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Sustainable design framework for enhancing shear capacity in beams using 
recycled steel fiber-reinforced high-strength concrete 

Xia Qin a, Xu Huang a, Yang Li b, Sakdirat Kaewunruen a,* 

a Department of Civil Engineering, School of Engineering, University of Birmingham, Edgbaston B15 2TT, UK 
b Key Laboratory of Roads and Railway Engineering Safety Control (Shijiazhuang Tiedao University), Ministry of Education, Shijiazhuang 050043, China   
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A B S T R A C T   

According to a recent estimate, over 1.5 billion wasted tyres which containing over 40% of vulcanised rubber and 
15% of steel fibre are discarded yearly, which posing a serious threat to circular economy implementation and 
transition to net zero. To minimise the greenhouse gas(GHG) emission and the environmental side effect caused 
by burning and burying these waste tyres, recycling and reusing these materials for sustainable structural designs 
has become the centre of attention. This paper focuses on applying recycled bead steel fibre to improve the shear 
capacity of fibre-reinforced concrete beams. Moreover, the existing national standard known as Eurocode 2 and 
TR63 can hardly illustrate the relationship between fibre and high-strength concrete. This study is the first to 
investigate shear behaviours of high-strength industrial and recycled steel fibre reinforced concrete beams with 
consideration of different shear span ratios. Therefore, twenty real-scale beams are constructed to examine the 
shear capacity of high-strength industrial and recycled steel-fibre reinforced concrete beams, which aims to 
compare the improvement of shear strength through experiments and identify different shear strength im-
provements of the two categories of steel fibre. Besides, comprehensive data of 164 beams from previous studies 
have been collected to benchmark with the experimental results for the formula design. This study proves the 
feasibility of replacing industrial steel with recycled steel fibre to improve the shear capacity of fibre- 
reintroduced concrete beams. Moreover, there are six novel equations designed developed using Eurocode 2 
and TR63 as a basis in this study. Based on the findings of the paper, the proposed formulas demonstrate 
remarkable accuracy, with an average value of 0.982 and standard deviation of 0.213, respectively. Following an 
exhaustive comparison of RSF and ISF reinforced concrete beams, with a focus on economic expenditure and 
GHG emissions, it can be concluded that RSF offers superior economic and environmental benefits, which reduce 
the emissions up to 25.39% and price up to 28.04% when replacing ISF 0.8% RSF, respectively.   

1. Introduction 

Circular economy implementation is at risk of failing due to the lack 
of pragmatic technical solutions to manage end-of-life assets and to 
reduce industry wastes. With the rapid expansion of automobile con-
sumption worldwide, waste tires which is known to potentially 
endanger the environment, continues to exhibit a continuous upward 
trend. In an appropriately constructed tyre, roughly fifty percent is made 
up of natural rubber, butadiene rubber, and styrene-butadiene rubber. 
The remaining composition includes elements like carbon black, metals, 
textiles, zinc oxide, sulfur, and various additives [1]. With all these 
chemicals and materials in a bundle, wasted tyre disposal has become a 
significant concern for the ecology because of the non-biodegradable 

nature of wasted rubber, making proper disposal of used tyres a crit-
ical environmental issue [2]. For example, the Europe Union member 
alone produces more than three million tons of used tyres, with 4 billion 
tyres currently in stock [3]. A variety of strategies have been suggested 
to handle these tyres post-usage, such as repurposing through recycling, 
re-treading, depositing in landfills, and using as fuel for energy pro-
duction [4]. Among these proposals, re-treading tyres repeatedly are 
considered the most cost-effective way to delay the disposal problem. 
However, nevertheless, most tyres are still hoarded towards the end of 
their service lives. When tires are hoarded and left exposed to the ele-
ments, they can leach harmful chemicals such as heavy metals, poly-
cyclic aromatic hydrocarbons (PAHs), and other toxic substances into 
the soil and underwater. These chemicals have potential risks to the 
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local ecosystem, damaging plant and animal life. In comparison, recy-
cling tyres is potentially the most sustainable approach to dealing with 
tyre wastes because the process has high added commercial value with 
the components, such as rubber, high tensile strength steel wires, and 
textile of rayon and nylon. In fact, decades of research on using recycled 
tyre materials in concrete composition has concluded in many solutions 
widely used in actual practice. For example, after recycling and incor-
porating tyre materials into concrete, the rubber granular, as a signifi-
cant side material, is widely used in various infrastructure applications 
[5,6]. Similarly, as the second side material after tyre recycling, scrap-
ped steel can also be reused in industrial constructions. In this context, 
some studies have suggested shredding the bead wires and using that 
type of steel fibre (RSF) to improve the concrete performance and 
explore the possibility of replacing traditional industrial steel fibre (ISF) 
with RSF.". 

