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ABSTRACT 

This thesis presents a study of the moment redistribution capability and post-peak 

behaviour of conventionally reinforced steel fibre reinforced concrete (R-SFRC) 

continuous members designed for moment redistribution. Because of the lack of 

research in this area, limitations are placed in design standards on the application of 

steel fibres in RC continuous members designed for moment redistribution and no 

guidelines are available in the standards on the requirement for minimum reinforcement 

for which R-SFRC flexural members will show sufficient level of ductility. 

Consequently, two sets of experiments were designed to investigate the moment 

redistribution capability and post-peak behaviour of R-SFRC continuous members. 

In the first set of experiments, six full-scale two-span continuous RC beams with and 

without fibres were designed for ±30% of moment redistribution with respect to the 

linear-elastic condition. Dramix 5D steel fibres with nominal dosages of 30 and 

60 kg/m
3
 were used and the tensile reinforcement ratios varied between 0.69% and 

1.38%. The second set of experiments comprised of six full-scale two-span continuous 

one-way RC slabs with and without fibres, which were designed for 0 to 30% of 

positive moment redistribution with respect to the linear-elastic condition by varying the 

tensile reinforcement ratios between 0.21% and 0.42%. Dramix 3D steel fibres with a 

nominal dosage of 60 kg/m
3
 were used. 

The test results showed that in all R-SFRC beam and slab tests, two plastic hinges fully 

formed to develop the failure mechanism indicating the ability of R-SFRC continuous 

members to achieve the theoretical (elastic) design moment redistribution. The R-SFRC 

beams having tensile reinforcement ratios more than 0.5% maintained their capacity up 
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to a displacement of 50 mm whereas the R-SFRC slabs having tensile reinforcement 

ratios less than 0.5% showed a shorter displacement length over which hardening 

occurred before the peak load was reached, followed by a period of gentle softening. A 

comparison of ductility based on displacement and work done indicates that all the 

specimens had a good level of ductility, however, the ductility decreased with 

increasing moment redistribution.  

Finally, the post-peak behaviour of R-SFRC flexural members was investigated using 

finite element (FE) models, with the models validated using the test data collected in 

this study. Parametric studies were undertaken to investigate the influence of volume 

and degree of hardening of tensile reinforcement, and dosage and softening slope of 

SFRC on the post-peak behaviour of R-SFRC flexural members. From this study, a 

model was proposed for defining the conditions needed to achieve a defined level of 

ductility for R-SFRC flexural members and based on the model the relationships for 

minimum tensile reinforcement for which R-SFRC flexural members show sufficient 

ductility were developed and verified against the tests undertaken in this study.  
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� ultimate crack width 
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Chapter 1 

INTRODUCTION 

1.1 Background 

The fastest and most widely adopted approach for analysis and, accordingly, design of 

reinforced concrete (RC) members is based on the linear-elastic assumption for 

materials. In the linear-elastic analysis, it is assumed that both the concrete and the 

reinforcement behave elastically until the reinforcement yields, and the bending 

moment and shear force are calculated by assuming a constant flexural stiffness for the 

member. However, the flexural stiffness of an RC member varies with respect to the 

level of cracking and thus, in reality, the member behaves non-linearly after the 

formation of cracks. Moreover, all the sections of a continuous member do not crack 

and yield at the same time, and the member does not fail as soon as the moment of a 

particular section exceeds its design moment capacity. If the section has sufficient 

rotation capacity, a plastic hinge is formed, and the hinge region starts rotating at almost 

a constant moment. Further application of load will increase the increment of moments 

at other sections which are not critically loaded; this process is called moment 

redistribution. The load can be increased until multiple plastic hinges form to develop a 

failure mechanism. 

The incorporation of moment redistribution into linear-elastic analysis has some 

benefits. The amount of longitudinal reinforcement in congested areas, such as beam-

column joint regions, can be reduced by shifting bending moments away from beam-

column connection zone toward mid-span that, in turn, can lead to improved concrete 

compaction and better bonding in those congested areas. The incorporation of moment 
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redistribution into the design also contributes to cost-saving by utilising the full capacity 

of the member, redistributing moments at different load combinations and resulting in a 

narrower bending moment envelope [1]. Moreover, the use of linear-elastic analysis in 

conjunction with moment redistribution is simple and reasonably accurate for practical 

applications, compared to plastic and nonlinear analyses that require complex 

calculations. 

The capacity of a section to redistribute moment depends mainly on the ductility of the 

critical sections. Ductility is defined as the capacity of a member to undergo 

considerable plastic deformation while maintaining its load capacity [2]. Assessing the 

ductility of RC members is important as it allows adequate deformation at the ultimate 

limit state to avoid sudden failure of the structure and to resist dynamic loads such as 

blast and earthquake.  

The ductility of concrete can be improved by the inclusion of steel fibres. The inclusion 

of steel fibres into concrete mix started over half a century ago with the concept of 

bridging micro and macro cracks that occur in the concrete matrix due to various states 

of stress [3]. It is now well established that steel fibre reinforced concrete (SFRC) has 

superior post cracking tensile strength and superior resistance to crack propagation than 

that of plain concrete [4]. The crack bridging property of SFRC can transform the 

behaviour from one of quasi-brittle to ductile [5]. Many studies have been conducted to 

investigate the flexural performance of conventionally reinforced SFRC (R-SFRC) 

flexural members. The incorporation of steel fibres has been found to improve the 

deformational and cracking behaviour of RC beams. The inclusion of steel fibres 

increases both the service and post-peak stiffness of the beams resulting in a substantial 

reduction of deflection, strain in reinforcing steel, rotation and curvature at all stages of 



3 

 

loading [4, 6-15]. The addition of steel fibres inhibits the free propagation of cracks and 

decreases the width, length and spacing of the cracks at service loading condition; the 

number of cracks also increases [6-8, 11, 13, 15-20]. Apart from improvements at the 

service loading condition, the inclusion of steel fibres can improve the yield and 

ultimate bending moment capacity of the RC beams [5, 6, 8, 10, 11, 14-17, 19, 21-24].  

The ductility of R-SFRC flexural members depends on the amount of tensile 

reinforcement and the dosage of steel fibres. The inclusion of steel fibres has been 

found to increase the ductility of RC beams when the tensile reinforcement ratios are 

more than 0.4% [4, 5, 7, 9, 11-14, 19, 20]. However, when the tensile reinforcement 

ratio is less than 0.4%, the addition of steel fibres may lead to a distinct widening of one 

or two cracks (crack localisation) leading to a post-peak softening behaviour and 

fracture of tensile reinforcing bars at relatively low displacements [14, 15, 22-25]. 

Crack localisation in R-SFRC flexural members is caused by the improved bond 

between the reinforcing bars and the surrounding concrete due to the influence of fibres 

and enhanced control of microcracking [23]. Low ductility can also result from using 

steel fibres with high flexural toughness, or using reinforcement with a low hardening 

ratio [12].  

Few studies are found in the literature on the flexural performance of R-SFRC 

continuous members that allow for moment redistribution. Hassoun and Sahebjam [26] 

studied the cracking behaviour of R-SFRC continuous beams. Pfyl and Marti [25] 

investigated the flexural behaviour of lightly reinforced SFRC one-way slabs that were 

designed for 0% of moment redistribution. Iskhakov et al. [27] studied the moment 

redistribution of two-layer R-SFRC beams placing steel fibres in the compression zone 
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which is not a common sort of practice. Küsel and Kearsley [28] investigated the 

moment redistribution of R-SFRC continuous beams with high fibre dosages (1-2%).  

Although SFRC has been researched for over 50 years, guidelines available for the 

design of SFRC remain limited. The first international standard to introduce fibres in a 

comprehensive way was the New Zealand standard NZS 3101: Part 1-2006 [29]. Since 

this time, a number of other international standards have evolved that deal with fibre 

reinforced concrete in some way, including fib Model Code 2010 [30], ACI 318-14 

[31], DAfStb Guideline [32], AS 5100.5:2017 [33] and AS 3600-2018 [34].  

AS 5100.5:2017 [33] and AS 3600:2018 [34] are the two standards in Australia to 

include design procedures for SFRC. While rules have been introduced for flexure and 

shear design of SFRC, limitations are placed on the application of steel fibres where 

large plastic rotations are expected because of lack of testing undertaken on R-SFRC 

continuous members to clearly show that SFRC moment hinges can maintain their 

capacity during large rotations and moment redistributions. The limitations placed in 

AS 3600:2018 [34] are: 

(a) For SFRC members designed for moment redistribution, the tensile 

reinforcement ratio for steel reinforcement and tendons is not less than 0.004. 

(b) For SFRC ordinary moment-resisting frames forming part of the seismic-force-

resisting system, the tensile reinforcement ratio for steel reinforcement and 

tendons is not less than 0.004. 

(c) For SFRC intermediate moment-resisting frames, the tensile reinforcement ratio 

for steel reinforcement and tendons is not less than 0.006. 
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1.2 Motivation 

Research on the flexural performance of R-SFRC continuous members that allow for 

moment redistribution is limited. No study has investigated the ability of R-SFRC 

continuous members to achieve the maximum amount of moment redistribution 

(generally ±30%) allowed by current design standards [30, 33-35] and the ability of    

R-SFRC continuous members with tensile reinforcement ratios less than 0.004 to 

redistribute moment. Moreover, the effect of tensile reinforcement volume and fibre 

dosage on the post-peak behaviour and ductility of R-SFRC flexural members needs to 

be investigated to understand the relevant mechanism. Furthermore, no guidelines are 

available in the standards on the requirements for minimum tensile reinforcement for 

which R-SFRC flexural members will show a sufficient level of ductility. 

1.3 Objectives and scope of the thesis 

The objectives of this study are to: 

• investigate the effect of the inclusion of steel fibres on the cracking behaviour, 

load-carrying capacity and ductility of RC continuous members. 

• investigate the ability of R-SFRC continuous members to achieve the maximum 

amount of moment redistribution (both positive and negative) allowed by 

current design standards. 

• investigate the ability of R-SFRC continuous members with tensile 

reinforcement ratios less than 0.004 to redistribute moment.  

• investigate the effect of moment redistribution on the ductility of R-SFRC 

continuous members. 
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• investigate the effect of tensile reinforcement volume and fibre dosage on the 

post-peak behaviour and ductility of R-SFRC flexural members. 

• formulate the post-peak behaviour of R-SFRC flexural members. 

• develop relationships for minimum reinforcement for which R-SFRC flexural 

members will show a sufficient level of ductility. 

To achieve the above-mentioned objectives, two sets of experiments are designed. The 

first set of experiments includes six full-scale (8.2 m long, 250 mm wide and 400 mm 

deep) two-span continuous RC beams with and without steel fibres. The beam 

specimens are reinforced with conventional steel reinforcing bars with tensile 

reinforcement ratios of between 0.0069 and 0.0138; four of the six beams also contain 

either 30 or 60 kg/m
3
 of steel fibres. The beams are designed for 30% of positive and 

negative moment redistribution with respect to the linear-elastic condition, the 

maximum allowed by different codes and standards.  

The second set of experiments comprises of six full-scale (8.2 m long, 800 mm wide 

and 220 mm deep) two-span continuous one-way RC slabs with low reinforcement 

ratios. Four of the six slabs contain 60 kg/m
3
 of steel fibres. The tensile steel 

reinforcement ratios are between 0.0021 and 0.0042 to provide 0 to 30% of positive 

moment redistribution with respect to the linear-elastic condition.  

Finally, finite element (FE) models will be developed and validated using the test data 

in this study. The validated FE models will be used to undertake parametric studies for 

the formulation of post-peak behaviour and the development of comprehensive design 

rules for R-SFRC flexural members. 
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1.4 Organization of the thesis 

The rest of the thesis is organized as follows: 

Chapter 2 provides an extensive literature review on the flexural performance of          

R-SFRC flexural members, especially the effect of the inclusion of steel fibres on the 

cracking and deformation behaviour, load-carrying capacity and ductility of RC flexural 

members. The effect of tensile reinforcement volume and fibre dosage on the ductility 

and mechanism of crack localisation are discussed.  The available literature on the 

moment redistribution of R-SFRC continuous members is also reviewed. Finally, the 

gaps in the current research are identified to be fulfilled by this study. 

Chapter 3 describes the experimental program of six full-scale two-span continuous RC 

beams with and without steel fibres. The effect of the inclusion of steel fibres on the 

cracking behaviour, load-carrying capacity and ductility of RC continuous members are 

studied. The ability of R-SFRC continuous members to achieve the maximum amount 

of moment redistribution allowed by current design standards is also investigated.  

Chapter 4 details the experimental program of six full-scale two-span continuous one-

way RC and R–SFRC slabs with low reinforcement ratios. The effect of low 

reinforcement ratios and moment redistribution on the post-peak behaviour and ductility 

of R-SFRC continuous slabs are studied. The ability of R-SFRC continuous members 

with tensile reinforcement ratios less than 0.004 to redistribute moment is also 

investigated. 

Chapter 5 presents the FE modelling of R-SFRC continuous members. The FE models 

are validated using the test data from this study, and the validated FE models are then 

used to undertake parametric studies to determine the effect of the dosage of fibres, the 
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degree of hardening of reinforcement and the type of loading on the post-peak 

behaviour of R-SFRC flexural members.  

Chapter 6 presents the design of R-SFRC flexural members. The ultimate strength 

results of the tests are compared with predictions using (1) the rectangular stress block 

design model of AS 3600:2018 [34] and (2) a bi-linear model to describe the SFRC 

stress-COD relationship. The effect of tensile reinforcement volume and fibre dosage on 

the ductility of R-SFRC flexural members is studied using the test data available in the 

literature. The parametric studies in Chapters 5 and 6 are used to formulate the post-

peak behaviour of R-SFRC flexural members and develop relationships for minimum 

tensile reinforcement ratio for which R-SFRC flexural members will show a sufficient 

level of ductility. 

Chapter 7 summarizes the results of the study. Some conclusions are drawn based on 

the results. The limitations of the study and the recommendations for future 

investigations are also discussed. 
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Chapter 2 

LITERATURE REVIEW 

2.1 Introduction 

The history of the use of fibres to reinforce weak brittle materials is quite ancient, dating 

back to the 8
th

 and 7
th

 millennia BCE with the reinforcement of mud using straws [36, 

37]. The incorporation of randomly distributed short, discontinuous steel fibres in 

concrete started in the 1970s to compensate for the low tensile strength of concrete [38]. 

One of the early studies to characterise the material properties of SFRC was by Shah 

and Rangan [39]. It was found that fibres have negligible effect on the load at which 

cracks initiate in the matrix. However, the resistance of concrete to crack propagation 

and flexural strength and toughness of concrete are considerably increased by the 

inclusion of steel fibres. The post-cracking resistance provided by fibres were 

considerably influenced by their aspect ratio, orientation with respect to the cracking 

direction and their stress-strain curves. Later a lot of research [40-67] confirmed the 

improvement of mechanical performance of concrete with regard to its crack resistance, 

tensile and flexural strengths, toughness, ductility, energy absorption and resistance to 

fatigue, impact and cyclic loading by the addition of steel fibres. Although the inclusion 

of steel fibres has marginal effect on compressive strength of concrete, high post-peak 

strain and a gradual slope in the descending part of the stress-strain curve of SFRC 

indicates improved spalling resistance, ductility, energy absorption capacity and fracture 

toughness in compression [68-73]. Swamy [74] predicted that SFRC would find 

extensive and advantageous applications through its unusual properties such as impact 

resistance, thermal shock resistance, wear and spall resistance and energy absorption. 
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In the beginning, steel fibres were mainly used in large concrete pavements [75-80], 

precast concrete decking panels [81, 82], unreinforced tunnel linings [83-85], mines [86, 

87] and bridge decks [88, 89] to prevent the propagation of micro-cracks that eventually 

lead to failure. Slowly SFRC finds its way to RC structural elements like beam [4, 90-

98], column [99-103], beam-column joint [104-112] and slab [113-118]  not only to 

reduce shrinkage and microcracking but also to improve overall cracking and 

deformational behaviour, to enhance the flexural, shear, fatigue and impact 

performances, and also as a replacement of tensile and shear reinforcement. 

As the research and use of steel fibres in RC structural members have flourished over 

the last two decades, some of the researchers [14, 15, 22-25] noticed the negative effect 

of steel fibres on the ductility on RC flexural members. The inclusion of steel fibres has 

been found to reduce the ductility of lightly RC flexural members. The following 

section reviews the flexural performance of SFRC beams and slabs, especially the effect 

of tensile reinforcement ratio on the ductility of SFRC flexural members. Since different 

studies used different criteria to quantify ductility, a line corresponding to a 

displacement of span/100 is plotted on the load-deflection curves (where available) of 

the studies reviewed. This point (displacement of span/100) is considered as 

corresponding to sufficient ductility for observation of serious distress in the member 

[119]. 

2.2 Flexural performance of R-SFRC beams and slabs 

2.2.1 Effect of the depth of fibre placement 

Swamy et al. [4] studied the cracking and deformational behaviour of R-SFRC beams 

and also investigated the possibility of using higher strength steel reinforcement in 

SFRC than that of allowed in RC during that time. The authors tested two series of ten 
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specimens. In one series, reinforcing bars with 460 MPa of yield stress were used 

whereas reinforcing bars with 605 MPa of yield stress were used in another series. The 

beam specimens were 2.5 m long (effective span = 2.25 m), 130 mm wide and 200 mm 

deep. The tensile reinforcement ratio was 1%. Crimpled steel fibres with a length of 

50 mm and an aspect ratio of 100 were used either throughout the whole depth of the 

beam or only in the effective tension zone surrounding the reinforcing bars. The dosages 

of steel fibres were 0.5 and 1.0% by volume, the average compressive strength (cubes) 

of plain and steel fibre reinforced concrete varied from 37 to 41 MPa and the load was 

applied at the mid-span of the beams.  

Swamy et al. found that the inclusion of steel fibres in RC increased the service stiffness 

by 50 to 70% resulting in substantial reductions of deflection, steel strain, rotation and 

curvature. The presence of fibres also increased the stiffness of the beams considerably 

at ultimate state. Steel reinforcement with 605 MPa of yield stress could control 

cracking and deformation at service loads to within acceptable limits and developed 

adequate plastic deformation at failure. Beams with fibres throughout their whole depth 

performed slightly better in the ultimate limit state than beams with fibres in the 

effective tension zone only.  

From the load versus deflection curves of Swamy et al. for the beam specimens that had 

fibres throughout the whole depth of the beam (Figure 2.1), it is evident that the 

inclusion of steel fibres in RC beams with 460 MPa steel improved the ductility. At the 

ultimate load, the deflection of the R-SFRC beams was more than the span/100 value 

demonstrating a high level of ductility for the reinforcement ratio tested. Although there 

was also a modest increase in ultimate flexural strength with the inclusion of steel 
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fibres, the authors commented that from a design point of view the influence of steel 

fibres on cracking and deflection is more significant than that on strength.  

 
(a) (b) 

Figure 2.1: Load versus deflection curves in tests by Swamy et al. [4] for 

(a) 460 MPa steel and (b) 605 MPa steel. 

Bentur and Mindess [8] investigated the flexural performance of R-SFRC beams with 

low yield strength conventional steel. The beam specimens were 1.0 m long with a 

cross-section of 100 mm × 100 mm and reinforced with 220 MPa steel bars at a ratio of 

0.5%. Deformed steel fibres with a length of 50 mm and an aspect ratio of 100 mm were 

used at a volume fraction of 1.5% over the full depth of the beam in one specimen and 

at 1.0% and 1.5% by volume in the lower half (tension side) of the beam only in two 

specimens. The specimens were tested in third-point point loading with a span of 0.9 m.  

The test results of Bentur and Mindess showed that R-SFRC beams had higher post-

cracking rigidity than that of RC beams. The number of cracks was increased, and the 

width and length of the cracks were reduced by the inclusion of steel fibres. Beam with 

fibres throughout the full depth of the cross-section showed better performance in terms 

of load-carrying capacity and ductility than that of beams with fibres in the tension side 

of the cross-section only. The ultimate load increased by 55.4% for the beams with steel 
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fibres over the full depth. For the beam with steel fibres in the tension side only, the 

increase in ultimate load was 32.5%. Beam with steel fibres over the full depth had 

almost the same ductility of the beam without steel fibres with respect to the span/100 

value (see Figure 2.2). However, incorporating steel fibres in just the tension side of the 

beam decreased the ductility.  

 
Figure 2.2: Load versus deflection curves in tests by Bentur and Mindess [8]. 

Swamy and Al-Ta'an [7] presented an extensive study on the performance of R-SFRC 

beams in flexure. The authors tested three series of 15 specimens. The specimens were 

2.5 m long (effective span = 2.25 m), 130 mm wide and 203 mm deep. In series 1, steel 

reinforcement with 460 MPa of yield stress was used at a ratio of 0.99 %. Series 2 had 

1.74% of 460 MPa reinforcing bars whereas 617 MPa reinforcing bars were used at a 

ratio of 0.94% in the last series. The average compressive strength (cubes) of plain and 

steel fibre reinforced concrete varied from 37 to 41 MPa. Crimped steel fibres with a 

length of 50 mm and aspect ratio of 100 were used at dosages 0.5 and 1.0% by volume 
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either over the whole depth of the beam or over the effective tension zone (i.e., over an 

area with the steel bars as the centroid) of the beam only.  

Swamy and Al-Ta'an found that steel fibres were effective on resisting deformation at 

all stages of loading, and steel fibre reinforced concrete beams showed significant 

inelastic deformations and ductility at failure. Beams with fibres throughout their depth 

were more effective in resisting deformation than beams with fibres in the effective 

tension zone only. The inclusion of steel fibres resulted in closely spaced narrower 

cracks. The maximum increase in ultimate flexural strength by the addition of steel 

fibres was just 10.5%.  

Swamy and Al-Ta'an commented that the increase in ultimate flexural strength of a 

conventionally reinforced concrete beam with the inclusion of steel fibres is limited. 

However, fibres play an important role by improving cracking and deformational 

behaviour at all stages of loading, and by increasing the stiffness at service loads and 

ductility at failure. Moreover, steel reinforcement with higher yield stress than typically 

used for RC can be used with steel fibres without the fear of excessive cracking and 

deflection, and lack of ductility. 

Dwarakanath and Nagaraj [10] studied the deformational behaviour of R-SFRC beams 

in pure bending. The authors tested two groups of beams. In one group, steel fibres were 

dispersed in the entire depth of the beams and in another group, steel fibres were 

dispersed over the half of the beam on the tension side.  The beam specimens were 

1.8 m long with a cross-section of 100 mm × 208 mm. The tensile reinforcement ratios 

varied from 0.77 and 1.28%. The average yield strength of tensile reinforcing steel was 

500 MPa. The average compressive strength of concrete was 25.5 MPa. Hooked-end 



15 

 

steel fibres a nominal length of 36 mm and an aspect ratio of 72 were used at dosages 

0.75 and 1.5% by volume. The beam specimens were tested under four-point bending 

with a simply supported length of 1.5 m and a shear span-depth ratio of 3.3.  

 
Figure 2.3: Moment versus deflection curves in tests by Dwarakanath and Nagaraj [10]. 

The test results of Dwarakanath and Nagaraj showed that the inclusion of steel fibres 

increased the load-carrying capacity and reduced the strains in reinforcing steel, 

curvatures and deflections of the RC beams at any given load level. The ultimate 

moment was increased by 15% by the addition of 0.75% of steel fibres over the full-

depth of the cross-section. Half-depth fibre inclusion, requiring only half the quantity of 

fibres of full-depth inclusion, was practically as effective as full-depth fibre inclusion in 

improving the deformational behaviour of beams. Moreover, increasing fibre content 

from 0.75% to 1.5% did not improve the performance significantly. 

Figure 2.3 shows the moment versus deflection curves of Dwarakanath and Nagaraj for 

the beam specimens with 0.77% reinforcement ratio. Although the inclusion of steel 
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fibres decreased the ductility slightly, the deflection at the ultimate load of the R-SFRC 

beams was very close to the span/100 value indicating sufficient ductility for 

observation of serious distress in the member. 

2.2.2 Effect of fibre dosage 

Lim et al. [9] presented the test results of three full-scale beam specimens with varying 

fibre dosage. The beam specimens were 2.5 m long, 152 mm wide and 254 mm deep. 

The tensile reinforcement ratio was 1.2%. The average yield strength of tensile 

reinforcing steel was 450 MPa. The average compressive strength of concrete was 

34.0 MPa. Hooked-end steel fibres with a nominal length of 30 mm and an aspect ratio 

of 60 were used at dosages 0.5 and 1% by volume. The beam specimens were tested 

under four-point bending with a simply supported length of 2.20 m and a shear span-

depth ratio of 3.9.  

 
Figure 2.4: Load versus deflection curves in tests by Lim et al. [9] 
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Lim et al. found that the inclusion of steel fibres did not increase the load-carrying 

capacity significantly. From the load-displacement curves of the tested beam specimens 

(see Figure 2.4), it is evident that none of the RC or R-SFRC beams had sufficient 

ductility with respect to the span/100 value. However, the R-SFRC specimens had 

better ductility than that of the RC specimen for the reinforcement ratio tested.  

Ashour and Wafa [11] investigated the effect of the inclusion of steel fibres on the 

flexural behaviour of high-strength concrete beams. The authors tested eight full-scale 

beam specimens with a cross-section of 170 mm × 300 mm. The span of the beams was 

varied as 2.62 and 3.68 m to have two different shear span-depth ratios (a/d) of 4 and 6.  

The amount of tensile reinforcement was 1.39%. The average yield strength of tensile 

reinforcing steel was 437 MPa. The average compressive strength of concrete was 

88.0 MPa. Hooked-end steel fibres with a nominal length of 60 mm and an aspect ratio 

of 75 were used in the study. The dosage of steel fibres varied from 0.5 to 1.5% by 

volume.  

The test results of Ashour and Wafa showed that the addition of steel fibres enhanced 

the post-cracking stiffness, flexural strength, ductility and energy absorption capacity of 

the tested beams. The presence of fibres also reduced the crack width and increased the 

number of cracks. The addition of 1.5% of steel fibres increased the flexural strength by 

20.7 and 15.5% for the shear span-depth ratio of 4 and 6, respectively. The inclusion of 

1.5% of steel fibres increased the displacement ductility, the rotational ductility and the 

energy absorbed by 120, 107 and 147%, respectively for the shear span-depth ratio of 4 

and by 45, 39, 64%, respectively for the shear span-depth ratio of 6 (see Figure 2.5). 

The fibre enhancements of deflection, rotation and energy absorbed were greater at 
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ultimate load than that of at yield load. It was found that increasing fibre dosage did not 

improve the performance significantly. 

(a) (b) 

Figure 2.5: Load versus deflection curves in tests by Ashour and Wafa [11] for 

(a) a/d = 4 and (b) a/d = 6. 

Altun et al. [19] studied the effect of the inclusion of steel fibres in two different 

strength of concrete (C20 and C30). The authors tested eighteen full-scale beam 

specimens with a length of 2 m and a cross-section of 300 mm × 300 mm.  The average 

measured compressive strength of C20 and C30 concrete were 24.4 and 34.8 MPa, 

respectively. The amount of tensile reinforcement was 0.5%. Hooked-end steel fibres 

with a nominal length of 60 mm and an aspect ratio of 80 were used at dosage 30 and 

60 kg/m
3
.  

Altun et al. found that the inclusion of steel fibres increased the ultimate load, flexural 

toughness and ductility. The presence of steel fibres in C20 concrete did not increase the 

ultimate load significantly. However, the ultimate load increased by 30 and 41% by the 

addition of 30 and 60 kg/m
3
 of steel fibres, respectively, in C30 concrete.  The flexural 

toughness increased by 391 and 166% by the addition of 30 kg/m
3
 of steel fibres in C20 

and C30 concrete, respectively. The R-SFRC beams showed a good level of ductility for 

0 10 20 30 40 50 60 70 80
0

50

100

150

200

250

300

 = 1.4%, a/d = 4

Mid-span deflection (mm)

No fibre

Ultimate load

1.0% fibre

0.5% fibre

1.5% fibre

Span / 100

0 10 20 30 40 50 60 70 80
0

30

60

90

120

150

180

 = 1.4%, a/d = 6

Mid-span deflection (mm)

L
o
a
d

 (
k

N
)

No fibre

0.5% fibre

1.0% fibre

1.5% fibre

Ultimate load

Span / 100



19 

 

the reinforcement ratio tested (see Figure 2.6). It was found that increasing fibre dosage, 

did not improve the performance significantly.  

  
(a) (b) 

Figure 2.6: Load versus deflection curves in tests by Altun et al. [19] for 

(a) C20 concrete and (b) C30 concrete. 

Aoude et al. [20] studied the cracking and deformational behaviour of R-SFRC beam 

specimens with varying fibre dosage. The authors tested three full-scale beam 
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end steel fibres with a nominal length of 30 mm and an aspect ratio of 55 were used at 

dosages 0.5 and 1.0% by volume. The amount of tensile reinforcement was 1.5%, the 

average yield strength of tensile reinforcing steel was 429 MPa and the average 

compressive strength of concrete was 23.3 MPa. The beam specimens were tested under 

four-point bending with a simply supported length of 3.7 m and a shear span-depth ratio 

of 3.1.  

The test results of Aoude et al. showed that the inclusion of 0.5% and 0.1% by volume 

of steel fibres increased the ultimate displacement by 50% and 90%, respectively.        
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widths and the crack patterns were diffused with many secondary cracks growing out of 

the primary cracks. The load-carrying capacity did not increase significantly by the 

addition of steel fibres. 

