwent a lifting process to facilitate 

�W�K�H�L�U�� �S�O�D�F�H�P�H�Q�W�� �R�Q�� �D�� �W�H�V�W�L�Q�J�� �V�X�S�S�R�U�W�� �I�U�D�P�H���� �+�H�Q�F�H���� �F�R�Q�V�L�G�H�U�D�W�L�R�Q�� �R�I�� �W�K�H�� �V�S�H�F�L�P�H�Q�¶�V��

arrangement, layout, and behaviour during the lifting process becomes important. Given 

the 4m length, employing a 4-point lifting approach can achieve symmetrical balancing 

forces on both sides of the specimens. The designated lifting points are visually outlined 

in Figure 3.9. The chosen technique for elevating the concrete panel involves the use of 

�F�O�X�W�F�K�H�V�¶���V�\�V�W�H�P�V�����7�K�L�V���P�H�W�K�R�G���Q�H�F�H�V�V�L�W�D�W�H�V���V�S�H�F�L�I�L�F���O�L�I�W�L�Q�J���F�R�P�S�R�Q�H�Q�W�V�����D���F�O�X�W�F�K�����D���I�R�R�W��

anchor attached to the concrete, and a void former. The 2.5-tonne type was adopted for 

�W�K�H�V�H���W�K�U�H�H���F�R�P�S�R�Q�H�Q�W�V�����7�K�H���I�R�R�W���D�Q�F�K�R�U�¶�V���O�H�Q�J�W�K���Z�D�V���G�H�W�H�U�P�L�Q�H�G���W�R��be 90 mm since any 

longer foot anchor will contact the prestressing strands placed at the middle specimen. 

The FEM analysis was conducted to assess the structural behaviour of specimens 

subjected to lifting forces. A number of factors were checked carefully, including the 

interaction of the foot anchor and surrounding concrete, the sufficient embedded length 

for the foot anchor, and the disconnection between steel sheeting and the concrete bottom 

face during the lifting period.    
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a) Details of lifting points (Dimensions in mm) 

 

 

b) Lifting process 

Figure 3.9: Procedure of l ifting specimens 
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3.5.2 Loading and support conditions 

The four-point bending test configuration, as depicted in Figure 3.10, was established. 

The support conditions were maintained as simply supported with a pin and roller. The 

steel frame shown in Figure 3.11 was used as the main support for the specimen. For the 

pin and roller set-up, two bearing plates measuring 150 mm in width, 500 mm in length, 

and 20 mm in thickness were used. A steel roller bar with a diameter of 50 mm was 

positioned at the midpoint between these two bearing plates. The pin support, which 

restricts horizontal translation, required welding both sides of the rollers to the bearing 

plate's upper face. These pins and rollers were centrally placed along the width of the I-

section steel. To prevent any potential sliding of the specimen during testing, which could 

result in the loss of contact between the support and the specimen's bottom face, the 

support frame was positioned 200 mm apart from the edge of the specimen. 

 

 

Figure 3.10: Schematic view of loading frame and supports (Dimensions in mm) 

 

For the set-up of the loading frame, the ultimate load was first estimated at approximately 

100 kN through the numerical simulation. Consequently, the test frame was designed to 

support a 240-tonne capacity with 80 tonnes for each hydraulic jack, and a load cell 

capable of handling 100 tonnes was employed, proving sufficient load capacity for this 

case. According to Figure 3.11, the load cell was affixed to the test rig, and its height was 
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�D�G�M�X�V�W�H�G���W�R�� �P�D�W�F�K���W�K�H�� �V�S�H�F�L�P�H�Q�V�¶���K�H�L�J�K�W���� �7�K�H�� �K�\�G�U�D�X�O�L�F���V�\�V�W�H�P�� �Z�D�V�� �F�R�Q�Q�H�F�W�H�G�� �W�R�� �W�K�H��

external hydraulic pump, enabling the management of applied force during testing by 

manipulating the control button to incrementally enhance the force magnitude. The I-

beam section 250UB-37.3 was used as the spreader beam, which featured 20 mm-thick 

web stiffeners welded precisely at the frame's centre. The roller and pin were positioned 

directly beneath the spreader bar to transmit the force. The distance between the two 

loading points was set at 1600 mm to prevent interference with lifting clutch holes in the 

specimens, where the concrete thickness was decreased by 30 mm. To prevent any 

sliding, the pin and roller were placed 200 mm away from the edge of the spreader beam. 

Additionally, the pin and roller positions were arranged opposite the support, ensuring 

the specimen was balanced during testing. 
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Figure 3.11: Test set-up details of PTC specimens 

 

3.5.3 Data collection 

In this testing, displacement control was employed to collect data using two devices: the 

laser and the linear variable differential transducer (LVDT). Figure 3.12 illustrates the 

placement of these devices, with the LVDT measuring displacement at the bottom face 

of the specimens and the laser recording displacement on the top face. 
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For the laser setup, a total of three lasers were employed. The robot arm was affixed to 

the vertical stands, and the laser was then clamped to the robot arm for installation. One 

laser (Laser 1), placed in the middle, directly measured the movement of the load cell. 

Otherwise, the other two lasers (Lasers 2 &  3) were at the loading point, and the support 

location for measuring displacement was in the top face.  

For the LVDT, three devices were placed beneath the specimen: one at the midpoint 

(LVDT 2) and the remaining two (LVDTs 1 &  3), positioned 1000 mm apart, precisely 

at the point of applying force. To attach the LVDT to these specimens, a small piece of 

wood with a central hole was adhered to the steel sheeting surface for stabilization. A 

small hook was then attached to the hole, securing the LVDT head connected to the hook. 

 

 

Figure 3.12: LVDTs, lasers and strain gauges arrangement (Dimensions in mm) 

 

A total of nine strain gauges were used in this experiment to assess the stress and strain 

experienced by the specimen throughout its testing. Three strain gauges were installed 

within the top face of concrete (gauges 1 to 3), the reinforcement (gauges 4 to 6), and the 

bottom face of steel sheeting (gauges 7 to 9) to obtain stress values during testing (see 

Figure 3.12). Hence, the positions of these strain gauges are as follows: (1) the centre of 

specimens; (2) the locations of applying load; and (3) the bottom roller support. To install 

strain gauges on reinforcing bars, the steel bar surface was grinded down to approximately 

1mm, then smoothed and cleaned before applying the strain gauge. Otherwise, to attach 

gauges to the concrete surface, a preparatory process was necessary due to its rough 



CHAPTER 3: EXPERIMENTAL PROGRAMME 

 

81 
 

texture. After grinding, an epoxy layer was applied to create a smooth surface, which was 

further refined using sandpaper before installing the strain gauge. On the other hand, for 

steel sheeting, the zinc layer needed to be carefully removed, and the surface was cleaned 

with an acetone liquid before installing strain gauges. Only strain gauges for post-

tensioning system were not applicable in this testing since this material requires a specific 

gauge type that is currently expensive and not available in Australia.  

To collect all the data from different devices, LabVIEW software stands out as a crucial 

support tool for testing. It enables the combination of data on force magnitude, deflection 

values from lasers and LVDTs, as well as strain values from various strain gauges. Cables 

for load cells, lasers, LVDTs, and strain gauges were meticulously connected to their 

designated positions on the control station. Throughout testing, a graphical representation 

of force over time or deflection over time was presented, allowing the assessment of 

applied force magnitude and deflection at service load and ultimate load milestones.  

3.6 Summary 

This chapter provides detailed descriptions of setting up experimental testing models for 

the investigation of PTC systems in the transverse direction. To ensure the success of the 

experimental programme, a substantial amount of work was expected and well-organized, 

including the preliminary design of geometric properties, material ordering, preparation 

of testing equipment, and investigation of testing methodologies. All of the tests were 

conducted in accordance with the safety regulations for field and laboratory operations, 

which include the jacking process for prestressing tendons, the specimen logistics, and 

the casting and testing procedures for concrete. Additional details and documentation 

regarding the experimental procedure are presented in Appendix B. 
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CHAPTER 4 

 EVALUATION OF  TEST RESULTS 

4.1 Introduction 

This chapter provides an analysis of the results obtained from the experimental setups 

detailed in Chapter 4. The focus of this study addressed the flexural performance of post-

tensioned composite (PTC) structures in the transverse direction, with the following 

objectives: (1) investigating the flexural behaviour of PTC systems using different tendon 

profiles and anchorage positions; (2) evaluating the factors contributing to structural 

failure; and (3) documenting the characteristics of cracks in terms of size, shape, and 

orientation observed in the specimens. Hence, these findings help to determine the 

appropriate application of tendon profiles, expanding upon the recommendations made 

by Lysaght (2023). In addition, comparing these cracks with typical cracks observed in 

conventional concrete structures allows for specifying the unique failure modes 

associated with PTC systems. 

4.2 Material  properties of specimens 

4.2.1 Compressive and tensile tests of concrete material 

Twenty-one concrete cylinders were cast and cured to achieve the compressive strength 

and tensile strength in accordance with AS 1012. In the initial 7 and 14 days, concrete 

cylinders were tested to verify that the concrete had achieved at least 50% of its strength 

for the tendon jacking process. For the compression test, a steady rate of compressive 

force was applied to the cylinders at 2.62 kN/s until they reached failure. All procedures 

adhered to the guidelines outlined in AS1012.9 (2014). The typical compressive failure 
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of the cylinders is illustrated in Figure 4.1b. In addition, the concrete's tensile strength 

was evaluated through indirect tensile testing (the Brazil test), following AS 1012.10 

(2000) guidelines (see Figure 4.1c). A progressively increasing force of 1 kN/s was 

applied until tensile failure occurred. The typical tensile failure result is illustrated in 

Figure 4.1d. Hence, the testing results of the compressive and tensile strengths of concrete 

cylinders are summarised in Table 4.1, using the average value of the three tested 

cylinders to specify the final specimen's compressive and tensile strengths. 

In addition, to evaluate the compressive strength of concrete grout achieved for the 

bonding between the post-tensioning strand and the duct system, a total of nine small 

cubes measuring 50 × 50 × 50 mm were cast and tested. The compressive strengths were 

�P�H�D�V�X�U�H�G�� �D�W�� ���� �G�D�\�V���� ������ �G�D�\�V���� �D�Q�G�� �W�K�H�� �V�S�H�F�L�P�H�Q�V�¶�� �W�H�V�W�L�Q�J�� �G�D�W�H���� �7�K�H�� �U�H�V�X�O�W�V�� �R�I�� �W�K�H��

compressive strengths of the concrete grout are presented in Table 4.2. 

 

Table 4.1: Cylinder strength for test specimens 

No of 
Cylinder 

(200 × 100 
mm) 

Testing 
date 

Curing 
duration  
(days) 

Compressive 
strength �B�Ö�ñ   

(MPa) 

Mean & 
Standard 
deviation 
(MPa) 

Tensile 
strength 

�B�ç
�ñ    

(MPa) 

Mean & 
Standard 
deviation 
(MPa) 

#1 
11/10/22 7 

26.3 
24.9  

± 1.085 
- - #2 23.7 

#3 24.5 
#4 

18/10/22 14 
29.9 

31.0  
± 0.832 - - #5 31.2 

#6 31.8 
#7 

25/10/22 21 
35.3 

35.6 
± 0.800 

- - #8 36.8 
#9 34.9 

#10-#13 
1/11/22 28 

40.1 
40.7 

± 0.472 

3.6 
3.6 

± 0.294 #11-#14 40.7 3.2 
#12-#15 41.3 3.9 
#16-#19 

24/11/22 51 
43.5 

44.4 
± 1.127 

3.4 
3.9 

± 0.368 #17-#20 45.9 4.1 

#18-#21 43.8 4.2 
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a) Compressive test of cylinder b) Compressive test result of cylinder 

  

c) Tensile test of cylinder d) Tensile test result of cylinder 

Figure 4.1: Testing of the concrete properties 

 

Table 4.2: Compressive strength of the concrete grout 

No of Cube  
(50 × 50 × 50 

mm) 

Testing 
date 

Curing 
duration  
(days) 

Compressive 
strength �B�Ö�ñ   

(MPa) 

Mean & 
standard 
deviation 

(MPa) 
#1 

3/11/22 7 
23.7 

23.1 
± 0.474 #2 22.9 

#3 22.5 
#4 

10/11/22 14 
30.9 

31.1 
± 0.146 #5 31.3 

#6 31.0 
#7 

24/11/22 28 
40.9 

40.8 
± 0.386 #8 41.3 

#9 40.3 
 



CHAPTER 4: EVALUATION OF TEST RESULTS 

 

85 
 

The average compressive and tensile strengths of the test cylinders served as the baseline 

for the corresponding concrete strength properties in the test specimens. At 14 days, the 

concrete strength reached approximately 75% at 31.1 MPa, which is sufficient to carry 

out the complete tendon pulling process with precompression at 2.4 MPa. At 28 days, the 

average compressive strength of the cylinders reached 40.8 MPa, aligning with the target 

standard of 40 MPa for concrete. It was acknowledged that slight variations between units 

may arise due to differences in batch mix, falling within an acceptable error range of 

about 1% to 2%. As for concrete grout, the testing cubes demonstrated an average strength 

of approximately 40.8 MPa at 28 days. As a result, both cylinders and cubes achieved 

their target strength prior to the 28-day period, ensuring optimal concrete material 

conditions during the main testing and avoiding any potential impact on the test results.  

The 51-day cylinder testing was conducted to determine the actual strength of the concrete 

material on the specific testing date. As a result, the concrete specimen achieved an 

average strength of 44.4 MPa, while the concrete grout averaged 40.8 MPa. These actual 

values are crucial for use in FEM analysis to ensure the obtained results closely align with 

experimental outcomes. 

4.2.2 Stress properties of prestressing strands  

4.2.2.1 Initial effective stress of tendons 

Due to various factors on the site, short-term stress losses after the tendon pulling process 

are inevitable. However, measuring stress in tendons using strain gauges poses several 

challenges, as it necessitates specialised strain gauges for post-tensioning and is currently 

unavailable in Australia. Therefore, this study focused on the two factors needed to 

calculate and estimate the stress losses, which include friction loss and anchorage loss. 

In theory, the determination of tendon stress loss caused by friction was carried out using 

the formula specified in Section 3.4.2 of the AS3600 (2018). This formula is as follows: 

�ê�ã�Ô
L �ê�ã�Ý�A�?�� �:�� �ß�Ú�ß�>�	 �Û�Å�Û�Ì�; (4.1) 

For the stress losses due to anchorage slip, the calculation was proceeded based on Design 

of Prestressed Concrete (Gilbert et al., 2015). The formula is as follows:  
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�.�×�Ü
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�' �ã�#�ã�¿

�Ù
 (4.3) 

�Ü�2�×�Ü
L �Ù�.�×�Ü (4.4) 

Based on the experiment conducted, the jacking force at the live-end anchorage (�2�Ý) was 

carefully measured and controlled at 85% of the breaking force, equivalent to an applied 

force of 156.4 kN and an initial stress (�ê�ã�Ý�;��of 1590 MPa for all three PTC specimens. 

These values were used in the provided equations 4.1 and 4.2 to estimate stress losses due 

to friction and anchorage slip for each specimen Subsequently, the actual stress (initial 

effective stress) was determined after considering losses at three critical locations: the 

live end (0m from the jacking end), the mid-span (2m from the jacking end), and the dead 

end (4m from the jacking end). 

4.2.2.2 Stress at the flexural strength of tendons 

The stress at the flexural strength of the tendon indicates the final stress obtained in 

prestressing strands when the specimens are subjected to the ultimate load conditions. 

According to AS3600 (2018) clause 8.1.7, the tendon's stress at the flexural strength can 

be estimated using the following equations: 

�ê�ã�è 
L �B�ã�Õ�:�s
F
�G�5�G�6

�Û
�;  (4.5) 

Otherwise, k1 and k2 are calculated from: 

�G�5 
L �r�ä�t�z���B�K�N���B�ì�ã�å�Ø���B�ã�Õ
R�r�ä�{�� (4.6) 

�G�5 
L �r�ä�v���B�K�N���B�ì�ã�å�Ø���B�ã�Õ
O�r�ä�{������ (4.7) 
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�G�6 
L
�s

�>�Ø�Ù�@�ã�å�Ø�B�Ö�ñ
�>�#�ã�å�Ø�B�ã�Õ
E�#�ã�Ø�B�ì�ã 
E�:�#�æ�ç
F�#�æ�Ö�;�B�ì�æ�? (4.8) 

4.2.2.3 Tendon stress properties of testing specimens 

By applying the equations, the calculation of stress losses, initial effective stress and stress 

at the flexural strength of the tendons in each case of PTC specimens are presented in 

Tables 4.3 and 4.4. Based on the provided data, the influence of friction and anchorage 

slip on the stress loss of the three specimens was significant. The anchorage losses mostly 

governed the short-term loss of these tendons in the case of a 4-metre span length. In 

detail, PTC-3 exhibited the highest stress loss value at 23.5%, primarily attributed to 

anchorage slip at the live end. Therefore, while raising the anchorage position higher than 

the central line of PTC structures may increase tendon eccentricity, it also leads to higher 

stress losses in the tendon. Specifically, when compared to PTC-2, specimen PTC-3 

experienced approximately a 4% increase in stress losses due to anchorage. 

On the other hand, the increase in tendon eccentricity also affected friction losses. Both 

PTC-2 and PTC-3, characterised by a higher eccentricity of 60 mm to 90 mm, experienced 

8% to 12% greater stress losses due to the higher slope of the PT profile compared to the 

straight tendon (PTC-1). Given the non-uniform stress losses across the tendon's length, 

the final effective stress value of the tendon was determined as the average effective stress 

value at the three positions. Hence, the total average stress losses were highest in PTC-3 

at an average of 22.4%, followed by PTC-2 at 17.8%, while PTC-1 demonstrated a lower 

stress loss at 9.8%. For the ultimate strength, only the tendon stress in PTC-1 was 

estimated to surpass 1700 MPa, equivalent to 90% of the maximum tensile strength of 

prestressing strands. Conversely, the stresses obtained in PTC-2 and PTC-3 were 3% 

lower; however, a more substantial stress increment was anticipated, nearly 400 MPa in 

both specimens. 
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Table 4.3: Estimated stress losses of PTC specimens 

Specimen  

Losses due to 
friction 

(%) 

Losses due to 
anchorage slip  

(%) 

Total losses 
(%) (Friction + 
Anchorage slip) 

Average  
  losses 

(%) 
Live 
end 

Mid 
span  

Dead 
end 

Live 
end 

Mid 
span  

Dead 
end 

Live 
end 

Mid 
span 

Dead 
end 

 

PTC-1 0 1.0 2.0 11.0 9.0 6.6 11.0 10.0 8.6 9.8 
PTC-2 0 2.2 4.1 19.9 15.3 12.4 19.9 17.3 16.1 17.8 
PTC-3 0 2.8 4.5 23.5 20.0 16.5 23.5 22.8 21.0 22.4 

 

Table 4.4: Tendon stress properties of PTC specimens 

Specimen  
Initial effective stress (MPa) 

Stress at flexural 
strength (MPa) Live 

end 
Mid 
span  

Dead 
end Average 

PTC-1 1415.1 1430.5 1452.8 1432.8 1722.3 
PTC-2 1273.2 1314.5 1333.6 1307.1 1688.6 
PTC-3 1215.9 1227.1 1255.7 1232.9 1652.8 

 

4.3 Test results and discussion   

4.3.1 Load versus displacement  

Figure 4.2 depicts the typical flexural behaviour of the three PTC specimens during the 

test, indicating no significant differences in their bending characteristics. In particular, 

the three PTC specimens consistently displayed a similar bending pattern over the 

transverse direction of composite structures, with a greater deflection on the roller-

supported side (right side of Figure 4.2). The deflection measured by LVDT-1 was 

consistently lower than that of LVDT-3 by approximately 3 mm. This observation was 

reasonable given the actual testing conditions; potential sliding between the roller bar and 

bearing plate of the roller support may occur, resulting in the combined effects of bending 

and horizontal transition. Consequently, this roller side experienced more rotation 

compared to the pin-supported side. 
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a) Specimen PTC-1 

 

 

b) Specimen PTC-2 

 

 

c) Specimen PTC-3 

Figure 4.2: Bending behaviour of PTC specimens during testing 
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Figures 4.3 and 4.4 illustrate the load-deflection characteristics of all PTC specimens, 

including the load capacity and their corresponding mid-span deflections at two locations 

with the top and bottom faces of the specimens. In addition, the figure shows the 

serviceability loads, referring to the deflection at L/250 (3600/250 = 14.4 mm) as per AS 

3600 for a typical concrete floor. When reaching ultimate limit states, all PTC specimens 

failed within a deflection of approximately 60 mm on the bottom side and 45 to 50 mm 

on the top side. Consequently, the comprehensive load capacity and corresponding mid-

span displacement are outlined in Table 4.5. 

According to Table 4.5, PTC-2 exhibited the highest load capacity in both service and 

ultimate conditions, registering at 53.58 kN and 114.04 kN, respectively. A comparative 

analysis was made with PTC-1 and revealed a 15.2% increase in the service load for PTC-

2, accompanied by a 17.3% rise in ultimate load from 94.33 kN to 114.04 kN. 

Additionally, the deflection disparity at the ultimate stage was relatively modest, 

approximately 3 mm, implying that the variation in flexural stiffness corresponded to the 

divergence in load capacity between the two specimens. The yield points also showed a 

significant difference, with PTC-1 initiating its plastic behaviour at 81.26 kN, while PTC-

2 reaches this stage at 101.68 kN (a 21.1% increase), representing a substantial 7.2% 

increase over PTC-1's ultimate load. Hence, these results indicated that the use of a 

profiled tendon in this case significantly enhanced the flexural response in both service 

and ultimate conditions within the transverse direction of PTC structures when compared 

to the straight tendon.  

 

Table 4.5: Load capacity and mid-span displacements (LVDT-2) of specimens in 
different stages of testing 

Specimen 
Service Stage Yielding Stage Failure Stage 

Cracking 
Stage 

�(�æ 
(kN) 

�¿�æ  
(mm) 

�(�ì  

(kN) 
�¿�ì  

(mm) 
�(�è 

(kN) 
�¿�è 

(mm) 
% of ultimate 

load 
PTC-1 45.47 14.4 81.26 32.07 94.33 57.43 44.5 - 97.6 
PTC-2 53.58 14.4 101.68 36.88 114.04 60.59 45.6 - 97.8 
PTC-3 51.32 14.4 95.73 33.24 112.54 59.35 44 - 98 
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Figure 4.3: Load versus mid-span displacement curves (LVDT-2, bottom-side of 
specimens) 

 

 

Figure 4.4: Load versus mid-span displacement curves (Laser-1, top-side of 
specimens) 
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For PTC-3, elevating the anchorage at both ends of the specimen by 30 mm was intended 

to increase the tendon's eccentricity from 60 to 90 mm. However, a comparison with PTC-

1 reveals that PTC-3 consistently exhibited a lower load capacity, ranging from 2.4% to 

4.3%, across all stages from service to ultimate load condition. To interpret this result, a 

detailed analysis was conducted based on the operational principles of the post-tensioning 

system. In this context, a 30 mm elevation of the anchorage contributes to an increase in 

the balancing load from 4.62 kN/m to 6.93 kN/m. However, positioning the anchorage 30 

mm above the cross-section's midline generated a negative moment corresponding to the 

applied prestressing force. Furthermore, greater eccentricity of the tendon resulted in 

increased prestress loss due to friction and anchorage slip, ranging from 2% to 5% in this 

specific case. As a result, these tests showed that the tendon profile with the most 

permissible eccentricity and anchorages placed in the middle depth works best as a post-

tensioning system to strengthen weak areas of composite structures. 

4.3.2 Strain versus time  

The relationships of strain versus time in different materials for the PTC specimens are 

depicted in Figure 4.5. Regarding the concrete strain gauges, the highest recorded values 

in all three PTC specimens were approximately 0.002 at the middle of specimens (strain 

gauges 1), falling within the ultimate concrete strain. For the strain pattern of the steel 

sheeting, the highest strains were also recorded at the midpoint of the specimen, 

measuring approximately 0.0014. The stress at the point of failure in these three 

specimens was around 280 MPa for PTC-2 and PTC-3, and 300 MPa for PTC-1. 

However, this stress level represents only about 60% of the yield strength of the profiled 

steel sheeting, which can reach up to 550 MPa. As a result, no damage to the steel sheeting 

was observed during the specimen failure. For the strain increment in reinforcing bars, 

the strain gauge positioned at the specimen's centre recorded peak strains of 0.003 for 

PTC-3 and 0.0035 for PTC1 and PTC-2. This indicates that all these reinforcing bars had 

already reached their tensile strength, surpassing the yield strength of 500 MPa at the 

ultimate condition. 
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a) Concrete (strain gauges 1) 

 

 

 

b) Steel sheeting (strain gauges 5) 
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c) Steel bars (strain gauges 7) 

Figure 4.5: Strain versus time patterns of various materials at the middle location of 
PTC specimens 

 

The strain distribution over the cross-section of the PTC specimen was not analysed in 

this case due to limitations in measuring strain values at the post-tensioning tendon. 

However, based on the strain results, it can be predicted that most of the tensile stress of 

the PTC specimen was more distributed in the reinforcing bars and post-tensioning 

tendons, as the reinforcing bars reached yield stress at the time of failure while the steel 

sheeting was at 300 MPa. This is reasonable since the nature of sheeting ribs reduces the 

bending stiffness in the transverse (weak) direction of steel sheeting by about 50% 

compared to conventional concrete, according to a comparative study by Dinh et al. 

(2022). Therefore, in engineering practice, the strength of steel sheeting in the weak 

direction of composite floors is often not considered in design calculations; instead, steel 

sheeting in the transverse direction is used to prevent cracking at the bottom face of the 

concrete. 
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4.4 Failure characteristics 

4.4.1 Failure modes 

Throughout the testing process, all three specimens exhibited consistent failure modes, 

characterized by concrete failure. The heavy crushing of concrete was particularly 

concentrated on the upper face of the specimens, which was close to the top pin support 

region and 400 mm apart from the middle (refer to Figure 4.6). Significantly, the crushing 

behaviour observed in PTC-3 during specimen failure was more pronounced compared 

to the other specimens, aligning with the higher strain values in the concrete material of 

PTC-3. This was attributed to the negative moment generated by the eccentricity from the 

anchorage position to the mid-line of the specimen, leading to higher bending stress at 

the failure zone. 

In three specimens, there was an observable slip of approximately 0.5 mm between the 

steel sheeting and the bottom concrete face at the precise location of the most prominent 

crack (see Figure 4.7a). This suggests a slight decrease in the bonding strength between 

the concrete and the sheeting ribs at the location of the concrete failure. However, this 

issue was only observed on a single rib directly under the point of crushing, whereas the 

remaining area was largely unaffected and maintained its integrity (refer to Figure 4.7b). 

Consequently, the shear-bond effects in this case did not govern the failure mechanism 

of these PTC specimens. 

 

  

a) PTC-1 b) PTC-2 
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c) PTC-3 

Figure 4.6: Failure modes (crushing of concrete) of PTC specimens after testing 

 

  

a) Typical vertical slip of concrete-
sheeting interface (PTC-3) 

b) Bottom deck of steel sheeting after 
testing (PTC-3) 

Figure 4.7: Steel sheeting behaviour after testing PTC specimens 

 

Aside from the concrete material, no damage was observed to the steel sheeting during 

the failure; it was aligned with the highest stress of steel sheeting calculated from the 

strain gauge at 300 MPa. Despite the fact that this experiment was conducted on the 

weaker side of the steel sheeting, it can be affirmed that this material demonstrates 

exceptional resistance when combined with concrete. Consequently, when the reinforced 

concrete loses its load-bearing capacity due to reaching its yield strength under ultimate 

conditions, a significant portion of the tensile stress can be redistributed to the steel 

sheeting, which typically achieves only 60% of its strength. This transfer mechanism is 
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expected to not only extend the specimen's failure time beyond that of conventional 

concrete, but also effectively mitigate the specimen's inherent brittle behaviour. 

4.4.2 Crack patterns  

The observed crack patterns in the three PTC specimens demonstrated consistent results 

of crack formation that concentrated in the middle of the specimens between two loading 

points, and the crack intensity gradually decreased towards the supporting area. During 

the tests, cracks typically originated from the underside of the specimen and propagated 

at a 90-degree angle towards the upper concrete surface as the applied load increased. As 

a result, significant crushing occurred when the specimen failed to withstand additional 

loads. This observation suggests that flexural factors, rather than shear behaviour, 

predominantly influenced crack formation. 

However, as compared to the crack formations of conventional PT structures (refer to 

Figure 4.8), the impact of profiled steel sheeting on the concrete structure was evident. 

For PTC specimens, cracks initiated only from the top edge of the sheeting ribs, spreading 

90 degrees to the top surface of the concrete, as depicted in Figure 4.8a. Notably, there 

were no cracks originating from the underside face area of the concrete, which is unusual 

for conventional PT structures. Therefore, the steel sheeting in this case effectively 

distributed the majority of the tensile stress in PTC specimens, ensuring that the tensile 

stress at the concrete's bottom face did not exceed its tensile strength. This observation 

aligns with the Lysaght manual's (2023) recommendations, which suggest that composite 

structures require significantly less reinforcement than normal concrete structures for 

crack control. 

 

 

a) PTC specimen �± PTC-1 
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b) PT specimen �± Beam A5 (Du & Tao, 1985) 

Figure 4.8: Comparison of typical crack behaviour between PTC and PT structures 

 

For better observation, the crack patterns of three PTC specimens were re-produced and 

illustrated in Figure 4.9 in terms of crack sizes with corresponding applied loads. The 

onset of cracking in all three samples occurred within the range of 45% to 98% of the 

ultimate load. Specifically, three specimens exhibited initial cracking just below the 

applied force area and in the middle of the specimens, with a force range of 42 kN to 52 

kN. These cracks were observed at the service loads of these specimens when deflection 

reached over the deflection limits at 14.4 mm (L/250).  

Subsequently, during the applied force range of 53 kN to 88 kN, the second cracking 

stage unfolded within the yielding range of specimens. The previously formed cracks 

extended approximately 20 mm above the concrete surface, and additional cracks formed 

at a 75-degree angle on either side, besides the point of force application. Then, the third 

crack stage (ultimate stage) appeared between 90 kN and 109 kN, serving as the final 

stage before specimens failed. During this stage, cracks extend by 30 mm in certain 

positions, such as the force application point or the location of failure. Notably, the crack 

width at these positions widened, with the most prominent observation being at the 

concrete failure position when substantial crushing became evident. 

Marking the failure of PTC-3, a substantial crack appeared at a load exceeding 90 kN, 

accompanied by crushing on the top of the concrete. A notable difference from the other 

specimens was the appearance of cracks at a 90-degree angle from the bottom face of the 

concrete at 93 kN, extending to the top when the load reached 103 kN. However, these 

cracks were only observed at the specimen's failure position and not at other locations. 

This indicates that cracks in the bottom deck of composite structures do not manifest 

initially, as in regular concrete structures, but only become apparent at the ultimate stage 

and precisely at the location of severe damage. Consequently, in PTC-3, the observed 

crack level was more pronounced and distinct than in the other two specimens. 
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a) PTC-1: Straight tendon 

 

b) PTC-2: Profiled tendon with 60 mm eccentricity 

 

c) PTC-3: Profiled tendon with 30mm anchorage lift -up  

Figure 4.9: Reproduced crack formation of testing PTC specimens 

4.5 Summary 

The flexural behaviour over the transverse direction of PTC specimens subjected to the 

four-point bending tests was investigated in terms of load-deflection responses, failure 

modes, and cracking characteristics in both service and ultimate load conditions. Based 

on this experimental study, the main findings could be deduced: 

�x Maximise the tendon eccentricity at 60 mm (parabolic profile) in the case of a 250 

mm depth of concrete can increase the flexural stiffness in the weak direction of 

PTC structures by 15.2% in the service stage and 17.3% in the ultimate stage when 

compared to the straight tendon. 

�x It is recommended that the live and dead-end anchorage of post-tensioning bring 

the most efficiency when positioned at the mid-depth of the concrete section. 

Elevating the anchorage positions by 30 mm above the mid-depth can increase the 

stress losses of the tendon from 2% to 5% and hence reduce the bending stiffness 
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of PTC specimens by nearly 4.3%. Also, more pronounced cracks and crushing 

were observed, according to PTC-3.  

�x The application of post-tensioning combined with profiled steel sheeting 

substantially enhances the ductility behaviour of PTC structures. The steel 

sheeting demonstrates effectiveness in preventing cracks from originating on the 

bottom face of the concrete, with observed cracks only emerging at a 90-degree 

angle from the top of the ribs. 

�x The primary factor contributing to structural failure was the concrete failure on 

the upper face of PTC specimens when subjected to the bending effects, with 

heavy crushing occurring at the ultimate stage.  

�x The yield stress in the steel sheeting remained within acceptable limits under 300 

MPa, and no damage was evident to this material. Otherwise, both steel bars and 

concrete elements at critical points reached their yield strengths. 

�x A minor vertical slip, which was approximately 0.5 mm, occurred locally under 

the failure region. However, it did not significantly govern the failure mechanism 

since the bonding between the concrete and steel sheet remained intact in the 

remaining areas. 

�x Cracks initiated immediately after the PTC specimen exceeded the 14-mm 

deflection limit. All three samples formed cracks within the range of 45% to 98% 

of the ultimate load. At ultimate strength, significant cracks manifested on the top 

face of the concrete, with the specimens reaching a deflection of approximately 

60 mm and failing at ultimate load. 
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CHAPTER 5 

 NUMERICAL ANALYSIS OF POST -TENSIONED 
COMPOSITE SLABS USING ABAQUS 

5.1 Introduction 

In the field of engineering, detailed three-dimensional (3D) finite element (FE) models 

have gained popularity as a computer-based approach for numerical modelling and data 

analysis of structural elements. Given the current lack of readily available software for 

analysing post-tensioned composite slabs (PTC), the ABAQUS software is used in this 

thesis to perform the modelling methodologies for the combination of concrete, profiled 

steel sheeting, and the post-tensioning method. The use of ABAQUS software offers 

valuable support, as it provides a range of tools for analysing the effectiveness of PTC 

slabs and investigating their flexural behaviours based on stiffness responses. 

