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Abstract 

Cracking of concrete members adversely affects both their structural behaviour 

and the durability. One of the ways to resist as well as reduce crack growth at 

different stages of loading is to introduce a variety of fibres randomly into the 

concrete mix at the time of manufacturing these structural members. Fibre-

reinforced concrete (FRC) has been increasingly used in construction for several 

decades to reduce crack growth by incorporating one or two types of fibre in 

reinforced concrete elements under different types of load. Hybrid fibre system 

can, through their different lengths and constitution, help control the propagation 

of cracks in both the short and long term loadings and at both the micro and 

macro scales. Previous studies to reduce crack growth in reinforced concrete 

elements have been carried out by incorporating one or two types of fibre in 

concrete and under the static, cyclic / fatigue and sustained loadings. This study 

investigates the synergistic effects of hybrid fibre systems, combining micro and 

macro polypropylene fibres with steel fibres, to reduce both micro- and macro-

cracking and hence enhance the performance of reinforced concrete (RC) beams 

subjected to static, repeated and sustained loadings.  

The experimental programme involved casting and testing 41 short 

prismatic (100x100x500 mm) beams (0.5 m long) and twelve long 

(150x300x4200 mm) reinforced concrete beams (4.2 m long). The beams were 

split into two groups and each group was subjected to a different loading scenario 

(static and repeated for small prisms and static, repeated and sustained loadings 

for full-scale beams). Analysis of load-displacement curves, the width and 

spacing of cracks, crack distribution, and failure mode were used to evaluate the 

behaviour of the beams. Furthermore, this research utilised finite element 

analysis to verify the load deflection and cracking in experimental findings and 

obtain a deeper understanding of the flexural behaviour of the beams in terms of 

maximum load, deflection and cracking. FE models satisfactory match the 

experimental tests in terms of load-displacement curves under static and 

repeated loadings, hence they were acceptable to be utilised to conduct the 

parametric studies. 
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From the analysis of the experimental data, it has been found that the 

hybrid fibre system lowered the number of cracks, decreased the deflection, 

reduced the strain in the steel reinforcement bars and reduced the crack width. 

The beams, when taken to failure, also exhibited a more ductile failure under all 

loading conditions. The test results indicated that the addition of different types 

of fibre and different volume fractions resulted in higher compressive and splitting 

tensile concrete strengths. According to the test data obtained from this research, 

it was found that the hybrid fibre system comprising micro and macro 

polypropylene fibres along with steel fibres considerably improved the behaviour 

of concrete beams by enhancing their stiffness in the post cracking stage and, 

consequently, restricting the crack openings and deformations.  

The inclusion of more than two different fibre types, especially the 

combination of steel, micro and macro polypropylene fibres, demonstrated a 

pronounced positive hybrid effect and suggest that the effect of hybrid fibres is 

very important to provide crack resistance at different scales/levels compared to 

the incorporation of a single fibre. In addition to what already established with the 

addition of steel or/and polypropylene fibre, this research has established the 

synergistic effect of the combination of steel, micro and macro polypropylene fibre 

and highlights that the inclusion of this combination in concrete results in superior 

performance and outweigh the using of single type of fibre even though the cost 

is higher.  

This combination of fibres positively influence post-cracking behaviour, 

demonstrate a higher maximum load, maintain higher stiffness, and exhibit 

smaller reductions in stiffness compared to other fibre types. Additionally, the 

combination of steel, micro and macro polypropylene fibres in the hybrid system 

helps mitigate crack propagation, indicating a positive synergy effect and 

improved crack resistance, particularly under higher stress levels. These results 

represent a notable advancement compared to previous knowledge in the field. 

The outcome of this research indicated the need for further research on the effect 

of this combination on long-term sustained loads and lower stress cyclic loads. 

 The findings can be utilised to improve the design and evaluation of fibre-

reinforced concrete structures subjected to static, repeated and sustained 

loadings. 
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Chapter 1  

Introduction  

1.1 Research rationale 

Reinforced concrete (RC) structures are subjected to cyclic loading during their 

service life; for instance, due to wind, vibration from machines, earthquakes, the 

traffic on highway structures and pedestrian footfall. Fatigue problems may arise 

when concrete structures such as bridges, airport pavements and highway 

pavements are subjected to repetitive loading during their service lives. The 

response of structures to dynamic loading conditions varies from their response 

under static loads. Due to the cyclic nature of loadings (fatigue/repeated) that 

structure members endure during actual usage, designers face the challenge of 

estimating fatigue life and its impact on the mechanical behaviour of the 

structures. Consequently, fatigue testing generally provides more reliable data 

compared to standard static loading tests in terms of predicting the operational 

lifespan of bridge structures. Estimating the fatigue life span is considered to be 

one of the most significant aspects in designing RC structures (Mohamadi et al., 

2013). Cyclic loading initiates and propagates cracks in the material (Jiang et al., 

2018). Cracking plays an essential role in compromising the structural 

performance and the durability of concrete structures.  

Cracking is a visible indication of forces that exceed concrete's ability to 

resist either tension or compression. Concrete is a tension-weak construction 

material with a low strain capacity, hence is prone to cracking. The occurrence of 

cracks in concrete structures can be classified into two primary categories based 

on the underlying causes and the time of their appearance. These categories are 

known as structural cracks and non-structural cracks, as reported by Neville and 

Brooks (1985). Structural cracks emerge primarily due to tensile stresses within 

the concrete, resulting from applied loads or foundation movements. Generally, 

these cracks manifest after the concrete has undergone the hardening process. 

On the other hand, non-structural cracks can manifest both before and after the 

concrete has hardened. Cracks that appear before hardening often arise from 

settlement within the concrete mass, known as plastic settlement cracks, or from 
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the shrinkage of the surface, referred to as plastic shrinkage cracks. Conversely, 

cracks that develop after hardening can be attributed to various factors, including 

drying shrinkage and corrosion of reinforcement. Consequently, concrete is 

susceptible to cracking, in both the short-term, due to plastic shrinkage and the 

restraint of imposed strains and in the long-term, due to applied loading and 

degradation resulting from durability issues. To improve the cracking observed at 

the serviceability limit state and, hence, help control deflection and provide 

greater resistance to problems resulting from durability issues, traditional steel 

reinforced concrete can be strengthened with a variety of randomly distributed 

fibres in the concrete mix. When they are used in structural concrete, they will 

resist and reduce the crack growth at different stages of loading. Previous studies 

have indicated that the introduction of fibres in concrete can effectively prevent 

or control the formation, spreading, and merging of cracks when the material is 

under load (Guo et al., 2021). That is, the addition of fibres helps to minimise the 

risk of brittle failure and enhance the overall strength of the concrete (Guo et al., 

2021). The control of cracking at the serviceability limit state is one of the main 

reasons for using fibre reinforced concrete (Tailhan et al., 2015).   

Fibre reinforced concrete (FRC) offers numerous advantages over 

traditional RC, such as reducing the width and number of cracks, enhancing 

shear and flexural strengths, increasing ductility and reducing deflection (Kang et 

al., 2011). Further, the presence of discrete fibres enhances fracture toughness 

and fatigue resistance (Mobasher et al., 2015). FRC is commonly used to 

enhance the serviceability of concrete and improve its fatigue resistance (Juárez 

et al., 2007; Cucchiara et al., 2004; Hassanpour et al., 2012). Furthermore, 

considering that concrete is a composite material characterised by multiple 

phases and heterogeneous structure, introducing the appropriate fibre type into 

concrete holds the potential to enhance its performance at specific phases, 

including the plastic, hardening and curing phases as well as at different structural 

levels (Guo et al., 2021). The efficiency of these fibres within the matrix depends 

on their material composition, geometrical characteristics (such as cross-

sectional shape, length, longitudinal profile and diameter) and the quantity 

incorporated. These factors significantly influence how effectively the fibres 

enhance the properties, such as tensile strength, dynamic parameters and 

toughness of the composite material (PajŃk and Ponikiewski, 2017). It is 
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important to note that the effectiveness of a single type of fibre is limited to a 

specific range of cracks. In general, the utilisation of a single fibre can offer 

reinforcement at a specific scale or level, which refers to a particular size or 

dimension at the micro or macro levels, but it becomes challenging to provide 

crack resistance at other scales or levels, which the reinforcement properties of 

the single fibre might not extend well to other size ranges or dimensions (Ahmad 

et al., 2021). Micro fibres act as bridges, inhibiting the formation of micro-cracks, 

whereas longer fibres are more efficient at halting macro-cracks. However, by 

combining fibres of various lengths or types (known commonly as hybrid fibres), 

a synergistic effect can be achieved, leading to a significant improvement in 

tensile parameters (PajŃk and Ponikiewski, 2017). Hence, the exploration of 

combining diverse fibre types to substantially enhance the overall concrete 

performance is a promising area for investigation (Guo et al., 2021). 

Hybrid fibres are where more than one type of fibre is used. The use of hybrid 

fibres, which involves the combination of multiple fibre types, has gained 

considerable attention in the field of concrete reinforcement. The mix design for 

incorporating hybrid fibres primarily takes into account two aspects: first, 

considering the crack resistance mechanisms offered by different types of fibres; 

and second, aiming to achieve economic efficiency by determining the 

appropriate fibre volume ratio while considering the performance improvement 

(Wu et al., 2022). The ductility and strength of concrete are enhanced by the 

hybridisation of different types of fibres, while incorporating different types of 

fibres of varying lengths helps to control the propagation of micro and macro-

cracks (Yang, 2011). Well-designed hybrid composites exhibit a positive 

interaction between the fibres, resulting in improved performances than the sum 

of individual fibreôs performance (Abou El-Mal et al., 2015). This positive 

interaction between fibres plays an important role in enhancing the overall 

mechanical properties and durability of concrete. The combined effects of hybrid 

fibres result in improved properties through advantageous reinforcement 

mechanisms at various scales. Understanding the behaviour and characteristics 

of hybrid fibres is important for advancing the knowledge and application of hybrid 

fibre-reinforced concrete. 

Previous studies to reduce crack growth in reinforced concrete elements 

have been carried out by incorporating one or two types of fibre in concrete and 
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under the static, cyclic/fatigue and sustained loadings. To the authors' best 

knowledge, none of the previous studies was carried out to determine the 

influence of hybrid fibre reinforcement containing steel fibres and both micro and 

macro polypropylene fibres on the flexural performance of concrete beams under 

static, sustained and repeated loadings. Incorporating hybrid steel and 

polypropylene fibres improves the flexural performance and provide the most 

suitable combination for hybrid fibres. The influence of combining micro and 

macro polypropylene fibres with steel fibres on the serviceability of concrete 

remains inadequately investigated and discussed. Concrete manufactured using 

different types of fibres may exhibit distinct cracking behaviours, which can have 

varying effects on the overall performance of the concrete. Therefore, this study 

intends to investigate experimentally how hybrid fibre systems (combination of 

micro and macro polypropylene fibres with steel fibres) can enhance the 

performance of RC beams subjected to both static, sustained and cyclic loadings 

by restricting the development of micro-cracks and macro-cracks. In addition, this 

study employed both finite element analysis to validate the experimental results 

and gain insights into the flexural performance of the beams. These analyses 

provide valuable information that can be utilised to predict the load-deflection 

behaviour of full-scale beams. 

1.2 Aims and Objectives 

This research aims to investigate the influence of hybrid fibre reinforcement on 

the flexural performance of concrete beams under static, sustained and cyclic 

loadings. The outcome of this research would provide a better understanding of 

the role of hybrid micro and macro polypropylene with steel fibres in preventing 

the detrimental effects of different types of load on cracking.  

The following objectives are considered in order to achieve the aim of this 

project:  

1. To concisely review previous studies and explain the rationale for this 

research. 

2. To examine the influence of incorporating the hybrid fibre system on the 

strength characteristics of concrete, including the shrinkage and creep, by 

focusing on the following aspects: 
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¶ Mechanical properties. 

¶ Flexural strength for the prisms.  

¶ Repeated tests for the prisms. 

¶ Time-dependent effects such as shrinkage, both compressive and tensile 

creep and loss of tension stiffening. 

3. To assess how hybrid fibre reinforcement (micro and macro polypropylene 

fibres combined with macro steel fibres) can restrict the development of micro 

and macro cracks in full-scale RC elements subjected to static, repeated and 

sustained loadings.   

3. To measure the width and spacing of cracks in full-scale RC flexural members 

with and without fibres and comparing them with code predictions.  

4. To investigate the effect of hybrid fibres on cracking load, stiffness, toughness, 

peak load, deflection and crack width of small prisms and full-scale beams.  

5. To conduct Finite Element Analysis (FEA) validation against the experimental 

findings.    

6. After confirming the reliability of the FEA models, to carry out further FEA 

parametric investigations for further examination on predicting the flexural 

behaviour of full-scale beams. 

1.3 Scope of the Research 

Several experiments were conducted to study how a hybrid fibre system, 

consisting of steel fibre along with micro and macro polypropylene (PP) fibres, 

influenced the flexural behaviour of fibre-reinforced concrete (FRC) beams under 

different load conditions, including static, repeated, and sustained loads. The full-

scale beams were reinforced with steel reinforcement bars, while the prisms were 

not reinforced with steel bars.  

The research conducted in this PhD thesis involves a comprehensive 

investigation of the flexural behaviour of full-scale beams, particularly focusing on 

the effects of incorporating fibres into concrete. To validate these results, a 

numerical analysis was performed using the FEA with Abaqus software (Dassault 

Systemes, 2014). The simulation aims to replicate both static and repeated 

loadings in four-point bending conditions, comparing beams with and without 

fibres at different fibre volume fractions. 
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The anticipated results and conclusions drawn from this study could be 

valuable in the development of design guidelines, potentially leading to an 

increased utilisation of hybrid fibre concrete (HyFC) and hybrid fibre reinforced 

concrete (HyFRC) in diverse structural applications. 

1.4 Thesis structure 

To better comprehend this research topic and achieve the aims and objectives, 

this thesis is structured in the following chapters: 

Chapter 1: Introduction 

This chapter provides background information on the topic and a description of 

the research problem. The aim and the objectives are also presented.  

Chapter 2: Literature review 

The literature review summarises the research that has been done on 

investigating the effect of single and hybrid fibres on flexural behaviour and other 

properties under short-term and long-term. A summary of fibre types and their 

properties with different combination in reinforced concrete structures was given. 

It discusses the influence and performance of beams with normal concrete (NC), 

normal reinforced concrete (NRC), fibre concrete (FC), fibre-reinforced concrete 

(FRC), hybrid fibre concrete (HyFC) and hybrid fibre-reinforced concrete 

(HyFRC), under different types of loads. It discusses the effect of fibres on long-

term behaviour such as shrinkage, creep and loss of tension stiffening. The 

chapter concludes with a summary of the previous studies and identifies some of 

the gaps found in the existing literature. Based on the review, it was recognised 

that there is a need to examine the influence of hybrid fibres on the development 

of micro-cracks and macro-cracks under different types of load. 

Chapter 3: Experimental programme 

The chapter describes the extensive experimental programme of this research. It 

describes the materials used and their properties, the design of test specimens, 

preparation, fabrication, casting technique and testing of the test specimens. It 

also includes the description of the instrumentation, measurements and setup of 

specimens.  
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Chapters 4: Experimental results ï Part 1: small specimens (including the 

0.5 m span of prismatic beams and the tension stiffening loss tests) and 5: 

Experimental results ï Part 2: long beam (4.2 m span) under static, repeated 

and sustained loadings 

The results and discussion chapters present the findings of the research. These 

chapters will discuss the test sample characteristics, provide an overview of the 

data obtained, and show the findings of the statistical analyses that were carried 

out. Further, the study outcomes are interpreted in this chapter in the context of 

the body of published studies. They explain the effect of hybrid fibre system on 

the crack pattern, flexural strength, stiffness, load-deflection curves, crack width, 

crack length and strains in steel bars and concrete surface strain. In addition, 

these chapters discuss the significance of results and provide suggestions for 

further investigations. The experimental findings and the analytical predictions 

derived from the existing code formula for long-term deflection and crack width 

are compared. 

Chapter 6: Finite element analysis (FEA)  

This chapter consists of FEA investigations. It presents the findings of the FEA 

investigations comparing to the experimental results. Also, the sensitivity of 

results of various parameters and parametric investigations were addressed and 

presented.  

Chapter 7: Conclusions, limitations of the study and recommendations for 

future work  

The key findings from the current investigations are presented in chapter 7 from 

the data presented in chapters 4 to 6, with the limitation of the study along with 

suggestions and recommendations for future research work that is worthy of 

further investigation. 
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Chapter 2  

Literature Review 

2.1 Introduction 

In this Chapter, the context of fibre reinforced concrete and its behaviour in 

comparison with that of plain reinforced concrete is discussed. This is followed 

by a review of the behaviour of both types of concretes under static and dynamic 

loads, including their long-term effects. The review is then concluded by providing 

a fuller justification and scientific rationale for this project, by summarising the 

main findings from this review.  

2.2 Fibre-reinforced concrete 

As it is well known, normal concrete can display brittle behaviour and has low 

strain capacity, low tensile strength and is susceptible to the development and 

propagation of cracks. It is weak in tension and cracks often occur in both its 

plastic and hardened states (Nili and Afroughsabet, 2012). The aggregate-

cement interface is usually the weakest part of the composite, affecting the 

properties of concrete according to Tulin et al. (2004) and Zheng et al. (2005) and 

it has low tensile stress and low tensile strain (Jebli et al., 2018). During loading, 

cracks normally develop at the interfacial transition zone (ITZ) as it is the weakest 

part of the hardened concrete, and this can affect the mechanical properties of 

the concrete (Afroughsabet et al., 2016). Researchers have sought ways to 

strengthen and address the brittle nature of concrete and make it more ductile 

(Nattaj and Nematzadeh, 2017). The use of reinforcing steel bars is the most 

common way to strengthen concrete in tension but randomly introducing small, 

discrete fibres into the concrete (known as fibre reinforced concrete) offers 

another way to strengthen the interface and alleviate cracks.  

Fibre-reinforced concrete (FRC) has been extensively utilised in 

construction for several decades. It has been well-established that FRC can 

enhance the ductility and crack bridging behaviour of the concrete element 

(Branston et al., 2016; Khan and Abadel, 2013), as shown in Figure 

2.1. FRC also reduces the crack formation and growth, both at the ITZ and in the 

bulk of the concrete, and can perform as shear reinforcement. FRC offers 
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numerous advantages compared to regular concretes, such as reducing the 

width and number of cracks, enhancing the shear and flexure strengths, 

increasing ductility and reducing deflection (Kang et al., 2011). Moreover, the 

presence of discrete fibres enhances fracture toughness and fatigue resistance 

(Mobasher et al., 2015). FRC is commonly used to enhance the serviceability of 

concrete and improve its fatigue resistance (Juárez et al., 2007; Cucchiara et 

al., 2004; Hassanpour et al., 2012). FRC can be used as repair material in 

seismic zones to rehabilitate existing structures (Okuyucu et al., 2011; Cucchiara 

et al., 2004). It is important to note that fibres in FRC control the propagation of 

cracks due to the bonding between the fibres and the surrounding concrete 

(Hassanpour et al., 2012). In plain concrete, the characteristics of the fracture 

process zone (FPZ) are influenced by the type of aggregate, with aggregate 

interlock being a significant factor. However, in the case of Fibre-Reinforced 

Concrete (FRC), the FPZ is impacted by mechanisms present in both plain 

concrete and the fibre-bridging zone, as illustrated in Figure 2.1(ii).  

In the fictitious crack model, it is assumed that the material behaves 

linearly elastically before the onset of crack formation. Subsequently, once a 

crack initiates, the model assumes that stresses can still be transferred across 

the crack. This is why it's referred to as a "fictitious crack." The model 

incorporates crack-bridging stresses, which are determined based on the crack's 

width and its relationship with stress, as described in the stress-crack opening 

relationship. In FRC materials, the shape of the stress-crack opening relationship 

is intricate and heavily influenced by the quantity and variety of fibres employed. 

The main mechanism responsible for stress transfer across cracks in FRC is the 

pull-out of fibres, as noted by Li et al. (1993). Typically, fibres are capable of 

bearing a significant load even when cracks open wide, resulting in a notable 

difference in the initial shape of the stress-crack opening curve compared to its 

shape at wider crack openings (Olesen, 2001). As the crack extends from the 

base of the hinge, the stress distribution undergoes three clearly defined phases, 

as illustrated in Figure 2.1 (iii). 
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i) The effect of FRC on ductility and crack bridging behaviour (From 

Afroughsabet et al., 2016) 

 

ii) Idealised stress-crack width behaviour of notched beams: (a) Plain concrete; 

(b) FRC (From Bhosale et al., 2020) 

 

iii) Four phases of stress distribution within the elastic layer of the hinge: phase 

0: the initial state of stresses before cracking occurs. Phases IïIII: these 

represent the states of stresses that occur as the crack propagates during its 

growth (From Olesen, 2001) 

Figure 2.1: The effect of fibre on the crack surface and the crack bridging    
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2.2.1 Fibre types and their properties 

There are various types of fibres that can be utilised in concrete structures, 

including steel fibres, glass fibres, organic or mineral fibres, and synthetic fibres. 

Steel fibres and synthetic fibres are the most commonly used options for concrete 

reinforcement. Table 2.1 provides information on the physical characteristics of 

the different available fibre types.  

2.2.1.1 Steel fibres 

Low-carbon and high-strength steel wires are commonly used in the production 

of steel fibres. Steel fibres are available in various shapes, including straight, 

crimped, hooked, and wave-shaped. Due to their high strength, ductility, and 

ability to enhance post-cracking performance, steel fibres are widely used in 

concrete structures. 

Table 2.1: Fibres properties 

Fibres type 
Specific 
gravity 
(g/cm3) 

Length 

(mm) 

Diameter 
(mm) 

Elastic 
modulus 

(GPa) 
References 

Polypropylene 

fibre 

0.9-

0.92 
12-50 0.019-0.9 3.5-9.5 

Multiple 

sources* 

Monofilament 0.91 13.6 0.048 6.9 Li et al. (2018) 

Dry basalt fibre 2.8 24 13-20 mm 89 Abbadi (2018) 

Chopped basalt 

fibre 
2.61 17-19 13 mm 78.2-94.1 Abbadi (2018) 

Smooth steel fibre 7.9 30 0.3 200 
Kim et al. 

(2011) 

Corrugated steel 

fibre 
7.9 45 0.75 200 Li et al. (2018) 

Hooked-end steel 

fibre 
7.85 50 0.8 200 Abbadi (2018) 

Bundled steel fibre 7.85 31.84 0.49 200 Abbadi (2018) 

* Fallah and Nematzadeh, (2016), Current study, Behfarnia and Behravan 

(2014), Sahoo et al. (2015)  
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2.2.1.2 Synthetic fibre  

Synthetic fibres, which are derived from materials such as polypropylene, 

polyethylene, nylon, polyester, or acrylic, are manufactured in various forms such 

as monofilament, fibrillated, or bundled fibres. These fibres offer numerous 

advantages, including corrosion resistance, high tensile strength, and excellent 

resistance to cracking and impact. They are commonly used to control shrinkage 

cracking, enhance durability, and improve the behaviour of concrete after 

cracking. There is a paucity of experimental and analytical research focused on 

macro synthetic fibres when compared to steel fibres. Figure 2.2 illustrates micro 

and macro synthetic fibres including polypropylene fibres. These are typically 

non-corrosive, easy to apply, and exhibit resistance to alkali.  