 
Figure 2.7: Load versus deflection curves in tests by Aoude et al. [20]. 
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60 mm and an aspect ratio of 80 were used at dosages 0.5 and 1% by volume. The 

amount of tensile reinforcement was 1.35%, the nominal yield strength of tensile 

reinforcing steel was 500 MPa and the average measured compressive strength of 

concrete was 35.5 MPa. The beams were tested under four-point bending with a simply 

supported length of 1.8 m with a shear span-depth ratio of 3.0. The authors found that 

the increase in ultimate strength by the addition of steel fibres was marginal 

(approximate 6%). However, the R-SFRC specimens had better post-peak residual 

strength and larger ultimate deflection than that of RC specimens (see Figure 2.8). 
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Figure 2.8: Load versus deflection curves in tests by Sahoo et al. [120] 

2.2.3 Effect of fibre length and aspect ratio 

Vandewalle [18] studied the effect of fibre aspect ratio on the cracking behaviour of    

R-SFRC beams. The authors tested five full-scale beam specimens with a length of 

3.6 m and a cross-section of 200 mm × 350 mm. Hooked-end steel fibres with different 

lengths and aspect ratios were used at dosages of 30 and 45 kg/m
3
. One type of fibres 

had a nominal length of 35 mm with an aspect ratio of 65; the other type of fibres had a 

nominal length of 50 mm with an aspect ratio of 80.  The amount of tensile 

reinforcement was 1.03%, the nominal yield strength of tensile reinforcing steel was 

500 MPa and the average compressive strength of concrete was 42.0 MPa. The beam 

specimens were tested under four-point bending with a simply supported length of 

3.25 m. Test results showed that the inclusion of steel fibres decreased the crack spacing 

and crack width. At service load, the distinct influence of two different types of fibres 

was not clear. However, at larger bending moments, a greater reduction in crack width 

and crack spacing was evident when fibres with a higher aspect ratio were used.  
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Alsayed [21] investigated the effect of fibre dosage and aspect ratio on the flexural 

strength and ductility of R-SFRC beams. The authors tested ten full-scale beam 

specimens with a length of 2.5 m and a cross-section of 250 mm × 250 mm. Hooked-

ends steel fibres with same length but different aspect ratios were used at dosages of 

0.5, 1.0 and 1.5% by volume. The nominal length of the fibres was 60 mm and the 

aspect ratios were 60 and 75. The amount of tensile reinforcement was 0.75%, the 

average yield strength of tensile reinforcing steel was 470 MPa and the average 

compressive strength of concrete was 35.0 MPa. The beam specimens were tested under 

four-point bending with a simply supported length of 2.3 m. It was found that the beams 

containing steel fibres with higher aspect ratio exhibited higher flexural strength and 

ductility. Increasing fibre content did not improve the load-carrying capacity or ductility 

significantly (see Figure 2.9).  

 

Figure 2.9: Load versus deflection curves in tests by Alsayed [21]. 
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Pujadas et al. [13] studied the effect of fibre length and aspect ratio on the cracking and 

deformational behaviour of R-SFRC one-way slabs. The authors tested eighteen full-

scale slab specimens with a length of 3 m and a cross-section of 1000 mm × 200 mm. 

Hooked-end steel fibres with different lengths and aspect ratios were used at volumetric 

ratios of 0.25 and 0.5%. One type of steel fibres (SF1) had a nominal length of 35 mm 

with an aspect ratio of 64; the second type of steel fibres (SF2) had a nominal length of 

60 mm with an aspect ratio of 80. The amount of tensile reinforcement was 0.85%, the 

nominal yield strength of tensile reinforcing steel was 500 MPa and the strength class of 

the FRC was C25/30. The beams were tested under four-point bending with a simply 

supported length of 2.7 m and a shear span-depth ratio of 5.5.  

(a) (b) 

Figure 2.10: Load versus deflection curves in tests by Pujadas et al. [13] for 

(a) 0.25% fibre and (b) 0.50% fibre. 

Pujadas et al. found that the inclusion of steel fibres increased the number of cracks and 

decreased the spacing of cracks. There was no crack localisation. However, for 

specimens with a higher dosage of fibres, ramification was observed in many of the 

cracks. The shorter fibres were found to be more effective in controlling cracks whereas 

the increase in ultimate strength was more with the longer ones. The R-SFRC slab 
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specimens showed a good level of ductility with respect to the span/100 value. 

However, the ductility did not vary significantly with fibre dosage and aspect ratio (see 

Figure 2.10). 

2.2.4 Effect of the amount of tensile reinforcement 

Kormeling et al. [6] studied the effect of the amount of tensile reinforcement on the 

ultimate strength and cracking behaviour of R-SFRC beams. The beam specimens were 

2.2 m long, 100 mm wide and 152 mm deep. The tensile reinforcement ratios varied 

from 0.17 to 2.09%. The highest reinforcement ratio corresponds to about the maximum 

amount and the lowest reinforcement ratio was substantially below the minimum 

amount used in that time’s design practice. The yield strength of the tensile 

reinforcement varied from 460 to 716 MPa, and the average compressive strengths of 

plain and steel fibre reinforced concrete were 40.7 and 43.3 MPa, respectively. Three 

different types of steel fibres: straight, hooked-end and paddled-end were used at 

dosages of 1.27, 0.89 and 1.54% by volume, respectively. The length and aspect ratio of 

the fibres varied from 24 to 50 mm and 60 to 77.5, respectively. The beams were tested 

in four-point loading with a span of 2.0 mm and a shear span-depth ratio of 4.2.  

The test results of Kormeling et al. showed that the addition of steel fibres increased the 

ultimate bending moment, and decreased the deflection, crack width, crack spacing and 

strain in reinforcement steel. However, the beneficial influences of the inclusion of steel 

fibres decreased with increased reinforcement ratio. The inclusion of steel fibres 

increased the ultimate load from 20 to 63% for the beams with 0.17% reinforcement 

ratio, whereas for the beams with 2.09% reinforcement ratio the increase was only from 

2 to 9%. Also, the reduction in crack spacing was highest with the lowest amount of 

reinforcement. 



25 

 

Oh [16] investigated the flexural behaviour of singly and doubly reinforced concrete 

beams containing steel fibres. The authors tested two series of six singly reinforced 

concrete beams and one series of three doubly reinforced concrete beams with a length 

of 2.0 m and a cross-section of 120 mm × 180 mm. The main parameters of the study 

were the amount of tensile reinforcement and the dosage of steel fibres. The amount of 

tensile reinforcement varied from 1.5 to 3.4%, the nominal yield strength of the tensile 

reinforcing steel was 420 MPa and the average compressive strength of concrete was 

40.3 MPa. Round and straight steel fibres with a length of 40 mm and an aspect ratio of 

57 were used at volumetric ratios of 1 and 2%. The beams were tested under four-point 

bending with a simply supported length of 1.8 m and a shear span-depth ratio of 4.3.  

Oh found that the inclusion of steel fibres decreased the crack width and crack spacing, 

and increased the load-carrying and energy absorption capacity. However, the increase 

in load-carrying capacity was more pronounced in beams with lower reinforcement 

ratio. The addition of 2% of steel fibres increased the ultimate load by 50% when the 

reinforcement ratio was 1.5%. However, the increases were 18.6% and 1.3% when the 

reinforcement ratios were 2.4% and 3.4%, respectively. From the load versus deflection 

curves of the tested beam specimens (see Figure 2.11), it is evident that the deflection at 

the ultimate load of all R-SFRC specimens was more than the span/100 value indicating 

a good level of ductility, and the ductility of the R-SFRC beams improved with the 

increase of reinforcement ratio. However, increasing fibre dosage did not improve the 

performance significantly.  
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(a) (b) 

 
(c) 

Figure 2.11: Load versus deflection curves in tests by Oh [16] for (a) B = 1.5%, 

(b) B = 2.4% and (c) B = 3.4%. 

Espion et al. [22] studied the effect of the inclusion of steel fibres on the ductility and 

cracking behaviour of RC beams with low reinforcement ratios. The beam specimens 

were 1.4 m long, 250 mm wide and 150 mm deep. The amount of tensile reinforcement 

varied from 0.33 to 0.75%, the average yield strength of tensile reinforcing steel was 

577 MPa and the average compressive strength of concrete was 32.0 MPa. The steel 

fibres used were conical ends at 0.4% by volume. These fibres had a nominal length of 

60 mm with an aspect ratio of 60. The beam specimens were tested under four-point 

bending with a shear span-depth ratio of 3.8.  
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Figure 2.12 shows the moment versus deflection curves of Espion et al. for the 

reinforcement ratio of 0.52%. Although the deflection at the ultimate load of R-SFRC 

specimen was more than the span/100 value indicating a good level of ductility, the 

ductility was lower than that of the RC beam. The displacement ductility decreased by 

65, 56 and 78% for the reinforcement ratios of 0.33, 0.52 and 0.75%, respectively by the 

addition of steel fibres. It was observed that for the RC beams with fibres, the inelastic 

deformation at failure was concentrated in one large crack, while the inelastic 

deformation was more evenly distributed in several cracks for RC beams without fibres.  

 
Figure 2.12: Moment versus deflection curves in tests by Espion et al. [22]. 
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60 mm and an aspect ratio of 75 were used were at 0.5 and 1.0% by volume. The beam 

specimens were tested under four-point bending with a simply supported length of 

3.08 m with a shear span-depth ratio of 6.0.  

 
(a) B = 1.18%, ��� = 49 MPa (d) B = 1.18%, ��� = 79 MPa 

 
(b) B = 1.77%, ��� = 49 MPa (e) B = 1.77%, ��� = 79 MPa 

 
(c) B = 2.37%, ��� = 49 MPa (f) B = 2.37%, ��� = 79 MPa 

Figure 2.13: Load versus deflection curves in tests by Ashour et al. [17]. 
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Ashour et al. found that the presence of fibres reduced the crack width and increased the 

number of cracks. The addition of steel fibres increased the post-cracking stiffness and 

ultimate strength. The additional moment capacity provided by fibres was not affected 

by the amount of tensile reinforcement ratio. However, the concrete compressive 

strength influenced the fibre contribution significantly. The flexural rigidity was 

increased as the concrete compressive strength and steel fibre content increased.  

Figure 2.13 shows the load versus displacement curves of Ashour et al. for concrete 

strengths of 49 and 79 MPa. From the figure, it is evident that the R-SFRC beam 

specimens had a good level of ductility for the reinforcement ratios tested. However, the 

R-SFRC specimens with higher reinforcement ratio showed a softening behaviour after 

the peak load. 

Dancygier and Savir [23] studied the flexural behaviour of high strength R-SFRC 

beams with low reinforcement ratios. The authors tested nine full-scale beam specimens 

with a length of 3.9 m and a cross-section of 200 mm × 300 mm. The amount of tensile 

reinforcement varied from 0.28 to 0.56%. The measured yield strength of tensile 

reinforcing steel ranged from 480 to 616 MPa. The average measured compressive 

strength of concrete was 118 MPa. Hooked end steel fibres with two different lengths 

(60 and 35 mm) were used at a volumetric ratio of 0.75%. The aspect ratio of the fibres 

was 65. The beam specimens were tested under four-point bending with a simply 

supported length of 3.5 m and the shear span-depth ratios varied from 3.5 to 5.3.  

Test results of Dancygier and Savir showed that the addition of fibres reduced the 

ductility of lightly reinforced beams (see Figure 2.14). For the beams without steel 

fibres, the cracks in the constant moment zone were distributed evenly and the widening 
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of cracks was almost uniform. However, for the beams with steel fibres, out of the 

several cracks developed at the initial stage of loading, one or two cracks widened 

distinctly leading to the fracture of steel bar at relatively low displacement. The authors 

suggested that the minimum tensile reinforcement ratio in flexure in high strength       

R-SFRC beams should be higher than that of conventionally reinforced members to 

achieve sufficient ductility. 

 
Figure 2.14: Moment versus deflection curves in tests by Dancygier and Savir [23]. 
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50 mm with an aspect ratio of 50. The beam specimens were tested under four-point 

bending with a simply supported length of 3.60 m and a shear span-depth ratio of 4.6.  

Meda et al. found that the inclusion of steel fibres provided a limited enhancement in 

load-carrying capacity. The maximum increase was 6.7% by the addition of 30 kg/m
3
 of 

steel fibres in beams with 0.75% of reinforcement. Increasing fibre dosage did not 

provide any further improvement. The R-SFRC specimens with a reinforcement ratio of 

0.75% have a good level of ductility (see Figure 2.15). The beams with higher 

reinforcement ratio (1.5%) failed by concrete crushing. However, the presence of fibres 

converted the explosive concrete crushing to a progressive concrete crushing (see 

Figure 2.15b). When the bond of the reinforcement was released, the beneficial effect of 

fibres decreased by the formation of fewer and wider cracks. 

 
(a) (b) 

Figure 2.15: Load versus deflection curves in tests by Meda et al. [12] for 

(a) B = 0.75% and (b) B = 1.5%. 
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Dancygier and Berkover [24] performed an extensive experimental study to investigate 

the flexural performance of R-SFRC beam specimens. The beam specimens were 3.2 m 

long, 240 mm wide and 300 mm deep. The amount of tensile reinforcement varied from 

0.15 to 3.27%. The measured yield strength of tensile reinforcing steel ranged from 409 

to 508 MPa. The measured compressive strength of concrete ranged from 26.9 to 

37.5 MPa. The steel fibres used were hooked ends at dosages of 40 and 60 kg/m
3
. These 

fibres had a nominal length of 35 mm with an aspect ratio of 64. The beams were tested 

under four-point bending with a shear span-depth ratio of 3.1.  It was found that the 

addition of steel fibres leads to a significant reduction (50-80%) in flexural ductility of 

beams with reinforcement ratios less than 0.5% (see Figure 2.16). It was observed that 

for the beams without fibres, the cracks widened almost uniformly in the constant 

moment zone. However, for the fibrous specimens with low conventional reinforcement 

ratios, one or two cracks widened distinctly.   

In the Dancygier and Berkover tests, the load-carrying capacities of beams with 

reinforcement ratios lower than 0.5% were increased up to 25%; at larger reinforcement 

ratios, the improvement was not significant.  Although no significantly different results 

were observed from two different fibre dosages, the flexural performance was slightly 

better with lower fibre dosage. The authors commented that although the reduced 

ductility by the addition of steel fibres in beams with low reinforcement ratios suffice 

for design purposes, it is important to understand the phenomenon of crack localisation 

in order to set a minimum reinforcement ratio for R-SFRC beams. 



33 

 

  
(a) B = 0.15% (b) B = 0.39% 

  
(c) B = 0.63% (d) B = 0.94% 

  
(e) B = 1.26% (f) B = 3.30% 

Figure 2.16: Load versus deflection curves in tests by Dancygier and Berkover [24]. 
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The experimental study of Mertol et al. [14] included twenty full-scale beam specimens 

with a length of 3.5 m and a cross-section of 180 mm × 350 mm. The amount of tensile 

reinforcement was varied from 0.2 to 2.5% covering the range from under-reinforced to 

over-reinforced beam behaviour. The average yield strength of tensile reinforcing steel 

was 420 MPa and the average compressive strength of concrete was 31 MPa. Hooked-

end steel fibres with a nominal length of 30 mm and an aspect ratio of 60 were used 

were at a volumetric ratio of 1.0%. The beams were tested under four-point bending 

with a simply supported length of 3.30 m and a shear span-depth ratio of 6.5.  

The test results of Mertol et al. showed two contrasting behaviours of the addition of 

steel fibres. At low reinforcement ratios, there were significant increases in ultimate 

strength but decreases in ductility by the addition of steel fibres. However, as the 

reinforcement ratio was increased, the increase in ultimate strength became less 

significant and the R-SFRC specimens became more ductile than that of RC beams (see 

Figure 2.17).  The post-peak stiffness of over-reinforced R-SFRC specimens was 

observed to be significantly lower than that of RC specimens which indicates that the 

load in the post-peak region of R-SFRC specimens dropped at a slower rate than that of 

RC specimens. The flexural toughness of R-SFRC specimens was greater than that of 

RC specimens with the difference being significantly larger for over-reinforced 

sections.  
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(a) B = 0.20% (b) B = 0.30% 

  
(c) B = 0.40% (d) B = 0.53% 

  
(e) B = 0.81% (f) B = 1.06% 

  
(g) B = 1.60% (h) B = 2.02% 

Figure 2.17: Load versus deflection curves in tests by Mertol et al. [14]. 
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Yoo and Moon [15] studied the effect of the addition of steel fibres on the flexural 

performance of RC beams with low reinforcement ratios. The authors tested twenty-four 

full-scale beam specimens with a length of 3.0 m and a cross-section of 

320 mm × 300 mm. The amount of tensile reinforcement varied from 0.18 to 0.41%; the 

tensile reinforcement ratios were 44, 66, 78 and 100% of the minimum reinforcement 

ratio based on ACI318-14 code. The nominal yield strength of tensile reinforcing steel 

was 500 MPa and the average measured compressive strength of concrete was 43 MPa. 

Hooked-end steel fibres with a nominal length of 35 mm and an aspect ratio of 64 were 

used in the study. The dosage of steel fibres varied from 0.25 to 1.0% by volume. The 

specimens were tested under four-point bending with a simply supported length of 

2.6 m and a shear span-depth ratio of 4.0.  

The test results of Yoo and Moon showed that the inclusion of steel fibres increased the 

cracking load, post-cracking stiffness and yield load. Although the ultimate load was 

also increased by the addition of steel fibres, the improvement was not significant and 

the improvement became even less significant at higher reinforcement ratios. Moreover, 

the R-SFRC beams with a fibre volume fraction more than 0.5% showed a softening 

behaviour after the peak load for whereas the RC beams exhibited a continuous and 

gradual increase in the flexural load due to hardening of steel reinforcing bars until the 

ultimate load at which the reinforcing bars fractured (see Figure 2.18).  

In terms of ductility, Yoo and Moon found that the addition of steel fibres leads to a 

significant reduction in flexural ductility of beams, and RC beams with lower 

reinforcement ratios and higher fibre volume fractions resulted in lower ductility. 

Although the number of cracks increased by the addition of steel fibres, the crack 

localisation phenomenon (widening of a single crack) was observed for fibre volume 
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fractions equal to or greater than 0.75%. However, for fibre volume fractions less than 

0.5%, the crack localisation phenomenon was barely observed.  

Based on the test results, Yoo and Moon concluded that replacing tensile steel 

reinforcing bars with steel fibres is not favourable in terms of ultimate load-carrying 

capacity, ductility and maintaining flexural strength margin up to the failure. 

(a) B = 0.18% (b) B = 0.27% 

 
(c) B = 0.32% (d) B = 0.41% 

Figure 2.18: Load versus deflection curves in tests by Yoo and Moon [15]. 
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2.2.5 Effect of the presence of compressive reinforcement 

Craig et al. [5] studied the effect of the inclusion of steel fibres in RC beams with and 

without compressive reinforcement. The authors tested four full-scale beam specimens 

with a length of 3.66 m and a cross-section of 178 mm × 381 mm. The amount of 

tensile reinforcement was 1.8%, the average yield strength of tensile reinforcing steel 

was 448 MPa and the average compressive strength of concrete was 28 MPa. Crimped-

end steel fibres with a length of 50 mm and an aspect ratio of 100 were used at a dosage 

of 1.75% by volume. The beam specimens were tested under four-point bending with a 

simply supported length of 2.74 m and a shear span-depth ratio of 2.8. Test results 

showed that the inclusion of steel fibres increased the load-carrying capacity and 

ductility of the RC beams. The ultimate moment was increased by 27% by the addition 

of steel fibres in RC beam with compressive reinforcement.  

Figure 2.19 shows the results of Craig et al. tests for moment versus deflection curves. 

From the figure, it is evident that the beams with compressive reinforcement had better 

ductility than that of beams without compression reinforcement. The beams with 

compressive reinforcement showed hardening behaviour after the yielding of 

reinforcement and the deflection at ultimate load was more than the span/100 value 

demonstrating a high level of ductility. Although the R-SFRC beam without 

compressive reinforcement showed a softening behaviour after the peak load, the 

softening was more ductile than that of the beam without steel fibres. 
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Figure 2.19: Moment versus deflection curves in tests by Craig et al. [5]. 
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concentrate at the localised cracks leading to early strain hardening and premature 

fracture of the reinforcement, causing a reduction in ultimate deflection and flexural 

ductility. Crack localisation was also observed in R-SFRC tension members [122, 123].  

Dancygier and Savir [23] suggested that the increased bond between the tensile 

reinforcing bars and concrete caused by the confining action of the steel fibres may 

cause the crack localisation. The relative confining effect of fibres is anticipated to be 

reduced with the increase of tensile reinforcement, thus reducing the localisation effect 

and increasing the ductility.  

Schumacher et al. [121] reported that crack localisation depends on the combined 

effects of steel fibres (amount, geometry, orientation, bond properties) and reinforcing 

bars (amount, hardening properties). The response of a R-SFRC member depends on the 

stress-strain behaviour of steel reinforcing bars and stress-crack opening behaviour of 

SFRC. The overall behaviour depends on the resultant of the hardening of the 

reinforcing steel and the softening of the SFRC. A high fibre dosage and/or pronounced 

softening of SFRC and a low conventional reinforcement ratio and/or reinforcing steel 

with low hardening ratio can cause the softening of the tensile/flexural member.  

Walraven [124] and Yuguang et al. [125] implied that crack localisation resulted from 

the variation of the concentration and orientation of fibres in the different cross-

sections. Increasing fibre content increases the probability of scattering and thus 

increasing the probability of localisation in one crack.  

Deluce and Vecchio [122] described the crack localisation as the formation of “the 

weakest section”. At the weakest section, once the crack width progressed beyond a 

certain threshold, fibres began to pull out, and the ability of the fibres to bridge the 
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cracks began to decrease. This essentially caused the weakest section of the specimen to 

become even weaker, ensuring further local yielding of the reinforcing bar at this crack 

location. However, the authors did not discuss the possible factors of the formation of 

the weakest section. 

Dancygier and Karinski [126] proposed a quantitative, probabilistic model of crack 

localisation in axially loaded R-SFRC prismatic specimens. The model is based on the 

hypothesis that the “weak sections” as referred by Deluce and Vecchio [122] are the 

results of non-uniform distribution of fibres. Based on a probability function of the 

fibres distribution, the model is said to predict the number of significantly widened 

cracks than others out of a given number of cracks. The authors performed a case study 

and found that the probability of widening only one or two cracks increases with the 

reduction of tensile reinforcement ratios, and as the conventional reinforcement 

increases, this phenomenon diminishes and the crack widths become more uniform.  

Karinski and Dancygier [127] and Karinsrki et al. [128] studied the effect of the amount 

of tensile reinforcement and the dosage of steel fibres on fibre distribution along          

R-SFRC prismatic specimens. The specimens were 1.05 m long with a cross-section of 

80 mm × 80 mm. The specimens had a single, centrally located deformed bar except for 

the control specimens. The diameter of the tensile reinforcement varied from 8 to 

20 mm representing tensile reinforcement ratios of 0.8 to 5%. Hooked-end steel fibres 

with a length of 35 mm and an aspect ratio of 64 were used at dosages of 30 and 

60 kg/m
3
. Each specimen was sawed into equal segments where the width of each 

segment was equal to the length of a single fibre and the number of fibres appearing at 

the cross-sections was counted.  



42 

 

Karinsrki et al. and Karinski and Dancygier found that the as the conventional 

reinforcement increased, the distribution of steel fibres became more uniform and for a 

given amount of tensile reinforcement, the distribution became less uniform with the 

increase of fibre dosage. A reasonable good agreement was obtained between the 

experimental results and the results predicted by the model proposed by Dancygier and 

Karinski [126].  

2.4 Moment redistribution of R-SFRC flexural members 

Few studies are found in the literature on the moment redistribution performance of    

R-SFRC flexural members. Liu et al. [129] studied the moment redistribution of fully 

and partially prestressed high strength SFRC beams with a varying height of box 

section. Hooked-end steel fibres with a volumetric ratio of 1% were used in their study. 

The ratio of the bending moment at the intermediate support to that of at the mid-span 

was used to reflect the moment redistribution. The authors found that the moment 

redistribution occurred in two stages. In the first stage, the critical section in the mid-

span cracked first and the stiffness at the mid-span section became lower than that of the 

intermediate support. Consequently, moment redistribution occurred from mid-span to 

intermediate support. As loading continued, the prestressing tendons and the reinforcing 

bars at the intermediate support yielded leading to the formation of a plastic hinge at the 

intermediate support and moment redistribution occurred from intermediate support to 

mid-span. Although the amount of moment redistribution was not quantified in this 

study, the authors commented that SFRC specimens exhibited an excellent capacity for 

moment redistribution.  

Abas et al. [130] investigated the moment redistribution of composite slabs fabricated 

with deep trapezoidal steel decks and SFRC. Two different types of hooked-end steel 
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fibres were used at dosages varied from 0 to 40 kg/m
3
. The authors used the ratio of the 

bending moments at the intermediate support to that of at the mid-span to indicate 

moment redistribution. Further, the sudden changes in moment redistribution due to 

cracking and bond-slip at the steel-concrete interface were found to be less evident in 

the SFRC slabs than that of in the plain concrete slab. 

Iskhakov et al. [27] studied the moment redistribution of two-layer SFRC beams. The 

authors used normal strength plain concrete in the tension zone and high strength SFRC 

in the compression zone to increase the concrete capacity in the compression zone to 

withstand relatively large bending moments resulting from longer beam span and 

increased service load. Hooked end steel fibres with a length of 50 mm and an aspect 

ratio of 50 were used at a dosage of 40 kg/m
3
. Experimental results confirmed the 

formation of a plastic hinge at the intermediate support followed by the formation of 

two more hinges at the mid-spans, which implies that the full moment redistribution 

potential was realised. 

Küsel and Kearsley [28] investigated the effect of the inclusion of steel fibres on 

moment redistribution in reinforced concrete beams. In their study, the amount of 

tensile reinforcement varied from 0.7 to 2.2%. Hooked-end steel fibres with a length of 

30 mm and an aspect ratio of 55 were used at dosages varying from 1 to 2%. The 

authors used the rate of deviation of the experimental moment from the theoretical 

elastic moment to quantify moment redistribution. The test results indicated the 

occurrence of significant moment redistribution before the plastic behaviour. A fibre 

dosage of 1.5% was found to be optimum in terms of moment redistribution 

corresponded to a flatter post-peak moment-curvature relationship. The effect of fibres 

was found to decrease with increased reinforcement ratio. 



44 

 

2.5 Conclusions 

It is unanimously agreed in the literature that the inclusion of steel fibres can 

significantly improve the cracking and deformational behaviour of RC beams at service 

loading condition. The presence of steel fibres increases the number of cracks and 

decreases their width, length and spacing. The addition of steel fibres increases the 

service stiffness of the RC beams resulting in a substantial reduction of deflection, 

strain in reinforcing steel bars, rotation and curvature.  

Apart from improvements at the service the loading condition, the inclusion of steel 

fibres increases the load-carrying capacity and ductility of RC beams. However, the 

improvements in load-carrying capacity and ductility have been found to be dependent 

on the amount of tensile reinforcement and the dosage of steel fibres. The increase in 

load-carrying capacity by the addition of steel fibres is more significant in beams with 

low reinforcement ratios. As the reinforcement ratio increases, combined with limits on 

the dosage of fibres, the improvement in load-carrying capacity becomes marginal. On 

the other hand, the addition of steel fibres leads to a reduction in ductility of RC beams 

with low reinforcement ratios (less than 0.4%) combined with high dosages of fibres. 

The presence of steel fibres enhances the ductility of RC beams with high reinforcement 

ratios. For over-reinforced concrete beams, the inclusion of steel fibres converts 

dynamic concrete crushing to progressive concrete crushing. 

The reduction in ductility and deformational capacity by the addition of steel fibres is 

caused by the localisation of plastic deformation in one or two cracks compared to more 

even distribution in several cracks in case of RC flexural members. Crack localisation in 

R-SFRC flexural members is caused by the improved bond between reinforcing bars 
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and the surrounding concrete due to the influence of fibres and enhanced control of 

microcracking. 

Although limited research has been conducted on the flexural performance of R-SFRC 

simply supported members, few studies are found in the literature on the flexural 

performance and moment-redistribution capacity of R-SFRC continuous members, and 

no prior studies have investigated the ability of R-SFRC continuous members with low 

reinforcement ratios (less than 0.4%) to redistribute loads, or if the achievement of the 

maximum moment redistribution in design standards (generally ±30%) is possible. 

Because of the lack of research in this area, limitations are placed in design standards on 

the application of steel fibres in locations where large plastic rotations are expected 

because of moment redistribution, and no guidelines are available in the standards on 

the requirement for minimum reinforcement ratio for which R-SFRC flexural members 

will show a sufficient level of ductility. Therefore, there is a need to investigate the 

moment redistribution capacity of R-SFRC continuous members, study the effect of 

reinforcement ratio and fibre dosage on the ductility and post-peak behaviour of          

R-SFRC flexural members, and develop relationships for minimum reinforcement ratio 

for which R-SFRC flexural members will show a sufficient level of ductility.   
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Chapter 3 

FLEXURAL PERFORMANCE OF R-SFRC CONTINUOUS BEAMS 

3.1 Introduction 

An experimental study to investigate the ability of R-SFRC continuous members to 

achieve the maximum amount of moment redistribution allowed by current design 

standards [30, 33-35] is presented in this chapter. The experimental study consisted of 

six tests, four full-scale two-span continuous R-SFRC beams and two control RC 

beams. The beam specimens were designed for nominally ±30% of moment 

redistribution with respect to the linear-elastic condition. The specimens were tested 

under monotonically increasing displacement-controlled load up to a displacement of 

50 mm. The improvements in cracking behaviour, load-carrying capacity and ductility 

of the R-SFRC beams are evaluated with respect to the control RC beams. The 

laboratory test results are further analysed to determine if internal forces can be 

redistributed to under-utilised regions of the member and if R-SFRC moment hinges 

can maintain their capacity during large plastic rotations and moment redistribution. 