Having emphasised the significance of numerical study as the main research methodology 

of this thesis, this chapter effectively fulfils one of the primary objectives by providing 

and verifying the modelling techniques necessary for the analysis of PTC systems. In 

addition to the current tests outlined in previous chapters, which focused on the specific 

transverse direction of PTC slabs, a series of existing experiments from the literature were 

selected to cover a wide range of structural systems related to two-way composite slabs, 

one-way and two-way post-tensioned (PT) structures, and PTC structures along the 

longitudinal direction. Therefore, this allows for a comprehensive analysis to compare 

the results obtained from the key techniques used for FE models with the available data 

from the experimental programmes.  
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5.2 Experimental study �± current and existing tests 

5.2.1 Post-tensioned structures 

To fully investigate the non-linear behaviour of the PT concrete structures, a wide range 

of existing tests were selected in this study for the validation of the FE models. Different 

PT systems were preferred, with variations in structural types, tendon profiles, 

eccentricity, and diameter, among other parameters. These specimens, thus, enable an in-

depth analysis of the prestressed structures used in numerical simulations with 

consideration of flexural behaviour, cracking patterns, initial effective stress after losses, 

and effective stress at flexural strength. Specifically, a one-way slab specimen (Slab 5) 

from the research of Cooke et al. (1981), a PT beam (Beam A5) from the study of Du &  

Tao (1985), a continuous with double-span PT beam (Beam-YAL1) from the experiment 

of Lou et al. (2013), and a two-way PT panel (Slab FP-PT xy) with prestressed 

reinforcement in both directions from the study of Kim &  Lee (2016) are available as test 

measurements to clarify the accuracy of various numerical methods by comparing 

different modelling techniques applied to each specimen. Detailed information about 

these experiments and results can be found in the original papers. All of the dimensions 

of the specimens are presented in Table 5.1. 

 

Table 5.1: Geometric and material properties of post-tensioned structures 

Specimens Size of panels 
L × W × h (mm)  

Concrete  
strength  

Prestressed 
reinforcement  

Ref 
�B�Ö�ñ 

(MPa) 
�@ 

(mm) 
�A 

(mm) 
Profile 

Slab 5 3600 × 706 × 180 34.4 10.0 120 Straight Cooke et al. 
(1981) 

Beam A5 4400 × 160 × 280  30.6 12.7 220 Straight Du & Tao 
(1985) 

YAL1 10000 × 150 × 300 34.9 15.0 - Parabolic Lou et al. 
(2013) 

FP-PT xy 3000 × 3000 × 250 36.7 12.7 168 Straight Kim & Lee 
(2016) 
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5.2.2 Two-way composite structures 

The only available testing programme for the analysis of two-way composite slabs was 

conducted by Porter (1985), and hence, these specimens were chosen for the validation 

of the FE models. The verification process for the two-way composite system is crucial 

for assessing the accuracy of numerical techniques in predicting the flexural behaviour, 

crack behaviour, and end-slip rate of composite structures subjected to two-way action. 

This study selected four specimens, namely Slab 2, Slab 3, Slab 4, and Slab 5, each 

featuring two-way panels of composite slabs with distinct profiled steel decks. Slab 2 and 

Slab 3 employed similar steel decking (20-Gage Type I), but the two specimens were 

different in concrete strength and reinforcement. In addition, Slab 4 and Slab 5 utilised 

steel sheeting of 24-Gage Type G and 20-Gage Type O, respectively. All the dimensions 

of the specimens are presented in Figure 5.1 and Table 5.2, and different types of steel 

decking are listed in Table 5.3. 

 

Table 5.2: Geometric and material properties of two-way composite structures 
 (Porter, 1985) 

Specimens 
Size of panels 

L × W × h (mm)  

Concrete 
strength  

Steel reinforcement  

�B�Ö�ñ 
(MPa) 

Position �@ 
(mm) 

Spacing 
(mm) 

Slab 2 4880 × 3660 × 118 24.4 On decking 4.8 152 

Slab 3 4880 × 3660 × 118 27.2 None - - 

Slab 4  4880 × 3660 × 120 26.4 On decking 4.8 102 

Slab 5 4880 × 3660 × 138 29.6 25 mm from top 3.8 152 

 

Table 5.3: Profiled steel sheeting properties (Porter, 1985) 

Steel sheeting 
products 

 Steel sheeting properties 
Shapes of steel 

deck 
Rib 

height 
(mm) 

Rib 
spacing 
(mm) 

Yield stress  
 (MPa) 

Thickness 
(mm) 

20-Gage Type I 40 89 290 1.0 Trapezoidal 

24-Gage Tyge G 34 30 700 0.65 Trapezoidal 

20-Gage Type O 76 62 340 0.9 Trapezoidal 
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c) 20-Gage Type O 

Figure 5.1: Typical view of various profiled steel sheeting (Porter, 1985) 

 

5.2.3 Post-tensioned composite structures �± longitudinal direction 

The first fundamental experimental study to consider was conducted by Patrick &  Lloyde 

(2008), as mentioned in Section 2.5.2. Despite the floors being created through one-way 

action, the use of this test data was necessary for validating FE models using combined 

�W�H�F�K�Q�L�T�X�H�V���D�S�S�O�L�H�G���W�R���F�R�P�S�R�V�L�W�H���D�Q�G���3�7���V�W�U�X�F�W�X�U�H�V�����+�H�Q�F�H�����W�Z�R���S�D�Q�H�O�V�����³�&�R�P�S�R�V�L�W�H�´���D�Q�G��

�³�3�7-�&�R�P�S�R�V�L�W�H���´��using KF57 steel sheeting, were selected for verification in this part. 

Other fundamental tests were proposed by Ranzi et al. (2013), who conducted them on 

one-way PTC slabs with the use of two deck �I�R�U�P�V���� �Q�D�P�H�O�\�� �³�&�R�Q�G�H�F�N�� �+�3�´�� �D�Q�G��

���3�U�L�P�H�I�R�U�P������ �7�Z�R�� �V�S�H�F�L�P�H�Q�V�� �I�U�R�P�� �W�K�L�V�� �S�U�R�J�U�D�P�P�H���� �Q�D�P�H�O�\�� �³�&�.���´�� �D�Q�G�� �3�)�������� �Z�H�U�H��

selected for further numerical simulation in this paper since the study provided better 

investigations into both the flexural and slip-rate behaviours of PTC structures with 

varying deck forms. All the dimensions of the specimens are presented in Figure 5.2 and 

Table 5.4, and different types of steel decking are listed in Table 5.5. 
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Table 5.4:  Geometric and material properties of one-way PTC structures �± longitudinal 
direction 

Specimens 
Size of panels 

L × W × h 
(mm)  

Concrete 
strength  Prestressed reinforcement  

Ref 
�B�Ö�ñ 

(MPa) 
�@ 

(mm) 
�A 

(mm) Profile 

Composite  
5000 × 1200 × 

200 
42 

- - - 
Patrick & 

Lloyde (2008) PT-
composite  12.7 130 Straight 

CK1  7200 × 900 × 
180 36.9 

12.7 110 Parabolic Ranzi et al. 
(2013) PF1 12.7 130 Parabolic 

 

Table 5.5: Profiled steel sheeting properties 

Steel sheeting 
products 

 Steel sheeting properties 
Shapes of 
steel deck 

Ref Rib 
height 
(mm) 

Rib 
spacing 
(mm) 

Yield 
stress  
 (MPa) 

Thickness 
(mm) 

KF57 57 200 550 0.75 Re-entrant 
Patrick & 
Lloyde 
(2008) 

Condeck HP 55 300 550 1 Re-entrant Ranzi et 
al. (2013) Primeform 27 50 550 0.6 Trapezoidal 

 

 

  

a) Condeck HP (Ranzi et al., 2013) b) Primeform (Ranzi et al., 2013) 

 

c) KF57 (Patrick & Lloyde, 2008) 

Figure 5.2: Typical dimensions of profiled steel sheeting (Dimensions in mm) 



CHAPTER 5: NUMERICAL ANALYSIS OF POST-TENSIONED COMPOSITE SLABS 
USING ABAQUS 

 

106 
 

5.2.4 Post-tensioned composite structures �± transverse direction (current test) 

Given the absence of previous experimental programmes addressing the transverse 

direction of PTC slabs, the current experiment programme conducted in this thesis served 

to validate the numerical techniques employed for such structural types. Chapter 4 

outlines all pertinent details of the specimens, including dimensions, sheeting types, 

loading, and boundary conditions. Hence, Table 5.6 summarises the properties of three 

PTC specimens with specific concrete strength and tendon properties.  

 

Table 5.6: Geometric and material properties of one-way PTC structures �± transverse 
direction (current test) 

Specimens Size of panels 
L × W × h (mm)  

Concrete 
strength  

Prestressed reinforcement  

�B�Ö
�ñ 

(MPa) 
�@ 

(mm) 
�A 

(mm) 
Profile 

PTC-1  

4000 × 200 × 250 44.4 12.7 

0 Straight 

PTC-2 60 Parabolic 
PTC-3 90 Parabolic 

 

5.3 Numerical model formulation   

5.3.1 Geometric modelling of elements 

A combination of 3-D solid elements available within ABAQUS was used to simulate the 

concrete structures, tendons, duct sheathing, or reinforcing bars. To model concrete slabs, 

tendon, and duct sheathing members, the eight-node linear brick, reduced integration 

element (C3D8R) was employed. A series of 3-D, two-node linear truss elements (T3D2 

in the ABAQUS library) was widely used to model non-prestressed reinforcements. A 

rigid body, available in ABAQUS, was applied to the bearing plate and bearing supports, 

which are considered stiff components with non-deformable bodies. Steel decks and steel 

plates (simplified end anchorages) were modelled with four-node general-purpose shell-

reduced integration with hourglass control (S4R). The geometries of concrete, steel 

sheeting, tendons, and reinforced bars were modelled based on the given dimensions from 
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existing testing (refer to Tables 5.1�±5.6). However, the models did not include details on 

rib embossments and their effects. 

During the analysis, the option "NLGEOM" was applied in the ABAQUS program to 

address the concerns of geometric nonlinearity in the structural elements. When the 

structures are subjected to the incremental approach of loading, large displacements and 

rotations may occur, resulting in significantly deformed elements. Hence, the 

consideration of non-linear geometry in the program allows the modification of stiffness 

effects in accordance with the change in cross-section under bending. In each analysis 

step, the finite element-based program updates the stiffness matrix to account for the new 

moment inertia (I) and flexural stiffness (EI) when the non-linear material properties are 

also taken into account.  

5.3.2 Interaction properties and prestressing mechanism 

5.3.2.1 Interaction properties 

In this study, the contact method technique described in Section 2.4.1 was employed to 

model the interaction between the tendon and surrounding concrete elements, as it is 

allowed to perform both bonded and unbonded conditions of the PT system. Non-

prestressed reinforcement, virtual tendons, and sheathings were modelled using the 

embedded constraint, and the dowel effects of reinforcement were not covered in this 

study. Interface modelling between tendons and their corresponding sheathing is 

established through ABAQUS contact formulations, utilising surface-to-surface contact 

capability. In the case of the unbonded condition, a "frictionless" behaviour is designated, 

allowing for free slipping of the tendon within the sheathing during the prestressing stage. 

Conversely, the bonded condition is characterised by a transition from "frictionless" to 

"rough" (infinite friction), ensuring complete bonding between the tendons and the inner 

face of the duct members following prestressing. 

Two other methods were applied for the numerical modelling of concrete-steel sheet 

interaction. The first was the simplified interface connection (refer to Section 2.4.2.1), 

where the interface between the steel sheet and concrete was modelled by employing 

contact properties, utilising hard contact for normal behaviour, and applying penalty 

friction for tangential behaviour. The second was the radial thrust connector mentioned 
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in Section 2.4.2.2, from which the bond-stress slip curve was obtained from the test of 

Rana et al. (2015) (see Figure 5.3) and set as a benchmark local-bond slip law for the 

particular sheeting profile used in this study. Hence, the comparison of these methods 

was able to identify the most accurate FE technique to use for the PTC slab simulation. 

 

  

a) Bond-slip law for trapezoidal profile b) Bond-slip law for re-entrant profile 

 

c) Bond-slip law for BONDEK profile 

Figure 5.3: Typical bond-slip law of various steel decking types provided by Rana et 
al. (2015) 

 

5.3.2.2 Prestressing mechanism 

Due to the complicated factors impacting tendon stress losses in testing conditions, which 

are challenging to accurately simulate through numerical methods, the prestressing 

mechanism in this study assumes a uniform distribution of the effective stress after 

considering all stress losses in the testings of PT members. 
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The numerical approach in the Kang & Huang (2012) models used the neighbouring 

concrete nodes to constrain the tendon end nodes through a beam multi-point constraint 

(MPC). The major drawback of this method is that the increment in residual stress along 

the tendon element might cause both the concrete and the tendons to experience initial 

strain at both ends. Due to this issue, the effective stress obtained in the tendons is both 

�U�H�J�X�O�D�W�H�G���E�\���+�R�R�N�H�¶�V���O�D�Z���D�Q�G���W�K�H���V�W�U�H�V�V-strain relationship of the tendon material, which 

requires several iterations of temperature input to attain the appropriate effective stress 

value. Therefore, instead of using adjacent concrete nodes, the steel plates were replaced 

in this study, acting as simplified dead-end anchorages. These plates were constrained in 

translation and rotation to restrain the axial strain on the tendons. As a result, only the 

linear elastic behaviour of the thermal effects governed the residual stress in this case, 

which helped the tendons achieve the effective stress without many trials. After the 

stressing process, these steel plates were changed in the boundary conditions, where only 

the translational direction of tendons was restrained with free rotation. When the load is 

applied, this modification allows the stress in the tendon to keep increasing with its strain 

increment. 

�+�H�Q�F�H�����W�K�H���X�V�H���R�I���D���³�S�U�H�G�H�I�L�Q�H�G���W�H�P�S�H�U�D�W�X�U�H���I�L�H�O�G�´���D�Y�D�L�O�D�E�O�H���L�Q���W�K�H���$�%�$�4�8�6���O�L�E�U�D�U�\���Z�D�V��

applied to the input of the temperature value. At first, an initial temperature value was set 

to zero along the tendon element. Then, the temperature drop value was calculated using 

the equation below: 

�¿�6
L��
�ê

�'�Ù
 (5.1) 

5.3.3 Material constitutive models 

5.3.3.1 Concrete properties 

The material properties of the concrete used for FEM were defined by three principal 

factors, including density, elasticity, and plasticity. In detail, the density of reinforced 

concrete was assumed to be 24 kN/m3. The concrete strengths varied and corresponded 

to various test set-ups. The Poisson ratio was defined as 0.2 for concrete material, and the 
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estimated modulus of elasticity �' �Ü�ç was obtained from an equation provided by Carreira 

&  Chu (1986): 

�' �Ü�ç�ó�Ö�ñ

�B�Ö�ñ

L

�t�v�ä�z�t
�B�Ö�ñ


E�r�ä�{�t (5.2) 

For the plasticity property, concrete damage plasticity (CDP) available in ABAQUS was 

used to predict the non-linear behaviour of concrete. The compressive stress-strain curve 

for unconfined concrete under compression was derived from the models proposed by 

Carreira &  Chu (1986). 

�B�Ö
�B�Ö�ñ


L
�Ú�:�ó���ó�Ö�ñ�;

�Ú
F�s
E�:�ó���ó�Ö�ñ�;�	
 (5.3) 
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�B�Ö�ñ

�ó�Ö�ñ�' �Ü�ç

 

(5.4) 

for �Ú
R�s�ä�r and �ó
Q���ó�è 

The tension relationship was assumed to be linear before cracking and was modelled 

within tension stiffening for post-cracking behaviour (Kang &  Huang, 2012; Kang et al., 

2015). 

�B�Ö�å
L �r�ä�u�x
¥�B�Ö�ñ (5.5) 

In addition to the compressive and tensile stress-strain data, the CDP model requires five 

parameters to define the plastic flow and tensile stress-strain data, the yield function, and 

the viscos-plastic regularisation. These parameters are the dilation angle (�ð�;, the flow 

potential eccentricity (�æ�;, the ratio of the compressive strength under biaxial loading to 

the uniaxial compressive strength (�ê�Õ�4���ê�Ö�4), the ratio of the second stress invariant on 

the tensile meridian to that on the compressive meridian (�-�Ö), and the viscosity parameter 

(�ä�;.  

According to the Abaqus User Manual (2011), an eccentricity (�æ) of the plastic potential 

surface is recommended with a default value of 0.1. The ratio of initial biaxial 
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compressive yield stress to initial uniaxial compressive yield stress (�ê�Õ�4���ê�Ö�4) has a 

default value of 1.16. Lastly, �-�Ö, the ratio of the second stress invariant on the tensile 

meridian to the compressive meridian at initial yield, has a default value of 2/3. Based on 

�W�K�H�� �V�W�X�G�\�� �E�\�� �6�•�P�H�U�� �	�� �$�N�W�D�ú�� ���������������� �D�� �V�H�Q�V�L�W�L�Y�L�W�\���D�Q�D�O�\�V�L�V�� �R�I�� �W�K�H�� �G�L�O�D�W�L�R�Q�� �D�Q�J�O�H�� �Z�D�V��

conducted within the range of 30 to 45 degrees for three different scenarios involving 

reinforced concrete structures. The results indicated that variations in the dilation angle 

did not significantly affect the outcomes, with the optimal result observed at 37 degrees. 

Consequently, a dilation angle of 35 degrees was selected for the CDP parameter in this 

context. A summary of the plasticity parameters used for the numerical analysis of 

concrete is shown in Table 5.7. 

 

Table 5.7: CDP model plasticity parameters used for numerical analysis 

�ð �æ �ê�Õ�4���ê�Ö�4 �-�Ö �ä 

35 0.1 1.16 2/3 0 

 

Tensile and compressive crack patterns were completed by specifying the evolution of 

damage. The compression damage, dc, and the tension damage, dt, were computed using 

the following equations: 

�@�‰
L �s
F
�ê�Ö
�B�Ö�ñ

 (5.6) 

�@�ç 
L �s
F
�ê�ç
�B�ç

�ñ (5.7) 

5.3.3.2 Steel properties 

The built-in steel properties of reinforced steel bars, prestressing strands, and profiled 

steel sheeting are provided in terms of density, elasticity, and plasticity behaviour. In 

particular, the general density of steel was defined as 78 kN/m3, and the Poisson ratio was 

0.3 in this numerical study. The reinforced steel bar parameter was given in AS 3600 

(2018), with a constant modulus of elasticity E of 200 GPa. The Young modulus of steel 
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sheeting was defined with reference to the steel sheet properties reported by Porter (1985) 

and Rana et al. (2015�������$�F�F�R�U�G�L�Q�J���W�R���)�L�H�O�G�H�U�V�¶���P�D�Q�X�D�O�������������������W�K�H���I�U�L�F�W�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W���X�V�H�G��

for both re-entrant and trapezoidal steel decks was 0.5. The stress-strain patterns of steel 

bars and profiled steel sheeting were assumed to be an elastic-perfect plastic material. 

When the loading was applied to the structure, the empirical stress-strain curve of tendons 

was used based on the model developed by Devalapura & Tadros (1992) with the 

following formulas:  

�B�ã�æ
L �Ý�ã�æ�N�#
E
�$

�<�s
E
k�%�Ý�ã�æ�;�½
_
�5
�½

�O
Q�B�ã�è (5.8) 

For a prestressing strand with ultimate stress of 1862 MPa, the constants A, B, C and D 
were found to be 887, 27613, 112.4, and 7.36, respectively.  

5.4 Comparative study  

5.4.1 Post-tensioned structures 

Figures 5.4 to 5.7 illustrate the FEM of the different PT structures discussed in Table 5.1. 

The model geometry and element types are displayed along with the loading and 

boundary conditions for each specimen. The technique was applied to compare the FE 

models against existing experiments and to validate the post-tensioning mechanism.  
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Figure 5.4: One-way post-tensioned slab - Slab 5 (Yong et al., 1981) 

 

Figure 5.5: One-way post-tensioned beam - Beam A5 (Du & Tao, 1985) 
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5.4.1.1 Load versus displacement curves 

The accuracy of FE models was verified against the experimental tests from previous 

studies. A comparison of the mid-span deflection obtained from numerical results and 

experimental measurements is presented in Table 5.8.  

The numerical data obtained from the four different models revealed that the contact 

method used for the post-tensioning provided the relative displacement results with a 

mean ratio of 1.06 and a standard deviation of 0.17. In addition, Figures 5.8 to 5.10 

demonstrate a good agreement between the FEM and the testing data, where close 

correlations can be seen in the load-displacement characteristics. Only the load-deflection 

curves for the two-way PT slab indicated a stiffer response in the elastic-plastic range of 

the FE model compared with the experimental one. This overestimation of stiffness can 

be partly attributed to the effective stress loss possibly occurring more in the mid-span 

region owing to the non-uniformity of the prestress distribution, while uniform 

prestressing along the tendon was assumed for the numerical simulation. 
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Table 5.8: Comparison of displacements and effective stress obtained from FE analysis and existing experiments. 

Model  
designation 

Displacement at 
peak load  

(mm) 

Effective stress after 
all losses (MPa) 

Effective stress at 
flexural strength  

(MPa) 

Post-tensioned 
stress ratio FEM/EXP 

�¿�è�á�¾�Ñ�É 

(mm) 

�¿�è�á�¿�¾�Æ 

(mm) 

�B�ã�Ø�á�¾�Ñ�É 

(MPa) 

�B�ã�Ø�á�¿�¾�Æ 

(MPa) 

�B�è�á�¾�Ñ�É  

(MPa) 

�B�è�á�¿�¾�Æ 

(MPa) 

�B�è�á�¾�Ñ�É

�B�ã�Ø�á�¾�Ñ�É��
 

�B�è�á�¿�¾�Æ��
�B�ã�Ø�á�¿�¾�Æ

 
�¿�è�á�¿�¾�Æ

�¿�è�á�¾�Ñ�É
 

�B�ã�Ø�á�¿�¾�Æ

�B�ã�Ø�á�¾�Ñ�É
 

�B�è�á�¿�¾�Æ

���B�è�á�¾�Ñ�É
 

Slab 5 78.00 77.89 1154.15 1164.28 1442.49 1362.11 1.25 1.17 0.93 1.01 0.94 

Beam A5 82.00 99.44 810.37 788.42 1315.53 1062.84 1.62 1.35 1.22 0.97 0.81 

YAL1-left  49.00 48.30 1083.43 1002.14 1493.38 1403.56 1.38 1.40 0.99 0.93 0.94 

YAL1- right  60.00 75.18 1083.64 1033.85 1543.73 1346.05 1.42 1.31 1.25 0.95 0.87 

FP-PT xy 42.71 44.75 1488.36 1503.58 - - -  0.95 1.01 - 

Mean 1.06 0.97 0.89 

Standard deviation 0.17 0.04 0.06 
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5.4.1.2 Prestressing stress 

Table 5.8 presents the ratios between the analytical results of the assumed distributed 

effective stress from numerical simulations and experimental measurements before and 

after the loading process. For the initial effective stress after considering all losses, the 

results obtained from the FE models presented only small errors, ranging from 1% to 7%, 

compared with the testing data, and the mean ratio was only 3%. This means that the 

cooling method for post-tensioning strands, combined with the use of simulated steel 

plates to replace concrete nodes, provided effective control of prestressing forces without 

the need for multiple iterations recommended by Kang &  Huang (2015). Furthermore, 

stress at the flexural strength of the four models was obtained within the average ratio of 

11%, while the ultimate stress in the experiment of Kim & Lee (2016) was not provided 

and ignored in this analysis. Only beam A5 exhibited a relative difference, with a ratio of 

19%. The influence of the idealistic non-prestressed curve in the stress-strain relationship 

also affected the ultimate tendon stress, where the post-tensioning stress ratios obtained 

in the FEM were less than those of the experiments. In general, the application of the 

�³�F�R�Q�W�D�F�W�� �P�H�W�K�R�G�´�� �F�R�P�E�L�Q�H�G�� �Z�L�W�K�� �W�K�H�� �³�F�R�R�O�L�Q�J�� �P�H�W�K�R�G�´�� �I�R�U�� �S�U�H�V�W�U�H�V�V�H�G�� �I�R�U�F�H�V�� �Z�D�V��

observed to provide effective numerical results with minimal errors.  

5.4.1.3 Crack patterns 

The cracking patterns in PT concrete structures can be visualised using the concept of 

effective crack direction. To validate the bi-directional crack behaviour, only the crack 

formation was displayed for the model of the two-way PT panel provided by Kim & Lee 

(2016); the crack behaviours of other specimens were further presented in Appendix A. 

Figure 5.11 demonstrates that the cracking pattern was effectively predicted by FEM 

using the contact method for tendon-concrete interaction and the CDP model for concrete 

properties to capture the failure mechanism of the test specimens. Kim &  Lee (2016) 

reproduced the yield line pattern, which is presented for comparison in this structure's 

failure mechanism. When compared with the experimental results, the FE model 

exhibited similar flexural crack behaviour, with cracks spreading in diagonal directions 

from the centre to the supports at the four corners. 
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a) Actual crack (Kim & Lee, 2016) 
b) Reproduced crack pattern (Kim & Lee, 

2016) 

  

c) FEM results (maximum PE, 

ABAQUS) 
d) FEM results (DAMAGET, ABAQUS) 

Figure 5.11: Crack patterns of experiment and correlated FEM for two-way post-
tensioned slab 

 

5.4.2 Two-way composite structures  

Numerical simulations were conducted based on the existing tested specimens presented 

in Tables 5.2 and 5.3 to investigate the effect of steel-concrete interaction on the 

behaviour of two-way composite slabs. Figures 5.12 to 5.14 present an overview of FE 

models. The contact formulation method (Method A) and the radial thrust method 

(Method B) were applied to the interaction between steel sheeting and concrete. These 
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Figure 5.14: Slab 5 �± two-way composite slab (Porter, 1985) 

 

5.4.2.1 Load versus displacement curves 

The load-displacement characteristics depicted in Figure 5.15 reveal that the elastic-

plastic responses from both techniques closely resembled each other for the set of four 

specimens, although they were slightly larger than the experimental results. However, as 

outlined in Table 5.9, a noticeable disparity in displacement at the peak load was 

observed, with Method A yielding an average result that is 16% smaller than the 

experimental outcomes. In contrast, Method B predicted the displacement at the ultimate 

range with an average error of 3%, accompanied by a standard deviation of 0.1, indicating 

potential variations in the error up to 13%. Despite this, Method B demonstrated greater 

efficiency, with 3% lower maximum allowable errors as compared to Method A.  

 

Table 5.9: Comparative study on the mid-span deflection of two-way composite slabs 

Model 
designation  

Displacement at peak load (mm)  

 �¿�è�á�¾�Ñ�É (mm) 
  �¿�è�á�¿�¾�Æ (mm) �¿�è�á�¿�¾�Æ���¿�è�á�¾�Ñ�É 
  MT-A MT-B MT-A  MT-B 

Slab 2 121.50  104.95 115.53 0.86 0.95 
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in two-way composite slabs, Method B yielded significantly more accurate results, 

approaching the experimental values with an error ranging from 7% to 11%. In contrast, 

Method A exhibited an average error of approximately 20%. The incorporation of bond-

slip rate models by Rana et al. (2015) in Method B for each type of steel deck clearly 

enhances accuracy compared to Method A, which simply applies a friction coefficient. 

Nevertheless, both methods correctly captured the patterns in longitudinal and vertical 

slips for these specimens. Specifically, under bending effects, Slab 2 exhibited the highest 

longitudinal slips among the three specimens. Slab 5, as mentioned in Porter (1985) 

testing, demonstrated that the vertical slip for this decking was negligible, but it was 

governed by a huge vertical separation between concrete and the steel deck. As a result, 

these issues were also captured in the FEM models (see Figure 5.16). 

 

 

Figure 5.16: FEM results of slip-rate behaviours in concrete-steel sheeting 

 

Table 5.10: Comparative study on the longitudinal slip between concrete and steel sheet 

Model 
designation  

Longitudinal slip at peak load (mm)    

 �¿�æ�ß�Ü�ã�á�¾�Ñ�É 
(mm) 

 �¿�æ�ß�Ü�ã�á�¿�¾�Æ (mm)  �¿�æ�ß�Ü�ã�á�¿�¾�Æ���¿�æ�ß�Ü�ã�á�¾�Ñ�É 
  MT-A  MT-B  MT-A MT-B 

Slab 2 15.24  13.47 16.25  0.88 1.07 
Slab 4 10.67   7.78 9.52   0.73 0.89 
Slab 5 2.54  1.97 2.26  0.78 0.89 

Mean   0.80 0.95 
Standard deviation   0.06 0.08 

NOTE: MT-A �± contact formulation method; MT-B �± radial thrust method 
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Figure 5.19: One-way composite slab (Pattrick & Lloyde, 2008) 

 

 

 

Figure 5.20: One-way post-tensioned composite slab �± Slab CK1 (Ranzi et al., 2013) 
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5.4.3.1 Load versus displacement curves 

A total of four FE models were created regarding the combined use of post-tensioning 

methods and profile steel sheeting for one-way slab structures. Two specimens were 

introduced in the testing experiments of Pattrick & Lloyde (2008), whereas the others 

were proposed by Ranzi et al. (2013). The results are presented in detail in Table 5.11, 

and the load-displacement curves are illustrated in Figures 5.23 and 5.24. Overall, the 

load-displacement characteristics indicated that no major observable difference existed in 

the non-linear responses of the two techniques. The initial stiffness of the first two 

�P�R�G�H�O�V���� �³�S�O�D�L�Q���F�R�P�S�R�V�L�W�H�´���D�Q�G�� �³�3�7�� �F�R�P�S�R�V�L�W�H���´���Z�D�V�� �P�X�F�K�� �V�W�L�I�I�H�U���L�Q�� �E�R�W�K�� �H�O�D�V�W�L�F���D�Q�G��

plastic ranges compared with the experimental one. In accordance with model CK1, the 

yielding range of the FE models also indicated stiffer responses, while only model PF1 

presents the identical pattern of elastic-plastic range in load-displacement curves as 

compared to the testing results. 

Table 5.11 presents the ratios between the numerical and experimental results for Method 

A and Method B. In particular, the mean ratio of 1.13 was calculated from the results of 

Method A with a standard deviation of 0.19. Moreover, Method B provided a smaller 

mean ratio of 1.03 with a standard deviation of 0.21. More accurate results were obtained 

�X�V�L�Q�J�� �0�H�W�K�R�G�� �%���� �G�H�V�S�L�W�H�� �V�L�P�L�O�D�U���S�D�W�W�H�U�Q�V�� �L�Q�� �W�K�H�� �P�H�W�K�R�G�V�¶�� �O�R�D�G-displacement curves. 

Under the concern of flexural behaviour, Method B provided reasonable data with minor 

errors, and thus, it was selected for further investigations of PTC structures. 

 

  

                a) composite slab             b) PT composite slab 
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Figure 5.23: Load-displacement between FEM and testing results of PTC slabs in a 
longitudinal direction (Pattrick & Lloyde, 2008) 

 

  

a) Model CK1 b) Model PF1 

Figure 5.24: Load-displacement between FEM and testing results of PTC slabs in a 
longitudinal direction (Ranzi et al., 2013) 

 

Table 5.11: Comparative study on the mid-span deflection of post-tensioned composite 
structures 

Model 
designation  

Displacement at peak load (mm)  

 �¿�è�á�¾�Ñ�É (mm) 
  �¿�è�á�¿�¾�Æ (mm) �¿�è�á�¿�¾�Æ���¿�è�á�¾�Ñ�É 
  MT-A MT-B MT-A  MT-B 

Plain composite 84.23  82.30 74.40 0.98 0.89 
PT composite 75.15  103.90 100.30 1.39 1.34 
CK1 165.30  162.47 162.35 0.98 0.98 
PF1 60.12   69.79 55.88 1.16 0.93 

Mean 1.13 1.03 
Standard deviation 0.19 0.21 

NOTE: MT-A �± contact formulation method; MT-B �± radial thrust method 

 

5.4.3.2 Bond-slip effects  

The bond-slip behaviours between the concrete bottom face and profiled steel sheeting 

(see Figure 5.25) are considered a crucial parameter when applying FEM for composite 

or PTC structures. Hence, this study compared the longitudinal and vertical slips obtained 

from the numerical results with the testing data to verify the bond-slip rate effects. The 

local bond-slip law presented by Rana et al. (2015) was used in Method B (the radial 
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thrust method), from which the bond-slip law for the re-entrant profile was employed for 

�W�K�H�� �V�W�H�H�O�� �V�K�H�H�W�� �³�&�R�Q�G�H�F�N�� �+�3���´�� �Z�K�L�O�H�� �W�K�H�� �W�U�D�S�H�]�R�L�G�D�O�� �S�U�R�I�L�O�H�� �Z�D�V�� �D�S�S�O�L�H�G�� �I�R�U�� �W�K�H��

�³�3�U�L�P�H�I�R�U�P�´���V�W�H�H�O���G�H�F�N�����2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����W�K�H���V�O�L�S���U�D�W�H���L�Q���0�H�W�K�R�G���$���Z�D�V���V�L�P�S�O�L�I�L�H�G���E�\��

specifying the coefficient in the tangential and normal directions. The slippage parameter 

was not provided in the experiment of Patrick & Lloyde (2008); therefore, it was ignored 

for their specimens in this analysis. 

According to Tables 5.12 and 5.13, Method B represents radial-thrust connections and 

provides a more accurate bond-slip behaviour between the concrete face and steel 

sheeting in terms of longitudinal and vertical slip actions. The mean ratios in Method B 

only ranged from 2% to 14%, with small standard deviations of 0.15 and 0.05, 

respectively. This error may have resulted from neglecting the prestressed effects on the 

bond-slip rate of concrete and steel decking. However, when compared to the testing data, 

Method B provided an acceptable and more effective numerical result than Method A. 

Therefore, Method B is considered a more reliable technique to select in the FEM of the 

PTC panel presented in the following section. 