Previous studies show that adding artificial short fibres to concrete 
contributes to enhancing the fundamental strength of plain concrete and 
avoiding brittle and low tensile capacity because it improves the effec-
tiveness of stress transfer from fibre to paste matrix [7], helping to arrest 
the excessive development of cracks in the paste [8]. According to 
related experimental results, adding ISF in reinforced concrete beams is 
beneficial to improving the ductile behaviour and the shear capacity 
while delaying the development of cracks [9]. In the mix design, adding 
a small amount of ISF provides operative shear resistance that changes 
the failure mode from shear to flexure. For example, Lantsoght [10] 
suggests that the tension of shear resistance is caused by fibre’ creation 
of cracks. The efficiency of bridging effect depends on the fibre prop-
erties, such as fibre-matrix interfacial bonds, fibre fracture, fibre con-
tent, and fibre aspect ratio. However, random fibre can hardly be 
described with traditional mechanism formulas. Therefore, several 
previous studies [11,12] have attempted to model complex and 
compelling fibre bridges effect with key parameters to predict the shear 
strength of fibre-reinforced concrete beams and describe the improve-
ment with the randomly added steel fibre. For instance, Mansur, Ong 
and Paramasivam [13] have established a model based on the ACI 
Committee 544, which aims to use a simplified formula to describe the 
shear failure mechanism of ISF-reinforced concrete beams. After 
obtaining the test results of 89 steel-fibre reinforced concrete beams, 
Al-Ta’an and Al-Feel [14] have built an empirical formula with the 
regression analysis. Besides, The TR63 published and developed based 
on Eurocode 2 has proposed utilising experimental results from crack 
month opening displacement (CMOD) bending tests to estimate tensile 
properties of steel-fibre reinforced concrete beams with simplified as-
sumptions. Review the TR 63 and Eurocode 2, with the simplified CMOD 
test results, the synergistic behaviours among fibre, concrete matrix and 
longitudinal rebars cannot be described well. Moreover, shear span 
ratio, high strength concrete and the dimension effect has not been 
considered in the formula development of shear capacity. In order to 
improve the current design code, future research should consider addi-
tional factors such as high strength concrete (HSC), fibre types, and 
durability. HSC is not only tend to described the strength of the concrete 
but also refers to its outstanding comprehensive performance. It is 
extensively utilized in the construction of high-rise buildings and 
large-span bridges. The application of HSC has widely used in taller 
buildings and bridges with longer spans. According to the case study 
provided by YB, Hossiney and HT [15], a structure with 50 levels uti-
lizing columns with a diameter of 1.22 m and concrete with a normal 
strength of 27.6 MPa can decrease the column diameters by about 33% 
by opting for concrete with a high strength of 55.2 MPa. 

The majority of research has centred around incorporating ISF into 
normal-strength concrete to analyse the shear characteristics of ISF 
reinforced concrete beams. Review the TR 63 and Eurocode 2, both 
standards are originally aimed to introduce the design of normal- 
strength concrete but fail to describe the increasing synergistic effects 
between the fibre and concrete of high-strength concrete. Furthermore, 
with the increase of shear span, the failure mode and shear capacity of 

beams will be changes which have not been discussed in TR63. Mean-
while, no previous study has focused on the performance of RSF in 
improving the shear capacity of ISF in fibre-reinforced concrete. Apart 
from making up for the gaps in previous studies, the next phase of this 
study will verify the effect of shear span on the RSF and ISF in high- 
strength beams without stirrups and shear failure. Therefore, this 
study conducts 20 full-scale shear tests with different shear span ratios 
ranging from 1.5 to 4 to determine the capacity of shear resistance, the 
strain distribution of the longitudinal rebar, the crack development, the 
ductility, and the failure mode. Then, the experimental results of shear 
capacity will be compared with the values predicted by different design 
approaches and standards. In this way, several predicted formulas will 
be proposed based on the experimental results. Furthermore, the TR63 
and Eurocode 2 are also adopted to determine the shear behaviour of the 
RSF and ISF-reinforced concrete beams, in which 164 collected beam 
results which are collected from published literatures (Details shown in 
Appendix A-2), will be used to validate against experimental tests and 
the analysis. Moreover, this paper delves into the pivotal role of RSF 
within the context of the circular economy. The replacement of ISF with 
RSF not only reduce the need for mined iron ore, but also curtails 
environmental impacts. Using recycling materials for substitution 
significantly cuts down on the quantity of waste to be consigned to 
landfills. 