3.2 Experimental investigation 

3.2.1 Description of test specimens 

The details of the test specimens are shown in Table 3.1. The geometry, loading, 

boundary conditions and arrangement of longitudinal and transverse reinforcements for 

the tested specimens are shown in Figure 3.1. The primary variables within different test 

specimens were the volume of tensile steel reinforcement and the dosage of steel fibres. 

The tensile reinforcement ratios varied between 0.69% and 1.38%, and the nominal 
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dosages of steel fibres were 0, 30 and 60 kg/m
3
. The beams were nominally designed 

for ±30% redistribution of moment with respect to the linear-elastic condition, the 

maximum moment redistribution allowed by fib Model Code 2010 [30], 

AS 5100.5:2017 [33], AS 3600:2018 [34] and Eurocode 2 [35].  Accordingly, the 

designation BW(±30) for specimens is used with respect to ‘B’ the member type 

(Beam) and ‘W’ the dosage of steel fibres (in kg/m
3
) and ‘(±30)’ denote the nominal 

percentage of moment redistribution with respect to the linear-elastic condition.  

The specimens in Series A were designed for negative moment redistribution (from 

mid-span to intermediate support) by increasing the negative moment at the 

intermediate support by the given percentage with respect to the linear-elastic condition 

and, consequently, decreasing the positive moment at the mid-spans, while keeping the 

total static moment unchanged. In Series B, the specimens were designed for positive 

moment redistribution (from intermediate support to mid-span) by decreasing the 

negative moment at the intermediate support by the given percentage with respect to the 

linear-elastic condition and, consequently, increasing the positive moment at the mid-

spans, again while keeping the total static moment unchanged. 

The specimens without steel fibres (RC specimens) were designed first for 30% of 

negative and positive moment redistribution with respect to linear-elastic condition 

based on AS 3600:2018 [34]. In the calculation of the flexural strength of the RC 

specimens, the compressive strength of concrete and the yield strength of steel were 

taken as 40 MPa and 500 MPa, respectively. The flexural strength of the specimens 

with steel fibres (R-SFRC specimens) was determined assuming the contribution of 

fibres to the flexural strength based on the rectangular stress block (RSB) model of 

AS 3600:2018 [34]. The RSB model has been demonstrated to provide a good balance 
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between model simplicity and reliability [131]. In the calculation of the flexural strength 

of the R-SFRC specimens, the residual tensile strength of SFRC for 1.5 mm crack 

opening depth (��.�� ) for 30 kg/m
3
 and 60 kg/m

3
 of fibres were taken as 0.8 MPa and 

1.6 MPa, respectively. Since the steel reinforcement ratios in specimens with or without 

steel fibres were kept constant in a series, the inclusion of steel fibres slightly changed 

the designed amount of moment redistribution of R-SFRC beams from that of RC 

beams. Detail calculations of the design of the beam specimens are provided in 

Appendix A. 

Table 3.1: Specimen details. 

Series Specimen 

Fibre 

dosage 

(kg/m
3
) 

Negative 

reinforcement at 

intermediate support  

(mm
2
) 

Positive 

reinforcement 

at mid-span 

(mm
2
) 

Nominal amount of 

moment 

redistribution 

(%) 

A 

B00(−30) 0 

1240 (1.38%) 620 (0.69%) −30 B30(−30) 30 (0.4%) 

B60(−30) 60 (0.8%) 

B 

B00(+30) 0 

620 (0.69%) 930 (1.03%) +30 B30(+30) 30 (0.4%) 

B60(+30) 60 (0.8%) 



49 

 

 

Figure 3.1: Details of specimens and arrangements for continuous two-span beam tests (all dimensions in mm).
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3.2.2 Preparation of test specimens and material properties 

In all specimens, D500N (D-deformed, N-normal ductility) grade steel bars with a 

nominal yield strength of 500 MPa were used for tensile reinforcement, and R250N   

(R-round, N-normal ductility) grade steel bars with a nominal yield strength of 250 MPa 

were used for stirrups. The average measured yield strength of N20 (20 mm diameter), 

N28 (28 mm diameter) and R10 (10 mm diameter) bars were 520, 540 and 325 MPa, 

respectively. The average measured elastic modulus of N20, N28 and R10 bars were 

196, 197 and 210 GPa, respectively. The uniaxial stress-strain curves for the reinforcing 

bars tested to AS 1391-2007 [132] are shown in Figure 3.2. 

 
Figure 3.2: Uniaxial stress versus strain curves for reinforcing bars in tension. 

The steel fibres used in this study were 0.9 mm in diameter, 60 mm long double end-
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Figure 3.3: Dramix®5D-65/60-BG steel fibres. 

The plain concrete was commercially batched with a maximum aggregate size of 

10 mm, a slump of 200 mm and design compressive strength of 40 MPa at 28 days. The 

aggregate size and slump were chosen to ensure the workability of the concrete after the 

inclusion of steel fibres. The specimens without fibres were cast first and then the 

required amount of steel fibres were added to the plain concrete and mixed in the 

agitator for a minimum of 10 minutes before the casting of the SFRC specimens. The 

plain concrete was compacted using a poker vibrator, and the SFRC specimens were 

compacted using external vibrators attached to the sides of the formwork to ensure a 

uniform distribution of steel fibres (see Figure 3.4b). 

For each pour of SFRC, the as-cast dosages of steel fibres were determined by 

collecting SFRC samples in three 150 mm diameter and 300 mm high cylinders at the 

start, middle and end of the pour. Standard wash-out test and magnetic separation were 

performed to extract the fibres from the concrete mix, with the fibres dried before 
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weighing. For the mix with nominally 30 kg/m
3
 of steel fibres, the average dosages of 

fibres at the start, middle and end of the pour were 26, 30 and 26 kg/m
3
, respectively. 

For the mix with nominally 60 kg/m
3
 of steel fibres, the average dosages of fibres at the 

start, middle and end of pour were 49, 47 and 59 kg/m
3
, respectively.  

(a) 

 

 

(b) 

 

 

Figure 3.4: (a) Formwork for the casting of beam specimens; (b) external vibrators. 
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Along with beams, companion specimens were cast to determine the material properties 

of the plain concrete and SFRC. These specimens included 150 mm diameter and 

300 mm high cylinders for the determination of compressive strength as per 

AS 1012.9:2014 [133], splitting tensile strength as per AS 1012.10-2000 [134] and 

stress-strain relationship of concrete in compression, dogbone specimens (see 

Figure 3.5) tested to AS 3600:2018 [34] to determine the residual direct tensile stress of 

the SFRC and 150 X 150 X 600 mm prism specimens (see Figure 3.6)  tested to 

EN 14651-2005 [135] to determine the flexural tensile stress of the SFRC. The 

companion cylinder, dogbone and prism samples were tested on the testing day of the 

respective beam specimens. 

The stress-strain curves for plain and SFRC are shown in Figure 3.7. The mean 

compressive strength of the concrete with 0, 30 and 60 kg/m
3
 of steel fibres were 57, 

66.1 and 57.4 MPa, respectively. The mean splitting tensile strength of the concrete 

with 0, 30 and 60 kg/m
3
 of steel fibres were 4.7, 6.8 and 6.4 MPa, respectively.  

The full stress-COD (σ–w) and stress-CMOD (crack mouth opening displacement) 

results are given in Figures 3.8 and 3.9, respectively, and a summary of prism test 

results is provided in Table 3.2. The mean residual tensile stress determined by the 

direct tensile test method was 2.23 MPa for 0.5 mm crack opening depth (COD) (�
.�� ) 

for SFRC with 60 kg/m
3
 of steel fibres. The value of �
.��  for SFRC with 30 kg/m

3
 of 

steel fibres could not be determined as the crack widths at the cracking of concrete were 

more than 0.5 mm (see Figure 3.8a). The mean residual tensile stress determined by the 

direct tensile test method were 1.83 MPa and 2.02 MPa for 1.5 mm COD (��.�� ) for 

SFRC with 30 and 60 kg/m
3
 of steel fibres, respectively. These compare to �
.��  = 2.68 

and 3.20 MPa and ��.��  = 2.98 and 3.19 MPa for SFRC with 30 and 60 kg/m
3
 of steel 
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fibres, respectively, when determined by the AS 3600:2018 [34] inverse analysis 

method on prism bending tests. 

Table 3.2: Summary of flexural tensile strength test results and calculated 

tensile strengths (according to EN 14651-2005 [135] test 

procedure and determined by AS 3600:2018 [34] analysis). 

Fibre 

dosage 

(kg/m
3
) 

��,��   

(MPa) 

��,��   

(MPa) 

��,��   

(MPa) 

��,��   

(MPa) 

�
.��   

(MPa) 

��.��   

(MPa) 

30 
6.17 

(0.314) 

8.84 

(0.164) 

9.69 

(0.154) 

9.57 

(0.166) 

2.68 

(0.169) 

2.98 

(0.175) 

60 
8.53 

(0.303) 

11.26 

(0.148) 

12.04 

(0.140) 

11.48 

(0.188) 

3.20 

(0.055) 

3.19 

(0.110) 

Notes: 1. Mean values of 5 specimens with COV’s in (). 

2. ��,�� , ��,�� , ��,��  and ��,��  are residual flexural tensile strength of SFRC 

corresponding to CMODs of 0.5, 1.5, 2.5 and 3.5 mm, respectively. 
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(a) (b) (c) 

Figure 3.5: Test setup for dogbone specimens – (a) elevation; (b) side view; (c) dimensions [34].
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Figure 3.6: Test setup for prism specimens. 

 

 
Figure 3.7: Compressive stress-strain curves for plain concrete and SFRC mixes. 
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(a) 

 

 

  

 

 

 

(b) 

 

 

Figure 3.8: Tensile stress versus COD for fibre dosages of (a) 30 kg/m
3
 and 

(b) 60 kg/m
3
. 
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(a) 

 

 

  

 

 

 

(b) 

 

 

Figure 3.9: Load versus CMOD for fibre dosages of (a) 30 kg/m
3
 and (b) 60 kg/m

3
. 
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3.2.3 Experimental setup and instrumentation 

The experimental setup and a schematic diagram of the loading arrangement and 

instrumentation are shown in Figures 3.10 and 3.11, respectively. A 5000 kN capacity 

hydraulic jack was used to apply the load on the spreader beam (see Figure 3.10) that, in 

turn, transferred the load evenly to each span. The applied load was recorded by the 

installed load cell within the testing apparatus, and linear variable displacement 

transducers (LVDTs) were placed at mid-spans (see Figure 3.10) to measure the 

deflection of the beams. Load cells were placed at two ends of the beams (see 

Figure 3.10) to measure the end support reactions. The reaction at the mid support was 

determined by deducting the sum of two end support reactions from the applied load.   

The concrete strains were measured on the sides of specimens at the intermediate 

support and mid-spans using a 250 mm demountable mechanical (Demec) strain gauge 

and a grillage of Demec targets (see Figure 3.12a). Three 250 mm Pi-gauges were also 

installed at the location of intermediate support on the tension side of specimens to 

monitor crack width growth (see Figure 3.12b). Strains in the tensile reinforcement 

were measured by 5 mm electronic strain gauges installed (glued after polishing the 

surface and protected by silicon sealant) on the reinforcement at the mid-spans under 

the load points and at the intermediate support before the casting of concrete (see 

Figure 3.12c). Additional strain gauges were installed at an interval of 200 mm on the 

left and right of the intermediate support (see Figure 3.12c). The data from strain gauges 

were used to determine the yielding of reinforcement and the formation and 

development of plastic hinges. 
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Figure 3.10: Experimental setup (E = East; W = West). 
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Figure 3.11: Schematic outline of the experimental setup and instrumentation.
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(a) 

 

(b) 

  

 

(c) 

Figure 3.12: Instrumentation – (a) Demec targets; (b) Pi-gauges; (c) installation 

of strain gauges. 
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3.2.4 Testing procedure 

The beam specimens were tested under monotonically increasing displacement-control 

load at a rate of 0.50 mm/min up to peak load. After the peak load was attained, the 

loading rate was increased to 1 mm/min. At every 4 mm displacement increment, up to 

a displacement of 24 mm, the loading was paused to mark the progress of cracks and 

measure the concrete strains at the mid-spans and intermediate support sections. Testing 

was continued to a deflection of 50 mm or failure, whichever occurred first. The applied 

load, support reactions, mid-span deflection, strain gauge readings and                         

Pi-gauge readings were recorded via data logger continuously throughout the test. 

3.3 Results and discussion 

3.3.1 Behaviour under load 

The total load on each span versus mid-span deflection curves for the tested specimens 

in Series A are shown in Figure 3.13. The total load on the beam includes the load 

applied by the hydraulic actuator, the weight of the packing (11.7 kN) and spreader 

beam (7.1 kN), and the self-weight of the beam (2.3 kN/m).  

For the specimens in Series A, first cracking occurred at the intermediate support. The 

cracking was determined by the sudden change of the strain values measured by the    

Pi-gauges. Cracking then continued both in the intermediate support and mid-span 

regions until the yielding of reinforcement at the mid-spans. The yielding of reinforcing 

bars was determined from the strain values measured by the strain gauges (see 

Figure 3.14). In the load versus reinforcing bar strain graphs, the onset of yielding was 

taken as the point where the strain in steel bars exceeded their measured yield strain 

(i.e., ��� = 0.00265 for N20 bars and ��� = 0.00275 for N28 bars). As loading 
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continued, a hinge formed in the vicinity of the mid-span in the critical member (see 

Figures 3.14 and 3.15). The final defining event was the yielding of reinforcement and 

the formation of a second plastic hinge over the intermediate support (see Figures 3.14 

and 3.15). The load continued to increase slowly until the peak load, which was 

attributed to strain hardening of the reinforcement. Noting that the strain gauges failed 

at strains less than 1.25%, the strain gauges could not capture the complete hardening of 

the reinforcing bars. 

Specimens B30(−30) and B60(−30) maintained the peak load up to a deflection of 

50 mm. Specimen B00(−30) failed in a shear-tension mode shortly after reaching the 

peak load, with the formation of a major shear crack (see Figure 3.16). Post analysis of 

the results indicates that the shear capacity of the specimen was exhausted before 

crushing of the compressive concrete, defining the ultimate failure mechanism.  
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 3.13: Load versus mid-span deflection for Series A specimens - (a) B00(−30), 

(b) B30(−30) and (c) B60(−30). 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 3.14: Load versus strain of reinforcing bars for Series A specimens - 

(a) B00(−30), (b) B30(−30) and (c) B60(−30). 
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Figure 3.15: Representative picture of the formation of plastic hinges for 

specimens in Series A. 

 

 

 

Figure 3.16: Formation of shear crack in specimen B00(−30). 
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The load versus mid-span deflection and load versus strain of reinforcing bars at the 

critical sections for the specimens in Series B are shown in Figures 3.17 and 3.18, 

respectively. For the specimens in Series B, after cracking over the intermediate 

support, cracking developed both over the intermediate support and at the mid-span 

regions of the beams. First reinforcement yielding occurred over the intermediate 

support (see Figure 3.18), and a plastic hinge formed in the vicinity of the intermediate 

support (see Figure 3.18). The final defining event was the yielding of reinforcement 

and formation of second hinge in the critical mid-span (see Figure 3.18), followed by a 

period of reinforcement strain hardening before attainment of the peak load. Noting that 

the strain gauges failed at strains less than 1.25%, the strain gauges could not capture 

the complete hardening of the reinforcing bars. 

A summary of the loads and corresponding mid-span deflections at different stages of 

loading (i.e. the formation of first crack, yielding of tensile reinforcement and peak 

state) are provided in Table 3.3. A comparison of load versus mid-span deflection 

curves of the beams is shown in Figure 3.19. Of the two spans of the beams, the span 

where the critical mid-span hinge formed, providing the mechanism was considered in 

the analysis. The loads and corresponding mid-span deflections at the formation of first 

crack, yielding of tensile reinforcement and peak are also marked on the graph. 

From the figure, we see that the inclusion of steel fibres increased the load-carrying 

capacity of the beams. The peak load increased by 12–14% for fibre dosage of 30 kg/m
3
 

and 12–23% for fibre dosage of 60 kg/m
3
. For the specimens in Series B, increasing the 

fibre dosage from 30 kg/m
3
 to 60 kg/m

3
 did not increase the capacity. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 3.17: Load versus mid-span deflection for Series B specimens - (a) B00(+30), 

(b) B30(+30) and (c) B60(+30). 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 3.18: Load versus strain of reinforcing bars for Series B specimens - 

(a) B00(+30), (b) B30(+30) and (c) B60(+30). 
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Table 3.3: Summary of results. 

Series Specimen 
Cracking First yield Second yield Peak At deflection = 40 mm 

Pcr (kN) ∆cr (mm) Py1 (kN) ∆y1 (mm) Py2 (kN) ∆y2 (mm) Pp (kN) ∆p (mm) P40 (kN) 

A 

B00(−30) 48.8 2.44 162.6 11.80 207.8 18.77 243.9 32.7 - 

B30(−30) 56.4 1.62 199.4 11.48 235.8 15.37 278.1 41.7 277.9 

B60(−30) 64.3 3.56 195.2 12.34 262.1 18.91 299.2 31.2 294.8 

B 

B00(+30) 47.2 2.00 170.0 11.93 208.4 15.68 258.8 49.4 258.8 

B30(+30) 42.7 1.61 173.0 9.12 244.1 15.64 289.2 50.0 289.2 

B60(+30) 51.1 2.52 223.9 14.28 236.9 15.47 289.7 37.9 288.8 

Notes: 1. Pcr, Py1, Py2, Pp and P40 are loads on each span corresponding to cracking of the concrete, at first yielding of the 

reinforcement, at second yielding of the reinforcement, at the peak load and at a deflection of 40 mm. 

2. ∆cr, ∆y1, ∆y2 and ∆p are deflections at mid-span corresponding to cracking of the concrete, at first yielding of the 

reinforcement, at second yielding of the reinforcement and at the peak load. 
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(a) 

 

 

 

 

 

 

 

(b) 

 

 

Figure 3.19: Comparison of load versus mid-span deflection for (a) Series A and 

(b) Series B specimens. 
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3.3.2 Cracking behaviour 

During the tests, the cracks were marked at deflection intervals of 4 mm to establish the 

patterns of cracks at different stages of loading (see Figure 3.20). The crack patterns at 

the mid-span and intermediate support (i.e. at the location of the formation of plastic 

hinges) for Series A and Series B specimens are shown in Figures 3.21 and 3.22, 

respectively. Pictures of crack patterns for the tested specimen are provided in 

Appendix B (see Figures B1 to B6). The cracks were distributed evenly along the length 

of the beams. In specimen B00(−30), a major shear crack developed near to the mid-

span. It is evident from Figures 3.21 and 3.22 that the inclusion of steel fibres increased 

the number of cracks and decreased the crack spacing.  

The crack widths over the intermediate support (negative moment) determined by the 

Pi-gauges are plotted in Figure 3.23, noting that the gauges were removed at 24 mm of 

displacement to prevent their damage during the final stages of testing. From the figure, 

it is evident that the inclusion of steel fibres decreased the crack width over the 

intermediate support for the specimens in Series B (moment redistribution from 

intermediate support to mid-span). However, for the specimens in Series A (moment 

redistribution from mid-span to intermediate support), the inclusion of steel fibres did 

not have a significant effect on the crack width over the intermediate support. 

 

Figure 3.20: Representative picture of crack patterns for specimen B00(−30). 
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Figure 3.21: Crack patterns for Series A specimens (E = East; W = West). 
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Figure 3.22: Crack patterns for Series B specimens (E = East; W = West). 
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(b) 

 

 

Figure 3.23: Moment versus crack width at intermediate support for (a) Series A and 

(b) Series B specimens (up to deflection = 24 mm). 
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3.3.3 Curvature 

The curvature (κ) values at the intermediate support and mid-spans of the specimens are 

determined from the Demec strain gauge measurements by: 

 ( )bot topDR DR yκ = −  (3.1) 

where DRbot and DRtop are the Demec readings at the bottom and top reinforcement 

level, respectively, and y is the distance between the bottom and top gauges. The Demec 

strain values are provided in Appendix B (see Figures B7 to B12). The moment versus 

curvature diagrams are plotted in Figure 3.24, noting that the Demec readings were 

suspended after 24 mm of displacement for safety; the sequence of the formation of 

plastic hinges, discussed above, is evident from the moment versus curvature diagrams. 

Figure 3.25 shows a comparison of the experimental and theoretical moment versus 

curvature curves for the beams in Series A. The theoretical curvature (κ) values were 

calculated at key points (i.e. cracking, yielding and ultimate moments) from: 

 ( )bot top Dκ ε ε= −  (3.2) 

where εbot and εtop are the theoretical strain values at extreme fibres (bottom and top) of 

the beam specimens and D is the depth of the specimen. The theoretical strain values at 

the yielding of reinforcement and at the ultimate load were determined using rectangular 

stress blocks for the concrete in compression and SFRC in tension as per AS 3600:2018 

[34] model. Figure 3.25 shows that the theoretical values of moment-curvatures 

determined at the key points are close to the experimental ones.  
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(b) 

 

 

Figure 3.24: Moment versus curvature for (a) Series A and (b) Series B specimens (up 

to deflection = 24 mm). 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 3.25: Comparison of experimental and theoretical moment versus curvature for 

the beams in Series A (a) B00(−30), (b) B30(−30)
 
and (c) B60(−30). 
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3.3.4 Ductility 

The ductility of a structure can be evaluated quantitatively in terms of deflection or 

work done. The ductility factor based on deflection (>?) is the ratio of ultimate mid-

span deflection (G) to the mid-span deflection at the yielding of reinforcement (second 

yielding in the case of continuous members with moment redistribution),                     

i.e. >? = G G��⁄  [136]. The ultimate deflection can be considered as the point at which 

the load decreases sharply [137, 138], or drops to 80% of the peak load [139, 140]. The 

ductility factor based on work done is the ratio of the total work done up to the ultimate 

load (5) to the work done up to the second yielding of reinforcement (5��) for 

continuous members with moment redistribution, i.e. >� = 5 5��⁄  [141]. The area 

under the load-deflection curve up to the second yielding of reinforcement is defined as 

5��; similarly, the area under the load-deflection curve up to the ultimate load is 5.  

In this study, the specimens were tested up to a deflection of 50 mm (span/80) to avoid 

potential fracture of tensile reinforcing bars. A line corresponding to a displacement of 

span/100 (i.e. 40 mm) is plotted in Figure 3.19. This point is considered as 

corresponding to sufficient ductility for observation of serious distress in the member 

[119]. Although for specimens B00(-30), B60(-30) and B60(+30), the point 

corresponding to the peak (ultimate) load occurred slightly before the span/100 

deflection, with the exception of beam B00(−30) that failed in a shear mode after 

reaching its flexural strength (i.e. diagonal-tension failure mechanism after yielding of 

the tensile steel), the load in the beams did not fall below 99% of their load at peak at 

the deflection of span/100. Thus, it is concluded that, with the exception of specimen 

B00(−30), the beams were highly ductile. To provide an indication on the ductility of 

the tested specimens, the value of the deflection of span/100 (i.e. 40 mm) was used as 
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the ultimate deflection to calculate the ductility factors, and the ductility factor values 

are shown in Table 3.4. A value of ductility factor greater than 2.0 indicates good 

ductility [141], so all R-SFRC beams tested were indeed ductile. 

Table 3.4: Ductility factor values. 

Series Specimen >? >� 

A 

B00(−30) 1.7 2.3 

B30(−30) 2.6 3.9 

B60(−30) 2.1 3.2 

B 

B00(+30) 2.6 4.2 

B30(+30) 2.6 4.0 

B60(+30) 2.6 4.4 

3.3.5 Moment redistribution 

Moment redistribution is the ability of a member to transfer forces from a section that is 

critically loaded to others that are not, and the transfer continues until multiple plastic 

hinges formed to develop a failure mechanism. As two full plastic hinges formed in all 

tests, one at the mid-span of the critical member and one over the intermediate support, 

before the peak (ultimate) load was reached, the specimens achieved their full moment 

redistribution capacities. 
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The degree of moment redistribution at a section of a flexural member is usually 

calculated as the ratio of the deviation of the experimental moment ((���) from the 

theoretical linear-elastic moment ((�)) with respect to the theoretical linear-elastic 

moment [142]. This is termed as theoretical moment redistribution (=�'�<) and given by: 

 =�'�<J%L = (�) −(���(�) × 100% (3.3) 

Figure 3.26 shows a comparison of the experimental load versus bending moment 

diagrams at the intermediate support with the theoretical load versus bending moment 

predicted by the linear-elastic analysis. The nonlinear behaviour and deviation from the 

linear-elastic behaviour after the cracking of concrete are evident from Figure 3.26. It is 

seen that the experimental moment followed the linear-elastic moment at the earlier 

stages of the loading process. After the formation of cracks, the experimental moment 

started deviating from the linear-elastic moment. As loading continued, the crack 

formation stabilised and the rate of change in bending moment became almost constant. 

The experimental moment started deviating again from the linear-elastic moment after 

the yielding of reinforcement and formation of first plastic hinge. The applied load 

continued to increase until the formation of second plastic hinge, which theoretically 

constituted the collapse mechanism. As noted above, a small increase in load was 

attained due to the onset of strain hardening in the reinforcing steels. 

The deviation of the experimental moment from the linear-elastic behaviour at the 

earlier stage of loading (after the formation of cracks and before the yielding of 

reinforcement) is due to continual adjustments in stiffnesses as cracks form and the 

ratios of the load distributed to each support continually adjust. Therefore, the 

calculation of moment redistribution with respect to the linear-elastic moment 

incorporates the distribution of forces due to cracking. 
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(a) 

 

 

 
  

 
  

(b) 

 

 

Figure 3.26: Moment versus load at the intermediate support for (a) Series A and 

(b) Series B specimens. 
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The “actual” (plastic) moment redistribution starts when the critical section of a member 

reaches its capacity and a plastic hinge is formed, i.e. after the first yielding of 

reinforcement at the critical section of the member. The actual moment redistribution 

(=0��0)) is determined from the ratio of support moment to load at the time of 

measurement of first yield, to that attained of the full formation of the second plastic 

hinge and is given by: 

 =0��0)J%L = J( +L⁄ �� − J( +L⁄ ���J( +L⁄ �� × 100% (3.4) 

Table 3.5 shows a summary of the moment at intermediate support to load on each span 

at the key points from first yield. Figure 3.27 shows a comparison of theoretical and 

actual moment redistribution for specimen B00(-30). The difference between the values 

of “actual” and “theoretical” moment redistribution is due to their different starting 

points.   

Table 3.5: Ratios of moment at intermediate support to load on each span. 

Series Specimen 
Linear elastic J(/+LR1 

Experimental J(/+L��� 

First yield J(/+L�� 

Second yield J(/+L�� 

Peak J(/+L� 

A 

B00(-30) 

-0.75 

-0.877 -0.919 -0.984 

B30(-30) -0.857 -0.884 -0.937 

B60(-30) -0.817 -0.879 -0.962 

B 

B00(+30) -0.662 -0.637 -0.569 

B30(+30) -0.589 -0.543 -0.518 

B60(+30) -0.683 -0.680 -0.652 
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Figure 3.27: Comparison of theoretical and actual moment redistribution for 

specimen B00(−30). 
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Specimens B00(−30), B30(−30) and B60(−30) (i.e. Series A) achieved −31.2%, −24.9% 

and −28.2% of moment redistribution, respectively, at the peak load based on the 

theoretical linear-elastic moment. The actual (plastic) moment redistributions at peak 

load after first yield were −12.3%, −9.3% and −17.7%. As described above, the 

difference between the theoretical moment redistribution and the actual moment 

redistribution is due to the formation of cracks and the progressive adjustment to 

stiffness in different regions of the member. 

Specimens B00(+30), B30(+30) and B60(+30) (i.e. Series B) achieved 24.1%, 30.9% 

and 13.1% of moment redistribution, respectively, at the peak based on theoretical 

linear-elastic analysis results. The actual moment redistributions were 14.0%, 12.0% 

and 4.5%, respectively. 

Table 3.6: Amount of moment redistribution (in %) at different stages of loading. 

Series Specimen 
First yield Second yield Peak 

=�'�< =0��0) =�'�<  =0��0) =�'�<  =0��0) 
A 

B00(−30) -16.9 0.0 -22.5 -4.8 -31.2 -12.3 

B30(−30) -14.3 0.0 -17.9 -3.1 -24.9 -9.3 

B60(−30) -9.0 0.0 -17.2 -7.5 -28.2 -17.7 

B 

B00(+30) 11.7 0.0 15.0 3.7 24.1 14.0 

B30(+30) 21.5 0.0 27.5 7.7 30.9 12.0 

B60(+30) 9.0 0.0 9.3 0.4 13.1 4.5 

Notes: 1. =�'�<J%L = J" SL⁄ TU/J" SL⁄ ��VJ" SL⁄ TU × 100% 

2. =0��0)J%L = J" SL⁄ WX/J" SL⁄ ��VJ" SL⁄ WX × 100% 
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Figure 3.28: Actual moment redistribution versus load for specimens in 

(a) Series A and (b) Series B. 
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Of all specimens tested, B60(+30) had the lowest plastic moment redistribution demand. 