 

  

a) Experiment (Ranzi et al., 2013) b) FEM results 

Figure 5.25: Comparison of the slippage behaviour between the experiments and 
FEM 

 

Table 5.12: Comparative study on the longitudinal slip between concrete and steel sheet 

Model 
designation  

Longitudinal slip at peak load (mm)  

 �¿�æ�ß�Ü�ã�á�¾�Ñ�É 
(mm) 

 �¿�æ�ß�Ü�ã�á�¿�¾�Æ (mm) �¿�æ�ß�Ü�ã�á�¿�¾�Æ���¿�æ�ß�Ü�ã�á�¾�Ñ�É 
  MT-A  MT-B MT-A MT-B 
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CK1 5.41  4.61 4.82 0.85 0.89 
PF1 5.26   2.98 4.30 0.57 0.83 

Mean 0.71 0.86 
Standard deviation 0.20 0.05 

NOTE: MT-A �± contact formulation method; MT-B �± radial thrust method 

 

Table 5.13: Comparative study on the vertical slip between concrete and steel sheet 

Model 
designation  

Vertical slip at peak load (mm)   
�¿�æ�ß�Ü�ã�á�¾�Ñ�É 

(mm) 

 �¿�æ�ß�Ü�ã�á�¿�¾�Æ (mm)  �¿�æ�ß�Ü�ã�á�¿�¾�Æ���¿�æ�ß�Ü�ã�á�¾�Ñ�É 
  MT-A  MT-B MT-A  MT-B 

CK1 0.84  1.01 0.90 1.26 1.13 
PF1 2.08   1.50 1.82 0.75 0.91 

Mean 1.01 1.02 
Standard deviation 0.36 0.15 

NOTE: MT-A �± contact formulation method; MT-B �± radial thrust method 

 

5.4.4 Post-tensioned composite structures �± transverse direction (current test) 

The numerical model was calibrated using experimental data detailed in Chapter 4, 

ensuring precise alignment with specimen dimensions, reinforcement type and 

placement, and steel sheeting cover on the concrete's bottom face (see Figure 5.26).  In 

terms of boundary support conditions, simplified models were employed to reduce the 

system's complexity by minimising the number of loading frames and bearing supports 

compared to the real test setup. The support system retained the 50 mm rollers and bearing 

plates with dimensions of 100 mm (width) × 500 mm (length). To maintain the pin and 

roller conditions accurately, a boundary condition was established along the bottom line 

of the rollers using the constraint properties available in the software. Given the 

confirmed effectiveness of the radial-thrust method (Method B) for the concrete-steel 

sheet interaction in the previous section, this technique was employed in this comparative 

study to capture the behaviour of PTC slabs along the transverse direction. Hence, it was 

combined with the contact method for tendon-concrete contact and the cooling method 

for the prestressing mechanism. In this case, the results obtained from the FEM models 

were compared against the experimental data to ensure the accuracy of these techniques. 
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a) Overview of FEM models 

 

b) Layout of post-tensioning and reinforcing bars 

Figure 5.26: Numerical models of PTC specimens  

 

5.4.4.1 Load versus displacement curves 

According to Figures 5.27, a comparison of load-deflection characteristics between FEM 

models and testing demonstrated a similar trend in the elastic to plastic range of three 

PTC specimens. It can be seen that slight disparities emerged during the yielding stage, 

leading to FEM results being greater than those obtained through testing at the ultimate 

range. According to Table 5.14, the average disparity in ultimate load between FEM and 

testing results for the three beam specimens was approximately 11%, while for 

corresponding displacement, the average errors were lower at around 9%. However, this 

variance is reasonable given that FEM models yielded higher results than testing, since 

some additional effects in the lab environment, such as sliding between supports and 

specimens or the application of uneven force, cannot be simulated. Consequently, with 

the difference being moderate and models accurately capturing the load-deflection pattern 
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in three cases, the modelling techniques validated in this context proved to be effective 

in predicting the flexural behaviour of this composite structure. 

 

Table 5.14: Comparison between FEM and testing results for ultimate load conditions 

Model  
designation 

Ultimate load  
(kN) 

Displacement at  
peak load (mm) EXP/FEM   

 �(�è�á�¾�Ñ�É �(�è�á�¿�¾�Æ �¿�è�á�¾�Ñ�É �¿�è�á�¿�¾�Æ 
�(�è�á�¾�Ñ�É

�(�è�á�¿�¾�Æ
 

�¿�è�á�¾�Ñ�É

�¿�è�á�¿�¾�Æ
 

PTC-1 94.33 105.28 57.43 62.48 0.90 0.92 
PTC-2 114.04 130.47 60.59 65.72 0.87 0.92 
PTC-3 112.54 123.95 59.35 67.03 0.91 0.89 

mean 0.89 0.91 
standard deviation 0.014 0.017 

 

  

a) PTC-1 b) PTC-2 

 

c) PTC-3 
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Figure 5.27: Load-displacement between FEM and testing results of PTC slabs in a 
transverse direction (current test) 

 

5.4.4.2 Prestressing stress 

The initial effective stress and tendon stress at the specimen's flexural strength, as 

obtained in Section 4.2.2, were compared with the values estimated by the FEM models 

in Table 5.15. In this case, the results from the FEM models were notably accurate by 

applying the cooling method to simulate the prestressing mechanism. Specifically, the 

stress derived from both periods of testing exhibited a relatively small average difference, 

ranging only between 2% and 4% when compared with theoretical values. Additionally, 

a consistent trend was observed, where PTC-1 demonstrates higher initial effective stress 

compared to the other two specimens, attributed to lower stress losses resulting from 

friction and the anchorage. This comparison highlights the efficiency of employing the 

cooling method for predicting the stress behaviour of PT systems in composite structures. 

 

Table 5.15: Comparison between FEM and testing results for prestressing stress 
properties 

Model 
designation 

Initial tendon stress 
(MPa) 

Stress at flexural 
strength (MPa) 

THEORY/FEM  

 �B�ã�Ø�á�¾�ä�:�8�ä�5�; �B�ã�Ø�á�¿�¾�Æ �B�ã�è�á�¾�ä�:�8�ä�9�; �B�ã�è�á�¿�¾�Æ 
�B�ã�Ø�á�¾�ä�:�8�ä�5�;

�B�ã�Ø�á�¿�¾�Æ
 

�B�ã�è�á�¾�ä�:�8�ä�9�;

�B�ã�è�á�¿�¾�Æ
 

PTC-1 1427.42 1480.15 1722.38 1756.13 0.96 0.98 
PTC-2 1257.34 1302.72 1688.63 1732.87 0.97 0.98 
PTC-3 1243.00 1296.72 1652.81 1728.44 0.96 0.99 

Mean 0.96 0.98 
Standard deviation 0.003 0.007 

 

5.4.4.3 Bond-slip effects 

The effectiveness of numerical models in simulating slip-rate behaviour is also observed 

through a comparison with experimental data (refer to Figure 5.28). Both FEM 

simulations and experimental results indicate that, during the ultimate stage of the 

specimens, a vertical slip of 0.5 mm occurred at the interface between concrete and steel 
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sheeting under the loading position of the PTC specimens. The only marginal distinction 

lies in the slip behaviour depicted in the FE models, which represented 80% of the 

ultimate load, while the actual test recorded it at 85% of the ultimate load. Nonetheless, 

this discrepancy serves as evidence that the model is adept at accurately capturing the slip 

behaviour in this composite structure. 

 

  

a)  FEM models (PTC-1) b) Actual testing (PTC-1) 

Figure 5.28: Comparison in bond-slip behaviour in concrete-steel sheeting interface 
of FE models and testing 

 

5.4.4.4 Crack patterns 

The results of the numerical models were also validated by comparing the crack pattern 

with the pattern depicted in Figure 5.29 to 5.31. This reveals the resemblance between 

the crack formation in the numerical models and the experimental observations. Initially, 

the cracks initiated at a 90-degree angle from the ribs of the steel sheeting and extended 

to the upper surface of the concrete. Additionally, a few cracks emerged at the bottom 

deck of the specimen when the load reached approximately 80% of the ultimate load in 

the numerical model and 90% in the experimental case. Moreover, the majority of cracks 

concentrated in the middle of the specimen with significant intensity, gradually 

diminishing along both sides towards the supports. The only discrepancy lies in the 

location of concrete crushing on the top, as for computational efficiency in FEM models, 

the simulation excluded a 30 mm depth of clutch holes. Consequently, this leads to 
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crushing behaviour in the numerical focus at the middle of the specimen when the force 

reached 90% of the ultimate load capacity, diverging from the actual testing where failure 

occurred closely to the clutch hole position. 

 

 

a) Crack pattern of FE models (PTC-1) 

 

b) Reproduced crack pattern of actual testing (PTC-1) 

Figure 5.29: Comparison in crack formation between FE models and testing of PTC-1 
specimen  

 

 

a) Crack pattern of FE models (PTC-2) 

 

b) Reproduced typical crack pattern of actual testing (PTC-2) 

Figure 5.30: Comparison in crack formation between FE models and testing of PTC-2 
specimen 
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a) Crack pattern of FE models (PTC-3) 

 

b) Reproduced crack pattern of actual testing (PTC-3) 

Figure 5.31: Comparison in crack formation between FE models and testing of PTC-3 
specimen  

5.5 Summary 

For the numerical analysis of FE models, a series of previously available and current 

experimental test results were used, including various types of structures such as one-way 

and two-way PT structures, one-way and two-way composite slabs, and one-way PTC 

structures along the longitudinal and transverse directions. The number of experimental 

programmes and numerical techniques is summarised in Table 5.16. 

According to the comparative study, the contact method used for the interaction between 

concrete and tendon, combined with the cooling method applied to the prestressing 

mechanism, effectively captured the accuracy of predicting the flexural response and 

stress behaviour in both PT and PTC systems. For the modelling of the concrete-steel 

interface, the radial-thrust method was proven to exhibit greater accuracy of results as 

compared to the interface connection method in terms of ultimate behaviour and bond-

slip effects. Material property definitions, including the use of CDP models for concrete 

elements and elastic-plastic behaviour for other materials, effectively aligned with testing 

outcomes to perform the load-displacement characteristics and crack patterns across 

various structures. As a result, this chapter successfully provides the combined use of 

numerical techniques to predict the behaviour of PTC systems. These FE methods are 

established as a satisfactory and effective tool for modelling PTC slab systems, and they 

can be further employed in future in-depth investigations as a cost-effective option. 
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Table 5.16: Summary of numerical techniques used for the FE models 

FEM techniques Experimental programs Specimens Structural types 

Concrete-tendon 
interaction and 
prestressing 
mechanism 

Cooke et al. (1981) Slab 5 One-way PT 
slabs 

Du and Tao (1985)  Beam A5 One-way PT 
beams 

Lou et al. (2013) Beam-YAL1 Continuous PT 
beams 

Kim and Lee (2016) Slab FP-PT xy 
Two-way PT 

slabs 

Concrete-steel 
sheeting interaction 

Patrick and Lloyde 
(2008) Composite 

One-way 
composite slabs 

Porter (1985) 

Slab 2 
Two-way 

composite slabs 
Slab 3 
Slab 4 
Slab 5 

Combined techniques 
of post-tensioning 
method and concrete-
steel sheet interaction  

Patrick and Lloyde 
(2008) PT-composite One-way PTC 

slabs  
longitudinal 

direction Ranzi et al. (2013)  
CK1 
PF1 

Chapters 4 and 5 
Thesis 

PTC-1 One-way PTC 
slabs  

 transverse 
direction 

PTC-2 

PTC-3 

 

Although there are no available testing programmes on the full -scale PTC slab systems 

in a two-way action, the structural effects on the flexural stiffness of this specific floor 

type can still be predicted through the numerical approach for the following properties: 

The first essential factor is the elastic modulus (E) of the materials, which was determined 

by the input parameters shown in Section 5.3 for the concrete, profiled steel sheeting, and 

reinforcements. The second property is the moment of inertia (I), which was specified 

based on the cross-sectional geometries of concrete and profiled steel sheet. The third 

factor is the bi-directional effects of the post-tensioning method on the concrete 

structures, where the modelling techniques were verified for the post-tensioning 

mechanism. Thus, the impacts of post-tensioning on the bond slip of concrete-steel deck 

contact were referred to the models of Rana et al. (2015). 
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CHAPTER 6 

 PARAMETRIC STUDY  

6.1 Introduction 

From the literature review discussed in Chapter 2, there is no current research relating to 

the investigations of post-tensioned composite (PTC) slab systems in a two-way action, 

especially a flat plate with PTC structures has not been found. As a result, there are 

currently no existing standards, design equations, or methodologies available in this 

specific domain. Due to the absence of relevant studies, this investigation is one of the 

first studies to gain insights into the behaviour of full -scale PTC slab systems.  

In order to better understand the behaviour of PTC slabs, a parametric study was carried 

out using the finite element method (FEM) to obtain the flexural responses in the mid-

span of slabs in both serviceability and ultimate load conditions. In the parametric study, 

the two-way action behaviour was considered as: (1) this is one of the major focuses of 

this thesis, and (2) the area was identified as requiring further investigation from existing 

studies done on PTC slabs with one-way behaviour in the longitudinal direction (Ranzi 

et al., 2013; Ranzi & Ostinelli, 2017) and transverse direction (current test). The 

parametric study involved analysing a total of 153 models. The PTC slabs were allowed 

to vary in their geometries, including aspect ratios (Lx/Ly) and slenderness ratios (Ly/D). 

Additionally, this study included the variation of post-tensioning (PT) systems, which 

consist of tendon profiles and tendon spacings, as well as the variation of support 

conditions.  

The primary aims of this parametric study are: (1) to establish patterns for predicting the 

ultimate load capacity and bending behaviour of PTC slabs based on variations in aspect 

and slenderness ratios; (2) to assess the influence of PT systems on the bending stiffness 
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of PTC slabs and provide effective suggestions of tendon profiles and spacings in 

different cases; and (3) to investigate the impacts of support conditions on the flexural 

behaviour of PTC slabs. 

Due to some areas of the slab not being fully addressed within this research, several 

factors were not taken into account. These include the effects of punching shear in the 

column region, the behaviour of shear-bond slips between concrete and steel sheet, the 

positioning of slab openings, and the cracking behaviour of PTC slabs under two-way 

action. In addition, variations in concrete strength were not investigated. It is assumed 

that the tensile strength of concrete is negligible in influencing the mid-span flexural 

behaviour of PTC slabs. 

6.2 Model designations  

Figures 6.1 to 6.3 illustrate the overview of typical PTC slab panels with various aspect 

ratios from 0.05 to 2, depict the layouts of the PT system, and employ "BONDEK" as 

steel sheeting. These PTC panels were extended from the original dimensions of PTC 

specimens in the current test, with an increase in both longitudinal (Lx) and transverse 

(Ly) directions. 

For cases where Lx is less than or equal to 2m, the support and boundary conditions 

remained consistent with the testing conditions, employing pins and rollers at both ends 

of the panel (see Figure 6.1). However, when Lx is greater than 2m, the support 

configuration was adjusted to include four bearing blocks at the corners, as illustrated in 

Figures 6.2 and 6.3. This study applied a uniformly distributed load in all cases, setting 

the target concrete strength at 40 MPa. Panels required the minimum steel bar 

reinforcement of N12@400 for the top and bottom of concrete panels with Lx �•�����P�����Z�K�L�O�H��

4.N12 was employed when Lx < 2m for crack control, as specified in AS3600 (2018). 

Only prestressing strands of 12.7 mm diameter were used, featuring 3 strands per tendon 

(3S) for Lx/Ly �”�����������������V�W�U�D�Q�G�V���S�H�U���W�H�Q�G�R�Q�������6�����I�R�U���/x/Ly < 1.5, and 5 strands per tendon 

(5S) for Lx/Ly �•�������������7�K�H��tendon spacing was designated as 1350 mm, leading to variations 

in the number of tendons in each dimension based on the specified lengths. Details of the 

slab dimensions, material properties, and input data for the FEM models are presented in 

Appendix C. 
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            a) Lx/Ly = 0.05 b) Lx/Ly = 0.25 

Figure 6.1: Details of PTC panels with Ly = 4m and Lx/Ly �”������������Dimensions in mm) 

 

  

       a) Lx/Ly = 0.5 b) Lx/Ly = 0.75 

Figure 6.2: Details of PTC panels with Ly = 4m and 0.5 �”��Lx/Ly �” 0.75 (Dimensions in 
mm) 
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a) Lx/Ly = 1 

 

 

 

                                               b) Lx/Ly = 1.5 

 

 



CHAPTER 6: PARAMETRIC STUDY 

 

143 
 

 

 

c) Lx/Ly = 2 

Figure 6.3: Details of PTC panels with Ly = 4m and 1 �”��Lx/Ly �” 2 (Dimensions in 
mm) 

6.3 Variation of slab geometry 

6.3.1 Effects of aspect ratios 

The slab aspect ratio was defined as Lx/Ly, where Lx and Ly represent the slab spans 

parallel to the deck ribs (longitudinal direction) and perpendicular to the deck ribs 

(transverse direction), respectively. The number of models was created with the slab 

spans Ly equal to 4000 mm, 6000 mm, and 8000 mm. The length of Ly was set to be 

constant for each slab case, while span Lx was changed with an increment of 2000 mm to 

get the required aspect ratio within the range of 0.05 to 2. Therefore, the strong direction 

Lx varied from 250 mm (testing specimens) up to the largest length of 16000 mm. As a 

result, aspect ratios greater than 2 are beyond the scope of this research. The concrete 

strength, reinforcement ratios, tendon profiles, and spacings of PT systems were kept in 

the same condition for these panels. Figures 6.4 to 6.6 present the correlation between the 

aspect ratios and ultimate loads of PTC slabs with various slenderness ratios (Ly/D). 
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Figure 6.4: Ultimate load versus aspect ratios of PTC slabs with Ly = 4m 

 

 

Figure 6.5: Ultimate load versus aspect ratios of PTC slabs with Ly = 6m 
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Figure 6.6: Ultimate load versus aspect ratios of PTC slabs with Ly = 8m 

 

The following observations can be made from Figures 6.4 to 6.6: 

�x The three patterns exhibited a consistent trend across different lengths of Ly. The 

ultimate load obtained from the FEM reached its peak at an aspect ratio of 0.25. 

A linear decrease in load capacity was observed with an increase in the PTC slab 

aspect ratios from 0.25 to 1, and a more significant linear decline was noted in 

aspect ratios ranging from 1 to 2. 

  

�x The larger length of Ly gives a commonly much lesser ultimate load capacity of 

PTC slabs, which was reduced by 59.5% in the highest load capacity when Ly 

increased from 4m to 8m. 

 

�x For Ly = 4m, the ultimate load decreased from 19% to 23% within aspect ratios 

of 0.25 to 1. Additionally, the load capacity experienced a decline from 22.2% to 

29.3% within the aspect ratios of 1 to 2. 
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�x For Ly = 6m, the ultimate load decreased from 23.3% to 26.2% within aspect ratios 

of 0.25 to 1. Also, there was another decline from 49.7% to 70.7% in the load 

capacity within the aspect ratios of 1 to 2. 

 

�x For Ly = 8m, the ultimate load decreased from 22.8% to 32.6% within aspect ratios 

of 0.25 to 1. Furthermore, the load capacity decreased from 69.6% to 88.2% 

within the aspect ratios of 1 to 2. 

 

�x For Ly/D = 40, the aspect ratio of PTC slabs could only reach less than or equal to 

1.75, and for Ly/D = 53.33, the aspect ratio of PTC slabs could only increase up 

to 1.5. 

 

Overall, these findings indicate a linear decrease in the ultimate strength of the PTC slabs 

with increasing aspect ratios. This linear response of these patterns was attributed to the 

increase in span length, leading to the reduction of flexural stiffness (EI/L) under the 

bending effect. However, as Lx increased within aspect ratios of 1 to 2, the longitudinal 

direction of the floor started to have an impact on the slabs' flexural response. Hence, the 

two-way bending behaviour was taken into account when the aspect ratio was greater than 

1, resulting in a more pronounced decrease in the strength of PTC slabs compared to the 

observed trend from 0.25 to 1. Additionally, the load capacities of the PTC slabs exhibited 

high sensitivity to the length of Ly, with the strength of the slabs experiencing a significant 

decrease as Ly increased from 4m to 8m. 

According to AS 1170, the specified load required for the building's office use is equal to 

4 kPa for serviceability and 7 kPa for the ultimate condition. Hence, the results shown in 

Table C.1 in Appendix C indicate that the PTC slabs reached their flexural strength limits 

in the cases of Ly = 6m and 8m with aspect ratios equal to 1.75 and 1.5, respectively.  

As a result, given that these patterns effectively demonstrate the influence of aspect ratios 

on PTC slabs, they can be used to predict the ultimate load capacity of PTC slabs for three 

distinct lengths of transverse direction (Ly): 4m, 6m, and 8m, each with corresponding 

aspect ratios from 1 to 2. 
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6.3.2 Effects of slenderness ratios 

The slab slenderness ratio, which equals Ly/D, where D is the total depth of the slab deck, 

was set at 150 mm, 200 mm, 250 mm, and 300 mm to account for the effectiveness of 

slab thickness on the behaviour of PTC systems. While the slab span Ly was equal to 4000 

mm, 6000 mm, and 8000 mm, and the length of Lx was changed with a 2000 mm 

increment to achieve the variations of aspect ratios from 0.25 to 2. Hence, the slenderness 

ratios varied from 13.33 to 66.67 in different cases. For these panels, the concrete 

strength, reinforcement ratios, tendon profiles, and spacings of PT systems were constant. 

Figures 6.7 to 6.9 present the correlation between the aspect ratios and ultimate loads of 

PTC slabs with various aspect ratios (Lx/Ly). 

 

 

Figure 6.7: Ultimate load versus slenderness ratio of PTC slabs with Ly = 4m 
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Figure 6.8: Ultimate load versus slenderness ratio of PTC slabs with Ly = 6m 

 

 

Figure 6.9: Ultimate load versus slenderness ratio of PTC slabs with Ly = 8m 
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The following observations can be made from Figures 6.7 to 6.9: 

�x These patterns exhibited a consistent trend across different lengths of Ly and 

various aspect ratios with a nonlinear decline in the ultimate strength of PTC slabs 

when the slenderness ratios increased.  

 

�x For Ly = 4m, the ultimate load of PTC slabs decreased by 65.6% to 75.8% when 

the slenderness ratio increased from 13.34 to 26.67 within the same aspect ratios. 

 

�x For Ly = 6m, the ultimate load of PTC slabs decreased by 67.5% to 77.4% when 

the slenderness ratio increased from 20 to 40 within the same aspect ratios. In 

addition, the slenderness ratio could not reach up to 40 when the aspect ratio was 

equal to 2. 

 

�x For Ly = 8m, the ultimate load of PTC slabs decreased by 66.1% to 80.4% when 

the slenderness ratio increased from 26.67 to 53.33 within the same aspect ratios. 

The slenderness ratio reached its limit at 40 and 32 when the aspect ratio was 1.75 

and 2, respectively.   

 

Overall, the nonlinear decline in the ultimate load of PTC slabs when the slenderness ratio 

increased was attributed to the geometric nonlinear response of the cross-sectional 

moment of inertia (I) under bending effects.  

Across all models, a consistent trend was noted: the load capacity of the slab exhibited a 

significant rise with an increase in slab thickness from 150 mm to 300 mm. Consequently, 

the increase in PTC slab thicknesses notably enhanced bending stiffness by combining 

both the structural effects of the moment of inertia (I) and higher eccentricities in 

prestressing tendons. In both slab directions, the increase of 50 mm in the thickness of 

the slabs allows for a 25 mm increase in the tendon eccentricity. In addition, when the 

length of the longitudinal direction extended over 12m in cases of Ly = 6m and 8m, only 

the slab thicknesses greater than 250 mm satisfied the serviceability limits specified in 

AS 3600 (2018). 

As a result, given that these patterns effectively demonstrate the influence of slenderness 

ratios on PTC slabs, they can be used to predict the ultimate load capacity of PTC slabs 
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for three distinct lengths of transverse direction (Ly): 4m, 6m, and 8m, each with 

corresponding slenderness ratios. 

6.3.3 Bending behaviour of PTC slabs 

Under the effects of steel sheeting, the bending characteristics of composite slabs were 

totally changed compared to conventional concrete slabs, as discussed in Section 2.2.2. 

According to Wei et al. (2006), Eldib et al. (2009), and Feng et al. (2015), determining 

whether the slab behaves in a one-way or two-way bending (see Figure 6.10) can only be 

approached by specifying the bending stiffness ratios in both directions for slabs less than 

2 or greater than 2, respectively. As a result, this study investigated the flexural behaviour 

of PTC slabs with variations in slab dimensions. 

 

  

a) One-way bending slabs a) Two-way bending slabs 

Figure 6.10: Typical bending behaviour of slabs in one-way and two-way actions 

 

Therefore, this research initiated the assessment of these bending stiffness ratios on PTC 

slabs, defined as the ratio of bending stiffness along the longitudinal direction (Lx) over 

the transverse direction (Ly). This evaluation took into account three different lengths of 

Ly at 4m, 6 m, and 8 m, with aspect ratios (Lx/Ly) from 1 to 2 and slenderness ratios (Ly/D) 

from 13.33 to 53.33. Aspect ratios less than 1 were not included since the slabs were 

totally governed by the transverse direction (Ly) with one-way behaviour. Hence, figures 

6.10 to 6.12 present the correlation between the bending stiffness ratio and the load 

capacity on various geometry of slabs. 
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       a) Lx/Ly = 1              b) Lx/Ly = 1.5 

 

c) Lx/Ly = 2 

Figure 6.11: Bending stiffness ratios versus load capacity with Ly = 4m  

 

  

      a) Lx/Ly = 1           b) Lx/Ly = 1.33 
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        c) Lx/Ly = 1.67         d) Lx/Ly = 2 

Figure 6.12: Bending stiffness ratios versus load capacity with Ly = 6m 

 

  

         a) Lx/Ly = 1            b) Lx/Ly = 1.5 

 

    c) Lx/Ly = 2 

Figure 6.13: Bending stiffness ratios versus load capacity with Ly = 8m 
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According to the patterns obtained from Figures 6.11 to 6.13, the following results can 

be derived:  

�x The slenderness ratio had a minor impact on the patterns of stiffness ratios 

between the two directions, showing a consistent trend as the slenderness ratio 

increased within the same aspect ratios. Only with an increase in slab thicknesses 

was the higher load capacity of panel observed when the bending stiffness ratios 

became greater than 2. 

 

�x The stiffness ratios were more sensitive to the aspect ratios of slabs, as the stiffness 

ratio values decreased to less than 2 and the PTC slabs transitioned from one-way 

to two-way bending behaviour when aspect ratios increased from 1 to 2 across all 

lengths of Ly.  

 

�x For Lx/Ly = 1, PTC slabs exhibited only one-way bending behaviour along the 

transverse (Ly) direction, experiencing a stiffness ratio greater than 2 in all cases 

at the ultimate stage. 

 

�x For Lx/Ly = 1.5, the flexural behaviour of the PTC slabs started to behave as a 

two-way bending during the service stage and transitioned to a one-way bending 

governed by the transverse direction (Ly) when loading increased to the ultimate 

range. 

 

�x For Lx/Ly = 2, the flexural behaviour of PTC panels across all cases exhibited a 

consistent two-way bending, with stiffness ratios ranging from 0.8 to 1.5 between 

the two directions. In cases Ly = 4m, the Lx direction experienced a more 

pronounced decrease, with the stiffness ratio being less than 1 at the ultimate 

stage, which established span Lx as the weaker direction of the PTC slabs in this 

case. 

 

�x When Ly increased from 4m to 8m, the bending stiffness ratios was slightly 

reduced, the similar patterns were observed between Ly = 6m and 8m.  
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Overall, the patterns from Figures 6.11 to 6.13 are provided to present the correlation 

between the flexural behaviour of PTC slabs and variations in slab geometry and load 

capacities. Due to the distinct influence of steel sheeting on the bending behaviour of PTC 

slabs compared to conventional PT floors, these patterns facilitate engineering 

practitioners in predicting whether slabs behave in one-way or two-way bending and 

which directions of slabs require the main PT reinforcements in both service and ultimate 

stages. For instance, with aspect ratios less than 1.5, the considerations for the service and 

ultimate designs of PTC systems should focus on the transverse direction (perpendicular 

to the ribs) rather than the longitudinal direction. Furthermore, the bending stiffness ratio 

is the key parameter to determining the flexural behaviour of composite slabs in different 

programmes, which will be studied in detail in the following chapter.  

6.4 Variation of post-tensioning system 

6.4.1 Effects of tendon profiles 

To investigate the effects of tendon profiles on the full-scale PTC slabs, the properties of 

tendons, including straight and parabolic profiles, were configured in various dimensions, 

maintaining a constant length of Ly = 4m for the transverse direction of the panel while 

the longitudinal direction (Lx) varied from 4m to 8m to account for aspect ratios (Lx/Ly) 

from 1 to 2. Table 6.1 outlines the details of the model parameters used in this 

investigation. It should be noted that the maximum allowable eccentricity (e) was used in 

the case of parabolic tendon profiles, and the corresponding stress losses were calculated 

based on the equations provided in Chapter 4. A constant slab thickness of 250 mm was 

selected. In this case, variations in slab thicknesses or the impact of the slenderness ratio 

were not taken into account. This decision was based on the clear evidence from the 

previous section that an increase in slab thickness allows for greater eccentricity in 

profiled tendons, thereby yielding higher bending stiffness when compared to straight 

tendons. 
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Table 6.1: Model parameters of PTC panels with various tendon profile conditions 

Model  
designation Lx/Ly 

Span Ly 
(transverse direction) 

Span Lx 
(longitudinal direction) 

Tendon  
profiles 

No of 
tendons 

e 
(mm) 

Tendon  
profiles 

No of 
tendons 

e 
(mm) 

TP1 

1 

parabolic 

3 

60 straight 3 0 

TP2 parabolic 60 parabolic 3 90 

TP3 parabolic 60 - 0 - 

TP4 straight 0 - 0 - 

TP5 

1.5 

parabolic 

4 

60 straight 3 0 

TP6 parabolic 60 parabolic 3 90 

TP7 parabolic 60 - 0 - 

TP8 straight 0 - 0 - 

TP9 

2 

parabolic 

5 

60 straight 3 0 

TP10 parabolic 60 parabolic 3 90 

TP11 straight 60 parabolic 3 90 

TP12 straight 0 straight 3 0 

 

Table 6.2 presents the analytical data obtained from FE models that show the bending 

stiffness of PTC slabs in both the service and ultimate stages within various tendon 

profiles. In addition, the load-displacement characteristics and the flexural behaviour of 

various panels are presented in Appendix C. In Table 6.2, the service load (�(�æ) was defined 

based on the service deflection (�¿�æ) specified in AS 3600 (2018), which is equal to L/250, 

where L is the effective span-length of slabs.  

 

Table 6.2: Comparison of loads and displacements for PTC slabs with various tendon 
profiles. 

Model  
designation Lx/Ly 

Service Stage Ultimate Stage 
Load 

�(�æ 
(kPa) 

Mid-span 
�¿�æ 

(mm) 

Bending 
stiffness 
(N/mm) 

Load  
�(�è 

(kPa) 

Mid-span 
�¿�è 

(mm) 

Bending 
stiffness 
(N/mm) 

TP1 

1 

44.86 

16.00 

2803.75 69.02 59.46 1160.78 
TP2 46.47 2904.38 72.10 61.33 1175.61 
TP3 43.36 2710.00 68.25 66.29 1029.57 
TP4 30.73 1920.63 53.55 67.86 789.12 
TP5 1.5 42.00 24.00 1750.00 56.13 69.21 811.01 
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TP6 45.50 1895.83 59.53 65.74 905.54 
TP7 39.60 1650.00 53.28 67.75 786.42 
TP8 33.54 1397.50 48.72 76.72 635.04 
TP9 

2 

38.25 

32.00 

1195.31 45.22 65.95 685.67 
TP10 43.98 1374.38 51.75 61.09 847.11 
TP11 35.70 1115.63 42.00 62.22 675.02 
TP12 24.55 767.19 30.40 61.96 490.64 

 

According to Table 6.2, the following results can be deduced:  

�x For Lx/Ly = 1, a comparison between panels TP1, TP2, and TP3 indicates minor 

differences in both service and ultimate bending stiffness, ranging from 3.5% to 

6.6%. On the other hand, when comparing models TP3 and TP4, using parabolic 

tendons along the transverse direction significantly increased the stiffness by 

29.1% and 23.4% in service and ultimate stage, respectively. 

 

�x For Lx/Ly = 1.5, the comparison of TP5 and TP6 shows that using parabolic 

tendons along the Lx direction increased the bending stiffness of PTC slabs by 

7.6% and 10.4% in the service and ultimate conditions, respectively. On the other 

hand, when comparing panels TP7 and TP8, using the parabolic tendon along the 

Ly direction increased the bending stiffness by 15.3% and 19.2% in the service 

and ultimate ranges, respectively. 

 

�x For Lx/Ly = 2, panel TP10 exhibited the highest bending stiffness with parabolic 

profiles in both directions, which was 13% and 19% higher than that of panel TP9 

in service and ultimate condition, respectively. Also, when comparing panels 

TP10 and TP11, using the parabolic profile tendons in the transverse direction 

enhanced the slab stiffness by 18.8% in service and 20.3% in the ultimate 

condition. 

 

Overall, these findings indicate that, in all cases, using a parabolic tendon in the transverse 

direction of PTC slabs provides a higher bending stiffness when compared to a straight 

one. This outcome is aligned with the results of the current test.  

However, to ensure the optimal design of the PTC system, tendon profiles should be 

selected based on the slab aspect ratios. For instance, when the aspect ratio is 1, the choice 
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between a parabolic or straight tendon in the longitudinal direction is insignificant. 

Therefore, using straight tendons for the longitudinal direction of the floor can help 

minimise stress losses and make it easier to install PT systems. 

As a result, the decision to employ straight or parabolic tendons for either direction of the 

floor can be guided by using the bending stiffness ratio patterns outlined in the previous 

section, which determine the floor's behaviour in relation to its dimensions. For the 

primary direction, which predominantly governs slab strengths, the use of parabolic 

tendons is recommended. Conversely, for the secondary direction, straight tendons may 

be employed. 

6.4.2 Effects of tendon spacings 

As mentioned in Section 6.3, the PTC slabs reached the flexural limits within the cases 

of Ly = 8 m, with aspect ratio (Lx/Ly) increasing up to 2 and slenderness ratio (Ly/D) 

reaching up to 26.67, using the constant tendon spacings (s) of 1350 mm. Hence, to 

investigate the effects of tendon spacings on improving the bending stiffness of PTC 

slabs, a total of 12 models were analysed in this case, which allowed the variation in 

tendon spacings of 1350 mm, 1000 mm, and 650 mm used for the longitudinal direction 

(Lx). In this parametric study, it should be noted that the spacing in the transverse direction 

was kept constant at 1350 mm because, within this dimension, the flexural behaviour of 

PTC slabs was governed by the longitudinal direction. The aspect ratio was kept constant 

�D�W���������D�Q�G���R�Q�O�\���W�K�H���V�O�D�E�V�¶���W�K�L�F�N�Q�H�V�V�H�V���Z�H�U�H���Y�D�U�L�H�G���W�R���D�F�F�R�X�Q�W���I�R�U���W�K�H���H�I�I�H�F�W�V���R�I���V�O�H�Q�G�H�U�Q�H�V�V��

ratios. All relevant variables, including the number of tendons and tendon eccentricity, 

are summarised in Table 6.3. 

 

Table 6.3: Model parameters of PTC panels with various tendon spacings  

Model  
designation 

   Ly/D 

Span Ly  
(transverse direction) 

Span Lx 
(longitudinal direction) 

Tendon  
spacing 
(mm) 

No of 
tendons 

e 
(mm) 

Tendon  
spacing 
(mm) 

No of 
tendons 

e 
(mm) 

TS1 53.33 

1350 12 

0 

1350 5 

40 

TS2 40 35 65 

TS3 32 60 90 
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TS4 26.67 85 115 

TS5 53.33 

1350 12 

0 

1000 8 

40 

TS6 40 35 65 

TS7 32 60 90 

TS8 26.67 85 115 

TS9 53.33 

1350 12 

0 

650 12 

40 

TS10 40 35 65 

TS11 32 60 90 

TS12 26.67 85 115 

 

Table 6.4 provides details on load values, displacements, and the corresponding bending 

stiffness at both the service and ultimate stages. The determination of service load in these 

PTC panels adheres to the deflection limit of L/250, as specified by AS3600 (2018), 

which equals 32 mm.  