 

 

a) Macro polymeric                         b) Micro polypropylene fibres 

Figure 2.2: Different types of fibres (From Fallah and Nematzadeh, 2016) 

2.2.1.3 Hybrid fibres 

The term óhybrid fibresô refers to the utilisation of multiple type of fibres in 

concrete. The ductility and strength of concrete are enhanced by the hybridisation 

of different types of fibres, while incorporating different types of fibres of varying 

lengths helps to control the propagation of micro-cracks and macro-cracks (Yang, 

2011). Well-designed hybrid composites exhibit a positive interaction between 

the fibres, resulting in improved performances than the sum of individual fibreôs 

performance. Studies have shown that the hybrid fibre reinforcement led to an 

increase in compressive strength ranging from 2%-13%, while splitting tensile 

strength increased by up to 14.8% compared to using a single type of fibre (Abou 

El-Mal et al., 2015).  
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Several combinations of fibres can result in "synergy," with the most widely 

recognised combinations being polypropylene and steel fibres. The reason for 

this could be attributed to any of the subsequent mechanisms (Banthia and 

Gupta, 2004). The first category involves incorporating fibres based on their 

constitutive response. In this category, one type of fibre is stronger and more 

rigid, enhancing the strength of the first crack and, the ultimate strength of the 

concrete by bridging micro-cracks. The other type of fibre is relatively flexible, 

contributing to greater toughness and strain capacity in the post-cracking zone 

by means of macro-crack bridging. The second category is based on the 

combination of fibre size, which is shown in Figure 2.3. Small types of fibre help 

to bridge, control and delay the formation of the first crack, thereby lead to an 

increase in tensile strength. On the other hand, the use of larger fibres is intended 

to control the formation and propagation of macro-cracks, thereby improving 

fracture toughness. The final category involves incorporating fibres based on their 

specific functions. One type of fibre is intended to enhance the properties of early 

age and/or fresh concrete, such as workability, production and shrinkage. The 

second type of fibre helps to improve the mechanical properties of hardened 

concrete. 

 

Figure 2.3: Illustrates the combination of fibres based on their size and 
corresponding functions (From Pakravan et al., 2017) 

2.3 Influence of fibres on mechanical properties 

This section focuses on evaluating the mechanical properties of normal concrete 

(NC), fibre-reinforced concrete (FRC) and hybrid fibre-reinforced concrete 

(HyFRC). The mechanical properties of concrete include compressive strength 

and tensile strength. Comparing the mechanical properties of NC and FRC is 
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crucial in assessing the impact of fibres on enhancing the overall strength and 

durability of concrete. Table 2.2 presents the comparative data of these 

properties for NC and FRC, providing insights into the effectiveness of fibres in 

improving the concrete performance.  

The evaluation of mechanical properties in NC, FRC, and HyFRC has 

provided researchers with valuable insights into the influence of fibres on the 

behaviour of concrete (Afroughsabet et al., 2016). An example is presented in 

Figure 2.4. Through the analysis of these properties in NC, FRC, and HyFRC, a 

direct comparison can be made between fibre-reinforced concrete and normal 

concrete without fibres. This allows for the identification of any improvements or 

modifications that occur as a result of incorporating fibres into the concrete mix. 

Such comparisons aid in understanding the enhancements and changes brought 

about by the inclusion of fibres in concrete. The mechanical properties of hybrid 

fibre concretes have primarily focused on the combination of steel with micro or 

macro polypropylene fibres. However, the combination of micro and macro 

polypropylene with steel fibres has not been extensively studied and further 

investigation is needed to fully understand their characteristics. 

 

Figure 2.4: Effect of hybrid fibre on the compressive and flexural strength of 
plain concrete (PC) and high proportion of hybrid fibre-polymer (HCHFPC) 

(From Wu et al., 2022) 

2.3.1 Performance of NC and FRC on mechanical properties 

Based on the literature summarised in Table 2.2, previous research has primarily 

focused on investigating the effects of incorporating steel and polypropylene 

fibres on the mechanical characteristics of concrete. The findings presented in 
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Table 2.2 indicate that the addition of steel and polypropylene fibres to concrete 

mixes resulted in improvements in compressive strength, splitting tensile strength 

and modulus of elasticity. These results suggested that incorporating fibres led 

to enhancements in these mechanical properties, which was significant and 

highlighted the potential advantages of using fibre reinforcements in concrete 

structures. The increase in splitting tensile strength indicates improved resistance 

to cracking and enhanced durability, particularly in applications where tensile 

stresses are prominent. Additionally, the observed enhancement in the modulus 

of elasticity suggested that fibre reinforcements contributed to the stiffness and 

rigidity of concrete. Notably, according to the results in Table 2.2 the addition of 

steel fibres to concretes mixes exhibited the highest increase in the mechanical 

properties compared to the polypropylene fibre.  

Table 2.2: Summary on influence of fibres on mechanical properties of NC and 
FRC  

Authors 

Variables and 

fibres volume 

fraction  

Effect of fibre on the property 

Behfarnia 

and 

Behravan 

(2014) 

High 

performance 

polypropylene 

fibres (HPP) 

0.8% 

Steel fibre 0.8% 

- Effect of HPP fibre on compressive strength: 28-

day strength increased by 3.3% compared to plain 

concretes. 

- Effect of steel fibre on compressive strength: 28-

day strength increased by 16% and 13% compared 

to plain and HPP concretes, respectively. 

- Effect on splitting tensile strength: increased by 

10% with the addition of each SF and polypropylene 

fibres. 

- Effect on modulus of elasticity: increased by 33.8% 

and 17.5% for SF and HPP fibres, respectively.  

Yoo et al. 

(2013) 

Four different 

volumes of steel 

fibres: 1%, 2%, 

3% and 4%. 

- Effect on the compressive strength, elastic 

modulus and load carrying capacity: increasing the 

fibre content led to an improvement by 12.1 % for 

compressive strength, recorded of 52.7 GPa elastic 

modulus and higher loading capacity when the fibre 

volume fraction up to 3% in fibre volume. 

Yoo et al. 

(2014) 

Compare the use 

of 2% steel fibre 

- Effect on compressive strength: the fibre length 

rarely affected compressive strength. 
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volume with four 

different fibre 

lengths (13mm, 

16.3mm, 19.5mm 

and 30mm) 

-The specimen with a fibre length of 16.3mm 

achieved the maximum compressive strength but it 

was only 0.9ï3.6% higher than that of the other 

specimens. 

Yoo et al. 

(2015) 

Steel fibres with 

four different 

volumes (0%, 

0.5%, 1.0% and 

2.0%) for normal 

concrete (NC) 

and high strength 

concrete (HSC), 

with two fibre 

volumes (0% and 

2%) for ultra-high 

strength concrete 

(UHSC) 

- Effect on compressive strength: adding steel fibres 

somewhat reduced the compressive strength in the 

case of normal concrete (NC), which attributed to an 

increase in air content, formation of fibre ballséetc. 

- Adding steel fibres slightly increased the 

compressive strength in situations of high strength 

concrete (HSC) and ultra-high strength concrete 

(UHSC) ranges of 1.5% to 6.0%.  

- Effect on the elastic modulus: the fibre volume 

within the ranges of 1.5% to 6.0% was relatively 

small or negligible.  

Singh et 

al. (2006) 

Steel fibre of 1%, 

1.5% and 2.0% 

- Effect on compressive strength: the incorporation 

of 1.5% and 2.0% of steel fibres increased the 

compressive strength by 4.7% and 4.02%, 

respectively, compared to 1% of steel fibre. 

2.3.2 Performance of HyFRC on mechanical properties   

As summarised in Table 2.3, the majority of previous studies have focused on 

investigating the effects of incorporating hybrid steel-steel or hybrid steel-

polypropylene fibres on the mechanical properties of concrete. According to 

Table 2.3, the addition of hybrid fibres (steel and polypropylene fibres) 

demonstrated the greatest increase in compressive strength compared to the 

addition of a single type of fibre. It can be anticipated that the addition of hybrid 

fibre showed an enhancement in the compressive and splitting tensile strength. 

However, none of the studies reviewed in the literature focused on the specific 

effect of a hybrid fibre system consisting of steel, micro polypropylene and macro 

polypropylene fibres and their role in enhancing the mechanical properties. 

Therefore, further research is needed to investigate the effect of a hybrid fibre 

system comprising the above combination on the mechanical properties of 

concrete.
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Table 2.3: Summary on influence of fibres on mechanical properties of HyFRC 

Authors Variables and fibres volume fraction  Effect of fibre on the property 

Fallah and Nematzadeh 

(2016) 

Macro polymeric (MP) fibres ranged from 

0.25% to 1.25%, whereas the amount of 

micro polypropylene fibres (PP) ranged 

from 0.1% to 0.5%. Different hybrid 

volumes of fibres (0.9MP and 0.1PP, 

0.8MP and 0.2PP, 0.7MP and 0.3PP, 

0.6MP and 0.4PP and 0.5MP and 0.5PP) 

were studied. 

- Effect on compressive strength:  

Specimens cast with 0.9% MP and 0.1% PP fibres demonstrated 

the greatest increase with an average of 4.2% relative to the 

plain concrete.  

- PP exhibited greater compressive strength than MP fibres in 

high strength concrete by about 3.5%.  

- The maximum improvement with a single type of MP and PP 

fibres was achieved when using 0.25% macro and 0.1% micro 

fibres with an increase of 8.0% and 11.5%, respectively. 

- The most appropriate combination of hybrid fibres consisted of 

0.9% macro and 0.1% micro fibres. 

Li et al. (2018) 

Steel-polypropylene hybrid FRC beams. 

The test parameters included three 

different steel fibres (straight, hooked-end 

and corrugated fibre) and monofilament 

polypropylene fibres 

- Increasing the fibre volume of both types of fibre led to an 

increase in mechanical behaviour, such as splitting tensile 

strength and the compressive strength of the concrete. The 

addition of hooked end steel fibre with and without monofilament 

showed the highest increase in the flexural strength by 113% 

and 115%, respectively.  The corrugated steel fibre with 

monofilament fibre showed the highest increase by about 94% 

compared to normal concrete. The increase in the compressive 
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strength was approximately 18.26% for straight steel and 

monofilament fibre higher than normal concrete. 

- Effect on splitting tensile strength: corrugated steel fibres 

exhibited an increase of 7.78%, 19.02%, 28.24% and 54.47% for 

fibre volumes from 0.5-2.0%. 

- The hybridisation of straight steel and polypropylene fibres 

offered the most suitable combination for hybrid fibres. 

Sahoo et al. (2015) 

Incorporating steel and polypropylene 

fibres. Two different volumes of steel fibres 

and polypropylene fibres (0.5% and 1.0%) 

as well as three different volumes of hybrid 

fibres: 0.5% and 0.5%, 1.0% and 0.5%, 

and 1.0% and 1.0% for steel and 

polypropylene fibres, respectively. 

- Effect on compressive strength: the inclusion of fibres had little 

effect. The CFRC3 (1% steel fibre and 1% polypropylene fibre) 

cubes offered the greatest compressive strength, thereby 

indicating a modest improvement of 7.5% relative to plain 

concrete. 

- Effect on splitting tensile strength: the addition of 1% steel fibre 

produced an increase of approximately 70%, whereas the 

incorporation of 1% of both steel and polypropylene fibres 

resulted in an increase of approximately 100%.  

Soutsos et al. (2012) 

Hybrid steel-polypropylene fibres. Three 

different fibre dosages (30kg/m3, 40kg/m3 

and 50kg/m3) and two different dosages 

(4.6kg/m3 and 5.3kg/m3) for steel and 

polypropylene fibres were employed, 

respectively. 

- Effect on compressive strength: incorporating steel fibres into 

the concrete resulted in an increase of approximately 4 and 5 

N/mm2 for fibre dosage rates of 30 kg/m3 and 50 kg/m3 

respectively. However, the increase in compressive strength 

was lower for synthetic fibres, with an increase of approximately 

2-3 N/mm2 for dosage rates ranging from 4.5-5.3 kg/m3. 
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2.4 Influence of fibres on flexural properties 

This section examines the effect of fibres on the flexural properties of concrete. 

Previous research has demonstrated that the inclusion of fibres in concrete leads 

to improvements in flexural strength, toughness, and ductility, all of which are 

critical factors in structural applications. These enhancements in flexural 

properties contribute to the overall performance and reliability of concrete 

structures. As in the case of mechanical properties, the discussion in this section 

has two parts, viz. comparison of FRC with NC and then critically reviewing the 

benefits of hybrid fibres with FRCs. 

2.4.1 Performance of NC and FRC beams on flexural properties  

As summarised in Table 2.4, the incorporation of various types of fibre has been 

reported to have shown a significant increase in flexural strength and toughness 

of concrete. The type, length and volume fraction of fibres affected the rate at 

which the flexural strength increased, as can be seen in Figure 2.5. Beams 

reinforced with hooked-end steel fibres exhibited higher maximum loads 

compared to those with straight fibres, with this dependency increasing as the 

volume content increased (PajŃk and Ponikiewski, 2013). The increase in flexural 

strength and deflection at the peak of a concrete structure was caused by superb 

fibre bridging at the crack surfaces which led to a greater load carrying capacity. 

Additionally, an increase in fibre length up to 19.5mm led to an increase in peak 

flexural load. However, a fibre length of 30mm resulted in a reduction in the peak 

load (Yoo et al., 2014).  

 

Figure 2.5: Flexural strength for all different types of fibre (From Soutsos 
et al., 2012). Loadïdeflection curves can be generated from which the 
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equivalent flexural strength, Re,3 value (the average load applied as the 45 cm 
span beam deflects to 3 mm expressed as a ratio of the load to first crack), can 

be estimated 

Regarding the first crack load, there are conflicting conclusions in the 

literature, as can be seen in Table 2.4. Some studies reported that the addition 

of steel or synthetic fibres into concrete increased the first crack load, with 

improvements of up to 17.4% and 33.7% respectively compared to plain 

concrete. However, in many cases, beams exhibited a similar load at the 

formation of the first visible crack in the tension zone (Meza and Siddique, 2019). 

Yoo et al. (2013) found that the volume content of steel fibre had no effect on the 

initial stiffness. The results of the flexural tests also indicated insignificant 

improvements in peak load and first crack load (Hamoush et al., 2010). This 

change in behaviour at higher fibre volume is important to consider for the optimal 

fibre dosage and to avoid potential negative effects. The increase in the volume 

fraction of fibre of hooked-end and straight fibres resulted in an increase in the 

maximum load (PajŃk and Ponikiewski, 2013). The incorporation of fibres led to 

an increase in the flexural strength (Yoo et al., 2015; Singh et al., 2006; Oh, 

1992).  

Oh (1992) reported that the inclusion of steel fibres significantly increased 

ductility and ultimate resistance. Hamoush et al. (2010) stated that the 

contribution of microfibres was more noticeable in the post-cracking response, 

showing an increase in post-cracking ductility. Additionally, Meda et al. (2012) 

found that the addition of 30 kg/m3 of steel fibres increased ductility by 

approximately 73.1%. On the other hand, as reported by Meda et al. (2012), the 

addition of higher amount of steel fibre had no effect on the ductility 

In summary, the inclusion of fibres showed an enhancement in the peak 

load ductility and toughness of concrete beams. However, further research is 

needed to address some of the conflicting conclusions regarding the effects of 

fibre addition on parameters such as cracking load, peak load and ductility to 

provide more comprehensive insights.  
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Table 2.4: Summary on influence of fibres on flexural properties of NRC and FRC  

Authors 

Variables, fibres volume 

fraction  and dimension of 

beams (mm) 

Effect of fibre on the property 

Behfarnia 

and 

Behravan 

(2014) 

High performance 

polypropylene fibres (HPP) 

0.8% 

Steel fibre 0.8%  

Dimension of the specimens: 

100x100x350 

 

- Effect of fibres on the mode of failure: the addition of either steel or synthetic fibres led to 

more ductile failure where the fibres prevented the sudden failure, while plain concrete 

showed a brittle failure. 

- Effect on the first crack load: the addition of steel fibre resulted in an increase of up to 

17.4%, while synthetic fibre resulted in an increase of up to 33.7% compared to the plain 

concrete.  

- Effect on the flexural strength: the incorporation of synthetic fibre outperformed concrete 

with steel in terms of flexural strength as the flexural strength ratio of HFRC samples to SFRC 

samples (HFRC/SFRC) for all fibre volume percentages exceeded 0.86. 

- Effect on toughness: significantly larger area under the toughness diagram can be observed 

for specimens with synthetic fibre with a value of 22.6 compared to specimens with steel fibre 

with a value of 11.6 once the first crack occurred. 

Yoo et al. 

(2013) 

Four different volumes of 

steel fibres: 1%, 2%, 3% and 

4%.  

Dimension of the specimens: 

100x100x500 

- Effect on the initial stiffness: the steel fibre volume content had no effect.  

- Effect on the maximum load: an increase in steel fibre content had a significant impact with 

no rapid load drop after failure, which showed an increase of 27%, 42% and 47% for 2% 

(V2), 3% (V3) and 4% (V4), respectively, compared to 1% (V1) of steel fibre. 
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Yoo et al. 

(2014) 

Comparing the four different 

fibre lengths for steel fibre 

content of 2% (13mm, 

16.3mm, 19.5mm and 

30mm).  

Dimension of the specimens: 

100x100x400 

- Effect on the initial stiffness: the length of fibre had minimal effect.  

- Effect on the peak flexural load: as the effective bonding area between the fibre and matrix 

at fracture surfaces increased, the peak flexural load increased following an increase in fibre 

length up to 19.5mm. Conversely, the specimen with a fibre length of 30mm exhibited a 

reduction in peak load because it was challenging to equally distribute the fibre in the matrix 

and there were fewer fibres at the crack planes. 

Yoo et al. 

(2015) 

Steel fibres with four different 

volumes (0%, 0.5%, 1.0% 

and 2.0%) for normal 

concrete (NC) and high 

strength concrete (HSC), with 

two fibre volumes (0% and 

2%) for ultra-high strength 

concrete (UHSC).  

Dimension of the specimens: 

100x100x400 

- Effect on the flexural strength: The inclusion of fibres resulted in higher flexural strength 

compared to the reference beams without fibres for high strength concrete (HSC). 

Specifically, at fibre percentages of 0.5%, 1.0%, and 2.0%, the flexural strength increased 

by 8%, 13%, and 29% respectively.  

Meda et al. 

(2012) 

Two different dosage of steel 

fibre (30kg/m3 and 60kg/m3) 

Dimension of the specimens: 

200x300x4000 

- Effect of fibre on the mode of failure: the addition of fibres shifted the failure mode from a 

sudden fracture in concrete to more ductile failures, likely due to reinforcement rupture rather 

than concrete crushing. 
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- Effect on the ductility: the addition of 30kg/ά of steel fibres increased ductility by 

approximately 73.1% when compared to plain concrete, whereas the addition of 60kg/ά  

steel fibres had an insignificant effect on ductility when compared to the lower fibre volume 

(30kg/m3), but showed a higher ductility compared to plain concrete by approximately 21.2%. 

PajŃk and 

Ponikiewski 

(2013) 

The use of different types of 

steel fibres (straight and 

hooked end) with three 

different volumes (0.5%, 1.0% 

and 1.5%).  

Dimension of the specimens: 

150x150x500 

- Effect on the flexural behaviour: the type of steel fibres significantly affected the flexural 

behaviour of the tested beams. Hooked-end steel fibres achieved a higher flexural strength 

than the straight fibres and plain concrete; these increases were 5%, 76% and 117% and 

55%, 150% and 239% for 0.5%, 1.0%, and 1.5%, respectively, when compared to straight 

fibres and plain concrete 

- Effect on the maximum load: the increase in the percentage of fibre volume of both straight 

and hooked-end steel fibres increased the maximum load. These increases were 35%, 53% 

and 94% for straight steel fibre with volume fraction of 0.5, 1.0 and 1.5, respectively.  

- Hooked-end steel fibres achieved a higher maximum load than the straight fibres and plain 

concrete; these increases were 13%, 46% and 57% and 53%, 123% and 205% for 0.5%, 

1.0%, and 1.5%, respectively, when compared to straight fibres and plain concrete.  

Kim et al. 

(2013) 

PVA fibre was used as the 

reinforcement.  

Dimension of the specimens: 

300x500x3400 

- Effect on the mode of failure: all specimens exhibited a typical failure of under reinforced 

beams. The failure occurred by the yielding of the tensile reinforcement followed by the crack 

propagated upwards towards the upper part of the beams. 

Meza and 

Siddique 

(2019) 

The test consisted of 

comparing virgin fibres with 

- Effect on the mode of failure: plain concrete failed almost after the formation of the first 

visible crack in the tension zone.  
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recycled plastic fibres with 

2kg/m3, 6kg/m3, and 10kg/m3 

Dimension of the specimens: 

150x150x500 

- The incorporation of both types of fibres prevented concrete beams from breaking into two 

pieces during failure and continued to carry the load until the concrete beam could no longer 

carry any additional load. 

- Effect on the first visible crack: most of the beams exhibited a similar load at the formation 

of the first visible crack in the tension zone. 

- Effect on the flexural toughness: the incorporation of the fibres generally enhanced the 

flexural toughness index value ranged from 20 to 80 based on the fibre volume fraction. 

Hamoush et 

al. (2010) 

Micro Polyvinyl Alcohol (PVA) 

and micro PVA fibre with steel 

bars.  

Dimension of the specimens: 

102x102x356 

133x140x1830 

- Effect on the mode of failure: the specimens with micro fibre reinforcement showed signs 

of ductile failure and carried load until complete failure occurred, while the plain concrete 

suffered a brittle failure. 

- Effect of fibre on the ductility: the contribution of micro fibres was more noticeable in the 

post-cracking response, as witnessed by an increase in post cracking ductility which was 

associated with the pull-out of fibreôs bridging effect at failure, whereas the pre-cracking 

behaviour was not significantly changed. 

- Effect on the peak load and the first cracking strength: the addition of fibre also 

demonstrated that the peak load and first cracking strength had insignificant improvements. 

Oh (1992) 

 Steel fibres ranged from 0 to 

2%.  

Dimension of the specimens: 

120x180x2000 

- Effect of fibre on the ductility: the inclusion of steel fibres significantly increased the ductility 

and ultimate resistance. 

- Effect on the flexural strength and peak load: the incorporation of steel fibres significantly 

increased the flexural strength by 60% when the fibre content was increased to 2% and the 

peak load increased up to 50% when compared to the reference beams without fibres. 
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Singh et al. 

(2006) 

1.0%, 1.5% and 2.0% 

volumes of steel fibres 

- Effect on the static flexural strength: the static flexural strength of SFRC significantly 

increased relative to that of plain concrete by 39%, 58% and 67% for 1.0%, 1.5% and 2.0% 

volumes of fibres added to concrete, respectively. 