The bending moment versus deflection (Figure 3.29) and strain versus load 

(Figure 3.18c) graphs of the beam B60(+30) revealed that for the beam, both the mid-

span and intermediate support sections had almost the same bending moment capacity, 

and the plastic hinges at mid-span and intermediate support formed almost at the same 

load level. A possible explanation for this is that the steel fibres were not distributed 

evenly throughout the length of the specimen, and there were more fibres at the 

intermediate support section than in theory, resulting in an increase in the stiffness and 

load-carrying capacity at the intermediate support section. This is evidenced by the 

variability observed in the wash-out test data for the 60 kg/m
3
 tests (being 53 ±6 kg/m

3
). 

 
Figure 3.29: Moment versus deflection for specimen B60(+30). 
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3.4 Conclusions 

An experimental study was undertaken to investigate the moment redistribution and 

post-peak behaviour of R-SFRC continuous beams with tensile reinforcement ratios 

varied between 0.69% and 1.38%. Two series, with three specimens in each series, of 

two-span continuous beams were cast and tested under monotonically increasing 

displacements. The beam specimens were 250 mm wide, 400 mm deep and 8.2 mm 

long (4.0 mm span). One series was designed for 30% of negative moment 

redistribution from the linear-elastic condition, the other for 30% of positive moment 

redistribution. Nominal fibre dosages of 0, 30 and 60 kg/m
3
 were considered in each 

series (average as-cast fibre dosages were 0, 27.3 and 51.7 kg/m
3
).  

The inclusion of steel fibres increased the load-carrying capacity of the beams. The peak 

load increased by 12-14% for fibre dosage of 30 kg/m
3
 and 12-23% for fibre dosage of 

60 kg/m
3
. The loads corresponding to the onset of steel yielding and formation of first 

plastic hinge were also increased by the addition of steel fibres. It was also observed 

that the crack widths and crack spacings were reduced with the inclusion of the steel 

fibres, and the number of cracks increased. This observation is consistent with that of 

previous studies.  

The specimens in this study had tensile reinforcement ratios of between 0.69% and 

1.38%. For these tests, it was observed that for the specimens in Series A, the addition 

of steel fibres increased the ductility of the beams over that of similarly reinforced 

beams without fibres. For the specimens in Series B, since the load did not drop to 

lower than 99 per cent of the peak load up to a displacement of span/100 (i.e. 40 mm) 

for any of the specimens, no relative conclusion is drawn in comparing ductility of the 

R-SFRC beams with the RC beams, other than to say that both the conventionally 
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reinforced concrete beams and the beams with both conventional and steel fibre 

reinforcement were found to have good ductility for the steel reinforcement ratios 

tested. 

In all tests, two plastic hinges fully formed, one at the mid-span of the critical member 

and one over the internal support. Thus, it is concluded that the full design moment 

redistribution of ±30% was achieved in all cases. At peak (ultimate) load, the theoretical 

moment redistributions based on the theoretical linear-elastic moment were −31.2%, 

−24.9% and −28.2% for specimens B00(−30), B30(−30) and B60(−30), respectively 

and  24.1%, 30.9% and 13.1% for specimens B00(+30), B30(+30) and B60(+30), 

respectively. The actual moment redistributions after first yield were -12.3%, -9.3% and 

-17.7% for specimens B00(−30), B30(−30) and B60(−30), respectively and 14.0%, 

12.0% and 4.5% for specimens B00(+30), B30(+30) and B60(+30), respectively.  

The difference between the theoretical moment redistribution, based on linear-elastic 

theory, and the actual moment redistribution (demand) is due to the influence of 

cracking and the constant adjustment in stiffnesses of RC members during cracking. 

The ductility demand in the real system is less than the theoretical elastic demand due to 

the inelastic realities that occur in reinforced concrete members and structures. This 

behaviour is consistent for RC beams with and without steel fibres. Therefore, the 

design of RC and R-SFRC continuous beams for moment redistribution based on elastic 

analysis has some limitations. 
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Chapter 4 

FLEXURAL PERFORMANCE OF R-SFRC CONTINUOUS SLABS 

4.1 Introduction 

An experimental study to investigate the moment redistribution capability and post-peak 

behaviour of R-SFRC two-span one-way slabs with low reinforcement ratios is 

presented in this chapter. In Chapter 3, the flexural performance of RC and R-SFRC 

beams having the same amount of tensile reinforcement was compared. However, 

adding steel fibres increases the flexural capacity, which makes the specimens non-

equivalent. In this chapter, the flexural performance of equivalent (same design flexural 

capacity and the same amount of moment redistribution) RC and R-SFRC slab 

specimens is compared. The specimens were made equivalent by increasing the amount 

of tensile reinforcement, with consideration of the predicted (design) fibres’ component 

to flexural strength. The specimens were tested under monotonically increasing 

displacement-controlled load up to the failure of the specimens. The post-peak 

behaviour and ductility of equivalent RC and R-SFRC slabs are compared. The 

laboratory test results are further analysed for the ability of R-SFRC continuous 

members with less than 0.4% of tensile reinforcement to redistribute moments, and the 

effect of low reinforcement ratios and moment redistribution on the ductility of R-SFRC 

continuous members are also discussed. 
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4.2 Experimental investigation 

4.2.1 Description of test specimens 

The experimental study consisted of six full-scale two-span continuous slabs. The 

variables within different test specimens are shown in Table 4.1. Figure 4.1 shows the 

geometry, loading, boundary conditions and arrangement of longitudinal and transverse 

reinforcement for the tested specimens. The clear cover to the reinforcing steel bars was 

20 mm and 25 mm at top and bottom, respectively. The specimens are designated as 

SW(+MR), where ‘S’ is the member type (Slab), ‘W’ is the dosage of steel fibres (in 

kg/m
3
) and ‘(+MR)’ is the nominal design value of moment redistribution (from the 

negative moment at the intermediate support to the positive moments at mid-span).  

Table 4.1: Specimen details. 

Series Specimen 

Fibre 

dosage 

(kg/m
3
) 

Negative 

reinforcement at 

intermediate 

support  

(mm
2
) 

Positive 

reinforcement at 

mid-span 

(mm
2
) 

Nominal amount 

of moment 

redistribution 

(%) 

A 

S60(+00) 

60 

(0.8%) 

440 (0.28%) 320 (0.21%) +00 

S60(+10) 320 (0.21%) 320 (0.21%) +10 

S60(+20) 320 (0.21%) 440 (0.29%) +20 

S60(+30) 320 (0.21%) 620 (0.42%) +30 

B 

S00(+00) 

0 

760 (0.51%) 620 (0.42%) +00 

S00(+30) 620 (0.41%) 910 (0.61%) +30 
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The specimens in Series A contained 60 kg/m
3
 of steel fibres. The tensile reinforcement 

ratios varied between 0.21% and 0.42% to provide nominally 0 to 30% redistribution of 

moment from that of the elastically determined bending moments from the intermediate 

support to the mid-spans. The flexural strength of the specimens with steel fibres       

(R-SFRC specimens) was determined assuming the contribution of fibres to the flexural 

strength based on the rectangular stress block (RSB) model of AS 3600:2018 [34]. In 

the calculation of the flexural strength of the slab specimens, the compressive strength 

of concrete, the yield strength of steel and the residual tensile strength of SFRC for 

1.5 mm crack opening depth (��.�� ) were taken as 32 MPa, 500 MPa and 1.6 MPa, 

respectively. 

The specimens S00(+00) and S00(+30) in Series B were designed to have equivalent 

flexural strength and moment redistribution to the specimens S60(+00) and S60(+30), 

respectively. This was done by increasing the amount of tensile reinforcement, with 

consideration of the predicted fibres’ contribution to flexural strength based on the 

rectangular stress block (RSB) model of AS 3600:2018 [34]. Detail calculations for the 

design of the slab specimens are provided in Appendix C. 
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Figure 4.1: Details of specimens and arrangements for two-span continuous slab tests (all dimensions in mm). 
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4.2.2 Preparation of test specimens and material properties 

The reinforcing steel meshes of the specimens were prepared with nominally 500 MPa 

deformed steel bars. The average measured yield strengths of N10 (normal ductility, 

10 mm diameter), N12 (normal ductility, 12 mm diameter) and N16 (normal ductility, 

16 mm diameter) bars were 505, 605 and 560 MPa, respectively. The average measured 

elastic modulus of N10, N12 and N16 bars were 196, 207 and 196 GPa, respectively. 

Figure 4.2 shows the uniaxial stress-strain curves for the reinforcing bars used in this 

study tested to AS 1391-2007 [132]. 

 
Figure 4.2: Uniaxial stress versus strain curves for reinforcing bars in tension. 

Single end-hooked steel fibres (Dramix®3D-65/60-BG) (see Figure 4.3) with a 

diameter of 0.9 mm and a length of 60 mm were used in this study. The manufacturer 

provided tensile strength of the steel fibres is 1160 MPa. 
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Figure 4.3: Dramix®3D-65/60-BG steel fibres. 

The specimens were cast in three pours using commercially batched plain concrete and 

SFRC. The specimens S00(+00) and S00(+30) were cast in the first pour (plain 

concrete) followed by the specimens S60(+20) and S60(+30) in the second (SFRC 

Batch 1) and specimens S60(+00) and S60(+10) in the third pour (SFRC Batch 2). The 

design compressive strength of the concrete at 28 days was 32 MPa. To ensure the 

workability of the concrete after the inclusion of steel fibres, the maximum aggregate 

size and slump were chosen to be 10 mm and 150 mm, respectively. The uniform 

distribution of the steel fibres was ensured by compacting the SFRC specimens using 

external vibrators attached to the sides of the formwork (see Figure 4.4a). 

During the casting of the SFRC specimens, three 150 mm diameter and 300 mm high 

cylinders were collected at the start, middle and end of the pours to determine the as-

cast dosages of steel fibres. Fibres were extracted from the concrete mix using a magnet 

after washing out the cement paste. For the specimens S60(+20) and S60(+30), the 

average dosages of fibres at the start, middle and end of the pour were 84, 58 and 
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57 kg/m
3
, respectively. For the specimens S60(+00) and S60(+10), the average dosages 

of fibres at the start, middle and end of pour were 60, 57 and 49 kg/m
3
, respectively.  

(a) (b) 

Figure 4.4: (a) Formwork and (b) casting of the slab specimens. 

To determine the material properties of the plain concrete and the SFRC, companion 

cylinder, dogbone and prism samples were also cast with the slab specimens. The 

companion samples were tested on the testing day of the respective slab specimens.  

The stress-strain curves for the plain and the SFRC are shown in Figure 4.5. The mean 

compressive strength of the plain concrete and batches 1 and 2 of the SFRC tested to 

AS 1012.9:2014 [133] were 38.6, 46.3 and 31.2 MPa, respectively. The mean splitting 

tensile strength of the plain concrete and batches 1 and 2 of the SFRC tested to 

AS 1012.10-2000 [134] were 4.0, 6.3 and 3.8 MPa, respectively.  

External vibrators 
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The stress-COD (σ–w) and the stress-CMOD relationship of SFRC were determined by 

testing dogbone specimens to AS 3600:2018 [34] and prism specimens to EN14651 

[135]; the results are given in Figures 4.6 and 4.7. The mean residual tensile stresses 

from five specimens for each batch determined by the direct tensile test method were 

1.82 MPa and 0.87 MPa for 0.5 mm COD (�
.�� ) and 1.71 MPa and 0.99 MPa for 

1.5 mm COD (��.�� ) for SFRC batches 1 and 2, respectively. These compare to 

�
.��  = 2.40 and 1.63 MPa and ��.��  = 2.54 and 1.69 MPa for batches 1 and 2, 

respectively, when determined by the AS 3600:2018 [34] inverse analysis method on 

prism bending tests. A summary of prism bending test results is given in Table 4.2. 

 

Figure 4.5: Compressive stress-strain curves for the plain concrete and SFRC mixes. 
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Figure 4.6: Tensile stress versus COD for SFRC dogbone specimens. 

 

 
Figure 4.7: Load versus CMOD for SFRC prism specimens. 
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Table 4.2: Summary of flexural tensile strength test results and calculated tensile 

strengths (according to EN 14651-2005 [135] test procedure and 

determined by AS 3600:2018 [34] analysis). 

Batch 
��,��   

(MPa) 

��,��   

(MPa) 

��,��   

(MPa) 

��,��   

(MPa) 

�
.��   

(MPa) 

��.��   

(MPa) 

1 
6.36 

(0.102) 

7.87 

(0.105) 

8.35 

(0.116) 

8.26 

(0.158) 

2.40 

(0.099) 

2.54 

(0.161) 

2 
4.59 

(0.171) 

5.34 

(0.183) 

5.49 

(0.123) 

5.48 

(0.111) 

1.63 

(0.192) 

1.69 

(0.098) 

Notes: 1. Mean values of 5 specimens with COV’s in (). 

2. ��,�� , ��,�� , ��,��  and ��,��  are residual flexural tensile strength of SFRC 

corresponding to CMODs of 0.5, 1.5, 2.5 and 3.5 mm, respectively. 

4.2.3 Experimental setup and instrumentation 

The experimental setup and a schematic diagram of the setup and instrumentation are 

shown in Figures 4.8 and 4.9, respectively. The load was applied using a 500 kN 

capacity hydraulic jack. An equal distribution of the load at the mid-span of each span 

of the specimen was ensured by a steel spreader beam placed on the specimen. External 

load cells were placed under the supports to measure the support reactions (see 

Figure 4.8). The mid-span deflections were measured by linear variable displacement 

transducers (LVDTs) (see Figure 4.8). LVDTs were also placed directly above each 

support to detect any support settlement. 

A grillage of Demec targets (see Figure 4.10a) was installed on the side of the 

specimens at the critical sections (mid-spans and intermediate support) to measure the 

concrete strains using a 250 mm Demec strain gauge. Pi-gauges (gauge 

length = 150 mm) were installed on the tension side of the specimens at the critical 
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sections to monitor the growth of crack widths (see Figure 4.10b). Before the casting of 

the concrete, electronic strain gauges (gauge length = 5 mm) were installed on the 

tensile reinforcement at the critical sections and at 100 mm intervals on each side of the 

critical sections to measure the strain of reinforcing bars (see Figure 4.10c). 

4.2.4 Testing procedure 

The tests were performed using displacement-control load at a rate of 0.60 mm/min up 

to a deflection of 24 mm. The loading was paused at deflection intervals of 4 mm to 

mark the progress of cracks and measure the concrete strains. After 24 mm deflection, 

the load was applied uninterruptedly at a rate of 1.2 mm/min until the failure of the 

specimens. A data logger was used to monitor and record the applied load, support 

reactions, mid-span deflections, strain gauge readings and Pi-gauge readings 

continuously throughout the test.  
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Figure 4.8: Experimental setup (E = East; W = West). 
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Figure 4.9: Schematic outline of the experimental setup and instrumentation. 
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(a) 

 

 

 

(b) (c) 

Figure 4.10: Instrumentation – (a) Demec targets; (b) Pi-gauges; (c) strain 

gauges. 

45

45

45

45

250

220

20

20



105 

 

4.3 Results and discussion 

4.3.1 Behaviour under load 

Specimen S60(+00) 

Specimen S60(+00) was designed for 0% of moment redistribution with respect to the 

linear-elastic condition. The total load on each span versus mid-span deflection curves 

for the tested specimen are shown in Figure 4.11. The self-weight of the specimen 

(4.4 kN/m) and the weight of the spreader beam (8.6 kN) are included in the total load.  

For specimen S60(+00), the cross-section at the intermediate support cracked first. The 

cracking was determined by the sudden change of the strain values measured by the    

Pi-gauges. Cracking then continued both in the intermediate support and the mid-span 

regions.  As loading continued, the reinforcement at the east mid-span yielded first, 

followed by the yielding of reinforcement at the west mid-span and intermediate 

support. The yielding of reinforcement was determined from the strain gauge 

measurements (see Figure 4.11) and was taken as the point where strain in reinforcing 

bars exceeded their measured yield strain (i.e., ��� = 0.00258 for N10 bars, 

��� = 0.00292 for N12 bars and ��� = 0.00286 for N16 bars). As loading continued, 

hinges formed at the east mid-span first and then at the intermediate support (see 

Figure 4.12). Figure 4.13 shows the location of the formation of hinges. After the 

formation of hinges, the peak load was reached, and the load dropped by 12% to the 

point of fracture of the tensile reinforcement in the east mid-span.  
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Figure 4.11: Load versus mid-span deflection for specimen S60(+00). 

 

 

Figure 4.12: Load versus strain of reinforcing bars for specimen S60(+00). 
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(a) Formation of hinges 

 

  

(b) Intermediate support (c) East mid-span 

Figure 4.13: Location of the formation of plastic hinges for specimen S60(+00). 

Formation of hinges 



108 

 

Specimen S60(+10) 

Specimen S60(+10) was designed for 10% of positive moment redistribution with 

respect to the linear-elastic condition. The load versus mid-span deflection and load 

versus strain of reinforcing bars curves for the specimen are shown in Figures 4.14 and 

4.15, respectively.  

For specimen S60(+10), the cross-section at the intermediate support cracked first. 

Cracking then continued both in the intermediate support and the mid-span regions, and 

the reinforcement at the west mid-span yielded first followed by the yielding of 

reinforcement at the intermediate support and the east mid-span. As loading continued, 

hinges formed at the west mid-span first and then at the intermediate support (see 

Figure 4.15). After the formation of hinges, the peak load was reached, and the load 

dropped by 11% after to the point of fracture of the tensile reinforcement in the west 

mid-span. 

 

Figure 4.14: Load versus mid-span deflection for specimen S60(+10). 
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Figure 4.15: Load versus strain of reinforcing bars for specimen S60(+10). 

Specimen S60(+20) 

Specimen S60(+20) was designed for 20% of positive moment redistribution with 

respect to the linear-elastic condition. The load versus mid-span deflection and load 

versus strain of reinforcing bars curves for the specimen are shown in Figures 4.16 and 

4.17, respectively.  

For specimen S60(+20), the cross-sections at the intermediate support and mid-spans 

cracked almost at the same load. Cracking then continued both in the intermediate 

support and the mid-span regions, and the reinforcement at the intermediate support 

yielded first followed by the yielding of reinforcement at the east and west mid-span. 

The yielding of reinforcement at the east and west mid-span occurred almost at the same 

load.  As loading continued, hinges formed at the intermediate support first and then at 

the east mid-span (see Figure 4.17). After the formation of hinges, the peak load was 

reached, and the load dropped by 14% to the point of fracture of the tensile 

reinforcement in the east mid-span. 

0 5000 10000 15000 20000
0

30

60

90

120

Microstrain

L
o
ad

 o
n
 e

ac
h
 s

p
an

 (
k
N

) Ultimate load

Mid-span (E)

Mid-span (W)

Intermediate Support

Formation of hinge at mid-span

Formation of hinge at intermediate support



110 

 

 

 

Figure 4.16: Load versus mid-span deflection for specimen S60(+20). 

 

 

Figure 4.17: Load versus strain of reinforcing bars for specimen S60(+20). 
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Specimen S60(+30) 

Specimen S60(+30) was designed for 30% of positive moment redistribution with 

respect to the linear-elastic condition. The load versus mid-span deflection and load 

versus strain of reinforcing bars curves for the specimen are shown in Figures 4.18 and 

4.19, respectively.  

For specimen S60(+30), the cross-section at the intermediate support cracked first. 

Cracking then continued both in the intermediate support and the mid-span regions, and 

the reinforcement at the intermediate support yielded first followed by the yielding of 

reinforcement at the west and east mid-span. The yielding of reinforcement at the west 

and east mid-span occurred almost at the same load.  As loading continued, a hinge 

formed at the intermediate support followed by the formation of hinges at the west and 

east mid-span (see Figure 4.19). After the formation of hinges, the peak load was 

reached and the load dropped by 23% to the point of fracture of the tensile 

reinforcement in the east mid-span.  

 

Figure 4.18: Load versus mid-span deflection for specimen S60(+30). 
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Figure 4.19: Load versus strain of reinforcing bars for specimen S60(+30). 

Specimen S00(+00) 

Non-fibre specimen S00(+00) was designed as equivalent to the fibre-reinforced 

specimen S60(+00), with 0% of moment redistribution with respect to the linear-elastic 

condition. The load versus mid-span deflection and load versus strain of reinforcing 

bars curves for the specimen are shown in Figures 4.20 and 4.21.  

For specimen S00(+00), the cross-section at the intermediate support and the mid-spans 

cracked almost at the same load. Cracking then continued both in the intermediate 

support and the mid-span regions, and the reinforcement at the west mid-span yielded 

first followed by the yielding of reinforcement at the intermediate support and east mid-

span. As loading continued, hinges formed at the west mid-span first and then at the 

intermediate support (see Figure 4.21). After the formation of hinges, the load increased 

due to hardening of reinforcement before failing by fracture of the tensile reinforcement 

at the east mid-span. Noting that the strain gauges failed at strains less than 1.50%, the 

strain gauges could not capture the complete hardening of the reinforcing bars. 
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Figure 4.20: Load versus mid-span deflection for specimen S00(+00). 

 

 

Figure 4.21: Load versus strain of reinforcing bars for specimen S00(+00). 
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Specimen S00(+30) 

Non-fibre specimen S00(+30) was designed as equivalent to the fibre-reinforced 

specimen S60(+30), with 30% of positive moment redistribution with respect to the 

linear-elastic condition. The load versus mid-span deflection and load versus strain of 

reinforcing bars curves for the specimen are shown in Figures 4.22 and 4.23.  

For specimen S00(+30), the cross-section at the intermediate support cracked first. 

Cracking then continued both in the intermediate support and the mid-span regions, and 

the reinforcement at the intermediate support yielded first followed by the yielding of 

reinforcement at the east and west mid-span.  As loading continued, hinges formed at 

the intermediate support first and then at the west and east mid-span (see Figure 4.23). 

After the formation of hinges, the load increased due to hardening of reinforcement 

before failing by fracture of the tensile reinforcement in the west mid-span. Noting that 

the strain gauges failed at strains less than 1.50%, the strain gauges could not capture 

the complete hardening of the reinforcing bars. 

 

Figure 4.22: Load versus mid-span deflection for specimen S00(+30). 
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Figure 4.23: Load versus strain of reinforcing bars for specimen S00(+30). 

Table 4.3 provides a summary of the loads and corresponding critical mid-span (the 

span which failed by the formation of plastic hinges) deflections at the formation of first 

crack, at yielding of tensile reinforcement, at the peak and at fracture of the reinforcing 

bars. A comparison of load versus mid-span deflection curves for the R-SFRC and RC 

specimens are shown in Figure 4.24. The loads and corresponding mid-span deflections 

at the formation of first crack, at yielding of tensile reinforcement, at the peak load and 

at fracture of the reinforcing bars are also marked on the graph. 

Since the actual material properties were different than the design material properties, to 
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Table 4.3: Summary of load-deflection results. 

Series Specimen 

Cracking First yield Second yield Peak Reinforcing bar fracture 

Pcr (kN) ∆cr (mm) Py1 (kN) ∆y1 (mm) Py2 (kN) ∆y2 (mm) Pp (kN) ∆p (mm) Pf (kN) ∆f (mm) 

A 

S60(+00) 37.0 1.1 70.2 8.3 76.0 10.1 90.7 30.2 80.2 61.7 

S60(+10) 43.2 1.4 70.3 7.0 74.2 9.0 88.8 23.9 79.3 46.2 

S60(+20) 51.5 1.6 81.5 6.8 99.7 13.1 110.3 26.8 94.4 64.5 

S60(+30) 41.0 1.0 85.8 5.9 116.0 13.9 135.5 27.0 103.8 76.9 

B 

S00(+00) 40.6 1.3 72.3 8.8 81.9 11.2 129.7 61.7 129.2 62.7 

S00(+30) 35.4 1.1 83.1 10.9 115.5 18.6 150.1 61.8 147.8 72.2 

Notes: 1. Pcr, Py1, Py2, Pp and Pf are loads on each span corresponding to cracking of the concrete, at first yielding of the 

reinforcement, at second yielding of the reinforcement, at the peak load and at fracture of the reinforcement. 

2. ∆cr, ∆y1, ∆y2, ∆p and ∆f are deflections at mid-span corresponding to cracking of the concrete, at first yielding of 

the reinforcement, at second yielding of the reinforcement, at the peak load and at fracture of the reinforcement. 
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(a) 

 

 
(b) 

Figure 4.24: Comparison of load versus mid-span deflection curves for the 

(a) R-SFRC specimens and (b) RC specimens. 
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(a) Comparison between S60(+00) and S00(+00) 

 

 
(b) Comparison between S60(+30) and S00(+30) 

 

Figure 4.25: Comparison of normalised load versus mid-span deflection curves 

for equivalent RC and R-SFRC specimens. 
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4.3.2 Cracking behaviour 

During the tests, the development and progress of cracks were monitored and marked at 

deflection intervals of 4 mm. A comparison of crack patterns at the intermediate support 

and mid-span (the critical span) of the tested specimens are shown in Figure 4.26. 

Pictures of crack patterns of the tested specimen are provided in Appendix D (see 

Figures D1 to D6).  

The distribution of cracks was uniform within the critical length of the specimens. A 

decrease in crack spacing by the inclusion of steel fibres is evident from Figure 4.26. 

Since the load was applied at the mid-span, crack localisation (significant widening of 

one single crack) happened in both R-SFRC and RC specimens.  

Figure 4.27 shows a comparison of crack widths over the intermediate support (negative 

moment) and below the mid-span (positive moment) of equivalent RC and R-SFRC 

specimens up to a deflection of 24 mm. Since the actual material properties were 

different than the design material properties, for an accurate comparison, the resulting 

moment is normalised with respect to the design capacity predicted by the 

AS 3600:2018 [34] model. From the figure, it is evident that for the service load 

condition, the R-SFRC specimens had smaller crack widths than that of the equivalent 

RC specimens. 
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Figure 4.26: Crack patterns for the slab specimens (E = East; W = West).
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(a) Comparison between S60(+00) and S00(+00) 

 

 

(b) Comparison between S60(+30) and S00(+30) 

Figure 4.27: Comparison of normalised moment versus crack width at critical sections 

for equivalent RC and R-SFRC specimens (up to deflection = 24 mm). 
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4.3.3 Curvature 

The curvature (κ) values at the critical sections of the specimens were determined from 

the Demec strain gauge measurements using the formula in Section 3.3.3. The Demec 

strain values are provided in Appendix D (see Figures D7 to D12). The moment versus 

curvature diagrams are plotted in Figure 4.28.  

For safety, the Demec readings were suspended after 24 mm of displacement. Also, in 

some cases (at east mid-span for specimen S60(+00), at intermediate support for 

specimens S60(+10) and S60(+20)), the hinges formed outside the Demec gauged 

region (see Figures D1 to D6 in Appendix D).  

The normalised moment versus curvature diagrams of equivalent R-SFRC and RC 

specimens are plotted in Figure 4.29. A reduction in curvature by the inclusion of steel 

fibres is evident from the figure. Since the Demec strain readings were not measured 

after 24 mm of displacement, it is not possible to comment on the post-peak curvature 

of the specimens from the Demec strain readings. 
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(a) 

 

 
(b) 

Figure 4.28: Moment versus curvature curves at critical sections for the (a) R-SFRC 

and (b) RC specimens. 
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(a) Comparison between S60(+00) and S00(+00) 

 

 
(b) Comparison between S60(+30) and S00(+30) 

Figure 4.29: Comparison of normalised moment versus curvature at critical sections for 

equivalent RC and R-SFRC specimens (up to deflection = 24 mm). 
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4.3.4 Ductility 

The ductility of the specimens was evaluated quantitatively in terms of deflection and 

work done using the formulas in Section 3.3.4. Table 4.4 shows the values of the 

ductility factors based on displacement and work done. Using the measure of a ductility 

factor value greater than 2 indicates good ductility [141], good ductility was exhibited 

by all the slabs tested.  It is recognised, however, that the peak (ultimate) load for the  

R-SFRC specimens was obtained at a lower deflection than that for the similar RC 

specimens (see Figure 4.25).  

A line corresponding to a displacement of span/100 (i.e. 40 mm) is plotted in 

Figure 4.24. This point is considered as corresponding to sufficient ductility for 

observation of serious distress in the member [119]. The point corresponding to the 

ultimate capacity of the R-SFRC slabs occur slightly before the span/100 deflection and, 

thus, some limitations in reinforcement are appropriate for R-SFRC flexural members to 

ensure sufficient ductility up to a displacement of span/100. The ductility factor values 

for both R-SFRC and RC specimens decreased with increased moment redistribution. 

Table 4.4: Ductility factor values. 

Series Specimen >? >� 

A 

S60(+00) 6.1 4.1 

S60(+10) 5.1 3.4 

S60(+20) 4.9 2.5 

S60(+30) 5.3 2.4 

B 

S00(+00) 5.5 10.2 

S00(+30) 3.3 5.4 
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4.3.5 Moment redistribution 

A comparison of the experimental moment to the theoretical linear-elastic moment at 

the intermediate support with respect to load is shown in Figure 4.30. For the specimens 

with no moment redistribution, the moments in the tests were almost that determined by 

linear-elastic moment calculations. For the specimens designed for moment 

redistribution, the experimental moment deviated from the linear-elastic moment after 

the formation of cracks. As loading continued, the crack formation stabilised and the 

rate of change of bending moment became almost constant. The experimental moment 

started deviating again from the linear-elastic moment after the yielding of 

reinforcement and formation of first plastic hinge. The deviation continued until a 

second plastic hinge formed, and the section reached its ultimate capacity. 

