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ABSTRACT 

This comprehensive research delves into the use of glass fibre - reinforced 

polymer (GFRP) bars as internal reinforcements in concrete pontoon decks, 

particularly in marine environments, to counter the corrosion issues of traditional steel 

reinforcements. Recognizing the gap in understanding the torsional behaviour of 

GFRP-reinforced structures, the study systematically investigates their response, 

especially under wave-induced torsional loads. Key findings from the first part of the 

study reveal that factors such as edge cutout, bar distribution, and rotation direction 

influence the torsional capacity and failure behaviour of GFRP-reinforced concrete 

structures (GFRP-RC) pontoon decks. Notably, double-layer reinforcement 

demonstrates better control over crack growth post-cracking compared to single-layer 

reinforcement, and edge cutout reduce cracking torque by around 17%. The study 

also finds that the ACI 318-19 equation accurately predicts the decks' torsional 

behaviour during the cracking stage. Further investigation highlights the role of 

diagonal bars, reinforcement arrangement, and grid spacing. It shows that diagonal 

reinforcements in double-layer setups and denser grids considerably improve both 

pre- and post-cracking torsional behaviour, with some configurations matching the 

torsional resistance of solid decks. The third research includes extensive finite element 

(FE) analyses validated by large-scale laboratory tests, covering aspects like concrete 

strength, cutout geometry, and reinforcement configurations. These analyses 

underscore the critical impact of concrete strength and reinforcement configuration on 

torsional behaviour, while the influence of cutout geometry is less pronounced. 

Predictive equations developed for torsional rigidity and cracking torque show a good 

correlation with FE results. Overall, this study offers vital insights for the design and 

optimization of GFRP-reinforced concrete pontoon decks, emphasizing the 

importance of strategic reinforcement configurations and deck geometries. These 

findings are crucial for enhancing the structural integrity and durability of such decks 

against the challenges posed by wave-induced torsion. 

Key words: GFRP, reinforced concrete pontoon decks, torsion, cutout, concrete 

compressive strength, reinforcement configurations, torsional rigidity, cracking torque, 

failure, finite element analysis, parametric study, design equation.  
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CHAPTER 1: INTRODUCTION 

1.1. Background and motivation  

Reinforced concrete (RC) structures, widely used in Australia and globally in various 

environments including marine settings, require detailed design to guarantee safety 

and longevity. However, challenges such as inadequate concrete cover, subpar 

design or workmanship, along with environmental aggressors like seawater, high 

moisture, and temperature, contribute to concrete cracking and steel reinforcement 

corrosion. A notable report by Shayan and Xu (2016) revealed a significant reduction 

in the service life of RC bridges and other infrastructures, dropping to just 30 years 

due to these issues, despite being originally designed for at least a century of service. 

Particularly in coastal regions, corrosion of internal steel reinforcements (refer to 

Figure 1.1) poses a severe problem for steel RC structures. For instance, in 

Queensland, the annual cost for repairing, rehabilitating, and maintaining boating 

infrastructure damaged by corrosion is approximately AU$10 million (Manalo et al. 

2021). This underscores the critical need for constructing highly durable reinforced 

concrete structures that can maintain their safety and functionality throughout their 

intended service lives. 

 

Figure 1.1. Reinforcement corrosion of marine infrastructures (Ramesht & Tavasani 
2013) 
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Over recent decades, fibre-reinforced polymer (FRP) has emerged as an effective 

substitute for traditional steel bars in reinforcing concrete structures, thanks to its high 

strength, lightweight, and non-corrosive properties. Among FRP materials, glass fibre-

reinforced polymer (GFRP) composites are particularly favoured in civil infrastructure 

due to their cost-effectiveness compared to other types, such as carbon, aramid, and 

basalt (Mohamed & Benmokrane 2015). Numerous field applications have 

successfully demonstrated the efficiency of GFRP bars in various reinforced concrete 

structures, including bridge decks, road pavements, and storage tanks  (Ahmed et al. 

2014; Mohamed & Benmokrane 2014; Benmokrane et al. 2020). In Australia, transport 

authorities and asset owners are increasingly recognizing the significant benefits of 

utilizing GFRP bars in concrete structures situated in marine environments (Manalo et 

al. 2021). Consequently, there is a growing need for innovative developments and 

applications to demonstrate the sustainable advantages of using GFRP bars as 

reinforcements in concrete boating and marine infrastructure.  

Floating walkway modules, extensively utilized in boating tourism across Queensland 

and Australia, have significantly advanced the industry. These modules typically 

function as landing decks alongside other boating facilities or operate independently. 

As they float on the sea surface, piles are inserted through edge cutout on the concrete 

decks for stabilization. According to design criteria set by Department of 

Transportation and Main Road (DTMR 2015), it is mandatory for piles to be situated 

within flotation modules, making edge cutout on the concrete decks an essential 

feature of their design.    

The concrete decks of these floating modules are increasingly reinforced with GFRP 

bars, but proprietary designs by pontoon suppliers have led to variations in their 

performance and durability. Torsional stress becomes a significant factor in reinforced 
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concrete decks under concentrated loads or when reaction forces are at the corners 

(Lopes et al. 2014). Precast reinforced concrete pontoon decks, typically exposed to 

wave actions and other service loads, often experience torsion. This torsion leads to 

a rotation in the cross-section, causing inclined cracks that usually start from the edge 

cutout on the concrete surface. While the use of non-corrosive reinforcements like 

GFRP bars can prevent corrosion from seawater ingress through these cracks, there 

is currently no design methodology specifically addressing the torsional behaviour of 

pontoon decks reinforced with GFRP bars. 

Research on torsional behaviour in rectangular RC structures, particularly GFRP-

reinforced concrete beams and steel-reinforced slabs, has shown a link with concrete 

strength, reinforcement configuration, and cross-sectional aspect ratio (Lopes & 

Bernardo 2009; Lee & Kim 2010; Lopes et al. 2014; Derkowski & Surma 2015; 

Mohamed et al. 2015; Mohamed & Benmokrane 2016; Mostafa et al. 2023). While 

reinforcement has limited impact on pre-cracking behaviour, similar to plain concrete 

where cracking torque depends on concrete strength and aspect ratio, it significantly 

influences post-cracking behaviour. Torsional failures in beams vary from brittle and 

ductile to crushing of concrete compressive struts, based on reinforcement quantity  

(Joh et al. 2019; Ju et al. 2020). Ibrahim et al. (2020) noted that beams with thick 

concrete cover fail mainly due to spalling, with ultimate capacity close to the initial 

crack. Torsional cracks often originate from edge cutouts in pontoon decks, especially 

near marine piles (see Figure 1.2), and occur earlier in decks with edge cutouts. In 

steel-reinforced concrete structures, diagonal reinforcements around cutouts can 

control these cracks (Mansur et al. 1983; Popescu et al. 2017), but the effectiveness 

of this method in GFRP-reinforced decks under torsion remains unexplored. Moreover, 

the crack initiation and propagation varied due to different rotation direction as the 
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deck with cutout has unsymmetrical geometry. A detailed study of all those factors is 

essential to understand in depth knowledge of torsional behaviour of GFRP-reinforced 

pontoon decks. 

 

Figure 1.2. Torsional damages initiated from cutout 

In this study, the behaviour of precast reinforced concrete (RC) pontoon decks using 

GFRP bars under torsion was investigated experimentally and numerically. Large-

scale precast concrete pontoon deck specimens for floating walkway modules were 

tested to investigate the effect of pontoon deck geometry (cut-outs for marine piles) 

and reinforcement configurations (single/double layers, and diagonal bars as 

reinforcement). The effect of these parameters on the torsional capacity and stiffness, 

cracking propagation and failure behaviour were evaluated. Finite element analysis 

(FEA) was then implemented to simulate the behaviour of the tested pontoon decks, 

which was extended to conduct a parametric study on the effect of critical design 

parameters including concrete compressive strength, cutout geometry, and 

reinforcement configuration. Design equations to reliably predict the torsional 

behaviour of GFRP-RC pontoon deck were also developed. The knowledge and data 

that generated from this study are useful in the effective design and in the development 

of specifications for GFRP reinforcements required for concrete decks of floating 

walkway modules subject to wave loading actions.  
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1.2. Objectives 

The main objective of this research is to investigate the behaviour of GFRP-reinforced 

precast concrete pontoon decks with edge cut out under pure torsional load. It focuses 

on identifying the effects of geometric parameters and reinforcement details on the 

torsional behaviour of the pontoon decks. It also aims to develop a procedure for the 

safe and reliable design of GFRP-RC pontoon decks under torsion. The specific 

objectives of the study were identified to achieve the main aim of the study: 

1. To experimentally investigate the effect of a square edge cut out, 

reinforcement distribution and rotation direction on torsional behaviour of 

GFRP-RC pontoon decks.  