 

Table 6.4: Comparison of loads and displacements for 8×16 (m) PTC slabs with varying 
tendon spacings 

Model  
designation 

Spacings 
(mm) 

Service Stage Ultimate Stage 
Load 

�(�æ 
(kPa) 

Mid-span 
�¿�æ 

(mm) 

Bending 
stiffness 
(N/mm) 

Load  
�(�è 

(kPa) 

Mid-span 
�¿�è 

(mm) 

Bending 
stiffness 
(N/mm) 

TS1 

1350 

- - - - - - 
TS2 - - - - - - 
TS3 4.72*  32.00 143.68 6.52*  62.89 103.67 
TS4 11.26 348.28 14.26 64.35 221.60 
TS5 

1000 

- - - - - - 
TS6 1.84*  

32.00  

54.99 2.65*  65.58 40.41 
TS7 6.01 189.05 7.62 63.70 119.62 
TS8 14.47 454.03 18.32 63.42 288.87 
TS9 

650 

- - - - - - 
TS10 2.28*  

32.00  
67.62 3.10*  63.31 48.97 

TS11 7.76 233.52 9.84 66.14 148.78 
TS12 19.99 597.43 25.32 66.58 380.29 

* Service load or ultimate load less than required load specified in AS 1170.0 (2002) for     
office use of slabs  
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According to Table 6.4, the following results can be derived:  

�x For Ly/D = 26.67, a reduction in tendon spacing from 1350 mm to 650 mm 

resulted in a substantial 41.8% increase in bending stiffness across the 

longitudinal direction of PTC slabs. Similarly, with tendon spacing set at 1000 

mm, stiffness registered a 24% increase at both the service and ultimate stages. 

 

�x For Ly/D = 32, reducing the tendon spacing brings effectiveness, as the service 

and ultimate loads obtained in panels TS7 and TS11 satisfy the serviceability and 

ultimate limit states specified by AS 3600 (2018). 

 

�x For Ly/D from 40 to 53.33, reducing tendon spacing in these cases was not 

effective as substantial deflections occurred under the self-weight of PTC slabs 

obtained from models TS5, TS6, TS9, and TS10.  

 

Overall, it is important to note that reducing the tendon spacing does increase the flexural 

strength of the PTC slabs, but the impact becomes less significant when the slab thickness 

is slender, especially in this case where the thickness is less than 250 mm. Only at Ly/D 

= 32, when tendon spacing was reduced to 1000 mm in model TS7, does the PT 

reinforcement satisfy the required service and ultimate loads specified in AS 1170 for the 

office use of the building (1 kPa for the superimposed dead load and 3 kPa for the live 

load). Consequently, at Ly/D = 53.33 and Ly/D = 40, the PT's eccentricity was limited, 

resulting in a minor impact on the bending stiffness of PTC slabs due to the lack of an 

effective tendon layout to control deflection during service. In response to this issue, it is 

concluded that the adjustment of PT spacings only brings efficiency within the allowable 

slab thickness of 250 mm for PTC slabs. In some cases where the thickness is less than 

250 mm, the slab thickness of PTC slabs must be increased to meet the serviceability and 

strength requirements.  

6.5 Variation  of support conditions  

The investigation in this section aims to analyse the impact of varying support conditions 

on the bending behaviour of PTC slabs. Alongside the primary focus on PTC slabs with 
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flat plates, the study extends to explore the effects of employing beam-slab and wall-slab 

systems in PTC panels. These configurations were applied to PTC panels with Ly equal 

to 4m and a slab thickness of 250mm, with varying aspect ratios from 1 to 2. The 

consideration of slenderness ratio was not included, as it was found to have minimal 

impact on the bending behaviour patterns of PTC slabs, as discussed in the previous 

section. 

A solid beam frame system was provided in the models of PTC panels, as illustrated in 

Figure 6.14. Different boundary conditions were implemented to represent wall and beam 

systems. Consequently, a 200 x 200 mm concrete beam frame was introduced along the 

�S�D�Q�H�O�¶�V���S�H�U�L�P�H�W�H�U�����7�K�H�� �X�S�S�H�U���I�D�F�H���R�I���W�K�H���I�U�D�P�H���Z�D�V�� �W�L�H�G���W�R���W�K�H���E�R�W�W�R�P���I�D�F�H���R�I���W�K�H���V�W�H�H�O��

sheeting, assuming full shear-bond strength. For the beam condition, the side faces of 

these beams were restrained as fixed supports, assuming their attachment to columns. On 

the other hand, for the wall system, the entire bottom face was restrained as a fixed 

condition, assuming the wall to be completely stiff without any in-plane bending 

occurring. These models�¶���S�U�R�S�H�U�W�L�H�V are summarised in Table 6.7.  

 

  

a) Beam condition  b) Wall condition 

Figure 6.14: Overview of beam and wall systems used for the FEM models in 
ABAQUS 
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Table 6.5: Model parameters of PTC panels with different support conditions 

Model  
designation 

Lx/Ly 
(mm) 

Support 
condition 

 Span Ly 
(transverse direction) 

Span Lx 
(longitudinal direction) 

Tendon  
profiles 

No of 
tendons 

Tendon  
profiles 

No of 
tendons 

SC1 

1  

Flat plate 

parabolic 3 parabolic 3 SC2 Beam-slab 

SC3 Wall-slab 

SC4 

1.5   

Flat plate 

parabolic 4 parabolic 3 SC5 Beam-slab 

SC6 Wall-slab 

SC7 

2   

Flat plate 

parabolic 5 parabolic 3 SC8 Beam-slab 

SC9 Wall-slab 

 

Figures 6.15 to 6.17 illustrate the contour plots of these panels under different support 

conditions at the ultimate stage. Under the effects of beam support, the following results 

can be deduced: 

�x The beam support made significant improvements in the transverse direction of 

PTC slabs, resulting in a reduced stiffness discrepancy between the two directions. 

 

�x For Lx/Ly = 1, the PTC panel (SC2) behaved mostly as a two-way action for loads 

less than 60 kPa, and then was governed by the transverse direction at the ultimate 

stage when the stiffness ratio exceeded 2. 

 

�x When Lx/Ly increased to 1.5, the stiffness ratio of the SC5 panel underwent a 

substantial decrease from 1.25 to 0.25 in the load range of 25 kPa to 50 kPa. In 

this case, the PTC slab indicated a one-way behaviour over the Lx direction, which 

means it was governed by the longitudinal direction instead of the transverse 

direction, as compared to the flat-plate system (SC4). 
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�x With an aspect ratio of 2, the longitudinal span Lx became the weaker direction of 

PTC slabs, with the bending stiffness in the Ly direction being four times larger 

than that of the Lx direction when the load exceeded 30 kPa.  

 

On the other hand, under the effects of wall support, the following results can be deduced: 

�x In all cases of wall support conditions, the 200-mm perimeter of the slab attached 

to the wall area was unaffected by bending issues, resulting in a significant 

reduction in the deflection range of the floor.  

 

�x The influence of steel sheeting on both the transverse and longitudinal directions 

of the floor was significantly reduced. Specifically, in the case of the SC3 panel, 

the floor exhibited a two-way behaviour with equal bending stiffness values 

between the two directions, whereas for the flat plate and beam-slab systems, the 

PTC floors were governed by the transverse direction Ly at the ultimate stage. 

 

�x With variations in aspect ratios of 1 to 2, there are no major differences in the 

flexural behaviour of PTC slabs under wall support conditions. Hence, the PTC 

slabs behaved consistently in a two-way bending, with the bending stiffness ratio 

remaining relatively constant in all cases between 0.75 and 1.25. 

 

  

a) Stiffness ratio versus load capacity b) Flat plate slab (SC1) 
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b) Beam-slab system (SC2) c) Wall-slab system (SC3) 

Figure 6.15: Flexural behaviour of PTC slab systems under various support 
conditions with Lx/Ly = 1 

 

  

a) Stiffness ratio versus load capacity b) Flat plat slab (SC4) 

  

c) Beam-slab system (SC5) d) Wall-slab system (SC6) 

Figure 6.16: Flexural behaviour of PTC slab systems under various support 
conditions with Lx/Ly = 1.5 
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a) Stiffness ratio versus load capacity a) Flat plate slab (SC7) 

 
 

b) Beam-slab system (SC8) c) Wall-slab system (SC9) 

Figure 6.17: Flexural behaviour of PTC slab systems under various support 
conditions with Lx/Ly = 2 

6.6 Summary 

Having established that the numerical programme satisfactorily predicted the 

experimental outcomes from several tests (Chapter 5), a series of parametric studies using 

the validated numerical models were conducted in this chapter. Three critical parameters 

were examined, including slab geometry, the post-tensioning systems, and support 

conditions, to specify their effects on the flexural strength and behaviour of full-scale 

PTC slab systems. The key findings are summarised below:  

1. The slab geometry has a profound influence on the flexural behaviour and bending 

strength of the PTC slab systems, which include: 
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�x The ultimate loads of PTC slabs decrease linearly with an increase in aspect 

ratio (Lx/Ly) from 0.25 to 2. The maximum load capacity is achieved at Lx/Ly 

= 0.25, and descending phases are observed within aspect ratios from 0.25 to 

2. For aspect ratios ranging from 1 to 2, the reduction in stiffness becomes 

more pronounced as the length of Ly increases from 4 to 8 m. 

 

�x The ultimate loads of PTC slabs exhibit a non-linear decrease when the 

slenderness ratio increases. Hence, the elevation in thickness brings certain 

structural advantages with an increase in cross-sectional moment inertia (I) 

combined with the higher eccentricity of the prestressed tendons. 

Consequently, this results in enhanced flexural stiffness of PTC slabs under 

bending effects. 

 

�x The patterns of bending stiffness ratios versus load capacity have been 

produced to effectively predict the flexural behaviour of PTC slab systems. 

The PTC slabs tend to behave in one-way bending as the load increases to the 

ultimate range in aspect ratios of 1 to 1.5. Furthermore, the transition from 

one-way to two-way bending behaviour of PTC slabs is observed when the 

aspect ratio increases from 1.5 to 2.  

 

2. Regarding the effects of the post-tensioning system on the PTC slabs, the 

following conclusions were drawn:  

�x The application of a profiled tendon in the transverse direction of PTC slabs 

can increase the flexural stiffness by up to 29.1% and 23.4% in both the 

service and ultimate stages, respectively, when compared to that of a straight 

tendon. 

 

�x In cases where the aspect ratio is less than 1.5, the profiled tendon applied in 

a longitudinal direction has minor effect on the strength of PTC slabs. 

Therefore, there is no significant difference between using profiled or straight 

tendons in this case. 
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�x For cases where the aspect ratio is greater than or equal to 1.5, the use of a 

profiled tendon on the longitudinal direction contributes up to a 13% and 19% 

increase in the bending stiffness of PTC panels in the service and ultimate 

conditions, respectively, when compared to that of a straight tendon. 

 

�x Along the longitudinal direction of PTC slabs, tendon spacings reduced from 

1350 mm to 650 mm provide a substantial increase of 41.8% in the bending 

stiffness. However, reducing tendon spacing when using straight tendon or 

minor eccentricities with slab thickness less than 250 mm has no effect on 

improving the bending strength of PTC systems. 

 

3. Regarding the different support conditions applied to the PTC slab systems, the 

following conclusion can be concluded:  

�x Within Lx/Ly = 1, PTC slabs under the beam support are governed by the 

transverse direction at the ultimate range. However, at an aspect ratio of 1.5 

to 2, these slabs consider the longitudinal span to be the weaker direction.  

 

�x PTC slabs under the wall support are totally changed in their bending 

behaviour as equal stiffness is observed in both directions of the PTC slab. 

The wall systems are stiff enough to restrain any bending that occurs within 

200 mm at the slabs' edges. Therefore, in this case, the transverse direction of 

steel sheeting has no significant effect on the flexural behaviour of PTC slabs. 
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CHAPTER 7 

 SIMPLIFIED  DESIGN APPROACH FOR POST-
TENSIONED COMPOSITE SLABS 

7.1 Introduction 

The current design methodology for the two-way behaviour of post-tensioned composite 

(PTC) slabs encounters significant limitations without any available codes of practice, 

equations, guidelines, or analytical methods. Furthermore, there is a notable lack of a 

design programme that allows for the integration of the combined structures of post-

tensioning systems and profiled steel sheeting. Consequently, engineering practitioners 

can only analyse the flexural behaviour of this slab system by adjusting the stiffness 

coefficients within available design programs. The assumption is made that the PTC slabs 

can be presented by reducing the stiffness coefficient in the transverse direction while 

increasing the stiffness value in the longitudinal direction. Although these assumptions 

are reasonable given the characteristics of steel sheeting, the findings from Chapter 6 

indicate that stiffness ratio patterns between two directions of PTC slabs vary depending 

on three crucial factors: slenderness ratios, aspect ratios, and load capacity. 

According to the shortcomings of the current engineering application, the main focus of 

this chapter is to verify this simplified design approach with provisions for appropriate 

stiffness coefficients used for the PTC slabs. In addition, a comparative study was 

conducted between the finite element analysis (FEA) program (ABAQUS) and the 

structural design program (RAM Concept). This comparison included a total of 188 

models for reinforced concrete slabs (RC), reinforced composite slabs (RCC), and PTC 

slab systems, aiming to validate the effectiveness of these stiffness coefficients when 

applied to available design software.  
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7.2 Simplified design method for post-tensioned composite slabs  

According to clause 6.10 of AS 3600 (2018), various simplified design methods have 

been introduced for different types of slab structures, including reinforced continuous 

beams or one-way slabs, reinforced two-way slabs supported on four sides, and reinforced 

two-way slab systems with multiple spans. These methods, however, have limitations 

when applied to composite slabs or PTC slab systems because of two main reasons: 

�x The assumption of uniform cross-sections in these design methods does not hold 

for composite slabs or PTC slab systems due to the anisotropic nature of the steel 

sheeting profiles. These slabs exhibit bi-directional behaviour, with distinct 

longitudinal (parallel to deck ribs) and transverse (perpendicular to deck ribs) 

directions. 

  

�x Also, the penetration of deck ribs through the thickness of the slab significantly 

impacts the strength and stiffness of the slabs in both transverse and longitudinal 

directions. As discussed in Chapter 6, the bending stiffness ratios between the two 

directions vary differently compared to conventional concrete slabs, which 

depend on dimensions and load capacities. 

 

In current engineering practice, the adjustment of slab bending stiffness (expressed as 

stiffness coefficients) within available design software represents the only approach to 

designing PTC slab systems. Assumptions typically involve reducing bending stiffness 

by 60% to 65% in the transverse direction while increasing it by 10% to 15% in the 

longitudinal direction, albeit without specific guidelines. However, findings from Chapter 

6 reveal that the patterns of bending stiffness ratios vary with variations in slab geometry 

and load capacity during service and ultimate stages, which means these constant stiffness 

parameters might not be appropriate in all cases of PTC slabs. 

Therefore, to achieve a more effective application of this current method, it is necessary 

to examine the disparity between the bending stiffness of composite floors and 

conventional concrete floors within various slab dimensions and loading conditions. 

Hence, these stiffness coefficients are defined as the ratios of the bending stiffness of 

composite slabs to conventional concrete slabs.  
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Furthermore, to confirm the effectiveness of applying these stiffness coefficient patterns, 

a design program called RAM Concept was employed to conduct a comparative study 

with the FE program ABAQUS. It is important to emphasise that these coefficients can 

be used across different design programs, allowing for changes in stiffness coefficients 

on both sides of the concrete floors. 

7.3 Bending stiffness coefficient of composite slabs 

7.3.1 Calculation of stiffness coefficients 

Based on the numerical analysis from previous chapters, the bending stiffness of 

composite slab systems can be determined by various factors. Firstly, the distinct material 

properties of concrete and steel sheeting are characterised by different Young modulus 

(E) values. Additionally, the diverse cross-sectional areas of each material result in 

varying values of the second moment of inertia (I). In scenarios where concrete is cast on 

a steel deck, the inherent sheeting ribs cause a loss of part of the concrete's stiffness, 

leading to a modification in the I-factor value compared to conventional concrete. Thus, 

to estimate the bending stiffness of the reinforced composite slab in this context, reliance 

on the finite-element-based program ABAQUS is essential. As validated in preceding 

chapters concerning the flexural analysis of composite structures, the constitutive 

material properties and contact formulation provided for concrete and steel decking prove 

suitable for assessing the flexural behaviour of composite decks. Therefore, utilising 

ABAQUS enables the effective prediction of floor displacements under applied loads, 

facilitating the application of the following formula to determine the bending stiffness of 

the floor system. The following equation is:  

�G
L��
�2
�Ü


L��
�'�+
�.

 (7.1) 

According to Figure 7.1, the bending stiffness (k) in both directions of composite slabs, 

where Lx is the longitudinal or strong direction (parallel to the sheeting ribs) and Ly is the 

transverse or weak direction (perpendicular to the sheeting ribs), is calculated. By 

applying loads to the panel, the associated displacements are derived through ABAQUS 
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analysis, allowing the determination of bending stiffness in each direction for various 

cases of slab geometry.  

 

 

Figure 7.1: Bending stiffness configuration in both directions of composite slabs  

 

To determine values for the stiffness coefficients, a comparative analysis between 

conventional concrete floors and composite floors is required. Hence, the stiffness 

coefficient for the transverse direction of profiled steel sheeting, is determined by 

calculating the bending stiffness ratio in the Ly direction of composite concrete divided 

by that of normal concrete. Simultaneously, the stiffness coefficient for the strong 

direction of steel sheeting, is equivalent to the bending stiffness ratio in the Lx direction 

(refer to Figure 7.2). 

This study established a comprehensive pattern for the stiffness coefficients of composite 

floors across cases from the parametric study presented in Chapter 6, with Ly values of 4, 

6, and 8 metres, aspect ratios (Lx/Ly) ranging from 0.25 to 2, and slenderness ratios (Ly/D) 

ranging from 13.33 mm to 53.33 mm. Finite element models for both normal concrete 

and composite concrete panels were generated using the ABAQUS program, as illustrated 

in Figure 7.2. The model conditions of the RC slabs and RCC slabs remain consistent, 

with N12@400 for the top mesh and N12@200 for the bottom mesh. In the case of RC 
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slabs, bottom mesh was placed with a 25-mm cover of concrete; otherwise, bottom 

reinforcement in the case of RCC slabs was placed on the top of sheeting ribs. These FE 

models employed the geometric types, contact properties, and material constitutive 

models described in Chapter 3. For both types of slabs, a constant concrete strength of 40 

MPa was selected, and BONDEK was used as a steel sheeting. 

 

 

Figure 7.2: Overview of FEM models and reinforcement layout for normal concrete 
slabs and composite concrete slabs 

 

7.3.3 Stiffness coefficients with aspect ratios from 0.25 to 0.75 

Figures 7.3 to 7.5 present the correlation between the stiffness coefficient and load 

capacity (including self-weight) of composite panels, with aspect ratios (Lx/Ly) ranging 

from 0.25 to 0.75. Given that all these composite RC and normal RC panels exhibited 

one-way bending in their flexural behaviour, only the stiffness coefficient in the 

transverse direction of composite slabs is depicted, assuming the coefficient in the other 

direction is equivalent at 1. 

Under the effects of steel sheeting on composite structures, there was a noticeable 

reduction in bending stiffness observed in the transverse direction of these panels, leading 
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to a non-linear decrease in values of stiffness coefficients below 1 when the distributed 

load increased. Various patterns of stiffness coefficients exhibited diverse variations 

based on the changes in the length of the Ly direction. As shown in Figure 7.5, when Ly 

= 4m, the stiffness coefficient fluctuated between 0.25 and 0.75. At Lx/Ly = 0.25, this 

coefficient decreased from 0.75 to below 0.5 when the applied load increased. 

Nevertheless, the stiffness ratio continued to decline below 0.5 and reached 

approximately 0.25 at the ultimate range, with an increase in aspect ratio from 0.25 to 

0.75. Moreover, the increase in the length of Ly also contributed to the increase in 

coefficient values. When considering Ly = 6m cases, it was evident that the stiffness 

coefficient spanned from 0.5 to 1 at an aspect ratio of 0.25, narrowing down to the range 

of 0.75 to 1 as the aspect ratio increased to 0.75. In patterns where Ly = 8m, the stiffness 

ratio extended to the range of 0.75 to 1.25. In this case, for loads less than 10 kPa, the 

stiffness coefficient started at 1.25 with an aspect ratio of 0.75, then decreased gradually 

to less than 1 when the load exceeded 10 kPa. 

 

 
 

                a) Lx/Ly = 0.25               b) Lx/Ly = 0.5 
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                                                    c) Lx/Ly = 0.75 

Figure 7.3: Stiffness coefficients in transverse direction versus distributed load with 
Ly = 4m 

 

  

                a) Lx/Ly = 0.25                  b) Lx/Ly = 0.5 

 

                                        a) Lx/Ly = 0.75 
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Figure 7.4: Stiffness coefficients in transverse direction versus distributed load with 
Ly = 6m 

 

  

                 a) Lx/Ly = 0.25                  b) Lx/Ly = 0.5 

 

                                                     c) Lx/Ly = 0.75 

Figure 7.5: Stiffness coefficients in transverse direction versus distributed load with 
Ly = 8m 

 

7.3.4 Stiffness coefficients with aspect ratios from 1 to 2 

Figures 7.6 to 7.8 illustrate the correlation between stiffness coefficient values and the 

corresponding distributed load (including self-weight), with aspect ratios ranging from 1 

to 2. These patterns reveal the impact of steel sheeting geometry on composite slabs, 

categorising them into two parts: weak and strong directions. 
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 In detail, the weak direction (transverse direction) consistently displayed stiffness 

coefficients below 1 in most cases, indicating that the bending stiffness in this direction 

of the composite slab is weaker than that of a normal concrete slab. Conversely, the strong 

direction (longitudinal direction) enhanced by sheeting ribs exhibited variations in 

coefficients from 1 to 3, depending on various slenderness ratios. The overall trend 

observed in the patterns indicated that as the aspect ratio increased from 1 to 2, the 

stiffness coefficient in the strong direction tended to decrease, narrowing between 1.25 

and 1.75. In cases where the aspect ratio equals 1, as opposed to the symmetrical bending 

observed in normal concrete slabs, the one-way behaviour along the transverse direction 

of composite slabs led to a significant discrepancy in the coefficients of both directions.  

In some cases, the stiffness ratios in the weak direction were reduced to nearly 0.25, 

indicating that the strength in the transverse direction of the RCC slab was significantly 

decreased by up to 75% when compared with normal concrete slabs. Simultaneously, the 

stiffness coefficient within the strong direction ranged from 2 to 3, resulting in 3 to 5 

times higher stiffness than the weak span in the composite floor, consistent with the 

findings discussed in the previous chapter. In the case of Ly = 8m, it was evident that with 

a slenderness ratio ranging from 40 to 53.33, corresponding to a thickness of less than 

200mm, the composite floor demonstrated a stiffness coefficient in the weak direction 

within the range of 1 to 1.25. In this case, the composite floor achieved optimal stiffness, 

surpassing that of normal concrete in both directions. 

 

  

                   a) Lx/Ly = 1                 b) Lx/Ly = 1.5 
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                                                       c) Lx/Ly = 2 

Figure 7.6: Stiffness coefficients in both directions of slabs versus distributed load 
with Ly = 4m 

 

  

                   a) Lx/Ly = 1                  b) Lx/Ly = 1.33 

  

                c) Lx/Ly = 1.67                    d) Lx/Ly = 2 
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Figure 7.7: Stiffness coefficients in both directions of slabs versus distributed load 
with Ly = 6m 

 

  

                   a) Lx/Ly = 1                  b) Lx/Ly = 1.25 

  

                 c) Lx/Ly = 1.5                  d) Lx/Ly = 1.75 

 

                                           a) Lx/Ly = 2 
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Figure 7.8: Stiffness coefficients in both directions of slabs versus distributed load 
with Ly = 8m 

7.4 Application of  simplified design method 

Having established the patterns of stiffness coefficients, which demonstrate their 

correlation with diverse slab geometries and load capacities, these coefficients are applied 

to available design programs to assess their effectiveness. In this study, one such program 

utilised is RAM Concept, a structural design software renowned for its widespread use in 

slab structures, particularly in post-tensioning designs. Designed specifically for intricate 

structural element design and analysis, this specialised tool serves as a reliable solution 

for developing floor plans integrating both reinforced concrete (RC) and post-tensioning 

systems. It adheres to various standards and codes of practice, such as ACI 318 (2014), 

AS3600 (2018), Eurocode (2004), etc. Notable is its ability to visually represent three-

dimensional elements of a floor plan, allowing users to configure layout, dimensions, and 

structural components within a two-dimensional plan view, as shown in Figure 7.9. 

Similar to other design software programs, RAM Concept does not offer dedicated 

features for simulating steel sheeting within its options. Nevertheless, it remains possible 

to design PTC floors using the software, as it allows users to modify the stiffness 

coefficient of individual floors. The slab options encompass various K factors, including: 

�G�/�N: affects the bending stiffness to rotate around the R axis; �G�/�O: affects the bending 

stiffness to rotate around the S axis; �G�/�N�O: affects the torsional stiffness; �G�(�N: affects the 

axial stiffness along the R axis; �G�(�O�ã affects the axial stiffness along the S axis; and �G�8�N�O: 

affects the in-plane shear stiffness.  
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a) 2D-Plan view of structural layout b) 3D-view of structural elements 

Figure 7.9: Overview of structural systems provided in RAM Concept  

 

According to figure 7.10, slab directions in the program are defined so that the R-axis 

denotes the direction at 0 degrees (transverse or weak direction) and the S-axis is 

positioned at 90 degrees (longitudinal or strong direction). This study, therefore, 

concentrates on two key parameters, �G�/�N and �G�/�O, representing the nature of bending 

stiffness in two directions of the slab. The determination of these factors aims to closely 

emulate the behaviour of the composite floor under the influence of profiled steel 

sheeting, especially the use of BONDEK in this case, resulting in one weak direction and 

one strong direction. The Ram Concept manual (2022) recommends setting the remaining 

factors at 1 to account for self-weight and distributed load on the concrete plan. 

Additionally, since this investigation only focuses on the flexural behaviour of slabs and 

does not assess the floor's response to specific cases, including lateral load, concentrated 

load at the cantilever positions, or punching shear at the column region, the examination 

of torque, axial, and shear effects on this slab system is beyond the scope of this study. 
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Figure 7.10: Determination of kMr and kMs for typical flexural behaviours composite 
slabs (left) and normal concrete slabs (right) 

7.5 Comparative study  

Based on the observed patterns showing the correlations in stiffness coefficients between 

composite concrete slabs and normal concrete slabs, these values can be incorporated into 

�W�K�H�� �5�$�0�� �&�R�Q�F�H�S�W�� �D�V�� �G�H�I�L�Q�H�G�� �S�U�R�S�H�U�W�L�H�V���I�R�U�� �W�Z�R�� �S�D�U�D�P�H�W�H�U�V�����³�G�/�N�´�� �D�Q�G�� ���G�/�O." This 

integration allows this design software to predict the flexural behaviour of PTC slab 

systems without the need to simulate profiled steel sheeting. Therefore, to confirm the 

accuracy of the application of RAM Concept, a verification process was conducted to 

compare the numerical results obtained from this design program with those obtained 

from the finite-element-based program ABAQUS. 

7.5.1 Model designations 

To facilitate an effective comparison between FE models generated in these two software 

programs, the configurations of models in RAM Concept were established under identical 

conditions to those in ABAQUS software. This includes the specified dimensions, 

material properties, reinforcement layouts, loading, and support conditions as detailed in 

Chapter 6. Specifically, variations in slab dimensions were considered for cases where Ly 

equals 4m, 6m, and 8m, with aspect ratios ranging from 0.25 to 2. Additionally, slab 

thicknesses were chosen in increments of 50 mm, ranging from 150mm to 300mm. The 
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reinforcement arrangements shown in Figure 7.11 were applied to both RCC and PTC 

models in various cases.  

For RCC models, N12@200 mesh was employed at the bottom face, with N12@400 used 

for the top mesh. For PTC models, N12@400 mesh was applied for both the top and 

bottom faces, and the post-tensioning layout was adjusted based on the varying lengths 

of different slab dimensions. The clear cover for the bottom reinforcement in composite 

structures was increased to 55mm, equivalent to the rib height, rather than the typical 

25mm cover used for normal concrete. In terms of materials, RAM Concept has 

systematicall�\���G�H�I�L�Q�H�G���D�O�O���P�D�W�H�U�L�D�O�V�¶���S�U�R�S�H�U�W�L�H�V���L�Q���D�F�F�R�U�G�D�Q�F�H���Z�L�W�K���$�6���������������������������Z�K�L�F�K��

includes cross-sectional area, density, elastic modulus, compressive strength, and tensile 

strength for concrete, reinforcing bars, and the post-tensioning system. Hence, the 

concrete strength in this case remained consistently set at 40 MPa across all cases, and 

the post-tensioning system was employed as a 7-wire ordinary strand with a diameter of 

12.7 mm and the bonded condition. 

 

  

a) RCC models b) PTC models 

Figure 7.11: Overview of FE models produced by RAM Concept 

 

The RAM Concept models were set up with line supports for aspect ratios of 0.25 and 

0.5, simulating the panel's pin and roller support conditions (see Figure 7.12). These two-

line supports were positioned 200 mm away from the panel's edge to maintain consistent 

conditions with those models in ABAQUS. For an aspect ratio of 0.75 to 2, supports at 

the four corners of the slab were created in the form of concrete columns measuring 



CHAPTER 7: SIMPLIFIED DESIGN APPROACH FOR POST-TENSIONED 
COMPOSITE SLABS 

 

182 
 

200mm × 200mm with a height of 1m. These columns were chosen to serve as rigid 

supports, with the "fixed far" option selected in the program and no compressible issue 

occurred in the column element. This corresponds to a fixed condition at the bottom face 

of the blocks in ABAQUS models. The "fixed near" option was not used in support 

conditions for this case, as it only involves surface contact without a connection to the 

slab. 

In terms of loading conditions, RAM Concept, being a structural design program, has 

limitations in representing the applied force over time. Instead, the intended load is 

applied to the floor to determine the corresponding deflection. In this scenario, the 

comparative study between these two programs focused on evaluating the flexural 

behaviour and displacement of the floor at two critical points: the service load and the 

ultimate load. These loads are determined based on load combinations specified in AS 

1170.0, specifically G+Q for the service case and 1.2G+1.5Q for the ultimate case. It is 

important to note that this study was limited to loading plans intended for office use in 

buildings, where the superimposed dead load was set at 1 kPa and the live load was 

defined as 3 kPa. 

 

 

Figure 7.12: Boundary conditions of FE models in RAM Concept 
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7.5.2 Reinforced concrete slabs and composite slabs  

To verify numerical outcomes derived from FE models of RAM Concept, the results were 

compared with those of ABAQUS software. The assessment focused on flexural 

behaviours and associated mid-span displacements under applied, distributed loads. 

According to AS1170.1 (2002), the two loading stages to consider are under-service load 

and ultimate load (including self-weight) for office use. Various panels, including both 

normal reinforced concrete slabs and composite concrete slabs, were examined, with 

varying aspect ratios (Lx/Ly) and slenderness ratios (Ly/D). In the case of composite 

panels, stiffness coefficient values (�G�/�N and �G�/�O) were determined based on the patterns 

provided in Section 7.2. Hence, Tables 7.1 to 7.6 provide a comparative analysis of 

normal reinforced concrete slabs and reinforced composite slabs in both programs. In 

addition, Figures 7.13 to 7.15 illustrate the comparison of flexural behaviours obtained 

from the two programs. 

 

  

a) Reinforced concrete slab (ABAQUS) b) Reinforced concrete slab (RAM 
Concept) 

  

c) Reinforced composite slab (ABAQUS) d) Reinforced composite slab (RAM 
Concept) 



CHAPTER 7: SIMPLIFIED DESIGN APPROACH FOR POST-TENSIONED 
COMPOSITE SLABS 

 

184 
 

 Figure 7.13: Comparison of flexural behaviours in FEM models between two 
programs with aspect ratio = 1 

 

  

a) Reinforced concrete slab (ABAQUS) b) Reinforced concrete slab (RAM 
Concept) 

  

c) Reinforced composite slab (ABAQUS) d) Reinforced composite slab 
(RAM Concept) 

 Figure 7.14: Comparison of flexural behaviours in FEM models between two 
programs with aspect ratio = 1.5 

 

  

a) Reinforced concrete slab (ABAQUS) b) Reinforced concrete slab (RAM 
Concept) 
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c) Reinforced composite slab (ABAQUS) d) Reinforced composite slab 
(RAM Concept) 

Figure 7.15: Comparison of flexural behaviours in FEM models between two 
programs with aspect ratio = 2 
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Table 7.1: Comparison of mid-span displacements for reinforced concrete slabs in cases of Ly = 4m between ABAQUS and RAM Concept 
programs 

Model 
designation 

Lx/Ly Ly/D 

Reinforced concrete slab 
Service load Ultimate load 

�(�æ 
(kPa) 

�¿�æ�á�º�»�º�Ê�Î�Ì  

(mm) 
�¿�æ�á�Ë�º�Æ 
(mm) 

�¿�æ�á�º�»�º�Ê�Î�Ì  

 �¿�æ�á�Ë�º�Æ 
Fu  

(kPa) 
�¿�è�á�º�»�º�Ê�Î�Ì  

(mm) 
�¿�è�á�Ë�º�Æ 
(mm) 

�¿�è�á�º�»�º�Ê�Î�Ì  

   �¿�è�á�Ë�º�Æ 

RNC1 0.25 26.67 7.75 1.38 1.43 0.97 10.45 1.53 1.68 0.91 
RNC2 0.25 20.00 9.00 0.57 0.66 0.86 11.70 0.65 0.79 0.82 
RNC3 0.25 16.00 10.25 0.44 0.48 0.92 13.20 0.54 0.54 1.00 
RNC4 0.25 13.33 11.50 0.24 0.27 0.89 14.70 0.29 0.32 0.91 
RNC5 0.50 26.67 7.75 1.32 1.43 0.92 10.45 1.62 1.68 0.96 
RNC6 0.50 20.00 9.00 0.64 0.68 0.94 11.70 0.71 0.77 0.92 
RNC7 0.50 16.00 10.25 0.43 0.49 0.88 13.20 0.48 0.53 0.91 
RNC8 0.50 13.33 11.50 0.22 0.28 0.79 14.70 0.29 0.31 0.94 
RNC9 0.75 26.67 7.75 1.64 1.78 0.92 10.45 1.93 2.09 0.92 
RNC10 0.75 20.00 9.00 0.78 0.94 0.83 11.70 1.06 1.08 0.99 
RNC11 0.75 16.00 10.25 0.54 0.61 0.89 13.20 0.62 0.69 0.90 
RNC12 0.75 13.33 11.50 0.39 0.46 0.85 14.70 0.47 0.50 0.94 
RNC13 1.00 26.67 7.75 2.05 2.27 0.91 10.45 2.92 3.17 0.92 
RNC14 1.00 20.00 9.00 1.35 1.47 0.92 11.70 1.45 1.53 0.95 
RNC15 1.00 16.00 10.25 0.72 0.80 0.89 13.20 0.86 0.94 0.91 
RNC16 1.00 13.33 11.50 0.54 0.57 0.93 14.70 0.64 0.67 0.96 
RNC17 1.50 26.67 7.75 9.83 11.60 0.85 10.45 16.24 20.02 0.81 
RNC18 1.50 20.00 9.00 3.07 4.24 0.72 11.70 3.96 4.96 0.80 
RNC19 1.50 16.00 10.25 2.51 3.05 0.82 13.20 3.44 3.47 0.99 
RNC20 1.50 13.33 11.50 1.71 1.98 0.86 14.70 2.12 2.24 0.95 
RNC21 2.00 26.67 7.75 32.01*  N/A N/A 10.45 46.23 N/A N/A 
RNC22 2.00 20.00 9.00 18.74*  N/A N/A 11.70 24.90 N/A N/A 
RNC23 2.00 16.00 10.25 6.58 7.15 0.92 13.20 10.85 11.78 0.92 
RNC24 2.00 13.33 11.50 3.46 4.92 0.70 14.70 4.67 5.64 0.83 
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Mean 0.88       0.92 
Standard deviation 0.06       0.05 

NOTE: *Deflection of the panel failed due to the greater value than the deflection limits (L/250) as specified in AS 3600; N/A is not 
applicable to design in RAM Concept program. 