The deviation of the experimental moment from the linear-elastic moment at the earlier 

stage of loading (after the formation of cracks and before the yielding of steel) is due to 

continual adjustments in stiffness that occurred due to progressive cracking under 

increasing load. The deviation of the experimental moment from the linear-elastic 

moment at the later stage of loading (after steel yielding) is due to transferring of forces 

from a section that is critically loaded to others that are not.  

As explained in Chapter 3, the actual moment redistribution differs from the theoretical 

moment redistribution calculated based on linear-elastic values. The theoretical moment 

redistribution incorporates the distribution forces due to changes in stiffnesses as cracks 

form and develop. The actual moment redistribution starts after the yielding of 

reinforcement at the critical section of a member and is determined from the ratio of 

support moment to load at the time of measurement of first yield, to that attained of the 



127 

 

full formation of the second plastic hinge. Table 4.5 shows a summary of the ratios 

moment at intermediate support to load on each span at the key points from first yield. 

The redistributions of moment with respect to load for the R-SFRC and RC specimens 

are shown in Figure 4.31. The theoretical (based on linear-elastic) and actual values of 

moment redistribution at the key points from the first yield are presented in Table 4.6. 

 

(a) 

 

(b) 

Figure 4.30: Load versus moment curves for the (a) R-SFRC and (b) RC specimens. 
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Table 4.5: Ratios of moment at intermediate support to load on each span. 

Series Specimen 
Linear elastic J(/+LR1 

Experimental  

((/+)��� 

First yield 

((/+)�� 

Second yield 

((/+)�� 

Peak 

((/+)� 

A 

S60(+00) 

-0.75 

-0.719 -0.727 -0.809 

S60(+10) -0.601 -0.619 -0.638 

S60(+20) -0.631 -0.591 -0.579 

S60(+30) -0.646 -0.579 -0.521 

B 
S00(+00) -0.751 -0.772 -0.789 

S00(+30) -0.647 -0.628 -0.555 

 

Table 4.6: Amount of moment redistribution (in %) at different stages of loading. 

Series Specimen 

First yield Second yield Peak 

=�'�< =0��0)  =�'�<  =0��0)  =�'�<  =0��0)  

A 

S60(+00) 4.1 0 3.1 −1.1 −7.9 −12.6 

S60(+10) 19.9 0 17.5 −3.1 15.0 −6.2 

S60(+20) 15.9 0 21.2 6.3 22.8 8.2 

S60(+30) 13.9 0 22.8 10.3 30.5 19.3 

B 

S00(+00) −0.1 0 −3.0 −2.9 −5.3 −5.2 

S00(+30) 13.7 0 16.3 3.0 26.0 14.2 

Notes: 1. =�'�<(%) =
(" S)⁄

TU
/(" S)⁄

��V

(" S)⁄
TU

× 100% 

2. =0��0)(%) =
(" S)⁄

WX
/(" S)⁄

��V

(" S)⁄
WX

× 100% 
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(a) 

 

 
(b) 

Figure 4.31: Load versus moment redistribution for the (a) R-SFRC and 

(b) RC specimens. 
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Specimens S60(+00), S60(+10), S60(+20) and S60(+30) (i.e. Series A specimens) were 

designed to have nominally 0, +10 +20 and +30% of moment redistribution, 

respectively, based on the design material properties. As two full plastic hinges formed 

in all tests, one at the mid-span of the critical member and one over the intermediate 

support, the full moment redistribution capabilities were attained as designed. 

Specimens S60(+00), S60(+10), S60(+20) and S60(+30) achieved −7.9%, 15.0%, 

22.8% and 30.5% moment redistribution, respectively, at the peak load based on the 

theoretical linear-elastic moments. The actual (plastic) moment redistributions after the 

first yield were −12.6%, −6.2%, 8.2% and 19.3%.  

Although specimens S60(+00) and S60(+10) were designed for positive moment 

redistribution based on the design material properties, the moment redistribution 

demands were slightly negative based on the actual material properties. The negative 

moment redistribution of specimens S60(+00) and S60(+10) is also evident from the 

load versus strain diagrams, as the hinges formed at the critical mid-span first and then 

at the intermediate support (see Figures 4.12 and 4.15).  

Specimens S00(+00) and S00(+30) (i.e. Series B specimens) achieved −5.3% and 

26.0% moment redistribution, respectively, at peak load based on the theoretical linear-

elastic analysis results. The actual moment redistributions after the first yield were 

−5.2% and 14.2%, respectively.  
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4.4 Conclusions 

An experimental study was undertaken to investigate the moment redistribution 

capability and post-peak behaviour of R-SFRC continuous one-way slabs with low 

tensile reinforcement ratios. The experimental study included six specimens; four 

specimens with both fibres and conventional reinforcement, and two specimens with 

just conventional reinforcement. The specimens were 800 mm wide, 220 mm deep and 

8.2 m long (4.0 m spans). The nominal dosage of steel fibres in the R-SFRC specimens 

was 60 kg/m
3
 (average as-cast fibre dosages were 66.4 and 54.9 kg/m

3
 for two different 

batches). The R-SFRC specimens were designed for 0 to 30% of positive moment 

redistribution with respect to the linear-elastic condition by varying the tensile 

reinforcement ratios between 0.21% and 0.42%.  

The behaviour of two R-SFRC specimens was compared with equivalent RC specimens 

having the same design flexural capacity and moment redistribution. The test results 

show that the R-SFRC specimens had higher service stiffness, smaller crack width and 

crack spacing, and lower curvature than that of the RC specimens. Although crack 

localisation happened in both RC and R-SFRC specimens, the RC specimens showed 

lengthy hardening regions after the formation of second plastic hinge; whereas, the      

R-SFRC specimens showed a shorter displacement length over which hardening 

occurred before the peak load was reached, followed by a period of gentle softening. A 

comparison of ductility based on displacement and work done indicates that all 

specimens had a good level of ductility; however, the deflection of the R-SFRC 

specimens was less than the desired span/100 at ultimate. Therefore, some limitations in 

reinforcement are appropriate for R-SFRC flexural members to ensure sufficient 

ductility up to a displacement of span/100. It is to be noted that the point loads applied 
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in the tests provide for high moment gradients, enhancing the effects of localisation. 

The influence of load type will be further investigated through parametric studies in 

Chapter 5. For both the RC and   R-SFRC slabs, the amount of ductility decreased with 

increasing moment redistribution. 

In all tests, two full plastic hinges formed, one at the mid-span of the critical member 

and one over the intermediate support, before the peak (ultimate) load was recorded. 

Thus, it is concluded that the full design moment redistribution was achieved in all 

cases. The ductility demand in the real system is less than that based on linear-elastic 

theory; this is due to the inelastic realities that occur in reinforced concrete members 

and structures. The theoretical moment redistributions for the R-SFRC slabs at peak 

load, based on linear-elastic moment, were −7.9%, 15.0%, 22.8% and 30.5% for 

specimens S60(+00), S60(+10), S60(+20) and S60(+30), respectively. The actual 

moment redistributions at peak load, after the first yielding of reinforcement, were 

−12.6%, −6.2%, 8.2% and 19.3% for specimens S60(+00), S60(+10), S60(+20) and 

S60(+30), respectively. 
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Chapter 5 

FINITE ELEMENT MODELLING OF R-SFRC FLEXURAL MEMBERS 

5.1 Introduction 

In this chapter, two-dimensional (2D)  finite element (FE) models of R-SFRC flexural 

members are developed using the FE program RECAP [143, 144]. In the FE modelling, 

the concrete and the reinforcement are modelled as discrete elements with the concrete 

being modelled as 2D orthotropic membrane element and the reinforcement being 

modelled as two-node truss element. The details of finite element formulation and 

material laws can be found in the works of Foster [143-146]. The constitutive 

relationship for orthotropic membranes, the constitutive models for the materials and 

the cracking approach used in the FE modelling are presented briefly in the following 

sections. Finally, the developed FE models are validated using the test data from this 

study and the validated FE models are used for parametric studies to determine the 

effect of the softening of SFRC, the hardening of tensile reinforcement and the type of 

loading on the post-peak behaviour of R-SFRC flexural members. 

5.2 Constitutive relationship for orthotropic membranes 

Two-dimensional orthotropic membranes are used to model the concrete elements in the 

FE modelling. RECAP utilizes the concept of equivalent uniaxial strains developed by 

Darwin and Pecknold [147] for the analysis of RC membranes subjected to biaxial 

stresses. The equivalent uniaxial strain approach allows the use of uniaxial stress-strain 

curves to predict the biaxial behaviour of concrete. The equivalent uniaxial strain can be 

thought of as the strain that would exist in one direction when the stress in the other 

direction is zero and can be written as: 
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 Y����Z = [ 1 −\��−\�� 1 ] Y����Z (5.1) 

where �� and �� are the strains in the principal directions; �� and �� are the equivalent 

uniaxial strains in the principal directions; \�� and \�� are the Poisson’s ratio for the 

strain in the 1- and 2-direction due to a strain in the other direction. 

The equivalent uniaxial strains are obtained by inverting the coefficient matrix of 

Equation 5.1: 

 Y��^��^Z = 11 − \��\�� [ 1 \��\�� 1 ] Y����Z (5.2) 

The stress is then obtained from the uniaxial base material models and given by: 

 YD_�D_�Z = [	�� 00 	��] Y��^��^Z… Ja = 1,2L (5.3) 

where 	�� and 	�� are the secant moduli in the principal (1,2) stress directions 

determined from the appropriate uniaxial stress-strain curve. 

Relating the stresses and strains in the familiar manner of cDd = efgc�d, the material 

elasticity matrix in the material 1-2 coordinate system is taken as that suggested by 

Darwin and Pecknold [147] and given as: 

 efg��� = 1J1 − \��\��L h
	�� i\��	��\��	�� 0… 	�� 0jkl. … J1 − \��\��L ���m (5.4) 

The shear modulus,  ��� is taken as that of Attard et al. [148] and is given by: 

  ��� = 14J1 − \��\��L e	��J1 − \��L + 	��J1 − \��Lg (5.5) 
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For cracked concrete, the Poisson’s ratios are taken as zero and Equation 5.4 reduces to: 

 efg��� = p	�� 0 00 	�� 00 0  ���q (5.6) 

For the construction of the element stiffness matrix in global coordinates, the material 

stiffness is transformed such that: 

 efg��� = e4grsefg���e4gr (5.7) 

where e4gr is the strain transformation matrix. 

Finally, the element stiffness matrix is obtained in the usual manner: 

 e$g = t u evgsefg��evg��w  (5.8) 

where t is the element thickness and evg is the strain displacement matrix. 

5.3 Constitutive models for materials  

5.3.1 Reinforcing steel 

A tri-linear stress-strain relationship as shown in Figure 5.1 is adopted for longitudinal 

tensile and compressive reinforcement and transverse reinforcement (if any), where 	� 
is the modulus of elasticity of steel. The stress and strain at the yielding of 

reinforcement are ��� and ���, respectively; ��� is the tensile stress corresponding to a 

strain of ���. The ultimate stress and strain at the point of fracture of reinforcement are 

�� and ��, respectively.  
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Figure 5.1: Stress-strain relationship for reinforcing bars in tension. 

5.3.2 Steel fibre reinforced concrete 

In the FE modelling, SFRC is simulated by superposing the contribution of steel fibres 

to the constitutive law of plain concrete. The compressive properties of concrete are not 

affected significantly by the inclusion of steel fibres in conventional dosages. 

Consequently, the stress-strain relationship of plain concrete proposed by 

Thorenfeldt et at. [149] is used to model the concrete in compression, and is given by: 

 �� = ��� *=* − 1 + =�x (5.9) 

where  = = �� ���⁄  , �� is the concrete strain and ��� is the strain corresponding to the 

peak in-situ stress ���; * is a curve-fitting factor given by * = 	
 J	
 − 	��L⁄ , 	
 is the 

initial modulus of elasticity of concrete and 	�� = ��� ���⁄  is the secant modulus; and $ 

is a decay factor for the pre- and post-peak responses. 
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For the stress-strain law of concrete in tension, a bi-linear model proposed by 

Petersson [150] as shown in Figure 5.2 is used with the tension softening parameters: 

 7� = 13 ;	7� = 297� + 7�	; 	7� = 185 	
 !"&�'����  (5.10) 

where ��� is the tensile strength of plain concrete; 	
 is the initial elastic modulus of 

concrete;  !" is the fracture energy of concrete; and &�' is the characteristic length of 

finite element.  

The contribution of steel fibres after the cracking of concrete is represented by the  

Variable Engagement Model (VEM) proposed by Voo and Foster [151, 152]. According 

to VEM, the tensile strength provided by fibres is given by:  

 ��� = #�7�B�E- (5.11) 

where 7� = &� ��⁄  is the aspect ratio of the fibre, &� is the length of the fibre and �� is 

the diameter of the fibre; B� is the fibre volumetric ratio; E- is the average bond shear 

strength at the fibre and matrix interface. The global orientation factor, #�, is given by: 

 #� = atan	e�/79&�Lg� �1 − 2�&� �
�
 (5.12) 

where � is the crack width and 79 is the engagement parameter.  

Figure 5.3 shows the resultant tensile stress versus COD of SFRC by adding the 

contribution of fibres to the constitutive law of plain concrete. 
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Figure 5.2: Stress-strain relationship for concrete in tension. 

 

.  

Figure 5.3: Stress-COD and stress-strain relationship for SFRC in tension. 
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5.4 Cracking approach 

In the FE modelling, the non-local smeared rotating crack approach is used to simulate 

the cracking in concrete. Two major approaches, namely the discrete crack approach      

[153-156] and the smeared crack approach [157, 158], are available in the literature to 

model the cracking in concrete. In the discrete crack model, cracking is considered as a 

discontinuity in a structure which propagates through elements. The discrete crack 

model is limited by predefined crack trajectory and is computationally costly and 

inefficient due to the generation of additional nodes along the crack faces.  

The smeared crack approach is based on the framework of the continuum mechanics 

where cracking is smeared over a certain volume of material and treated as a reduction 

of material stiffness in the direction of major principal stresses. The advantage of the 

smeared crack approach over the discrete crack approach is unchanged mesh topology 

of a structure during the formation of cracks, which makes numerical implementation 

convenient. Moreover, the cracking in RC members is usually distributed in nature due 

to the presence of reinforcement; therefore, the distributed nature of cracking in the 

smeared crack approach best describes the cracking phenomenon in most RC structures. 

Smeared crack approach can be divided into fixed crack models [157, 159, 160] and 

rotating crack models [145, 158, 161, 162]. In the fixed crack model, the crack initiates 

normal to the major principal stress and has a fixed direction throughout the loading the 

process, whereas in the rotating crack model, the crack direction rotates with the 

principal stress directions during the entire loading process. For flexure, as there is little 

rotation of cracks, both fixed and rotation crack models give almost the same prediction 

[163]. In this study, the rotating crack model by Foster et al. [145] is adopted.  
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The classical smeared crack approach suffers from mesh sensitivity due to localizing 

crack into a single row of elements. Since the local strain softening constitutive law 

governs the energy dissipation per unit volume, the energy dissipation decreases to zero 

as the mesh size reduces to infinitely small causing spurious mesh sensitivity. 

Moreover, the fracture of concrete involves dense microcracking over a certain length in 

the fracture zone. Therefore, apart from the mathematical shortcoming, the local 

continuum models are not able to accurately describe the physical process of fracture in 

concrete. 

In the non-local models [164-167], the stress at a point in a non-local continuum 

depends on the weighted average of a state variable in the neighbourhood within a 

distance from that point. A constant energy release rate in the fracture process zone is 

ensured by introducing an internal length scale [166, 167] or a characteristic length 

[164, 165] into the constitutive model. In the first non-local model called by “imbricate 

continuum model” [168], the strain was taken to be the state variable for non-local 

averaging. Although the model ensures mesh insensitivity, the model involves 

complicated computations which hinder straightforward numerical implementation 

[169].  

The deficiencies in the “imbricate continuum model” was overcome by the introduction 

of the concept of non-local continuum with local strain [169]. In the non-local 

continuum with local strain-based model, the strain at a point in a continuum is kept 

local while the constitutive relation for strain softening is dependent on the non-local 

state variable. The drawback of the non-local continuum with local strain-based model 

is that in some instances, the non-local strain can be lower than the local strain leading 

to a stress level higher than the tensile strength of the material. Although the 
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formulation does not pose problems in structural fracture analysis, the violation of 

tensile strength from a structural perspective is undesirable.  

In this study, cracking is modelled based on the principle of non-local damage model 

proposed by Bažant and Pijaudier-Cabot [164]. To avoid tensile stress higher than the 

tensile strength of concrete, only the strain softening is treated non-locally, while the 

elastic related variables are treated locally as in the conventional smeared crack model. 

The total strains are calculated by summing the local elastic component of strain with 

the non-local plastic component as: 

 ε�. = �., for �. ≤ ��, 

ε�. = �..� + ε�..�, for �. > ��, 
(5.13) 

where �..� (i = 1, 2) is the local elastic component of strain, ε�..� is the non-local plastic 

component of strain and ��, is the cracking strain. The local elastic and plastic 

components are calculated as: 

 �..� = D� 	
⁄  

�..� = �. − �..� 
(5.14) 

where D� is the local stress corresponding to the local total strain, �., and calculated 

from the material stress-strain law and 	
 is the initial elastic modulus. 

Adopting the methodology of Jirásek and Zimmermann [170], the non-local plastic 

strains are obtained from the local plastic strains of all source points located within a 

region A, centred at the target point (Figure 5.4a), such that: 
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 ε�..� = u :�J�L�..�J�, �L��w  (5.15) 

where :�J�L is a spatial weighting factor given by: 

 :�J�L = :J�L
� :J�L��w

 (5.16) 

The integral denominator in Equation 5.16 is obtained numerically with the weighting 

factors taken at the element Gauss points. As these points can be irregularly spaced, the 

weighting factors are normalized against the sum of the weights for all source points 

within A so that ∑:�J�L is guaranteed to be unity irrespective of the number of source 

points or their distribution. Only source points with a positive (tensile) strain in the 

principal direction being considered are included in the calculation of :J�L. 
For calculating the weight for each source point the bell-shaped function of Bažant and 

Ozbolt [165] is used (Figure 5.4b), that is: 

 :J�L = 〈1 − J�/�L�〉� (5.17) 

with � = 0.9086&�' ; and &�' is the characteristic length. 

 

Figure 5.4: (a) Non-local neighbourhood; and (b) bell-shaped weight function [171]. 
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5.5 Experimental verification 

5.5.1 R-SFRC beams tested in this study (Chapter 3) 

The experimental results of four R-SFRC beam specimens were reported in Chapter 3. 

Figure 5.5 shows the FE model of the beam specimens. One-half of the specimens are 

modelled accounting for symmetry. The FE mesh consists of 4-node isoparametric 

elements for the concrete elements and 4-node stiff elements for the steel plates. The 

size of the mesh is 20 mm.  

The reinforcing steel bars in the specimens are modelled as 2-node bar elements. Perfect 

bond is assumed between the steel and the concrete. Figure 5.6 shows a comparison of 

the idealised tensile stress-strain relationships of the reinforcing bars used in the 

modelling with the test results. The stress-strain values at different points of idealised 

tensile stress-strain relationships of the reinforcing bars are provided in Table 5.1. 

The material parameters used to develop the constitutive law of the SFRC are provided 

in Table 5.2. The compressive strength and the modulus of elasticity of concrete are 

determined from the stress-strain test of concrete in compression. To model the stress-

strain relationship of concrete in compression based on Thorenfeldt et at. [149], the 

decay factor $ is taken as 1. Figure 5.7 shows a comparison of the idealised stress-strain 

relationship for concrete in compression used in the modelling with the test results.  
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(a) Meshing 

 

(b) FE modelling 

Figure 5.5: Geometric modelling of the tested beam specimen. 

4000

2000

Concrete (Material 2)Concrete (Material 1) Steel Plate

Longitudinal reinforcement Stirrups 



145 

 

 

 

 

Figure 5.6: Tensile stress-strain relationship for the reinforcing steel bars used in the 

beam specimens. 

Table 5.1: Material properties of the reinforcing bars used in the modelling of the beam 

specimens tested in this study. 

 N20 N28 R10 	� (MPa) 196000 197000 210000 ��� (%) 0.2650 0.2740 0.1550 ��� (%) 6.0 5.0 5.0 �� (%) 13.5 13.0 22.0 ��� (MPa) 520 540 325 ��� (MPa) 600 620 460 �� (MPa) 615 645 485 

To model the stress-strain relationship of concrete in tension based on Petersson [150], 

the tensile strength of concrete is taken as 0.36i��� , which allows for residual stresses 

due to shrinkage strains, and the matrix fracture energy is taken as 73���
.�� (N/m) as per 

fib Model Code 2010 [30]. The mean crack spacing is taken as the value of 

characteristic length for the conversion of crack width to concrete strain [30]. From the 
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crack patterns of the specimens (provided in Chapter 3 and Appendix B), it is evident 

that the crack spacings at mid-span and intermediate support are different. Thus, to 

simulate the test responses, the characteristic lengths at mid-span (Material 1) and at 

intermediate support (Material 2) are varied (see Figure 5.5b). The approximate point of 

contraflexure is taken as the boundary between the materials of different crack spacings. 

The crack spacings and the calculated values of 7�, 7� and 7� are provided in Table 5.2. 

It is noted that no calibration has been undertaken for the VEM for the 5D fibres used in 

this study. Here the VEM parameters of Equations 5.11 and 5.12 are adjusted to provide 

a best fit to the tensile stress-COD results obtained from the materials testing, giving an 

idealised curve of good fit.  Figure 5.8 shows a comparison of the idealised stress-COD 

relationships used in the modelling with the dog-bone test results.  

For the non-local crack model, the characteristic length is taken as 30 mm being three 

times the size of the aggregate size [172]. 
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Table 5.2: Material properties of concrete used in the modelling of the beam specimens tested in this study. 

Material 

properties 

Specimen 

B30(−30) B30(+30) B60(−30) B60(+30) 

Mid-span 
Intermediate 

Support 
Mid-span 

Intermediate 

Support 
Mid-span 

Intermediate 

Support 
Mid-span 

Intermediate 

Support 	
 (MPa) 30800 30800 28000 28000 

ν 0.20 0.20 0.20 0.20 ��� (MPa) 59.5 59.5 51.7 51.7 ��� (MPa) 2.78 2.78 2.59 2.59  !" (N/m) 152.3 152.3 148.5 148.5 ��� 0.003 0.003 0.003 0.003 $ 1.0 1.0 1.0 1.0 &�' (mm) 99 101 106 206 69 139 89 188 7� 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 7� 5.23 5.14 4.91 2.69 7.52 3.90 5.91 2.97 7� 22.1 21.6 20.6 10.6 32.3 16.1 25.1 11.9 
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 (b)  

Figure 5.7: Stress-strain diagram for concrete in compression for fibre dosages of 

(a) 30 kg/m
3
 and (b) 60 kg/m

3
. 
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 (b)  

Figure 5.8: Tensile stress versus COD relationship for fibre dosages of 

(a) 30 kg/m
3
 and (b) 60 kg/m

3
. 
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Table 5.3 shows a comparison of the ultimate loads obtained from the FE modelling 

with the results from the experimental testing. The mean theoretical to experimental 

ratio for the ultimate load is 1.01 with a coefficient of variation of 0.022. Figure 5.9 

shows that the FE results compared well with the experimental data for the mid-span 

deflection of the beams.  

A comparison of crack patterns from the experiments and FE modelling (principal 

strains) for the beam specimens at a deflection of 40 mm (span/100) is shown in 

Figure 5.10. The localisation of cracking at the mid-span and intermediate support is 

evident from the crack patterns. The direction of moment redistribution is also observed 

from the crack patterns. For specimen B30(−30) and B60(−30), the strains at the mid-

span are higher than that of at the intermediate support indicating the formation of first 

hinge at mid-span and moment redistribution from mid-span to intermediate support and 

vice versa for specimens B30(+30) and B60(+30). 

Table 5.3: Comparison of experimental ultimate load and deflection with FEM results 

for the beam specimens. 

Specimen 
+,��� 

(kN) 

∆,��� 

(mm) 

+,!1" 

(kN) 

∆,!1" 

(mm) 

+,!1"+,���  

B30(−30) 278.1 41.7 288.4 48.8 1.04 

B30(+30) 289.2 50.0 289.0 36.6 1.00 

B60(−30) 299.2 31.2 295.0 29.1 0.99 

B60(+30) 289.7 37.9 294.7 33.8 1.02 

Average  

(COV) 

1.01  

(0.022) 

Notes: 1. +,��� and +,!1" are ultimate loads from experiments and FEM, respectively.  

2. ∆,��� and ∆,!1" are ultimate deflections from experiments and FEM, 

respectively. 
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Table 5.4 shows a comparison of crack widths obtained from the FE modelling with the 

test results at the first yielding of reinforcement (at a deflection of 12 mm). The mean 

model to test ratio for the crack widths is 1.13 with a coefficient of variation of 0.043. 

  
(a) (b) 

  
(c) (d) 

Figure 5.9: Load versus mid-span deflection plots for specimen (a) B30(-30), 

(b) B60(-30), (c) B30(+30) and (d) B60(-30). 
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Figure 5.10: Comparison of crack patterns from experiments and FEM for the beam specimens. 
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Table 5.4: Comparison of experimental crack width with FEM results for the beam specimens. 

Specimen 

Intermediate support Mid-span 
Intermediate 

support 

Mid-span Average 

���� 

(mm) 

�!1" 

(mm) 

���� 

(mm) 

�!1" 

(mm) 

�!1"����  
�!1"����  

�!1"����  

B30(−30) 0.20 0.25 0.30 0.31 1.23 1.02 1.13 

B60(−30) 0.30 0.34 0.20 0.21 1.13 1.07 1.10 

B30(+30) 0.72 0.81 0.24 0.26 1.12 1.07 1.09 

B60(+30) 0.56 0.76 0.20 0.21 1.36 1.07 1.22 

Average  

(COV) 

1.13  

(0.043) 

Note: ���� and �!1" are crack widths from experiments and FEM, respectively.
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5.5.2 R-SFRC slabs tested in this study (Chapter 4) 

The experimental results of four R-SFRC slab specimens were reported in Chapter 4. 

The FE modelling approach of the slab specimens is the same as that of the beam 

specimens reported in Section 5.5.1. Figure 5.11 shows the FE model of the slab 

specimens. The size of the mesh is 20 mm.  

Figure 5.12 shows a comparison of the idealised tensile stress-strain relationships for 

the reinforcing steel bars used in the modelling with the test results. The stress-strain 

values at different points of idealised tensile stress-strain relationships of the reinforcing 

bars are provided in Table 5.5. 

The material parameters used to develop the constitutive law of the SFRC are provided 

in Table 5.6. Figure 5.13 shows a comparison of the idealised stress-strain relationship 

for concrete in compression used in the modelling with the test results. Figure 5.14 

shows a comparison of the idealised stress-COD relationships used in the modelling 

with the dog-bone test results. 

Table 5.7 shows a comparison of the ultimate loads obtained from the FE modelling 

with the results from the experimental testing. The mean theoretical to experimental 

ratio for the ultimate load was 1.02 with a coefficient of variation of 0.058. Figure 5.15 

shows that the FE results compared well with the experimental data for the mid-span 

deflection of the slab specimens. 
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(a) Meshing 

 

(b) FE modelling 

Figure 5.11: Geometric modelling of the tested slab specimen. 
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Figure 5.12: Tensile stress-strain relationship for the reinforcing bars used in the slab 

specimens. 

 

Table 5.5: Material properties of the reinforcing bars used in the modelling of the slab 

specimens tested in this study. 

 N10 N12 N16 	� (MPa) 196000 207000 196000 ��� (%) 0.2575 0.2920 0.2855 ��� (%) 2.3 2.2 2.9 �� (%) 7.5 5.5 8.0 ��� (MPa) 505 605 560 ��� (MPa) 565 655 625 �� (MPa) 565 655 625 
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Table 5.6: Material properties of concrete used in the modelling of the slab specimens tested in this study. 

Material 

properties 

Specimen 

S60(+00) S60(+10) S60(+20) S60(+30) 

Mid-span 
Intermediate 

Support 
Mid-span 

Intermediate 

Support 
Mid-span 

Intermediate 

Support 
Mid-span 

Intermediate 

Support 	
 (MPa) 29500 29500 30100 30100 

ν 0.20 0.20 0.20 0.20 ��� (MPa) 28.1 28.1 41.7 41.7 ��� (MPa) 1.91 1.91 2.32 2.32  !" (N/m) 133.1 133.1 142.9 142.9 ��� 0.003 0.003 0.003 0.003 $ 1.0 1.0 1.0 1.0 &�' (mm) 146 156 174 163 162 173 174 148 7� 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 7� 6.23 5.85 5.28 5.62 4.28 4.03 4.01 4.66 7� 26.5 24.8 22.3 23.8 17.8 16.6 16.5 19.5 
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 (b)  

Figure 5.13: Stress-strain diagram for concrete in compression for SFRC 

(a) Batch 1 and (b) Batch 2. 
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 (a) 

 

 

 

 

 (b)  

Figure 5.14: Tensile stress versus COD relationship for SFRC (a) Batch 1 and 

(b) Batch 2. 
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Table 5.7: Comparison of experimental ultimate load and deflection with FEM results 

for the slab specimens. 

Specimen 
+,��� 

(kN) 

∆,��� 

(mm) 

+,!1" 

(kN) 

∆,!1" 

(mm) 

+,!1"+,���  

S60(+00) 90.7 30.2 94.2 35.1 1.04 

S60(+10) 88.8 23.9 84.2 28.4 0.95 

S60(+20) 110.3 26.8 119.9 28.1 1.09 

S60(+30) 135.5 27.0 135.4 29.9 1.00 

Average 

(COV) 

1.02 

(0.058) 

Notes: 1. +,��� and +,!1" are ultimate loads from experiments and FEM, respectively.  