2. To experimentally evaluate the effect of reinforcement arrangement on the 

torsional behaviour of GFRP-RC pontoon decks with edge cut out and 

diagonal reinforcement bars.  

3. To numerically discover the effects of critical design parameters on torsional 

behaviour of GFRP-RC pontoon decks and to develop simplified design 

equations that can reliably describe the torsional resistance in GFRP-RC 

pontoon decks. 

1.3. Study limitations 

This study investigated the torsional behaviour of GFRP-RC pontoon decks with and 

without cutout. The design of the pontoon decks followed the Queensland’s 

Departments of Transport and Main Road’s (TMR) design criteria for floating walkways 

and pontoons (DTMR 2015) with a fixed dimension of 1500mm wide, 2400mm long, 

and 125mm thick. A 300mm square cutout was centrally located on the longer side. 

The reinforcements used in this study are high modulus sand-coated GFRP 
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reinforcements made by pultrusion process same as the production used by 

AlAjarmeh et al. (2019) and investigated by Benmokrane et al. (2017). All decks were 

manufactured using normal strength concrete containing Ordinary Portland Cement, 

and fine and coarse aggregates. They were casted in TMR-approved pontoon 

supplier, Jetty Specialist, in Sunshine Coast, Australia. All mechanical properties of 

the materials used, and the test methods are detailed in each study.  

The data from these tests, conducted in the mechanical test laboratory of the Centre 

for Future Material, was bound to the test conditions and evaluated in accordance with 

relevant test standards. For instance, the maximum twist in the specimens reached 

0.075 rad/m, limited by the 85mm stroke of the hydraulic jack. Yet, this range was 

sufficient to cover both pre-cracking and post-cracking stages of the decks' torsion-

twist response. To ensure accurate deflection recording, three measurement methods 

were employed: LVDT, laser measurer, and digital image correlation. Therefore, 

despite these limitations, the results obtained are reliable and provide valuable insights 

that can be applied to future studies.  

1.4 Thesis organisation  

This thesis comprises 6 chapters as follows:  

• Chapter 1 is the general Introduction for the background and motivation of all 

the works done in this thesis.  

• Chapter 2 provides an extensive Literature review throughout the field of 

torsional behaviour of reinforced concrete structures and identifies the research 

gap.  
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• Chapter 3 is the first technical chapter in which the torsional behaviour of 

GFRP-RC pontoon deck with and without an edge cutout was physically tested 

and reported.  

• Chapter 4 is the second technical chapter in which the effect of reinforcement 

arrangement on the torsional behaviour of GFRP-RC pontoon deck with an 

edge cutout and diagonal reinforcement bars was analysed experimentally.  

• Chapter 5 is the third technical chapter in which a parametric study for torsional 

behaviour of GFRP-RC pontoon deck was conducted based on a finite element 

model and validated with experimental data. Design equations to reliably 

describe the torsional behaviour of GFRP-RC pontoon deck was established.  

• Chapter 6 is the Conclusion of the thesis, reviewing the work has been done 

by the authors, and highlighting the significant findings from the research work. 

Suggestions for future work on this topic was provided.    

The outcomes of this thesis contributed to the publication of three journal articles in 

high-quality (first quartile Q1) international journals. The three journal articles are 

published or are currently under review as listed below. In addition, the candidate 

published and presented conference papers that reflect the research’s impact and 

scope in national and international conference. Moreover, the candidate contributed 

to two publication papers that related to the thesis’s scope as co-authors. The 

Abstracts of the conference papers and publications are provided for further reference 

in Appendix B. 

Manuscript 1:  

Xian Yang, Omar Alajarmeh, Allan Manalo, Brahim Benmokrane, Zahra Gharineiat, 

Shahrad Ebrahimzadeh, Charles-Dean Sorbello, and Senarath Weerakoon, Torsional 
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behaviour of GFRP-reinforced concrete pontoon decks with and without an edge 

cutout. Marine Structures, 2023. 88: p. 103345. (Impact factor: 3.9; Cite Score 7.6) 

DOI: https://doi.org/10.1016/j.marstruc.2022.103345 

This manuscript addressed the first objective of this thesis where the effect of edge 

cutout, reinforcement distribution and rotation direction on the torsional behaviour of 

the GFRP-RC pontoon decks are evaluated. It details experimental analyses of five 

GFRP-RC pontoon decks, focusing on pre-cracking torsional rigidity, cracking torque, 

post-cracking torsional rigidity, and maximum torsional strength. Comparisons are 

made to existing design equations for cracking torque from the literature and current 

standards. Additionally, this study proposes a simplified approach for predicting the 

post-cracking torsional response of GFRP-RC pontoon decks. Findings confirm the 

negative impact of edge cutout on the torsional performance and show that double-

layer mesh reinforcement enhances crack control and post-cracking performance. 

Rotation direction is a neglectable factor in the torsional behaviour. Furthermore, it 

identifies simple equations for estimating the cracking torque and post-cracking 

torsional rigidity. 

Manuscript 2: 

Xian Yang, Omar Alajarmeh, Allan Manalo, Brahim Benmokrane, Zahra Gharineiat, 

Shahrad Ebrahimzadeh, Charles-Dean Sorbello, and Senarath Weerakoon, Torsional 

Behavior of GFRP-RC Pontoon Decks with an Edge Cutout and Diagonal 

Reinforcements. Structures (under review). STRUCTURES-D-23-05265. (Impact 

factor: 4.1; Cite Score 4.7) 

This manuscript addressed the second objective of this thesis by evaluating the impact 

of diagonal reinforcement around edge cutouts, bar arrangement, and grid spacing in 

https://doi.org/10.1016/j.marstruc.2022.103345
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GFRP-bar-reinforced concrete pontoon decks. Through experimental investigation, 

the study tested large-scale pontoon decks with edge cutouts to observe the effects 

of these variables. The data showed that diagonal reinforcement significantly improves 

pre-cracking torsional stiffness, particularly when applied in a double-layered 

reinforcement scheme. Notably, when the reinforcement grid spacing was reduced to 

100 mm, the post-cracking torsional rigidity surged by 137% compared to decks with 

a 250 mm grid spacing, aligning the performance of these decks with that of double-

layered reinforced solid decks. The study introduces predictive equations that 

effectively estimate cracking torque and post-cracking torsional behavior, taking into 

account the effective width from diagonal bars and the longitudinal GFRP bars' 

contributions.  

Manuscript 3: 

Xian Yang, Omar Alajarmeh, Allan Manalo, Brahim Benmokrane, Zahra Gharineiat, 

Shahrad Ebrahimzadeh, Charles-Dean Sorbello, and Senarath Weerakoon, Torsional 

behaviour in GFRP-RC pontoon decks with edge cutout - Study of critical design 

parameters. Engineering Structures (submitted). ENGSTRUCT-D-24-00096. (Impact 

factor: 9.2; Cite Score 5.5) 

This manuscript addressed the third objective of this thesis by numerically explored 

the effect of various design parameters, including concrete compressive strength, 

cutout geometry, reinforcement configuration both within the deck and the cutout on 

the torsional behaviour of GFRP-RC pontoon decks. A total of 27 finite element models 

simulating GFRP-RC pontoon decks with various design parameters in torsion were 

built and analysed. The pre-cracking torsional behaviour of the deck is significantly 

affected by the levels of concrete compressive strength with the reinforcement 

configuration influenced to some degree the cracking torque. The cutout geometry has 
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no effect of the pre-cracking torsional behaviour. The GFRP reinforcement has only a 

minor effect on the first cracking torque but more than four sets diagonal bars, large 

bar diameter and dense reinforcement space in each direction all have positive effect 

on increasing the deck’s post-cracking torsional rigidity. The proposed equations can 

reliably predict the pre-cracking torsional strength and rigidity of GFRP-RC decks by 

considering the concrete compressive strength and geometric properties of the decks. 

1.5. Summary  

This research develops new knowledge to help address the limited understanding on 

the torsional behaviour of GFRP-reinforced concrete (GFRP-RC) pontoon decks, 

particularly those with an edge cutout. Utilizing both experimental and analytical 

approaches, including large-scale specimen tests and finite element method (FEM), 

the study explores the effect of various design parameters such as concrete 

compressive strength, cutout presence and geometry, and reinforcement 

configuration. The findings are documented in three technical journal papers, forming 

the technical chapters of this thesis. The aim is to develop design equations for 

accurately predicting the torsional behaviour of GFRP-RC pontoon decks. The insights 

and data obtained will significantly contribute to the future development of design 

specifications for GFRP reinforcements to future proof marine infrastructure.  
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CHAPTER 2: LITERATURE REVIEW 

2.1. Introduction 

The study of torsional behaviour in reinforced concrete (RC) structures, a pivotal 

component in structural engineering, involves analysing distinct phases: pre-crack, 

post-crack, and failure behaviour. This review chapter delves into these stages, aiming 

to identify key factors influencing torsional responses and to explore both traditional 

analytical theories and the application of Finite Element Method (FEM) in the context 

of RC structures. A significant focus is placed on the torsional behaviour of Glass Fibre 

- reinforced Polymer (GFRP) reinforced concrete structures. GFRP reinforcements, 

known for their non-corrosive properties and unique elastic characteristics, exhibit 

torsional responses that differ markedly from traditional steel reinforcements, 

especially due to the absence of yielding. This divergence highlights the necessity for 

in-depth research and the development of tailored design criteria for GFRP-RC 

structures.  