          

Table 7.2: Comparison of mid-span displacements for reinforced concrete slabs in cases of Ly = 6m between ABAQUS and RAM Concept 
programs 

Model 
designation 

Lx/Ly Ly/D 

Reinforced concrete slab 
Service load Ultimate load 

�(�æ 
(kPa) 

�¿�æ�á�º�»�º�Ê�Î�Ì 

(mm) 
�¿�æ�á�Ë�º�Æ 
(mm) 

�¿�æ�á�º�»�º�Ê�Î�Ì 

 �¿�æ�á�Ë�º�Æ 
Fu  

(kPa) 
�¿�è�á�º�»�º�Ê�Î�Ì  

(mm) 
�¿�è�á�Ë�º�Æ 
(mm) 

�¿�è�á�º�»�º�Ê�Î�Ì  

   �¿�è�á�Ë�º�Æ 

RNC25 0.25 40.00 7.75 5.20 7.27 0.72 10.45 7.72 8.78 0.88 
RNC26 0.25 30.00 9.00 2.57 2.99 0.86 11.70 3.33 3.53 0.94 
RNC27 0.25 24.00 10.25 1.47 1.65 0.89 13.20 1.85 1.91 0.97 
RNC28 0.25 20.00 11.50 0.92 1.02 0.91 14.70 1.13 1.15 0.98 
RNC29 0.50 40.00 7.75 6.16 7.23 0.85 10.45 8.33 8.78 0.95 
RNC30 0.50 30.00 9.00 2.57 2.98 0.86 11.70 3.35 3.53 0.95 
RNC31 0.50 24.00 10.25 1.58 1.63 0.97 13.20 1.86 1.89 0.99 
RNC32 0.50 20.00 11.50 0.86 1.03 0.83 14.70 1.04 1.17 0.89 
RNC33 0.75 40.00 7.75 20.47*  N/A 0.90 10.45 28.24 N/A N/A 
RNC34 0.75 30.00 9.00 4.89 6.13 0.80 11.70 7.09 8.13 0.87 
RNC35 0.75 24.00 10.25 3.10 3.39 0.91 13.20 4.59 4.56 1.01 
RNC36 0.75 20.00 11.50 2.83 2.83 1.00 14.70 3.99 3.23 1.24 
RNC37 1.00 40.00 7.75 29.22*  N/A N/A 10.45 35.35 N/A N/A 
RNC38 1.00 30.00 9.00 9.58 10.26 0.93 11.70 13.29 14.57 0.91 
RNC39 1.00 24.00 10.25 5.81 6.14 0.95 13.20 6.84 7.13 0.96 
RNC40 1.00 20.00 11.50 3.72 4.35 0.86 14.70 4.48 4.98 0.90 
RNC41 1.33 30.00 9.00 28.90*  N/A N/A 10.45 35.09 N/A N/A 
RNC42 1.33 24.00 10.25 18.93 18.82 1.01 11.70 23.63 23.64 1.00 
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RNC43 1.33 20.00 11.50 10.47 11.03 0.95 13.20 14.78 16.25 0.91 
RNC44 1.67 24.00 10.25 37.10*  N/A N/A 14.70 42.91 N/A 0.88 
RNC45 1.67 20.00 11.50 25.36*  N/A N/A 14.70 31.70*  36.95 0.86 

Mean            0.89        0.94 

Standard deviation        0.07        0.09 
NOTE: *Deflection of the panel failed due to the greater value than the deflection limits (L/250) as specified in AS 3600; N/A is not applicable 
to design in RAM Concept program. 

 

Table 7.3: Comparison of mid-span displacements for reinforced concrete slabs in cases of Ly = 8m between ABAQUS and RAM Concept 
programs 

Model 
designation Lx/Ly Ly/D 

Reinforced concrete slab 
Service load Ultimate load 

�(�æ 
(kPa) 

�¿�æ�á�º�»�º�Ê�Î�Ì  

(mm) 
�¿�æ�á�Ë�º�Æ 
(mm) 

�¿�æ�á�º�»�º�Ê�Î�Ì 

  �¿�æ�á�Ë�º�Æ 
Fu  

(kPa) 
�¿�è�á�º�»�º�Ê�Î�Ì  

(mm) 
�¿�è�á�Ë�º�Æ 
(mm) 

�¿�è�á�º�»�º�Ê�Î�Ì  

 �¿�è�á�Ë�º�Æ 

RNC46 0.25 53.33 7.75 29.58 30.04 0.98 10.45 35.61 39.00 0.91 
RNC47 0.25 40.00 9.00 10.47 11.25 0.93 11.70 13.83 17.21 0.80 
RNC48 0.25 32.00 10.25 5.78 6.27 0.92 13.20 8.07 7.89 1.02 
RNC49 0.25 26.67 11.50 4.07 4.67 0.87 14.70 5.88 5.38 1.09 
RNC50 0.50 40.00 9.00 27.54 26.42 1.04 11.70 34.15 35.58 0.96 
RNC51 0.50 32.00 10.25 10.82 12.37 0.87 13.20 14.15 16.52 0.86 
RNC52 0.50 26.67 11.50 5.86 7.12 0.82 14.70 8.13 10.45 0.78 
RNC53 0.75 40.00 9.00 35.06*  N/A N/A 11.70 43.15 N/A N/A 
RNC54 0.75 32.00 10.25 18.91 18.96 1.00 13.20 23.55 23.79 0.99 
RNC55 0.75 26.67 11.50 8.54 10.79 0.79 14.70 14.75 15.92 0.93 
RNC56 1.00 32.00 10.25 32.59*  N/A N/A 13.20 39.56 N/A N/A 
RNC57 1.00 26.67 11.50 21.32 21.19 1.01 14.70 26.67 29.25 0.91 
RNC58 1.00 26.67 11.50 41.93*  N/A N/A 14.70 50.52 53.28 N/A 

Mean 0.88       0.88 
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Standard deviation 0.07       0.09 
NOTE: *Deflection of the panel failed due to the greater value than the deflection limits (L/250) as specified in AS 3600; N/A is not applicable 
to design in RAM Concept program. 

 

Table 7.4: Comparison of mid-span displacements for reinforced composite slabs in cases of Ly = 4m between ABAQUS and RAM 
Concept programs 

Model 
designation 

Lx/Ly Ly/D 

Reinforced composite slabs 

Coefficient Service load Coefficient  Ultimate load 

�G�/�N �G�/�O �(�æ 
(kPa) 

�¿�æ�á�º�»�º�Ê�Î�Ì  

(mm) 
�¿�æ�á�Ë�º�Æ 
(mm) 

�¿�æ�á�º�»�º�Ê�Î�Ì 

    �¿�æ�á�Ë�º�Æ 
�G�/�N �G�/�N Fu  

(kPa) 
�¿�è�á�º�»�º�Ê�Î�Ì  

(mm) 
�¿�è�á�Ë�º�Æ 
(mm) 

�¿�è�á�º�»�º�Ê�Î�Ì  

   �¿�è�á�Ë�º�Æ 

RCC1 0.25 26.67 0.64 1.00 7.75 6.17 6.40 0.96 0.48 1.00 10.45 9.58 10.47 0.91 

RCC2 0.25 20.00 0.55 1.00 9.00 2.84 3.32 0.86 0.51 1.00 11.70 4.68 5.34 0.88 
RCC3 0.25 16.00 0.65 1.00 10.25 1.61 1.73 0.93 0.60 1.00 13.20 1.83 1.85 0.99 

RCC4 0.25 13.33 0.68 1.00 11.50 0.40 0.47 0.86 0.58 1.00 14.70 0.49 0.59 0.83 
RCC5 0.50 26.67 0.37 1.00 7.75 7.11 7.45 0.95 0.30 1.00 10.45 11.05 12.36 0.89 

RCC6 0.50 20.00 0.50 1.00 9.00 3.22 3.80 0.85 0.45 1.00 11.70 4.28 5.39 0.79 

RCC7 0.50 16.00 0.45 1.00 10.25 1.34 1.52 0.88 0.40 1.00 13.20 1.18 1.87 0.63 

RCC8 0.50 13.33 0.43 1.00 11.50 0.69 0.74 0.93 0.36 1.00 14.70 0.83 0.93 0.89 

RCC9 0.75 26.67 0.36 1.00 7.75 7.26 7.84 0.93 0.30 1.00 10.45 11.97 12.55 0.95 
RCC10 0.75 20.00 0.38 1.00 9.00 3.52 3.87 0.91 0.33 1.00 11.70 4.77 5.25 0.91 

RCC11 0.75 16.00 0.40 1.00 10.25 1.61 1.83 0.88 0.33 1.00 13.20 2.33 2.33 1.00 

RCC12 0.75 13.33 0.37 1.00 11.50 0.68 0.79 0.86 0.30 1.00 14.70 1.13 1.05 1.08 

RCC13 1.00 26.67 0.23 1.50 7.75 5.71 6.28 0.91 0.24 2.25 10.45 7.91 7.86 1.01 

RCC14 1.00 20.00 0.25 1.36 9.00 3.65 3.36 1.09 0.27 1.50 11.70 5.12 4.65 1.10 
RCC15 1.00 16.00 0.20 1.00 10.25 1.61 2.16 0.75 0.18 1.23 13.20 2.94 3.03 0.97 

RCC16 1.00 13.33 0.25 0.95 11.50 0.82 0.89 0.92 0.18 0.90 14.70 2.17 2.28 0.95 
RCC17 1.50 26.67 0.25 2.30 7.75 13.89 13.67 1.02 0.23 2.82 10.45 17.91 17.51 1.02 

RCC18 1.50 20.00 0.28 2.50 9.00 5.08 5.89 0.86 0.25 2.60 11.70 7.49 7.28 1.03 
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RCC19 1.50 16.00 0.36 2.05 10.25 2.48 3.04 0.82 0.32 2.15 13.20 3.68 3.58 1.03 
RCC20 1.50 13.33 0.62 2.00 11.50 1.42 1.86 0.76 0.48 1.95 14.70 2.32 2.30 1.01 

RCC21 2.00 26.67 0.38 1.80 7.75 36.10*  N/A N/A 0.35 1.83 10.45 52.90 N/A N/A 
RCC22 2.00 20.00 0.38 1.77 9.00 17.49*  N/A N/A 0.26 1.80 11.70 22.03 N/A N/A 

RCC23 2.00 16.00 0.55 1.63 10.25 8.95 10.49 0.85 0.35 1.70 13.20 12.67 13.53 0.94 

RCC24 2.00 13.33 0.63 1.63 11.50 6.86 6.46 1.06 0.50 1.61 14.70 9.57 9.21 1.04 

Mean    0.90         0.95 

Standard deviation     0.08           0.10 

NOTE: *Deflection of the panel failed due to the greater value than the deflection limits (L/250) as specified in AS 3600; N/A is not applicable 
to design in RAM Concept program. 

 

Table 7.5: Comparison of mid-span displacements for reinforced composite slabs in cases of Ly = 6m between ABAQUS and RAM 
Concept programs 

Model 
designation Lx/Ly Ly/D 

Reinforced composite slabs 
Coefficient Service load Coefficient Ultimate load 

�G�/�N �G�/�O �(�æ 
(kPa) 

�¿�æ�á�º�»�º�Ê�Î�Ì 

(mm) 
�¿�æ�á�Ë�º�Æ 
(mm) 

�¿�æ�á�º�»�º�Ê�Î�Ì 

 �¿�æ�á�Ë�º�Æ 
�G�/�N �G�/�N Fu  

(kPa) 
�¿�è�á�º�»�º�Ê�Î�Ì  

(mm) 
�¿�è�á�Ë�º�Æ 
(mm) 

�¿�è�á�º�»�º�Ê�Î�Ì  

 �¿�è�á�Ë�º�Æ 

RCC26 0.25 30.00 0.78 1.00 9.00 21.80 24.84*  0.88 0.74 1.00 11.70 34.58 36.59 0.95 
RCC27 0.25 24.00 0.73 1.00 10.25 7.23 6.50 1.11 0.68 1.00 13.20 12.68 12.39 1.02 
RCC28 0.25 20.00 0.62 1.00 11.50 4.84 4.59 1.05 0.56 1.00 14.70 6.70 5.79 1.16 
RCC29 0.50 30.00 0.68 1.00 9.00 27.87*  N/A N/A 0.67 1.00 11.70 38.16 N/A 0.94 
RCC30 0.50 24.00 0.75 1.00 10.25 5.35 6.30 0.85 0.74 1.00 13.20 11.64 12.26 0.95 
RCC31 0.50 20.00 0.78 1.00 11.50 3.18 3.69 0.86 0.76 1.00 14.70 4.25 4.32 0.98 
RCC32 0.75 40.00 0.80 1.00 7.75 18.24 19.64 0.93 0.77 1.00 10.45 29.91 31.29 0.96 
RCC33 0.75 30.00 0.76 1.00 9.00 7.07 7.29 0.97 0.75 1.00 11.70 9.01 9.79 0.92 
RCC34 0.75 24.00 0.82 1.00 10.25 3.70 4.41 0.84 0.77 1.00 13.20 5.60 5.29 1.06 
RCC35 0.75 20.00 0.85 1.00 11.50 2.27 3.11 0.73 0.77 1.00 14.70 3.70 3.75 0.99 
RCC36 1.00 40.00 0.75 1.50 7.75 33.24*  N/A N/A 0.65 2.25 10.45 47.18 N/A 1.01 
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RCC37 1.00 30.00 0.70 1.65 9.00 8.50 9.96 0.85 0.62 1.66 11.70 11.52 14.93 0.77 
RCC38 1.00 24.00 0.62 1.47 10.25 5.82 6.33 0.92 0.53 1.50 13.20 7.00 7.97 0.88 
RCC39 1.00 20.00 0.70 1.58 11.50 3.73 4.12 0.90 0.62 1.53 14.70 5.10 5.50 0.93 
RCC40 1.33 30.00 0.65 1.57 9.00 23.57 29.01*  0.81 0.54 1.67 11.70 36.24 39.00 0.93 
RCC41 1.33 24.00 0.70 1.70 10.25 15.27 18.12 0.84 0.65 1.74 13.20 19.55 19.40 1.01 
RCC42 1.33 20.00 0.51 1.70 11.50 10.41 10.68 0.97 0.38 1.74 14.70 14.31 14.71 0.97 
RCC43 1.67 24.00 0.50 1.63 10.25 31.37*  N/A N/A 0.46 1.72 13.20 38.57 N/A N/A 
RCC44 1.67 20.00 0.50 1.74 11.50 25.65*  N/A N/A 0.40 1.75 14.70 28.75 N/A N/A 
RCC45 2.00 20.00 0.52 1.56 11.50 43.28*  N/A 0.96 0.38 1.68 14.70 53.31 N/A N/A 

Mean   0.92      0.97 
Standard deviation     0.09           0.08 

NOTE: *Deflection of the panel failed due to the greater value than the deflection limits (L/250) as specified in AS 3600; N/A is not applicable 
to design in RAM Concept program. 

 

Table 7.6: Comparison of mid-span displacements for reinforced composite slabs in cases of Ly = 8m between ABAQUS and RAM 
Concept programs 

Model 
designation 

Lx/Ly Ly/D 

Reinforced composite slabs 
Coefficient Service load Coefficient Ultimate load 

�G�/�N �G�/�O �(�æ 
(kPa) 

�¿�æ�á�º�»�º�Ê�Î�Ì 

(mm) 
�¿�æ�á�Ë�º�Æ 
(mm) 

�¿�æ�á�º�»�º�Ê�Î�Ì 

    �¿�æ�á�Ë�º�Æ 
�G�/�N �G�/�N Fu  

(kPa) 
�¿�è�á�º�»�º�Ê�Î�Ì  

(mm) 
�¿�è�á�Ë�º�Æ 
(mm) 

�¿�è�á�º�»�º�Ê�Î�Ì  

 �¿�è�á�Ë�º�Æ 

RCC46 0.25 32.00 0.98 1.00 11.50 20.09 23.90 0.84 0.87 1.00 14.70 32.71 34.01 0.96 
RCC47 0.50 26.67 1.03 1.00 11.50 20.89 22.92 0.91 0.97 1.00 14.70 27.25 30.71 0.89 
RCC48 0.75 40.00 1.12 1.00 7.75 23.70 29.40 0.81 1.04 1.00 11.70 36.90 42.13 0.88 
RCC49 0.75 32.00 1.13 1.00 9.00 15.82 17.47 0.91 1.03 1.00 13.20 20.72 22.38 0.93 
RCC50 0.75 26.67 0.98 1.00 10.25 11.87 11.07 1.07 0.92 1.00 14.70 16.05 14.65 1.10 
RCC51 1.00 32.00 0.96 1.73 10.25 33.64*  N/A N/A 0.85 1.87 13.20 38.06 N/A N/A 
RCC52 1.00 26.67 0.98 1.75 11.50 17.01 18.21 0.93 0.84 1.86 14.70 25.57 26.06 0.98 
RCC53 1.25 26.67 0.83 1.55 11.50 33.45*  N/A N/A 0.77 1.62 14.70 45.88 N/A N/A 
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Mean   0.91      0.95 
Standard deviation     0.08           0.07 

NOTE: *Deflection of the panel failed due to the greater value than the deflection limits (L/250) as specified in AS 3600; N/A is not applicable 
to design in RAM Concept program. 
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7.5.3 Post-tensioned composite slabs  

For PTC slab systems, the stiffness coefficient patterns outlined in Section 7.2 were applied to 

the slabs with PT systems in the RAM Concept program. Subsequently, a comparative analysis 

was conducted between the RAM Concept models and the PTC models from the ABAQUS 

software obtained in Chapter 6. Hence, numerical results with contour plots of PTC panels 

obtained in both programs are illustrated in Figures 7.16 to 7.18. Additionally, Tables 7.7 to 

7.9 provide a comparison of mid-displacement values along with corresponding loads and 

stiffness coefficients. 

 

  

a) PTC slab - ABAQUS program b) PTC slab - RAM Concept 

Figure 7.16: Comparison of flexural behaviours in FEM models between two programs 
with aspect ratio = 1 

 

  

a) PTC slab - ABAQUS program b) PTC slab - RAM Concept 

Figure 7.17: Comparison of flexural behaviours in FEM models between two programs 
with aspect ratio = 1.5 
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a) PTC slab - ABAQUS program b) PTC slab - RAM Concept 

Figure 7.18: Comparison of flexural behaviours in FEM models between two programs 
with aspect ratio = 2 
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Table 7.7: Comparison of mid-span displacements for post-tensioned composite slabs in cases of Ly = 4m between ABAQUS and RAM 
Concept programs 

Model  
designation Lx/Ly Ly/D 

Post-tensioned composite slabs 
Coefficient Service load Coefficient Ultimate load 

�G�/�N �G�/�O �(�æ 
(kPa) 

�¿�æ�á�º�»�º�Ê�Î�Ì 

(mm) 
�¿�æ�á�Ë�º�Æ 
(mm) 

�¿�æ�á�º�»�º�Ê�Î�Ì 

    �¿�æ�á�Ë�º�Æ 
�G�/�N �G�/�N Fu  

(kPa) 
�¿�è�á�º�»�º�Ê�Î�Ì  

(mm) 
�¿�è�á�Ë�º�Æ 
(mm) 

�¿�è�á�º�»�º�Ê�Î�Ì  

   �¿�è�á�Ë�º�Æ 

PTC1 0.25 26.67 0.64 1.00 7.75 2.58 2.68 0.96 0.48 1.00 10.45 4.02 5.03 0.80 

PTC2 0.25 20.00 0.55 1.00 9.00 0.54 0.62 0.87 0.51 1.00 11.70 0.73 0.83 0.88 

PTC3 0.25 16.00 0.65 1.00 10.25 0.21 0.24 0.88 0.60 1.00 13.20 0.46 0.52 0.88 

PTC4 0.25 13.33 0.68 1.00 11.50 0.09 0.12 0.75 0.58 1.00 14.70 0.24 0.28 0.86 

PTC5 0.50 26.67 0.37 1.00 7.75 2.79 3.19 0.87 0.30 1.00 10.45 5.37 6.06 0.89 
PTC6 0.50 20.00 0.50 1.00 9.00 0.43 0.37 1.16 0.45 1.00 11.70 0.61 0.55 1.11 

PTC7 0.50 16.00 0.45 1.00 10.25 0.12 0.16 0.73 0.40 1.00 13.20 0.25 0.28 0.91 

PTC8 0.50 13.33 0.43 1.00 11.50 0.10 0.08 1.25 0.36 1.00 14.70 0.17 0.14 1.24 
PTC9 0.75 26.67 0.36 1.00 7.75 3.38 4.51 0.75 0.30 1.00 10.45 4.11 5.64 0.73 

PTC10 0.75 20.00 0.38 1.00 9.00 2.03 2.08 0.98 0.33 1.00 11.70 2.36 2.41 0.98 
PTC11 0.75 16.00 0.40 1.00 10.25 1.52 1.45 1.05 0.33 1.00 13.20 1.37 1.87 0.73 

PTC12 0.75 13.33 0.37 1.00 11.50 0.27 0.26 1.04 0.30 1.00 14.70 0.58 0.53 1.09 
PTC13 1.00 26.67 0.23 1.50 7.75 5.20 5.81 0.90 0.24 2.25 10.45 7.72 6.18 1.25 

PTC14 1.00 20.00 0.25 1.36 9.00 2.40 2.53 0.95 0.27 1.50 11.70 3.34 3.79 0.88 

PTC15 1.00 16.00 0.20 1.00 10.25 1.56 1.46 1.05 0.18 1.23 13.20 1.82 1.84 0.99 
PTC16 1.00 13.33 0.25 0.95 11.50 0.35 0.27 1.30 0.18 0.90 14.70 0.67 0.52 1.29 

PTC17 1.50 26.67 0.25 2.30 7.75 6.73 7.27 0.93 0.23 2.82 10.45 8.66 9.25 0.94 
PTC18 1.50 20.00 0.28 2.50 9.00 2.87 3.21 0.89 0.25 2.60 11.70 3.32 3.70 0.90 

PTC19 1.50 16.00 0.36 2.05 10.25 2.37 2.24 1.06 0.32 2.15 13.20 3.16 2.82 1.12 

PTC20 1.50 13.33 0.62 2.00 11.50 1.43 1.49 0.96 0.48 1.95 14.70 1.96 2.08 0.94 

PTC21 2.00 26.67 0.38 1.80 7.75 13.48 15.25 0.88 0.35 1.83 10.45 18.34 21.27 0.86 

PTC22 2.00 20.00 0.38 1.77 9.00 10.32 11.16 0.93 0.26 1.80 11.70 13.87 15.78 0.88 
PTC23 2.00 16.00 0.55 1.63 10.25 3.92 5.72 0.69 0.35 1.70 13.20 6.12 6.96 0.88 

PTC24 2.00 13.33 0.63 1.63 11.50 3.25 3.88 0.84 0.50 1.61 14.70 4.69 4.71 1.00 
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Mean    0.96 
    

 0.94 
Standard deviation     0.15 

    
 0.12 

NOTE: *Deflection of the panel failed due to the greater value than the deflection limits (L/250) as specified in AS 3600; N/A is not applicable 
to design in RAM Concept program. 

 

Table 7.8: Comparison of mid-span displacements for post-tensioned composite slabs in cases of Ly = 6m between ABAQUS and RAM 
Concept programs 

Model  
designation Lx/Ly Ly/D 

Post-tensioned composite slabs 
Coefficient Service load Coefficient Ultimate load 

�G�/�N �G�/�O �(�æ 
(kPa) 

�¿�æ�á�º�»�º�Ê�Î�Ì 

(mm) 
�¿�æ�á�Ë�º�Æ 
(mm) 

�¿�æ�á�º�»�º�Ê�Î�Ì 

 �¿�æ�á�Ë�º�Æ 
�G�/�N �G�/�N Fu  

(kPa) 
�¿�è�á�º�»�º�Ê�Î�Ì  

(mm) 
�¿�è�á�Ë�º�Æ 
(mm) 

�¿�è�á�º�»�º�Ê�Î�Ì  

   �¿�è�á�Ë�º�Æ 

PTC25 0.25 40.00 0.84 1.00 7.75 5.87 7.02 0.84 0.77 1.00 10.45 8.17 9.58 0.85 
PTC26 0.25 30.00 0.78 1.00 9.00 3.13 3.84 0.82 0.74 1.00 11.70 5.02 4.76 1.05 

PTC27 0.25 24.00 0.73 1.00 10.25 2.16 2.42 0.89 0.68 1.00 13.20 3.27 3.01 1.09 
PTC28 0.25 20.00 0.62 1.00 11.50 1.53 1.78 0.86 0.56 1.00 14.70 2.38 2.25 1.06 

PTC29 0.50 40.00 0.75 1.00 7.75 9.81 10.75 0.91 0.75 1.00 10.45 12.64 13.32 0.95 

PTC30 0.50 30.00 0.68 1.00 9.00 4.68 5.43 0.86 0.67 1.00 11.70 7.12 6.94 1.03 
PTC31 0.50 24.00 0.75 1.00 10.25 3.15 2.80 1.13 0.74 1.00 13.20 4.16 3.32 1.25 

PTC32 0.50 20.00 0.78 1.00 11.50 1.33 1.73 0.77 0.76 1.00 14.70 2.14 2.08 1.03 
PTC33 0.75 40.00 0.80 1.00 7.75 11.64 12.59 0.92 0.77 1.00 10.45 14.72 15.20 0.97 

PTC34 0.75 30.00 0.76 1.00 9.00 5.83 6.84 0.85 0.75 1.00 11.70 7.90 8.73 0.90 
PTC35 0.75 24.00 0.82 1.00 10.25 2.56 3.28 0.78 0.77 1.00 13.20 3.95 4.13 0.96 

PTC36 0.75 20.00 0.85 1.00 11.50 1.82 2.09 0.87 0.77 1.00 14.70 2.44 2.59 0.94 

PTC37 1.00 40.00 0.75 1.50 7.75 15.79 16.43 0.96 0.65 2.25 10.45 21.36 24.58 0.87 
PTC38 1.00 30.00 0.70 1.65 9.00 6.06 6.30 0.96 0.62 1.66 11.70 8.84 9.30 0.95 

PTC39 1.00 24.00 0.62 1.47 10.25 3.26 3.91 0.83 0.53 1.50 13.20 4.16 4.21 0.99 
PTC40 1.00 20.00 0.70 1.58 11.50 2.47 2.40 1.03 0.62 1.53 14.70 3.16 3.06 1.03 

PTC41 1.33 40.00 0.50 1.42 7.75 22.38 25.23 0.89 0.38 1.62 10.45 44.40 47.04 0.94 
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PTC42 1.33 30.00 0.65 1.57 9.00 11.65 14.04 0.83 0.54 1.67 11.70 16.91 18.73 0.90 
PTC43 1.33 24.00 0.70 1.70 10.25 6.57 7.85 0.84 0.65 1.74 13.20 7.82 9.23 0.85 

PTC44 1.33 20.00 0.51 1.70 11.50 4.53 5.44 0.83 0.38 1.74 14.70 6.41 6.33 1.01 
PTC45 1.67 40.00 0.48 1.65 7.75 48.75*  N/A N/A 0.30 1.78 10.45 62.73 N/A N/A 

PTC46 1.67 30.00 0.35 1.60 9.00 21.19 24.33 0.87 0.28 1.75 11.70 33.54 36.42 0.92 

PTC47 1.67 24.00 0.50 1.63 10.25 13.88 15.18 0.91 0.46 1.72 13.20 21.27 22.38 0.95 

PTC48 1.67 20.00 0.50 1.74 11.50 9.52 10.59 0.90 0.40 1.75 14.70 12.95 16.23 0.80 

PTC49 2.00 30.00 0.48 1.50 9.00 58.72*  N/A N/A 0.50 1.50 11.70 65.59 N/A N/A 
PTC50 2.00 24.00 0.51 1.50 10.25 40.04*  N/A N/A 0.46 1.53 13.20 42.52 N/A N/A 

PTC51 2.00 20.00 0.52 1.56 11.50 22.66 23.82 0.95 0.38 1.68 14.70 34.18 39.84 0.86 

Mean   0.89   
  

 0.91 
Standard deviation     0.07     

  
 0.10 

NOTE: *Deflection of the panel failed due to the greater value than the deflection limits (L/250) as specified in AS 3600; N/A is not applicable 
to design in RAM Concept program. 

 

Table 7.9: Comparison of mid-span displacements for post-tensioned composite slabs in cases of Ly = 8m between ABAQUS and RAM 
Concept programs 

Model  
designation 

Lx/Ly Ly/D 

Coefficient Service load Coefficient Ultimate load 

�G�/�N �G�/�O 
�(�æ 

(kPa) 
�¿�æ�á�º�»�º�Ê�Î�Ì  

(mm) 
�¿�æ�á�Ë�º�Æ 
(mm) 

�¿�æ�á�º�»�º�Ê�Î�Ì 

 �¿�æ�á�Ë�º�Æ 
�G�/�N �G�/�N 

Fu  
(kPa) 

�¿�è�á�º�»�º�Ê�Î�Ì  

(mm) 
�¿�è�á�Ë�º�Æ 
(mm) 

�¿�è�á�º�»�º�Ê�Î�Ì  

   �¿�è�á�Ë�º�Æ 

PTC52 0.25 53.33 0.85 1.00 7.75 18.06 20.83 0.87 0.78 1.00 10.45 31.12 33.02 0.94 
PTC53 0.25 40.00 0.98 1.00 9.00 8.83 8.46 1.04 0.88 1.00 11.70 12.04 11.69 1.03 
PTC54 0.25 32.00 0.90 1.00 10.25 4.57 4.71 0.97 0.82 1.00 13.20 6.22 5.93 1.05 
PTC55 0.25 26.67 0.98 1.00 11.50 3.24 3.02 1.07 0.87 1.00 14.70 4.59 3.77 1.22 
PTC56 0.50 53.33 1.05 1.00 7.75 24.02 25.54 0.94 1.00 1.00 10.45 36.25 37.96 0.95 
PTC57 0.50 40.00 1.01 1.00 9.00 10.47 11.22 0.93 0.93 1.00 11.70 14.56 15.33 0.95 
PTC58 0.50 32.00 0.96 1.00 10.25 6.07 6.21 0.98 0.90 1.00 13.20 7.85 7.54 1.04 
PTC59 0.50 26.67 1.03 1.00 11.50 4.36 4.07 1.07 0.97 1.00 14.70 5.22 4.81 1.09 
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PTC60 0.75 53.33 1.10 1.00 7.75 29.85 30.13 0.99 1.04 1.00 10.45 40.61 42.71 0.95 
PTC61 0.75 40.00 1.12 1.00 9.00 15.60 14.77 1.06 1.04 1.00 11.70 21.37 20.36 1.05 
PTC62 0.75 32.00 1.13 1.00 10.25 9.02 8.94 1.01 1.03 1.00 13.20 11.54 11.75 0.98 
PTC63 0.75 26.67 0.98 1.00 11.50 6.03 5.33 1.13 0.92 1.00 14.70 7.02 6.56 1.07 
PTC64 1.00 53.33 1.15 1.80 7.75 37.69*  N/A N/A 1.12 2.12 10.45 48.56 N/A N/A 
PTC65 1.00 40.00 1.20 2.12 9.00 19.02 19.18 0.99 1.16 2.26 11.70 24.12 25.31 0.95 
PTC66 1.00 32.00 0.96 1.73 10.25 9.26 11.02 0.84 0.85 1.87 13.20 11.97 14.99 0.80 
PTC67 1.00 26.67 0.98 1.75 11.50 5.93 6.88 0.86 0.84 1.86 14.70 7.18 7.45 0.96 
PTC68 1.25 53.33 1.12 1.62 7.75 55.42*  N/A N/A 1.10 1.75 10.45 66.07 N/A N/A 
PTC69 1.25 40.00 1.22 1.54 9.00 23.67 28.39 0.83 1.20 1.58 11.70 38.52 40.75 0.95 
PTC70 1.25 32.00 0.93 1.55 10.25 16.53 20.85 0.79 0.88 1.60 13.20 27.11 31.50 0.86 
PTC71 1.25 26.67 0.83 1.55 11.50 10.78 12.99 0.83 0.77 1.62 14.70 15.84 17.25 0.92 
PTC72 1.50 40.00 1.18 1.38 9.00 48.47*  N/A N/A 1.17 1.47 11.70 62.74 N/A N/A 
PTC73 1.50 32.00 0.92 1.60 10.25 21.03 25.18 0.84 0.87 1.62 13.20 31.17 36.28 0.86 
PTC74 1.50 26.67 0.95 1.61 11.50 16.72 18.09 0.92 0.88 1.64 14.70 25.53 27.47 0.93 
PTC75 1.75 32.00 0.97 1.58 10.25 52.76*  N/A N/A 0.88 1.64 13.20 67.75 N/A N/A 
PTC76 1.75 26.67 0.96 1.47 11.50 32.84*  N/A N/A 0.87 1.48 14.70 40.53 N/A N/A 
PTC77 2.00 26.67 0.87 1.40 11.50 51.47*  N/A N/A 0.79 1.41 14.70 66.30 N/A N/A 

Mean   0.93      0.96 
Standard deviation     0.10           0.09 

NOTE: *Deflection of the panel failed due to the greater value than the deflection limits (L/250) as specified in AS 3600; N/A is not applicable 
to design in RAM Concept program.
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7.5.4 Results and discussion 

7.5.4.1 Reinforced concrete slabs and composite slabs 

By examining the contour plots presented in Figures 7.13 to 7.15, it is evident that the 

application of stiffness coefficients within the RAM Concept program allows for a reasonable 

prediction of the flexural behaviour of RCC floors. When the aspect ratio fell between 1 and 

1.5, the structure primarily deflected along the transverse direction, and when the ratio 

approached 2, a two-way bending occurred. 