2. Research significance 

Shear is a type of force that acts perpendicular to the longitudinal 
axis of a structural component, such as a beam or a column. When a 
structural component is subjected to shear forces that exceed its capacity 
to resist them, it can suffer a sudden and catastrophic failure without any 
warning, leaving limited time for evacuation or other safety measures. 
The shear failure can result in property damage, injury, or loss of life, 
which is the most dangerous type of failure in the structure. In order to 
address this deficiency, the addition of steel fibres into concrete has 
become a widely utilized technique in component structures. 

A critical review reveals that the application of RSF in concrete 
construction has a huge impact on sustainable development and cost 
reduction. Based on previous studies examining the mechanical prop-
erties of RSF reinforced concrete, it has been observed that the incor-
poration of RSF significantly enhances the tensile strength which shown 
the similar improvement efficiency of ISF [16]. Since the use of ISF in-
creases the shear resistance of concrete beams has been identified, use of 
RSF to replace the function of ISF might be considered as one of the ways 
to reduce environmental impact and cost of structural components. In 
recent years, the concept of the circular economy has catch significant 
attention by society. Substituting ISF with RSF can play a crucial role in 
promoting this circular economic model [17]. Regarding environmental 
impacts, employing RSF reduces the need for mined iron ore, substan-
tially decreases landfill waste, and enhances sustainability within the 
construction sector which plays an important role in reducing the global 
carbon emissions [18]. Economically, RSF is generally less costly than 
ISF, which can lower construction expenses[19]. From a societal 
perspective, using RSF can stimulate local economies while reinforcing 
the principles of the circular economy. 

Although substantial research reports on the mechanical properties 
of RSF concrete as a substituent material to ISF in concrete are available, 
research work on structure design, particularly focusing on high- 
strength reinforced concrete beams, remains insufficient. Beams, being 
one of the most commonly used and critical structural elements, hold a 
significant place in structural systems. Studies that experimentally 
examine the shear performance, cost, and environmental impact of high- 
strength fibre-reinforced concrete beams using RSF are still lacking. 
Considering this critical gap in the current research landscape, this study 
was carried out to identify: 
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• The shear behaviours of using RSF in varying shear span ratios of 
high strength fibre reinforced concrete beams.  

• Proposed formulas to evaluate the RSF and ISF in shear improvement 
of high strength fibre reinforced concrete beams.  

• The contribution of using RSF replacing the ISF from the view of 
economic and environmental aspects. 

In this study, 20 real-scale ISF and RSF reinforced concrete beams 
have been casted for experimental investigations, conducted to deter-
mine the effects of different types (RSF and ISF) on improving the shear 
resistance of concrete beams, with consideration of the impact of high 
strength concrete and different shear span ratio. Moreover, there are six 
novel empirical formulas proposed in this study by using the experi-
mental results and collected datasets from published literature. Inter-
esting findings in this study are investigating the experimental work 
with consider the effect of shear span ratio and high strength concrete, 
as well as proposing six novel formula design based on TR63 and 
Eurocode 2. Moreover, the contribution of RSF in the sustainable 
development was evaluated by the cost budget and green house emis-
sion analysis, which aims to give the following researchers a compre-
hensive identification about the sustainable and structural contribution 
with the using of the RSF. 