As introduced in the first chapter, this thesis addresses the challenge of torsional 

damage in GFRP-RC pontoon decks, which are particularly susceptible to torsional 

stresses from wave actions in marine environments. The insights gained from this 

chapter are instrumental in identifying and bridging knowledge gaps in the field. 

Addressing these gaps is crucial for enhancing the field and ensuring the effective and 

safe design of GFRP-RC decks across a spectrum of engineering applications.  

2.2. Torsional behaviour of reinforced concrete structures 

The overall behaviour of RC structure consists of three distinct phases: pre-crack, 

post-crack and steel yielding (Lopes et al. 2014). Pre-crack refers to the status of RC 

structure when the first concrete crack has not been exhibited. After the first crack and 
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before the failure, the structure behaviour is in the post-crack phase. As the strain 

increases in the reinforcement, traditional reinforcement will yield, but, for GFRP 

reinforced concrete structure, yield of reinforcement will not happen because of GFRP 

material’s elasticity. The last phrase will be determined by the failure that occurs to 

either concrete or GFRP reinforcement.   

2.2.1. Pre-crack behaviour of reinforced concrete structure under torsion 

Before the first crack, reinforced concrete structures could be considered as elastic 

material which response linearly to torsional force. Many researchers found a linear 

response before the first crack under torsional force in various reinforced concrete 

structures such as circular hollow column, square slab, circular concrete-filled FRP 

tubes, and reinforced L-shape beams, regardless of their reinforcement material and 

configuration (Deifalla et al. 2014; Anumolu et al. 2016; Nguyen & Pham 2017; St. 

Onge & Fam 2021). For example, six reinforced concrete beams with the same 

dimensions of 400 mm deep and 200 mm wide, and with three types of reinforcement 

configurations including rectangular spiral GFRP stirrup, regular GFRP stirrup and no 

transverse reinforcement were investigated for torsional behaviour in a study reported 

by Hadhood et al. (2020). The torque and twist curves for the six beams presented 

almost identical initial stiffness with a linear response before the first crack. In another 

study, the torsion behaviour of five 250 mm wide and 600 mm deep reinforced 

concrete beams were investigated to evaluate the effect of type and spacing of 

reinforcements (Mohamed et al. 2015). Experimental results indicated all the beams 

exhibited similar linear torque-twist behaviour before the occurrence of the first crack. 

The high initial stiffness of reinforced concrete members as reflected by the low twist 

angles in the pre-crack phrase is mainly provided by the concrete. This observation is 

supported by an experimental study implemented by comparing the torque and twist 



13 

behaviour between steel reinforced beams and plain concrete beams as shown in 

Figure 2.1 (Okay & Engin 2012).  The torque-twist curve initiated from (0, 0) and 

linearly extend to (Tcr, ɸcr) which refer to cracking torque and the cracking twist 

respectively. Tu, and ɸu refer to the maximum torque achieved and the corresponding 

twist respectively. Tu, & ɸu refer to the final torque when reinforcement failure reached 

and the corresponding twist, respectively. 

According to the theory of elasticity , the maximum shear stress occurs at the centre 

of the long face of the rectangular section subjected to pure torsion (Hsu, T. T. 1968). 

The cracking happens when the shear stress exceeds the concrete’s tensile stress. 

Accordingly, the initial cracking strength depends on the concrete compressive 

strength and member’s dimension.  

 

Figure 2.1. Proposed torsional behaviour model for reinforced concrete beams 
with/without steel (Okay & Engin 2012)  

2.2.2. Post-cracking behaviour of reinforced concrete under torsion 

The torsional behaviour of reinforced concrete transfers from linear to nonlinear after 

cracking. The structure repeatedly suffers a sudden increase of twists while the torque 

does not change too much. This can be explained that the concrete is losing its 

torsional resistance as the concrete is cracking. The widening cracks lead to larger 

deformation while no more loadings are resisted by the whole structure. The torsional 
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resistance now exists in the concrete core and torsion reinforcement (Bernardo & 

Lopes 2008). In concrete beams, this torsional behaviour is reflected in the torque- 

twist curve with a segment of horizontal line (Bernardo & Teixeira 2018). On the other 

hand, the segment of torque – twist curve which is presented by a jagged curve and 

gentle slope is caused by the development of more and wider cracks happening 

intermittently after the first concrete crack (Okay & Engin 2012; Jeng et al. 2014; Chai 

et al. 2015; Xu et al. 2018; Ibrahim et al. 2020). These researchers further indicated 

that the concrete structures’ torsion stiffness will last longer during and after the crack 

when strong reinforcements are embedded. However, they have also indicated that it 

is hard to predict the torsional behaviour of the reinforced concrete structures in this 

cracking period. 

The post-crack torsional behaviour of reinforced concrete structures remains linear 

after the cracking period. Concrete confinement provided by the stirrups and the 

longitudinal reinforcement both contribute to the torsional stiffness in this phrase. The 

influence of concrete in this phrase is too small and can be neglected in the analysis. 

The torsional resistance is mainly owing to the reinforcement whose elasticity will 

decide whether the reinforced concrete structure behaves linearly or non-linearly after 

crack. To illustrate, torque-twist curves in Figure 2.2 show that the linear post-crack 

torsional behaviour indicated a constant torsional stiffness in GFRP reinforced 

concrete beams (Mohamed & Benmokrane 2016). Many researchers related the post-

crack torsional stiffness to the reinforcement’s tensile strength and configurations 

(Deifalla et al. 2014; Anumolu et al. 2016; Nguyen & Pham 2017; St. Onge & Fam 

2021). 
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Figure 2.2. Torque - twist curves for concrete beams with variable reinforcement 
space (Mohamed & Benmokrane 2016) 

2.2.3. Failure of reinforced concrete under torsion 

The failure of reinforced concrete under torsion can occur either in the concrete or the 

reinforcement. Chen et al. (2018) evaluated the failure behaviour of steel reinforced 

concrete columns subject to combined bending – torsion cyclic loading. Other than the 

horizontal flat tensile cracks, a typical torsion failure was observed due to the 

appearance of 45 - degree diagonal cracks that distributed over the structure’s whole 

surface. When the structures approach failure, these diagonal cracks can lead to 

concrete crushing (Ameli et al. 2007) or a wide crack width to separate the member 

into two independent bodies (Mohamed et al. 2015). The torsional failure of concrete 

beams with a higher amount of reinforcements is due to concrete crushing followed by 

the failure of reinforcement (Ju et al. 2020) while the concrete beams with a low 

amount of reinforcement failed when two independently rotating segments are 

developed (Joh et al. 2019). These studies shows that several parameters affect the 

torsional behaviour of GFRP reinforced concrete structures. The experimental test 

setup employed to investigate the torsional behaviour of reinforced concrete structures 

is explored and presented in Appendix A.  
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2.3. Design parameters affecting torsional behaviour 

The design parameters that dominate the torsional behaviour of reinforced concrete 

structures vary throughout the three phases. Geometric parameters of specimen’s 

cross section and concrete strength are highly concerned in pre-crack torsional 

behaviour of the reinforced concrete structure while reinforcement configuration and 

reinforcement property determine post-crack torsional behaviour. Failure mode in the 

third phase is influenced by the combined effect of geometric parameters, concrete 

strength and reinforcement configurations.  More descriptions of the influence of these 

design parameters on the torsional behaviour of reinforced concrete structures is 

provided in the succeeding sections. 

2.3.1. Influence of concrete strength  

Concrete strength, typically measured by its compressive capacity, plays a pivotal role 

in determining the torsional performance of RC elements. In the pre-cracking phase, 

higher concrete strength generally results in increased initial stiffness and torsional 

resistance. This is because the material's inherent ability to withstand stress without 

cracking is directly linked to its compressive strength. Structures made from high-

strength concrete exhibit greater resistance to the formation of initial cracks under 

torsional loads. Research indicates that beams made from higher strength concrete 

show lower twist angles in the pre-crack phase, suggesting a direct correlation 

between concrete strength and initial torsional rigidity (Rahal 2013; Mostafa et al. 