Meng et al. 

(2018) 

A cementitious composite 

made of PVA for static and 

fatigue flexural loading.  

Dimension of the specimens: 

100x100x350 

- Effect on the mode of failure: the polyvinyl alcohol engineered cementitious composite 

(PVA-ECC) beams had a superior ductile failure mechanism in addition to having greater 

flexural strength, which is 1.9 times higher and ductility, while normal concrete beams, a 

brittle failure mode was observed in which a single crack formed rapidly and with a sharp 

reduction in the flexural stress at peak from 5 MPa to zero. 

Chenkui 

and Guofan 

(1995) 

Steel fibre ranged from 0% to 

2% with three different 

lengths of fibre (25mm, 35mm 

and 45mm). 

Dimension of the specimens: 

150x150x550 

- Effect on the flexural strength and toughness: incorporating steel fibres improved ultimate 

flexural strength and flexural toughness of every set of specimens. The increase in the 

flexural strength was approximately 3%, 8% 16% and 18.5% for volume fraction of 0.5, 1, 

1.5 and 2, respectively, compared to normal concrete.  The flexure toughness, as indicated 

by the flexural index, varied between 5 and 9 for different volume fraction of steel fibres.  
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Vasanelli et 

al. (2014) 

Different types of fibres: steel 

(ST) and polyester (POL) 

fibres with volumes of 0.6% 

and 0.9%, respectively. 

Dimension of the specimens: 

250x250x3000 

- Effect on the mode of failure: all of the tested beams failed by concrete crushing after 

yielding of steel bars in tension.  

- Effect on the first cracking load: only for ST beams compared to control specimen (TQ) 

beam was there a slight increase in the first cracking load (almost 14%) and steel yielding 

load (almost 8%). 

- Effect on the stiffness: the increase in stiffness caused by fibres was quite noticeable after 

cracking (at step 1, equal to 26%) and after steel bars yielded (at step 5, equal to 14%). In 

fact, compared to plain concrete, the post-cracking residual strength of FRC increased 

tension stiffening. This effect was most significant immediately after cracking when the stress 

contribution of plain concrete was significantly reduced, and after steel bar yielding when the 

abrupt increase in steel deformability was mitigated by the presence of fibres. 
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2.4.2 Performance of HyFRC beams on flexural properties  

As summarised in Table 2.5, previous studies consistently demonstrated that the 

hybridisation techniques lead to improvements in the flexural properties. The 

literature provides significant evidence of the positive effects of hybridisation of 

steel and polypropylene fibres (Li et al., 2018; Yap et al., 2014; Guo et al., 2021). 

Incorporating fibres of different types and lengths resulted in significant 

enhancement in flexural strength and toughness, as can be seen in Figure 2.6 

and Figure 2.7. This finding emphasised the importance of selecting and 

combining fibres to achieve the desired mechanical properties.  

 

Figure 2.6: Bending strength hybrid steel-polypropylene fibres (From Guo et al., 
2021): where is S0, S1, S2, S3: Steel fibre volume fraction of 0%, 2.0%, 2.5%, and 
3.0%, respectively. P0, P1, P2, P3: Polypropylene fibre volume fraction of 0%, 
0.12%, 0.17%, and 0.22%, respectively 
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Figure 2.7: Load-deflection curves for the effect of combining hybrid steel-
polypropylene fibres (From Guo et al., 2021). S0, S1, S2, S3: Steel fibre volume 
fraction of 0%, 2.0%, 2.5%, and 3.0%, respectively. P0, P1, P2, P3: Polypropylene 
fibre volume fraction of 0%, 0.12%, 0.17%, and 0.22%, respectively 

 

Figure 2.8: Load-deflection curve of specimens with steel and polypropylene 
fibres (From Yap et al., 2014). Uncrushed aggregate (UC1) and crushed 
aggregate (C1): Steel fibre volume fraction of 1.0% and polypropylene fibre 
volume fraction of 0.0%. UC2 and C2: Steel fibre volume fraction of 0.9% and 
polypropylene fibre volume fraction of 0.1%. UC3 and C3: Steel fibre volume 
fraction of 0.75% and polypropylene fibre volume fraction of 0.25%. UC4 and C4: 
Steel fibre volume fraction of 0.6% and polypropylene fibre volume fraction of 
0.4%. UC5 and C5: Steel fibre volume fraction of 0.0% and polypropylene fibre 
volume fraction of 1.0% 
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The combination of steel and polypropylene fibres has been identified as 

the optimal choice for hybrid fibres (Li et al., 2018). This particular combination 

exhibited superior performance in terms of flexural strength, peak load, and post-

crack toughness, as can be seen in Figure 2.8 and Figure 2.9. These results 

suggested that the hybridisation of steel and polypropylene fibres enhanced the 

durability and load-carrying capacity. Furthermore, the incorporation of fibres with 

different types and geometries has been found to change the mode of failure from 

brittle to more ductile. This change indicated an improvement in the material's 

ability to undergo deformation and absorb energy before failure occurred. This 

finding was particularly significant as it suggested that the hybridisation of fibres 

enhanced the structural behaviour and the consistency of the composite material. 

Hence, the benefit of combining micro and macro polypropylene fibres to steel 

fibres was not studied together and further research is needed.  

 

Figure 2.9: Load-deflection curves of different combination of steel-polypropylene 
hybrid fibre (From Li et al., 2018). PC for plain concrete without fibre, P15 for 
polypropylene fibre volume fraction of 0.15%, P20 for polypropylene fibre volume 
fraction of 0.2%, S15 for straight steel fibre volume fraction of 1.5%, H15 for 
hooked-end steel fibre volume fraction of 1.5, CB05 for corrugated steel fibre 
volume fraction of 0.5%, CB10 for corrugated steel fibre volume fraction of 1.0%, 
CB15 for corrugated steel fibre volume fraction of 1.5%, CA15 for corrugated 
steel fibre volume fraction of 1.5% and CC15 for corrugated steel fibre volume 
fraction of 1.5% 
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Table 2.5: Summary on influence of fibres on flexural properties of HyFRC 

Authors 

Variables, fibres 

volume fraction  

and dimension of 

beams (mm) 

Effect of fibre on the property 

Fallah and 

Nematzadeh 

(2016) 

Macro polymeric 

(MP) fibres ranged 

from 0.25% to 

1.25%, whereas 

the amount of 

micro 

polypropylene 

fibres (PP) ranged 

from 0.1% to 0.5%. 

Different hybrid 

volumes of fibres  

- Effect on the flexural strength: 

specimens cast with 0.5% macro and 

0.5% micro fibres exhibited that the 

flexural strength was reduced by 8.23%.  

- Specimens cast with 0.9% MP and 

0.1% micro polypropylene fibres 

demonstrated the greatest increase in 

flexural strength with an average of 

18.04% relative to the plain concrete. 

Kim et al. 

(2011) 

Different types for 

hybrid fibres of 

macro and micro 

steel fibres. The 

volume fractions of 

fibre varied from 

0.0%, 0.5%, 1.0%, 

and 1.5%. 

- Effect on the flexural strength: beams 

which were cast with macro fibres 

recorded significantly greater flexural 

performance in terms of energy 

absorption and deflection than those cast 

only with micro fibres. These increases in 

deflection were 45.4-75.9% higher when 

the volume fraction of macro fibre was 

1% and micro fibre (SS) was 1% 

compared to a volume fraction of 2% for 

micro fibre. Additionally, the toughness 

was higher by approximately 48.7-

67.9%.  

- Beams cast with HB (hooked-end) steel 

fibres demonstrated superior 

performance in terms of flexural strength 

compared to other fibre types. The 

increase in volume fraction of fibres from 

0% to 1.5% resulted in an improvement 

in flexural strength, with HB fibres 

showing the highest increase at 94%. 

Long smooth fibres (LS) had an increase 
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of 78%, twisted fibres (T) had an increase 

of 67%, and HA (hooked-end) fibres had 

the lowest increase at 28%. 

- Effect on the toughness: beams cast 

with hybrid fibres of LS-SS, HA-SS, HB-

SS and T-SS offered greater toughness 

by 65%, 49%, 67% and 55%, 

respectively, relative to only micro fibres 

(SS) with 2%.  

Caggiano et 

al. (2012) 

Steel fibre with 

volumes of 0.5% 

and 1.0% with five 

different 

percentages and 

two different 

lengths.  

Dimension of the 

specimens: 

150x150x600 

- Effect on the first crack strength: fibre 

combination had a minimal effect on first-

crack strength when the volume fraction 

of fibre is 0.5% for both short and long 

fibres. On the other hand, the increase of 

fibre content to 1.0% showed a slightly 

more regular trend, which means that the 

presence of higher volume fraction of 

fibres started to have a noticeable 

strength. 

- Effect on the post-cracking toughness: 

fibres significantly increase the SFRC's 

post-crack toughness at volumes both 

0.5% and 1.0%, which indicated the 

ability of a material to resist further crack 

propagation and absorbed energy after 

the initiation of cracks.  

- It was observed from the test results 

that the specimens containing 1.0% steel 

short fibres exhibited a significant 

hardening behaviour in the flexural post-

cracking regime, which indicated the 

effect of short fibres with higher content 

on the peak and post peak strength but 

specimens with 0.5% fibre often 

displayed a softening behaviour. 

Li et al. (2018) 

Steel-

polypropylene 

hybrid FRC beams. 

- Effect on the flexural behaviour and 

peak load: the hybridisation of steel-

polypropylene improved the residual 
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The test 

parameters 

included three 

different steel 

fibres (straight, 

hooked-end and 

corrugated fibre) 

and monofilament 

polypropylene 

fibres. Dimension 

of the specimens: 

100x100x400 

strength, led to more ductile behaviour 

and fibres, showed positive effect on the 

mode of failure from brittle to ductile 

failure. The addition of hooked-end steel 

fibres to beams exhibited the highest 

flexural loads, compressive, tensile 

strength toughness and deflection due to 

their higher bond strength.   

- Specimens with only hooked-end steel 

fibres offered the greatest peak load by 

approximately 29 kN followed by the 

hybridisation of hooked-end and 

polypropylene fibres with almost the 

same load. Specimens with hooked-end 

steel fibres and polypropylene fibres 

(volume fraction of 1.5% and 0.15%, 

respectively) exhibited the highest 

residual strength of 28.561 kN, which 

was accredited to the bond strength 

between fibres and the matrix. 

Yap et al. 

(2014) 

Different fibre 

combinations 

(hybrid steel-

polypropylene 

fibres). Dimension 

of the specimens: 

100x100x500 

- Effect on the post-cracking failure: none 

of the control concrete specimens 

exhibited post crack-failure strength, but 

the specimens with fibres exhibited 

greater flexural toughness. The concrete 

composition (fibres) can significantly 

enhance the post-failure strength of 

concrete after the first crack.  

- It was observed that 1% polypropylene 

PP fibres diminish the tensile strength, 

flexural deflection and ductility. 

- Beams cast with 1% steel fibre 

achieved the greatest increase in flexural 

toughness, which was between 40% and 

70% greater than the control mixes for 

crushed and uncrushed oil palm shell 

(OPS) concrete.  

- Effect on the flexural strength: the 

incorporation of hybrid fibres (0.9% steel 
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and 0.1% polypropylene fibres) improved 

the flexural strength by up to 34% and 

enhanced post-cracking toughness.   

Guo et al. 

(2021) 

Combining hybrid 

steel-polypropylene 

fibres. The test 

parameters 

included three 

different volumes 

of steel fibres 

(2.0%, 2.5% and 

3.0%) and three 

different volumes 

of polypropylene 

fibres (0.12%, 

0.17% and 0.22%). 

Dimension of the 

specimens: 

100x100x400 

- Effect on the mode of failure: based on 

the load-deflection curve for plain 

concrete, brittle fractures occurred when 

the load approached the failure limit, with 

elastic deformation being the dominating 

stage.  

- Effect on the fracture toughness: the 

fracture toughness of the concrete 

significantly increased as the volume of 

steel fibres was increased, owing to their 

high tensile strength and elastic modulus. 

However, when the volume of steel fibres 

was increased from 2% to 3%, the 

addition of steel fibres had no effect in 

terms of toughness.  

- The incorporation of hybrid steel-

polypropylene fibres had the greatest 

toughening effect, particularly when the 

volume of steel fibres was 2%, 2.5% and 

3.0% with 0.12% of polypropylene fibres. 

- Effect on the bending strength: 

increasing the amount of steel fibre 

gradually enhanced the bending strength 

by 14%, 41% and 69% for volume 

fraction of 2, 2.5 and 3, respectively. 

However, the addition of polypropylene 

fibre initially decreased the bending 

strength at volume fraction of 0.12 and 

0.17, but higher levels of polypropylene 

(0.22) increased the bending strength by 

approximately 5.5%. The addition of 3% 

steel fibre produced the greatest 

increase in bending strength followed by 

the hybrid 2% of steel fibre and 0.17% 

polypropylene fibre. 
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Pajak and 

Ponikiewski 

(2017) 

Two different types 

of steel fibres 

(straight and 

corrugated), two 

different lengths 

(6mm and 35 mm) 

and different 

volumes of steel 

fibres varied from 

1% to 3%. 

Dimension of  the 

specimens: 

100x100x400 

- Effect on the mode of failure: all of the 

specimens exhibited the typical failure 

pattern with a single crack. 

- Effect on the flexural strength: the 

flexural characteristics of hybrid fibre of 

self-compacting concrete (HFR-SCC) 

were improved by incorporating long 

corrugated fibres to a greater extent than 

by incorporating short fibres by 

approximately 35.56% when compared 

to normal concrete. In terms of flexural 

behaviour, the straight fibres with 0.5% 

when mixed with corrugated 1.5% 

improved the peak load by approximately 

35.49% for (0.5 straight and 1.5 

corrugated fibres). Similarly, the 

incorporation of same fibre content 

improved the flexural strength by 35.56% 

and improved the post-peak parameters.  

The toughness was improved with the 

addition of 1% straight and 1% 

corrugated fibres by about 35.48 Nm. 

Further increase in the toughness was 

obtained by mixing a hybrid combination 

of 1.5% straight and 1.5% corrugated 

fibres, resulted in an improvement of 

approximately 36.95 Nm. 

Sahoo et al. 

(2015) 

Steel and 

polypropylene 

fibres with two 

different volumes 

(0.5% and 1.0%), 

different volumes 

of hybrid fibres: 

0.5% and 0.5%, 

1.0% and 0.5%, 

and 1.0% and 

1.0% for steel and 

- Effect on the flexural strength: it was 

established that the flexural tensile 

strength for the SFRC1 (0.5% of steel 

fibre) and CFRC1 (0.5% of steel fibre and 

0.5% of polypropylene fibre) specimens 

were almost identical for the load 

displacement curve, which showed a 

displacement of 20 mm at a load of 100 

kN, indicating that the contribution of 

polypropylene fibres to the flexural 

tensile strength was insignificant in 
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polypropylene 

fibres, respectively. 

Dimension of the 

specimens: 

150x200x2000 

comparison to that of the steel fibres. As 

expected, the initial flexural stiffness of 

each specimen was almost identical, 

which is equal to 12 kn/mm. 

- The incorporation of two different 

volumes of steel fibres to the test beams 

increased the ultimate resistance 

(approximately 6%) higher than that of 

the RC specimens, whereas the 

incorporation of 1% polypropylene fibre 

to the test beams produced a reduction in 

peak load of approximately 7% when 

compared to the reference specimens.  

Soutsos et al. 

(2012) 

Hybrid steel-

polypropylene 

fibres with four 

different types of 

steel fibres and 

one type of 

polypropylene fibre 

were used for the 

FRC specimens. 

Three different 

steel fibre dosages 

(30kg/m3, 40kg/m3 

and 50kg/m3) and 

two polypropylene 

fibres dosages 

(4.6kg/m3 and 

5.3kg/m3) for steel 

and polypropylene 

fibres were 

employed. 

Dimension of the 

specimens: 

150x150x550 

- Effect on the flexural strength: the 

hooked-end type achieved the highest 

flexural strength of 2.6 MPa, 3.4 MPa and 

3.6 MPa for 30kg/m3, 40kg/m3 and 

50kg/m3.  

- Effect on the post-crack behaviour and 

flexural toughness: the length of the 

fibres also had an impact on the post-

crack behaviour, with the 60mm length 

outperforming the 50mm length.  

It was established that the addition of 

hooked-end steel fibres significantly 

increased the flexural toughness of 

concrete with a value of 80 J. The lowest 

flexural toughness value attained with a 

steel fibre dosage of 30kg/m3 was almost 

exactly matched by the synthetic fibres at 

the dosage of 4.6kg/m3 by approximately 

of 36 J 

A similar pattern was observed when the 

dosage was increased to 5.3kg/m3, 

which had a flexural toughness of 48 J, 

which was close to the low end values 

attained with 50 kg/m3 of steel fibres. 

Suthiwarapirak 

et al. (2004) 

Two different 

volumes of 2.1% 

- Effect on the flexural strength: it was 

demonstrated from the test results that 
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and 1.5% for 

polyvinyl (PVA) 

and polyethylene 

(PE), respectively, 

mixed with 1% 

steel fibre.  

Dimension of the 

specimens: 

100x100x400 

both PVA-ECC and PE-ECC had higher 

ultimate flexural strengths by 29.23% and 

47.33% than FRC, respectively.  

Zhu et al. 

(2022) 

Three different 

fibre volumes of 

each hybrid type 

(1.5% and 0.5%, 

1.25% and 0.75%, 

and 1.0% and 

1.0%, for 

polyethylene and 

steel fibre, 

respectively) with a 

total of 2% hybrid 

fibre were used. 

- Effect on the flexural strength and 

ductility: using more PE fibre often led to 

greater ductility and lower flexural 

strength, whereas using more steel fibre 

enhanced the flexural strength but 

reduced the ductility of the beams. These 

increases in the flexural strength were 

46.98 MPa, 49.29 MPa and 53.50 MPa 

for(1.5%PE+0.5%ST), (1.25%PE+0.75% 

ST) and (1.0%PE+1.0%ST). It is 

apparent from the test results that the 

ECC-A (1.5%PE+0.5%ST) offered the 

best ductility (nearly twice as much as 

ECC-C) in terms of the biggest 

deformation at peak load, whereas ECC-

C (1%PE+1%ST) demonstrated the 

highest flexural strength (approximately 

13% more than ECC-A) but the lowest 

ductility.  

Wu et al. 

(2022) 

Hybrid fibre-

polymer 

(HCHFPC), namely 

steel ultrashort-fine 

(USHSF) and 

hooked-end steel 

fibre (HESF) and 

polypropylene 

fibres (PF). Three 

different fibre 

volumes of 

- Effect on the flexural strength: HCHFPC 

consistently had a greater flexural 

strength than PC approximately by 

190%, 111% and 191% for 3-day, 7-day 

and 28-day, respectively.  

The authors reported that HCHFPC 

formed a phenomenon of coupling 

through the bonding between the hybrid 

fibres and concrete, indicating that 

HCHFPC did not break immediately 
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USHSF, HESF and 

PF (4.0%, 1.92% 

and 0.27%, 

respectively) were 

used.  

following cracking and continued to 

provide a limited amount of flexural 

bearing function under the bonding effect 

of fibres.  

2.5 Influence of fibres on fatigue  

In various concrete structures such as airport runways, railway bridges, road 

pavements and offshore structures, fatigue is a prevalent phenomenon (Bhowmik 

and Ray, 2018). Fatigue failure in reinforced concrete (RC) structures occurs as 

a result of damage to the material components (concrete or steel) and the bond 

between them (Yuan et al., 2018). Therefore, the design of RC structures is with 

fatigue-resistant is intended to address these capacity limitations. Fatigue is 

considered the most critical factor in controlling the design of RC structures that 

experience repeated loading (Yuan et al., 2018). Researchers have observed 

that the fatigue resistance of each specimen can vary due to inherent flaws, 

resulting in variations in fatigue life under the same fatigue load. This indicates 

that the ability of a specimen to withstand fatigue depends on its individual 

characteristics and quality. 

2.5.1 Performance of NC and FRC beams on fatigue   

The findings summarised in Table 2.6 demonstrated that the incorporation of 

steel fibres in concrete beams extended their fatigue life, as reported by Parvez 

and Foster (2014). The study showed a significant improvement in fatigue life for 

concrete beams with fibre volumes of 0.4% and 0.8% and an aspect ratio of 80, 

while beams with an aspect ratio of 65 showed no improvement in fatigue life. 

This discrepancy was attributed to the influence of aspect ratio on fatigue 

performance, suggesting that the aspect ratio played a crucial role in determining 

the effectiveness of steel fibres in enhancing fatigue resistance. Similar results 

reported by Singh et al. (2006) demonstrated that increasing fibre content from 

0% to at least 1.0% led to significant improvements in fatigue performance, as 

shown in Figure 2.10. 
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Figure 2.10: Effect of steel fibre with different stress levels and applied fatigue 
stress represented with number of cycles (From Singh et al., 2006) 

However, their results also indicated a decline in performance when higher 

fibre volumes were added, suggesting the existence of an optimal fibre content 

for enhanced fatigue resistance. Banjara and Ramanjaneyulu (2018) observed a 

decrease in fatigue life when using a fibre volume of 2% compared to specimens 

with 1% steel fibre volume, attributing the decline to fibre-fibre interaction or 

congestion that hindered the reinforcing effect. In addition to steel fibres, the 

incorporation of polypropylene fibres in concrete was found to increase fatigue 
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life, as indicated by the studies of Mohamadi et al. (2013) and Meng et al. (2018), 

as demonstrated in Figure 2.11. Different fatigue stress levels indicated a 

different number of cycles and the reduction in stress levels led to a higher 

number of cycles, as depicted in Figure 2.12 (Gao et al., 2021). Meng et al. (2018) 

and Gao et al. (2021) stated that the stress ranges influenced how mid-span 

deflection and crack width evolve. With a reduction in stress range, the maximum 

deflection and crack width that can be maintained before the ultimate failure stage 

declined, as shown in Figure 2.13 and 0% fibre volume fraction (BF0-6): 

specimens with 0% fibre volume fraction and a stress level of 0.6, 0.5% fibre 

volume fraction (BF0.5-6): specimens with 0.5% fibre volume fraction and a 

stress level of 0.6, 1.0% fibre volume fraction (BF1.0-6): specimens with 1.0% 

fibre volume fraction and a stress level of 0.6 and 1.5% fibre volume fraction 

(BF1.5-6): specimens with 1.5% fibre volume fraction and a stress level of 0.6. 

Figure 2.14. The incorporation of fibres resulted in a reduction in the mid-

span deflection and crack width and with an increase in the fibre volume fractions 

led to a higher reduction, as can be seen in 0% fibre volume fraction (BF0-6): 

specimens with 0% fibre volume fraction and a stress level of 0.6, 0.5% fibre 

volume fraction (BF0.5-6): specimens with 0.5% fibre volume fraction and a 

stress level of 0.6, 1.0% fibre volume fraction (BF1.0-6): specimens with 1.0% 

fibre volume fraction and a stress level of 0.6 and 1.5% fibre volume fraction 

(BF1.5-6): specimens with 1.5% fibre volume fraction and a stress level of 0.6. 