3. Experimental programmes 

3.1. Recycled steel fibre 

Similar to the study of [20–25], this study uses a type of recycled 
steel fibre recovered from bead wires in tyres. To improve the perfor-
mance of the RSF when shredding the beading wire, the RSF is bent with 
the hook end. As shown in Table 1, 50 fibre are selected randomly to 
check the dimension with a mean diameter of 1.62 mm, a length of 50.1 
mm, and a tensile strength between 2400 and 2800 MPa [26]. Mean-
while, the ISF used in this study is supplied by SIKA. However, the 
hooked-end steel fibre has a diameter of 1 mm and 50 mm in length and 
an ultimate tensile strength of 1150 MPa. Fig. 1 serves as a compre-
hensive summary and review of the entire recycling process, which aims 
to illustrates the contribution of RSF to the circular economy, particu-
larly emphasizing the distinct characteristics of the two types of fibres 
and underscoring the value of recycling tires. Based on the information 
provided in Fig. 1, it highlight the process of end-of-life tire from waste 
to valuable construction material. Moreover, according to the compar-
ison between the appearance of RSF and ISF in Fig. 1, the surface of RSF 
is covered by black rubber powder produced when the tyre rotates at 
high speed in the steel wires recovery process, which may affect the 
fibre-cement interfacial bonding force. 

3.2. Material properties 

The composite of high-strength concrete (HSC) demonstrates 
exceptional mechanical robustness, notable longevity, limited perme-
ability, and dense composition. In addition, it fulfils specific uniformity 
and performance standards, thereby outperforming traditional normal 
strength concrete. [27]. According to the guidelines set by the ACI 
committee, HSC as having a specified compressive strength of 8000 psi 

(55 MPa) or greater[28]. Specifically, HSC sees extensive usage in 
long-span bridges and high-rise building due to its ability to withstand 
higher dead and live loads with fewer supporting piers, thereby 
extending the lifespan of these structures. [29]. Furthermore, as HSC 
facilitates the construction of larger columns, resulting in increased floor 
space and wider column spacing without impacting the lower floors 
negatively, it holds significant potential for use in tall buildings. [30]. 
However, previous studies have covered the behaviour of beams, such as 
the shear resistance and ductility, when embedded in the HSC, which is 
based on the mid-span deflection, failure mode, and crack growth. Since 
the shear failure of concrete members is affected by the increasing 
compressive strength, the failure caused by the high-strength concrete 
beam shear shows more brittle and explosive than normal-strength 
fibre-reinforced concrete beams [31]. In addition, solid wasted mate-
rials, such as used glass and recycled aggregate, can potentially be 
applied in HSC to overcome the lack of strength of the waste itself. In this 
way, HSC incorporated with solid wastes can enhance strength and 
sustainable prospects. Nevertheless, after a comprehensive review, very 
limited studies have considered the RSF embedded in the HSC, making 
the shear failure mechanism of RSF-reinforced concrete beams unin-
vestigated. Therefore, this study will focus on the shear span ratio, RSF 
and high-strength concrete to investigate the shear performance of high 
strength concrete beams with different shear span when RSF and ISF are 
added, respectively. 

This study adopts the Ordinary Portland Cement 52.5 N, which 
meets the British Standard of High-strength Cement (BS EN 197–1-CEM I 
[32]). Meanwhile, natural river sand has been applied as a fine aggre-
gate with a specific gravity of 2.5 and a bulk density of 1700 kg/m3. In 
addition, the crushed granite is 10 mm, which is the nominal size as 
coarse aggregate with a specific gravity of 2.5 and bulk density of 
1650 kg/m3. According to Table 2, which describes the five groups of 
mixture proportions of ISF and RSF-reinforced concrete, the fibre vol-
ume fraction is of 0.4% and 0.8%, with a water-to-binder ratio of 0.45, 
respectively. Selection of volume fractions exceeding 1% should be 
avoid, because it will affect the workability of the concrete. Specifically, 
higher volume fractions lead to significant balling effects of fibres in 
concrete, which will not only reduce the slump of the mixture, but also 
increase the potential risk of void hole. This phenomenon can lead to the 
formation of undesirable properties in the concrete, such as honeycombs 
and voids, which is particularly prevalent during the casting process. 
Furthermore, the experimental setup involves the use of steel cages, 
which requires the concrete mix to maintain a certain level of work-
ability to prevent the occurrence of such defects. Mixtures with low 
slump may result in the balling effect and the concentrated fibre dis-
tribution. Therefore, to ensure the general applicability and relevance of 
our experimental results, we strategically chose to use volume fractions 
of 0.4% and 0.8%. This decision is based on standard industry practice 
and seeks to balance the benefits of RSF and ISF in improving the shear 
strength of high-strength concrete beams while remaining practical and 
realistic in concrete construction. On the other hand, the plain concrete 
in the contrast group without the addition of fibre has also been 
developed to reveal how the fibre enhance tensile strength. 