2023). Upon the onset of cracking, the role of concrete strength becomes even more 

pronounced. While the transition from pre-cracking to post-cracking behaviour 

introduces complexity, the higher strength concrete continues to provide substantial 

resistance against torsional deformation. The higher the compressive strength, the 

more the concrete can contribute to the overall torsional stiffness of the structure, even 
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after initial cracking. This contribution is particularly crucial in the post-cracking phase 

where the torsional resistance is not solely dependent on the reinforcement but is also 

significantly influenced by the surrounding concrete matrix (Fang & Shiau 2004). 

Moreover, concrete strength influences the ultimate torsional capacity of RC 

structures. Beams with higher strength concrete tend to exhibit greater ultimate 

torsional strength. This is attributed to the material's enhanced capacity to withstand 

higher stresses and delay the progression of failure mechanisms, such as diagonal 

cracking and concrete crushing. Generally, the strength of concrete is a key 

determinant in the torsional behaviour of RC structures. It affects the initial stiffness, 

crack resistance, post-crack behaviour, and ultimate torsional capacity, underscoring 

the importance of considering concrete strength in the design and analysis of RC 

structures subjected to torsional loads. 

2.3.2. Influence of reinforcement configuration 

The configuration of reinforcement in RC structures significantly influences their 

torsional behaviour, particularly in the post-crack stage. Reinforcement configuration 

encompasses the type, placement, amount, and orientation of steel or FRP bars within 

the concrete matrix. In the pre-crack phase, the configuration of reinforcement has a 

limited impact on torsional behaviour as the concrete's intact structure primarily resists 

torsional forces. However, once cracking occurs, the reinforcement's role becomes 

pivotal. The distribution and orientation of reinforcement, especially transverse 

stirrups, and longitudinal bars, greatly affect the structure's capacity to resist further 

twisting and crack widening. Closely spaced stirrups and adequately arranged 

longitudinal reinforcement enhance the torsional stiffness and strength post-cracking 

by effectively confining the concrete and bridging the cracks (Kim et al. 2020; Lei et 

al. 2023). Moreover, the type of reinforcement material influences the torsional 
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response. For instance, GFRP bars,  behave differently compared to steel 

reinforcement under torsional loads due to their lower modulus of elasticity and lack 

of yielding behaviour (Mohamed & Benmokrane 2015). The density of reinforcement 

(reinforcement ratio) also plays a crucial role. A higher reinforcement ratio usually 

increases the torsional capacity and rigidity of the structure but may lead to more brittle 

failure modes. Furthermore, the geometric arrangement of reinforcement, such as the 

use of closed-loop stirrups versus open stirrups, impacts the effectiveness of torsional 

resistance (Mohamed et al. 2015). 

In summary, reinforcement configuration is a critical factor in the torsional performance 

of RC structures. It determines how well the structure can respond to torsional forces, 

especially after cracking, influencing both the stiffness and ultimate strength under 

torsional loads. Proper design, considering the type, placement, and amount of 

reinforcement, is essential for ensuring the desired torsional behaviour of RC 

structures. 

2.3.3. Influence of bar diameter  

The diameter of GFRP bars significantly influences the cracking pattern and overall 

structural performance of reinforced concrete structures. According to (El-Nemr et al. 

2013; 2018), sand-coated GFRP bars, favoured for their strong bond performance due 

to a uniform sand particle surface, induce multiple cracks along the GFRP-RC beam's 

length but maintain narrower widths. This distribution of narrow cracks is 

advantageous for structural integrity, as it evenly disperses stress, thus enhancing the 

structure’s durability and reducing the likelihood of sudden failure. In contrast, smaller 

diameters of GFRP bars are prone to wider cracks. This finding, identified in the study 

of El-Nemr et al. (2013), indicates a potential vulnerability in structural performance, 

especially under flexural stress. However, Maranan et al. (2015) observed that the 
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flexural performance of beams was not significantly impacted by the diameter of GFRP 

bars, provided the elastic modulus remained constant. This suggests that while bar 

diameter influences crack width, other factors like material elasticity play a crucial role 

in flexural behaviour. El-Nemr et al. (2018) proposed a solution to the issue of wider 

cracks associated with smaller bar diameters: denser reinforcement. By increasing the 

density of the reinforcement, the adverse effects of smaller bar diameters can be 

mitigated, leading to a more robust and reliable structural performance in GFRP-

reinforced concrete structures. This approach underscores the importance of not just 

the material properties, but also the reinforcement layout and density in designing 

efficient and durable reinforced concrete structures. 

2.3.4. Influence of opening in concrete members 

The opening in concrete structures can reduce structural stiffness and strength. The 

amount of reduction increases as the size of the opening is getting larger (Anil et al. 

2014; Khajehdehi & Panahshahi 2016; Popescu et al. 2017; Yousef et al. 2019). A 

longer distance from the opening to the loading point weakens the stiffness reduction 

effect of the surface opening (Genikomsou & Polak 2017). A number of researchers 

have used FRP composites to strengthen concrete slabs with openings. Pachalla and 

Prakash (2017) showed that GFRP reinforcement can effectively increase the ultimate 

flexural and shear strength of hollow slabs with inner opening. Similarly, bonding 

carbon FRP (CFRP) components around the edges of the cut out in two way slabs’ 

have increased the capacity up to 121% (Floruţ et al. 2014).  

Investigation on the effect of opening on torsion is limited for steel RC beam structures. 

Hollow beams, considered as opening in the concrete core, was reported to have 

similar levels of initial torsion stiffness to solid reinforced beam (Kim et al. 2020). These 

authors have also indicated that the hollow beam had higher torsional stiffness and 



20 

peak torsional strength after the first torsional crack. Moreover, RC beams with inner 

opening in wide face showed initial torsional stiffness decreased corresponding to 

longer opening but the post crack stiffness was independent of the opening (Mansur 

et al. 1983). This decrease in capacity and stiffness is due to the concentrated stress 

on the corner of the opening promoting the first crack. The proposed diagonal 

reinforcements around the corner are anticipated to control the crack propagation and 

width for concrete structures under torsion.  

2.2.5. Influence of rotational direction  

The direction of rotation plays a subtle yet important role in determining the torsional 

behaviour of RC structures. Research has shown that although the overall torsional 

strength and failure patterns of RC structures are largely consistent, the direction in 

which the structure is rotated can influence the initiation and progression of cracks. In 

cases where reinforcement is asymmetric or the structure has an irregular shape, the 

rotation direction can lead to different stress distributions, thus affecting where and 

how cracks develop (Hussein & Eid 2019). Understanding the effects of rotation 

direction is crucial in the accurate modelling and analysis of torsional behaviour, 

particularly in complex or asymmetric structures. It assists in predicting potential 

vulnerabilities and optimizing reinforcement design to ensure balanced stress 

distribution and improved structural integrity. 

2.4. Theories to evaluate torsional behaviour 

Numerous analytical theories and equations have historically been developed, 

targeting different structural scenarios such as homogenous members, plain concrete, 

and reinforced concrete structures. Specifically, the theories and equations for the 

torsional behaviour of reinforced concrete structures are often centred on beams with 
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stirrups, each possessing distinct advantages and drawbacks. The upcoming sections 

will delve into the evolution of these analytical concepts and equations, as revealed 

through an extensive review of the literature. 

2.4.1. Torsion in homogeneous members  

Navier (1826) has developed a theoretical equation shown in Eq. 1 to calculate the 

torque of a circular shaft fixed at one end. In this equation, the torque, T, is obtained 

from the equilibrium condition by equating the external moment to the internal moment. 

It is formulated as torsional rigidity times angle of twist per unit length of the shaft: 

𝑇 = 𝐺𝐼𝑃𝜃 = 𝐺𝜃 ∫ 𝑟2𝑑𝐴                                                                        (Eq. 2.1) 

where G is the modulus of rigidity; Ip is the polar moment of inertia; θ is the angle of 

twist per unit length of the shaft; r is the distance from analysed area to the centre of 

the cross section.  

Table 1.1. St. Venant's coefficients for rectangular sections (Hsu 1984). 

y/x k β α 

1.0 0.675 0.141 0.208 

1.2 0.759 0.166 0.219 

1.4 0.822 0.187 0.227 

1.6 0.867 0.204 0.234 

1.8 0.904 0.217 0.24 

2.0 0.930 0.229 0.246 

2.5 0.968 0.249 0.258 

3.0 0.985 0.264 0.267 

4.0 0.997 0.281 0.282 

5.0 0.999 0.291 0.291 

10.0 1.000 0.312 0.312 

100.0 1.000 0.331 0.331 

∞ 1.000 0.333 0.333 
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Navier’s equation assumed that the shape of a cross section remains unchanged after 

twisting and a plane section remains plane after twisting (i.e., no warping). However, 

laboratory experimental observations for torsional deformation of rectangular section 

indicated warping of cross section occurs after twisting (Hsu 1984). A new method to 

evaluate the torsion in noncircular cross sections was proposed by de Saint-Venant 

(1856). This method is based on a ‘semi-inverse’ method and applies an assumed 

displacement. The equation is also based on the theory of elasticity and is derived a 

simple equation for torque in rectangular cross section (Eq. 2.2): 

𝑇 = 𝛽𝑥3𝑦𝐺𝜃                                                                                                        (Eq. 2.2) 

where x is the width of the member; y is the height of the member; the coefficient β is 

a function of y/x and is also tabulated in Table 1.1; similarly, k is a function of y/x and 

is also tabulated; From the values of y/x in Table 1.1, it is clearly seen that the 

coefficients are applicable for beam sections where the height is higher than the width 

of the member. 