Figure 2.14 and Figure 2.15.  

 

a) For plain concrete (C)  
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C1: Applied load of 0.7 times the bending strength of plain concrete, C2: Applied 

load of 0.8 times the bending strength of plain concrete and C3: Applied load of 

0.9 times the bending strength of plain concrete 

 

b) For polypropylene fibre reinforced concrete (ὅ) 

ὅ : Applied load of 0.7 times the bending strength of plain concrete, ὅ : applied 

load of 0.8 times the bending strength of plain concrete and ὅ : Applied load of 

0.9 times the bending strength of plain concrete 

Figure 2.11: Fatigue crack growth of plain and polypropylene fibre-reinforced 
concrete with three different stress levels (From Mohamadi et al., 2013) 

These findings collectively emphasised the potential of steel fibres in 

improving fatigue life and flexural fatigue strength of concrete. It is important to 

consider the optimal fibre dosage to avoid potential negative effects on fatigue 

resistance, as clustering and reduced stress transfer between fibres can hinder 

the reinforcing effect. Further research is needed to determine the optimal fibre 

content and aspect ratio for different applications and loading conditions to 

maximise the fatigue performance of concrete structures. 
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Figure 2.12: Different stress level with fitting the S-N relation with a 50% 
reliability (From Wu et al., 2022). Stress level of 0.7 as a percentage of the 
maximum static strength, stress level of 0.6 as a percentage of the 
maximum static strength and stress level of 0.55 as a percentage of the 
maximum static strength 

 

a) The development of mid-span deflection of normal concrete beams vs fatigue 
life 

 

b) The development of crack width of normal concrete beams vs fatigue life  

64% max static strength: stress level of 0.64 as a percentage of flexural strength 
of corresponding materials, 56% max static strength: stress level of 0.56 as a 
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percentage of flexural strength of corresponding materials, 48% max static 
strength: stress level of 0.48 as a percentage of flexural strength of corresponding 
materials, 40% max static strength: stress level of 0.40 as a percentage of flexural 
strength of corresponding materials and 32% max static strength: stress level of 
0.32 as a percentage of flexural strength of corresponding materials 

Figure 2.13: The development of mid-span deflection and crack width for all 
beams vs fatigue life (From Meng et al., 2018) 

 

a) Different stress levels series          b) Different fibre volume fraction series 

i) Effect of stress levels and fibre volume fraction on deflection 

 

c) Different stress levels series          d) Different fibre volume fraction series 

ii) Effect of stress levels and fibre volume fraction on crack width 

For specimens with different stress levels with 1% of steel fibre in Figure 2.14(a), 
stress level of 0.5 as a percentage of the maximum static strength (BS1.0-5), 
stress level of 0.55 as a percentage of the maximum static strength (BS1.0-55), 
stress level of 0.6 as a percentage of the maximum static strength (BS1.0-6), 
stress level of 0.7 as a percentage of the maximum static strength (BS1.0-7) and 
stress level of 0.8 as a percentage of the maximum static strength (BS1.0-8).  

For specimens with the same stress levels of 0.6 with different volume fraction of 
steel fibre in Figure 2.14(b), 0% fibre volume fraction (BF0-6): specimens with 0% 
fibre volume fraction and a stress level of 0.6, 0.5% fibre volume fraction (BF0.5-
6): specimens with 0.5% fibre volume fraction and a stress level of 0.6, 1.0% fibre 
volume fraction (BF1.0-6): specimens with 1.0% fibre volume fraction and a 
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stress level of 0.6 and 1.5% fibre volume fraction (BF1.5-6): specimens with 1.5% 
fibre volume fraction and a stress level of 0.6. 

Figure 2.14: Mid-span deflection and crack widths with the number of fatigue 
cycles (From Gao et al., 2021) 

 

i) Various depth 

 

ii) Volume fractions of fibres 

For specimens with different stress levels with 0.8% of steel fibre in Figure 
2.15(a), stress level of 0.5 as a percentage of the maximum static strength 
(BF0.8-0.5), stress level of 0.6 as a percentage of the maximum static strength 
(BF0.8-0.6) and stress level of 0.7 as a percentage of the maximum static 
strength (BF0.8-0.7). 

For specimens with the same stress levels of 0.6 with different volume fraction of 
steel fibre in Figure 2.14(b), specimens with 0.8% fibre volume fraction and a 
stress level of 0.6 (BF0.8-0.6), specimens with 1.2% fibre volume fraction and a 
stress level of 0.6 (BF1.2-0.6) and specimens with 1.6% fibre volume fraction and 
a stress level of 0.6 (BF1.6-0.6). 

Figure 2.15: Mid-span deflection and crack width with number of cycles (From 
Qu et al., 2019) 
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Table 2.6: Summary on the influence of fibres on fatigue 

Authors 

Variables, fibres volume 

fraction  and dimension of 

specimens (mm) 

Effect of fibre on the property 

Parvez and 

Foster (2014) 

Steel fibre with variable fibre 

volumes of 0%, 0.4% and 

0.8% with different load 

levels of 20-74% and 20-

70%. Dimension of the 

specimens: Series one: 

100x200x1200 and series 

two: 180x300x3000 

- Effect on fatigue: the addition of steel fibres prolongs the fatigue life of concrete 

beams. Beams of series one exhibited an increase in fatigue life by an average of 39% 

and 40% with 0.4% and 0.8% fibre, respectively. Meanwhile, beams of series two with 

0.4% and 0.8% fibre and an aspect ratio of 80 at a stress level of 0.7 exhibited an 

increase in fatigue life of approximately 47% and 182%, respectively. However, beams 

in series one with an aspect ratio of 65 and fibre volume of 0.4% and 0.8% exhibited 

no improvement in fatigue life, which this can be explained by the influence of aspect 

ratio on fatigue performance. Additionally, there existed an optimal fibre dosage for 

achieving this effect. 

Singh et al. 

(2006) 

Steel fibres with three 

different volumes of 1.0%, 

1.5% and 2.0% and two 

different fibre lengths of 

25mm and 50mm. 

Dimension of the specimens: 

100x100x500 

- Effect on fatigue: the performance under fatigue significantly improved when the fibre 

content was increased from 0% to at least 1.0%. However, the performance started to 

decline as more fibres were added beyond that point. For instance, the corresponding 

two million cycle fatigue strengths for fibre contents of 0%, 1.0%, 1.5%, and 2.0% were 

found to be 58.30%, 72.10%, 65.40%, and 62.00%, respectively. When comparing 

applied stress expressed as a percentage of the equivalent static flexural stress of 

SFRC, it was apparent that SFRC containing 1.0% fibre content performed the best, 

followed by SFRC containing 1.5% and 2.0% fibre content. 
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Banjara and 

Ramanjaneyulu 

(2018) 

Steel fibre with three 

different fibre volumes 

(0.5%, 1.0% and 2.0%) with 

different load levels of (20-

65%, 20-75%, and 20-85% 

of ultimate load) with a 

frequency of 5Hz. Dimension 

of specimens: 100x100x500 

- The addition of 0.5%, 1% and 2.0% of steel fibres increased fatigue life by 

approximately 80%, 303% and 217% in comparison to plain concrete when the load 

range was 20-85% of ultimate load. Similarly, the addition of 0.5%, 1% and 2.0% of 

steel fibres increased fatigue life by approximately 74%, 553% and 251% in 

comparison to plain concrete when the load range was 20-75% of ultimate load. Also, 

the addition of 0.5%, 1% and 2.0% of steel fibres increased fatigue life by approximately 

50%, 180% and 110% in comparison to plain concrete when the load range was 20-

65% of ultimate load.  

Meng et al. 

(2018) 

PVA-ECC with different 

stress ranges between 64% 

and 32% of the equivalent 

static flexural strength of the 

material. Two different 

frequencies were used (4Hz 

and 8Hz) for higher and 

lower stress ranges. 

- Effect on fatigue: the flexural stress range maintained by the PVA-ECC for specimens 

tested under high-stress low-cycle fatigue was more than double that of normal 

concrete. At 105 cycles, the stress ranges of normal concrete and PVA-ECC were 2.7 

MPa and 5.3 MPa, respectively. For the same stress range of 3 MPa, normal concrete 

failed after a few thousand cycles whereas PVA-ECC resisted 5.6 million cycles. On 

the other hand, the flexural stress range for low stress high-cycles fatigue was more 

than 1.5 times higher for PVA-ECC compared to normal concrete.  

Gao et al. 

(2021) 

Steel fibre With various 

volumes of (0%, 0.5%, 1.0%, 

and 1.5%). Different stress 

levels based on the 

maximum static strength 

were tested (0.5%, 0.55%, 

- Effect of stress on fatigue: increased stress levels resulted in a shorter fatigue life. 

Stress levels of 0.5, 0.55, 0.6, 0.7 and 0.8 showed a fatigue life of 200 x104, 85 x104, 

80 x104, 40 x104 and 10x104, respectively, when the fibre volume fraction was 1%. 

- Effect of fibre on fatigue: the incorporation of various fibre volumes (0.5%, 1.0% and 

1.5%) improved the fatigue life of the beams by 38%, 106% and 61%, respectively in 

comparison to non-FRC beams. Comparing the fatigue life of the beam cast with 1.5% 
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0.6%, 0.7%, and 0.8%), 

while the minimum stress 

level was set at 0.1% for all 

beams. Dimension of the 

specimens: 120x120x1200 

of fibre to the beam cast with 1.0% of fibre, the beam with 1.5% fibre had a shorter 

fatigue life.  

Qu et al. (2019) 
Steel fibre volume fraction 

varied from 0.8% to 1.6%. 

- Effect of fibre on fatigue behaviour: the incorporation of 1.6% fibre caused the mode 

of failure for the beams to change to a ductile failure, thereby prolonging their fatigue 

life. The growth of total strain with the number of cycles of all of the tested beams was 

found to have three distinct stages.  

Chenkui and 

Guofan (1995)  

A sine waveform with a 

frequency of 5-20Hz was 

used to load the sample. 

- Effect of fibre on fatigue behaviour: by increasing steel fibre content, fatigue life was 

prolonged for the same stress ratio. For example, at a stress ratio of 0.8, the specimen's 

fatigue life was approximately 60 times longer due to the inclusion of 1.5% steel fibres 

compared to without steel fibre. Similarly, the addition of 0.5 and 1.0% of steel fibres 

showed an increase in the fatigue life by up to 33% and 67%, respectively.  

Mohamadi et al. 

(2013) 

Polypropylene fibres with 

three different levels (0.7, 0.8 

and 0.9 of the maximum 

bending strength), while the 

minimum applied load was 

2kN with a frequency of 1Hz. 

- The incorporation of polypropylene fibres in concrete increased the fatigue life 

(number of cycles) loading from 554, 2,013, 4,971 to 822, 3,142 and 5,817 for loading 

levels of 0.7, 0.8 and 0.9, respectively 
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2.5.2 Performance of HyFRC beams on fatigue  

The study conducted by Zhu et al. (2022) found that engineered cementitious 

composite (ECC) with a higher volume of polyethylene (PE) fibre showed superior 

performance in applications where high stress levels and low-cycle fatigue were 

expected. On the other hand, steel fibres exhibited better fatigue resistance at 

lower stress levels. Additionally, PE fibres showed higher fatigue resistance in 

terms of interfacial bond at high stress levels compared to low stress levels. It 

was demonstrated that the use of hybrid fibres (steel and polyethylene fibres) 

might produce some synergistic effects that led to lower mid-span deflection and 

the mid-span deflection decreased with a decrease in the stress ranges as 

reported by Zhu et al. (2022) and can be seen in Figure 2.16. These findings in 

Table 2.7 highlighted the influence of fibre type and stress levels on the fatigue 

behaviour of fibre-reinforced materials. Wu et al. (2022) demonstrated that a high 

proportion of hybrid fibre-polymer (HCHFPC) exhibited greater fatigue resistance 

compared to other materials under the same fatigue load. This suggested that 

the combination of multiple fibres in concrete significantly improved flexural 

fatigue performance. The study also indicated that incorporating various sizes of 

fibres into polymer composite concrete and increasing their content greatly 

enhanced the flexural fatigue performance. This finding emphasised the 

importance of fibre size and content to achieve improved fatigue durability in 

concrete structures.  

Future research should focus on understanding further the synergic effect 

between fibres and the concrete matrix to optimise the fatigue performance of 

fibre-reinforced concrete structures. Understanding the interplay between stress 

levels, fibre types, and composite compositions will provide valuable insights for 

optimising the fatigue resistance of fibre-reinforced materials. Therefore, 

exploring the combined use of steel and polypropylene fibres and their potential 

synergistic effects on fatigue performance would be beneficial. Additionally, 

studying the long-term behaviour of fibre-reinforced concrete under cyclic loading 

will contribute to more comprehensive knowledge for practical applications. This 

research can help assess the performance of fibre-reinforced materials over 

extended periods, providing valuable information for practical applications.
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Figure 2.16: Deflection-cycle curves of tested beams under various stress levels: a) ECC-A (1.5% PE + 0.5% ST), b) ECC-B (1.25% PE 
+ 0.75% ST), and c) ECC-C (1% PE + 1% ST) (From Zhu et al., 2022), stress level of 60%, 70% and 80% as a percentage of the 

maximum static strength 
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Table 2.7: Summary on the influence of hybrid fibres on fatigue 

Authors 
Variables, fibres volume fraction  and 

dimension of specimens (mm) 
Effect of fibre on the property 

Suthiwarapirak 

et al. (2004) 

Two different volumes of 2.1% and 1.5% for PVA 

and PE, respectively, mixed with 1% steel fibre for 

different stress levels of  (90%, 85%, 75%, 65% 

and 50%) and the ratio between the minimum and 

maximum flexural stress was 0.2 for all specimens 

with a frequency of 8Hz. Dimension of the 

specimens: 100x100x400 

- Effect on fatigue life: a longer fatigue life was 

observed in ECCs at higher levels of fatigue stress 

(0.75 to 1.0) varied from 100% to 900% higher when 

compared to FRC. On the other hand, at lower fatigue 

stress levels (0.5 to 0.7), their fatigue life often equalled 

or became shorter than that of FRC. 

Zhu et al. 

(2022) 

Steel and polyethylene fibres with three different 

fibre volumes for each hybrid type (1.5% and 0.5%, 

1.25% and 0.75%, and 1.0% and 1.0%, for 

polyethylene and steel fibre, respectively) for three 

different stress levels (48%, 56% and 64%) with an 

applied frequency of 4Hz. Dimension of the 

specimens: 100x100x350 

- Effect on fatigue: all ECC-C (1%PE+1%ST) beams 

withstood two million fatigue cycles for the tests with a 

stress range of 48%. ECC-A (1.5%PE+0.5%ST) and 

ECC-B (1.25%PE+0.75%ST) specimens, one and two 

beams, respectively, continued to function after two 

million cycles. The anticipated fatigue life for a stress 

range ratio of 64% is in the following order: ECC-A 

(1170) > ECC-B (1200) > ECC-C (590). 

- Effect of stress range on fatigue:  When lowering 

fatigue stress ranges, the order of fatigue life among 

the three hybrid ECCs changed. In fact, ECC-A beams 

achieved better fatigue performance under the low 

cycle scenarios (i.e., high maximum stress level/range) 

but a marginally worse fatigue performance under the 
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high cycle scenarios (i.e., low maximum stress 

level/range). 

- Effect of fibre on fatigue: ECC-A with more PE fibre 

offered a superior option for applications involving 

constructions that were subject to a high maximum 

stress level/range and low-cycle fatigue with a fatigue 

life of 1170. Steel fibres ECC-C (1%PE+1%ST) offered 

superior fatigue resistance at lower stress levels with a 

fatigue life of 3.77x106, which was 20.45% and 308% 

higher than   ECC-B (1.25%PE+0.75%ST) and ECC-A 

(1.5%PE+0.5%ST), respectively, whereas PE fibres 

generally exhibited higher fatigue resistance in terms 

of interfacial bond at high stress levels than at low 

stress levels. 

Wu et al. 

(2022) 

hybrid fibre-polymer (HCHFPC), namely steel ultra-

short-fine (USHSF) and hooked-end steel fibre 

(HESF) and polypropylene fibres (PF) with three 

different fibre volumes of USHSF, HESF and PF 

(4.0%, 1.92% and 0.27%, respectively) were used. 

Four different stress levels were applied (0.70%, 

0.60%, 0.55% and 0.50%) with an applied 

frequency of 10Hz. Dimension of the specimens: 

100x100x400 

-Effect of stress on fatigue: different fatigue stress 

levels resulted in varying numbers of cycles, with lower 

stress levels leading to a higher number of cycles. For 

instance, stress levels of 0.7, 0.6 and 0.55 exhibited 

fatigue life of 32441, 160467 and 684570, respectively. 

However, when the stress level was reduced to 0.5, 

specimens exhibited a fatigue life of more than 2x106. 

-Effect of fibre on fatigue: test results revealed that 

there was almost no visible fracture as the USFST 

glided out of the cracked concrete. In contrast, some 

of the HESFs broke, illustrating their dual function as 
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both a macro-fibre and a micro-scale fibre crack 

prevention mechanism. These results highlighted the 

significant role played by the connection between the 

fibre and the concrete in enhancing the flexural 

capacity of HCHFPC. Based on the test results, it was 

established that increasing the fibre volume of a single 

type of steel fibre had a less pronounced influence on 

flexural fatigue durability compared to the addition of 

multiple fibres to the concrete, which significantly 

improved flexural fatigue performance. The data 

indicated that incorporating various sizes of fibres into 

polymer composite concrete through mixing and 

increasing their content could greatly enhance the 

flexural fatigue performance of the concrete. 
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2.6 Influence of fibres on deflection  

The influence of fibres on deflection in concrete structures is a topic of significant 

interest in the field of construction materials. Understanding the impact of fibre 

addition on deflection can provide valuable insights for designing more durable 

and resilient concrete structures.  

2.6.1 Performance of NC and FRC beams on deflection  

As summarised in Table 2.8 the studies reported in various publications present 

different findings about the effect of incorporating fibre on the deflection of the 

concrete beams. Yoo et al. (2013) and Yoo et al. (2015) revealed that the 

increase in steel fibre content led to an increase in deflection at peak load for 

small prisms. Notably, the peak load values varied significantly among the 

specimens in both studies, even though none of the specimens had any main 

reinforcement. Similarly, Hamoush et al. (2010) found that the deflections of the 

micro fibre-reinforced beams were greater than those of plain concrete beams, 

with mid-span approximately three times larger. PajŃk and Ponikiewski (2013) 

found that the specimens cast with hooked-end steel fibres exhibited a larger 

deflection at the maximum stress than plain concrete without fibres. Meza and 

Siddique (2019) reported that the presence of virgin polypropylene fibre and 

recycled plastic fibres increased the deflection bearing capacity of concrete. The 

studies by Qu et al. (2019) and Meda et al. (2012) presented contrasting findings 

regarding the effect of fibre reinforcement on mid-span deflection for long beams 

that had tensile reinforcement. These findings highlighted the potential of fibre-

reinforced concrete in enhancing the service life and controlling deformation. 

Overall, these studies suggested that the effect of fibre content on deflection 

behaviour can vary depending on factors such as fibre type, shape, and volume.  

Table 2.8: Summary on influence of fibres on deflection of NRC and FRC 

beams 

Authors Effect of fibre on the property 

Yoo et al. 

(2013) 

- An increase in steel fibre content showed an increase in 

deflection at peak load by 22%,50% and 78% for 2%(V2), 

3%(V3)  and 4%(V4), respectively, compared to 1%(V1) of steel 

fibre. 
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Yoo et al. 

(2014) 

- Changing fibre lengths had no discernible effect on the 

deflection and first crack strength, whereas specimens with 

concrete placed in the centre exhibited slightly higher deflection 

and first crack strength.  

- The incorporation of fibres of 30mm in length exhibited 

deterioration in terms of strength and deflection and had a large 

deviation in results. 

Yoo et al. 

(2015) 

- The increment of fibre content from 0.5% to 1.0% for normal 

concrete (NC) and from 1.0% to 2.0% for high strength concrete 

(HSC) revealed a higher deflection at peak than that of the 

reference beams without fibres. Similarly, the incorporation of 

2% steel fibres for ultra-high strength concrete (UHSC) 

achieved a higher deflection of almost 3 times at peak than that 

of the reference beams.  

- Regardless of the fibre content and deflection point, NC 

offered greater toughness than HSC. 

Meda et al. 

(2012) 

- A clear correlation was noted between the behaviour of beams 

at service load and the fibre content which emphasises the 

significance of FRC in terms of enhancing service life, such as 

controlling the deformation of specimens with 60kg/m3 by 

approximately a 17% reduction compared to plain concrete. 

PajŃk and 

Ponikiewski 

(2013) 

- The plain concrete showed an almost linear response until the 

formation of the first visible crack, with a quick reduction in load 

observed with an increase in deflection in the post-peak 

response.  

- Effect of type of fibre on deflection: regardless of the volume 

of straight steel fibres, the load-deflection curves of the pre-

peak portion showed nonlinearity with a well-defined initial first 

peak. Specimens with 1.0% fibre volume of straight steel fibre 

had a deflection of 0.06mm, while specimens with 1.5% fibre 

volume had a maximum deflection of 0.11mm. In 

contrast, specimens cast with hooked-end steel fibres exhibited 

a larger deflection at the maximum stress than plain concrete 

without fibres. Specimens with 1.0% fibre volume of hooked-

end steel fibre had the highest measured deflection of 0.92mm, 

while specimens with 1.5% fibre volume had a maximum 

deflection of 0.64mm. For hooked-end steel fibres, a deflection-

hardening response was observed, while a deflection-softening 

flexural response was observed for straight steel fibres. 
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Meza and 

Siddique 

(2019) 

- Plain concrete failed almost after the formation of the first 

visible crack in the tension zone.  

- On the other hand, the presence of virgin polypropylene fibre 

and recycled plastic fibres increased the deflection bearing 

capacity of concrete. 

Hamoush et 

al. (2010) 

- As anticipated, the deflections of the micro fibre-reinforced 

beams were greater than those of plain concrete beams.  

- Deflections at mid-span were approximately three times 

greater than in plain concrete beams. 

Kim et al. 

(2011) 

- Beams which were cast with macro fibres recorded 

significantly greater flexural performance in terms of energy 

absorption and deflection than those cast only with micro fibres.  

- Beams cast with macro and micro fibres with 1% volume 

showed higher deflection values of 45.4-75.9% than those with 

only micro fibres with a volume equal to 2%. 

Meng et al. 

(2018) 

- The mid-span deflection exhibited gradual and steady growth 

until a rapid increase occurred in the final failure stage.  

- Effect of stress ratio on deflection: it was established that the 

stress ranges had an influence on the evolution of mid-span 

deflection and crack width. As the stress range decreased, the 

maximum deflection that could be sustained before reaching 

the ultimate failure stage decreased and was found to be lower 

than the average deflection at the flexural strength determined 

from static flexural testing (1.47mm).  

- Effect of fibre on deflection: the PVA-ECC beams' average 

mid-span deflection at flexural strength was 1.47mm, which is 

35 times greater than the mid-span deflection at flexural 

strength of normal concrete beams (0.042mm). 