3.3. Test specimen and setup 

The compressive strength of ISF and RSF-reinforced concrete has 
been tested with the British Standard of BS EN 12390–3, with a loading 
rate of 0.5 MPa/s. Meanwhile, according to the illustration of the cross- 
section and reinforcement design of ISF and RSF beams for the shear 
strength tests in Figs. 2, 3 and 4, the beam specimens have suffered a 
failure due to the three-point loading with a 500 kN capacity of 
deflection control with a hydraulic machine. In addition, vertical de-
flections have been measured with a laser displacement monitor (LDM) 
under the loading positions. 

The experimental programme consists of 20 ISF and RSF-reinforced 
beams with a length of 1500 mm. The four different spans measure 

Table 1 
Comparison between the RSF and ISF.   

RSF ISF 

Tensile Strength 2400 ~ 2800 MPa 1150 MPa 
Raw Material Scarp bead wire Steel plate 
Diameter 1.62 mm 1 mm 
Length 50.1 mm 50 mm 
Aspect Ratio 30.92 50 
Surface Covered by Rubber Dust Clean  

X. Qin et al.                                                                                                                                                                                                                                      



Construction and Building Materials 411 (2024) 134509

4

260 mm, 432 mm, 608 mm, and 698 mm, with a standard rectangular 
cross-section standing 200 mm tall and 100 mm wide. In the shear span 
area, no stirrups are placed to assist the shear failure, but the rest of the 
specimen has been reinforced with Ø10 stirrups spaced at 90 mm for the 
shear spans of 1.5, 2.5 and 3.5 to avoid the shear failures of the beams 
even after applying the retrofit solutions. For the beams with a shear 
span of 4, extra stirrups are used to avoid shear failure of the non-failure 
areas, with the details shown in Fig. 3. Additionally, the bottom longi-
tudinal reinforcement of the beams comprises two Ø16 mm bars, while 
the top is reinforced with two bars of a nominal Ø8 mm diameter. Both 
the top and bottom reinforcements are arranged in a single layer. 
Moreover, the concrete cover of the bottom reinforcement is 10 mm, 
with the beam specimen details summarised in Table 3. The purpose of 
the experiment is to characterize the shear performance of ISF and RSF 
reinforced concrete beams without stirrups. 

Each experimental specimen is labelled with three-subscript symbols 
with a dash. The first symbol denotes the concrete mix, with M0 as plain 
concrete, M1 as 0.4% fibre-reinforced concrete, and M2 as 0.8% fibre- 
reinforced concrete. Then, the second symbol indicates the fibre type, 
with R referring to RSF and I representing ISF. Finally, the last symbol 
stands for the shear span ratio, with S = 1.5,2.5,3.5 and 4. As described 
in Table 2, although the beams have similar geometric properties, 
reinforcement, and target compressive strength, they can be differenti-
ated by the fibre content, type, and shear span ratio. For example, four 
control beam specimens have been cast with fibre content equal to zero 
but with different shear span ratio. On the other hand, the fibre content 
in the seventeen remaining specimens is 0.4% and 0.8%. 

4. Experimental results and discussion 

4.1. Compressive strength test 

According to the results of the compressive strength of ISF and RSF 
concrete displayed in Fig. 5, the specimens enforced with ISF and RSF 

Fig. 1. Application of RSF in circular economy.  

Table 2 
Concrete Mix.  

Group Cement 
(kg/m3) 

Water 
(kg/m3) 

Sand (kg/ 
m3) 

Gravel 
(kg/m3) 

Fibre 
(kg/m3) 

Plain 
Concrete  

317.3  171.34  983.63  713.925 0 

0.4 ISF  317.3  171.34  983.63  713.925 24(0.4%) 
0.8 ISF  317.3  171.34  983.63  713.925 48(0.8%) 
0.4 RSF  317.3  171.34  983.63  713.925 24(0.4%) 
0.8 RSF  317.3  171.34  983.63  713.925 48(0.8%)  

Fig. 2. : Details of cross-section.  
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have exhibited a gradual compressive strength that increases with the 
addition of fibre content. However, limited compressive strength 
improvement is presented, indicating that adding steel fibre can slightly 
affect compressive improvement. Besides, the improvement can be 
explained by the higher stiffness of fibre than matrix. The ISF ratio 

variation from 0% to 0.4% and 0.8% % has increased the concrete 
compressive strength by around 4.2% and 9.4%, respectively. Further-
more, the compressive strength of the RSF concrete specimens is 0.4% 
and 0.8% of fibre content compared to plain concrete, which has 
increased by 2.4% and 6.6% for mixing with RSF, respectively. 