According to Tables 7.1 to 7.6, in cases of conventional RC slabs, the mean values achieved 

during the verification of these two models range from 0.88 to 0.89 for the service stage and 

from 0.88 to 0.92 in the ultimate stage. Notably, standard deviations fluctuated from 0.05 to 

0.09, indicating allowable errors ranging from 3% to 19% when comparing mid-span 

displacement values obtained from the two programs.  

In addition, the verification for RCC slabs revealed a similar pattern. Specifically, the mean 

ratio ranged from 0.95 to 0.97, with standard deviations between 0.07 and 0.1 for the ultimate 

stage. Meanwhile, the mean ratio obtained at the service stage was approximately 0.9, with 

standard deviations ranging from 0.07 to 0.09. The errors in the case of RCC slabs ranged from 

5% to 15%. As a result, errors below 20% in both RC and RCC concrete slabs fell within an 

acceptable range, considering some differences in the nature of the design program (RAM 

Concept) and analysis program (ABAQUS). 

7.5.4.2 Post-tensioned composite slabs 

For PTC slab systems, agreement between the numerical results of both programs was observed 

in terms of bending behaviour from Figures 7.16 to 7.18. The correlation in the bending 

behaviour predicted by the two programmes was validated. In these contour plots, the transition 

from one-way to two-way bending of PTC slabs, aligned with the results discussed in Section 

6.3.3, was clearly illustrated with corresponding aspect ratios of 1 to 2.  

According to Tables 7.7 to 7.9, the mean values during the service load of PTC slabs ranged 

from 0.89 to 0.96, with a standard deviation from 0.07 to 0.15. While, at the ultimate load, the 

mean values ranged from 0.91 to 0.96, with a standard deviation of 0.09 to 0.12. Hence, this 

indicated that errors observed in these PTC panels varied from 3% up to 26%.  
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When evaluating the performance of PTC slabs compared to RC and RCC slabs, it is evident 

that the mean errors are generally higher, ranging from 4% to 11%, though they are still within 

acceptable limits below 20%. These discrepancies can be attributed to the differences in stress 

losses of PT, since it is assumed to be uniform in the case of ABAQUS programs.  

In addition, there are also differing analysis methodologies employed by the two software 

ABAQUS and RAM Concept. ABAQUS, functioning primarily as an analytical tool, assesses 

structural strength based on the nonlinear response of geometry and materials. Conversely, 

RAM Concept, designed as comprehensive design software, conforms to Australian standards, 

and integrates various design factors such as code minimum design, service design, ultimate 

design, and ductility design. Consequently, displacement values calculated in ABAQUS are 

often smaller compared to those derived from the RAM Concept. Nonetheless, despite these 

variations, the close agreement in deflection values between the two programs highlights the 

effectiveness of incorporating stiffness coefficients within the RAM Concept program, 

ensuring accurate representation of the flexural behaviour of RC, RCC, and PTC floors.  

Based on the mid-span deflection values obtained within the service stage, this study also 

highlights the structural response of the PTC slab systems as compared to the RCC slabs as 

follows: 

�x With transverse direction (Ly) equal to 4 metres, RCC models failed in serviceability 

when aspect ratios were at 2 with thicknesses less than 200 mm, while PTC models 

exhibited only small deflections, which were three times lower than those of RCC 

models. 

�x For cases of Ly = 6m, most RCC models failed in the service with a 150 mm slab 

thickness. Also, the limits of RCC models were shown when the longitudinal direction 

(Lx) increased up to 8m. On the other hand, PTC models can reach up to 12m in the Lx 

direction and only fail when the thickness is reduced below 200 mm. 

�x For cases of Ly = 8m, only a few RCC models satisfy the deflection limits with slab 

thickness at 300mm, and the longitudinal direction can reach up to 8m. Otherwise, PTC 

models allow the longitudinal direction to reach up to 12m with a thickness greater than 

250 mm. 
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7.6 Summary 

By providing appropriate stiffness coefficient patterns, this chapter has verified the simplified 

design approach from the current engineering application for PTC slab systems. These patterns 

were generated across a range of aspect ratios from 0.25 to 2 and thicknesses from 150 mm to 

300 mm. These stiffness coefficient values distinctly illustrate the reduction in bending 

stiffness of composite slabs in the transverse direction and the corresponding increase in the 

longitudinal direction compared to conventional concrete slabs. 

To validate the efficacy of incorporating stiffness coefficient values into existing design 

programs, a comparative study was undertaken between the analytical program ABAQUS and 

the design program RAM Concept. Despite inherent disparities between analytical and design 

software, resulting in allowable errors in the findings, the comparative analysis suggests that 

adjusting these stiffness coefficients within available programme options facilitates an accurate 

prediction of PTC slab systems in terms of bending behaviour and displacements during both 

service and ultimate stages. As a result, this study offers a more precise design approach for 

engineering practitioners to assess the structural design of PTC slabs. 

It is important to note that the investigation only covers span lengths ranging from 4m to 8m 

in the transverse direction of PTC systems. In the future, as a wider range of parameters and 

theoretical studies become available, the reliability and applicability of this proposed method 

can be further validated and refined.
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CHAPTER 8 

 CASE STUDY: APPLICATION OF SIMPLIFIED 
DESIGN APPROACH AND STRUCTURAL  

DESIGN ASSESSMENT 

8.1 Introduction 

After developing and verifying the simplified design approach in Chapter 7, the 

application of stiffness coefficients in two directions of PTC slabs was implemented in 

the RAM Concept design program to predict the behaviour of PTC slab systems. In this 

chapter, this design approach was applied to perform the structural design for PTC floors. 

According to the literature review, the lack of a design methodology for PTC floors has 

been a significant barrier to analysing the structure of this floor type. Therefore, this 

chapter will provide a detailed methodology for the structural design of PTC slabs, 

providing the design of an existing typical office floor through a case study. 

Various factors were considered in the structural design of PTC floors, including concrete 

thicknesses, column arrangement, and the integration with different slab structures such 

as one-way beam-slab, two-way beam-slab, or flat plate slabs. Additionally, during the 

design process, certain assumptions were made to address areas that were beyond the 

scope of this study. The main aims of this chapter are to: (1) apply the simplified design 

approach to present the design procedure and methodology of PTC slab systems; and (2) 

consider the sustainable design benchmark, focusing on cost and embodied energy, to 

highlight the structural advantages of using PTC slabs compared to other conventional 

slab methods. 
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8.2 Overview of case study  

8.2.1 Case Study 1 �± variation of concrete thicknesses 

Case Study 1 investigated a typical slab plan from the existing building measuring 19.2 

× 20 m, supported on a square grid of 500 × 500 mm2 columns with 3m heights from 

floor to floor. For exterior spans, the column-to-column spans were set at 6 metres, while 

interior spans measured 8 metres. This column layout was fixed based on the architectural 

plan's purpose. In this general arrangement, structural engineers must decide on the floor 

solution to achieve optimal cost and embodied energy. Therefore, for comparative 

purposes, this study completed structural designs for a total of 60 separate slab solutions, 

including each possible combination of reinforced concrete (RC), reinforced composite 

(RCC), post-tensioned (PT), and post-tensioned composite (PTC) on three different 

structural types: one-way beam-slab, two-way beam-slab, and flat plate slab (see Figure 

8.1). The slab thickness varied from 200 to 300 mm, with an increment of 25 mm. Two 

main types of reinforcement used for slab strengthening were reinforcing bars and post-

tensioning systems. For the beam-slab system, according to Miller et al. (2016), the beam-

to-slab ratio in RC slabs was approximately 2.1D, while PT slabs had a slightly smaller 

ratio of 1.75D.  

 

   

a) One-way beam-slab b) Two-way beam-slab c) Flat plate slab 

Figure 8.1: Typical floor solutions used for design and analysis in Case Study 1 
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8.2.2 Case Study 2 �± Variation of column layouts 

Case Study 2 was extended to Case Study 1 by incorporating the impact of column layouts 

into structural design. In practice, the floor plan layout is primarily determined by 

architectural drawings, which can make it difficult to modify when establishing the 

structural floor designs. However, reducing the number of columns can increase the span 

length from column to column and expand the building's usable area. Therefore, this study 

aims to delve deeper into understanding the influence of columns on the overall floor 

design. In this case study, a total of three column arrangements were conducted, with 

different layouts of column supports (see Figure 8.2). The variation included the use of 

different slab options from Case Study 1, with various thicknesses and reinforcement 

types. Because this study did not include vertical load design considerations, the column 

dimension remained constant, and only shear reinforcement resisted the punching shear 

of slabs. The maximum span area was enlarged to 8 × 9.6 m for the Grid 12 column 

arrangement, while the third layout (Grid 9) was expanded to 9.6 × 10m. 

  

   

a) Grid 16 b) Grid 12 c) Grid 9 

Figure 8.2: Three column arrangements for design and analysis in Case Study 2 
(Dimensions in mm) 

 

8.2.3 Design methodologies 

A set of discrete floor designs was investigated with three main structural slab options: 

one-way slabs (with band beams), two-way slabs (with beams), and flat plate slabs. These 

floors were combined with two main materials: concrete slabs and composite concrete 
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slabs with profiled steel sheeting, using reinforcing steel bars and the post-tensioning 

method as the main reinforcement. This study includes various design parameters, such 

as floor systems, column layouts, slab thicknesses, and different materials used. 

The investigative methodology was broadly divided into two major parts: structural 

design and cost-environmental analysis (see Figure 8.3). As for the structural design, the 

process consisted of multiple components, which included: (1) defining the design plans 

and functions of a particular building and identifying any necessary assumptions for the 

analysis; (2) using the available design program to design the structural components of 

floor frames in accordance with design criteria AS3600 (2018). Hence, the structural 

software RAM Concept was used, which allows engineers to specify the floor plan 

layouts and input the required loading conditions to check both short-term and long-term 

deflections, the flexural strength, punching shear, crack controls, and pre-compression 

stress on the slab area (P/A); (3) The detailed reinforcement results generated by the 

program were cross-verified through manual calculations to ensure design efficiency; (4) 

The structural requirements for each component were finalised, facilitating the generation 

of a comprehensive Bill of Quantities (BOQ). 

As the structural design of a slab system involved a complex process with various 

interacting factors, a set of assumptions was identified to simplify and maintain consistent 

conditions in the assessment. These assumptions include: 

�x The constant concrete strength was 40 MPa, which is typical for the slab structure 

in practice. 

�x The constant column strength was 50 MPa, which is typical for the use of columns 

in practice. 

�x Column dimensions remained constant at 500 × 500 mm. 

�x The investigation did not consider walls or lift core supports. 

�x Restrictions on the reinforcement ratio, which ranges from 0.2% as under-

reinforced to 4% as over-reinforced 

�x Restrictions to the use of bottom and top mesh for N12 and N16 steel bars, which 

are normally used as the steel mesh in practice. 

�x The width of beams can be increased to deal with deflection limits or punching 

shear checks. 
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�x The P/A for post-tensioned limits in slabs and beams can reach up to 5 MPa. 

 

 

Figure 8.3: Flow chart of methodology for design procedure and analysis 

8.3 Design procedure 

8.3.1 Application of stiffness coefficient in design program 

In this study, the stiffness coefficient values verified in the previous chapter (Chapter 7) 

were applied to the structural design of both reinforced composite slabs and PTC slabs. 

However, as the design scenario involved continuous spans, these stiffness coefficients 

were assumed to apply individually to each span from column-to-column (refer to Figure 

8.4). For the effective design of composite slabs, the weak direction of the slab (the 

transverse direction) was aligned with the shorter span of the slab plan. As indicated in 

Sections 7.3.3 and 7.3.4, the given patterns show that the stiffness coefficients of the slabs 

with thickness ranging from 200mm to 300mm increase on average from 0.5 to 0.75 when 



CHAPTER 8: CASE STUDY �± APPLICATION OF SIMPLIFIED DESIGN APPROACH 
AND STRUCTURAL DESIGN ASSESSMENT 

 

207 
 

the length of the weak direction increases from 4m to 8m. Therefore, for a span length of 

9.6m on Grid 12 and Grid 9 in this case, the stiffness coefficient for the cases of Ly = 8m 

was used for the conservative design. 

 

Figure 8.4: Input of stiffness coefficients in case of flat plate PTC slabs on Grid 16 

 

8.3.2 Structural design for strength and serviceability 

According to standard AS3600 (2018), concrete structures are designed to achieve both 

the requirements for ultimate strength and serviceability limit states, following the 

specified loading combinations in AS 1170.0. All the structures discussed in this study 

were designed to comply with these design rules. The analysis focused on the office use 

of the building to specify the precise live load. All slabs were designed based on the 

summarised parameters outlined in Table 8.1. For the ultimate limit states, according to 

different thicknesses, the prestressed and non-prestressed reinforcements were detailed to 

obtain the required bending strength of the slab. The post-tensioning tendon was stressed 

at 85% of its ultimate tensile strength, according to Clause 3.3.1 of AS3600. Shear 

reinforcement was provided on slabs and beams to deal with the punching shear issues. 

Additional steel bars were provided to effectively share the concentrated tensile stress in 

a specific zone, such as the column region or mid-span of slabs. 
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For the serviceability limit states, a minimum control over long-�W�H�U�P���G�H�I�O�H�F�W�L�R�Q���û���/ef �”��

1/250 was adopted for office use in compliance with Clause 2.3.2. In addition to this, a 

�P�L�Q�L�P�X�P���F�R�Q�W�U�R�O���R�Y�H�U���L�Q�F�U�H�P�H�Q�W�D�O���G�H�I�O�H�F�W�L�R�Q���û���/ef �”���������������I�R�U���D�O�O���V�O�D�E�V���Z�D�V���D�O�V�R���D�G�R�S�W�H�G����

Hence, the deflection values obtained from RAM Concept software were checked to 

satisfy these specified deflection limits (see Figure 8.5). The quantities of steel bars in a 

specific slab section were checked to limit the crack width to less than 0.3 mm. The cover 

was kept constant at 30 mm for both top and bottom reinforcement to reach the 

requirement for 1 hour of fire resistance in the exposure class of A1. Hence, this structural 

design phase was conducted based on the use of the design program RAM Concept to 

achieve efficient slab parameters, including thicknesses of beam and slab systems and 

reinforcement details (see Figure 8.6), ensuring that the optimal design selection was 

made based on the specified criteria. 

 

Table 8.1: Design parameters and corresponding variables 

Design Parameters Values 

Building dimension 20 x 19.2 m 

Applied dead load (G) G = 1kPa + self-weight 

Applied live load (Q) Q = 3 kPa (office use) 

Concrete compressive strength �B�Ö�ñ= 40 MPa 

Yield strength of steel bars  �B�æ = 500 MPa 

Reinforcement size N12-N16 for top and bottom 
mesh bas, N12-N28 for extra bars 

Yield strength of tendon reinforcement  �B�ã = 1870 MPa 

Tendon size 12.7 mm diameter 

Yield strength of steel sheeting  �B�æ�Û = 550 MPa 

Steel sheeting type and size BONDEK - 1mm thick 

Elastic modulus of concrete �' �Ö= 30 GPa 

Elastic modulus of steel bars �' �æ= 200 GPa 

Elastic modulus of tendon �' �ã= 150 GPa 

Specific mass of concrete  �é�Ö = 2400 kg/m3 

Specific mass of steel bars �é�æ = 7850 kg/m3 
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Otherwise, failure to meet the timeline as per the building contract results in financial 

losses. Consequently, it is critical to consider the impacts of construction time on building 

costs. Although there are limited studies in this field, Jayasinghe et al. (2021) suggested 

that the cost of construction time can be calculated based on the difference in building 

time for each floor type. For instance, a slab system with beams requires additional time 

for formwork and steel placement, while flat plate slabs can reduce the aforementioned 

time. Although their study did not mention the composite and PTC floor frame, it is 

reasonable to assume that this slab type can install faster than conventional slabs due to 

�W�L�P�H�� �V�D�Y�L�Q�J�V�� �L�Q�� �I�R�U�P�Z�R�U�N�� �U�H�P�R�Y�D�O�� �D�Q�G�� �I�H�Z�H�U�� �S�U�R�S�V�¶�� �L�Q�V�W�D�O�O�D�W�L�R�Q�V�����$�V�� �D�� �U�H�V�X�O�W���� �W�K�H��

construction time difference between various slab types was determined based on 

building time delays. According to the Concrete Centre (2023), the cost of the time 

difference is estimated to be $2.1 per square metre per day. 

�x One-way slab (with or without a wide beam): delay by 2 days 

�x Two-way slab on beams delayed by 3 days 

�x The flat plate slab serves as the basis, causing no delays 

�x Post-tensioned slab faster by 1 day 

�x Composite steel sheeting slab faster by 1 day 

 

8.3.4 Bill of Quantities  

A comprehensive Bill of Quantities (BOQ) is necessary to analyse and compare the cost 

and environmental performances of the investigated slabs. After the design phase, the 

BOQ was created for each individual floor solution with a list of used materials, 

encompassing the required concrete volume, galvanised steel sheeting, formwork, 

supporting props, and prestressed and non-prestressed reinforcement. It is important to 

note that the BOQ provided details exclusively for the final slab design, without any 

consideration of waste or equipment for the construction process, such as temporary 

formwork. 

This research examined the expense of floor system construction, which was determined 

by two primary factors: the cost of required materials and the cost of labour. The cost data 

was sourced from the RAM Concept program and adjusted with the most relevant actual 

prices, as the rise in unit prices of certain materials can significantly impact the cost-
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effectiveness of each floor approach. Table 8.2 presents the unit prices of essential 

materials required for floor construction, along with the corresponding labour costs. 

Then, using BOQ, an Environmental Impact Assessment (EIA) was undertaken using 

data obtained from the extensive literature review. Although a comprehensive EIA should 

encompass the entire life cycle of buildings, this particular study focuses only on 

estimating the embodied carbon (EC) of construction materials. The study utilised the EE 

value introduced by Trinh et al. (2021) (see Table 8.3), which was derived from a 

combination of other published literature. 

 

Table 8.2: Cost of required materials and corresponding labour cost for installation 
(RAM Concept) 

Element Material Cost Labour Cost 

Concrete strength 40 MPa 350 $/m3 80 $/m3 

Concrete strength 50 MPa 380 $/m3 80 $/m3 

Reinforcing steel (rebar) 3950 $/tonnes 1000 $/tonnes 

Prestressing tendon  6000 $/tonnes 4000 $/tonnes 

Steel sheeting (BONDEK-1mm) 160 $/m2 120 $/m2 

Horizontal formwork 120 $/m2 80 $/m2 

Vertical formwork (edge to 100mm -200 
mm) 80 $/m 40 $/m 

Supporting props (steel) 30 $/prop 15 $/prop 

 

Table 8.3: Embodied energy values to be utilized in the environmental impact assessment 
(Trinh et al., 2021) 

Construction material Embodied Carbon 
Concrete (32 MPa) 348.6 (kgCO2eq/m3) 

Concrete (40 MPa) 

Concrete (50 MPa) 

Concrete (60 MPa) 

Steel Reinforcement 

Galvanised Steel 

High strength Steel tendons 

405.0 (kgCO2eq/m3) 

513.0 (kgCO2eq/m3) 

739.2 (kgCO2eq/m3) 

5,127.6 (kgCO2eq/ton) 

2,280.0 (kgCO2eq/ton) 

7,407.6 (kgCO2eq/ton) 
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8.4 Result and Discussion 

8.4.1 Effects of concrete thicknesses (Case Study 1) 

In Case Study 1, which involved a floor plan with 16 columns and maximum span lengths 

of 6×8 (m), Figure 8.7 illustrates a consistent downward trend in both cost and embodied 

energy (EE) for different floor solutions as the concrete thickness decreases from 300mm 

to 200mm. Specifically, the cost per square metre decreased by an average of 3.2% to 

10.8% across all floor options. The reduction in floor thickness had a more substantial 

impact on EE, resulting in carbon emissions decreasing by 12.2% to 25.3%. Three key 

factors were identified as contributing to the findings. Firstly, reducing the floor thickness 

led to significant reductions in the amount of concrete required by around 34%. Secondly, 

as the floor thickness decreased, the use of steel mesh for crack control in the secondary 

direction also decreased by 25�±35%, in accordance with AS3600 (2018). Finally, using a 

thinner floor resulted in cost savings associated with the installation of vertical formwork, 

particularly for floors with beam systems. It is important to note that while reducing the 

floor thickness from 300mm to 200mm can yield cost and embodied energy benefits, it 

results in a doubling of deflection. Nonetheless, this deflection remains within the 

acceptable limit of less than 32mm (L/250) for building development. 
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Figure 8.7: Cost and embodied energy analysis of typical PTC floor solutions 

8.4.2 Effects of structural solutions (Case Study 1) 

According to Figure 8.7, flat plate slabs exhibited the lowest cost, ranging from 454.97 

to 483.41 ($/m2), among the four types of floor construction used for PTC systems, and 

EE likewise obtained the lowest value, from 227 to 258.73 kgCO2/m2. When compared 

to a two-way slab with the same floor thickness, using flat plate slabs saved expenses by 

up to 25% per metre square while simultaneously lowering EE by up to 13.5%. This 

significant advantage stems from the minimal cost associated with vertical formwork 

installation, which typically costs 20�±30% more than other slab types. In addition, flat 

plate systems saved 10�±18% of concrete usage when there were no beams incorporated 

into the structures. The floor design did not require additional ligatures for shear 

resistance unless there were punching issues in the slab. Moreover, in areas where beams 

exist, shear reinforcement in the form of stirrups may be required, leading to a 25% 

increase in steel. In terms of construction time, flat plate floors demonstrate higher 

efficiency, with construction being approximately 2 or 3 days faster compared to other 

floors mentioned in Section 8.3.3, further contributing to the cost difference between 

various floor types. 

While flat-plate PTC slabs provide great efficiency for sustainable design, they do 

encounter notable challenges in managing deflection, which tends to be approximately 

twice, or three times higher compared to other flooring options. To address the floor 

displacement and ensure it remains below the permissible threshold of 32 mm with a 

thickness of 200 mm, the number of post-tensioned tendons needed to be increased from 

1.376 tonnes to 2.096 tonnes. This increase in the tendon quantity resulted in a 2.8% 

higher cost and a 4.5% higher EE compared to the same floor type at a thickness of 

225mm. 

8.4.3 Effects of post-tensioning and steel sheeting (Case Study 1) 

Based on the information presented in Figure 8.8, implementing the post-tensioning 

method as the primary reinforcement resulted in significant material savings, primarily in 

terms of rebars and concrete materials. In the comparative analysis of various composite 

slab structures with profiled steel sheeting, it was observed that the post-tensioning 
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method replaced approximately 70% of the required steel and reduced the concrete 

volume in the floor beam frames by 9% to 17%. Despite the additional cost associated 

with post-tensioning, the overall expenditure on both steel and concrete materials was 

still reduced by an average of 26% to 28%. However, it should be noted that in the absence 

of a beam system, deflection and cracking control pose more challenges for flat plate slab 

systems. The difference in steel bar usage remained evident, as the utilisation of 

prestressed reinforcement reduced the required steel bars by 38% to 40%. Additionally, 

there was a decrease in slab thickness and concrete volume, ranging from 13% to 26%. 

In these two structures, a greater number of post-tensioning strands were employed for 

deflection control. Although the overall cost of materials was lowered, it was only by 

13% to 15% for a floor. 

 

 

Figure 8.8: Cost performance of structural material required in the design of various 
post-tensioned composite floor solutions 

 

According to literature review, the use of profiled steel sheeting offers economic benefits 

by reducing construction time and labour costs without the process of formwork removal, 

as well as a decrease in the number of props required. In detail, the comparative study 

depicted in Figure 8.9 highlights a significant cost savings of 52% related to prop rental 

and usage. This reduction is justified by the fact that conventional timber formwork 

necessitates the installation of props spaced approximately 400 mm apart, whereas steel 
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sheets or BONDEK allow for much wider spacing of up to 2 or 3 metres, depending on 

the floor thicknesses, as specified in the Lysaght Manual (2023). In addition, the shorter 

duration required for dismantling the formwork contributed to a cost reduction of 20% to 

25% for composite floors compared to conventional slabs, and the labour cost was also 

dropped by 34%. Although material prices experienced an increase of around 20% due to 

the use of high strength galvanised steel instead of timber, the overall expenditure across 

these four categories was still reduced by nearly 10% for each floor construction.  

 

 

Figure 8.9: Cost performance on the labour and construction materials required for 
various slab types 

 

8.4.4 Effects of column layouts (Case Study 2) 

The analysis of Table 8.4 reveals a clear correlation between the reduction in the number 

of columns and the corresponding rise in both cost and embodied energy. Specifically, 

transitioning from a 16-column grid to a 12-column grid led to a 25% decrease in the total 

amount of concrete and reinforcement used for the column system. However, it also 

resulted in an 8�±10% increase in the overall cost of the floor system and a 10�±14% 

increase in carbon emissions. When the floor space was further reduced to nine columns, 

similar trends were observed, with construction expenses increasing by 12% and EE 

increasing by 8%. These findings demonstrate that as the span length increases by 2-4 
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metres, the volume of the concrete slab and beams also increases by roughly 20�±30%. 

Moreover, a significant additional 28�±30% of reinforcement is required to address issues 

such as strength, deflection, punching shear, and crack control in the floor structures. As 

a result, there are substantial variations in the bill of quantities for construction materials 

in the floor system due to the varying span lengths, leading to increased cost and 

embodied energy. 

Based on the data presented in Table 8.4, it is evident that the span length plays a 

significant role in optimizing various PTC floor solutions. When comparing construction 

costs across all three column layouts, the flat-plate PTC slabs proved to be the most cost-

effective. On average, it yielded total construction costs for floors that were 

approximately 8% to 15% lower than other floor methods. In terms of environmental 

impact, the flat plate PTC also exhibited the lowest EE, measuring 231.7 kgCO2/m2 for 

column grid 16. Otherwise, the two-way PTC slab stood out with the lowest E.E. at 

around 268.8 kgCO2/m2 in the column grid 9, which was roughly 6% lower than other 

PTC floor systems. 

It is noteworthy that reducing the thickness of the floor as the span length increases is no 

longer effective, particularly in column grid 9, where the maximum span was increased 

from 8 to 10m. In this case, decreasing the thickness in column grid 16 did not result in a 

similar decrease in cost or EE. For span lengths longer than 8 metres examined in this 

study, controlling deflection, or addressing punching issues became challenging, leading 

�W�R�� �D�� �V�L�J�Q�L�I�L�F�D�Q�W���L�Q�F�U�H�D�V�H���L�Q�� �W�K�H�� �D�P�R�X�Q�W�� �R�I�� �U�H�L�Q�I�R�U�F�H�P�H�Q�W���Q�H�H�G�H�G�� �W�R�� �V�D�W�L�V�I�\���W�K�H�� �I�O�R�R�U�V�¶��

strength and serviceability. Hence, in column grid 9, both one-way and flat plate PTC 

slabs had a cost-efficient thickness of 300 mm, and the two-way beam slab was 250 mm. 



CHAPTER 8: CASE STUDY �± APPLICATION OF SIMPLIFIED DESIGN APPROACH AND STRUCTURAL DESIGN ASSESSMENT 

217 
 

 

Table 8.4: The impact of column arrangements on the required material, cost, and embodied energy of various PTC floor solutions 

Span 

(mm) 

Thickness 

(mm) 

One-way beam-slab (PTC) Two-way beam-slab (PTC) Flat plate slab (PTC) 

Concrete 

(m3) 

Steel 

(tons) 

Cost 

($/m2) 

EE 

(kgCO2/m2) 

Concrete 

(m3) 

Steel 

(tons) 

Cost 

($/m2) 

EE 

(kgCO2/m2) 

Concrete 

(m3) 

Steel 

(tons) 

Cost 

($/m2) 

EE 

(kgCO2/m2) 

Grid 

16 

300 128.40 4.84 542.12 278.00 139.82 5.51 643.32 299.16 115.21 4.21 483.42 258.67 

275 117.60 4.80 522.43 266.12 127.89 5.55 635.48 287.00 105.23 4.29 473.28 249.21 

250 107.00 4.82 540.60 255.34 116.48 5.61 632.20 257.68 96.00 4.38 464.57 240.77 

225 96.36 4.86 529.33 244.57 105.00 5.83 613.55 266.46 86.38 4.54 455.00 231.69 

200 85.57 4.91 516.78 233.79 93.17 6.02 601.14 256.66 76.83 5.11 467.72 241.75 

Grid 

12 

300 125.10 6.58 581.42 286.83 136.83 7.19 664.48 309.72 115.24 5.62 510.24 271.89 

275 114.6 7.95 590.83 294.40 125.22 7.05 644.75 293.81 105.19 5.97 497.08 259.38 

250 104.30 7.86 577.58 282.38 114.00 6.75 672.39 278.00 96.00 6.14 495.48 253.65 

225 93.90 7.92 569.41 273.44 102.81 7.13 620.68 271.36 86.43 6.57 499.00 252.67 

200 89.20 7.95 595.47 277.42 91.52 7.61 621.47 268.00 76.80 7.16 510.65 255.36 

Grid 

9 

300 125.10 7.17 624.40 251.84 133.87 6.81 634.69 290.76 115.25 7.23 544.37 285.00 

275 116.60 7.79 634.82 257.36 122.59 6.35 615.42 272.88 105.21 7.35 548.76 281.29 

250 108.30 7.98 632.60 254.40 111.57 6.88 620.28 268.57 96.00 8.76 567.35 293.00 

225 101.90 9.61 647.88 249.45 110.86 8.57 658.14 280.86 - - - - 

200 90.24 10.27 668.36 252.20 104.92 10.07 683.46 296.49 - - - - 
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8.4.5 Optimum cost and embodied energy assessments (Case Study 1&2) 

Figure 8.10 illustrates the comparative study of floor systems using different construction 

materials, structures, and variations in column arrangements, enabling a comprehensive 

evaluation of cost performance and environmental impacts. Among these floor systems, the 

PTC flat plate slab stood out as the most cost-effective option, as highlighted across all three 

column grids. With a price range of 450�±475 $/m2, this floor type offered an 8% cost reduction 

compared to the PT flat plate slab and a 12% lower price when compared to other conventional 

RC slabs. Furthermore, the RC-composite flat plate also achieved cost effectiveness within the 

price range of 475�±500 $/m2 for a 16-column grid.  

According to Column Grid 12, the distinctions between various slab systems become more 

pronounced. While the prices of PT or PTC flat plate slabs experienced slight fluctuations of 

nearly 8%, the prices of RC and RCC floors soared dramatically, reaching approximately 25%. 

This significant increase can be attributed to the considerable amount of additional steel 

required to enhance the bending stiffness and the inability of certain RC floor types to meet the 

strength and service requirements, leading to exorbitant pricing. In contrast, PTC flat plate 

slabs remained the most affordable option, with costs ranging from $500 to $525 per square 

meter.  

In column grid 9, the minimum price per square metre of flooring rose by almost 12%, from 

$485 to $550. This increase reflected the substantial increase in post-tensioning necessary to 

�D�G�G�U�H�V�V���W�K�H���I�O�R�R�U�¶�V���V�W�U�H�Q�J�W�K���D�Q�G���G�H�I�O�H�F�W�L�R�Q���L�V�V�X�H�V�����U�H�V�X�O�W�L�Q�J���L�Q���D�� �Q�D�U�Uower price difference of 

approximately 5% between PTC flat plate slabs and other floor systems. However, PTC flat 

plate flooring, with a minimum thickness of 250 mm, maintained its lowest cost within the 

range of 545�±570 $/m2. Meanwhile, the PT flat plate and one-way PTC slabs followed, with a 

price range of 575�±630 $/m2. 

Regarding the environmental assessment, the general trend observed in the 16-column grid 

(refer to Figure 8.10a) shows that several concrete slab solutions using RC and PT (in green 

and red marks) exhibited lower levels of embodied energy compared to the composite floor 

structures. However, this trend started to change when transitioning to Columns Grid 12 and 

Grid 9, as the reduction in columns challenged the efficiency of non-prestressed reinforcement, 

necessitating more steel and concrete volume. The PT and PTC floor systems (represented by 

red and blue marks) maintained a lower embodied energy ratio, ranging from 200 to 275 kgCO2 
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per square meter. The PT flat plate floor system remained the most effective option for reducing 

environmental emissions because it minimised slab thickness efficiently and used the fewest 

number of steel bars. On the other hand, employing galvanised steel sheets as permanent 

structural elements for the floor system resulted in a 5�±10% increase in carbon emissions for 

PTC slabs compared to conventional PT slabs. However, when comparing these EE values to 

the other RC slabs, it is evident that the carbon emission in the PTC system can be reduced by 

10% in column grid 12 or up to 15% in column grid 9 with the use of the post-tensioning 

method. 

 

 

a) Column grid 16 
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b) Column grid 12 

 

 

c) Column grid 9 

Figure 8.10: Cost and embodied energy values of various slab systems  
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8.5 Summary 

This chapter successfully presents in detail the application of the stiffness coefficient patterns 

and a simplified design approach to the structural design of PTC slab systems. The design 

procedure involved the use of RAM Concept design software and manual calculations 

according to Australian standards to satisfy both service and strength requirements and to 

define the reinforcement, encompassing RC and PT systems. Assumptions were made in 

several cases beyond the scope of this investigation. 

Overall, the given case study highlighted the structural performance advantages of the PTC 

slab system compared to other conventional slabs. By combining PT and profiled steel 

sheeting, the required steel bar was reduced by 38% to 40%, and the concrete volume decreased 

by 13% to 26% in most cases. From a sustainability perspective, the PTC flat plate slabs 

emerged as the most cost-effective option across all three specified column grids. This floor 

type demonstrated an 8% cost reduction compared to PT flat plate slabs and over a 12% 

reduction compared to conventional RC slabs. However, incorporating steel sheeting in the 

PTC floor system increased the overall embodied energy by approximately 5�±10% compared 

to conventional PT slabs. 
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CHAPTER 9 

 CONCLUSION AND RECOMMENDATIONS  

9.1 Conclusions 

The overall aim of this research is to enhance the fundamental understanding of and 

provide insight into the flexural behaviour of post-tensioned composite (PTC) slab 

systems. These research objectives were formulated following the research gaps 

identified in the literature review. Specifically, the primary objectives of this research 

were to: 

�x Evaluate the current global research on the PTC slab system; 

�x Investigate experimentally the structural behaviour in a transverse (weak) 

direction of PTC slab systems; 

�x Provide the appropriate numerical techniques in the analysis of the PTC slab 

system; 

�x Carry out a parametric study on the flexural performance of full-scale PTC slabs; 

�x Develop simplified design methods based on current engineering applications of 

PTC slabs; 

�x Apply the simplified approach to a case study for the design methodology of PTC 

slabs and highlight the structural advantages of the PTC slab system. 

The investigation into the flexural behaviour of PTC slab systems is observed to be at a 

preliminary stage of research, with many areas lacking comprehensive studies and 

remaining unexplored. To address these aforementioned knowledge gaps and fulfil the 
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specified objectives, this study investigated the flexural behaviour of PTC slabs by 

applying appropriate research methodologies.  