2.4.2. Torsion in plain concrete members  

The St. Venant’s method can be applied to predict the torsional strength of plain 

concrete members (de Saint-Venant 1856). In this approach, it is assumed that 

torsional failure of a plain concrete member occurs when the maximum principal 

tensile stress σmax reached the tensile strength of concrete f’t. The elastic failure torque 

in concrete, Te was derived as Eq. 2.3: 

𝑇𝑒 = 𝛼𝑥2𝑦𝑓𝑡
′                                                                                           (Eq. 2.3) 

where α is St. Venant’s coefficient. The value of α= β/k is presented in table 1.  

This calculation method is still within the elastic range of materials and was proved to 

underestimate the failure strength of a plain concrete beam in torsion. The actual test 
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strength is roughly 50% greater than that calculated by the method. (Young et al. 1922; 

Andersen 1937; Cowan 1951; Humphreys 1957; Zia 1961).   

Nylander suggested that the extra strength may be contributed by plastic property of 

concrete (Nylander 1945) as the concrete may develop plasticity increasing its ultimate 

strength. For this reason, a plastic coefficient αp = (0.5 – x/6y) was proposed to replace 

St. Venant’s coefficient α. The plastic failure torque, Tp, can therefore be expressed: 

𝑇𝑝 = 𝛼𝑝𝑥2𝑦𝑓𝑡
′                                                                                                        (Eq. 2.4) 

The value of plastic coefficient is constantly 50% larger than the St. Venant’s 

coefficient showing that it can roughly account for the extra strength of concrete.  

The plastic theory, however, also has a few problems. The most important one is 

plasticity is not the actual behaviour of concrete. Besides, the theory cannot account 

for size effect. Tests indicated that for small torsional specimens, the calculated plastic 

torques are usually smaller than the test values, whereas the opposite is true for large 

specimens (Hsu 1984). 

2.4.3. Skew Bending Theory for reinforced concrete 

The skew bending concept was first proposed by Lessig (1959). More researchers 

(Collins et al. 1968; Hsu, T. T. C. 1968; Below et al. 1975) further developed the skew 

bending concept to apply this theory to reinforced concrete beams subjected to torsion 

and bending. Below are the assumptions in skew bending theory: 

• Both the longitudinal steel and the stirrups yield at failure i.e., reinforced beam. 

• The tensile strength of the concrete is neglected. 

• The spacing of stirrups is constant within the failure zone 

• No external loads are present within the failure zone 
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• The effect of steel near the compression zone is neglected. 

• The area of the shear-compression zone is rectangular.  

Based on the above assumptions, the failure plane of a reinforced concrete beam in 

torsion was proposed to occur by bending about an axis parallel to the wider face 

(section y) and at an inclination of 45 degrees to the longitudinal axis (see Figure 2.3.  

It can be seen in the Figure 2.3 that half of the failure plane is in tension while the other 

half is in compression due to bending. This approach deduced the below equation to 

calculate the minimal torque, Tc resisted by the beam: 

𝑇𝑐 = (
𝑥2𝑦

3
) 𝑓𝑟                                                                                                        (Eq. 2.5) 

where x and y are the width and depth of the section respectively; fr is the modulus of 

rupture of the concrete (Lessig 1959). Since the modulus of rupture is often not 

available for analysis and design in concrete structures, the compressive strength f’c 

was adopted in the empirical equation for estimating fr. Hence, the torque resisted by 

concrete is expressed as Eq. 2.6: 

𝑇𝑐 = (
2.4

√𝑥
) 𝑥2𝑦√𝑓𝑐

′                                                                                                (Eq. 2.6) 

The above equation is for torsion resistance from the concrete only. However, in 

reinforced concrete, more resistance is from the reinforcement including longitudinal 

steel bars and stirrups. The torsional moment Ts resisted by the reinforcement can be 

expressed as below: 

Ts = √𝑚
𝑓𝑙𝑦

𝑓𝑠𝑦
(1 + 0.2

𝑦1

𝑥1
)

(x1y1Atfsy)

s
                                                                        (Eq. 2.7) 

𝑚 =
2𝐴𝑙̅̅ ̅𝑠

2𝐴𝑡(𝑥1+𝑦1)
                                                                                                      (Eq. 2.8) 
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where x1 = centre-to-centre distance of the longer leg of stirrups; y1 = centre-to-centre 

distance of the shorter leg of stirrups; fly= yield strength of longitudinal reinforcement; 

fsy= yield strength of stirrups; s =spacing of stirrups; At= cross section area of one leg 

of stirrup; Al = cross section area of one longitudinal reinforcement. Thus, Tn = Tc + Ts, 

where Tn is the nominal moment capacity of the section (Lessig 1959). 

 

Figure 2.3. Skew bending failure plane (Hassoun & Al-Manaseer 2020) 

2.4.4. Space Truss Analogy for reinforced concrete 

Space truss analogy was first presented by Rausch (1929) to study the torsional 

behaviour of reinforced concrete structures. This method was further verified with 

extensive experimental works by (Lampert 1971; Lampert & Thürlimann 1972). In the 

space truss analogy, it is assumed that the torsional strength of a reinforced concrete 

rectangular section is derived from the reinforcement and the small amount of concrete 

surrounding the reinforcements. In this case, the reinforced concrete beam is 

simplified as a thin-walled rectangular concrete tube with longitudinal reinforcements 

and stirrups (see Figure 2.4). Analysis of torsional resistance in the tube is aided by 

treating it as a space truss where compression is resisted by the inclined concrete 

struts parallel to the spiral cracks, and the tensile resistance is provided by longitudinal 

bars and stirrups. Although this method underestimates the exact torsional strength of 
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the RC structure due to ignoring the tensile capacity of concrete, it is crucial for 

understanding and calculating the torsional capacity of the whole element (Hsu 1984).   

The torsional resistance T4 provided by the thin-wall tube could be presented as a sum 

of the contributions of the shears in each of the four walls. For the right-side wall, the 

torque due to shear is: 

𝑇4 =
𝑉4𝑥0

2
                                                                                                              (Eq. 2.9) 

where V4 is the shear force in the right-side wall; x0 is the distance of the two most 

outside bottom longitudinal reinforcement bars. 

 

Figure 2.4. Space truss model of a reinforced concrete beam (Darwin et al. 2016) 

The free body analysis of a small proportion of the right-side wall cut by the inclined 

cracks with an angle of θ shows that the shear is contributed by the legs of stirrups cut 

by the torsional crack. Shear is therefore calculated as:  

 𝑉4 =
𝐴𝑡𝑓𝑦𝑡𝑦0

𝑠
cot 𝜃                                                                                                (Eq. 2.10) 

where At is the concrete area enclosed by stirrup; Fyt is the yield strength of 

reinforcement; y0 is shown in Figure 2.4; θ is the inclined crack angle; s is the stirrup 

space. 
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It is easily shown that an identical expression is obtained for each horizontal and 

vertical wall. Thus, summing over all four sides, the nominal torsional capacity Tn of 

the section is: 

𝑇𝑛 = ∑
2𝐴𝑡𝑓𝑦𝑡𝑦0𝑥0

𝑠
cot 𝜃4

𝑖=1                                                                                      (Eq. 2.11) 

 

2.5. Finite Element Method for torsion study in reinforced concrete structures 

The Finite Element Method (FEM) is a highly advanced computational technique 

extensively utilized in engineering for analysing complex structural behaviours by 

applying an array of algorithm to calculate approximate solutions (Sfikas et al. 2018). 

This approach breaks down complex structures into smaller, simpler parts called 

elements. These elements, interconnected at points called nodes, collectively form a 

mesh. The FEM calculates how each element behaves under specified conditions, 

combining these local responses to predict the behaviour of the entire structure. This 

method is particularly effective in analysing complex geometries and material 

behaviours, making it indispensable in engineering and physics. 