Gao et al. 

(2021) 

- The mid-span deflection of 1.5% of fibre had lower value when 

compared to 1.0% fibre in the early stage of the fatigue process. 

Chenkui 

and Guofan 

(1995) 

- The mid-span deflection curves were classified into three 

stages because they were comparable to one another. Both the 

first stage and the last stage were short, taking up only 

approximately 5% of the total loading cycles. 

Sahoo et al. 

(2015) 

- The displacement ductility of the concrete was increased by 

40% and 80%, respectively, when adding 0.5% and 1% steel 

fibres whereas the displacement ductility response of only 

polypropylene fibre increased 120% when compared to the RC 
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specimen, thereby indicating that polypropylene fibres were 

more effective in terms of enhancing ductility than steel fibres.  

Vasanelli et 

al. (2014) 

- The incorporation of FRC led to a reduction in the mid-span 

deflection when compared to the reference beams. 

Higgins et 

al. (2013) 

- The test results reported that the repeated load exhibited a 

greater deflection and strain than the sustained load. In 

addition, extra deformations arose between 0-10 days caused 

by repeated load, whereas the deformation rate appeared to be 

similar after that period which related to initial load and material 

properties. Higher loading amplitude produced greater 

deflections and strains when compared to its counterparts. 

Section stiffness was affected by the repeated load in the initial 

age of loading (0-10 days) which might be attributable to 

material stiffness. The effect of loading frequency was small 

when compared to the effect of loading amplitude. The test 

results suggested the importance of the influence of previous 

load stages and regimes in addition to the current loading 

condition. It becomes apparent that for the case where b = 1, 

the Eurocode provides an accurate prediction of the curvature 

exhibited by beams subjected to sustained loads. The 

noteworthy observation here is that beams S-a and S-b, which 

were tested under static test conform closely to the predictive 

curve outlined by the Eurocode when b = 1, rather than when b 

=0.5. This observation raises inquiries into the accurate 

characterization of long-term and short-term loading as well as 

the tension stiffening behaviour of beams, particularly when 

subjected to high load levels. The study emphasises the 

significance of accounting for not just the present loading 

circumstances but also the impact of previous load stages and 

regimes. It has been demonstrated that the distribution 

coefficient, denoted as 'z' and calculated using Expression 7.19 

in EC2, solely factors in the current loading conditions. 

Daud et al. 

(2015 & 

2018) 

The additional deformations took place in the 10-20 days that 

caused by repeated load after the load application, which is 

more likely to rely on the material properties and reinforcement. 

The deformation of repeated load seems to be different than 

that of sustained load, so relevant coefficients (regime and 

previous load) should be included to reflect its effect for the long 
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term in Eurocode 2. 10% of the overall deflection was caused 

by the loss of stiffening only which might be attributed to creep 

and shrinkage. It is evident that both EC2 and Midas FEA 

provide conservative estimates of mid-span deflection at 90 

days. However, EC2 also tends to overestimate deflection up to 

50 days, which could be attributed to the curvature resulting 

from shrinkage. This discrepancy arises because shrinkage 

strain is initially overestimated in the first 40 days and 

underestimated towards the end of the testing period. In 

contrast, Midas FEA assumes concrete behaves elastically, 

leading to shrinkage curvature originating solely from the un-

cracked section, with shrinkage uniformly distributed across the 

cross-section. 

Sryh (2017) 

The finding showed that when 50 and 100% of RAC were 

introduced, the RAC's maximum mid-span defection increased 

by roughly 8 and 15%, respectively. All the specimens generally 

displayed a consistent increase in deflection over time. The 

finding showed that the rate of long-term deflection increased 

significantly more quickly over the first 20 days of loading. 

Approximately 65% of the long-term deflections happened 

during this time. Additionally, the finding showed that increasing 

the replacement ratio of RAC led to considerable increases in 

long-term deflection. As a result of replacing 50 and 100% of 

the aggregate the long-term deflection increased by 20 and 

38%, respectively. Evaluating the Eurocode 2 method's 

predictive accuracy revealed that it did not adequately account 

for the influence of steel fibres on improving long-term tension 

stiffening behaviour and enhancing the stiffness of cracked 

sections in its calculation procedures. An interpolation analysis 

determined values of 0.65 for concrete with 0.5% steel fibres 

and 0.8 for 1.0% steel fibre content in tension stiffening for b 

factor. However, it's crucial to remember that solely assessing 

steel fibresô impact on tension stiffening doesn't provide a 

complete understanding of their role in long-term flexural 

performance of reinforced concrete beams. 

*The experimental variables were defined in previous sections.  
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2.6.2 Performance of HyFRC beams on deflection  

As summarised in Table 2.9, Kim et al. (2011) observed that beams cast with a 

combination of macro and micro fibres exhibited higher deflection values at peak 

load, which is different in each specimens compared to those with only micro 

fibres even if the fibre volume fraction was higher than the hybrid fibre. Similarly, 

Kim et al. (2011) reported that HB hooked-end steel fibres performed better in 

terms of deflection with 1.5% micro fibres. The addition of hybrid fibres had an 

effect on the deflection of the specimens, as can be seen in Figure 2.7 and Figure 

2.9 from Section 2.4.2. According to Sahoo et al. (2015) the normal concrete 

specimens, specimens cast with steel fibres, specimens with polypropylene fibres 

and specimens with hybrid steel-polypropylene fibres exhibited nearly linear 

curves up to a mid-span deflection of 10mm. Furthermore, the deflection at failure 

was higher for specimens with the addition of fibres, as can be seen in Figure 

2.17.  

Further research is, however, needed to explore the combined effects of 

hybrid fibres with different fibre types, configurations, and volumes on deflection 

behaviour. It would be valuable to examine the mechanisms behind the observed 

variations in deflection response, including the contribution of using hybrid fibre 

with different lengths and aspect ratios. Understanding these factors will provide 

valuable insights for optimising the use of fibre-reinforced concrete in designing 

structures with improved deflection control and durability. 
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a) Single fibre, Normal concrete (RC), Specimens with 0.5% steel fibre 

(SFRC1), Specimens with 1.0% steel fibre (SFRC2) and Specimens with 1.0% 

polypropylene fibre (PFRC) 

 

b) Mixed fibres, Normal concrete (RC), specimens with 0.5% of steel fibre and 

0.5% of polypropylene fibre (CFRC1), specimens with 1.0% of steel fibre and 

0.5% of polypropylene fibre (CFRC2) and specimens with 1.0% of steel fibre 

and 1.0% of polypropylene fibre (CFRC3) 

Figure 2.17: Load-displacement behaviour of specimens (From Sahoo et al., 
2015) 

Table 2.9: Summary on influence of fibres on deflection of HyFRC beams 

Authors Effect of fibre on the property 

Kim et al. 

(2011) 

- Effect of fibre on deflection: beams which were cast with 

macro fibres recorded significantly greater flexural 

performance in terms of energy absorption and deflection 

than those cast only with micro fibres.  

- HB hooked-end steel fibres performed better in terms of 

deflection with 1.5% micro fibres, followed by twisted, long 

smooth and hooked-end steel fibres (HA) with 1.5mm, 

1.274mm, 1.836mm and 1.593mm, respectively. 

Yap et al. 

(2014) 

- Control beams without fibre recorded a deflection of 1mm 

during the formation of the first visible crack.  

- Effect of fibre on deflection: the addition of steel fibres 

increased the deflection of the oil palm shell steel FRC 

(OPSFRC) mixes, except the beams cast with 1% 
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PP. Adding more steel fibres caused a higher first crack 

deflection and led to greater flexural strength. 

Sahoo et al. 

(2015) 

- The CFRC1 specimen, consisting of 0.5% steel and 0.5% 

polypropylene fibres, exhibited the same level of 

displacement ductility as the SFRC2 specimen, which 

contained 1% volume of steel fibres. Both specimens 

displayed an 80% higher displacement ductility compared to 

RC specimens. 

Pajak and 

Ponikiewski 

(2017) 

- The incorporation of a hybrid composition consisting of 

1.5% short straight fibre and 1.0% long corrugated fibres 

resulted in the highest deflection, with a value of 0.162mm, 

On the other hand, the incorporation of a hybrid composition 

consisting of 0.5% short straight fibre and 1.0% long 

corrugated fibres showed a lower deflection value of 

0.035mm.  

Suthiwarapirak 

et al. (2004) 

- Effect of fibre on deflection: the results clearly revealed that 

both types of PVA-ECC and PE-ECC had substantially 

greater deformation capability than steel FRC. The ECC 

specimens exhibited a deflection at ultimate strength which 

varied between 1mm and 2mm, whereas it was 

approximately 0.05mm for steel FRC.  

- Effect of stress level on deflection: at higher levels of fatigue 

stress, ECCs showed that displacement evolved up to 

approximately 1-2mm before failure, whereas steel FRC 

exhibited a deflection of less than 0.1mm before failure. It 

was revealed that the level of fatigue stress affected how the 

mid-span deflection evolved as the higher level showed 

higher deflection. Specifically, the mid-span deflection 

experienced an increase of over two times under high fatigue 

stress levels (S = 0.8-0.9) compared to the deflection 

observed under low stress levels (S = 0.5-0.6). 

Zhu et al. 

(2022) 

Static test results reported that ECC-A (1.5% PE + 0.5% ST) 

offered a larger average deflection of 63% relative to ECC-B 

(1.25% PE + 0.75% ST) but 5% less strength. The deflection-

cycle curve initially developed slowly for each of the three 

types of ECCs before abruptly increasing close to the point 

at which the beam failed under fatigue loading. 

*The experimental variables were defined in previous sections.  
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2.7 Influence of fibres on crack pattern and crack width 

The influence of fibres on crack pattern and crack width in concrete structures is 

a critical aspect of understanding the behaviour and performance of fibre-

reinforced concrete. This section highlights the significance of studying the effect 

of fibres on crack pattern and crack width to improve the durability and structural 

integrity of fibre-reinforced concretes.  

2.7.1 Performance of NC and FRC beams on crack pattern and crack 

width 

The findings of the literature reported in Table 2.10 indicate that the addition of 

fibres effectively reduced the crack width of concrete beams and exhibited the 

ability to bridge cracks, effectively slowing down the process of crack propagation 

under different types of load. While some of the literature reported that the aspect 

ratio of fibre had a lower influence on the initial crack width, on the other hand, 

Tan et al. (1995) indicated that the inclusion of steel fibres had no discernible 

effect on major crack spacing and using steel fibres significantly reduced the 

maximum crack widths in reinforced concrete beams for short and long-term and 

the crack width tend to stabilise after 140 days, as can be seen in Figure 2.18. 

Similarly, the average crack width for specimens cast with steel and 

polypropylene fibres was lower than normal concrete and the crack width of the 

FRC beams (Steel (ST) and polyester (POL)) appeared to have stabilised after 

10 months of loading, as shown in Figure 2.19 (Vasanelli et al., 2014). Gao et al. 

(2021) reported that the SFRC beam had a much larger number of cracks than 

the beam without fibre. Mohamadi et al. (2013) indicated that the addition of 

polypropylene fibres had no influence in terms of reducing the crack width. It was 

apparent that the mean crack spacing reduced as the fibre content increased 

(Tiberti et al., 2014; Gao et al., 2021). However, it was evident that the average 

crack spacing increased when the fibre volume reached 1.5% (Gao et al., 2021). 

It is important to take into account the change in behaviour that occurs with 

increasing fibre volume, as it helps determine the ideal fibre dosage to prevent 

any potential adverse effects. 
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a) Load-crack width curve for short-term load, specimens without fibre 
(AF), specimens with 0.5% volume fraction of steel fibre (BF), 
specimens with 1.0% volume fraction of steel fibre (CF), specimens 
with 1.5% volume fraction of steel fibre (DF) and specimens with 2.0% 
volume fraction of steel fibre (EF) 

 

 

b) Crack width over time for specimens subjected to 0.5 times the design 
ultimate load (50%), specimens without fibre (A), specimens with 0.5% 

volume fraction of steel fibre (B), specimens with 1.0% volume fraction of 
steel fibre (C), specimens with 1.5% volume fraction of steel fibre (D) and 

specimens with 2.0% volume fraction of steel fibre (E)  

Figure 2.18: Crack width for short-term and long-term (From Tan et al., 1995) 
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Figure 2.19: Typical crack width over time (From Vasanelli et al., 2014), 
specimens without fibre reinforcement (TQ1E), Specimens with 0.6% volume 

fraction of steel fibre (ST1E and ST2E) and specimens with 0.9% volume 
fraction of polyester fibre (POL1E and POL2E)  

Table 2.10: Summary of literature on influence of fibres on cracks of NRC and 
FRC beams 

Authors Effect of fibre on the property 

Meda et al. 

(2012) 

- Effect of fibre on crack: the cracks tended to be smaller and 

narrower as the fibre content increased, but they became 

more diffused and included some shear-inclined cracks for a 

higher reinforcement ratio. The addition of 30kg/m3 and 

60kg/m3 increased the number of cracks by 8.33% and 

12.5%, respectively.  

PajŃk and 

Ponikiewski 

(2013) 

- The crack mouth opening displacement of beams with 

1.5% straight steel fibres of 5 mm at a deflection of 2 mm 

whereas the specimens cast with hooked-end steel fibres, 

0.5% and 1.0% straight steel fibres caused about 5 mm at 

deflection of 3 mm. 

Meza and 

Siddique (2019) 

- Recycled plastic fibres offered crack arresting and 

bridging properties comparable to virgin polypropylene 

fibres.  

Uygunoglu 

(2008) 

- Effect of fibre on crack: the increment of the fibre volume 

led to a significant reduction in the width of the first crack. 

They showed a crack width of 1.3 mm and 1.1 mm for low 

carbon and hooked-end steel fibres, respectively, when the 
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fibre content was 2%. Also, the low carbon and hooked-end 

steel fibres showed values of 0.3 mm and 0.32 mm for the 

first crack, respectively, when the fibre content was 0.8%. 

The initial crack width was less affected by aspect ratio and 

concrete age when the fibre volume was increased from 

0.2% to 0.8%. 

Vandwalle 

(2000) 

- Effect of fibre on crack spacing: it was observed that the 

crack spacing was reduced by the steel fibres incorporated 

in the concrete. The addition of 45 kg/m3 showed a reduction 

of 10.94% in crack spacing for the lower aspect ratio 

whereas the addition of 45 kg/m3 showed an increase of 

10% in the crack spacing when compared to the addition of 

30 kg/m3. It was apparent that the crack spacing decreased 

as the aspect ratio of the steel fibre increased at higher 

bending moments. These reductions were about 28.61% 

and 11.84% for 30 kg/m3 and 45 kg/m3, respectively.  

- Effect of fibre on crack width: a significant approximately 

37% reduction in crack width caused by fibre incorporation. 

Incorporating steel fibres with a higher aspect ratio led to a 

significant reduction in crack width which was apparent at 

higher bending forces. 

Oh (1992) 

- Effect of fibre on crack width: the crack widths for the 

concrete beam without steel fibres were approximately 0.22 

mm, whereas the crack widths for the concrete beam with 

2% steel fibres were 0.12 mm when the steel stress was 

200MPa. This indicated that the steel fibres serve as crack 

arresters and were very helpful in limiting the spread of 

cracks.  

- Effect of fibre on crack spacing and pattern: as the amount 

of steel fibres in the beam increased, the crack spacing at a 

given steel stress decreased. At each load step, the 

reinforced concrete beam with 2% fibre exhibited 

significantly reduced cracking. The addition of 1% and 2% 

steel fibres showed a reduction in the number of cracks at a 

load of 20 kN by 23.08% and 38.46%, respectively when 

compared to the beams without fibres. 

Guo et al. 

(2021) 

- Effect of fibre on crack: a few micro-cracks developed 

during the failure process closed to the main crack when 

polypropylene fibre was added, which reduced the 
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accumulation of stress at the tip of the main crack. According 

to their different geometric shapes and properties, steel and 

polypropylene fibres played a role in the formation of cracks 

at various stages.  

Parvez and 

Foster (2014) 

- Effect of fibre on crack: plain concrete beams tended to 

have evenly distributed cracks along their length. 

Meanwhile, beams cast with steel fibres exhibited smaller 

crack widths and lower deflection than those of the control 

beams with an average reduction in crack width of 38% and 

46% for the volume fraction of 0.4% and 0.8%, respectively, 

for series two with higher dimensions. 

Singh et al. 

(2006) 

- Effect of fibre on crack: almost all of the SFRC specimens 

that failed under fatigue loading had a single crack that 

started in the middle-third of the specimen. The specimen 

completely failed as a result of the crack spreading and 

widening with an increase in the number of cycles. When the 

first obvious crack started at higher stress levels, failure 

occurred almost immediately. However, the fibre concrete 

specimens withstood a substantial amount of load cycles 

even after the onset of the first visible crack at lower stress 

levels. This shows that the fibres employed in this 

experiment improved bond qualities and crack bridging 

features as a result of their deformed shape. 

Banjara and 

Ramanjaneyulu 

(2018) 

- Effect of fibre and stress ratio on crack: when the cracks 

were initiated, they propagated as the number of cycles 

increased. When comparing fatigue with a load range of 

0.2Pu-0.85Pu to a load range of 0.2Pu-0.65Pu, it was 

observed that the crack propagation was slower in the load 

range of 0.2Pu-0.65Pu with a value of 0.1 mm at the initiation 

of cracks compared to 0.2 mm for load range of 0.2Pu-

0.85Pu. Furthermore, with a load range of 0.2Pu-0.65Pu, the 

fatigue-induced crack propagation required a longer 

duration. Sudden failure occurred once the crack initiated 

under a higher load range, whereas this phenomenon was 

absent under the lower load range. Fibres exhibited the 

ability to bridge cracks, effectively slowing down the process 

of crack propagation.  
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Tan et al. 

(1995) 

- Effect of fibre on crack: a combination of sustained beam 

curvature and increased ductility led to the cracks.  

- Effect of fibre on crack height: the initial cracks had lower 

heights in beams with higher steel fibre content. This 

resulted from the action of the fibres which prevented cracks 

from spreading up the depth of the beams.  

- Effect of fibre on crack spacing: the inclusion of steel fibres 

had no discernible impact on major crack spacing. The 

smaller crack width was typically correlated with higher fibre 

content. This occurred as a result of the steel fibres bridging 

fissures, thereby helping to reduce the stress in the tensile 

steel reinforcement.  

- Effect of fibre on crack width: in the case of reinforced SFC 

beams, the crack widths were often smaller at any point after 

loading and the higher the fibre content, the smaller the 

crack width over the long-term. The addition of steel fibres 

to the test beams appeared to stabilise the crack width after 

140 days under load, whereas the cracks in normal 

reinforced concrete beams seemed to increase after 370 

days under load. Consequently, it was deduced that the 

fibres helped to prevent the widening of cracks in beams 

under sustained loading.  

Meng et al. 

(2018) 

- Effect of fibre on crack width: the development of crack 

width was found to be dependent on the stress range and 

the reduction in stress level led to a reduction in the micro-

cracks. The crack widths corresponding to stress levels of 

64%, 56%, 48%, 40%, and 32% were approximately 3 mm, 

2.8 mm, 1 mm, 1 mm, and 0.9 mm, respectively. 

Gao et al. 

(2021) 

- Effect of fibre on crack: the SFRC beam had a much larger 

number of cracks than the beam without FRC.  

- The effect of fibre on crack spacing was observed, showing 

that the average crack spacing decreased when the fibre 

volume reached 1.5%. Specifically, the average crack 

spacing was approximately 70 mm for a fibre volume of 

1.5%, whereas it was 81 mm for normal concrete. In 

contrast, the crack spacing decreased from 0.5% to 1.0% 

fibre volume, with a value of 50 mm. Comparing a beam with 

1.0% fibre to a beam with 1.5% fibre, the average crack 

spacing increased by 32.6% in the latter case. This increase 
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was primarily attributed to the development of weak spots in 

the beam due to the overlapping of fibres. 

- Effect of fibre on crack width: the average crack widths 

decreased as the fibre percentage increased from 0% to 

1.0%. Specifically, the average crack widths were 0.24 mm 

and 0.21 mm for the 0% and 1.0% fibre volume fractions, 

respectively. However, it is important to note that during the 

early fatigue phase, the average crack widths of the beam 

with 1.5% fibre volume were found to be greater than those 

of the beam with 1.0% fibre volume. Nevertheless, at failure, 

the beam with 1.5% fibre volume exhibited a lower crack 

width value of 0.18 mm compared to 0.21 mm for the beam 

with 1.0% fibre volume.  

-Effect of stress levels on crack width: increasing the stress 

levels increased the crack width under loading, but the crack 

width at failure differed. Stress levels of 0.5, 0.55, 0.6, 0.7, 

and 0.8 exhibited crack widths of 0.25 mm, 0.19 mm, 0.23 

mm, 0.38 mm, and 0.31 mm, respectively 

Mohamadi et al. 

(2013) 

- Effect of stress ratio on crack: the change in fatigue crack 

growth rate was dependent on the number of cycles at lower 

cyclic stress. However, the crack growth rate decreased 

after the initial stages, whereas in the last stage, the rate of 

crack growth increased. Increasing the stress level 

increased the crack width of plain and polypropylene FRC.  

- Effect of fibre on crack width: the addition of polypropylene 

fibres had no influence in terms of reducing the crack width, 

which showed an increase in crack width relative to plain 

concrete of 21.5%, 18% and 1% for stress levels of 0.7, 0.8 

and 0.9. 

Vasanelli et al. 

(2014) 

- Effect of fibre on crack width: it is important to note that the 

FRC beams had smaller crack widths than the reference 

beams and that this effect increased over time. The average 

crack width was found to have increased by 8% in the TQ1-

E (reference) beams and by 13% in the TQ2-E (reference) 

beams between the tenth and seventeenth month of 

exposure, whereas no significant increase in crack width 

was found in the FRC beams. Therefore, it appeared that the 

presence of fibres helped to prevent the development of 

long-term cracks. In fact, there was no considerable 
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difference between the final values of the average crack 

widths of the POL and ST beams. 

*The experimental variables were defined in previous sections.  

2.7.2 Performance of HyFRC beams on crack pattern and crack 

width 

Most of the previous research focused on the hybridisation of steel-polypropylene 

and steel-steel fibres taking into account their different geometric shapes and 

properties, which played a role in the formation of cracks at various stages, as 

reported in Table 2.11. The incorporation of hybrid steel and polypropylene fibre 

improved crack performance and provided the most suitable combination for 

hybrid fibres. However, there is a lack of research focusing on the flexural 

performance of micro and macro hybridisation of polypropylene fibres combined 

with steel fibre. The majority of the research published in the literature focused 

on the effect of normal concrete, one type of fibre and two different shapes or 

lengths of steel fibres with polypropylene fibres. However, concrete made from 

different mixes and types of fibres may exhibit distinct cracking behaviours which 

could have a different effect on the performance of the concrete. From the above 

analysis, the influence of microcracks is also very important and can cause 

serious durability concerns, thus, it is necessary to carry out more research on 

crack width.  