2. ∆,��� and ∆,!1" are ultimate deflections from experiments and FEM, 

respectively. 

A comparison of crack patterns from the experiments and FE modelling (principal 

strains) for the slab specimens at peak load is shown in Figure 5.16. The localisation of 

cracking at the mid-span and the intermediate support is evident from the crack patterns. 

The direction and the amount of moment redistribution are also obvious from the crack 

patterns. For specimens S60(+10), S60(+20) and S60(+30), the strains at the 

intermediate support are higher than that of at the mid-span indicating the formation of 

first hinge at the intermediate support and moment redistribution from the intermediate 

support to the mid-span, and as the amount of moment redistribution increases, strains 

are more localized at the intermediate support than that of at the mid-span. The 

formation of first hinge at the mid-span and negative moment redistribution for 

specimen S60(+00) also support the test data. 
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Table 5.8 shows a comparison of crack widths obtained from the FE modelling with the 

test results at the first yielding of reinforcement (at a deflection of 8 mm). The mean 

model to test ratio for the crack widths is 0.89 with a coefficient of variation of 0.051. 

  
(a) (b) 

  
(c) (d) 

Figure 5.15: Load versus mid-span deflection plots for specimen (a) S60(+00), 

(b) S60(+10), (c) S60(+20) and (d) S60(+30). 
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Figure 5.16: Comparison of crack patterns from experiments and FEM for the slab specimens. 
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Table 5.8: Comparison of experimental crack width with FEM results for the slab specimens. 

Specimen 

Intermediate support Mid-span 
Intermediate 

support 

Mid-span Average 

���� 

(mm) 

�!1" 

(mm) 

���� 

(mm) 

�!1" 

(mm) 

�!1"����  
�!1"����  

�!1"����  

S60(+00) 0.28 0.25 0.26 0.20 0.88 0.78 0.83 

S60(+10) 0.32 0.29 0.30 0.24 0.92 0.79 0.86 

S60(+20) 0.36 0.32 0.20 0.19 0.88 0.97 0.92 

S60(+30) 0.42 0.30 0.18 0.21 0.71 1.17 0.94 

Average  

(COV) 

0.89  

(0.051) 

Note: ���� and �!1" are crack widths from experiments and FEM, respectively.



164 

 

5.6 Parametric studies 

To determine the effect of the softening of SFRC and the hardening of reinforcing steel 

bars on the post-peak behaviour of R-SFRC flexural members, parametric studies are 

performed using the validated beam and slab models. 

5.6.1 Effect of the softening of SFRC 

The slope of the idealised stress-COD relationships based on dog-bone test data is 

increased and decreased to find the effect of the softening of SFRC on the post-peak 

behaviour of R-SFRC flexural members. Figures 5.17 and 5.18 show the stress-COD 

relationships used for the parametric studies for the beam and the slab specimens, 

respectively. The stress-strain relationships of the reinforcing bars are kept constant 

among the specimens with different stress-COD relationships. 

Figures 5.19 and 5.20 show a comparison of the load-deflection curves for different 

slopes of stress-COD relationships for the beam and the slab specimens, respectively. 

From the figures, it is evident that the post-peak behaviour of R-SFRC flexural 

members depends on the stress-COD relationship of SFRC. For the same stress-strain 

relationship of reinforcing bars, increasing the slope of the stress-COD relationship 

softens the post-peak behaviour whereas decreasing the slope of the stress-COD 

relationship improves the post-peak behaviour. 

The effect of the slope of the stress-COD relationship is more pronounced in specimens 

with low amount of tensile reinforcement. The softening and hardening in the slab 

specimens, where the tensile reinforcement ratios are less than 0.5%, are more obvious 

than that of the beam specimens where the tensile reinforcement ratios are more than 

0.5%.  
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(b)  

Figure 5.17: Tensile stress versus COD relationships used for parametric studies 

for fibre dosages of (a) 30 kg/m
3
 and (b) 60 kg/m

3
. 
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(a) 

 

 

 

 

 
(b)  

Figure 5.18: Tensile stress versus COD relationships used for parametric studies 

for SFRC (a) Batch 1 and (b) Batch 2. 
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Figure 5.19: Comparison of load versus deflection plots for different stress-COD 

relationships for the beam specimens. 
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Figure 5.20: Comparison of load versus deflection plots for different stress-COD 

relationships for the slab specimens. 
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5.6.2 Effect of the hardening of reinforcing bars 

To determine the effect of the degree of hardening of reinforcing steel bars on the post-

peak behaviour of R-SFRC flexural members, a parametric study is performed by 

changing the degree of hardening of reinforcing bars. In the parametric study, the 

ultimate strengths of reinforcement are taken as 1.10��� and 1.20���. The stress-COD 

relationship of the SFRC is kept constant between the specimens of different degrees of 

hardening. 

Figures 5.21 and 5.22 show a comparison of the load-deflection curves for different 

degrees of hardening of reinforcement for the beam and slab specimens, respectively. 

From the figures, it is evident that the post-peak behaviour of R-SFRC flexural 

members also depends on the degree of hardening of the reinforcement. For the same 

stress-COD relationship of SFRC, decreasing the degree of hardening of reinforcement 

softens the post-peak behaviour whereas increasing the degree of hardening of 

reinforcement improves the post-peak behaviour. 

The effect of the degree of hardening of reinforcement is less pronounced in specimens 

with low amount of tensile reinforcement. The softening and hardening in the slab 

specimens, where the tensile reinforcement ratios are less than 0.5%, are less obvious 

than that of the beam specimens where the tensile reinforcement ratios are more than 

0.5%.  
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Figure 5.21: Comparison of load versus deflection plots for different degrees of 

hardening of reinforcing bars for the beam specimens. 
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Figure 5.22: Comparison of load versus deflection plots for different degrees of 

hardening of reinforcing bars for the slab specimens. 

 

 

 

0 10 20 30 40 50 60 70 80
0

30

60

90

120

S60(+00)

Mid-span deflection (mm)

1.10f sy

1.20f sy

L/100

0 10 20 30 40 50 60 70 80
0

30

60

90

120

S60(+10)

Mid-span deflection (mm)

1.10f sy

1.20f sy

L/100

0 10 20 30 40 50 60 70 80
0

40

80

120

160

S60(+20)

Mid-span deflection (mm)

1.10f sy

1.20f sy

L/100

0 10 20 30 40 50 60 70 80
0

40

80

120

160

S60(+30)

Mid-span deflection (mm)

1.10f sy

L/100

1.20f sy



172 

 

5.6.3 Effect of the type of loading 

The specimens in this study were tested under point loads. However, real structures are 

usually subjected to uniform load. To determine the effect of the type of loading on the 

post-peak behaviour, a uniform load is applied on the slab specimens.  

Figure 5.23 shows a comparison of the normalised load versus deflection plots of the 

slab specimens under point and uniform load. Since the application of uniform load 

increases the capacity of the specimens, the loads are normalised with respect to the 

peak load. From the figure, it is evident that the post-peak behaviour of the specimens 

improves when uniform load is applied on the specimens. This is attributed to the lower 

moment gradient, resulting in a larger plastic region, particularly in the positive moment 

zones. 

Figure 5.24 shows a representative comparison of crack patterns under point load and 

uniform load. Under point load, the cracking is localised in one crack in mid-span 

increasing the crack width and the strain of the reinforcement significantly on that 

particular crack. However, under uniform load, the crack widths are uniformly 

distributed which significantly improves the post-peak behaviour.  
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Figure 5.23: Comparison of load versus deflection plots for different types of 

loading for the slab specimens. 
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(a) Under point load 

 

(b) Under uniform load 

 Point load Uniform load 

Figure 5.24: Representative comparison of crack patterns under (a) point load and (b) uniform load for the slab specimens. 
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5.7 Conclusions 

In this chapter, the FE program RECAP was used to develop two-dimensional FE 

models of R-SFRC flexural members. In the FE modelling, the concrete was modelled 

as 2D orthotropic membrane element and the reinforcement was modelled as two-node 

truss element. The non-local smeared rotating crack approach was used to simulate the 

cracking in concrete. The developed FE models showed good correlation with the test 

data in this study.  

The validated FE models were used for parametric studies by varying the slope of the 

tensile stress-COD of SFRC and the degree of hardening of reinforcement to determine 

their effect on the post-peak behaviour of R-SFRC flexural members. It is found that the 

post-peak behaviour of R-SFRC flexural members depends on the combined effect of 

the rate of softening of SFRC and the degree of hardening of reinforcement. At low 

reinforcement ratios, the effect of the rate of softening of SFRC is more pronounced 

than that of the degree of hardening of reinforcement increasing the possibility of post-

peak softening behaviour of R-SFRC flexural members.  

The slab specimens tested in this study showed post-peak softening behaviour. From the 

parametric studies, it is found that for the same material properties of SFRC and 

reinforcement, the slab specimens would have shown relatively flat post-peak behaviour 

under uniform load. Comparison of crack patterns shows that the cracking is more 

uniformly distributed rather than localised in one single crack, which decreases the 

strain of steel and the crack width at critical sections, thus improving the post-peak 

behaviour. 
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Chapter 6 

DESIGN OF R-SFRC FLEXURAL MEMBERS  

6.1 Introduction 

In this chapter, the ultimate capacity of R-SFRC flexural members is calculated using 

two analytical models; a rectangular stress block (RSB) model based on plasticity and a 

bi-linear model based on crack width to describe the contribution of fibres to flexural 

strength. The predicted capacities are compared with the results of the beam and slab 

specimens tested in this study. 

Previous studies have reported that the reduction in ductility and the softening 

behaviour showed by R-SFRC flexural members were due to crack localisation. In this 

study, although crack localisation happened in both RC and R-SFRC specimens, the   

R-SFRC specimens showed softening behaviour after a period of hardening, whereas 

the RC specimens showed extensive hardening behaviour before fracture of the 

reinforcing bars. To formulate the post-peak behaviour of R-SFRC flexural members, a 

parametric study is performed using the test data available in the literature to determine 

the effect of tensile reinforcement ratio and fibre dosage on the ductility of R-SFRC 

flexural members. A deformation factor is defined for consistent evaluation of the 

ductility of the flexural members. Based on the parametric study, the post-peak 

behaviour of R-SFRC flexural members is mathematically formulated, and empirical 

relationships are developed for minimum reinforcement required for a sufficient 

ductility of R-SFRC flexural members. 
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6.2 Ultimate capacity of R-SFRC members in bending 

6.2.1 Rectangular stress block model based on plasticity 

Calculations of the capacity of R-SFRC cross-sections in bending incorporate the same 

equilibrium and strain-compatibility considerations of RC cross-sections including the 

contribution of fibres. Figure 6.1 shows the rectangular stress block (RSB) model of  

AS 3600: 2018 [34]. The RSB model is founded on the theory of plasticity. 

 

where,   7� = 0.85 – 0.0015���   …   7� ≥ 0.67 

                                                         g = 0.97 – 0.0025���   …     g ≥ 0.67 

Figure 6.1: Stress block and forces on R-SFRC section based on RSB model. 

In the RSB model, the stress in SFRC in tension is taken to be uniformly distributed and 

is F$%��.�� , where F is a safety parameter to take account of the differences in model 

error and variation between the bar reinforcement and fibres contributions to the 

flexural strength (in order to use a common strength reduction, φ, factor), and $% is a 

factor to take into account for the area of the fracture surface on fibre materials 

variability (relative to that of the prism bending test). When comparing model 

prediction to test results, F = 1 and $% = 1 is taken in this study. Lastly, for the            

AS 3600:2018 RSB model adopted, the contribution of fibres where the tensile strain 

exceeds 0.025 is ignored in the calculation of moment capacity.  
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The load-carrying capacity of the beam and slab specimens were determined using a 

rigid-plastic analysis with the resisting moment at the plastic hinges at mid-span, (�, 

and at intermediate support, (/, determined based on the RSB model. Since two plastic 

hinges, one over the intermediate support and one at the critical mid-span, formed in all 

of the R-SFRC beam and slab specimens for increasing applied load, it is known that 

the moments can be fully sustained for increasing curvatures to this point. The values of 

(�
 and (/

 were used to calculate the theoretical plastic load (+.�23) using the formula 

+.�23 =	(� + 0.5(/
. These values are compared with the ultimate loads from the 

experiment (+.���) in Tables 6.1 and 6.2 for the beam and slab specimens, respectively. 

From the analysis results, it is observed that the predicted ultimate loads correlate well 

with the experimental observations. For the beam specimens, the mean test to model 

ratios are 1.09 and 1.03, and coefficients of variation are 0.027 and 0.022, using ��.��  

determined from the dogbone tests and ��.��  determined by the AS 3600:2018 inverse 

analysis method on prism bending tests, respectively. 

For the slab specimens, the mean test to model ratios are 1.22 and 1.01, and coefficients 

of variation are 0.153 and 0.061, using ��.��  determined from the dogbone tests and ��.��  

determined by the AS 3600:2018 inverse analysis method on prism bending tests, 

respectively. 
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Table 6.1: Comparison of experimental loads with predicted loads based on RSB model 

for the beam specimens. 

Specimen 
+.��� 

 (kN) 

Using ��.��  from 

dogbone tests 

Using ��.��  from 

prism tests 

+.�23 

(kN) 

+.���+.�23 

 

+.�23 

 (kN) 

+.���+.�23 

 

B30(−30) 278.1 265.4 1.05 278.6 0.99 

B60(−30) 299.2 267.4 1.12 286.3 1.05 

B30(+30) 289.2 264.0 1.10 277.3 1.04 

B60(+30) 289.7 266.2 1.09 285.2 1.02 

Average 

(COV) 

1.09  

(0.027) 
 

1.03 

(0.022) 

Note: +.��� = ultimate load from experiments; +.�23 = ultimate load predicted by RSB model. 

Table 6.2: Comparison of experimental loads with predicted loads based on RSB model 

for the slab specimens. 

Specimen 
+.��� 

 (kN) 

Using ��.��  from 

dogbone tests 

Using ��.��  from 

prism tests 

+.�23 

(kN) 

+.���+.�23 

 

+.�23 

 (kN) 

+.���+.�23 

 

S60(+00) 90.7 71.4 1.27 91.2 0.99 

S60(+10) 88.8 60.6 1.47 82.5 1.08 

S60(+20) 110.3 105.7 1.04 119.0 0.93 

S60(+30) 135.5 121.5 1.12 133.3 1.02 

Average  

(COV) 

1.22  

(0.153) 
 

1.01 

(0.061) 

Note: +.��� = ultimate load from experiments; +.�23 = ultimate load predicted by RSB model. 
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6.2.2 Bi-linear model based on crack width 

To check the validity of the RSB model of AS 3600:2018 [34] for the design of           

R-SFRC flexural member, a more detailed bi-linear model based on crack width is used 

in this section to predict the capacity of the R-SFRC flexural members. Figure 6.2 

shows the bi-linear model of determining the capacity of R-SFRC section at the ultimate 

strength.  

 

Figure 6.2: Stress block and forces on R-SFRC section based on bi-linear model. 

The residual tensile stress of SFRC is a function of crack width. The crack width is 

assumed to be linear, zero at neutral axis and maximum at the extreme tension fibre. 

The ultimate load is the point when concrete strain reaches its ultimate value (��). The 

ultimate strain of concrete is taken as 0.003 as per AS 3600:2018 [34]. The maximum 

crack width at ultimate can be determined from the crack spacing.  

The residual tensile stress of SFRC corresponding to the crack width can be determined 

from the stress-COD relationship. The stress-COD results from the companion dogbone 

specimens tested with the beam and slab specimens are shown in Figures 6.3 and 6.4, 

respectively. The stress-COD relationships predicted by different standards are also 

shown in the figures.  
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Proposed Model: ��.
�  = 1.94 MPa ��.
�  = 0.98 MPa 

(a) 

 

 

 

Proposed Model: ��.
�  = 2.30 MPa ��.
�  = 1.33 MPa 

(b) 

Figure 6.3: Tensile stress versus COD for the beam specimens for fibre dosages of 

(a) 30 kg/m
3
 and (b) 60 kg/m

3
. 
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Proposed Model: ��.
�  = 1.77 MPa ��.
�  = 1.42 MPa 

(a) 

 

 

 

Proposed Model: ��.
�  = 0.97 MPa ��.
�  = 0.87 MPa 

(b) 

Figure 6.4: Tensile stress versus COD for the slab specimens for (a) Batch 1 and 

(b) Batch 2 of SFRC. 
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From the figures, it is evident that the linear stress-COD relationship determined by the 

fib Model Code 2010 [30] inverse analysis method on prism bending tests not only 

significantly over-predicts the stress-COD results from the dogbone tests, but also 

shows a hardening behaviour. The bi-linear stress-COD relationship determined by the 

AS 3600:2018 [34] inverse analysis method on prism bending tests also over-predicts 

the stress-COD results from the dogbone tests.  

The bi-linear stress-COD relationship determined by the AS 3600:2018 [34] based on 

dogbone tests gives a reasonable correlation with the dogbone test results. However, the 

AS 3600:2018 uses the limitation of ��.��  ≤ 0.9�
.�� 	 to ensure the softening behaviour and 

can over-predict or under-predict the stress-COD results based on the determination of 

�
.�� . For example, in some cases of this study, the �
.��  values could not be determined 

since the initial crack widths after the cracking of concrete were more than 0.5 mm, and 

even the determined values of �
.��  showed large variability (see Figures 6.3 and 6.4). 

Therefore, a new bi-linear stress-COD relationship based on ��.
�  and ��.
�  (given in 

Equation 6.1) is used in this study and plotted in Figures 6.3 and 6.4: 

 ��� = ��.
� , � = 0 to 1.0 mm 

��� = �X.����/�.
 J� −�L, 1.0 ≤ � ≤ � 

� = 1.0 + �.
�X.���X.�� /��.�� , ��.
�  ≤ 0.9��.
� 	  
(6.1) 

where � is the crack width and � is the ultimate crack width at zero residual tensile 

stress. 
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Tables 6.3 and 6.4 show a comparison of the experimental loads with the loads 

predicted by the bi-linear model for the beam and slab specimens, respectively. In the 

bi-linear model, the crack widths are calculated from the experimental crack spacing 

and also from the crack spacing predicted by AS 3600:2018 [34].  

The bi-linear model shows reasonable performance in predicting the ultimate capacity. 

For the beam specimens, the mean test to model ratios are 1.09 and 1.07, and 

coefficients of variation are 0.029 and 0.021, using experimental crack spacings and 

crack spacings predicted by AS 3600:2018 [34], respectively.  

For the slab specimens, the mean test to model ratios are 1.17 and 1.15, and coefficients 

of variation are 0.082 and 0.099 using experimental crack spacings and crack spacings 

predicted by AS 3600:2018 [34], respectively.  

In comparison with the RSB model, the proposed bi-linear model gives similar 

predictions for the beam specimens and slightly better predictions for the slab 

specimens tested in this study. It must be recognised, however, that the accuracy of the 

bi-linear model is strongly dependent on knowing the crack spacing to, then, determine 

the crack width. If the crack spacings are under-predicted, the model will provide non-

conservative results, with the degree of non-conservatism dependent on the slope of the 

residual tensile stress diagram for increasing w (fibre mixes with higher post-cracking 

residual strength slopes being more prone to error if the crack spacing is inaccurately 

predicted). Noting that the more complex bi-linear model does not show significantly 

improved accuracy over that of the simpler plasticity-based RSB model, and the danger 

of non-conservative results if crack spacings are under predicted, the RSB model is 

recommended for design. 
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Table 6.3: Comparison of experimental loads with predicted loads based on bi-linear model for the beam specimens. 

Specimen 

Experimental 

Bi-linear model 

Experimental crack spacing Crack spacing based on AS 3600:2018 [34] 

+.��� 

(kN) 

Mid-span 

crack spacings 

(mm) 

Interior-support 

crack spacings 

(mm) 

+.-./).��0, 

(kN) 

+.���+.-./).��0, 

Mid-span 

crack spacings 

(mm) 

Interior-support 

crack spacings 

(mm) 

+.-./).��0, 

(kN) 

+.���+.-./).��0, 

B30(-30) 278.1 99 101 263.6 1.06 79 58 265.9 1.05 

B60(-30) 299.2 69 139 272.9 1.10 64 47 273.8 1.09 

B30(+30) 289.2 106 206 255.4 1.13 64 79 265.6 1.09 

B60(+30) 289.7 89 188 266.3 1.09 51 64 272.8 1.06 

Average 

(COV) 

1.09 

(0.029) 

 1.07 

(0.021) 

Note: +.��� = ultimate load from experiments; +.-./).��0, = ultimate load predicted by bi-linear model. 
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Table 6.4: Comparison of experimental loads with predicted loads based on bi-linear model for the slab specimens. 

Specimen 

Experimental 

Bi-linear model 

Experimental crack spacing Crack spacing based on AS 3600:2018 [34] 

+.��� 

(kN) 

Mid-span 

crack spacings 

(mm) 

Interior-support 

crack spacings 

(mm) 

+.-./).��0, 

(kN) 

+.���+.-./).��0, 

Mid-span 

crack spacings 

(mm) 

Interior-support 

crack spacings 

(mm) 

+.-./).��0, 

(kN) 

+.���+.-./).��0, 

S60(+00) 90.7 146 156 78.0 1.16 187 148 77.5 1.17 

S60(+10) 88.8 174 163 68.5 1.30 188 174 68.3 1.30 

S60(+20) 110.3 162 173 103.4 1.07 110 114 106.9 1.03 

S60(+30) 135.5 174 148 119.2 1.14 97 114 122.6 1.11 

Average 

(COV) 

1.17 

(0.082) 

 1.15 

(0.099) 

Note: +.��� = ultimate load from experiments; +.-./).��0, = ultimate load predicted by bi-linear model. 
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6.3 Parametric study based on test data 

A parametric study is performed with the test data available in the literature to find the 

effect of tensile reinforcement volume and fibre dosage on the ductility of R-SFRC 

flexural members. The parametric study includes 135 beam and slab specimens with the 

details of the specimens are provided in Table 6.5. All of the specimens are simply 

supported. The specimens differ in span, cross-section, concrete strength, reinforcement 

ratio, yield and ultimate strength of reinforcement and fibre type, dosage, length and 

aspect ratio.  

The displacement ductility of a flexural member is generally evaluated as the ratio of 

mid-span displacement at ultimate to the mid-span displacement at the yielding of 

reinforcement. However, in the literature, in most of the cases, the load corresponding 

to the yielding of reinforcement was not reported for the tested specimens. Moreover, 

different studies used different criteria for ultimate displacement (i.e., displacement 

corresponding to 75-85% of peak load). For a consistent evaluation of the ductility of 

the tested specimens, a plastic deformation factor is defined as the ratio of the 

deformation at peak load (∆��0x) to the deformation of span/100 (L/100). This point 

(deformation of span/100) is considered as corresponding to sufficient deformation for 

observation of serious distress in the member [119], and a member is considered to have 

sufficient ductility if the value of plastic deformation factor is more than or equal to 1.0.  

The plastic deformation factor values of the tested specimens in Table 6.5 are 

determined and plotted in Figure 6.5. “Blue” markers are used for deformation factor 

values more than or equal to 1.0, whereas the deformation factor values less than 1.0 are 

plotted in “Red” markers. From the figure, it is evident that the plastic deformation 

factor values of RC flexural members decrease with the increase of reinforcement 
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ratios, whereas the plastic deformation factor values of R-SFRC flexural members 

increase with the increase of reinforcement ratios which implies that the ductility of RC 

flexural members decreases with the increase of reinforcement ratios whereas the 

ductility of R-SFRC flexural members increases with the increase of reinforcement 

ratios.  

In most cases, plastic deformation factor values of less than 1.0 are found when the 

reinforcement ratios are less than 0.4% which indicates that the members did not have 

sufficient deformation for observation of serious distress in the members. Moreover, a 

high fibre dosage (1%) also results in deformation factor values of less than 1.0 even at 

higher reinforcement ratios (see Figure 6.5).  

Based on the parametric study, it is evident that the post-peak behaviour of R-SFRC 

flexural members depends on the combined effect of the volume of tensile 

reinforcement and the dosage of steel fibres. A low reinforcement ratio combined with a 

high dosage of fibre can decrease the ductility of R-SFRC flexural members. 
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Table 6.5: Details of test specimens from the literature for parametric study. 

Reference 
No. of 

specimens 

Span 

length 

(m) 

Cross-section 

(�	 × f) 

(mm × mm) 

Average 

concrete 

strength 

(MPa) 

Reinforcement 

ratios 

(%) 

��� 

(MPa) 

�� 
(MPa) 

Fibre 

dosage 

(%) 

Fibre 

type 

Fibre 

length 

(mm) 

Fibre 

aspect 

ratio 

Swamy et al. 

[4] 

6 2.25 130 × 200 40 1.0 460 

605 

NA 0, 0.5, 1 Crimpled 50 100 

Dwarakanath 

and Nagaraj 

[10] 

2 1.5 100 × 208 25 0.77 500 585 0, 0.75 Hooked-end 36 72 

Oh [16] 4 1.8 120 × 180 40 1.5, 2.4 420 545 0, 1 Straight 40 57 

Alsayed [21] 3 2.3 250 × 250 35 0.75 470 NA 0, 0.5, 

1.0 

Hooked-end 60 75 

Ashour and 

Wafa [11] 

6 2.6, 3.7 170 × 300 90 1.4 440 NA 0, 0.5, 

1.0 

Hooked-end 60 75 

Espion et al. 

[22] 

2 1.4 250 × 150 30 0.5 580 NA 0, 0.4 Hooked-end 60 75 

Ashour et al. 

[17] 

18 3.1 200 × 250 50, 80 1.2, 1.8, 2.4 530 NA 0, 0.5, 

1.0 

Hooked-end 60 75 

Dancygier and 

Savir [23] 

6 3.5 200 × 300 120 0.28, 0.56 550 720 0, 0.75 Hooked-end 35, 60 65 
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Altun et al. 

[19] 

6 2.0 300 × 300 25, 35 0.5 NA NA 0, 0.4, 

0.75 

Hooked-end 60 80 

Meda et al. 

[12] 

5 3.6 200 × 300 40 0.75, 1.5 535 630 0, 0.4, 

0.75 

Hooked-end 50 50 

Pujadas et al. 

[13] 

12 2.7 1000 × 200 30 0.85 500 NA 0, 0.25, 

0.50 

Hooked-end 35, 60 64, 80 

Mertol et al. 

[14] 

20 3.3 180 × 350 30 0.20-2.5 420 NA 0, 1 Hooked-end 30 60 

Sahoo et al. 

[120] 

3 1.8 150 × 200 35 1.35 500 NA 0, 0.5, 

1.0 

Hooked-end 60 80 

Dancygier and 

Berkover [24] 

22 3.2 240 × 300 35 0.15-1.3 460 558-

693 

0, 0.5, 

0.75 

Hooked-end 35 64 

Yoo and 

Moon [15] 

20 2.6 320 × 300 45 0.18-0.41 500 NA 0, 0.25, 

0.5, 

0.75, 1.0 

Hooked-end 35 64 

Note: � = width of specimen; f = depth of specimen; ��� = yield strength of steel; �� = ultimate strength of steel. 
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(a) (b) 

 

 

 
(c) (d) 

Figure 6.5: Plastic deformation factors versus reinforcement ratios for fibre dosages of 

(a) 0%, (b) 0.4-0.5%, (c) 0.75% and (d) 1%. 
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6.4 Post-peak behaviour and minimum reinforcement ratio 

The parametric studies, based on the FE models (in Chapter 5) and using the test data 

(in Section 6.3), indicate that the post-peak behaviour of R-SFRC flexural members 

depends on the combined effect of the hardening of reinforcement and the softening of 

SFRC. The post-peak behaviour of R-SFRC flexural members can be explained by 

Figure 6.6. The steel reinforcing bar shows strain hardening after yield whereas the 

SFRC softens as the crack width increases. When these two materials are combined, the 

post-peak behaviour is dictated by the relative change in moment due to the hardening 

of reinforcing bars and the softening of SFRC.  

The capacity of a R-SFRC section is given by: 

 ( = 4�6� + 4�6� (6.2) 

where 4� = tensile force in the steel, 4� = tensile force in the fibre, 6� = lever arm from 

the compressive force to 4�, and 6� = lever arm from the compressive force to 4�. The 

change in moment after peak load is given by: 

 ∆( = ∆J4�6�L + ∆J4�6�L (6.3) 

The flexural member will show an elasto-plastic behaviour when the change in moment 

due to hardening of steel and softening of fibres is zero. That is: 

 ∆J4�6�L + ∆�4�6�� = 0;  or  ∆J4�6�L = −∆�4�6�� (6.4) 

The flexural member will show strain hardening behaviour when ∆J4�6�L > −∆�4�6�� 
and strain softening behaviour when ∆J4�6�L < −∆�4�6��. 
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Figure 6.6: (a) Stress-strain behaviour of steel reinforcing bar, (b) stress-strain and stress-COD behaviour of SFRC in tension, and 

(c) moment-curvature relationship of steel, fibre and steel-fibre combined. 
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Based on the bi-linear stress-COD relationship of SFRC in Equation 6.1, the R-SFRC 

flexural member shows a brief hardening after the yielding of reinforcement up to a 

crack width of 1 mm. After the crack width of 1 mm, the post-peak behaviour largely 

depends on the relative change in moment by the hardening of reinforcement and the 

softening of SFRC. To develop an empirical relationship for minimum reinforcement 

ratio required for a sufficient ductility of R-SFRC beams and slabs, the minimum 

reinforcement ratio is calculated based on Equation 6.4 for 100 beam and slab 

specimens by varying the depth of the cross-section and the slope of the descending 

branch of SFRC between ��.
�  and ��.
� .  