Fig. 3. : Details of beam dimension with shear span ratio of 4 (unit is mm).  

Fig. 4. : Details of beam dimension of shear span ratio from 1.5 to 3.5 (unit is mm).  
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According to Fig. 5, adding RSF to replace ISF has lowered the 
compressive capacity of the mixture, but the gaps are limited. The 
addition of RSF and ISF does not significantly improve the compressive 
strength. This finding aligns with the results obtained by Johnston and 
Skarendahl [33], who noted that fibres have a minimal improvement 
effect on the compressive strength. However, this improvement is 
mainly depends on the types and quantities of fibres. 

The conclusion can be drawn that the incorporation of both ISF and 
RSF enhances the compressive strength of concrete. This can be attrib-
uted to the fact that the inclusion of fibres, especially ISF, enhances the 
bonding among the concrete components and aids in increasing the 
bridge effect of stress concentration and both micro and macro cracks. 
Furthermore, by increasing the ratio of both types of steel fibre, the slope 
showing the compressive strength of the ISF concrete curves with the 
addition of fibre concrete higher than the RSF concrete curve. However, 
the curves of ISF and RSF concrete are close. 

4.2. Shear strength test 

This section highlights the effect of ISF/RSF on the shear improve-
ment and cracking of 20 reinforced concrete beams made without stir-
rups. The tested beams are developed with different types of steel fibre, 
with different fibre volume fractions of 0%, 0.4%, and 0.8%. According 
to the experimental results given in Table 4, Pu and Δu are the ultimate 
shear force and corresponding deflection at mid-span, respectively; Vu 
and εu stand for the ultimate shear capacity and corresponding stains on 
the surface of longitudinal rebars at mid-span, respectively, and %u and 
%P refer to the ultimate shear capacity and corresponding displacement 
improvement ratio with respect to plain concrete beams, respectively. 

The experimental findings have allowed for a selective consideration 
and comparison of aspects such as shear capacity, failure modes, crack 
patterns, deflection behaviour, and shear versus steel strain response 
across all tested specimens. In particularly, owing to the failure modes 
and ultimate shear forces of different beams with RSF caused by 
different fibre volume fractions, different shear span ratios are 
highlighted. 

4.3. Load versus deflection curves 

The curves plotting load versus mid-span deflection for the beam 
specimens are divided into numerous groups, based on the relevant 

Table 3 
Beams information.  

Beam Shear 
Span 
Ratio 

Shear 
Span 
(mm) 

Effective 
Depth (mm) 

Longitudinal 
Ratio (%) 

Fibre 
Content 
(%) 

M0–1.5  1.5  260  174  2  0 
M0–2.5  2.5  432  174  2  0 
M0–3.5  3.5  608  174  2  0 
M0–4  4  696  174  2  0 
M1- ISF- 

1.5  
1.5  260  174  2  0.4 

M1-ISF- 
2.5  

2.5  432  174  2  0.4 

M1- ISF- 
3.5  

3.5  608  174  2  0.4 

M1- ISF- 
4  

4  696  174  2  0.4 

M2- ISF- 
1.5  

1.5  260  174  2  0.8 

M2- ISF- 
2.5  

2.5  432  174  2  0.8 

M2- ISF- 
3.5  

3.5  608  174  2  0.8 

M2- ISF- 
4  

4  696  174  2  0.8 

M1- 
RSF- 
1.5  

1.5  260  174  2  0.4 

M1-RSF- 
2.5  

2.5  432  174  2  0.4 

M1- 
RSF- 
3.5  

3.5  608  174  2  0.4 

M1- 
RSF-4  

4  696  174  2  0.4 

M2- 
RSF- 
1.5  

1.5  260  174  2  0.8 

M2- 
RSF- 
2.5  

2.5  432  174  2  0.8 

M2- 
RSF- 
3.5  

3.5  608  174  2  0.8 

M2- 
RSF-4  

4  696  174  2  0.8  

Fig. 5. : Compressive Strength.  
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variables under consideration as presented in Figs. 6, 7, 8, and 9. In our 
study, the stiffness in the elastic region was determined using the load- 
displacement curves obtained from the experimental results. The stiff-
ness was calculated as the slope of this linear segment of load 
displacement curve. 