Table 2.11: Summary of literature on influence of fibres on cracks of HyFRC 
beams 

Authors Effect of fibre on the property 

Caggiano et 

al. (2012) 

- Effect of fibre on crack: the presence of short fibres 

improved the peak and post-peak strength for small crack 

widths. Conversely, specimens reinforced with only long 

steel fibres (SFRC) (L100-10) exhibited an instantaneous 

post-peak softening behaviour in the first crack range. 

Eventually, the findings showed that the S75-10 mixes was 

the composite that performed best overall. 

Suthiwarapirak 

et al. (2004) 

- Effect of stress ratio on crack: the ECC specimens 

exhibited multiple cracks, whereas the steel FRC specimens 

exhibited one major crack initiated and propagated with the 

increase in static loading. For instance, PVA-ECC, PE-ECC 
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and steel FRC exhibited a crack mouth opening 

displacement of approximately 1.25 mm, 1.5 mm and 0.1 

mm, respectively. The level of fatigue stress had a 

considerable impact on the number of cracks that appeared. 

When the specimens were subjected to high levels of fatigue 

stress, the number of cracks increased, whereas FRC only 

had one crack at all stress levels. At a stress level of 0.9, 

higher number of cracks were formed, which were 8 and 15 

for PVA-ECC and PE-ECC, respectively. Whereas at a 

stress level of 0.6, smaller number of cracks were observed, 

which were approximately 3 and 7 for PVA-ECC and PE-

ECC. 

Zhu et al. 

(2022) 

- Effect of fatigue on crack: the average number of cracks at 

failure for static loading were 33, 27 and 18 for ECC-A (1.5% 

PE + 0.5% ST), ECC-B (1.25% PE + 0.75% ST) and ECC-

C (1.0% PE + 1.0% ST), respectively. The number of cracks 

exhibited a decrease as the stress range decreased. For 

ECC-A, with stress ranges of 64%, 56%, and 48%, the 

average number of cracks were 23, 20, and 17, respectively. 

Similarly, for ECC-B, with stress ranges of 64%, 56%, and 

48%, the average number of cracks were 19, 19, and 16, 

respectively. In the case of ECC-C, with stress ranges of 

64%, 56%, and 48%, the average number of cracks were 

16, 13, and 9, respectively. 

- Effect of stress ratio on crack width: the crack width 

increased as the maximum stress level increased. The 

major crack width was effectively managed and kept within 

the specified limits of 0.3 mm (under normal exposure 

conditions) and even 0.2 mm (under aggressive exposure 

conditions) at the inflection points for a maximum load level 

of 60%. The widths of the minor cracks were effectively 

constrained, remaining within the limits of 0.2 mm and even 

0.1 mm until the specimen reached failure. 

*The experimental variables were defined in previous sections.  

2.8 Effect of fibres on tension stiffening, creep and shrinkage  

Studying the effect of fibres on tension stiffening, creep, and shrinkage is 

important to understanding how the inclusion of fibres affects the mechanical and 
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time-dependent properties of concrete. Therefore, tension stiffening and both 

creep and shrinkage are described first and then the effect of fibres on these 

properties is discussed. 

2.8.1  Tension stiffening  

Tension stiffening is an effective mechanism in concrete which resists the tensile 

forces generated during bending. It occurs between the primary crack regions as 

a result of the bond action of reinforcement. Although the tensile strength of 

concrete is approximately one-tenth of its compressive strength, it still makes a 

significant contribution to the beam's flexural behaviour (Scott and Beeby, 2012). 

The deformation properties of the beam elements of cracked reinforced concrete 

(RC) are highly dependent on the influence of tension stiffening, which is due to 

the intact concrete between the cracks in the tension zone being capable of 

maintaining certain tensile stress levels and contributing to flexural stiffness (Pui-

Lam et al., 2019). 

2.8.2  Creep and shrinkage  

Creep and shrinkage in concrete have a significant effect on structural behaviour 

under service loads. Creep and shrinkage are considered to lead to the time-

dependent deformation of concrete. Creep and shrinkage are primarily 

associated with the hydrated cement paste, but they can also be influenced by 

other factors within the concrete matrix, such as, temperature, relative humidity 

and the age of concrete. While the cement paste plays a significant role in creep 

and shrinkage, other components such as aggregates, admixtures, and the 

overall mix design can also affect these properties (ACI Committee 209, 1997). 

In concrete, the combined effects of creep and shrinkage, which are rheological 

phenomena, can diminish the contribution of stress stiffening compared to 

reinforced concrete. Creep and shrinkage introduce additional deformations and 

changes in dimensions over time, which can counteract the stress stiffening 

effect. These rheological effects can reduce the overall stiffness of the concrete 

and affect its resistance to deformation under applied loads. 

Creep can be defined as the slow deformation of a material that occurs 

under a sustained load over time (ACI Committee 209, 1997). Creep in concrete 

primarily occurs in the hardened concrete and is related to the slow growth of 
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micro-cracks and the movement of moisture (ACI Committee 209, 1997). The 

gradual development and propagation of micro-cracks in the cement paste 

contribute to the time-dependent deformation observed in creep. These micro-

cracks occur due to stress concentrations and the inherent material properties of 

the cement paste. As the load is sustained over time, these micro-cracks continue 

to grow, leading to creep deformation.  

Creep is obtained by subtracting the sum of the initial instantaneous 

(usually called elastic) strain from the maximum measured strain in a loaded 

sample due to sustained stress, shrinkage and eventual thermal strain in an equal 

load-free specimen that is subject to the same background of relative humidity 

and temperature conditions (ACI Committee 209, 1997). In addition, the creep 

definition combines basic creep and drying creep. Basic creep occurs under 

conditions where there is no transfer of moisture to or from the environment. 

ñDrying creep is the additional creep caused by dryingò (ACI Committee 209, 

1997). Creep potentially enhances reinforced concrete members' long-term 

deflection through two mechanisms (Forth, 2015). First, the grouping of 

compressive and tensile creep, regardless of shrinkage, changes the slope of the 

strain profile, thereby increasing the curvature over time. Second, the tension 

stiffening capacity of the composite section influences the deflection of a beam 

or slab. Creep caused by traffic loads is likely to be a major cause of higher 

deflection or even cracking in concrete bridges (Qian, 2019). Whaley and Neville 

(1973) found that the creep strain due to cyclic load was approximately 1.2 to 2.3 

times higher than that due to static load and the cyclic load had a significant effect 

on creep.  

Shrinkage can occur in both the plastic (fresh) and hardened state of 

concrete, but the focus here is on the volume reduction that takes place after the 

concrete has hardened. Shrinkage is defined as the reduction of concrete volume 

over time after the hardening of concrete when it is exposed to drying conditions 

(Barr and El-Baden, 2003; Sryh, 2017). The reduction is an indicator of changes 

in moisture content of concrete and physio-chemical changes that occur without 

external force due to behaviours outside the concrete (ACI Committee 209, 

1997). Shrinkage strain represents the relative contraction or shortening of the 

concrete material as it undergoes drying. This strain is calculated by dividing the 

change in length or dimension of the concrete by the original length or dimension. 
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The resulting value is a dimensionless quantity that represents the magnitude of 

the shrinkage (ACI Committee 209, 1997).  

2.8.3 Influence of fibres on tension stiffening 

In the analysis of flexural behaviour in reinforced concrete structures, it is 

conventionally assumed that concrete primarily bears compressive loads while 

tensile loads are solely carried by the steel reinforcement. However, it is important 

to recognise that concrete does have the ability to withstand tensile loads, despite 

its tensile strength being approximately one-tenth of its compressive strength 

(Scott and Beeby, 2012). 

Moreover, the incorporation of 60kg/m3 and 30kg/m3 fibres in the concrete 

mixes resulted in a 20% and 10% decrease in tension stiffening, respectively, 

indicating that fibre-reinforced concrete (SFRC) significantly affects the 

performance of tension ties under serviceability limit state (SLS) conditions for 

the three bonded specimens under 4-point loading scheme to determine tension 

stiffening effect (Meda et al., 2012). SFRC affected the performance of tension-

ties during serviceability limit state (SLS) conditions by diminishing crack width 

and leading to crack patterns characterised by narrower and closely spaced 

cracks (Tiberti et al., 2014). 

2.8.4 Influence of fibres on creep and shrinkage 

As reported in Table 2.12, Tan et al. (1994) stated that creep and the measured 

deflection of steel FRC beams were lower when compared to plain concrete and 

the effect of incorporating steel fibres was pronounced in terms of controlling time 

dependant deflections. Meanwhile, Mangat and Azari (1985) claimed that the 

addition of steel fibres had only a minor effect on concrete creep. Chern and 

Young (1989); Afroughsabet and Teng (2020) indicated that the addition of steel 

fibres reduced creep strain. In contrast, Blyszko (2017); Saje et al. (2013) 

concluded that the presence of 0.5% short steel fibres resulted in 8% greater 

creep than the normal concrete. Furthermore, Balaguru and Ramakrishnan 

(1988) reported that the addition of steel fibres exhibited a higher creep strain 

when compared to normal concrete, as can be seen in Figure 2.20(a).The time-

dependent properties of hybrid fibre concretesô performance have not been 
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extensively studied and require further investigation to fully understand their 

characteristics. 

As summarised in Table 2.12, Tan et al. (1994) stated that shrinkage and 

the measured deflection of steel FRC beams were lower when compared to plain 

concrete and the effect of incorporating steel fibres was pronounced in terms of 

controlling time dependant deflections. Mangat and Azari (1984 and 1988) 

claimed that the addition of deformed fibres to concrete resulted in a reduction in 

concrete shrinkage of up to 40%.  Kovler and Bentur (1997); Saje et al. (2013) 

found that the addition of discrete fibre reinforcement to concrete did not have a 

noticeable effect on shrinkage. However, other studies by Chern and Young 

(1989); Barr and El-baden (2003); Afroughsabet and Teng (2020) reported a 

significant effect on shrinkage when reinforcement fibres were added. 

Furthermore, Balaguru and Ramakrishnan (1988) stated that the addition of steel 

fibres had an effect on shrinkage when compared to normal concrete, as can be 

seen in Figure 2.20(b). Kiviste et al. (2011) reported that the incorporation of steel 

and polypropylene fibres resulted in a lower shrinkage compared to normal 

concrete.  

The conflicting measurements of creep and shrinkage obtained by 

researchers have hindered them from drawing broad conclusions on the effect of 

the addition of fibres, as summarised in Table 2.12. It is possible that these 

studies did not consider all the factors that influence long-term behaviour. Based 

on previous studies, it can be concluded that the shape and volume fraction of 

fibre affected the creep and shrinkage behaviour of concrete mixes.  

Additionally, hybridisation of steel fibres with PVA fibres significantly 

reduced drying shrinkage, as they were commonly used to mitigate shrinkage 

cracking. Most previous studies focused on the effect of steel fibres on creep, 

shrinkage and loss of tension stiffening. Future research should aim to conduct 

comprehensive studies that consider all influencing factors to draw conclusive 

results regarding the effect of fibre addition on creep and shrinkage. Further 

investigations are needed to explore the effect of different combinations of fibre 

and hybridisation of steel and polypropylene fibres on the creep and shrinkage 

behaviour of concrete mixes, particularly in managing shrinkage cracking. 
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a) Effect of fibre on creep strain with different water/cement ratio (for normal 
concrete P1=0.38 and P2=0.28) and (for fibre reinforced concrete F1=0.4 and 
F2=0.3) 

 

b)  Effect of fibre on shrinkage strain for different mixes and different temperature 

(for normal concrete P1=20.5 C̄, P1R=21.6 C̄, P2=21.1 C̄ and P2R =22.2 C̄) 

and (for fibre reinforced concrete F1=20 C̄, F1R=22.2 C̄, F2=20 C̄ and 

F2R=21.1 C̄) 

Figure 2.20: Effect of steel fibres on creep and shrinkage (From Balaguru and 
Ramakrishnan, 1988) 
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Table 2.12: Summary on influence of fibres on tension stiffening, creep and shrinkage of NRC and FRC beams 

Authors 

Variables, fibres volume 

fraction  and dimension of 

specimens (mm) 

Effect of fibre on the property 

Meda et al. 

(2012) 

Two different dosage of steel 

fibre (30kg/m3 and 60kg/m3) 

- Effect on tension stiffening: for the serviceability limit state (SLS), the addition of FRC 

improved the structural performance of all specimens by giving better post-cracking 

stiffness and enhanced tension stiffening. The addition of fibres with 60kg/m3 and 30kg/m3 

reduced the tension stiffening by 20% and 10%, respectively. 

Saje et al. 

(2013) 

Steel fibre with a volume 

ranging from 0% to 2% with 

short and long (L=16mm and 

30mm)  

- Effect of fibre on shrinkage: the overall shrinkage of such composites was typically 15% 

less than that of the corresponding plain concrete without fibres. The shrinkage of the 

composite with 2% short steel fibres was approximately 63-65% less during the initial time 

and final measurement times than that of the equivalent plain concrete, whereas the 

drying shrinkage of longer steel fibres ranged from 44% to 68% less than that of the 

comparable plain concrete at all fibre dosages.  

- Effect of fibre on creep: the addition of 0.5% short steel fibres increased the creep value 

by approximately 8% relative to plain concrete. Conversely, the addition of 0.5% of long 

steel fibres produced the lowest creep value over all timeframes and for all fibre dosages, 

which was approximately 12% less than that of plain concrete. The incorporation of 1.0%, 

1.5% and 2.0% of long steel fibres produced a higher creep value than that of the plain 

concrete; up to 11% greater at 127 days until the end of measurement.  
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Afroughsabet 

and Teng 

(2020) 

Single (HE) and double 

hooked-end (DHE) steel 

fibres and PVA fibres were 

used. Various volumes of 

fibres (0%, 0.6% and 1.2%) 

for hybrid fibre-reinforced 

concrete (HPHyFRC).   

- Effect of fibre on creep: the HPHyFRC results showed that the replacement of DHE with 

HE steel fibres resulted in a minor increase in the creep of specimens. Depending on the 

volume percentage and hybridisation of the fibres, the particular creep of FRC was 

reduced by 5-21%. The addition of 0.6% and 1.2% DHE resulted in a reduction in the 

creep by 42% to 49% and 43% to 51%, respectively.  

- Effect of fibre on shrinkage: the drying shrinkage was significantly reduced when steel 

fibres were hybridised with PVA fibres. The addition of 0.6% and 1.2% fibre volume led to 

a reduction in shrinkage strain of approximately smaller than that of the equivalent plain 

concrete without fibres. These reductions for the addition of 0.6% were 3%-34% and 2%-

20% at 56 and 448 days, respectively. Similarly, the reductions with the addition of 1.2% 

were 6%-30% and 9%-22% at 56 and 448 days, respectively.  

Bğyszko (2017) 

Steel and polypropylene 

fibres with two levels of 

applied load: 40% and 80%  

- Effect of fibre on creep: FRC exhibited a significant increase in compressive creep 

relative to normal concrete. It was found that the creep coefficient of normal concrete was 

91% and 25% lower than that of FRC at 24 and 672 hours, respectively, under 40% load. 

However, normal concrete had a negligibly greater creep coefficient than FRC at 96 and 

168 hours. At 24 hours, the creep coefficient of FRC concrete with an applied load of 85% 

was 52% higher than that of normal concrete, but at 96 hours, it was 36% lower. The 

creep of FRC in hardened concrete (28 days) at a 40% load was found to be greater than 

that of normal concrete.  

Kiviste et al. 

(2011) 

Volumes of 0.32% and 

0.51% for the steel fibres 

and volumes of 0.44% and 

- Effect of fibre on shrinkage: the least amount of shrinkage was observed in concrete 

reinforced with steel fibres (0.51%) and synthetic fibres (0.77%). In comparison to the 

shrinkage of plain concrete, specimens with a fibre content of 0.32% did not practically 
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0.77% for polypropylene 

fibres 

exhibit changes in shrinkage (the difference was 1.3% at 60 days). However, at the same 

age, the shrinkage of specimens with a 0.51% fibre content was 13.8% lower. The test 

results clearly showed that at 60 days, the shrinkage of specimens with a fibre content of 

0.77% was 7.8% smaller than the shrinkage of plain concrete. However, specimens with 

a lower volume of 0.44% fibre exhibited approximately 11% greater shrinkage than the 

plain concrete specimens. 

Chern and 

Young (1989) 

Steel fibres with volumes 

ranging from 0% to 2%.  

- Effect of fibre on shrinkage: it was observed that as more fibres were added, the 

shrinkage decreased. Additionally, the effect of steel fibres became more pronounced in 

restricting the shrinkage and creep of concrete with longer loading time. Furthermore, the 

shape of the SFRC shrinkage curve was found to be comparable to that of plain concrete.  

- Effect of fibre on creep: the findings showed that the creep of concrete was significantly 

reduced by steel fibre reinforcement, and the creep decreased over time as the volume 

of fibres increased. Additionally, the test results indicated that the reduction in creep value 

was greater when the fibre volume was increased from 0% to 1% compared to when it 

was increased from 1% to 2%. 

Barr and El-

baden (2003) 

Three different fibre volumes 

of 1%, 2% and 3% with five 

different concrete strengths 

ranging from 40MPa to 

120MPa were employed 

- Effect of fibre on shrinkage: the ability of the fibres to minimise shrinkage was particularly 

pronounced during the early drying stages (4-6 weeks). The fundamental benefit of fibre 

reinforcing was that it prevented early shrinkage strains from developing and a 1% fibre 

concentration was found to be adequate to achieve this. However, after approximately 

three months, the benefit of fibres in reducing shrinkage was only around a 20% reduction. 
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In the case of high-strength concrete (HSC), it was established that almost 80% of the 3-

month shrinkage values occurred within the first month of drying. 

Balaguru and 

Ramakrishnan 

(1988) 

Hooked-end fibres. The 

applied stress was 

approximately 0.22 and 0.19 

of stress strength ratios for 

mixes 1 (F1, PI) and mixes 2 

(F2, P2), respectively. 

- Effect of fibre on shrinkage: FRC exhibited less shrinkage when compared to 

conventional concrete. After a period of approximately 150 days, the differences became 

more noticeable, which was approximately 100 microstrain less. For FRC, the rate of 

growth reduced in the early stage. Shrinkage of FRC seemed to stabilise after 500 days, 

whereas for conventional concrete, it continued for as long as 600 days.  

- Effect of fibre on creep: as would be expected, increasing the stress-to-strength ratio led 

to an increase in creep strain. The creep strain of FRC was consistently greater than that 

of plain concrete at 375 days with a value of 0.46 and 0.59 in./in./psi compared to a value 

of 0.47 and 0.23 for plain concrete. For combinations that featured a higher cement 

concentration and a lower water-cement ratio, the difference was more noticeable. 

Bissonnette et 

al. (2007) 

0.5% and 1.0% of crimped 

steel fibres and 0.5% of 

hooked-end steel fibres were 

tested  

- Effect of fibre on shrinkage: the outcomes further demonstrated that the behaviour of 

drying shrinkage was not considerably influenced by fibres, it showed approximately 4% 

reduction.  

- Effect of fibre on creep: the overall creep of FRC was slightly greater than the reference 

concrete in the experiments that started at 7 days. However, the creep rate of the fibre-

reinforced mixes reduced rather quickly to almost zero 14 days after loading in 

comparison to those that were started at 28 days, where it was substantially lower.  

- Effect of the shape of fibre on creep: it was shown that using hooked fibres at a dosage 

of 40 kg/m3 increased the total creep by approximately 30-35%. Conversely, using 

crimped fibres at the same dosage resulted in a reduction of 30-35%.  
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- Effect of the fibre volume fraction on creep: moreover, creep significantly increased 

following an increase in the dosage of crimped fibres from 40kg/m3 to 80kg/m3.  

Tiberti et al. 

(2014) 

Micro and macro steel fibre 

with volume fraction of 0% to 

3.0% and different lengths 

In RC specimens, the elastic stiffness remained comparatively high before the first crack 

appeared, at which point the tension stiffening behaviour started and the total stiffness 

rapidly decreased.  

- Effect of fibre on shrinkage: the incorporation of different combination of micro and macro 

fibres with volume fraction (length/diameter) of 0.5% (30/0.38), 1.0% (30/0.38), 1.5% 

(30/0.38), 1.5% (30/0.55) and 1.5% (50/1.05) resulted in an increase in the shrinkage by 

approximately 71.3%, 128.4%, 146.9%, 126.2% and 34.6%, respectively.  

- Effect of fibre on the main crack spacing of tension stiffening specimens: the mean crack 

spacing reduced significantly when HSC was used instead of NSC. This trend was 

sufficiently demonstrated for both RC and SFRC specimens: with increased strength in 

non-fibrous parts, a decline of approximately 40% was observed and a reduction of up to 

50% in SFRC specimens. By reducing crack width and producing crack patterns with 

narrower and closer-spaced cracks, SFRC has an impact on the behaviour of tension ties 

at SLS. 
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2.9 Summary of research gaps and justification of current 

research  

¶ The incorporation of hybrid straight steel and polypropylene fibres has been 

shown to improve flexural performance and provide a suitable combination for 

hybrid fibres. However, there is a lack of research focusing on the flexural 

performance of micro and macro hybridisation of polypropylene fibres under 

fatigue load.  

¶ It should be noted that using a single type of fibre for concrete reinforcement may 

only have a slight effect on the desired qualities, such as, mechanical properties, 

stiffness and flexural strength. Most previous studies focused on hybrid 

combinations of various steel fibres and a single type of polypropylene fibre under 

static load conditions.  

¶ The majority of research published in the literature examined the effect of normal 

concrete, one type of fibre and two different shapes or lengths of steel fibres with 

polypropylene fibres. However, concrete made from different mixes and types of 

fibres may exhibit distinct cracking behaviours, which could have a different effect 

on the performance of the concrete.  

¶ The hybridisation of micro and macro polypropylene fibres with steel fibres under 

fatigue load is rare, emphasising the need to study the potential of these hybrid 

fibre systems in limiting micro-cracks and macro-cracks. 

¶ Further research is needed to establish a reliable understanding of the 

performance of hybrid fibre systems (combining micro and macro polypropylene 

fibres with steel fibres) under fatigue load for concrete beams. 

Overall, the use of fibres in concrete has shown promising potential for enhancing 

its mechanical properties, durability, and resistance to cracking and deformation. 

However, further investigations are necessary to advance our understanding and 

enable the effective and optimised use of fibre-reinforced concrete in practical 

applications. 
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The following points identify some of the gaps found in the existing literature:  

¶ Limited research on the performance of small and full-scale beams with hybrid 

fibres under fatigue load.  

¶ Lack of comprehensive knowledge on the long-term behaviour of hybrid fibre 

systems (HyFRC). 

¶ Insufficient information on the influence of hybrid fibre reinforcement on the 

flexural performance of concrete beams under static, sustained and cyclic 

loadings.  