In the parametric study, the depths of the beams and slabs are varied from 400 to 

800 mm and 100 to 300 mm, respectively, and the slopes of the descending branch of 

SFRC between ��.
�  and ��.
� 	are taken over the range of -0.125 to -0.50. In the 

calculation of the capacity of the cross-section, the values of the compressive strength 

(���), tensile strength and elastic modulus are taken as 40 MPa, 2.3 MPa (0.36i���) and 

30000 MPa, respectively. The yield strength (���) and ultimate strength (��) of 

reinforcing bars are taken as 500 MPa and 540 MPa (1.08���), respectively. The yield 

strain (���) and ultimate strain (��) of reinforcing bars are taken as 0.0025 and 0.05, 

respectively. For the beam and slab specimens, the centroid of tensile reinforcement is 

taken as 60 mm and 30 mm, respectively, from the tension face. The diameters of the 

reinforcing bars are chosen to be 20 mm and 10 mm for the beams and slabs, 

respectively. 

Tables 6.6 and 6.7 show the calculated values of minimum reinforcement ratio for the 

beam and slab specimens, respectively. From the tables, it is evident that the minimum 

reinforcement ratio is directly proportional to the slope of the softening of SFRC and 
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inversely proportional to the depth of the cross-section and the value of ��.
� . As 

expected, for the same depth of cross-section and the same value of ��.
� , increasing the 

difference in ��.
�  and ��.
�  values (i.e. the slope of the softening of SFRC) increases the 

value of minimum reinforcement ratio as more reinforcement will be required to 

overcome the softening of SFRC. 

As the depth of the cross-section increases, the lever arm for both reinforcement and 

fibre contribution increase. However, the increase in lever arm for the reinforcement is 

more than that of the fibre contribution; therefore for the same fibre contribution, less 

reinforcement will be required for a flat post-peak behaviour with the increase in the 

depth of cross-section.  

For the same depth of cross-section and the same slope of the softening of SFRC (same 

difference in ��.
�  and ��.
�  values), the higher the value of ��.
� , the lower the value of 

minimum reinforcement ratio. SFRC with a higher residual strength (��.
� ) has a smaller 

crack spacing and crack width, and hence the reinforcement requirement is lower for a 

flat post-peak behaviour. 

The following relationships for beams and slabs provide a good fit with the calculated 

minimum reinforcement ratios: 

For beams with D > 300 mm: BC.� = 7-���.
� − ��.
���.
� 	×	f  (6.5) 

   

For slabs with D ≤ 300 mm: BC.� = 7����.
� − ��.
���.
� 	×	f  (6.6) 
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Plotting the values of the reinforcement ratio against ��X.�� /��.���X.�� 	×	�  in Figure 6.7 gives the 

values of 7- and 7� as 0.228 and 0.132, respectively. 

The empirical relationships in Equations 6.5 and 6.6 are verified using the beam and 

slab specimens tested in this study. Tables 6.8 and 6.9 show a comparison of the 

provided reinforcement ratios with the required reinforcement ratios based on 

Equations 6.5 and 6.6 for the beam and slab specimens, respectively. The beam 

specimens showed almost flat post-peak behaviour for the provided reinforcement 

ratios. The required reinforcement ratios based on the expression in Equation 6.5 are 

slightly higher than the provided reinforcement ratios at some sections. The reason is 

that the degree of hardening of the reinforcing bars used in the tests was more than that 

of assumed in the expression in Equation 6.5. Thus, the proposed relationship is 

conservative. 

For the slab specimens, the degree of hardening of the reinforcing bars used in the tests 

was almost same as that of assumed in the expression in Equation 6.6, and in almost all 

cases other than one, the required reinforcement ratios based on expression in 

Equation 6.6 are higher than the provided reinforcement ratios, and the slab specimens 

showed a softening behaviour after a brief hardening. 
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Table 6.6: Calculated minimum reinforcement ratios for the beam specimens. 

Sample no. Depth (mm) � .¡�  (MPa) �¢.¡�  (MPa) £	¤¥¦ Sample no. Depth (mm) � .¡�  (MPa) �¢.¡�  (MPa) £	¤¥¦ 

1 400 

2.0 1.75 

0.0034 26 400 

1.5 1.0 

0.0058 

2 500 0.0031 27 500 0.0054 

3 600 0.0029 28 600 0.0051 

4 700 0.0027 29 700 0.0047 

5 800 0.0025 30 800 0.0045 

6 400 

2.0 1.5 

0.0054 31 400 

1.5 0.75 

0.0075 

7 500 0.0050 32 500 0.0070 

8 600 0.0047 33 600 0.0067 

9 700 0.0044 34 700 0.0060 

10 800 0.0041 35 800 0.0057 

11 400 

2.0 1.25 

0.0070 36 400 

1.5 0.5 

0.0091 

12 500 0.0064 37 500 0.0083 

13 600 0.0060 38 600 0.0079 

14 700 0.0056 39 700 0.0074 

15 800 0.0052 40 800 0.0069 

16 400 

2.0 1.0 

0.0083 41 400 

1.0 0.75 

0.0049 

17 500 0.0077 42 500 0.0044 

18 600 0.0071 43 600 0.0043 

19 700 0.0068 44 700 0.0043 

20 800 0.0064 45 800 0.0042 

21 400 

1.5 1.25 

0.0039 46 400 

1.0 0.5 

0.0084 

22 500 0.0034 47 500 0.0078 

23 600 0.0031 48 600 0.0074 

24 700 0.0029 49 700 0.0069 

25 800 0.0027 50 800 0.0066 
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Table 6.7: Calculated minimum reinforcement ratios for the slab specimens. 

Sample no. Depth (mm) � .¡�  (MPa) �¢.¡�  (MPa) £	¤¥¦ Sample no. Depth (mm) � .¡�  (MPa) �¢.¡�  (MPa) £	¤¥¦ 

1 100 

2.0 1.75 

0.0040 26 100 

1.5 1.0 

0.0074 

2 150 0.0030 27 150 0.0054 

3 200 0.0027 28 200 0.0045 

4 250 0.0025 29 250 0.0042 

5 300 0.0023 30 300 0.0039 

6 100 

2.0 1.5 

0.0067 31 100 

1.5 0.75 

0.0098 

7 150 0.0048 32 150 0.0070 

8 200 0.0041 33 200 0.0060 

9 250 0.0038 34 250 0.0055 

10 300 0.0035 35 300 0.0052 

11 100 

2.0 1.25 

0.0089 36 100 

1.5 0.5 

0.0122 

12 150 0.0064 37 150 0.0085 

13 200 0.0055 38 200 0.0073 

14 250 0.0051 39 250 0.0067 

15 300 0.0048 40 300 0.0063 

16 100 

2.0 1.0 

0.0109 41 100 

1.0 0.75 

0.0068 

17 150 0.0078 42 150 0.0050 

18 200 0.0067 43 200 0.0044 

19 250 0.0061 44 250 0.0041 

20 300 0.0058 45 300 0.0038 

21 100 

1.5 1.25 

0.0046 46 100 

1.0 0.5 

0.0110 

22 150 0.0034 47 150 0.0079 

23 200 0.0029 48 200 0.0068 

24 250 0.0027 49 250 0.0063 

25 300 0.0025 50 300 0.0059 
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(a) 

 
(b) 

Figure 6.7: Curve fitting of minimum reinforcement ratios for (a) beam and 

(b) slab specimens. 
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Table 6.8: Comparison of provided and required reinforcement ratios for the beam 

specimens tested in this study. 

Specimen 

Reinforcement ratios (%) 

Mid-span Intermediate support 

Provided Required Provided Required 

B30(-30) 0.69 0.80 1.38 0.80 

B60(-30) 0.69 0.74 1.38 0.74 

B30(+30) 1.03 0.80 0.69 0.80 

B60(+30) 1.03 0.74 0.69 0.74 

 

Table 6.9: Comparison of provided and required reinforcement ratios for the slab 

specimens tested in this study. 

Specimen 

Reinforcement ratios (%) 

Mid-span Intermediate support 

Provided Required Provided Required 

S60(+00) 0.21 0.29 0.28 0.29 

S60(+10) 0.21 0.29 0.21 0.29 

S60(+20) 0.29 0.40 0.21 0.40 

S60(+30) 0.42 0.40 0.21 0.40 
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6.5 Conclusions 

In this chapter, two analytical models were used to predict the ultimate capacity of      

R-SFRC flexural members, one simplified based on the RSB approach of                    

AS 3600-2018 [34] and one detailed based on the derivation of residual stress of SFRC 

from crack width and crack spacing. It is found that the predictions of the proposed bi-

linear model are almost the same or slightly better than that of the RSB model. Since the 

more complex bi-linear model does not show any significantly improved accuracy over 

that of the simpler plasticity-based RSB mode and requires accurate determination of 

the crack spacings, the RSB model is recommended for design. 

A parametric study was also performed in this chapter using the test data available in 

the literature to determine the effect of tensile reinforcement ratio and fibre dosage on 

the ductility of R-SFRC flexural members. For consistent evaluation of ductility of the 

tested specimens, a plastic deformation factor was defined. The parametric study shows 

that the ductility of R-SFRC flexural members increases with the increase of 

reinforcement ratios. However, when the reinforcement ratios are less than 0.4% and/or 

when the dosages of steel fibres are high, the inclusion of steel fibres decrease the 

ductility of the member.  

Based on the parametric study, the post-peak behaviour of R-SFRC flexural members 

was mathematically formulated. The member shows a softening behaviour if the 

increase in moment due to the hardening of reinforcement cannot compensate for the 

decrease in moment due to the softening of steel fibres, and vice versa. 

Based on the mathematical formulation, the tensile reinforcement ratio required for a 

flat post-peak behaviour was calculated for 100 beam and slab specimens by varying the 
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depth of the cross-section and the slope of the softening of SFRC. The data of the 

parametric study was used to develop empirical relationships for minimum 

reinforcement ratios for R-SFRC beams and slabs. The relationships are shown to 

provide a good estimation of the minimum tensile reinforcement ratios required for 

sufficient level of ductility, as demonstrated against the tests undertaken in this study.  
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Chapter 7 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

Researchers generally agree that the addition of steel fibres to concrete significantly 

improve the cracking and deformational behaviour of flexural members at service loads, 

as well as enhance their strength. However, as shown in Chapter 2 of this study, the 

ductility of R-SFRC members is questioned, particularly for members with low volumes 

of conventional steel reinforcement.  

At high reinforcement ratios and for over-reinforced beams, the inclusion of steel fibres 

improves the ductility and converts dynamic concrete crushing to progressive concrete 

crushing, whereas at low reinforcement ratios, especially when combined with high 

dosages of fibres, the addition of steel fibres can lead to a reduction in ductility of RC 

flexural members under certain conditions. Some researchers attributed this reduction in 

ductility and deformational capacity by the addition of steel fibres to crack localisation. 

In turn, crack localisation locally increases strains in reinforcing bars crossing cracks, 

leading to fracture of the bars at lower member deformations (deflections). Crack 

localisation in R-SFRC flexural members is caused by the improved bond between the 

reinforcing bars and the surrounding concrete due to the influence of fibres and 

enhanced control of microcracking.  

Although limited research has been undertaken on the flexural performance of R-SFRC 

simply supported members, few studies are found on the flexural performance of         

R-SFRC continuous members, and no prior studies have investigated the ability of      
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R-SFRC continuous members with low tensile reinforcement ratios to redistribute loads, 

or if the achievement of the maximum moment redistribution (generally ±30%) in 

design standards is possible. Due to the lack of research in this area, AS 3600:2018 [34] 

limits moment redistribution in continuous members with less than 0.4% of tensile 

reinforcement. Thus, this study was undertaken with the objectives of determining the 

moment redistribution capability of R-SFRC continuous members and formulating the 

post-peak behaviour of R-SFRC flexural members. 

Chapter 3 presented the test results of four R-SFRC two-span continuous beams that 

were designed for 30% of positive and negative moment redistribution with respect to 

the linear-elastic condition. This experimental program was designed to determine the 

degree of moment redistribution that can be achieved and the levels of ductility attained. 

Together with the fibre-reinforced specimens, two control specimens without fibres 

were also tested. The specimens were 8.2 m long (4.0 m spans), 250 mm wide and 

400 mm deep. The tensile reinforcement ratios varied between 0.69% and 1.38%.  

Dramix 5D steel fibres with nominal dosages of 30 and 60 kg/m
3
 were used.  

The test results showed that the inclusion of steel fibres marginally increased the load-

carrying capacity of the beam specimens. It was observed that crack spacing was 

reduced, the number of cracks increased and the width of cracks substantially reduced 

with the addition of steel fibres. In all tests, two plastic hinges fully formed, one at the 

mid-span of the critical member and one over the intermediate support before the 

ultimate load was reached, indicating the achievement of full theoretical (elastic) design 

moment redistribution of ±30%.  
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The beam specimens were tested up to a displacement of 50 mm. Although for some of 

the R-SFRC specimens, the peak load occurred slightly before a displacement of 

span/100, the load did not drop to lower than 99 per cent of the peak load at the 

displacement of span/100 for any of the R-SFRC beams specimens, and the ductility 

factor values based on displacement and work done indicate good ductile behaviour 

displayed by the R-SFRC beam specimens for the steel reinforcement ratios tested. It is 

concluded that for the steel reinforcement ratios tested, steel fibres can be relied upon in 

plastic hinge regions for strength and the R-SFRC flexural members can maintain their 

load-carrying capacity during large plastic rotations and bending moment redistribution. 

Chapter 4 presented the test results of four R-SFRC two-span continuous one-way slabs 

that were designed for 0 to 30% of positive moment redistribution with respect to the 

linear-elastic condition by varying the tensile reinforcement ratios between 0.21% and 

0.42%. This experimental program was designed to determine if the R-SFRC flexural 

members with less than 0.4% of tensile reinforcement can achieve the design amount of 

moment redistribution, and to study the effect of low reinforcement ratios and moment 

redistribution on the post-peak behaviour and ductility of R-SFRC flexural members. 

To compare the post-peak behaviour of fibre-reinforced and non-fibre specimens, two 

control RC specimens with same design flexural capacity and moment redistribution of 

two R-SFRC specimens were also tested. The specimens were 8.2 m long (4.0 m spans), 

800 mm wide and 220 mm deep. Dramix 3D steel fibres with a nominal dosage of 

60 kg/m
3
 were used.  

The test results showed that although crack localisation happened in both RC and        

R-SFRC specimens, the RC specimens showed lengthy hardening regions after the 

formation of second plastic hinge; whereas, the R-SFRC specimens showed a shorter 
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displacement length over which hardening occurred before the peak load was reached, 

followed by a period of gentle softening. A comparison of ductility based on 

displacement and work done indicated that all specimens had a good level of ductility; 

however, the deflection of the R-SFRC specimens was less than the desired span/100 at 

ultimate. For both the RC and R-SFRC slabs, the ductility decreased with increasing 

moment redistribution. 

All RC and R-SFRC specimens failed after the formation of two plastic hinges, one at 

the mid-span of the critical member and one over the intermediate support, which 

indicates that the specimens achieved full theoretical (elastic) design moment 

redistributions. It is concluded that R-SFRC continuous members with less than 0.4% of 

tensile reinforcement can achieve the maximum amount of positive moment 

redistribution allowed by the current design standards; however, some limitations in 

reinforcement are appropriate to ensure sufficient ductility up to a displacement of 

span/100. It is to be noted that the point loads applied in the tests provide for high 

moment gradients, enhancing the effects of localisation. The influence of load type was 

further investigated through parametric studies in Chapter 5. 

In Chapter 5, two-dimensional FE models of R-SFRC flexural members were developed 

using the FE program RECAP. The FE models were validated using the test data from 

this study. The validated FE models were used for parametric studies to determine the 

effect the slope of the tensile stress-COD of SFRC, the degree of hardening of 

reinforcement and the type of loading on the post-peak behaviour of R-SFRC flexural 

members.  
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The parametric studies showed that the post-peak behaviour of R-SFRC flexural 

members depends on the combined effect of the rate of softening of SFRC and the 

degree of hardening of reinforcement. When the amount of tensile reinforcement is low, 

the post-peak behaviour of R-SFRC flexural members is mainly dominated by the 

softening of SFRC. A high dosage of steel fibres usually causes a steep softening slope 

and increases the possibility of post-peak softening when used in flexural members with 

low tensile reinforcement ratios. 

In Chapter 6, the ultimate strength results of the tests were compared with predictions 

using (1) the rectangular stress block design model of AS 3600: 2018 [34] and (2) a    

bi-linear model to describe the SFRC stress-COD relationship. In comparison to the 

RSB approach of AS 3600-2018, the more complex bi-linear model did not show 

significantly improved accuracy. Further, the bi-linear model requires accurate 

determination of crack widths and, thus, the crack spacings, which remains problematic. 

In the bi-linear modelling approach, the influence of errors and uncertainty in 

determining crack spacing and widths can far exceed any perceived increase in accuracy 

due to a seemingly improved mapping of the stress-COD curve by adopting a softening 

model, as opposed to one based on plasticity. 

The test data available in the literature was used together with a parametric study to 

determine the effect of tensile reinforcement ratio and fibre dosage on the ductility of  

R-SFRC flexural members. A plastic deformation factor was defined for consistent 

evaluation of the ductility of tested specimens. It was found that the ductility of           

R-SFRC flexural members decreases with the decrease in reinforcement ratio and the 

increase in fibre content. 
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Based on the parametric studies presented in Chapters 5 and 6, the post-peak behaviour 

of R-SFRC flexural members was mathematically formulated. Based on the 

formulation, the post-peak hardening and softening of R-SFRC flexural members 

depends on the relative change in moment due to the hardening provided by 

reinforcement and softening provided by fibres. In flexural members with low 

reinforcement ratios and high dosages of fibres, the increase in moment due to the 

hardening of reinforcement may not compensate for the decrease in moment due to the 

softening of SFRC, which results in a softening post-peak behaviour. This conclusion 

depends on the tensile properties of the SFRC used; noting that in this study a relatively 

high dosage of lower-performing fibre was used to exacerbate the effect. Higher 

performing fibres in an SFRC matrix that show a higher level of ductility at the material 

level may not be similarly affected.  

Based on the post-peak formulation of R-SFRC flexural members, the relationships for 

minimum tensile reinforcement for which R-SFRC flexural members will show 

sufficient ductility were developed and verified using the test data available in this 

study.  

7.2 Recommendations for future study 

This is the first time that the moment redistribution capability and post-peak behaviour 

of R-SFRC continuous members designed for moment redistribution have been studied. 

Further experimental investigations are recommended that consider different loading 

condition and fibre types and volumes. In particular, the use of better performing fibres 

should be studied. Recommendations for further research are as follows: 
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• In the beam specimens tested in this study, only a single type of fibres was used. 

Further research should be done by varying the types of fibres. 

• For the slab specimens tested in this study, only the positive moment 

redistributions, and a single dose and a single type of fibres were considered. 

Further tests should be done on specimens with low reinforcement ratios 

designed for negative moment redistribution and by varying the dosages and 

type of fibres. 

• The AS 3600:2018 [34] inverse analysis method on prism bending tests over 

predicted the dogbone test results in this study. Further research should be done 

in this area to improve the inverse models and decrease model error and 

uncertainty. 

• The empirical relationships for minimum tensile reinforcement for which         

R-SFRC flexural member will show sufficient ductility are developed for 

concrete strength of 40 MPa and steel yield strength of 500 MPa. Further study 

should be undertaken by varying the strength of concrete and reinforcing steel.  

• The limitations imposed on reinforcement by AS 3600:2018 [34] for SFRC 

moment-resisting frames forming part of the seismic-force-resisting system 

should be studied further. 
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APPENDIX A 

This appendix provides detail calculations of the design of RC and R-SFRC two-span 

continuous beams for moment redistribution tested in this study and presented in 

Chapter 3.  

A1 Design data 

Design Standard = AS 3600-2018 

Depth of the beams, f = 400 mm 

Width of the beams, � = 250 mm 

Characteristic compressive strength of concrete, ��� = 40 MPa 

7� = 0.85 − 0.0015��� = 0.80;	7� ≥ 0.67 

: = 0.97 − 0.0025��� = 0.89; 	: ≥ 0.67 

Yield strength of steel, ��� = 500 MPa 

Elastic modulus of steel, 	� = 200 × 10� MPa 

Characteristic residual tensile strength of SFRC for 30 kg/m
3
 of Dramix 5D fibres, ��.�� = 0.8 MPa 

Characteristic residual tensile strength of SFRC for 60 kg/m
3
 of Dramix 5D fibres, ��.�� = 1.6 MPa 

Effective depth of tensile reinforcement, �� = 360 mm 

Effective depth of compressive reinforcement, �� = 40 mm 
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A2 Design of the specimens in Series A 

A2.1 Specimen B00(-30) 

A2.1.1 Preliminary design 

Specimen B00(-30) was designed for 30% of negative moment redistribution with 

respect to linear elastic condition. 

 

Design load, + = 200 kN 

For a two-span continuous beam with a span length of 4 m,  

Elastic moment at mid-span, (1� = 0.625+ 

Elastic moment at intermediate support, (1/ = 0.75+ 

 

For 30% of negative moment redistribution with respect to linear elastic condition, 

(/ = 1.3(1/ = 1.3 ∗ 0.75+ = 0.975+ = 195 kN-m 

(� = 1 − 0.5(/ = 0.5125+ = 102.5 kN-m 

 

Ignoring the effect of compressive reinforcement, 

(� = �������J0.9��L = 102.5 kN-m  

���� = 633 mm
2 

Try 2-N20 bars, ���� = 2	×	310 = 620 mm
2
 

 

(/ = ���/���J0.9��L = 195 kN-m 

���/ = 1204 mm
2 

Try 2-N20 and 1-N28 bars, ���/ = 2	×	310 + 1 × 620 = 1240 mm
2
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A2.1.2 Calculation of ultimate capacity and moment redistribution for the 

provided reinforcement 

Figure A.1 shows the stress block and forces on RC section based on AS 3600-2018 

model. 

 

 

Figure A.1: Stress block and forces on RC section based on AS 3600-2018 model. 

 

At mid-span: 

Compressive force of concrete, �� = 7����:��� = 6.87�� kN 

 

Tensile reinforcement, ��� = 620 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 310 kN 

 

Compressive reinforcement, ��� = 620 mm
2 

(2-N20 bars were continued throughout 

the span) 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 372J�� − 40L/�� kN 

 

Solving equilibrium: �� + �� = 4�  
�� = 42.2 mm 
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Forces: 

�� = 290.3 kN 

�� = 19.7 kN 

4� = 310 kN 

 

Moment capacity at mid-span: 

Taking moment about the neutral axis,  

(� = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L 
       = 105.5 kN-m 

 

At intermediate support: 

Compressive force of concrete, �� = 7����:��� = 6.87�� kN 

 

Tensile reinforcement, ��� = 1240 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 620 kN 

 

Compressive reinforcement, ��� = 620 mm
2
 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 372J�� − 40L/�� kN 

 

Solving equilibrium: �� + �� = 4�  
�� = 67.9 mm 
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Forces: 

�� = 467 kN 

�� = 153 kN 

4� = 620 kN 

 

Moment capacity at intermediate support: 

Taking moment about the neutral axis,  

(/ = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L 
       = 203.3 kN-m 

 

Ultimate capacity of the beam specimen, + = (� + 0.5(/ = 207.1 kN (OK) 

Elastic moment at intermediate support, (1/ = 0.75+ = 155.3 kN-m 

Moment redistribution (%) = J(1/ −(/L/(1/ × 100% = −30.9% (OK) 
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A2.2 Specimen B30(-30) 

Specimen B30(-30) was designed for the same reinforcement ratios as specimen    

B00(-30) considering the contribution of 30 kg/m
3 

of steel fibres. Figure A.2 shows the 

stress block and forces on R-SFRC section based on AS 3600-2018 model. 

 

 

Figure A.2: Stress block and forces on R-SFRC section based on AS 3600-2018 model. 

 

At mid-span: 

Compressive force of concrete, �� = 7����:��� = 6.87�� kN 

 

Tensile reinforcement, ��� = 620 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 310 kN 

 

Compressive reinforcement, ��� = 620 mm
2 

(2-N20 bars were continued throughout 

the span) 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 372J�� − 40L/�� kN 
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Tensile force of fibre, 4� = ∅«$%��.�� ��� 

Assume, ∅« = 1, $% = 1, �� = f − �� 

4� = 0.2J400 − ��L kN 

 

Solving equilibrium: �� + �� = 4� + 4�  

�� = 47.2 mm 

 

Check tensile strain at the bottom face of the cross-section: 

�� = 0.003 × Jf − ��L/�� = 0.0224 < 0.025 (OK) 

�� = f − �� = 352.8 mm 

 

Forces: 

�� = 324.1 kN 

�� = 56.5 kN 

4� = 310 kN 

4� = 70.6 kN 

 

Moment capacity at mid-span: 

Taking moment about the neutral axis,  

(� = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L + 4� × ��/2 

       = 118.5 kN-m 
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At intermediate support: 

Compressive force of concrete, �� = 7����:��� = 6.87�� kN 

 

Tensile reinforcement, ��� = 1240 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 620 kN 

 

Compressive reinforcement, ��� = 620 mm
2
 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 372J�� − 40L/�� kN 

 

Tensile force of fibre, 4� = 0.2J400 − ��L kN 

 

Solving equilibrium: �� + �� = 4� + 4�  

�� = 74.6 mm 

 

Check tensile strain at the bottom face of the cross-section: 

�� = 0.003 × Jf − ��L/�� = 0.0131 < 0.025 (OK) 

�� = f − �� = 325.4 mm 

 

Forces: 

�� = 512.6 kN 

�� = 172.5 kN 

4� = 620 kN 

4� = 65.1 kN 
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Moment capacity at intermediate support: 

Taking moment about the neutral axis,  

(/ = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L + 4� × ��/2 

       = 215.1 kN-m 

 

Ultimate capacity of the beam specimen, + = (� + 0.5(/ = 226 kN 

Elastic moment at intermediate support, (1/ = 0.75+ = 169.5 kN-m 

Moment redistribution (%) = J(1/ −(/L/(1/ × 100% = −26.9% 
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A2.3 Specimen B60(-30) 

Specimen B60(-30) was designed for the same reinforcement ratios as specimen    

B00(-30) considering the contribution of 60 kg/m
3 

of steel fibres. 

At mid-span: 

Compressive force of concrete, �� = 7����:��� = 6.87�� kN 

 

Tensile reinforcement, ��� = 620 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 310 kN 

 

Compressive reinforcement, ��� = 620 mm
2 

(2-N20 bars were continued throughout 

the span) 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 372J�� − 40L/�� kN 

 

Tensile force of fibre, 4� = ��.�� ��� = 1.6 × 250 × Jf − ��L = 0.4J400 − ��L kN 

 

Solving equilibrium: �� + �� = 4� + 4�  

�� = 52.5 mm 

 

Check tensile strain at the bottom face of the cross-section: 

�� = 0.003 × Jf − ��L/�� = 0.0199 < 0.025 (OK) 

�� = f − �� = 347.5 mm 
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Forces: 

�� = 360.6 kN 

�� = 88.4 kN 

4� = 310 kN 

4� = 139 kN 

 

Moment capacity at mid-span: 

Taking moment about the neutral axis,  

(� = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L + 4� × ��/2 

       = 131.3 kN-m 

 

At intermediate support: 

Compressive force of concrete, �� = 7����:��� = 6.87�� kN 

 

Tensile reinforcement, ��� = 1240 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 620 kN 

 

Compressive reinforcement, ��� = 620 mm
2
 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 372J�� − 40L/�� kN 

 

Tensile force of fibre, 4� = ��.�� ��� = 1.6 × 250 × Jf − ��L = 0.4J400 − ��L kN 
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Solving equilibrium: �� + �� = 4� + 4�  

�� = 81.3 mm 

 

Check tensile strain at the bottom face of the cross-section: 

�� = 0.003 × Jf − ��L/�� = 0.0118 < 0.025 (OK) 

�� = f − �� = 318.7 mm 

 

Forces: 

�� = 558.6 kN 

�� = 188.9 kN 

4� = 620 kN 

4� = 127.5 kN 

 

Moment capacity at intermediate support: 

Taking moment about the neutral axis,  

(/ = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L + 4� × ��/2 

       = 226.6 kN-m 

 

Ultimate capacity of the beam specimen, + = (� + 0.5(/ = 244.6 kN 

Elastic moment at intermediate support, (1/ = 0.75+ = 183.4 kN-m 

Moment redistribution (%) = J(1/ −(/L/(1/ × 100% = −23.5% 
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A3 Design of the specimens in Series B 

A3.1 Specimen B00(+30) 

A3.1.1 Preliminary design 

Specimen B00(+30) was designed for 30% of positive moment redistribution with 

respect to linear elastic condition. 