As shown in Fig. 6, beams with ISF and RSF of shear span ratio of 1.5 
have significantly improved the stiffness and ultimate load capacity 
compared to M0–1.5, their counterpart beam. As per the experimental 
findings, the shear resistance of composite beams can be significantly 
enhanced by the addition of ISF and RSF. Meanwhile, although RSF- 
reinforced concrete beams contribute to the increasing shear capacity, 
their shear resistance improvement is less than ISF-reinforced concrete 
beams. Moreover, adding 0.8% of RSF, a higher volume of fibre, can 
increase the beams’ stiffness, allowing them to sustain a higher ultimate 
load with larger corresponding deflections, which indicates a less brittle 
performance and a noticeable improvement in the energy absorption of 
the tested beams. The beams’ ISF and RSF content accounts for 0.8% of 
the total volume, showing 49.94% and 36.26% increases in the load 
capacity, respectively. Notably, adding any type of fibre can enhance the 
stiffness and shear strength of fibre-reinforced beams compared to those 
without fibre. Besides, the enhancement rate of ISF and RSF are similar, 
mainly due to the limited fibre reinforcement area. According to Fig. 4, 
the fibre enhancement area of beams with a shear span ratio of 1.5 is less 
than other beams, meaning that the fibre amount in the enhancement 
area remains less than other beams with a higher shear span ratio. In 
these cases, the shear improvement by different types of fibre will be 
insignificant. 

Group II has been obtained to study the shear capacity of fibre- 
reinforced concrete beams with a span ratio of 2.5, with M0–2.5, the 
control group specimen, exhibiting shear failure. When the load P rea-
ches 40 kN, the shear cracks are initiated at the mid-span. Meanwhile, 
the majority of the cracks are located on both sides of the line between 
the loading point and the support, which are parallel to this line. Be-
sides, the stiffness of the beam gradually degrades with the increasing 
cracks. After M1-ISF-2.5′s peak strength (Pu) of 77.67 kN at the δ value 
of 5.59 mm, the load-bearing capacity is significantly decreased. Ulti-
mately, the load-bearing capacity is increased to 220.6% of the peak 
strength with 0.8% of the ISF content and 171.3% of the peak strength 
with 0.8% of the RSF content. Furthermore, regarding the control 
specimen, the shear capacity of M1-ISF-2.5 and M1-RSF-2.5 has been 
increased by about 120.43% and 71.00%, respectively. 

In relation to the beams in Group III and IV, the shear cracking load is 
particularly prominent in beams with a shear span ratio of 4, as the load- 

deflection curve markedly diverges from the initial stiffness curve at the 
shear cracking point. Meanwhile, the stiffness of high-strength fibre- 
reinforced beams exhibits a gradual alteration with the addition of fibre, 
suggesting that the steel fibre provides a comparatively higher bridge 
effect as the shear span-to-effective depth ratio escalates. Therefore, 
compared to the control specimen, the shear capacity improvements are 
30.39%, 49.16%, 29.45%, and 43.85% for beams M1-ISF-3.5, M2-ISF- 
3.5, M1-RSF-3.5, and M2-RSF-3.5, respectively. Moreover, the dis-
placements at maximum shear load are significantly improved for the 
Group IV beams by adding steel fibre because it is the largest shear span 
among all groups. Compared to beam M0–4, the increases in deflection 
are 1.89%, 13.98%, 21.79% and 21.03% for beams M1-ISF-4, M2-ISF-4, 
M1-RSF-4 and M2-RSF-4, respectively. In addition, the shear strength 
improvements are 55.71%, 96.54%, 25.85% and 67.05%, respectively. 