In conclusion, incorporating steel and polypropylene fibres can enhance the 

performance of concrete, as demonstrated in various studies. However, further 

research is needed to explore different fibre combinations, mixes and their effects 

on cracking behaviour to optimise the use of fibre-reinforced concrete. The 

objectives likely aim to investigate the effects of hybridising steel and polypropylene 

fibres, particularly in relation to flexural strength, load-bearing capacity, toughness, 

and failure behaviour. By addressing these research gaps, this study has the 

potential to contribute valuable insights and advancements in the development of 

hybrid fibre-reinforced materials.  
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Chapter 3  

Experimental Programme  

3.1 Layout of the Experimental Programme 

This chapter provides details of the experimental programme, material properties, 

concrete mixes, test specimen preparation and procedures, and the test setup 

used in this research.  

In order to achieve the aims and objectives set out in Chapter 1, the work was 

accomplished in different phases. The notations for the experimental programme 

are shown in Figure 3.1(a). Also, different phases are shown in Figure 3.1(b) and 

described in this chapter. Also, the experimental variables and tests are 

summarised in Table 3.1.  
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a) Notations for the experimental variables 

 

b) Summary of the test programme 

Figure 3.1 Layout of the test programme 

A series of experiments was performed to investigate the effect of a hybrid fibre 

system (which comprised steel fibre and both micro and macro polypropylene 

(PP) fibres) on the flexural behaviour of fibre-reinforced concrete (FRC) beams 

under static, repeated and sustained load types. The full-scale beams were 

reinforced with steel reinforcement bars whereas there were no steel 

reinforcement bars for the prisms.  
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Table 3.1: Summary of the experimental programme 

No. Beam labels 

No. and 
size of 
bottom 
bars 

No. and 
size of top 

bars 

Volume 
fraction of 

fibre 
Fibre type 

Size of specimens 
(mm) 

No. of 
specimens* 

1 
NC-ST-0 

- - 0 - 100x100x500 
3 

10 NC-RP-0 

2 0.1PPFC-ST-0.1 - - 0.1% Micro PP fibre 100x100x500 3 

3 0.4PPFC-ST-0.4 - - 0.4% Macro PP fibre 100x100x500 3 

4 
 

SFC-ST-1 
- - 1% steel  100x100x500 

3 

SFC-RP-1 6 

5 
HyFC-ST-1.5 

- - 1.5% 
0.1% micro, 0.4% 
macro PP and 1% 

steel  
100x100x500 

3 

10 HyFC -RP-1.5 

6 

NRC-ST-0 

3 -16◖ 2 ï10◖ 0 - 150x300x4200 

2 

NRC-RP-0 

NRC-SUS-0 

2 

1 

7 SFRC-ST-1 3 ï16◖ 2 ï10◖ 1% steel  150x300x4200 2 

8 

HyFRC-ST-1.5 

3 ï16◖ 2 ï10◖ 1.5% 
0.1% micro, 0.4% 
macro PP, and 1% 

steel 
150x300x4200 

2 

HyFRC -RP-1.5 2 

HyFRC-SUS-1.5 1 

 *The number of specimens in the experimental programme was reduced due to time constraints in the lab for 
conducting the long-term tests and because of restrictions that were imposed due to the Covid-19 pandemic, so the 
number of specimens for short prismatic beams was higher than the full-scale beams. 

The main parameters investigated were loading type and fibre type and 

volume. The loading type comprised  static (ST), repeated (RP) and sustained 

(SUS) loads and the types of fibre were steel, micro and macro polypropylene 

fibres, hybrid fibre system, which is a combination of steel and polypropylene 

fibres and micro and macro polypropylene fibre. The fibre volume fractions were 

0% of fibres for reference concrete specimens, 0.1% and 0.4% for micro and 

macro polypropylene fibre, 1% and 1.5% for steel and 1% steel, 0.1% micro, and 

0.4% macro polypropylene for hybrid. Crack propagation, crack width and 

deflection were monitored. Five different types of concrete viz. Normal concrete 

(NC), micro polypropylene fibre concrete (0.1% 0.1PPFC), macro polypropylene 

fibre concrete (0.4% 0.4PPFC), steel fibre concrete (1% SFC), hybrid fibre 

concrete (1.5% HyFC), were tested for the compressive strength, splitting tensile 

strength, stress-strain relationship and flexural strength of small prisms. Also, 

only three of these (NC-RP, SFC-RP and HyFC-RP) were tested for repeated 

tests, while three (NC-T, SFC-T and HyFC-T) were tested to evaluate the loss of 

tension stiffening. Furthermore, only two mixes that were NC and HyFC were 

investigated for their long-term behaviour, such as shrinkage, and both 

compressive and tensile creeps. Full-scale beams (4.2 m long) manufactured 
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with normally reinforced concrete (NRC-ST) as a reference, steel fibre-reinforced 

concrete (SFRC-ST) and hybrid fibre-reinforced concrete (HyFRC-ST) were 

manufactured and tested under static load. Only two of these were tested for 

repeated (NRC-RP and HyFRC-RP) and sustained (NRC-SUS and HyFRC-SUS) 

loadings.  

3.2 Scope of the work 

As reported in Table 3.1, the experimental programme consisted of forty-one 

short prismatic (100x100x500 mm) beam tests (0.5 m long) and twelve long 

(150x300x4200 mm) beam tests (4.2 m long). They were produced to study five 

concrete mixes for prisms, viz. normal concrete (NC), micro polypropylene fibre 

concrete, macro polypropylene fibre concrete, steel fibre concrete (SFC) and 

hybrid fibre concrete (HyFC). Also, three different types of concrete were used to 

manufacture full-scale beams: normally reinforced concrete (NRC) with steel 

reinforcement bars, steel fibre-reinforced concrete (SFRC) with steel 

reinforcement bars, and hybrid steel and polypropylene fibres (HyFRC) 

reinforced with steel reinforcement bars, respectively. The fibre volume fraction 

is included in the beam labels shown in  (i.e., 0% ï no fibres - for the reference 

concrete specimens, 1 to represent the amount of steel fibres and 1.5% for the 

hybrid fibre system (which is 1% steel, 0.1% micro, and 0.4% macro 

polypropylene fibres). Three types of loading were used; static - short term (ST) 

to failure, static - long-term sustained (SUS)) and repeated (RP) loading.  

3.3 Material  

This section describes the physical, mechanical, and chemical properties of the 

materials used in this research. Where appropriate, reference is made to all 

corresponding standards and manufacturer specifications.  

3.3.1 Cement 

Portland cement (high strength cement 52.5N) (CEM I) was used for all concrete 

mixes. CEM1 is appropriate for multiple purposes and conforms to the 

requirements of BS EN 197-1.  
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3.3.2 Fine aggregate (FA) 

The type of fine aggregate used in this research was natural sand with a 

maximum particle size of 5 mm. The sieve analysis of the natural sand is shown 

in Table 3.2. Figure 3.2 shows the grading curve for the natural sand and the 

standard limit requirements according to BS 882 (1992).  

Table 3.2: Sieve size and percent passing of natural sand 

Sieve size (mm) 10 5 2.36 1.18 600µm 300µm 150µm 

Passing (%) 100 96.93 88.57 84.18 77.55 25.72 5.78 

Specification limits 100 89-100 60-100 30-100 15-100 5-70 0-15 

 

Figure 3.2: Grading curve for natural sand 

3.3.3 Coarse aggregate (CA) 

The coarse aggregate used in this research was natural coarse quartzite gravel 

aggregate with a maximum size of 20 mm. The sieve size, passing percent and 

specification limits according to BS 882 (1992) are shown in Table 3.3. Figure 3.3 

shows the grading curve for the natural coarse aggregate and the standard limit 

requirements according to BS 882 (1992). 

Table 3.3: Sieve size and percent passing of coarse aggregates 

Sieve size (mm) 37.5 20 14 10 5 2.36 

Passing (%) 100 99.57 22.70 3.41 0.97 0.54 

Specification limits 100 85-100 0-70 0-25 0-5 - 

0.00015 0.0015 0.015 0.15 1.5 15
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Figure 3.3: Grading curve for coarse aggregate 

3.3.4 Mixing water 

Tap water, free of impurities and organic/inorganic substances in accordance 

with BS EN 1008 (2002) was used.  

3.3.5 Admixture 

The superplasticizer used in this research was Sika ® Visco Crete 25 MP, which 

is a high range water reducing admixture that complies with the requirements of 

BS EN 934-2 (2009). Sika ® Visco Crete 25 MP is based on modified 

polycarboxylate polymers. It was used to ensure that the concrete is workable. 

The dosage of the superplasticizer depended on the amount of added fibres, as 

shown in Table 3.5. 

3.3.6 Reinforcement bars  

In all full-scale (4.2 m) long beam specimens, three deformed steel bars of 

diameter  = 16 mm were used as a bottom tensile longitudinal reinforcement. 

Two steel bars of  = 10 mm placed in the compression zone acted as hangar 

bars for the shear links. For the shear links, deformed bars of  = 8 mm were 

spaced at 150 mm along the length of the beam, only in the shear zones; there 

were no shear links in the constant moment zone between the applied loads and 

the distance was 1500 mm, as shown in Figure 3.4. 
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Figure 3.4: Reinforcement cage 

3.3.7 Fibres 

As reported in Chapter 2, fibres have been commonly used in concrete over the 

last few decades. In this study, two types of fibres, namely, micro and macro 

polypropylene and steel fibres, have been used due to their reported positive 

contribution to reducing the number of cracks and crack widths. Fibrin (micro) 

and Durus (macro) polypropylene fibres were obtained from Adfil, the hooked end 

steel fibre (Dramix 3D) was obtained from Bekaert; these are shown in Figure 

3.5(a), Figure 3.5(b) and Figure 3.5(c), respectively. The polymer fibres were 

classified in terms of diameter according to EN-14889. Macro fibres are those 

with a diameter more than 0.3 mm, whereas micro fibres are those with a 

diameter less than 0.3 mm. The properties of micro (Fibrin) and macro (Durus) 

polypropylene fibres and steel fibres, as reported by the manufacturers, are 

summarised in Table 3.4. 

Table 3.4: Properties of fibres 

Fibre type 
Specific gravity 

(kg/m3) 
Length (mm) Diameter Aspect ratio 

Fibrin (micro 1960/650) 910 18 50 µ - 

Durus (macro S500) 922 48 0.7 69 

Steel (Dramix 3D 
65/35BG) 

7850 60 0.9 65 
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Figure 3.5: Different fibres type 

3.4 Concrete mix 

The mixes were formulated based on previous studies and trial mixes conducted 

to determine the appropriate mix proportions, achieve the desired workability, and 

attain the target compressive strength. The normal concrete mix was designed to 

achieve an S3 slump class, which was 100 mm. The target compressive strength 

was 40 MPa. The way the correct proportion for the mix design was discovered 

through trial and error until reaching the required workability and compressive 

strength of the concrete in order to ensure the consistency of the mix design. 

After that, the proportions of the different concrete mixes were as reported in 

Table 3.5. All mixes had a water-cement ratio (w/c) of 0.42.  

Table 3.5: Mix proportions 

 Quantity (kg/m3) Quantity (L/m3) Fibres 

Mix type Cement Water 
Fine  

aggregate 

Coarse  

aggregate 

Super-
plasticizer 

Volume 
fraction 

(%) 
Fibre type 

NC and NRC 422 177 754 1024 - - - 

0.1 PPFC  422 177 754 1024 0.1 0.1% 
0.1% micro 

polypropylene 
(PP) 

0.4 PPFC  422 177 754 1024 0.4 0.4% 0.4% macro PP 

SFC and 
SFRC 

422 177 754 1024 1 1% Steel  

HyFC and 
HyFRC 

422 177 754 1024 1.5 1.5% 
0.1% micro-PP, 
0.4% macro-PP, 

and 1% steel  

 

a) Micro PP fibres b) Macro PP fibres 

c) Steel fibres 
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3.5 Test specimens 

Details of the test specimens used to determine the properties of the hardened 

concrete for each type of concrete mix are summarised in Table 3.6. All beams, 

i.e., the prisms (100x100x500) and the full-scale long beams (150x300x4200 

mm), were manufactured in the casting shop at the University of Leeds. Additional 

specimens were cast and tested for each mix.  Cylinders (150x300 mm) were 

used to determine compressive and splitting tensile strength. Also, cubes 

(100x100x100 mm) were used to determine the compressive strength. Small 

prisms (75x75x200 mm) were used to measure shrinkage and compressive 

creep, whereas bobbins (75x365 mm) were used to measure the tensile creep. 

Additionally, two square section prisms (120×120×1200 mm) were cast and 

tested to determine the loss of tension stiffening for NC-T, SFC-T and HyFC-T 

mix.  

3.6 Preparation of specimens  

All beams were cast in steel formwork and the internal walls of the formwork had 

been covered with release oil in order to make it easier to remove the beams from 

the formwork. For all the full-scale beams, the reinforcement cages were placed 

inside the formwork and positioned on small pieces of concrete (packers) to 

maintain a clear concrete cover of 25 mm along the span. All beams had a 

rectangular cross-section of 150x300 mm. This type of beam is called a Wide-

Shallow Beam (WSB). According to Conforti et al. (2013), a WSB is characterised 

by a depth, in general, lower than 350 mm and a cross-section having the width 

(b) over the effective depth (d) ratio equal to or greater than 2 (i.e. b/d Ó 2). 

Furthermore, this type of beam will produce a higher deflection than normal 

beams (by about 10%), which is important in this research as one of the aims is 

to study the deflection of beams.  
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Table 3.6: Testing for hardened concrete properties 

Test type 
Type of the 

mould 

Specimen 

dimensions (mm) 

No. of 

specimens 

Curing time 

(days) 

Splitting tensile 

strength 
Cylinders 150x300 3 

28 

Modulus of 

elasticity 
Cylinders 150x300 3 

Compressive 

strength 

Cylinders 

and 

cubes 

150x300 

and 

100x100x100 

6 

Shrinkage Prisms 75x75x200 4 

Compressive 

creep 
Prisms 75x75x200 4 

Tensile creep 

and 

Direct tensile 

strength 

Bobbins 75x365 4 

Tension stiffening Prisms 120x120x1200 2 

3.6.1 Mixing Procedure 

The concrete mixes were manufactured in accordance with British Standard 

1881-125: 2013. A drum mixer was used to mix the concrete. The concrete 

specimens were cast in the casting shop at a temperature of 20 (±5) ºC and a 

relative humidity of 50%. All the materials were weighed prior to adding them to 

the mixer; an extra 15% by weight was included to account for losses. The drum 

mixer was wetted to make the mixer slightly wet and avoid the loss of the mixing 

water. The materials were placed in the drum mixer in the following order: 1) fine 

and coarse aggregates were added and then mixed dry for 15 to 30 seconds; 2) 

the mixer was stopped, then the cement was added and mixed for 30 seconds 

with the aggregate to ensure homogeneity of the mix; 3) superplasticizer was 

added to the water if required as per the mix design and then it was added to the 

mix while the mixer was still running; the material components, including the 

water (and superplasticizer) were mixed for a further two minutes. For the fibre 
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concrete mixes, there was an additional step. After finishing Step 3; 4) the fibres 

were added while the mixer was still running; the mixer was kept running for a 

further two minutes to ensure the uniform distribution of all fibres.  

3.6.2 Manufacturing of test specimens 

After placing the concrete in the mould, the concrete was compacted to reduce 

the trapped air. Compaction was carried out using a shaking table for the cubes, 

cylinders, bobbins and small prismatic beams, and by a hand-held mechanical 

vibrator for the long (4.2 m) beams. Segregation of the concrete through over-

compaction was avoided by carefully observing the concrete during the 

application of vibration. After compaction, the exposed surface of the concrete 

was floated off using a trowel. Floating was performed to ensure that any load is 

applied to a flat surface (see Figure 3.6).  

 

Figure 3.6: Specimens during and after casting 

3.6.3 Curing procedure 

The concrete specimens were cured in accordance with BS EN12390-2 (2009). 

After the specimens were cast, they were covered with wet burlap to keep the 

specimens moist and to prevent loss of moisture from the exposed surface of the 

specimens. The small concrete specimens were kept in their moulds for at least 

24 hours. After 24 hours, all small concrete specimens were removed from their 

moulds and stored next to the full-scale beams under wet burlap and polythene 

sheets. Curing of the long (4.2 m) beams was slightly different; these beams were 

initially kept in their moulds for curing, being covered with wet hessian and 
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polythene sheet, and then demoulded after four days. After that, all small 

specimens and full-scale beams were moved to a controlled environmental fog 

room for 25(±1) days where the temperature was 20 (± 2) ºC and the relative 

humidity was Ó of 95% (see Figure 3.7). 

 

Figure 3.7: Curing condition for specimens 

3.7 Testing of fresh concrete 

3.7.1 Workability  

The test used to determine the workability of fresh concrete was the slump test. 

The slump test was carried out according to BS EN 12350-2 (2009). Three to five 

slump tests were used for each concrete mix. A metal cone mould with a height 

of 300 (± 2) mm was used to perform the slump test; the diameter of the base 

was 200 (± 2) mm and the diameter of the top was 100 (± 2) mm. The cone was 

filled in three layers and each layer was compacted by tamping the concrete with 

25 strokes using a straight steel rod with a length of 600 (± 5) mm and a diameter 

of 16 (± 1) mm. After tamping of the third layer was complete, the excess concrete 
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was struck from the top of the cone using the tamping rod. Any excess concrete 

surrounding the base of the cone mould was removed and then the cone was 

cautiously removed in a vertical direction. The slump test was carried out within 

150 seconds of the end of the mixing. The slump was obtained using a ruler which 

measured the height difference between the highest point of the concrete and the 

top of the cone mould, as shown in Figure 3.8.  

 

Figure 3.8: Slump test 

3.8 Testing of hardened concrete 

As already reported in Table 3.6, three cylinders (150x300 mm), three cubes 

(100x100x100 mm), four small prisms (75x75x200 mm), two bobbins (75x365 

mm), two prisms (120x120x1200 mm) and three prisms (100x100x500 mm) were 

cast and tested to obtain splitting tensile strength, modulus of elasticity, 

compressive strength, shrinkage and compressive creep, tensile creep, tension 

stiffening and flexural strength for each mix.  

3.8.1 Compression test on cylinders and cubes 

This test was performed according to BS EN 12390-3 (2009). The test was 

performed on cubes (100×100×100 mm) and cylinders (150×300 mm) to 

determine the compressive strength, as shown in Figure 3.9(a) and Figure 3.9(b), 

respectively. The top and bottom surfaces were prepared to be smooth, ensuring 

flat surfaces for applying the load. Three cylinders and three cubes were used to 
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determine the 28-day compressive strength for each concrete mix. The load was 

increased at a constant rate (3 kN/sec) and failure loads were determined. The 

following equation (3-1) was used to calculate the compressive strength from the 

failure loads:  

 Ὢ
ὖ

ὃ
 

 

Eq. 3-1 

 

Where 

Ὢ: is the compressive strength (MPa), P is the maximum load at failure (N), A is 

the area of concrete specimen (άά .  

 

                           a) Cubes                                      b) Cylinders 

                    Figure 3.9: Compression Test  

3.8.2 Indirect tension test on cylinders 

This test was carried out according to BS EN 12390-6 (2009). This test was 

performed on cylinders, which were 150 mm in diameter and 300 mm in length, 

to determine the splitting tensile strength, as shown in Figure 3.10. For each mix, 

three cylinders were tested at the age of 28 days. The specimen was initially 

placed in a specific rig that ensured the sample was precisely located in the 
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machine's centre. The load was applied after the samples were placed in the 

testing equipment. The load was increased at a constant rate (0.2 kN/s) and 

failure loads were determined. The splitting tensile strength was calculated using 

the expression below (3-2) from the failure loads:  

 Ὢ
ςὖ

“ὒὈ
 

Eq.3-2 

 

Where 

Ὢ : is the splitting tensile strength (MPa), P is the maximum load at failure (N), L 

is the cylinder length, and D is the cylinder diameter 

 

Figure 3.10: Splitting tensile strength test 

3.8.3 Modulus of elasticity 

This test was carried out in accordance with BS EN 12390-13 (2009). Three-

cylinders were tested to determine the static modulus of elasticity at the age of 

28 days. The top and bottom surfaces were prepared to be smooth, ensuring flat 

surfaces for applying the load. The two-side surfaces of the specimens were 

ground using an electrically powered grinder and sandpaper to produce a flat 

surface on which the Electrical Resistance Strain (ERS) gauges could be 

installed. The ERS gauges were placed on the side surfaces of the concrete with 

glue to monitor the strains in the concrete, as shown in Figure 3.11. Strains in 
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some gauges were not recorded due to gauge malfunctions after the cracking of 

the specimen, so only some of them will be plotted and reported in Chapter 4 

(Figure 4.1). Also, strain readings after cracking of specimens were not recorded. 

The deformations under the applied compressive load were measured using the 

ERS gauges and recorded. The secant modulus refers to a material's stiffness, 

and it specifically measures the stress-to-strain ratio as the material undergoes 

increasing levels of stress. The secant modulus is a measure of material stiffness 

in the inelastic region of the stress-strain curve and can be expressed as a 

percentage of the Young's modulus. It provides an average measure of stiffness 

between the two selected points on the stress-strain curve. The secant modulus 

is calculated by dividing the change in Young's modulus by the change in strain 

between the two points. The load was increased at a constant rate (3 kN/s) and 

failure loads were determined. The following equation (3-3) calculates the static 

modulus of elasticity from the failure loads:  

 

 Ὁ
„ „

ᶰ υπρπ
 

Eq.3-3 

 

Where 

Ὁ is the static modulus of elasticity, „ is the stress corresponding to 40% of 

the ultimate load, „ is the stress corresponding to a strain of υπρπ , and ᶰ 

is the longitudinal strain at „Ȣ 

 

Figure 3.11: Test set up for measuring modulus of elasticity 
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3.8.4 Shrinkage test 

Four small prisms (75×75×200 mm) were tested to determine the free shrinkage 

for each type of concrete mix according to BS ISO 1920-8:2009. All specimens 

were cast and then cured for 28 days in the same environment of the full-scale 

beams (150×300×4200 mm) and creep tests, as mentioned in 3.6.3. Two 

Demountable Mechanical (Demec) gauge points were placed at a spacing of 150 

mm on each side of the specimen (but not on the floated surface), as shown in 

Figure 3.12. The shrinkage was measured and recorded at the same time as it 

was recorded on the full-scale beams; all measurements were taken from 

specimens stored in an environment where the temperature was 20 (± 2) ºC and 

relative humidity was 45% (± 5)%. The shrinkage for each concrete mix was 

calculated as the average value of the shrinkage measured from the four prisms. 

  

Figure 3.12: Shrinkage test specimen 

3.8.5 Compressive creep test 

Four small prisms (75×75×200 mm) were tested to determine the compressive 

creep for each concrete mix according to BS ISO 1920-9 (2009). All specimens 

were cured for 28 days and then tested in the same environment (a temperature 

of 20 ± 2 ºC and a relative humidity of 55% ± 5%) as the full-scale beams 

(150×300×4200 mm), as mentioned in 3.6.3. Two Demec gauge points were 

placed on two of the four sides of the specimens prior to testing. Two creep rigs 

were used for the determination of the creep. Each rig held two prisms and one 

steel dynamometer/load cell, as shown in Figure 3.13(a). A constant stress of 10 

MPa was applied to the other two specimens (a stress equal to 23-25% of the 28-
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day compressive strength). Before applying the load, the load cells were 

calibrated and was connected to the data logger, as shown in Figure 3.13(b). 