 

Design load, + = 200 kN 

 

For 30% of positive moment redistribution with respect to linear elastic condition, 

(/ = 0.7(1/ = 0.7 ∗ 0.75+ = 0.525+ = 105 kN-m 

(� = 1 − 0.5(/ = 0.7375+ = 147.5 kN-m 

 

Ignoring the effect of compressive reinforcement, 

(� = �������J0.9��L = 147.5 kN-m  

���� = 910 mm
2 

Try 3-N20 bars, ���� = 3	×	310 = 930 mm
2
 

 

(/ = ���/���J0.9��L = 105 kN-m 

���/ = 648 mm
2 

Try 2-N20 bars, ���/ = 2	×	310 = 620 mm
2
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A3.1.2 Calculation of ultimate capacity and moment redistribution for the 

provided reinforcement 

At mid-span: 

Compressive force of concrete, �� = 7����:��� = 6.87�� kN 

 

Tensile reinforcement, ��� = 930 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 465 kN 

 

Compressive reinforcement, ��� = 620 mm
2 

 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 372J�� − 40L/�� kN 

 

Solving equilibrium: �� + �� = 4�  
�� = 53.8 mm 

 

Forces: 

�� = 369.7 kN 

�� = 95.3 kN 

4� = 465 kN 

 

Moment capacity at mid-span: 

Taking moment about the neutral axis,  

(� = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L 
       = 154.9 kN-m 
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At intermediate support: 

Compressive force of concrete, �� = 7����:��� = 6.87�� kN 

 

Tensile reinforcement, ��� = 620 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 310 kN 

 

Compressive reinforcement, ��� = 620 mm
2
 (2-N20 bars were continued throughout 

the span) 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 372J�� − 40L/�� kN 

 

Solving equilibrium: �� + �� = 4�  
�� = 42.2 mm 

 

Forces: 

�� = 290.3 kN 

�� = 19.7 kN 

4� = 310 kN 

 

Moment capacity at intermediate support: 

Taking moment about the neutral axis,  

(/ = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L 
       = 105.5 kN-m 
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Ultimate capacity of the beam specimen, + = (� + 0.5(/ = 207.7 kN (OK) 

Elastic moment at intermediate support, (1/ = 0.75+ = 155.8 kN-m 

Moment redistribution (%) = J(1/ −(/L/(1/ × 100% = +32.3% (OK) 
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A3.2 Specimen B30(+30) 

Specimen B30(+30) was designed for the same reinforcement ratios as specimen    

B00(+30) considering the contribution of 30 kg/m
3 

of steel fibres. 

At mid-span: 

Compressive force of concrete, �� = 7����:��� = 6.87�� kN 

 

Tensile reinforcement, ��� = 930 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 465 kN 

 

Compressive reinforcement, ��� = 620 mm
2 

 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 372J�� − 40L/�� kN 

 

Tensile force of fibre, 4� = ��.�� ��� = 0.8 × 250 × Jf − ��L = 0.2J400 − ��L kN 

 

Solving equilibrium: �� + �� = 4� + 4�  

�� = 59.7 mm 

 

Check tensile strain at the bottom face of the cross-section: 

�� = 0.003 × Jf − ��L/�� = 0.0171 < 0.025 (OK) 

�� = f − �� = 340.3 mm 
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Forces: 

�� = 410.3 kN 

�� = 122.7 kN 

4� = 465 kN 

4� = 68.1 kN 

 

Moment capacity at mid-span: 

Taking moment about the neutral axis,  

(� = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L + 4� × ��/2 

       = 167.5 kN-m 

 

At intermediate support: 

Compressive force of concrete, �� = 7����:��� = 6.87�� kN 

 

Tensile reinforcement, ��� = 620 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 310 kN 

 

Compressive reinforcement, ��� = 620 mm
2
 (2-N20 bars were continued throughout 

the span) 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 372J�� − 40L/�� kN 

 

Tensile force of fibre, 4� = ��.�� ��� = 0.8 × 250 × Jf − ��L = 0.2J400 − ��L kN 
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Solving equilibrium: �� + �� = 4� + 4�  

�� = 47.2 mm 

 

Check tensile strain at the bottom face of the cross-section: 

�� = 0.003 × Jf − ��L/�� = 0.0224 < 0.025 (OK) 

�� = f − �� = 352.8 mm 

 

Forces: 

�� = 324.1 kN 

�� = 56.5 kN 

4� = 310 kN 

4� = 70.6 kN 

 

Moment capacity at intermediate support: 

Taking moment about the neutral axis,  

(/ = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L + 4� × ��/2 

       = 118.5 kN-m 

 

Ultimate capacity of the beam specimen, + = (� + 0.5(/ = 226.7 kN 

Elastic moment at intermediate support, (1/ = 0.75+ = 170 kN-m 

Moment redistribution (%) = J(1/ −(/L/(1/ × 100% = +30.3% 
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A3.3 Specimen B60(+30): 

Specimen B60(+30) was designed for the same reinforcement ratios as specimen    

B00(+30) considering the contribution of 60 kg/m
3 

of steel fibres. 

At mid-span: 

Compressive force of concrete, �� = 7����:��� = 6.87�� kN 

 

Tensile reinforcement, ��� = 930 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 465 kN 

 

Compressive reinforcement, ��� = 620 mm
2 

 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 372J�� − 40L/�� kN 

 

Tensile force of fibre, 4� = ��.�� ��� = 1.6 × 250 × Jf − ��L = 0.4J400 − ��L kN 

 

Solving equilibrium: �� + �� = 4� + 4�  

�� = 65.9 mm 

 

Check tensile strain at the bottom face of the cross-section: 

�� = 0.003 × Jf − ��L/�� = 0.0152 < 0.025 (OK) 

�� = f − �� = 334.1 mm 
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Forces: 

�� = 452.6 kN 

�� = 146 kN 

4� = 465 kN 

4� = 133.7 kN 

 

Moment capacity at mid-span: 

Taking moment about the neutral axis,  

(� = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L + 4� × ��/2 

       = 179.7 kN-m 

 

At intermediate support: 

Compressive force of concrete, �� = 7����:��� = 6.87�� kN 

 

Tensile reinforcement, ��� = 620 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 310 kN 

 

Compressive reinforcement, ��� = 620 mm
2
 (2-N20 bars were continued throughout 

the span) 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 372J�� − 40L/�� kN 

 

Tensile force of fibre, 4� = ��.�� ��� = 1.6 × 250 × Jf − ��L = 0.4J400 − ��L kN 
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Solving equilibrium: �� + �� = 4� + 4�  

�� = 52.5 mm 

 

Check tensile strain at the bottom face of the cross-section: 

�� = 0.003 × Jf − ��L/�� = 0.0199 < 0.025 (OK) 

�� = f − �� = 347.5 mm 

 

Forces: 

�� = 360.6 kN 

�� = 88.4 kN 

4� = 310 kN 

4� = 139 kN 

 

Moment capacity at intermediate support: 

Taking moment about the neutral axis,  

(/ = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L + 4� × ��/2 

       = 131.3 kN-m 

 

Ultimate capacity of the beam specimen, + = (� + 0.5(/ = 245.4 kN 

Elastic moment at intermediate support, (1/ = 0.75+ = 184 kN-m 

Moment redistribution (%) = J(1/ −(/L/(1/ × 100% = +28.7% 
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APPENDIX B 

This appendix contains the crack patterns and strains of the concrete measured at critical 

sections (mid-spans and intermediate support) of the beam specimens tested in this 

study and presented in Chapter 3.  
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(a) West mid-span 

 

(b) Intermediate support 

 

(c) East mid-span 

Figure B.1: Crack patterns for Specimen B00(−30). 
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(a) West mid-span 

 

(b) Intermediate support 

 

(c) East mid-span 

Figure B.2: Crack patterns for Specimen B30(−30). 
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(a) West mid-span 

 

(b) Intermediate support 

 

(c) East mid-span 

Figure B.3: Crack patterns for Specimen B60(−30). 



253 

 

 

(a) West mid-span 

 

(b) Intermediate support 

 

(c) East mid-span 

Figure B.4: Crack patterns for Specimen B00(+30). 
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(a) West mid-span 

 

(b) Intermediate support 

 

(c) East mid-span 

Figure B.5: Crack patterns for Specimen B30(+30). 
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(a) West mid-span 

 

(b) Intermediate support 

 

(c) East mid-span 

Figure B.6: Crack patterns for Specimen B60(+30).



256 

 

 
Figure B.7: Strains of concrete for specimen B00(−30) at (a) west mid-span, 

(b) intermediate support, and (c) east mid-span. 
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Figure B.8: Strains of concrete for specimen B30(−30) at (a) west mid-span, 

(b) intermediate support, and (c) east mid-span. 

0 5000 10000 15000 20000

Strain (mm/mm)

D
is

ta
n
ce

 f
ro

m
 b

o
tt

o
m

 s
u
rf

ac
e 

(m
m

)

8 mm

12 mm

16 mm

20 mm

24 mm

4 mm(a)

40

120

200

280

360

-2500

0 5000 10000 15000 20000

Strain (mm/mm)

D
is

ta
n
ce

 f
ro

m
 b

o
tt

o
m

 s
u
rf

ac
e 

(m
m

) 4 mm

8 mm

12 mm

16 mm

20 mm

24 mm

(b)

40

120

200

280

360

-2500

0 5000 10000 15000 20000

Strain (mm/mm)

D
is

ta
n
ce

 f
ro

m
 b

o
tt

o
m

 s
u
rf

ac
e 

(m
m

) 4 mm

8 mm

12 mm

16 mm

20 mm

24 mm

(c)

40

120

200

280

360

-2500



258 

 

 
Figure B.9: Strains of concrete for specimen B60(−30) at (a) west mid-span, 

(b) intermediate support, and (c) east mid-span. 
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Figure B.10: Strains of concrete for specimen B00(+30) at (a) west mid-span, 

(b) intermediate support, and (c) east mid-span. 
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Figure B.11: Strains of concrete for specimen B30(+30) at (a) west mid-span, 

(b) intermediate support, and (c) east mid-span. 
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Figure B.12: Strains of concrete for specimen B60(+30) at (a) west mid-span, 

(b) intermediate support, and (c) east mid-span. 
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APPENDIX C 

This appendix provides detail calculations of the design of RC and R-SFRC two-span 

continuous slabs for moment redistribution tested in this study and presented in 

Chapter 4.  

C1 Design data 

Design standard = AS 3600-2018 

Depth of the slabs, f = 220 mm 

Width of the slabs, � = 800 mm 

Characteristic compressive strength of concrete, ��� = 32 MPa 

7� = 0.85 − 0.0015��� = 0.80;	7� ≥ 0.67 

: = 0.97 − 0.0025��� = 0.89; 	: ≥ 0.67 

Yield strength of steel, ��� = 500 MPa 

Elastic modulus of steel, 	� = 200 × 10� MPa 

Characteristic residual tensile strength of SFRC for 60 kg/m
3
 of Dramix 3D fibres, ��.�� = 1.6 MPa 

Effective depth of tensile reinforcement, �� = 190 mm 

Effective depth of compressive reinforcement, �� = 30 mm 
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C2 Design of the specimens in Series A 

C2.1 Specimen S60(+00) 

C2.1.1 Preliminary design 

Specimen S60(+00) was designed for linear elastic condition (0% moment 

redistribution). Figure C.1 shows the stress block and forces on R-SFRC section based 

on AS 3600-2018 model. 

 

 

Figure C.1: Stress block and forces on R-SFRC section based on AS 3600-2018 model. 
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2
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For a two-span continuous slab of with a span length of 4 m,  

Elastic moment at mid-span, (1� = 0.625+ 

Elastic moment at intermediate support, (1/ = 0.75+ 

where + is the applied load on each span. 

 

For 0% moment redistribution, 

(� = (1� = 0.625+ = 57.0 kN-m 

+ = 91.2 kN 

 

(/ = (1/ = 0.75+ = 68.4 kN-m 

���/ = J(/ − 4�6�L/���6� = 447 mm
2
 

Try 4-N12 bars, ���/ = 4	×	110 = 440 mm
2
 

 

C2.1.2 Calculation of ultimate capacity and moment redistribution for the 

provided reinforcement 

At mid-span: 

Compressive force of concrete, �� = 7����:��� = 18.3�� kN 

 

Tensile reinforcement, ��� = 320 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 160 kN 

 

Compressive reinforcement, ��� = 440 mm
2
 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 264J�� − 30L/�� kN 
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Tensile force of fibre, 4� = ∅«$%��.�� ��� 

                                        = 1 × 1 × 1.6 × 800 × Jf − ��L = 1.28J220 − ��L kN 

 

Solving equilibrium: �� + �� = 4� + 4�  

�� = 25.2 mm 

 

Check tensile strain at the bottom face of the cross-section: 

�� = 0.003 × Jf − ��L/�� = 0.0232 < 0.025 (OK) 

�� = f − �� = 194.8 mm 

 

Forces: 

�� = 460 kN 

�� = −50.6 kN (in tension) 

4� = 160 kN 

4� = 249.4 kN 

 

Moment capacity at mid-span: 

Taking moment about the neutral axis,  

(� = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L + 4� × ��/2 

       = 57.3 kN-m 
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At intermediate support: 

Compressive force of concrete, �� = 7����:��� = 18.3�� kN 

 

Tensile reinforcement, ��� = 440 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 220 kN 

 

Compressive reinforcement, ��� = 320 mm
2
 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 192J�� − 30L/�� kN 

 

Tensile force of fibre, 4� = ∅«$%��.�� ��� = 1.28J220 − ��L kN 

 

Solving equilibrium: �� + �� = 4� + 4�  

�� = 26.8 mm 

 

Check tensile strain at the bottom face of the cross-section: 

�� = 0.003 × Jf − ��L/�� = 0.0216 < 0.025 (OK) 

�� = f − �� = 193.2 mm 

 

Forces: 

�� = 490 kN 

�� = −22.8 kN (in tension) 

4� = 220 kN 

4� = 247.3 kN 
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Moment capacity at intermediate support: 

Taking moment about the neutral axis,  

(/ = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L + 4� × ��/2 

       = 67.2 kN-m 

 

 

Ultimate capacity of the slab, + = (� + 0.5(/ = 90.9 kN 

Elastic moment at intermediate support, (1/ = 0.75+ = 68.2 kN-m 

Moment redistribution (%) = J(1/ −(/L/(1/ × 100% = 1.5% 
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C2.2 Specimen S60(+10) 

C2.2.1 Preliminary design 

Specimen S60(+10) was designed for 10% of positive moment redistribution with 

respect to linear elastic condition. 

 

Reinforcement ratio at intermediate support, B��/ = 0.002 

���/ = 0.002	×	800	×	190 = 304 mm
2
 

Try 4-N10 bars, ���/ = 4	×	80 = 320 mm
2
 

 

Negative moment capacity at intermediate support (ignoring the effect of compressive 

reinforcement)  

(/ = 4�6� +	4�6�      

       = ���/���J�� − :��/2L +	∅«$%��.�� ������ − :��/2 + ��/2� 
Assume, �� = 0.1f = 22 mm, ∅« = 1, $% = 1, �� = f − �� 

(/ = 57.0 kN-m 

 

For 10% of positive moment redistribution with respect to linear elastic condition, 

(/ = 0.9(1/ = 0.9 ∗ 0.75+ = 0.675+ = 57.0 kN-m 

+ = 84.5 kN 

(� = 1 − 0.5(/ = 0.6625+ = 56.0 kN-m 

 

���� = J(� − 4�6�L/���6� = 308 mm
2
 

Try 4-N10 bars, ���� = 4	×	80 = 320 mm
2
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C2.2.2 Calculation of ultimate capacity and moment redistribution for the 

provided reinforcement 

At mid-span: 

Compressive force of concrete, �� = 7����:��� = 18.3�� kN 

 

Tensile reinforcement, ��� = 320 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 160 kN 

 

Compressive reinforcement, ��� = 320 mm
2
 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 192J�� − 30L/�� kN 

 

Tensile force of fibre, 4� = ∅«$%��.�� ��� = 1.28J220 − ��L kN 

 

Solving equilibrium: �� + �� = 4� + 4� 

�� = 24.7 mm 

 

Check tensile strain at the bottom face of the cross-section: 

�� = 0.003 × Jf − ��L/�� = 0.0237 < 0.025 (OK) 

�� = f − �� = 195.3 mm 
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Forces: 

�� = 451.2 kN 

�� = −41.2 kN (in tension) 

4� = 160 kN 

4� = 250.0 kN 

 

Moment capacity at mid-span: 

Taking moment about the neutral axis,  

(� = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L + 4� × ��/2 

       = 57.3 kN-m 

 

At intermediate support: 

Same amount of reinforcement like mid-span.  

(/ = 57.3 kN-m 

 

Ultimate capacity of the slab, + = (� + 0.5(/ = 85.9 kN 

Elastic moment at intermediate support, (1/ = 0.75+ = 64.4 kN-m 

Moment redistribution (%) = J(1/ −(/L/(1/ × 100% = 11.1% 
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C2.3 Specimen S60(+20) 

C2.3.1 Preliminary design 

Specimen S60(+20) was designed for 20% of positive moment redistribution with 

respect to linear elastic condition. 

 

Reinforcement ratio at intermediate support, B��/ = 0.002 

Try 4-N10 bars, ���/ = 4	×	80 = 320 mm
2
 

(/ = 57.0 kN-m 

 

For 20% of positive moment redistribution with respect to linear elastic condition, 

(/ = 0.8(1/ = 0.8 ∗ 0.75+ = 0.6+ = 57.0 kN-m 

+ = 95.0 kN 

(� = 1 − 0.5(/ = 0.7+ = 66.5 kN-m 

 

���� = J(� − 4�6�L/���6� = 425 mm
2
 

Try 4-N12 bars, ���� = 4	×	110 = 440 mm
2
 

 

C2.3.2 Calculation of ultimate capacity and moment redistribution for the 

provided reinforcement 

At mid-span: 

Compressive force of concrete, �� = 7����:��� = 18.3�� kN 

 

Tensile reinforcement, ��� = 440 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 220 kN 
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Compressive reinforcement, ��� = 320 mm
2
 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 192J�� − 30L/�� kN 

 

Tensile force of fibre, 4� = ∅«$%��.�� ��� = 1.28J220 − ��L kN 

 

Solving equilibrium: �� + �� = 4� + 4� 

�� = 26.8 mm 

 

Check tensile strain at the bottom face of the cross-section: 

�� = 0.003 × Jf − ��L/�� = 0.0216 < 0.025 (OK) 

�� = f − �� = 193.2 mm 

 

Forces: 

�� = 490.0 kN 

�� = −22.8 kN (in tension) 

4� = 220 kN 

4� = 247.3 kN 

 

Moment capacity at mid-span: 

Taking moment about the neutral axis,  

(� = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L + 4� × ��/2 

       = 67.2 kN-m 
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At intermediate support: 

Compressive force of concrete, �� = 7����:��� = 18.3�� kN 

 

Tensile reinforcement, ��� = 320 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 160 kN 

 

Compressive reinforcement, ��� = 440 mm
2
 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 264J�� − 30L/�� kN 

 

Tensile force of fibre, 4� = ∅«$%��.�� ��� = 1.28J220 − ��L kN 

 

Solving equilibrium: �� + �� = 4� + 4� 

�� = 25.2 mm 

 

Check tensile strain at the bottom face of the cross-section: 

�� = 0.003 × Jf − ��L/�� = 0.0232 < 0.025 (OK) 

�� = f − �� = 194.8 mm 

 

Forces: 

�� = 460.0 kN 

�� = −50.6 kN (in tension) 

4� = 160 kN 

4� = 249.4 kN 
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Moment capacity at intermediate support: 

Taking moment about the neutral axis,  

(/ = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L + 4� × ��/2 

       = 57.3 kN-m 

 

Ultimate capacity of the slab, + = (� + 0.5(/ = 95.8 kN 

Elastic moment at intermediate support, (1/ = 0.75+ = 71.9 kN-m 

Moment redistribution (%) = J(1/ −(/L/(1/ × 100% = 20.2% 
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C2.4 Specimen S60(+30) 

C2.4.1 Preliminary design 

Specimen S60(+30) was designed for 30% of positive moment redistribution with 

respect to linear elastic condition. 

 

Reinforcement ratio at intermediate support, B��/ = 0.002 

Try 4-N10 bars, ���/ = 4	×	80 = 320 mm
2
 

(/ = 57.0 kN-m 

 

For 30% of positive moment redistribution with respect to linear elastic condition, 

(/ = 0.7(1/ = 0.7 ∗ 0.75+ = 0.525+ = 57.0 kN-m 

+ = 108.6 kN 

(� = 1 − 0.5(/ = 0.7375+ = 80.1 kN-m 

 

���� = J(� − 4�6�L/���6� = 576 mm
2
 

Try 2-N16 and 2-N12 bars, ���� = 2 × 200 + 2 × 110 = 620 mm
2
 

 

C2.4.2 Calculation of ultimate capacity and moment redistribution for the 

provided reinforcement 

At mid-span: 

Compressive force of concrete, �� = 7����:��� = 18.3�� kN 

 

Tensile reinforcement, ��� = 620 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 310 kN 
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Compressive reinforcement, ��� = 320 mm
2
 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 192J�� − 30L/�� kN 

 

Tensile force of fibre, 4� = ∅«$%��.�� ��� = 1.28J220 − ��L kN 

 

Solving equilibrium: �� + �� = 4� + 4� 

�� = 30.2 mm 

 

Check tensile strain at the bottom face of the cross-section: 

�� = 0.003 × Jf − ��L/�� = 0.0189 < 0.025 (OK) 

�� = f − �� = 189.8 mm 

 

Forces: 

�� = 551.7 kN 

�� = 1.2 kN 

4� = 310 kN 

4� = 243.0 kN 

 

Moment capacity at mid-span: 

Taking moment about the neutral axis,  

(� = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L + 4� × ��/2 

       = 81.8 kN-m 
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At intermediate support: 

Compressive force of concrete, �� = 7����:��� = 18.3�� kN 

 

Tensile reinforcement, ��� = 320 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 160 kN 

 

Compressive reinforcement, ��� = 620 mm
2
 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 372J�� − 30L/�� kN 

 

Tensile force of fibre, 4� = ∅«$%��.�� ��� = 1.28J220 − ��L kN 

 

Solving equilibrium: �� + �� = 4� + 4� 

�� = 25.7 mm 

 

Check tensile strain at the bottom face of the cross-section: 

�� = 0.003 × Jf − ��L/�� = 0.0226 < 0.025 (OK) 

�� = f − �� = 194.3 mm 

 

Forces: 

�� = 470.3 kN 

�� = −61.6 kN (in tension) 

4� = 160 kN 

4� = 248.7 kN 
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Moment capacity at intermediate support: 

Taking moment about the neutral axis,  

(/ = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L + 4� × ��/2 

       = 57.4 kN-m 

 

Ultimate capacity of the slab, + = (� + 0.5(/ = 110.5 kN 

Elastic moment at intermediate support, (1/ = 0.75+ = 82.9 kN-m 

Moment redistribution (%) = J(1/ −(/L/(1/ × 100% = 30.8% 
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C3 Design of the specimens in Series B 

C3.1 Specimen S00(+00) 

C3.1.1 Preliminary design 

Specimen S00(+00) was designed as equivalent to specimen S60(+00). 

 

(� = �������J0.9��L = 57.3 kN-m (ignoring the effect of compressive reinforcement) 

���� = 670 mm
2 

Try 2-N16 and 2-N12 bars, ���� = 2×	200 + 2 × 110 = 620 mm
2
 

 

(/ = ���/���J0.9��L = 67.2 kN-m (ignoring the effect of compressive reinforcement) 

���/ = 786 mm
2 

Try 3-N16 and 2-N10 bars, ���/ = 3×	200 + 2 × 80 = 760 mm
2
 

 

C3.1.2 Calculation of ultimate capacity and moment redistribution for the 

provided reinforcement 

Figure C.2 shows the stress block and forces on RC section based on AS 3600-2018 

model. 

 

Figure C.2: Stress block and forces on RC section based on AS 3600-2018 model. 
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At mid-span: 

Compressive force of concrete, �� = 7����:��� = 18.3�� kN 

 

Tensile reinforcement, ��� = 620 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 310 kN 

 

Compressive reinforcement, ��� = 760 mm
2
 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 456J�� − 30L/�� kN 

 

Solving equilibrium: �� + �� = 4�  
�� = 23.7 mm 

 

Forces: 

�� = 432.3 kN 

�� = −122.3 kN (in tension) 

4� = 310 kN 

 

Moment capacity at mid-span: 

Taking moment about the neutral axis,  

(� = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L 
       = 58.0 kN-m ≈ 57.3 kN-m (OK) 
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At intermediate support: 

Compressive force of concrete, �� = 7����:��� = 18.3�� kN 

 

Tensile reinforcement, ��� = 760 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 380 kN 

 

Compressive reinforcement, ��� = 620 mm
2
 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 372J�� − 30L/�� kN 

 

Solving equilibrium: �� + �� = 4�  
�� = 24.9 mm 

 

Forces: 

�� = 455.6 kN 

�� = −75.6 kN (in tension) 

4� = 380 kN 

 

Moment capacity at intermediate support: 

Taking moment about the neutral axis,  

(/ = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L 
       = 69.4 kN-m ≈ 67.2 kN-m (OK) 
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Ultimate capacity of the slab, + = (� + 0.5(/ = 92.7 kN ≈ 90.9 kN (OK) 

Elastic moment at intermediate support, (1/ = 0.75+ = 69.5 kN-m 

Moment redistribution (%) = J(1/ −(/L/(1/ × 100% = 0.2% (OK) 
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C3.2 Specimen S00(+30) 

C3.2.1 Preliminary design 

Specimen S00(+30) was designed as equivalent to specimen S60(+30). 

 

(� = �������J0.9��L = 81.8 kN-m (ignoring the effect of compressive reinforcement) 

���� = 957 mm
2 

Try 4-N16 and 1-N12 bars, ���� = 4×	200 + 1 × 110 = 910 mm
2
 

 

(/ = ���/���J0.9��L = 57.4 kN-m (ignoring the effect of compressive reinforcement) 

���/ = 671 mm
2 

Try 2-N16 and 2-N12 bars, ���/ = 2×	200 + 2 × 110 = 620 mm
2
 

 

C3.2.2 Calculation of ultimate capacity and moment redistribution for the 

provided reinforcement 

At mid-span: 

Compressive force of concrete, �� = 7����:��� = 18.3�� kN 

 

Tensile reinforcement, ��� = 910 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 455 kN 

 

Compressive reinforcement, ��� = 620 mm
2
 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 372J�� − 30L/�� kN 
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Solving equilibrium: �� + �� = 4�  
�� = 27.1 mm 

 

Forces: 

�� = 495.0 kN 

�� = −40.0 kN (in tension) 

4� = 455.0 kN 

 

Moment capacity at mid-span: 

Taking moment about the neutral axis,  

(� = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L 
       = 81.7 kN-m ≈ 81.8 kN-m (OK) 

 

At intermediate support: 

Compressive force of concrete, �� = 7����:��� = 18.3�� kN 

 

Tensile reinforcement, ��� = 620 mm
2
 

Tensile force of steel reinforcement, 4� = ������ = 310 kN 

 

Compressive reinforcement, ��� = 910 mm
2
 

Compressive force of steel reinforcement, �� = ���	���� 
                                                                         = ���	� × 0.003 × J�� − ��L/�� 

                                                                         = 546J�� − 30L/�� kN 

 

Solving equilibrium: �� + �� = 4�  
�� = 24.2 mm 
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Forces: 

�� = 441.7 kN 

�� = −131.7 kN (in tension) 

4� = 310.0 kN 

 

Moment capacity at intermediate support: 

Taking moment about the neutral axis,  

(/ = ��J�� − :��/2L + ��J�� − ��L + 4�J�� − ��L 
       = 58.1 kN-m ≈ 57.4 kN-m (OK) 

 

Ultimate capacity of the slab, + = (� + 0.5(/ = 110.7 kN ≈ 110.5 kN (OK) 

Elastic moment at intermediate support, (1/ = 0.75+ = 83.0 kN-m 

Moment redistribution (%) = J(1/ −(/L/(1/ × 100% = 30.0% (OK) 

 



286 

 

APPENDIX D 

This appendix contains the crack patterns and strains of the concrete measured at critical 

sections (mid-spans and intermediate support) of the slab specimens tested in this study 

and presented in Chapter 4.  
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(a) West mid-span 

 

(b) Intermediate support 

 

(c) East mid-span 

Figure D.1: Crack patterns for Specimen S60(+00). 
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(a) West mid-span 

 

(b) Intermediate support 

 
(c) East mid-span 

Figure D.2: Crack patterns for Specimen S60(+10). 
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(a) West mid-span 

 

(b) Intermediate support 

 

(c) East mid-span 

Figure D.3: Crack patterns for Specimen S60(+20). 
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(a) West mid-span 

 

(b) Intermediate support 

 

(c) East mid-span 

Figure D.4: Crack patterns for Specimen S60(+30). 
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(a) West mid-span 

 

(b) Intermediate support 

 

(c) East mid-span 

Figure D.5: Crack patterns for Specimen S00(+00). 
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(a) West mid-span 

 

(b) Intermediate support 

 

(c) East mid-span 

Figure D.6: Crack patterns for Specimen S00(+30). 
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Figure D.7: Strains of concrete for specimen S60(+00) at (a) west mid-span, 

(b) intermediate support, and (c) east mid-span. 
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Figure D.8: Strains of concrete for specimen S60(+10) at (a) west mid-span, 

(b) intermediate support, and (c) east mid-span. 
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Figure D.9: Strains of concrete for specimen S60(+20) at (a) west mid-span, 

(b) intermediate support, and (c) east mid-span. 
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Figure D.10: Strains of concrete for specimen S60(+30) at (a) west mid-span, 

(b) intermediate support, and (c) east mid-span. 
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Figure D.11: Strains of concrete for specimen S00(+00) at (a) west mid-span, 

(b) intermediate support, and (c) east mid-span. 
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Figure D.12: Strains of concrete for specimen S00(+30) at (a) west mid-span, 

(b) intermediate support, and (c) east mid-span. 
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THE END 