In the realm of FEM software, ANSYS and ABAQUS are prominent. ANSYS is lauded 

for its user-friendly interface and wide application range, ideal for both linear and 

moderately non-linear analyses (Lee 2017). However, it might fall short in handling 

highly complex, non-linear problems. ABAQUS, on the other hand, excels in simulating 

complex non-linear behaviours, especially in materials like concrete (ABAQUS 2014). 

Its comprehensive features for modelling concrete cracking, crushing, and detailed 

non-linear material behaviour make it a preferred choice for analysing reinforced 

concrete structures. While it has a steeper learning curve compared to ANSYS, 

ABAQUS's capability to accurately simulate the inelastic behaviour and failure 
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mechanisms of concrete under various conditions is invaluable for researchers, 

explaining its widespread use in this domain. Hence, the study in this thesis prefers 

the FEM in ABQUS for torsional behaviour study of GFRP-RC pontoon decks.   

In ABAQUS, several concrete damage models are available, each with its advantages 

and limitations (ABAQUS 2014). The most used models include the Concrete Damage 

Plasticity (CDP) model, the Brittle Cracking model, and the Smeared Cracking model. 

• Concrete Damage Plasticity (CDP) Model: This model is favoured for its 

ability to simulate both compressive and tensile damage in concrete structures. 

It's particularly effective in representing post-cracking behaviour, making it ideal 

for studies involving complex loading conditions, such as cyclic loading or 

impact. However, it requires detailed input parameters, which can be 

challenging to obtain accurately. 

• Brittle Cracking Model: This model is effective for simulating the cracking 

behaviour of concrete under tensile stress. It's simpler than the CDP model and 

requires fewer parameters. However, its application is limited as it cannot 

effectively represent post-cracking plastic deformation. 

• Smeared Cracking Model: Useful for simulating crack propagation in 

concrete, this model spreads cracks over a wider area ('smearing' them), which 

can be advantageous for certain types of structural analysis. However, it may 

not be as accurate in predicting local crack behaviours and is less suitable for 

detailed crack analysis. 

The Concrete Damage Plasticity (CDP) model is particularly suitable for studying the 

torsional behaviour of GFRP-RC pontoon decks due to its ability to accurately simulate 

both the compressive and tensile behaviour of concrete. This model effectively 
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captures the nonlinear response of concrete under complex loading conditions, such 

as torsion experienced by pontoon decks in marine environments. It can account for 

the gradual degradation of material properties, which is crucial in understanding the 

torsional response and potential failure mechanisms of such structures. The 

comprehensive nature of the CDP model allows for a more realistic and detailed 

analysis, making it a preferred choice for this specific application. 

Some researchers have used FEM in the study of torsional behaviour of reinforced 

concrete structures. Although they are not carried out on the GFRP-RC decks, they 

provide guidance for applying FEM in the torsional behaviour of this structure. Broo et 

al. (2005) have implemented FEM to numerically analyse the torsional behaviour of 

prestressed hollow core units. The modelling procedure utilized torsional stiffness of 

the specimen and bond-slip relationship between strands and concrete obtained from 

practical experiment to manually define material characteristics. The numerical study 

successfully predicted the crack patterns and failure mechanism of hollow core unit 

with different thickness and void shapes. In another numerical study, Cao et al. (2020) 

analysed the behaviour of steel reinforced concrete columns under combined torsion. 

The authors highlighted the importance of formulating the constitutive relationship of 

reinforcement and concrete to reliably predict the torsional behaviour of concrete 

structures. Similar material characterization was done by Zhou et al. (2019) to model 

the behaviour of prestressed composite box girders with corrugated steel webs under 

pure torsion. ABAQUS has the flexibilities in customizing material’s properties and 

constitutive models which are crucial for the accuracy of numerical modelling 

composite materials. For example, Raza et al. (2021) implemented finite element 

analysis about compressive behaviour of polypropylene macro synthetic fibre - 

reinforced  concrete (MSFRC) columns with GFRP reinforcement in ABAQUS. They 
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manually defined elastic modules, Poisson’s ratios, stress-strain relations (see Fig 2.5) 

as well as interface connection for the concrete and GFRP materials. On the other 

hand, Mondal and Prakash (2016) indicated that the bond-slip between bars and the 

concrete can be neglected as it will have an insignificant difference between the FEM 

simulation and experimentally observed behaviour of RC columns under torsion. In 

conclusion, FEM in ABAQUS is a powerful tool for torsional behaviour simulation of 

reinforced concrete structures, but not enough practices have been done to GFRP-

RC pontoon decks.  

 

Figure 2.5. Stress- strain performance of MSFRC a) under compression, b) under 
tension; c) linear elastic performance of GFRP bar (Raza et al. 2021) 

2.6. Research gap 

The review of related literature highlighted the complex behaviour of reinforced 

concrete structures under torsional loads. While a few researchers have investigated 

the torsional behaviour of steel-reinforced concrete structures, investigations on 

GFRP-reinforced concrete structures are limited to beams. With the increasing interest 

in the use of GFRP bars for precast concrete decks in floating modules, a systematic 

understanding the torsional behaviour is required for their effective and safe design. 

Based on the review of literature, the following research gaps are identified. 

• Torsional behaviour in steel reinforced concrete structures has been 

extensively studied, however, due to the different material property of GFRP 
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bar and the lack of data of torsional behaviour in decks, a thorough examination 

of GFRP-RC decks is required.  

• Edge cut outs significantly reduced the strength and stiffness of reinforced 

concrete structures. The adverse effects in bending and shear strength in 

concrete structures with cut outs can be enhanced by strengthening with FRP 

composites in the corners of the cut out. However, the adverse effect of cutout 

and the enhancement provided by the FRP for the cutout have not been 

confirmed in the torsional behaviour of GFRP-RC decks.  

• There are many design parameters related to the torsional behaviour of 

reinforced concrete structures. Concrete strength, reinforcement configuration, 

bar diameter and rotation direction have different influences on each stage of 

the RC structure’s torsional response. However, their influence on the torsional 

behaviour of GFRP-RC decks with a cutout is still unexplored. 

• There are limited understanding and insufficient design criteria to reliably 

predict the first crack torque, torsional stiffness and ultimate torsional strength 

for GFRP reinforced concrete pontoon deck without shear reinforcement. 

Similarly, torsion equations available are for beams and not for decks. It is 

important therefore to establish an equation that can reliably describe the 

overall behaviour of GFRP-reinforced concrete pontoon decks under torsion. 
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CHAPTER 3: PAPER 1 – TORSIONAL BEHAVIOUR OF 

GFRP-REINFORCED CONCRETE PONTOON DECKS WITH 

AND WITHOUT AN EDGE CUTOUT 

3.1. Introduction 

Chapter 2 highlighted that concrete structures in coastal environments, traditionally 

reinforced with steel, are susceptible to corrosion, leading to considerable safety risks 

and costly repairs. Fibre - reinforced  polymer (FRP), especially glass fibre-reinforced 

polymer (GFRP), has gained prominence as an effective alternative. Offering high 

strength, lightweight, durability, and resistance to corrosion, GFRP holds significant 

potential for marine infrastructure. However, its mechanical properties differ markedly 

from steel, necessitating careful adaptation in structural applications. 

The research on the torsional behaviour of GFRP-reinforced concrete, particularly in 

coastal structures like pontoons subjected to pure torsion from wave actions, is still in 

its emerging stages. This gap identified in Chapter 2 is notable in international design 

guidelines, where specific provisions for the torsional design of pontoon decks are 

lacking due to limited studies. The study in Chapter 3 contributes to bridging this 

knowledge gap by experimentally exploring the torsional behaviour of GFRP-

reinforced concrete pontoon decks, focusing on factors like edge cutout, reinforcement 

distribution, and rotation direction. Five large-scale GFRP-reinforced concrete 

pontoon decks, both with and without cutout, were subjected to rigorous testing using 

a specially designed torsion test setup complemented by digital image correlation 

technique. Design equations either found from literature or established by the authors 

were verified with experimental data collected. The results and analysis are 

comprehensively presented in Chapter 3. 



This article cannot be displayed due to copyright restrictions. See the article link in the Related 
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3.3. Links and implications 

The study presented in Chapter 3 has shed light on the significant influence of edge 

cutout, reinforcement distribution, and rotation direction on the torsional behaviour of 

GFRP-RC pontoon decks. It was observed that edge cutout notably reduces the 

torsional capacity throughout the different phases of the decks' behaviour. While 

double-layer reinforcement distribution was found to enhance post-cracking torsional 

rigidity, it did not significantly impact pre-cracking behaviour and cracking torque. 

Furthermore, the rotation direction did not emerge as a critical factor influencing the 

deck’s torsional behaviour. The research also led to the development of equations for 

estimating cracking torque and post-cracking torsional rigidity. 