Throughout the research endeavour, the literature review presented in Chapter 2 was 

comprehensively compiled, encompassing various fields related to PTC slab systems. By 

collecting necessary information and identifying existing research gaps, this part thereby 

effectively addressed the first objective with the assessment of the current global research 

level on PTC slabs.  

For the first time in this field, an experimental programme on the transverse (weak) 

direction of PTC structures was conducted. This experimental test was divided into two 

main sections: Chapter 3 provided a detailed description of the test set-up, while Chapter 

4 analysed the outcomes derived from this experimental study. Therefore, the results of 

the experimental test analysed distinctive crack formations, failure mechanisms, and the 

influence of tendon profiles on the transverse (weak) direction of the PTC slab. 

Consequently, these two chapters contribute to the fulfilment of the second specified 

objective.  

In addition, Chapter 5 of this thesis outlines the available methods of numerical analysis 

used for PTC slab systems through the finite-element program ABAQUS. Having 

established that the combined modelling techniques effectively captured the behaviour of 

related PTC systems, this chapter successfully fulfils the third objective.  

The parametric study was conducted in Chapter 6, investigating a number of key 

parameters, including the effects of slab geometry, the post-tensioning systems, and 

various support conditions. Hence, this section achieved the fourth specified objective by 

evaluating the bending behaviour and flexural strength of full-scale PTC slabs system.  

With the supplement to the patterns of stiffness coefficients based on varying dimensions 

and loading conditions, the simplified design method was verified in Chapter 7, which 

allows the application of these coefficients into the design programs. Hence, the 

comparative study was conducted with close correlations between the obtained results 

from the ABAQUS and RAM Concept software. As a result, this study successfully 

achieved the fifth objective.  

Chapter 8 presents the application of the simplified design approach to the structural 

design of PTC slab systems. The design methodology and procedure are thoroughly 
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demonstrated through a case study with typical office building floors. The structural 

benefits of PTC slab systems were emphasised by comparing them with other 

conventional slab systems. Consequently, the final objective has been achieved in this 

chapter.  

Overall, based on the research outcomes obtained in this context, it can be concluded that 

the research aims and objectives have been fully accomplished. 

9.2 Research limitations  

Since this research project represents one of the pioneering studies in this field, there are 

still numerous areas that the context of this thesis cannot comprehensively cover. It is 

worth noting that this research investigated only BONDEK as a profiled steel sheeting 

due to its advantages over other types of decking. In addition, the study has explained the 

limitations of testing full-size panels, which could fully address failure issues and crack 

patterns in PTC slabs subjected to two-way action. Based on current findings, it is 

anticipated that crack patterns and failure issues would align with the experimental results 

of this study for slabs with aspect ratios below 1.5, where the floor's flexural behaviour 

is predominantly governed by the weak direction. Nevertheless, the yield line pattern for 

concrete crushing on the top face of concrete may vary differently for a two-way 

behaviour.  

In addition, the parametric study of PTC slab systems was restricted to full-size 

dimensions of 8 metres for the transverse direction of the slabs and a thickness of 300 

mm. Furthermore, because the focus was on analysing mid-span deflection, this study did 

not include analysis of torsion at the cantilever region, punching shear at the column 

region, or slab opening variations. The impact of the debonding pattern at the concrete-

steel sheeting interface on the flexural capacity of PTC structures has not been specifically 

addressed in this thesis. Testing results indicate that cracks under the bending effects 

initiated at the top of the sheeting ribs, with minor vertical slip occurring at the location 

of the most severe cracks. Therefore, enhancing the bonding by using headed studs to 

connect the concrete and steel sheeting could potentially improve the strength of the PTC 

floor system in this case. 
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9.3 Recommendations and scope for future research 

Based on the given limitations of this research, relevant suggestions and 

recommendations that could form the basis of future work are given as follows: 

�x Conduct experimental programme on the full-scale testing of PTC slab systems. 

�x Investigate the behaviour of PTC systems with the use of other types of steel 

sheeting. 

�x Extend the parametric studies in the case of 10-metre length for the transverse 

directions of slabs and investigate concrete thicknesses greater than 300 mm. 

�x Assess the behaviour of PTC slab systems within the column regions, considering 

the punching shear effects. 

�x Analyse the behaviour of PTC slab systems in the case of cantilevers, taking into 

account the torsion effects for specific loading areas. 

�x Investigate the variation in positions of slab openings affecting the behaviour of 

PTC systems. 

�x Develop the theoretical equations that incorporates the plastic moment resistance 

factor (�/ �ã�å) in both the longitudinal direction (refer to the study of Ranzi & 

Ostinelli, 2017) and the transverse direction. 

�x Investigate the debonding pattern on the flexural capacity of PTC specimens by 

comparing the use of headed studs to strengthen the bonding of the concrete-steel 

sheeting interface. 
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APPENDIX A: STUDY OF CRACK BEHAVIOUR  

The crack behaviour of other available post-tensioned and composite specimens within 

the verification process in Chapter 3 is described in this section based on the comparison 

of observed cracks between FEM models and existing test results. 

A.1 One-way post-tensioned beam and slab specimens 

The crack pattern from the FEM model of beam A5 shows a clear similarity with the 

testing since the crack formations follow the same pattern. In details, Figure A.1 shows a 

deeper crack occurred under the loading zone on the left side, or exactly near the roller 

support compared with the right side. The middle part of the beam observes a larger crack 

density with a tendency of 90 degrees to the beam surface, and then spreads to two sides 

with less intensity. 

 

 

a) Crack pattern of actual test by Du and Tao (1985) 

 

b) Crack pattern of FEM model (DAMAGET, ABAQUS) 

Figure A.1: Comparison of crack patterns between experiment and correlated FEM 
model for one-way PT beam 
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For the crack prediction of a continuous PT beam, the cracking process was well-

described by Lou et al. (2013) within two typical phases prior to the beam failure. These 

phases encompass the tensile cracks of concrete observed at the centre support, coinciding 

with the first yielding of the non-prestressed steel at this location. Subsequently, the 

second cracking occurred at the bottom region of two spans, along with the second 

yielding of steel bars. These stages of failure are well illustrated in the crack results of the 

FE approach (refer to Figure A.2), which show precisely the prior flexural cracks of this 

beam type following the step time increment in FEM analysis. 

 

 

a) Stage 1: Tensile cracks occurred on the top face in the middle of beam 

 

b) First yield of top steel bars at the middle support  
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c) Stage 2: Tensile cracks occurred at the bottom region of two spans 

 

d) Second yield of bottom steel bars at the middle of two spans 

Figure A.2: Different stages of crack behaviour predicted by FEM models for 
continuous PT beam 

 

The testing specimen of a one-way PT slab (Slab 5) conducted by Yong et al. (1981) is 

depicted in Figure A.3, showing cracking profiles that closely resemble the experimental 

findings. In this case, cracks emerge at the mid-span area within the force-affected zone. 

However, some disparities exist in the positions and widths of the cracks when comparing 

them to the testing results, where cracks are observed to spread over a larger area. 
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a) Reproduced crack pattern of Slab 5 by Yong et al. (1981) 

 

b) Crack pattern of FEM models (DAMAGET, ABAQUS) 

Figure A.3: Comparison of crack patterns between experiment and correlated FEM 
model for one-way PT slab 

A.2 Two-way composite slabs  

Given the overturning failure observed in Slab 4 during testing by Porter (1985), only a 

crack pattern at the bottom face of the concrete in the half-span of this specimen was 

reproduced. Figure A.4 illustrates similar crack behaviour between the FEM models and 

the actual test results. While the two critical cracks associated with the overturning of the 

slab are not clearly represented in the FEM results, the crack formation indicates a 

horizontal line of cracks running through the two loading points, and the cracks tend to 

spread diagonally to the corners of the panel. 
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a) Reproduced crack behaviour of Slab 4 (Porter, 1985) 

 

b) Crack behaviour of FEM model (DAMAGET, ABAQUS) 

Figure A.4: Comparison of crack patterns between experiment and correlated FEM 
model for the bottom face of two-way composite slab (Slab 4) 

 

For the top surface of concrete in Slab 4, the crack patterns predicted by the FEM models 

again exhibit similar patterns to the testing results. The cracks tend to propagate around 

the loading zone and spread to the edges of the slab, as shown in Figure A.5. However, 

with actual testing, the crack density was heavier on the left side of the slab, which may 

be influenced by the impact of support conditions during testing. Meanwhile, with FEM 

models, both sides of the slab are symmetric, and crack performance is similar on both 

sides. For slab 5, only the bottom face of concrete was shown, and hence this testing result 

was compared with crack patterns predicted in FEM models (refer to Figure A.6). 
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a) Reproduced crack (Porter, 1985) b) FEM results (DAMAGET, ABAQUS) 

Figure A.5: Comparison of crack patterns between experiment and correlated FEM 
model for the top face of two-way composite slab (Slab 4) 

 

  

a) Reproduced crack (Porter, 1985) b) FEM results (DAMAGET, ABAQUS) 

Figure A.6: Comparison of crack patterns between experiment and correlated FEM 
model for the top face of two-way composite slab (Slab 5) 
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APPENDIX B: EXPERIMENTAL PROCEDURE  

B.1 Summary of experimental procedure 

A detailed summary of the experimental procedure is presented in this section, including 

the initial preparation stages and the execution of the test on PTC specimens. 

 

  

Figure B.1: Installing reinforcement 
Figure B.2: Preparing post-tensioned 

system 

  

Figure B.3: Installing strain gauges Figure B.4: Mould preparation 
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Figure B.5: Installing PT live-end Figure B.6: Installing PT dead-end 

  

Figure B.7: Installing lifting anchors Figure B.8: Moving to pouring site 

  

Figure B.9: Preparing pouring equipment Figure B.10: Pouring concrete 
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Figure B.11: Testing slump Figure B.12: Finished pouring concrete 

  

Figure B.13: Curing concrete Figure B.14: Jacking tendon 

  

Figure B.15: Mixing concrete grout Figure B.16: Grouting tendon 
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Figure B.17: Demoulding formwork Figure B.18: Lifting to testing site 

  

Figure B.19: Installing concrete strain 
gauges 

Figure B.20: Installing steel sheeting 
strain gauges 

  

Figure B.21: Preparing testing site Figure B.22: Moving panel to testing 
frame 



APPENDIX B: EXPERIMENTAL PROCEDURE 

 

246 
 

  

Figure B.23: Installing lasers Figure B.24: Installing LVDTs 

  

Figure B.25: Installing load cell and 
spreader beam 

Figure B.26: Testing specimen 

  

Figure B.27: Programming LabView 
software 

Figure B.28: Data observation 
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B.2 Timber mould 

The casting procedure involved using a timber mould to create a horizontal panel frame 

(see Figure B.1). The mould was constructed with 17 mm plywood for the bottom and 

side decks, supported by 35×70 mm bearers. This specific mould was designed with three 

gangs, allowing for the simultaneous pouring of concrete, thereby saving construction 

time. A total of nine bearers were placed with a spacing of 500 mm apart to withstand the 

whole timber frame and concrete after the casting process. To prevent any twisting of the 

mould, four lids were placed on top, and bearers were put at the edge. The plywood was 

fastened with screws to ensure a sufficiently strong connection. Since the standard 

plywood products provided by the supplier were 2 metres, two pieces of plywood were 

joined in the middle using two bonded bearers at the bottom and two bearers on the sides, 

ensuring a secure connection at the joint. The 20-mm openings were drilled into the side 

plywood to accommodate the tendon in the later process. To facilitate the removal of the 

mould without causing harm to the concrete, a release agent was applied as a protective 

layer.  

 

 

Figure B.29: Timber mould formwork set-up (Dimensions in mm) 
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B.3 Test rigs 

The test rig is located in the Griffith University Laboratory. The test rig is capable of 

handling axial loads up to 2400 kN, achieved using three independent hydraulic jacks, 

each with a capacity of 800 kN. The rig comprises two primary steel 310UC.118 columns, 

each measuring 4000 mm in height, and two steel 380 PFC cross beams that provide 

support for the three hydraulic loading jacks. Considering the overall height of the test 

specimen, which includes the support, roller, and pin system, as well as spreader beams, 

the cross beam of the test rigs and hydraulic jack were adjusted downwards to the three 

holes near the end. This adjustment was made to create sufficient space for placing a 

loading frame on the specimen. 

 

 

Figure B.30: Overview of test rigs 
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APPENDIX C: PARAMETRIC STUDY  

C.1 Variation of slab geometry 

Figure C.1 depicts a numerical simulation of a typical 4×4 (m) panel using the finite-

element-based program ABAQUS 

 

 

Figure C.1: FEM models of typical PTC panels produced in ABAQUS. (Dimensions 
in mm)  
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All analysed models used in Chapter 6 for variations in slab geometry are summarised in 

the following tables: 

 

Table C.1: Parametric study �± post-tensioned composite slabs 

Model Lx 
(mm) 

Ly 
(mm) 

D 
(mm) 

No of 
tendons 
(strands) 

e 
(mm) 

Lx/Ly Ly/D 
Service 

load 
(kPa) 

Ultimate 
load 
(kPa) Lx 

span 
Ly 

span 
Lx  

span 
Ly 

span 
Spc1 200 4000 150 1 0 0 40 0.05 26.67 21.09 32.31 
Spc2 200 4000 200 1 0 35 65 0.05 20.00 33.99 52.25 
Spc3 200 4000 250 1 0 60 90 0.05 16.00 51.36 78.12 
Spc4 200 4000 300 1 0 85 115 0.05 13.33 87.57 132.50 
Spc5 1000 4000 150 3 0 0 40 0.25 26.67 27.49 42.00 
Spc6 1000 4000 200 3 0 35 65 0.25 20.00 42.68 64.75 
Spc7 1000 4000 250 3 0 60 90 0.25 16.00 61.23 93.75 
Spc8 1000 4000 300 3 0 85 115 0.25 13.33 96.99 148.00 
Spc9 2000 4000 150 6 0 0 40 0.50 26.67 26.02 39.32 
Spc10 2000 4000 200 6 0 35 65 0.50 20.00 40.39 60.74 
Spc11 2000 4000 250 6 0 60 90 0.50 16.00 57.31 87.52 
Spc12 2000 4000 300 6 0 85 115 0.50 13.33 93.25 139.41 
Spc13 3000 4000 150 8 0 0 40 0.75 26.67 24.39 36.00 
Spc14 3000 4000 200 8 0 35 65 0.75 20.00 37.10 56.39 
Spc15 3000 4000 250 8 0 60 90 0.75 16.00 53.55 80.27 
Spc16 3000 4000 300 8 0 85 115 0.75 13.33 88.56 130.00 
Spc17 4000 4000 150 12 12 0 40 1.00 26.67 20.80 32.00 
Spc18 4000 4000 200 12 12 35 65 1.00 20.00 33.15 51.47 
Spc19 4000 4000 250 12 12 60 90 1.00 16.00 46.86 72.10 
Spc20 4000 4000 300 12 12 85 115 1.00 13.33 78.00 120.00 
Spc21 6000 4000 150 20 15 0 40 1.50 26.67 17.95 27.61 
Spc22 6000 4000 200 20 15 35 65 1.50 20.00 28.28 43.50 
Spc23 6000 4000 250 20 15 60 90 1.50 16.00 40.90 62.92 
Spc24 6000 4000 300 20 15 85 115 1.50 13.33 68.34 105.14 
Spc25 8000 4000 150 30 15 0 40 2.00 26.67 16.52 22.62 
Spc26 8000 4000 200 30 15 35 65 2.00 20.00 25.58 36.54 
Spc27 8000 4000 250 30 15 60 90 2.00 16.00 37.59 53.70 
Spc28 8000 4000 300 30 15 85 115 2.00 13.33 65.38 93.40 
Spc29 300 6000 150 1 0 0 40 0.05 40.00 18.18 26.04 
Spc30 300 6000 200 1 0 35 65 0.05 30.00 26.91 38.27 
Spc31 300 6000 250 1 0 60 90 0.05 24.00 39.37 55.43 
Spc32 300 6000 300 1 0 85 115 0.05 20.00 52.61 74.39 
Spc33 1500 6000 150 3 0 0 40 0.25 40.00 22.96 31.82 
Spc34 1500 6000 200 3 0 35 65 0.25 30.00 32.09 44.12 
Spc35 1500 6000 250 3 0 60 90 0.25 24.00 43.88 61.57 
Spc36 1500 6000 300 3 0 85 115 0.25 20.00 60.37 83.73 
Spc37 3000 6000 150 8 0 0 40 0.50 40.00 20.78 28.45 
Spc38 3000 6000 200 8 0 35 65 0.50 30.00 28.73 40.56 
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Table C.2 (continued): Parametric study �± post-tensioned composite slabs 

Model 
Lx 

(mm) 
Ly 

(mm) 
D 

(mm) 

No of 
tendons 
(strands) 

e 
(mm) 

Lx/Ly Ly/D 
Service 

load 
(kPa) 

Ultimate 
load 
(kPa) Lx 

span 
Ly 

span 
Lx  

span 
Ly 

span 
Spc39 3000 6000 250 8 0 60 90 0.50 24.00 39.47 56.29 
Spc40 3000 6000 300 8 0 85 115 0.50 20.00 55.70 77.31 
Spc41 4500 6000 150 12 0 0 40 0.75 40.00 17.84 24.83 
Spc42 4500 6000 200 12 0 35 65 0.75 30.00 25.59 36.64 
Spc43 4500 6000 250 12 0 60 90 0.75 24.00 37.69 51.18 
Spc44 4500 6000 300 12 0 85 115 0.75 20.00 51.66 70.83 
Spc45 6000 6000 150 20 20 0 40 1.00 40.00 15.16 21.45 
Spc46 6000 6000 200 20 20 35 65 1.00 30.00 23.11 32.67 
Spc47 6000 6000 250 20 20 60 90 1.00 24.00 33.82 46.80 
Spc48 6000 6000 300 20 20 85 115 1.00 20.00 45.45 64.25 
Spc49 8000 6000 150 30 20 0 40 1.33 40.00 10.95 15.37 
Spc50 8000 6000 200 30 20 35 65 1.33 30.00 17.70 24.60 
Spc51 8000 6000 250 30 20 60 90 1.33 24.00 26.55 37.53 
Spc52 8000 6000 300 30 20 85 115 1.33 20.00 37.01 53.80 
Spc53 10000 6000 150 40 20 0 40 1.67 40.00 6.60 9.72 
Spc54 10000 6000 200 40 20 35 65 1.67 30.00 12.65 17.80 
Spc55 10000 6000 250 40 20 60 90 1.67 24.00 19.89 28.26 
Spc56 10000 6000 300 40 20 85 115 1.67 20.00 32.03 43.04 
Spc57 12000 6000 150 45 20 0 40 2.00 40.00 3.01 4.13 
Spc58 12000 6000 200 45 20 35 65 2.00 30.00 7.36 9.67 
Spc59 12000 6000 250 45 20 60 90 2.00 24.00 12.95 17.88 
Spc60 12000 6000 300 45 20 85 115 2.00 20.00 22.38 32.29 
Spc61 400 8000 150 4 0 0 40 0.05 53.33 12.16 15.52 
Spc62 400 8000 200 4 0 35 65 0.05 40.00 19.16 24.58 
Spc63 400 8000 250 4 0 60 90 0.05 32.00 29.61 38.25 
Spc64 400 8000 300 4 0 85 115 0.05 26.67 41.83 54.00 
Spc65 2000 8000 150 8 0 0 40 0.25 53.33 15.91 20.75 
Spc66 2000 8000 200 8 0 35 65 0.25 40.00 23.53 30.63 
Spc67 2000 8000 250 8 0 60 90 0.25 32.00 33.64 44.47 
Spc68 2000 8000 300 8 0 85 115 0.25 26.67 46.88 60.38 
Spc69 4000 8000 150 12 0 0 40 0.50 53.33 14.52 18.83 
Spc70 4000 8000 200 12 0 35 65 0.50 40.00 21.13 27.98 
Spc71 4000 8000 250 12 0 60 90 0.50 32.00 32.33 41.25 
Spc72 4000 8000 300 12 0 85 115 0.50 26.67 42.16 55.57 
Spc73 6000 8000 150 24 30 0 40 0.75 53.33 14.20 17.32 
Spc74 6000 8000 200 24 30 35 65 0.75 40.00 19.80 25.84 
Spc75 6000 8000 250 24 30 60 90 0.75 32.00 26.62 37.37 
Spc76 6000 8000 300 24 30 85 115 0.75 26.67 39.00 51.33 
Spc77 8000 8000 150 30 30 0 40 1.00 53.33 11.21 15.32 
Spc78 8000 8000 200 30 30 35 65 1.00 40.00 17.49 23.36 
Spc79 8000 8000 250 30 30 60 90 1.00 32.00 27.53 34.16 
Spc80 8000 8000 300 30 30 85 115 1.00 26.67 34.82 48.05 
Spc81 10000 8000 150 40 30 0 40 1.25 53.33 7.91 10.21 
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Table C.3 (continued): Parametric study �± post-tensioned composite slabs. 

Model 
Lx 

(mm) 
Ly 

(mm) 
D 

(mm) 

No of 
tendons 
(strands) 

e 
(mm) 

Lx/Ly Ly/D 
Service 

load 
(kPa) 

Ultimate 
load 
(kPa) Lx 

span 
Ly 

span 
Lx  

span 
Ly 

span 
Spc82 10000 8000 200 40 30 35 65 1.25 40.00 13.49 17.34 
Spc83 10000 8000 250 40 30 60 90 1.25 32.00 19.20 26.31 
Spc84 10000 8000 300 40 30 85 115 1.25 26.67 29.26 36.63 
Spc85 12000 8000 150 45 30 0 40 1.50 53.33 3.98 5.43 
Spc86 12000 8000 200 45 30 35 65 1.50 40.00 8.72 11.27 
Spc87 12000 8000 250 45 30 60 90 1.50 32.00 14.74 18.82 
Spc88 12000 8000 300 45 30 85 115 1.50 26.67 22.14 28.45 
Spc89 14000 8000 150 55 30 0 40 1.75 53.33 - - 
Spc90 14000 8000 200 55 30 35 65 1.75 40.00 4.15 5.76 
Spc91 14000 8000 250 55 30 60 90 1.75 32.00 9.70 12.33 
Spc92 14000 8000 300 55 30 85 115 1.75 26.67 14.87 20.58 
Spc93 16000 8000 150 60 30 0 40 2.00 53.33 - - 
Spc94 16000 8000 200 60 30 35 65 2.00 40.00 - - 
Spc95 16000 8000 250 60 30 60 90 2.00 32.00 4.34 6.52 
Spc96 16000 8000 300 60 30 85 115 2.00 26.67 9.72 14.26 
 

Figures C.2 to C.4 depicts the load-displacement characteristics of PTC panels with 

variations in aspect ratios and slenderness ratios 

 

  

a) Ly/D = 26.67 b) Ly/D = 20 
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c) Ly/D = 16 d) Ly/D = 13.33 

Figure C.2: Load versus mid-span deflections of PTC panels with Ly = 4m 

 

  

a) Ly/D = 40 b) Ly/D = 30 
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c) Ly/D = 24 d) Ly/D = 20 

Figure C.3: Load versus mid-span deflections of PTC panels with Ly = 6m 

 

  

a) Ly/D = 53.33 b) Ly/D = 40 
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c) Ly/D = 32 d) Ly/D = 26.67 

Figure C.4: Load versus mid-span deflections of PTC panels with Ly = 8m 

C.2 Variation  of tendon profiles 

The load-displacement characteristics of PTC panels with various tendon profiles are 

illustrated in Figures C.5. 

 

  

                    a) Lx/Ly = 1                      b) Lx/Ly = 1.5 
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    c) Lx/Ly = 2 

Figure C.5: Load versus mid-span deflections of PTC panels with Ly = 8m 

 

The contour plots of PTC panels with various tendon profiles are illustrated in Figures 

C.6 to C.8. 

 

  

        a) TP1       b) TP2 

  

       c) TP3      d) TP4 
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Figure C.6: Flexural behaviour of PTC slab systems under various tendon profiles 
with Lx/Ly = 1 

 

  

a) TP5 b) TP6 

  

c) TP7 d) TP8 

Figure C.7: Flexural behaviour of PTC slab systems under various tendon profiles with 
Lx/Ly = 1.5 

 
 
 

  

a) TP9 b) TP10 
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c) TP11 d) TP12 

Figure C.8: Flexural behaviour of PTC slab systems under various tendon profiles 
with Lx/Ly = 2 

C.3 Variation of support conditions 

Table C.4: Parametric study �± post-tensioned composite slabs with varying support 
conditions 

Model 
Lx 

(mm) 
Ly 

(mm) 
D 

(mm) 
Support 

condition Lx/Ly Ly/D 
Service 

load 
(kPa) 

Ultimate 
load 
(kPa) 

 
Ssc1 4000 4000 150 Flat-plate 1.00 26.67 20.80 32.00  

Ssc2 4000 4000 200 Flat-plate 1.00 20.00 33.15 51.47  

Ssc3 4000 4000 250 Flat-plate 1.00 16.00 46.86 72.10  

Ssc4 4000 4000 300 Flat-plate 1.00 13.33 78.00 120.00  

Ssc5 6000 4000 150 Flat-plate 1.50 26.67 17.95 27.61  

Ssc6 6000 4000 200 Flat-plate 1.50 20.00 28.28 43.50  

Ssc7 6000 4000 250 Flat-plate 1.50 16.00 40.90 62.92  

Ssc8 6000 4000 300 Flat-plate 1.50 13.33 68.34 105.14  
Ssc9 8000 4000 150 Flat-plate 2.00 26.67 16.52 22.62  
Ssc10 8000 4000 200 Flat-plate 2.00 20.00 25.58 36.54  
Ssc11 8000 4000 250 Flat-plate 2.00 16.00 37.59 53.70  
Ssc12 8000 4000 300 Flat-plate 2.00 13.33 65.38 93.40  
Ssc13 4000 4000 150 Beam-slab 1.00 26.67 53.93 85.00  
Ssc14 4000 4000 200 Beam-slab 1.00 20.00 83.55 127.00  
Ssc15 4000 4000 250 Beam-slab 1.00 16.00 120.08 180.00  
Ssc16 4000 4000 300 Beam-slab 1.00 13.33 180.52 265.00  
Ssc17 6000 4000 150 Beam-slab 1.50 26.67 34.45 53.00  
Ssc18 6000 4000 200 Beam-slab 1.50 20.00 50.88 79.00  
Ssc19 6000 4000 250 Beam-slab 1.50 16.00 73.31 112.80  
Ssc20 6000 4000 300 Beam-slab 1.50 13.33 120.46 185.32  
Ssc21 8000 4000 150 Beam-slab 2.00 26.67 25.61 39.40  
Ssc22 8000 4000 200 Beam-slab 2.00 20.00 37.32 57.40  
Ssc23 8000 4000 250 Beam-slab 2.00 16.00 58.28 89.65  
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Table C.5 (continued): Parametric study �± post-tensioned composite slabs with varying 
support conditions. 

Model 
Lx 

(mm) 
Ly 

(mm) 
D 

(mm) 
Support 

condition Lx/Ly Ly/D 
Service 

load 
(kPa) 

Ultimate 
load 
(kPa) 

Ssc24 8000 4000 300 Beam-slab 2.00 13.33 92.04 141.60 
Ssc25 4000 4000 150 Wall-slab 1.00 26.67 160.66 252.12 
Ssc26 4000 4000 200 Wall-slab 1.00 20.00 206.29 315.30 
Ssc27 4000 4000 250 Wall-slab 1.00 16.00 255.00 415.28 
Ssc28 4000 4000 300 Wall-slab 1.00 13.33 378.24 578.16 
Ssc29 6000 4000 150 Wall-slab 1.50 26.67 84.47 129.41 
Ssc30 6000 4000 200 Wall-slab 1.50 20.00 128.76 183.10 
Ssc31 6000 4000 250 Wall-slab 1.50 16.00 175.48 264.63 
Ssc32 6000 4000 300 Wall-slab 1.50 13.33 277.52 392.42 
Ssc33 8000 4000 150 Wall-slab 2.00 26.67 51.37 76.33 
Ssc34 8000 4000 200 Wall-slab 2.00 20.00 71.51 105.48 
Ssc35 8000 4000 250 Wall-slab 2.00 16.00 94.05 141.36 
Ssc36 8000 4000 300 Wall-slab 2.00 13.33 152.06 226.11 
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APPENDIX D: SUMMARY OF COST AND EMBODIED ENERGY OF VARIOUS 

SLAB OPTIONS 

Table D.1: Cost and embodied energy of one-way beam-slab system in column Grid 16 

One-way beam-slab  

Slab options 
Thickness  

(mm) 
Material  

($) 
Labour 

($) 

Construction 
time delay  

($) 

Total cost 
($) 

Cost 
($/m2) 

Embodied 
energy 

(kgCO2/m2) 

RC 

300 148640.9 77353.8 9216.0 235210.7 612.5 252.7 
275 143913.7 76303.6 9216.0 229433.2 597.5 238.5 
250 139222.4 75235.8 9216.0 223674.2 582.5 224.7 
225 136038.6 74495.2 9216.0 219749.9 572.3 215.1 
200 134577.2 74222.7 9216.0 218015.9 567.7 209.5 

RCC 

300 153049.4 58495.8 6912.0 218457.2 568.9 283.6 
275 147835.3 57350.7 6912.0 212098.0 552.3 268.0 
250 143535.9 64081.5 6912.0 214529.4 558.7 255.3 
225 140157.4 63201.2 6912.0 210270.6 547.6 245.1 
200 138133.2 54999.3 6912.0 200044.5 520.9 239.5 

PT 

300 131327.1 78828.8 6912.0 217067.9 565.3 245.1 
275 141550.7 57350.7 6912.0 205813.3 536.0 233.8 
250 137894.9 78745.8 6912.0 223552.7 582.2 222.9 
225 134416.6 77943.2 6912.0 219271.9 571.0 212.4 
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200 130540.0 76976.3 6912.0 214428.3 558.4 201.6 

PTC 

300 143320.6 60254.8 4608.0 208183.4 542.1 278.0 
275 146430.3 61090.7 4608.0 212129.0 552.4 266.1 
250 142767.4 60231.8 4608.0 207607.2 540.6 255.3 
225 139217.9 59414.2 4608.0 203240.1 529.3 244.6 
200 135374.5 58454.3 4608.0 198436.8 516.8 233.8 

 

Table D.2: Cost and embodied energy of two-way beam-slab system in column Grid 16 

Two-way beam-slab  

Slab options 
Thickness  

(mm) 
Material  

($) 
Labour 

($) 

Construction 
time delay  

($) 

Total cost 
($) 

Cost 
($/m2) 

Embodied 
energy 

(kgCO2/m2) 

RC 

300 168467.6 85613.5 11520.0 265601.1 691.7 270.3 
275 161691.2 84123.1 11520.0 257334.2 670.1 250.3 
250 156526.8 82952.5 11520.0 250999.3 653.6 235.1 
225 152790.3 82090.2 11520.0 246400.5 641.7 223.8 
200 149786.7 81228.2 11520.0 242535.0 631.6 216.0 

RCC 

300 172928.3 66766.5 9216.0 248910.8 648.2 301.3 
275 166021.3 65256.2 9216.0 240493.5 626.3 280.9 
250 160873.6 64081.5 9216.0 234171.1 609.8 265.8 
225 157051.6 63201.2 9216.0 229468.7 597.6 254.3 
200 154081.2 62346.2 9216.0 225643.5 587.6 246.6 

PT 

300 165961.8 87056.5 9216.0 262234.3 682.9 265.0 
275 162025.9 87604.1 9216.0 258846.0 674.1 253.0 
250 158685.6 86817.5 9216.0 254719.1 663.3 242.9 
225 155291.1 86027.2 9216.0 250534.2 652.4 232.6 
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200 151674.7 85036.2 9216.0 245927.0 640.4 223.1 

PTC 

300 171361.8 68768.5 6912.0 247042.3 643.3 299.0 
275 167452.1 69593.2 6912.0 243957.3 635.3 287.0 
250 163672.3 68706.5 6912.0 239290.8 623.2 275.7 
225 160691.1 68003.2 6912.0 235606.2 613.6 266.5 
200 156937.0 66983.2 6912.0 230832.2 601.1 256.7 

 

Table D.3: Cost and embodied energy of flat plate slab system in column Grid 16 

Flat plate slab  

Slab options 
Thickness  

(mm) 
Material  

($) 
Labour 

($) 

Construction 
time delay  

($) 

Total cost 
($) 

Cost 
($/m2)  

Embodied 
energy 

(kgCO2/m2) 

RC 

300 130670.6 69516.8 4608.0 204795.4 533.3 239.8 
275 126295.7 68520.0 4608.0 199423.7 519.3 226.9 
250 130396.4 69337.8 4608.0 204342.2 532.1 237.7 
225 - - - - - - 
200 - - - - - - 

RCC 

300 134091.1 50450.8 2304.0 186845.9 486.6 267.9 
275 130250.6 49574.1 2304.0 182128.7 474.3 256.5 
250 134401.1 50394.8 2304.0 187099.9 487.2 267.4 
225 - - - - - - 
200 - - - - - - 

PT 

300 124499.4 74261.8 2304.0 201065.2 523.6 225.6 
275 121369.0 73527.0 2304.0 197199.9 513.5 216.2 
250 118548.9 72887.8 2304.0 193740.7 504.5 207.5 
225 115640.1 72214.8 2304.0 190158.9 495.2 198.6 



APPENDIX D: SUMMARY OF COST AND EMBODIED ENERGY OF VARIOUS SLAB OPTIONS 

 

263 
 

200 116820.1 78206.8 2304.0 197330.9 513.9 203.3 

PTC 

300 129639.1 55988.8 0.0 185627.9 483.4 258.7 
275 126482.6 55256.1 0.0 181738.7 473.3 249.2 
250 123733.1 54666.8 0.0 178399.9 464.6 240.8 
225 120734.1 53974.8 0.0 174708.9 455.0 231.7 
200 121385.4 58229.8 0.0 179615.2 467.7 241.8 

 

Table D.4: Cost and embodied energy of one-way beam-slab system in column Grid 12 

One-way beam-slab  

Slab options Thickness  
(mm) 

Material  
($) 

Labour 
($) 

Construction 
time delay  

($) 

Total cost 
($) 

Cost 
($/m2) 

Embodied 
energy 

(kgCO2/m2) 

RC 

300 160342.6 79622.8 9216.0 249181.4 648.9 275.4 
275 173165.5 84303.6 9216.0 266685.1 694.5 295.0 
250 178157.4 86218.2 9216.0 273591.6 712.5 300.2 
225 - - - - - - 
200 - - - - - - 

RCC 

300 164618.1 60736.8 6912.0 232266.9 604.9 305.9 
275 166945.2 61982.7 6912.0 235839.9 614.2 305.4 
250 180676.7 66371.6 6912.0 253960.3 661.4 330.5 
225 - - - - - - 
200 - - - - - - 