Prior to applying the load, the strain reading was taken and was used as a 

reference for calculating the strain for each of the subsequent readings. The initial 

elastic strain reading was recorded after the application of the initial load. After 

that, strain values were monitored and recorded at different times to test the 

specimens under repeated loads. The total strain obtained from the creep rigs 

was used to calculate the compressive creep. The compressive creep was 

calculated by subtracting the drying shrinkage of unloaded specimens and the 

elastic strain of loaded specimens from the total strain obtained from the loaded 

specimens. The creep coefficient is defined as the relationship between the 

immediate elastic strain and creep. The stress-strength ratio is eliminated in 

terms of the creep coefficient. 

 

a) Test rigs 
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b) Data logger 

Figure 3.13: Compressive creep test 

3.8.6 Tensile creep test 

As previously detailed in Sections 3.8.4 and 3.8.5, a similar procedure was 

followed for measuring the tensile creep. Two bobbin specimens (75×365 mm) 

were tested to determine the tensile creep for each mix according to BS ISO 

1920-9 (2009). Similarly to shrinkage and compressive creep, all specimens were 

cured for 28 days, as mentioned in section 3.6.3. Two sets of two Demec points 

gauges were installed on the circumference of the bobbins, 180° apart, prior to 

testing. The tensile creep rig is shown in Figure 3.14. The load cells were 

calibrated before applying the load. The applied stress to the specimens being 

measured for tensile creep was equal to 1 MPa. The strain reading was taken 

and was used as a reference for calculating the strain for each of the subsequent 

readings prior to applying the load. The initial elastic strain values were measured 

using the Demec gauge and recorded after the load was applied. Then, the 

tensile creep was calculated and recorded at the same time as testing the full-

scale beams over time. The total strain obtained from the creep rigs was used to 

calculate the tensile creep. The tensile creep was calculated by adding the strain 

of the shrinkage specimens and then subtracting the initial elastic strain of the 

loaded specimens from the total strain obtained from the loaded specimens. 
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Figure 3.14: Tensile creep test set up 

3.8.7 Long-term tension stiffening tests 

Two square section prisms (120×120×1200 mm) were tested to determine the 

loss of tension stiffening for each type of mix viz. normal concrete (NC-T), steel 

fibre-reinforced concrete (SFC-T) and hybrid fibre-reinforced concrete (HyFC-T) 

in accordance to BS ISO 1920-9 (2009). One of the prisms was subjected to a 

sustained load to determine the loss of tension stiffening (see Figure 3.15(a)), 

while the second one was unloaded and utilised to quantify the shrinkage of the 

concrete specimens (see Figure 3.15(b)). The second specimen was stored next 

to the loaded specimen to quantify the shrinkage of the concrete specimens in 

order to determine the loss of tension stiffening. A central bar of diameter Ø = 16 

mm was used for all the tension stiffening tests. Seven Demec gauge points were 

installed on both sides, positioned every 150 mm on the side of the specimens, 

before testing to measure the surface strain. Three ERS gauges were installed in 

each specimen at 300 mm alongside the steel bars to monitor the strains in the 

steel bars after the concrete cracked at different places. The specimens were 

placed in the special rig, which was used for testing the specimens. This rig was 

created and built exclusively for this test, and it was based on Scott and Beeby's 

test setup (2005), as demonstrated in Figure 3.15(a). A hydraulic jack was used 

to apply a direct tensile load to the steel bar and kept at a constant value of 45KN 

for a period of 35 days. This load caused a 200 MPa stress in the bar, which was 

identical to the tensile stress induced in the steel reinforcement in the full-scale 
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beams tests. Prior to applying the load, the strain readings in both specimens 

were recorded and were used as a reference for calculating the strain for each of 

the subsequent readings. To reach the required load, the applied load was 

completed in ten minutes. The initial elastic strain values were measured and 

recorded immediately after loading. After that, the surface strain was monitored 

and measured by using a hand-held mechanical strain gauge, which was used to 

take regular readings over time. ERS gauges were connected to the data logger 

to record the strains in the steel bars. Additionally, the applied load was 

connected to the data logger and monitored over time by using the load cell, as 

shown in Figure 3.15(c). The strain in the steel reinforcement bars and on the 

concrete surfaces were then measured and recorded over the course of 35 days. 

 

a) Loaded specimen 
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b) Unloaded specimen 

 

 

c) Data logger 

Figure 3.15: Tension stiffening test 

3.9 Flexural strength test setup for prismatic (0.5 m) beams 

In line with BS EN 12390-5 (2009), prismatic beams (100×100×500 mm) were 

used to determine the flexural strength of each mix under static and repeated 

loads. Prisms were tested to failure at the age of 28 days. All beams were simply 

supported and subjected to a four-point bending load. A hydraulic jack was used 
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to apply the load at two locations spaced 100 mm apart, as shown in Figure 3.16. 

All specimens had a clear span of 300 mm. The applied load was increased 

steadily at the rate of 0.1 kN/s until failure. The test programme was designed 

and conducted to investigate the effect of the hybrid fibre system (the fibres 

include steel fibre and micro and macro polypropylene fibres) on the performance 

of different loading types (static and repeated) of fibre concrete (FC) beams with 

no steel reinforcement bars. Three prismatic beams (0.5 m) were tested to failure 

load; the aims of these tests were to determine the ultimate flexure strength and 

obtain the level of loading required for the repeated tests. They were produced to 

study five concrete mixes, viz. Normal concrete (NC), micro polypropylene fibre 

concrete (0.1% PPFC), macro polypropylene fibre concrete (0.4% PPFC), steel 

fibre concrete (1% SFC) and hybrid fibre concrete (1.5% HyFC). Six prismatic 

(0.5 m) beams (minimum of three prismatic beams for each different stress level) 

were tested under repeated load to determine the fatigue strength for each beam 

manufactured with each concrete mix. Different stress ranges for maximum and 

minimum flexural stress were used to plot the relationship between stress and 

fatigue life (ȹůïN). Thus, the applied frequency for the prismatic beams was 2 

Hz. Three of these concretes (NC, SFC and HyFC) were studied also for their 

performance under repeated loading. The following expression (3-4) was used to 

calculate the ultimate flexure strength (Ὂ ):  

 Ὂ
Ὂ Ὅ

Ὠ Ὠ
 

Eq.3-4 

 

Ὂ  is the flexural strength (MPa), Ὂ is the maximum load (N). 
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Figure 3.16: Details of the flexural strength tests using the short prismatic 
beams 

3.9.1 Instrumentation and measurements 

3.9.1.1 Mid span deflection (LVDT) 

All central beam deflections were measured using a linear variable displacement 

transducer (LVDT) located at the mid-span of the beam, as shown in Figure 3.16.  

3.9.1.2 Crack pattern inspection  

The monitoring of the crack growth helped with the investigation of the influence 

of fibres on the development of the cracks. The crack width of the prismatic (0.5 

m) beams was recorded by installing another LVDT at the mid-span between the 

point loads, and the distance between the applied loads was 100 mm, as can be 

seen in Figure 3.17; the load was recorded at the same time the crack width was 

recorded. 

LVD
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Figure 3.17: Location of the crack width measurement 

3.10  Flexural strength test for the full-scale beams (4.2m)  

As detailed in Figure 3.18, twelve full-scale beams (150x300x4200 mm) were 

tested at an age of 28 days. Six full-scale beams were tested statically to 

determine flexural strength. Four full-scale beams were tested under a repeated 

load and two beams were tested under a sustained load.  

All beams were simply supported and subjected to a four-point bending load, as 

shown in Figure 3.18. A hydraulic jack was used to apply the load at two locations 

spaced 1500 mm apart. Chemical metal was used to óbedô the loading and 

support plates to ensure the beams were level and the load acted vertically at the 

start of the test. The clear span between supports was 4000 mm.  

Two long beams (4.2 m) were tested to failure load for each beam manufactured 

with a concrete mix; one of the aims of these tests was to obtain the level of 

loading required for the repeated tests. Two long (4.2 m) beams (one beam for 

each different stress level) were tested under repeated load to determine the 

fatigue strength for each beam manufactured with a concrete mix (i.e., NRC and 

HyFRC). Different stress ranges for maximum and minimum flexural stress were 

used to plot the relationship between stress and fatigue life (ȹůïN). Thus, the 

applied loading frequency was 1 Hz for full-scale beams. In addition, one long 

beam incorporating the hybrid fibre systems (i.e. HyFRC), and one long beam as 
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a reference beam (i.e. NRC) were subjected to a sustained load. The applied 

force was equal to 50 % of the ultimate flexural strength (this applied load 

produced a tensile stress of 200 MPa in the steel reinforcement bars) which is 

the stress generally associated with stabilised crack pattern for these types of 

beams loaded in flexure. 

 

 

Figure 3.18: Details of the beam specimens 

3.10.1 Instrumentation, measurements, and setup  

3.10.1.1 Steel and concrete surface strain measurement  

Each of the three main steel tensile reinforcement bars used in the beams was 

fitted with a five-millimetre-long ERS at their mid-span. Before the ERS gauges 

could be fitted, the steel surface of the bars had to be ground smooth using an 

electrically powered grinder and sandpaper. The bars were then cleaned with 

acetone before the gauges were attached to the bars using the cyanoacrylate 

adhesive. Electrical wires were soldered to the ends of the strain gauges and 

connected to electrical terminals on the steel bar. The sensors were then checked 

and covered with a protective coating of chemical metal (Figure 3.19).  
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Figure 3.19: Installation of strain gauges on bars 

Two 60mm long ERS gauges were mounted on the other side of the beam in line 

with the position of the top and bottom reinforcement, as shown in Figure 3.20(a). 

All ERS gauges were connected automatically to a data logger to track the strains 

on the steel bars during testing, as shown in Figure 3.20(a). Before testing, four 

rows of Demec gauge points were installed on one side of the long (4.2 m) beam 

specimens within the constant moment zone (the Demec points were spaced at 

150 mm) to monitor the change in neutral axis depth and the curvature. These 

Demec gauge points were divided into ten zones along the span of the beam in 

the constant moment zone, which were called A, B, C, D, E, Eô, Dô, Cô, Bô and Aô. 

Also, they were divided into four rows along the height of the beams, which were 

called 1, 2, 3 and 4, as illustrated in Figure 3.20(b). Two rows of Demec gauge 

points were placed along the line of the top (hanger/compression) and bottom 

(tension) reinforcement of the beam to compare the strain in the concrete and 

steel reinforcement bars. The positions of the Demec points are shown in Figure 

3.20(b). The surface strains of the concrete were measured using a hand-held 

150mm mechanical strain gauge. The steel and concrete strains were measured 

at each loading step   

a) Gauges checks 

b) Final coating 
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a) Strain gauge on concrete surface and its connection to the data logger 
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b) Demec gauge points installation in the moment zone 

Figure 3.20: Schematic drawing for full-scale beams test set up with dimension, 
reinforcement, instrumentation and measurements  

3.10.1.2 Mid span deflection (LVDT) 

All central beam deflections were measured using LVDT located at the mid-span 

of the beam, as illustrated in Figure 3.20. Another LVDT was attached to the 

hydraulic jack similar to the prismatic beams, as shown in Figure 3.16.  

3.10.1.3 Crack pattern inspection  

The crack pattern on the surface of the concrete was observed during testing and 

highlighted using a marker, as shown in Figure 3.21(a). The monitoring of the 

crack growth helped with the investigation of the influence of fibres on the 

development of the cracks. The crack width of the long (4.2 m) beams was 

recorded using a digitronic caliper (or graduated magnifier), as shown in Figure 

3.21(b); the load was recorded at the same time the crack width was recorded.  
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a) Visual examination of the crack pattern 

 

b) Crack width measurement 

Figure 3.21: Crack monitoring 

3.11 Fatigue load limits for prismatic (0.5 m) and the full-scale 

beams 

The fatigue load limits were determined for each beam manufactured with each 

concrete mix. As calculated by the static tests previously, beams were subjected 

to repeated load from 20% to 80% of the ultimate load capacity of each beam 
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type. The mean load of all specimens was kept at 50% of the ultimate loads, while 

the maximum level of loads were 70% and 80% of the ultimate loads, and the 

minimum level of loads were 30% and 20% of the ultimate loads. The minimum 

and maximum level of repeated loading were calculated by multiplying the 

average static tests by the required level of loading. These levels were chosen 

based on common cyclical studies on concrete specimens, as reported in the 

literature (Nagabhushanam et al., 1989; Johnston and Zemp, 1991; Cachim et 

al., 2002; Banjara and Ramanjaneyulu, 2018; Mohammadi and Kaushik, 2005; 

Ramakrishnan et al., 1989; Schäfer et al., 2019). Different stress ranges for 

maximum and minimum applied stress were used to plot the relationship between 

stress and fatigue life (ȹůïN), as reported by Banjara and Ramanjaneyulu, 

(2018) and Meng et al., (2019).  The fatigue life of concrete beams refers to the 

number of cycles or duration of repeated loading that the beams can withstand 

before failure occurs. 

According to Ramakrishnan et al. (1989), the maximum limit for specimens under 

loading that can be applied to all practical applications of concrete structures is 

two million cycles. For example, the concrete overlays for highway or bridge 

decks are predicted to resist millions of cycles through their service life of 

repetitive axle loads from passing traffic (Nagabhushanam et al., 1989). 

According to BS EN 1990:2002 +A1 (2005), the design working life category of 

monumental building structures, bridges, and other civil engineering structures is 

category no.4, which is about 100 years. So, an upper limit of 2xρπ cycles was 

selected to make the testing less time-consuming. Thus, the test was terminated 

when the samples either suffered failure or reached an upper bound of 2xρπ 

cycles. 

3.12 Summary 

In this chapter, the experimental details have been given, with both details of 

materials used, test specimens cast and tests carried out described. Electronic 

data loggers were used to monitor and record the displacements and strains. The 

final test data were calculated by using the Excel spreadsheet and other relevant 

software. All the data were evaluated and used to compare with the experimental 

results from previous studies and existing code specifications. Also, software 
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such as Abaqus was used to compare and evaluate the accuracy and suitability 

of the experimental results with analytical modelling.  

With regard to the influence of the addition of fibres on the performance of FRC 

beams, each of the following aspects are discussed separately in comparison 

with normal concrete and different parameters in the following chapters: 

¶ Mechanical properties of concrete (compressive strength, splitting tensile 

strength, modulus of elasticity, compressive and tensile creep, shrinkage 

and loss of tension stiffening) 

¶ Flexural strength and deflection of normal RC and FRC on (0.5 m) 

prismatic beams and long (4.2 m) beams under different types of loads.  

¶ The crack widths in reinforced concrete flexural members with and without 

fibres were measured experimentally and compared with code predictions. 

However, the researcher cannot control limitations, which could influence the 

research work. The experimental programme was reduced due to time 

constraints in the lab for conducting the long-term tests and because of 

restrictions that were imposed due to the Covid-19 pandemic. The practical 

limitations include the number of specimens and parameters studied (i.e. fibres 

volume fractions, different stress levels and different loading frequencies). 

However, the modelling part of the work is expected to compensate for this 

reduction in experimental data. 
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Chapter 4 Experimental results ï Part 1: small specimens  

4.1 Introduction  

As described in the previous chapter, the experimental work comprised 

comparison of fibre concretes with normal concrete as reference. Five different 

mixes, viz. Normal concrete (NC), micro polypropylene fibre concrete (0.1% 

0.1PPFC) and macro polypropylene fibre concrete (0.4% 0.4PPFC), steel fibre 

concrete (1% SFC) and hybrid fibre concrete (1.5% HyFC), were tested for 

determining the compressive strength, splitting tensile strength, and flexural 

strength. Three of these concretes (NC, SFC and HyFC) were studied also for 

their short term stress-strain behaviour, performance under repeated loading and 

loss of tension stiffening. Furthermore, two mixes, i.e., NC and HyFC were 

monitored for the long-term behaviour. The reason for not testing all the five types 

of concretes in all these three strands of investigation is because restrictions were 

imposed on lab utilisation for each research project following the Covid-19 related 

closure of the labs in 2020 and 2021. As a result, a compromise was made also 

on the number of specimens tested for each type of mix in the experimental 

programme. However, the hybrid fibre system was included in all strands of the 

investigation because most of the previous research reported in the literature 

focused on the effect of the addition of single and two types of fibre. The following 

aspects were given emphasis in the experimental programme reported in this 

chapter: 

(i) The effect of the addition of fibres on the mechanical properties, such as 

compressive strength, splitting tensile strength and modulus of elasticity; 

(ii)  The performance of the prismatic beams (0.5 m span) in the short-term and 

long-term when subjected to the four-point flexural tests, followed by creep 

and shrinkage deformations and long-term loss of tension stiffening of the 

different concrete mixes;  

(iii) The failure modes, load-deflection behaviour and flexure strength;  

(iv) Effectiveness of hybrid fibre reinforcement (micro and macro polypropylene 

fibres combined with macro steel fibres) for restricting the development of 
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micro and macro cracks in RC elements subjected to static, repeated and 

sustained loads. 

Each of these aspects shall be discussed separately in terms of the influence of 

the added fibres by comparing the performance of fibre specimens with that of 

the reference.  

4.2 Fresh concrete properties 

Table 4.1 shows the slump recorded for the different mixes used in this 

investigation. The normal concrete mix was designed to achieve an S3 slump 

class (80-170mm slump), and its slump was 100mm. As expected, the 

introduction of fibres reduced the measured slump, which agrees with the findings 

in the literature that fibres tend to reduce the concrete workability (Li et al., 2018; 

Yin et al., 2015; Sadrinejad et al., 2018). The addition of 0.1% micro 

polypropylene fibres showed the lowest reduction in the slump result, with a value 

of 80 mm (20% lower than the reference concrete mix without fibre), which was 

followed by 1% of steel fibre mix with a value of 75 mm (25% lower). However, 

the addition of 0.4% macro polypropylene fibres showed the highest reduction in 

the slump, with a value of 55 mm (45% lower) compared to the concrete mix 

without fibres. Concrete mixes containing steel fibres recorded a slump of 75mm, 

whilst the hybrid steel-polypropylene fibre mixes produced a slump of 50mm, both 

less than that of the reference. The high coefficient of variation (COV) reported in 

Table 4.1 for the results of hybrid fibres affected the slump test results, which 

indicated a higher degree of variability in either the mixing procedure or the 

characteristics of the fibres themselves and the uneven distribution of the fibres. 

As hybrid fibres are made of different types of fibres with different properties, the 

uniform dispersion of them is a challenge, which might have been the reason for 

the high variability of the slump values. These slump test results show that 

sufficient workability (slump class S2 (30-110mm)) may be maintained even with 

high fibre content by adjusting the amount of superplasticizer (SP) used in the 

mixes for different types and volume of fibres, as reported in Table 4.1. 

 Concretes containing polypropylene fibres are known to reduce the 

workability and increase both bleeding and segregation, which are attributed to 

the fibresô shape and low deformability (Ramakrishnan et al., 1987; Yin et al., 

2015). This decrease in slump in this experimental programme could be attributed 

to the large surface area and quantity of fibres, which can absorb more cement 
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paste, resulting in an increase in viscosity and a reduction in slump (Mehta and 

Monteiro, 2014; Chen and Liu, 2005). 

Table 4.1: Descriptions of mixes and slump test results 

Concrete 
mix 

NC 
0.1%  

0.1PPFC 
0.4%  

0.4PPFC 
1%  

SFC 
1.5%  
HyFC 

Fibre type 
No 

fibres 
0.1% micro 

polypropylene 
0.4% macro 

polypropylene 
1% steel  

1% steel, 0.1% 
micro and 0.4% 

macro 
polypropylene  

Super-
plasticiser 

content 
(L/m3) 

- 0.1 0.4 1 1.5 

Average 
slump 

result (mm) 
100 80 55 75 50 

Reduction 
percentage 
compared 

to 
reference, 

NC (%) 

0 20 45 25 50 

COV (%) 5 0 0 3.3 50 

4.3 Mechanical properties 

The 28-day compressive strength, splitting tensile strength and modulus of 

elasticity of the concretes are summarised in Table 4.2. 

4.3.1 Compressive strength 

The cube and cylinder compressive strengths (BS EN 12390-3, 2009) reported 

in Table 4.2 indicate that the addition of different types of fibres and at different 

volume fractions can result in higher compressive strength. The inclusion of 

hybrid fibres in the HyFC mix showed a notable benefit on the compressive 

strength compared to the other fibre concrete mixes. Both the cube and cylinder 

compressive strengths were the highest with the inclusion of 1.5% hybrid steel-

polypropylene fibres (i.e., HyFC); these strengths were about 13.01% and 7.65%, 

respectively, higher compared to the reference specimens without fibres. It was 

also noted that the incorporation of 0.1% micro polypropylene fibres (0.1PPFC) 

showed an increase in the compressive strength of cubes by 6.62% when 

compared to the reference specimens, whereas it had little effect on the cylinder 

compressive strength. As can be seen in Table 4.2, the addition of 0.4% macro 
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polypropylene fibres (0.4PPFC) showed an improvement in the compressive 

strength of cubes and cylinders by 8.54% and 2.25%, respectively.  

Comparing SFC with NC, the average compressive strength of SFC for 

cubes (58.15 MPa) was higher than that of NC (52.72 MPa) by approximately 

10.3%. Whereas the average compressive strength of SFC for cylinders was 

higher than that of NC by 7.33%. Also, the average compressive strength of SFC 

for cubes was higher than that of 0.1PPFC and 0.4PPFC by approximately 3.45% 

and 1.62, respectively. Similarly, the average compressive strength of SFC for 

cylinder was higher than that of 0.1PPFC and 0.4PPFC by approximately 7.46% 

and 4.97, respectively. This suggested that the incorporation of fibres in SFC 

contributed to an enhancement in compressive strength.  

Similarly, comparing HyFC with NC, the average compressive strength of 

HyFC for cubes (59.58 MPa) was higher than that of NC (52.72 MPa) by 

approximately 13.01%. It is also higher than the average compressive strength 

for cubes by 6% and 4.12% compared to 0.1PPFC and 0.4PPFC, respectively. 

This indicated that the inclusion of fibres in HyFC led to an improvement in 

compressive strength compared to the normal concrete. When comparing SFC 

with HyFC, it can be observed that HyFC exhibited a slightly higher average 

compressive strength for cubes (59.58 MPa) compared to SFC (58.15 MPa) by 

approximately 2.46%. Similarly, the average compressive strength for cylinders 

was higher than NC, 0.1PPFC, 0.4PPFC and SFC by approximately 7.65%, 

7.79%, 5.29% and 0.30%, respectively. This suggested that the hybrid fibres 

used in HyFC might have provided additional benefits in terms of compressive 

strength compared to the steel fibres used in SFC. The hybrid fibres, which are a 

combination of different types of fibres (such as steel, micro and macro 

polypropylene), offer synergistic effects that contribute to the enhancement of 

compressive strength. This benefit highlighted the effectiveness of using a 

combination of fibres in achieving higher compressive strength properties in 

concrete structures, particularly in applications where higher strength is desired 

or required.  












































































































































































































































































































