Further research is needed to build upon these findings. Studies implemented and 

presented in Chapter 4 focus on devising and testing methods to optimize the design 

of edge cutout, particularly evaluating their effects on decks with both single-layer and 

double-layer mesh reinforcements. Additionally, to validate and refine the established 

equations, there is a need for more comprehensive data encompassing various 

reinforcement designs, which was evaluated in Chapter 5. This broader dataset will 

not only test the robustness of the existing predictive models but also enhance the 

reliability of their predictions. Such research endeavours will contribute significantly to 

the understanding and improvement of GFRP-RC pontoon decks, particularly in 

optimizing their design and performance in marine environments. 
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CHAPTER 4: PAPER 2 – TORSIONAL BEHAVIOUR OF 

GFRP-RC PONTOON DECKS WITH AN EDGE CUTOUT 

AND DIAGONAL REINFORCEMENTS 

4.1. Introduction 

Maritime structures such as pontoon decks frequently face torsional stress from 

uneven wave impacts, leading to concrete cracks and corrosion in traditional steel 

reinforcements. Chapter 3 introduces GFRP-RC pontoon decks as a solution to 

combat corrosion, showing their torsional performance is comparable to that of steel-

reinforced decks. The chapter, however, identifies a reduction in performance due to 

cutout under torsional load, highlighting the need for better reinforcement strategies. 

Additionally, it points out the necessity for more experimental data to validate the 

established equations for torsional behaviour. 

Expanding on these findings, Chapter 4 applies the pure torsion test to a broader 

range of GFRP-RC pontoon decks, exploring a variety of design parameters such as 

embedded diagonal reinforcement around the cutout, bar arrangement, and grid 

spacing. These design elements have been shown to potentially enhance the 

structural performance of GFRP-RC decks in other research, though their impact on 

torsional performance has not been extensively studied. This chapter analyses how 

these new design factors affect pre-cracking and post-cracking torsional rigidity, 

cracking torque, and failure mechanisms, thereby contributing to more effective 

torsional design strategies for GFRP-RC pontoon deck with an edge cutout. The 

collected data are further utilized to enhance the accuracy and reliability of the 

previously established predictive equations, ensuring a more precise assessment of 

torsional behaviour. 
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4.2. Submitted paper and under review 
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4.3. Links and implications 

Chapter 4 presents an experimental analysis on the impact of diagonal bars, bar 

arrangement, and reinforcement grid spacing on the torsional behaviour of GFRP-RC 

pontoon decks. The study revealed that integrating two sets of diagonal bars with 

double-layer mesh significantly improves the pre-cracking torsional behaviour. 

Additionally, it was found that decks with dense reinforcement grids notably enhance 

post-cracking torsional rigidity. This combination of diagonal bars, double-layer mesh, 

and dense grid spacing effectively aligns the performance of GFRP-RC decks with 

double-layer reinforced solid decks across all torsional response stages. The 

experiments also affirm the accuracy of the ACI 318-19 equation for predicting 

cracking torque, particularly when accounting for the diagonal bars' ability to mitigate 

the cutout's reduction effects and validate the methodology for estimating post-

cracking torsional rigidity. 

Despite these insights, the experimental approach proved costly in terms of time and 

resources and was constrained by lab conditions. To overcome these limitations, 

employing Finite Element Methods (FEM) such as ABAQUS could provide detailed 

customization in loading schemes, boundary conditions, and material properties. The 

research presented in the next chapter (Chapter 5) expands to include a broader range 

of design parameters like concrete strength, cutout geometry, and reinforcement 

strategies, ensuring these factors are adequately incorporated into the predictive 

equations. This approach will enable a more comprehensive understanding of the 

torsional behaviour of GFRP-RC pontoon decks with cutout, leading to improved 

design and construction guidelines for practical engineers. 
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CHAPTER 5: PAPER 3 – TORSIONAL BEHAVIOUR IN 

GFRP-RC PONTOON DECKS WITH EDGE CUTOUT - 

STUDY OF CRITICAL DESIGN PARAMETERS 

5.1. Introduction 

Chapters 3 and 4 implemented extensive experimental methods to analyse the 

torsional behaviour of GFRP-RC pontoon decks with an edge cutout, evaluating the 

effects of cutout, diagonal bar, bar arrangement, rotation direction, and reinforcement 

grid space. While these chapters provided a general understanding of the novel 

design's torsional performance, the critical design parameters for resisting torsional 

loading remained unclear due to limitations in experimental resources and time. To 

address this, Chapter 5 employed Finite Element Method (FEM) using ABAQUS 

software, facilitating an intensive parametric study with satisfactory accuracy and 

reliability. This approach involved developing 27 FE models using the Concrete 

Damage Plasticity (CDP) model which can be easily deviated from concrete 

compressive strength. These models were calibrated against experimental data to 

accurately reflect the decks’ detailed torsional behaviour, including torque-twist 

response, stress distribution, and crack propagation. The study extended to 

parameters previously examined in other GFRP-RC structures, like concrete 

compressive strength, cutout geometry, cutout reinforcement distribution, bar 

diameter, and reinforcement spacing, but not specifically in the context of torsional 

behaviour of GFRP-RC decks with cutout. Chapter 5 also established and validated 

equations for cracking torque and pre-cracking torsional rigidity, enhancing the 

understanding of critical design aspects for GFRP-RC pontoon decks. The chapter 

comprehensively documents the modelling methodology and presents the results.  
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5.3. Links and implications 

Study in Chapter 5 conducted a comprehensive finite element (FE) analysis of the 

torsional behaviour of GFRP-RC decks, focusing on key design parameters like 

concrete compressive strength, cutout geometry, reinforcement distribution, bar 

diameter, and reinforcement spacing. The study found that the pre-cracking torsional 

behaviour is heavily influenced by concrete compressive strength, which also 

significantly affects the cracking torque. Interestingly, the cutout geometry did not 

impact the pre-cracking behaviour, with cracking in decks with various cutout shapes 

consistently initiating at edge of the cutout and progressing to the opposite end. Decks 

with more than four sets of diagonal bars, large bar diameters, and dense 

reinforcement spacing showed improved post-cracking rigidity and narrower cracks. 

Additionally, equations proposed in the study can reliably predict pre-cracking torsional 

strength and rigidity, taking into account the decks' concrete strength and geometric 

properties.  

The FE simulation results closely match the actual torsional behaviour of GFRP-RC 

decks. Future studies are suggested to investigate other vital parameters like cutout 

dimensions and locations, aiming to refine the model’s precision in evaluating the 

impact of cutout on cracking torque and to deepen understanding of the torsional 

capacity of GFRP-RC pontoon deck with an edge cutout. The significant findings from 

this chapter as well as Chapters 3 and 4 are highlighted in the Conclusion section. 
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CHAPTER 6: CONCLUSION 

The use of GFRP reinforcement in reinforced concrete pontoon decks is recognized 

as an effective corrosion-resistant solution in marine environments. However, 

understanding their structural performance under torsional stress from wave action 

remains unclear in the engineering field. This thesis has comprehensively examined 

the torsional behaviour of GFRP-RC pontoon decks, both with and without edge 

cutout, through a combination of experimental and numerical methods. Large-scale 

specimens were rigorously tested in a custom-designed torsion setup, integrated with 

digital image correlation techniques. This approach facilitated a detailed investigation 

of the effects of cutout, reinforcement distribution, diagonal reinforcements around 

cutout, and grid spacing on the decks’ torsional rigidity pre- and post-cracking, 

cracking torque, failure mechanisms, and post-cracking strength. The research further 

expanded into the numerical realm, where 27 variable finite element models were 

created and analysed using an adjusted Concrete Damaged Plasticity (CDP) model in 

ABAQUS. These models, closely calibrated with experimental data, showed excellent 

alignment with real-world scenarios, enhancing the reliability of the findings. This 

modelling phase allowed for a thorough exploration of factors such as concrete 

compressive strength, cutout geometry, and reinforcement configuration, significantly 

enriching the understanding of their impact on GFRP-RC decks' torsional behaviour. 

Additionally, this study successfully developed equations for accurately estimating 

pre- and post-cracking torsional rigidity and cracking torque. These equations consider 

the role of GFRP reinforcement and the reduction effect of cutout, contributing 

valuable predictive tools for future design and analysis. The study yielded insightful 

and high-quality results, which are meticulously summarized and detailed in the 
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subsequent sections, marking a significant advancement in the field of marine 

structural engineering. 

6.1. Torsional behaviour of GFRP-reinforced concrete pontoon decks with and 

without an edge cutout 

This study experimentally examined the torsional behaviour of GFRP-reinforced 

concrete pontoon decks, with a focus on the influences of edge cutout, reinforcement-

bar distribution, and rotation direction. A novel design equation was also formulated to 

characterize the post-cracking torsional behaviour of these decks. Key findings from 

this research include: 

• Bar configuration played a pivotal role in the failure behaviour of the pontoon 

decks under torsion. Decks with double-layer reinforcement exhibited 

remarkable resilience, showing no failure signs up to the maximum torque. 