PT 

300 150958.6 84728.8 6912.0 242599.4 631.8 252.6 
275 151811.0 84847.6 6912.0 243570.6 634.3 254.2 
250 147897.5 82013.4 6912.0 236822.9 616.7 241.7 
225 148520.4 82075.3 6912.0 237507.7 618.5 217.4 
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200 147022.4 88557.3 6912.0 242491.7 631.5 242.8 

PTC 

300 156921.6 64042.8 2304.0 223268.4 581.4 286.8 
275 159932.9 64623.7 2304.0 226860.6 590.8 294.4 
250 155821.5 63663.4 2304.0 221788.9 577.6 282.4 
225 152769.1 63586.3 2304.0 218659.4 569.4 273.4 
200 154771.3 71608.2 2304.0 228683.5 595.5 277.4 

 

Table D.5: Cost and embodied energy of two-way beam-slab system in column Grid 12 

Two-way beam-slab  

Slab options Thickness  
(mm) 

Material  
($) 

Labour 
($) 

Construction 
time delay  

($) 

Total cost 
($) 

Cost 
($/m2)  

Embodied 
energy 

(kgCO2/m2) 

RC 

300 172119.7 85337.6 11520.0 268977.4 700.5 278.6 
275 169808.7 84790.5 11520.0 266119.2 693.0 271.2 
250 166871.0 84088.6 11520.0 262479.6 683.5 262.2 
225 173213.9 86164.2 11520.0 270898.1 705.5 272.6 
200 170773.1 86880.2 11520.0 269173.3 701.0 253.8 

RCC 

300 176889.2 66555.6 9216.0 252660.9 658.0 310.5 
275 173545.1 65798.6 9216.0 248559.7 647.3 300.1 
250 171811.5 65342.6 9216.0 246370.1 641.6 294.6 
225 175551.4 66870.2 9216.0 251637.6 655.3 297.6 
200 171223.2 67290.0 9216.0 247729.2 645.1 272.7 

PT 

300 166223.0 89254.6 9216.0 264693.6 689.3 264.7 
275 163693.5 88661.5 9216.0 261570.9 681.2 256.6 
250 161188.0 88050.6 9216.0 258454.6 673.1 248.9 
225 157720.2 87252.9 9216.0 254189.1 662.0 238.3 
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200 157559.3 89846.6 9216.0 256622.0 668.3 238.2 

PTC 

300 175424.0 72826.6 6912.0 255162.6 664.5 309.7 
275 170384.4 70291.6 6912.0 247588.0 644.8 293.8 
250 164964.7 69059.6 6912.0 240936.4 627.4 278.0 
225 162893.5 68555.9 6912.0 238361.3 620.7 271.4 
200 161754.6 69991.6 6912.0 238658.2 621.5 268.0 

 

Table D.6: Cost and embodied energy of flat plate slab system in column Grid 12 

Flat plate slab  

Slab options 
Thickness  

(mm) 
Material  

($) 
Labour 

($) 

Construction 
time delay  

($) 

Total cost 
($) 

Cost 
($/m2)  

Embodied 
energy 

(kgCO2/m2) 

RC 

300.0 - - - - - - 
275.0 - - - - - - 
250.0 - - - - - - 
225.0 - - - - - - 
200.0 - - - - - - 

RCC 

300.0 - - - - - - 
275.0 - - - - - - 
250.0 - - - - - - 
225.0 - - - - - - 
200.0 - - - - - - 

PT 

300.0 130674.4 74931.8 2304.0 207910.2 541.4 230.9 
275.0 128318.2 74360.0 2304.0 204982.2 533.8 223.7 
250.0 126124.6 75074.8 2304.0 203503.4 530.0 217.4 
225.0 126636.4 77859.8 2304.0 206800.2 538.5 219.5 
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200.0 128890.9 83673.8 2304.0 214868.7 559.6 228.0 

PTC 

300.0 138560.4 57473.8 0.0 196034.2 510.5 271.9 
275.0 134358.9 56521.1 0.0 190880.0 497.1 259.4 
250.0 132213.9 58043.8 0.0 190257.7 495.5 253.7 
225.0 131721.1 59906.8 0.0 191627.9 499.0 252.7 
200.0 132212.1 63904.8 0.0 196116.9 510.7 255.4 

 

Table D.7: Cost and embodied energy of one-way beam-slab system in column Grid 9 

One-way beam-slab  

Slab options 
Thickness  

(mm) 
Material  

($) 
Labour 

($) 

Construction 
time delay  

($) 

Total cost 
($) 

Cost 
($/m2)  

Embodied 
energy 

(kgCO2/m2) 

RC 

300 172305.6 82272.4 9216.0 263794.0 687.0 301.6 
275 - - - - - - 
250 - - - - - - 
225 - - - - - - 
200 - - - - - - 

RCC 

300 174221.1 87736.1 6912.0 268869.2 700.2 326.1 
275 - - - - - - 
250 - - - - - - 
225 - - - - - - 
200 - - - - - - 

PT 

300 151076.4 81764.4 6912.0 239752.8 624.4 251.8 
275 153544.1 83301.7 6912.0 243757.8 634.8 257.4 
250 153037.1 82980.5 6912.0 242929.6 632.6 254.4 
225 152988.1 88883.2 6912.0 248783.2 647.9 249.5 
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200 157340.6 92422.4 6912.0 256674.9 668.4 255.2 

PTC 

300 157241.9 64138.4 2304.0 223684.3 582.5 288.1 
275 162416.6 65305.8 2304.0 230026.3 599.0 300.8 
250 155964.6 63976.5 2304.0 222245.1 578.8 281.2 
225 159683.4 71186.4 2304.0 233173.8 607.2 282.8 
200 162250.8 73447.4 2304.0 238002.2 619.8 287.4 

 

Table D.8: Cost and embodied energy of two-way beam-slab system in column Grid 9 

Two-way beam-slab  

Slab options 
Thickness  

(mm) 
Material  

($) 
Labour 

($) 

Construction 
time delay  

($) 

Total cost 
($) 

Cost 
($/m2)  

Embodied 
energy 

(kgCO2/m2) 

RC 

300 188399.6 87736.1 11520.0 287655.7 749.1 325.9 
275 183371.3 87652.3 11520.0 282543.6 735.8 302.6 
250 181672.7 87570.2 11520.0 280762.9 731.2 294.5 
225 171358.5 81425.5 11520.0 264303.9 688.3 290.8 
200 - - - - - - 

RCC 

300 191715.6 68648.1 9216.0 269579.7 702.0 353.7 
275 186352.3 68456.7 9216.0 264025.0 687.6 329.8 
250 183766.4 68097.2 9216.0 261079.6 679.9 319.8 
225 189908.7 70438.7 9216.0 269563.4 702.0 313.3 
200 - - - - - - 

PT 

300 163498.1 87022.1 9216.0 259736.2 676.4 258.2 
275 157643.1 85718.1 9216.0 252577.2 657.8 240.9 
250 156268.7 85278.4 9216.0 250763.1 653.0 237.1 
225 167795.9 91906.0 9216.0 268917.9 700.3 248.8 
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200 174394.3 95064.8 9216.0 278675.1 725.7 264.4 

PTC 

300 168533.6 68296.1 6912.0 243741.7 634.7 290.8 
275 162441.1 66942.1 6912.0 236295.2 615.4 272.9 
250 160924.2 70336.4 6912.0 238172.6 620.2 268.6 
225 172641.4 73140.0 6912.0 252693.4 658.1 280.9 
200 179239.8 76298.8 6912.0 262450.6 683.5 296.5 

 

Table D.9: Cost and embodied energy of flat plate slab system in column Grid 9 

Flat plate slab  

Slab options 
Thickness  

(mm) 
Material  

($) 
Labour 

($) 

Construction 
time delay  

($) 

Total cost 
($) 

Cost 
($/m2)  

Embodied energy 
(kgCO2/m2) 

RC 

300 - - - - - - 
275 - - - - - - 
250 - - - - - - 
225 - - - - - - 
200 - - - - - - 

RCC 

300 - - - - - - 
275 - - - - - - 
250 - - - - - - 
225 - - - - - - 
200 - - - - - - 

PT 

300 138741 80253.8 2304 221299 576.3 247.3 
275 138735 84999.8 2304 226039 588.6 249.1 
250 142476 88748.8 2304 233529 608.1 260.5 
225 - - - - - - 
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200 - - - - - - 

PTC 

300 145198 63863.8 0 209062 544.4 285.0 
275 143426 67323.8 0 210750 548.8 281.3 
250 147401 70463.8 0 217865 567.4 293.0 
225 - - - - - - 
200 - - - - - - 
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APPENDIX E: ABAQUS-SAMPLE INPUT  

Sample input for the numerical simulation of PTC slabs (Model Spc17) is provided as 

follows: 

** PARTS 

**  

*Part, name=BLOCK  

*Element, type=C3D8R  

** Section: Section - 1 

*Solid Section, elset=Set - 1, 

material=Material - 1 

*End Part  

*Part, name=bondek  

*Element, type=S4R  

*Surface, type=ELEMENT, name=Surf - 1 

_Surf - 1_SPOS, SPOS 

** Section: Section - 4 

*Shell Section, elset=Set - 1, 

material=steelsheet  

0.001, 5  

*End Part  

*Part, name=concrete  

*Element, type=C3D8R  

Surface, type=ELEMENT, name=Surf - 1 

** Section: Section - 1 

*Solid Section, elset=Set - 1, 

material=Material - 1 

*End Part  

*Part, name=sheathing - major  

*Element, type=C3D8R  

** Section: Section - 3 

*Solid Section, elset=Set - 1, 

material=sheathing  

*End Part  

*Part, name=sheathing - minor  

** Section: Section - 3 

BEAM, s_Set- 79, m_Set - 79 

** Constraint: Constraint - 41 

*MPC 

BEAM, s_Set- 81, m_Set - 81 

** Constraint: Constraint - 42 

*MPC 

BEAM, s_Set- 83, m_Set - 83 

** Constraint: Constraint - 43 

*MPC 

BEAM, s_Set- 85, m_Set - 85 

** Constraint: Constraint - 44 

*MPC 

BEAM, s_Set- 87, m_Set - 87 

** Constraint: Constraint - 45 

*MPC 

BEAM, s_Set- 89, m_Set - 89 

** Constraint: Constraint - 46 

*MPC 

BEAM, s_Set- 91, m_Set - 91 

** Constraint: Constraint - 47 

*MPC 

BEAM, s_Set- 93, m_Set - 93 

** Constraint: Constraint - 48 

*MPC 

BEAM, s_Set- 95, m_Set - 95 

** Constraint: Constraint - 49 

*Embedded Element, host 

elset=concrete - 1.Set - 1 

m_Set- 108 

** Constraint: Constraint - 50 

*Embedded Element, host 

elset=concrete - 1.Set - 1 
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*Solid Section, elset=Set - 1, 

material=sheathing  

*End Part  

*Part, name=steelplate - major  

*Element, type=S4R  

** Section: Section - 5 

*Shell Section, elset=Set - 1, 

material=steelplate  

0.001, 5  

*End Part  

*Part, name=steelplate - minor  

*Element, type=S4R  

** Section: Section - 5 

*Shell Section, elset=Set - 1, 

material=steelplate  

0.001, 5  

*End Part  

*Part, name=tendon - major  

*Element, type=C3D8R  

** Section: Section - 2 

*Solid Section, elset=Set - 1, 

material=tendon  

*End Part  

*Part, name=tendon - minor  

*Element, type=C3D8R  

** Section: Section - 2 

*Solid Section, elset=Set - 1, 

material=tendon  

*End Part  

** ASSEMBLY 

**  

*Assembly, name=Assembly  

**   

*Instance, name=bondek - 1, 

part=bondek  

*End Instance  

**   

*Instance, name=concrete - 1, 

part=concrete  

m_Set- 103 

** Constraint: Constraint - 51 

*Embedded Element, host 

elset=concrete - 1.Set - 1 

m_Set- 104 

** Constraint: Constraint - 52 

*Tie, name=Constraint - 52, adjust=yes  

s_Surf - 58, m_Surf - 58 

*End Assembly  

*Amplitude, name=Amp - 1, 

definition=SMOOTH STEP  

** MATERIALS 

**  

*Material, name=Material - 1 

*Density  

2400.,  

*Elastic  

 2.10825e+10, 0.2  

*Concrete Damaged Plasticity  

35., 0.1, 1.16, 0.667,    0.  

*Concrete Compression Hardening  

    2.15e+07,       0.  

 2.48537e+07,    6e - 06 

 2.80983e+07,  1.7e - 05 

  3.1183e+07,  3.5e - 05 

 3.40473e+07,  6.5e - 05 

 3.66232e+07, 0.000107  

 3.88403e+07, 0.000167  

 4.06322e+07, 0.000247  

 4.19434e+07,  0.00035  

  4.2737e+07, 0.000477  

     4.3e+07, 0.000629  

 4.27459e+07, 0.000806  

 4.20134e+07, 0.001006  

 4.08626e+07, 0.001226  

 3.93674e+07, 0.001461  

 3.76087e+07, 0.00171  

 3.56667e+07, 0.001967  

 3.36155e+07, 0.002229  
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*End Instance  

**   

*Instance, name=steelplate - major - 1, 

part=steelplate - major  

*End Instance  

**   

*Instance, name=steelplate - major - 1-

lin - 1- 2, part=steelplate - major  

*End Instance  

**   

*Instance, name=steelplate - major - 1-

lin - 2- 1, part=steelplate - major  

*End Instance  

**   

*Instance, name=steelplate - major - 1-

lin - 2- 2, part=steelplate - major  

*End Instance  

**   

*Instance, name=steelplate - major - 1-

lin - 1- 2- 1, part=steelplate - major  

*End Instance  

**   

*Instance, name=steelplate - major - 1-

lin - 2- 1- 1, part=steelplate - major  

*End Instance  

**   

*Instance, name=steelplate - major - 1-

lin - 2- 2- 1, part=steelplate - major  

*End Instance  

**   

*Instance, name=tendon - major - 1, 

part=tendon - major  

*End Instance  

**   

*Instance, name=tendon - major - 1- lin -

2- 1, part=tendon - major  

*End Instance  

**   

 3.15192e+07, 0.002493  

 2.94303e+07, 0.002757  

 2.73895e+07, 0.003019  

 2.54263e+07, 0.003277  

 2.35606e+07, 0.003531  

 2.18046e+07, 0.003779  

 2.01643e+07, 0.004022  

 1.86408e+07, 0.004259  

 1.72323e+07, 0.00449  

 1.59345e+07, 0.004717  

 1.47415e+07, 0.004938  

 1.36469e+07, 0.005155  

    1.29e+07, 0.005314  

*Concrete Tension Stiffening  

     4.2e+06, 0.  

  2.3301e+06, 0.000321  

 1.65081e+06, 0.00058  

  1.2927e+06, 0.000821  

 1.06936e+06, 0.001055  

     915842., 0.001286  

     803371., 0.001514  

     717171., 0.001741  

     648848., 0.001967  

     593266., 0.002192  

*Concrete Compression Damage  

       0.,       0.  

  0.00591, 0.000806  

 0.022943, 0.001006  

 0.049708, 0.001226  

 0.084479, 0.001461  

 0.125379, 0.00171  

 0.170542, 0.001967  

 0.218245, 0.002229  

 0.266996, 0.002493  

 0.315574, 0.002757  

 0.363035, 0.003019  

 0.408691, 0.003277  

 0.452079, 0.003531  

 0.492916, 0.003779  
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*Instance, name=tendon - major - 1- lin -

3- 1, part=tendon - major  

*End Instance  

**   

*Instance, name=tendon - major - 1- lin -

4- 1, part=tendon - major  

*End Instance  

**   

*Instance, name=tendon - major - 1- lin -

2- 1- lin - 2- 1, part=tendon - major  

*End Instance  

**   

*Instance, name=tendon - major - 1- lin -

2- 1- 1, part=tendon - major.  

*End Instance  

**   

*Instance, name=tendon - major - 1- lin -

3- 1- lin - 2- 1, part=tendon - major  

*End Instance  

**   

*Instance, name=tendon - major - 1- lin -

4- 1- lin - 2- 1, part=tendon - major  

*End Instance  

**   

*Instance, name=tendon- major - 1- lin -

2- 1- 2, part=tendon - major  

*End Instance  

**   

*Instance, name=tendon - major - 1- lin -

2- 1- lin - 2- 1- 1, part=tendon - major  

*End Instance  

**   

*Instance, name=tendon - major - 1- lin -

3- 1- lin - 2- 1- 1, part=tendon - major  

*End Instance  

**   

*Instance, name=tendon - major - 1- lin -

4- 1- lin - 2- 1- 1, part=tendon - major  

*End Instance  

 0.531064, 0.004022  

 0.566492, 0.004259  

 0.599248, 0.00449  

 0.629431, 0.004717  

 0.657174, 0.004938  

 0.682631, 0.005155  

      0.7, 0.005314  

*Concrete Tension Damage  

       0.,       0.  

 0.445215, 0.000321  

 0.606951,  0.00058  

 0.692214, 0.000821  

  0.74539, 0.001055  

 0.781942, 0.001286  

 0.808721, 0.001514  

 0.829245, 0.001741  

 0.845512, 0.001967  

 0.858746, 0.002192  

*Material, name=sheathing  

*Density  

1200.,  

*Elastic  

 3e+09, 0.3  

*Material, name=steelplate  

*Density  

7800.,  

*Elastic  

 2e+11, 0.3  

*Material, name=steelsheet  

*Density  

7000.,  

*Elastic  

 2.05e+11, 0.3  

*Plastic  

  3.5e+08,   0.  

    5e+08, 0.02  

 5.75e+08, 0.04  

  6.5e+08, 0.08  

 6.75e+08, 0.12  
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**   

*Instance, name=steelplate - minor - 1, 

part=steelplate - minor  

*End Instance  

**   

*Instance, name=steelplate - minor - 1-

lin - 2- 1, part=steelplate - minor  

*End Instance  

**   

*Instance, name=steelplate - minor - 1-

lin - 2- 1- 1, part=steelplate - minor  

*End Instance  

**   

*Instance, name=steelplate - minor - 1-

lin - 2- 1- lin - 2- 1, part=steelplate -

minor  

*End Instance  

**   

*Instance, name=steelplate - minor - 1-

lin - 2- 1- 2, part=steelplate - minor    

*End Instance  

**   

*Instance, name=steelplate - minor - 1-

lin - 2- 1- 1- lin - 2- 1, part=steelplate -

minor      

*End Instance  

**   

*Instance, name=tendon - minor - 1, 

part=tendon - minor  

*End Instance  

**   

*Instance, name=tendon - minor - 1- lin -

2- 1, part=tendon - minor  

*End Instance  

**   

*Instance, name=tendon - minor - 1- lin -

3- 1, part=tendon - minor  

*End Instance  

**   

 6.35e+08,  0.2  

    6e+08, 0.22  

*Material, name=tendon  

*Density  

7800.,  

*Elastic  

 1.95e+11, 0.3  

*Expansion  

 1.92e - 05,  

*Plastic  

  1.6757e+09,    0.  

 1.78069e+09, 0.015  

 1.81554e+09,  0.02  

 1.84659e+09, 0.025  

 1.87726e+09,  0.03  

**  

** INTERACTION PROPERTIES 

**  

*Surface Interaction, name=IntProp - 1 

*Friction  

0.,  

*Surface Interaction, name=IntProp - 2 

*Surface Behavior, pressure -

overclosure=HARD  

*Surface Interaction, name=IntProp - 3 

*Friction  

 0.5,  

*Surface Behavior, pressure -

overclosure=HARD  

**  

** BOUNDARY CONDITIONS 

**  

** Name: BC - 2 Type: 

Displacement/Rotation  

*Boundary  

Set - 98, 1, 1  

Set - 98, 2, 2  

Set - 98, 3, 3  

Set - 98, 4, 4  
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*Instance, name=tendon - minor - 1- lin -

4- 1, part=tendon - minor  

*End Instance  

**   

*Instance, name=tendon - minor - 1- lin -

2- 1- lin - 2- 1, part=tendon - minor  

*End Instance  

**   

*Instance, name=tendon - minor - 1- lin -

2- 1- 1, part=tendon - minor  

*End Instance  

**   

*Instance, name=tendon - minor - 1- lin -

3- 1- lin - 2- 1, part=tendon - minor  

*End Instance  

**   

*Instance, name=tendon - minor - 1- lin -

4- 1- lin - 2- 1, part=tendon - minor  

*End Instance  

**   

*Instance, name=tendon- minor - 1- lin -

4- 1- lin - 2- 1- 1, part=tendon - minor  

*End Instance  

**   

*Instance, name=tendon - minor - 1- lin -

3- 1- lin - 2- 1- 1, part=tendon - minor  

*End Instance  

**   

*Instance, name=tendon - minor - 1- lin -

2- 1- lin - 2- 1- 1, part=tendon - minor  

*End Instance  

**   

*Instance, name=tendon - minor - 1- lin -

2- 1- 2, part=tendon - minor  

*End Instance  

**   

*Instance, name=sheathing - major - 1, 

part=sheathing - major  

*End Instance  

Set - 98, 5, 5  

Set - 98, 6, 6  

** Name: BC- 3 Type: 

Displacement/Rotation  

*Boundary  

Set - 99, 1, 1  

Set - 99, 2, 2  

Set - 99, 3, 3  

Set - 99, 4, 4  

Set - 99, 5, 5  

Set - 99, 6, 6  

** Name: BC - 6 Type: 

Displacement/Rotation  

*Boundary  

Set - 109, 1, 1  

Set - 109, 2, 2  

Set - 109, 3, 3  

Set - 109, 4, 4  

Set - 109, 5, 5  

Set - 109, 6, 6  

**  

** PREDEFINED FIELDS 

**  

** Name: Predefined Field - 1   Type: 

Temperature  

*Initial Conditions, type=TEMPERATURE  

Set - 100, 0.  

** Name: Predefined Field - 2   Type: 

Temperature  

*Initial Conditions, type=TEMPERATURE  

Set - 101, 0.  

**  

** INTERACTIONS 

**  

** Interaction: Int - 29 

*Contact, op=NEW  

*Contact Inclusions, ALL EXTERIOR  

*Contact Property Assignment  

 ,  , IntProp - 2 
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**   

*Instance, name=sheathing - major - 1-

lin - 2- 1, part=sheathing - major  

*End Instance  

**   

*Instance, name=sheathing - major - 1-

lin - 3- 1, part=sheathing - major  

*End Instance  

**   

*Instance, name=sheathing - major - 1-

lin - 4- 1, part=sheathing - major  

*End Instance  

**   

*Instance, name=sheathing - major - 1-

lin - 2- 1- 1, part=sheathing - major  

*End Instance  

**   

*Instance, name=sheathing - major - 1-

lin - 3- 1- 1, part=sheathing - major  

*End Instance  

**   

*Instance, name=sheathing - major - 1-

lin - 2- 1- lin - 2- 1, part=sheathing -

major  

*End Instance  

**   

*Instance, name=sheathing - major - 1-

lin - 2- 1- lin - 3- 1, part=sheathing -

major  

*End Instance  

**   

*Instance, name=sheathing - major - 1-

lin - 3- 1- lin - 2- 1, part=sheathing -

major  

*End Instance  

**   

*Instance, name=sheathing - major - 1-

lin - 3- 1- lin - 3- 1, part=sheathing -

major  

concrete - 1.Surf - 1 , bondek - 1.Surf - 1 , 

IntProp - 3 

** -----------------------------------

-----------------------------  

**  

** STEP: Step - 1 

**  

*Step, name=Step - 1, nlgeom=YES  

*Dynamic, Explicit  

, 0.1  

*Bulk Viscosity  

0.06, 1.2  

**  

** LOADS 

**  

** Name: Load - 1   Type: Gravity  

*Dload  

, GRAV, 9.81, 0., - 1., 0.  

**  

** PREDEFINED FIELDS 

**  

** Name: Predefined Field - 1   Type: 

Temperature  

*Temperature  

Set - 100, - 400.  

** Name: Predefined Field - 2   Type: 

Temperature  

*Temperature  

Set - 101, - 400.  

**  

** INTERACTIONS 

**  

** Interaction: Int - 1 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 1 

m_Surf- 1, s_Surf - 1 

** Interaction: Int - 2 
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*End Instance  

**   

*Instance, name=sheathing - major - 1-

lin - 4- 1- lin - 2- 1, part=sheathing -

major  

*End Instance  

**   

*Instance, name=sheathing - major - 1-

lin - 4- 1- lin - 3- 1, part=sheathing -

major  

*End Instance  

**   

*Instance, name=sheathing - minor - 1, 

part=sheathing - minor  

 

*End Instance  

**   

*Instance, name=sheathing - minor - 1-

lin - 2- 1, part=sheathing - minor  

 

*End Instance  

**   

*Instance, name=sheathing - minor - 1-

lin - 3- 1, part=sheathing - minor  

 

*End Instance  

**   

*Instance, name=sheathing - minor - 1-

lin - 4- 1, part=sheathing - minor  

 

*End Instance  

**   

*Instance, name=sheathing - minor - 1-

lin - 2- 1- 1, part=sheathing - minor  

*End Instance  

**   

*Instance, name=sheathing - minor - 1-

lin - 3- 1- 1, part=sheathing - minor  

*End Instance  

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 2 

m_Surf- 3, s_Surf - 3 

** Interaction: Int - 3 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 3 

m_Surf- 5, s_Surf - 5 

** Interaction: Int - 4 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 4 

m_Surf- 7, s_Surf - 7 

** Interaction: Int - 5 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 5 

m_Surf- 9, s_Surf - 9 

** Interaction: Int - 6 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 6 

m_Surf- 11, s_Surf - 11 

** Interaction: Int - 7 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 7 

m_Surf- 13, s_Surf - 13 

** Interaction: Int - 8 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 8 

m_Surf- 15, s_Surf - 15 

** Interaction: Int - 9 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 9 

m_Surf- 17, s_Surf - 17 
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**   

*Instance, name=sheathing - minor - 1-

lin - 2- 1- lin - 2- 1, part=sheathing -

minor  

*End Instance  

**   

*Instance, name=sheathing - minor - 1-

lin - 2- 1- lin - 3- 1, part=sheathing -

minor  

*End Instance  

**   

*Instance, name=sheathing - minor - 1-

lin - 3- 1- lin - 2- 1, part=sheathing -

minor  

*End Instance  

**   

*Instance, name=sheathing - minor - 1-

lin - 3- 1- lin - 3- 1, part=sheathing -

minor  

*End Instance  

**   

*Instance, name=sheathing - minor - 1-

lin - 4- 1- lin - 2- 1, part=sheathing -

minor  

*End Instance  

**   

*Instance, name=sheathing - minor - 1-

lin - 4- 1- lin - 3- 1, part=sheathing -

minor  

*End Instance  

**   

*Instance, name=BLOCK - 1, part=BLOCK  

*End Instance  

**   

*Instance, name=BLOCK - 1- lin - 1- 2, 

part=BLOCK 

*End Instance  

**   

** Interaction: Int - 10 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 10 

m_Surf- 19, s_Surf - 19 

** Interaction: Int - 11 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 11 

m_Surf- 21, s_Surf - 21 

** Interaction: Int - 12 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 12 

m_Surf- 23, s_Surf - 23 

** Interaction: Int - 13 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 13 

m_Surf- 25, s_Surf - 25 

** Interaction: Int - 14 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 14 

m_Surf- 27, s_Surf - 27 

** Interaction: Int - 15 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 15 

m_Surf- 29, s_Surf - 29 

** Interaction: Int - 16 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 16 

m_Surf- 31, s_Surf - 31 

** Interaction: Int - 17 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 17 
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*Instance, name=BLOCK - 1- lin - 2- 1, 

part=BLOCK 

*End Instance  

**   

*Instance, name=BLOCK - 1- lin - 2- 2, 

part=BLOCK 

*End Instance  

** Constraint: Constraint - 1 

*MPC 

BEAM, s_Set- 1, m_Set - 1 

** Constraint: Constraint - 2 

*MPC 

BEAM, s_Set- 3, m_Set - 3 

** Constraint: Constraint - 3 

*MPC 

BEAM, s_Set- 5, m_Set - 5 

** Constraint: Constraint - 4 

*MPC 

BEAM, s_Set- 7, m_Set - 7 

** Constraint: Constraint - 5 

*MPC 

BEAM, s_Set - 9, m_Set - 9 

** Constraint: Constraint - 6 

*MPC 

BEAM, s_Set- 11, m_Set - 11 

** Constraint: Constraint - 7 

*MPC 

BEAM, s_Set- 13, m_Set - 13 

** Constraint: Constraint - 8 

*MPC 

BEAM, s_Set- 15, m_Set - 15 

** Constraint: Constraint - 9 

*MPC 

BEAM, s_Set- 17, m_Set - 17 

** Constraint: Constraint - 10 

*MPC 

BEAM, s_Set- 19, m_Set - 19 

** Constraint: Constraint - 11 

*MPC 

m_Surf- 33, s_Surf - 33 

** Interaction: Int - 18 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 18 

m_Surf- 35, s_Surf - 35 

** Interaction: Int - 19 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 19 

m_Surf- 37, s_Surf - 37 

** Interaction: Int - 20 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 20 

m_Surf- 39, s_Surf - 39 

** Interaction: Int - 21 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 21 

m_Surf- 41, s_Surf - 41 

** Interaction: Int - 22 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 22 

m_Surf- 43, s_Surf - 43 

** Interaction: Int - 23 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 23 

m_Surf- 45, s_Surf - 45 

** Interaction: Int - 24 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 24 

m_Surf- 47, s_Surf - 47 

** Interaction: Int - 25 
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BEAM, s_Set- 21, m_Set - 21 

** Constraint: Constraint - 12 

*MPC 

BEAM, s_Set- 23, m_Set - 23 

** Constraint: Constraint - 13 

*MPC 

BEAM, s_Set- 25, m_Set - 25 

** Constraint: Constraint - 14 

*MPC 

BEAM, s_Set- 27, m_Set - 27 

** Constraint: Constraint - 15 

*MPC 

BEAM, s_Set- 29, m_Set - 29 

** Constraint: Constraint - 16 

*MPC 

BEAM, s_Set- 31, m_Set - 31 

** Constraint: Constraint - 17 

*MPC 

BEAM, s_Set- 33, m_Set - 33 

** Constraint: Constraint - 18 

*MPC 

BEAM, s_Set- 35, m_Set - 35 

** Constraint: Constraint - 19 

*MPC 

BEAM, s_Set- 37, m_Set - 37 

** Constraint: Constraint - 20 

*MPC 

BEAM, s_Set- 39, m_Set - 39 

** Constraint: Constraint - 21 

*MPC 

BEAM, s_Set- 41, m_Set - 41 

** Constraint: Constraint - 22 

*MPC 

BEAM, s_Set - 43, m_Set - 43 

** Constraint: Constraint - 23 

*MPC 

BEAM, s_Set- 45, m_Set - 45 

** Constraint: Constraint - 24 

*MPC 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 25 

m_Surf- 49, s_Surf - 49 

** Interaction: Int - 26 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 26 

m_Surf- 51, s_Surf - 51 

** Interaction: Int - 27 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 27 

m_Surf- 53, s_Surf - 53 

** Interaction: Int - 28 

*Contact Pair, interaction=IntProp - 1, 

mechanical constraint=PENALTY, 

cpset=Int - 28 

m_Surf- 55, s_Surf - 55 

**  

** OUTPUT REQUESTS 

**  

*Restart, write, number interval=1, 

time marks=NO  

**  

** FIELD OUTPUT: F - Output - 1 

**  

*Output, field  

*Node Output  

CF, RF, U  

*Element Output, directions=YES  

DAMAGEC, DAMAGET, EVF, LE, P, PE, S, 

PEEQ 

*Contact Output  

CSTRESS,  

**  

** HISTORY OUTPUT: H- Output - 1 

**  

*Output, history, variable=PRESELECT  
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BEAM, s_Set- 47, m_Set - 47 

** Constraint: Constraint - 25 

*MPC 

BEAM, s_Set- 49, m_Set - 49 

** Constraint: Constraint - 26 

*MPC 

BEAM, s_Set- 51, m_Set - 51 

** Constraint: Constraint - 27 

*MPC 

BEAM, s_Set- 53, m_Set - 53 

** Constraint: Constraint - 28 

*MPC 

BEAM, s_Set- 55, m_Set - 55 

** Constraint: Constraint - 29 

*MPC 

BEAM, s_Set- 57, m_Set - 57 

** Constraint: Constraint - 30 

*MPC 

BEAM, s_Set- 59, m_Set - 59 

** Constraint: Constraint - 31 

*MPC 

BEAM, s_Set- 61, m_Set - 61 

** Constraint: Constraint - 32 

*MPC 

BEAM, s_Set- 63, m_Set - 63 

** Constraint: Constraint - 33 

*MPC 

BEAM, s_Set- 65, m_Set - 65 

** Constraint: Constraint - 34 

*MPC 

BEAM, s_Set- 67, m_Set - 67 

** Constraint: Constraint - 35 

*MPC 

BEAM, s_Set- 69, m_Set - 69 

** Constraint: Constraint - 36 

*MPC 

BEAM, s_Set- 71, m_Set - 71 

** Constraint: Constraint - 37 

*MPC 

*End Step  

** -----------------------------------

-----------------------------  

**  

** STEP: Step - 2 

**  

*Step, name=Step - 2, nlgeom=YES  

*Dynamic, Explicit  

, 0.1  

*Bulk Viscosity  

0.06, 1.2  

**  

** BOUNDARY CONDITIONS 

**  

** Name: BC - 2 Type: 

Displacement/Rotation  

*Boundary, op=NEW  

Set - 98, 3, 3  

** Name: BC - 3 Type: 

Displacement/Rotation  

*Boundary, op=NEW  

Set - 99, 1, 1  

** Name: BC - 6 Type: 

Displacement/Rotation  

*Boundary, op=NEW  

Set - 109, 1, 1  

Set - 109, 2, 2  

Set - 109, 3, 3  

Set - 109, 4, 4  

Set - 109, 5, 5  

Set - 109, 6, 6  

**  

** LOADS 

**  

** Name: Load - 2   Type: Pressure  

*Dsload, amplitude=Amp - 1 

Surf - 57, P, 70000.  

**  

** OUTPUT REQUESTS 
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BEAM, s_Set- 73, m_Set - 73 

** Constraint: Constraint - 38 

*MPC 

BEAM, s_Set- 75, m_Set - 75 

** Constraint: Constraint - 39 

*MPC 

BEAM, s_Set- 77, m_Set - 77 

** Constraint: Constraint - 40 

*MPC 

**  

*Restart, write, number interval=1, 

time marks=NO  

**  

** FIELD OUTPUT: F - Output - 1 

**  

*Output, field  

*Node Output  

CF, RF, U  

*Element Output, directions=YES  

DAMAGEC, DAMAGET, EVF, LE, P, PE, S, 

PEEQ 

*Contact Output  

CSTRESS,  

**  

** HISTORY OUTPUT: H- Output - 1 

**  

*Output, history, variable=PRESELECT  

*End Step  

 