Conversely, single-layer reinforced decks were prone to excessive cracks and 

large torsional deformation. Decks featuring an edge cutout typically failed due 

to shear cracks originating at the cutout corner. 

• The direction of rotation significantly influenced the cracking pattern and stress 

distribution, particularly affecting pre-cracking torsional rigidity by up to 17%, 

depending on the deck's continuity. However, it had no impact on cracking 

torque or post-cracking behaviour. 

• The reinforcement distribution did not considerably affect initial cracking 

strength or pre-cracking rigidity. It was however crucial in the post-cracking 

stage. Double-layer reinforcement led to slower crack growth and increased 

torsional rigidity, with enhanced performance observed in both decks with and 

without edge cutout. 
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• The presence of edge cutout resulted in a reduction of cracking torque by about 

17%, attributable to the reduced effective width and concentrated stress at the 

cutout corners. Additionally, decks with double-layer reinforcement and a cutout 

showed lower pre-cracking rigidity due to the reduction in the torsional constant. 

• The ACI 318-19 equation provided conservative yet effective predictions for 

cracking torque, while the proposed method focusing solely on the GFRP bars' 

contribution accurately estimated post-cracking torsional rigidity. 

It is important to note that these conclusions are based on the specific specimens and 

failure modes observed in this study. Further research involving larger datasets is 

recommended to develop a more comprehensive prediction equation, which could 

reliably guide the design and engineering of GFRP-reinforced concrete structures in 

practical applications. 

6.2. Torsional behaviour of GFRP-RC pontoon decks with an edge cutout and 

diagonal reinforcement 

This study details the key findings from pure torsion tests on GFRP-RC pontoon decks 

with edge cutout, focusing on various GFRP bar arrangements, diagonal bars, and 

grid spacing. The experimental observations and analysis of test results led to several 

conclusions: 

• Edge cutout induced concentrated stress, causing decks to fail shortly after 

initial cracking due to extensive cracks or concrete crumbling. However, decks 

with double-layered reinforcement, diagonal bars, and dense grid spacing 

exhibited significantly enhanced torsional capacity, withstanding maximum load 

strokes without failure. 
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• Diagonal bars improved pre-cracking torsional behaviour, but their impact post-

cracking was minimal. When combined with double-layer reinforcement, 

diagonal bars increased pre-cracking torsional rigidity by 26%, effectively 

bridging crack openings and restraining shear crack expansion. 

• Decks with double-layered reinforcement demonstrated up to 100% stronger 

post-cracking torsional rigidity compared to single-layer reinforced decks. This 

improvement was due to the increased vertical distance of bars from the cross-

section centroid, resulting in a higher torsional constant. 

• Denser grid spacing bolstered post-cracking torsional behaviour and crack 

control, attributed to a greater number of continuous longitudinal bars providing 

additional torsional resistance and limiting crack expansion. 

• Densely reinforced decks with double diagonal bars matched the torsional 

performance of double layer reinforced solid decks within the tested 

deformation range. However, their ultimate torsional capacity was lower, as the 

edge cutout induced high stress levels not fully mitigated by the diagonal bars 

and denser reinforcement. 

• The ACI 318-19 equation accurately predicted deck cracking torque with a 12% 

standard deviation, considering the offsetting effect of diagonal bars on edge 

cutout influence. Additionally, a new method to predict post-cracking behaviour, 

including torsional rigidity and failure, was introduced, considering 

reinforcement specifics. 

Future research should explore other parameters affecting the torsional design of 

GFRP-RC planks. Given the time and safety constraints of physical experiments, 

numerical modelling like FEA in Abaqus presents a viable alternative. Further 
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theoretical work is also needed to predict the ultimate torsional capacity for GFRP-RC 

planks without enclosed shear reinforcement, providing practical design guidance. 

6.3. Study of critical design parameters on the torsional behaviour in GFRP-RC 

pontoon decks with edge cutout  

A comprehensive finite element (FE) analysis of the torsional behaviour of GFRP-RC 

decks was implemented, delving into the impact of key design parameters like 

concrete compressive strength, cutout geometry, reinforcement distribution, bar 

diameter, and reinforcement spacing. The FE model was rigorously validated against 

experimental results from large-scale GFRP-RC deck tests. From the gathered data, 

several conclusions can be highlighted: 

• Concrete compressive strength significantly influences the pre-cracking 

torsional behaviour of GFRP-RC decks, with higher strength leading to 

increased initial and pre-cracking torsional rigidity and cracking torque. The 

GFRP bars also play a role in determining the cracking torque. 

• Cutout geometry does not affect the pre-cracking torsional behaviour. 

Regardless of the cutout shape (chamfer, fillet, or half-round), cracking 

consistently initiates at the edge of the top surface near the cutout and 

progresses towards the fixed end. 

• While GFRP reinforcements, including diagonal bars, larger bar diameters, and 

dense reinforcement spacing, have a minor impact on the initial cracking 

torque, they significantly contribute to post-cracking behaviour. Configurations 

with more than four sets of diagonal bars, larger bar diameters, and dense 

reinforcement spacing enhance the post-cracking torsional rigidity and result in 

narrower cracks after cracking. 
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• The developed equations can effectively predict the pre-cracking torsional 

strength and rigidity of GFRP-RC decks by considering concrete compressive 

strength and deck geometry. 

The accuracy of the FE simulations has been confirmed through comparison with 

actual GFRP-RC deck torsional behaviour. Future studies are recommended to 

investigate other critical design aspects, such as the size and placement of cutout. 

These investigations aim to refine the model's accuracy in depicting the impact of 

cutout on cracking torque and to offer a deeper understanding of the torsional capacity 

of GFRP-RC decks. 
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APPENDIX A: REVIEW OF TORSION TEST SETUP 

A.1.1. Torsion test setup for beams 

Fang and Shiau (2004) develop a test set-up (Figure. 8.1) to evaluate the torsion 

behaviour of concrete beams, which have been adapted by a number of researchers 

(Fang & Shiau 2004; Chiu et al. 2007; Okay & Engin 2012; Jeng et al. 2014; Joh et al. 

2019; Ibrahim et al. 2020). The torsion test setup eliminates the frictional resistance 

by using a spherical seat under the fixed beam end. Meanwhile, the rollers beneath 

the two beam supports allowed the beam to move and elongate freely when deformed. 

This setup was designed to ensure that the RC beam is subject to pure torsion. 

However, the free moving roller bars can dramatically increase the difficulty of 

maintaining the specimen in a fixed position.   

 

Figure A.1. Schematic torsion test setup for beam (Chiu et al. 2007) 

A.1.2. Torsion test setup for reinforced square slab 

Lopes, Lopes & do Carmo (2014) tested reinforced square slab under pure torsion by 

using the test setup shown in Figure A.2. In this test set-up, four corners of the slab 

are simply supported before testing. Torsion load is simulated by loading on one of the 

corners downward while the opposite corner’s upward vertical movement was 

constrained. This is a relatively simple design which can easily be set in most 
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laboratories, but it is not suitable for large scale concrete pontoon decks since it could 

not diminish the stress reduction effect caused by the planks’ self-weight.       

 

Figure A.2. Torsion test setup for reinforced square slab (Lopes et al. 2014) 

A.1.3. Torsion test setup for hollow concrete slabs 

Derkowkis & Surma (2015) introduced a pure torsion test for hollow concrete slabs in 

Figure A.3. In this test set-up, two special supports were designed to allow the two 

ends of the slab to move as a rigid body without additional restrictions. The active end 

allowed the plank to rotate around a longitudinal axis below the plank and slightly 

rotate around the axis perpendicular to the active end. Vertical, lateral and longitudinal 

movements were all restricted in the active end. On the other hand, the passive end 

constrained the vertical movement and rotation about the longitudinal axis of the plank. 

Torsion in the plank was achieved by loading eccentrically on active end. This torsion 

test setup is adapted to evaluate the torsion behaviour of concrete planks reinforced 

with GFRP bars. Detailed information of the developed test set-up will be provided in 

the materials and method section. 
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Figure A.3. Torsion test setup for hollow concrete plank (Pajari 2004; Derkowski & 
Surma 2015) 
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APPENDIX B: CONFERENCE PAPER AND RELATED 

PUBLICATIONS 

B1.1. Concrete 2023, the Biennial Conference hosted by the Concrete Institute 

of Australia 
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B1.2. Journal of Structure, Flexural behaviour of GFRP-reinforced concrete 

pontoon decks under static four-point and uniform loads 
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B1.3. Journal of Structure, Development and mechanical performance 

evaluation of a GFRP-reinforced concrete boat-approach slab. 
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