The assessment of the complete load-deflection response can be split 
into several phases: shear cracking, steady growth of shear load, and 
descending stages. During the stage of curve formation, the bridging 
impacts offered by the fibre aren’t substantial, with all beams displaying 
nearly linear behaviour. Subsequently, as the load nears its peak value, 
the fibre ratio escalates along with the load rate and corresponding 
deflection. Moreover, with the increase in the shear span/depth ratio (a/ 
d ratio), the differences in the ultimate load and deflection between the 
control specimens and those reinforced with RSF and ISF become more 
distinct in each figure. Interestingly, RSF beams show a load-deflection 
response at the midpoint nearly identical to that of ISF-reinforced beams 
with equivalent fibre concrete, implying that RSF-reinforced beams 
exhibit similar macro mechanical behaviours to ISF-reinforced beams 
with the same fibre content. Even though all beams exhibit brittle shear 
failure, as illustrated in Fig. 9, the downward phase of the load- 
deflection curve isn’t immediately steep for beams reinforced with ISF 
and RSF. Intriguingly, when the shear span ratio attains 4 for the fibre- 
reinforced beams, the load increases along with a larger deflection as it 
nears the beams’ maximum capacity, demonstrating that a higher shear 
span ratio can provide early warning due to the more substantial 
deformation occurred, which represents greater energy dissipation as 
the load nears its peak value. 

The enhancement in shear resistance has been particularly notable in 
the lower shear span/depth ratio range from 1.5 to 2.5. Even though 
beams fortified with steel fibre have the same nominal theoretical shear 
contribution, those reinforced with ISF can attain marginally higher 
shear resistance compared to RSF-reinforced beams. As expected, the 
shear resistance strengthened by steel fibre increases nearly linearly 
with the increment of fibre content. However, as the shear span/depth 

Fig. 6. : Load Displacement Curve with a shear span of 1.5 (Group I beams).  

Fig. 7. Load Displacement Curve with a shear span of 2.5 (Group II).  
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ratio escalates from 2.5 to 4, the increase in shear resistance is not 
substantial. To sum up, both the shear span ratio and fibre content 
significantly influence shear resistance. Concurrently, the efficacy of 
RSF and ISF in enhancing shear resistance is analogous when main-
taining same fibre content. 

4.4. The strain of longitudinal reinforcement 

The strains developed in the steel bars, recorded by the electrical 
resistance strain gauges strategically positioned at the midpoint of the 
load application area on each longitudinal steel bar(Details as shown in 
Figs. 3 to 5), are illustrated in Fig. 10 and Table 4. The maximum value 
of recorded strain from the strain gauges of the Group I beams has been 
1823.6 με with a shear span ratio of 1.5. Meanwhile, adding fibre is 
beneficial to improving the effective of shear resistance of longitudinal 
rebar, which mainly due to the synergistic behaviours between fibre and 
steel rebar. With the addition of fibre, of diagonal shear crack will be 
steeper which increasing the work area of longitudinal rebar. Review the 
performance of RSF, which contributes to a less cooperative relationship 
with steel rebars, even with substantial shear capacity improvement, 
mainly due to the weak hooked end. Besides, since the RSF is soft and 

weak after being recovered from waste tyres with severe tire and wear, 
the fatigue effect can increase the potential risks of failure of the joint 
after being manufactured with the hooked end. According to the 
description of the relationships between the applied loads and strains in 
longitudinal rebar bars in Fig. 10, the strains in the longitudinal bar have 
increased significantly with the increased loading. Similar to Group I, it 
is no surprise that the maximum strains in longitudinal bars of RSF 
beams do not exceed the ultimate strains of ISF bars in reinforced con-
crete beams, with the maximum strain of 1645.47 με, as recorded for 
M2-ISF-2.5. Moreover, as demonstrated in the Group III beams with a 
shear span ratio of 3.5 and the Group IV beams with a shear span ratio of 
4, as shown in Figs. 3 and 4, the maximum strains in longitudinal bars 
increase sharply for the shadow beams (shear span ratio ≥ 2.5), which 
can be directly seen with the increase of shear span ratio. 

As per the crack pattern of the tested beams at failure presented in 
Appendix A-1, the Group I beam with a shear span ratio of 1.5 exhibits a 
deep-beam failure mode. Concurrently, a sequence of diagonal cracks is 
visible in the shear span, disrupting the horizontal shear transfer from 
the longitudinal reinforcement to the compression zone. Furthermore, 
the classic arch action significantly contributes to the shear resistance 
mechanism, with a few inclined cracks and concrete splitting involved in 
the failure process. In the initial loading stage, the applied load is borne 
by an uncracked concrete section until the emergence of the first crack. 
As the load escalates, cracks surface in the shear span regions and extend 
diagonally towards the loading points at angles ranging from 32 to 40 
until sudden failure originates from a single major shear crack. 
Conversely, the beams with 0.4% and 0.8% ISF (B7 and B8) fail due to 
the formation of a single major diagonal crack, exhibiting a shear failure 
mode akin to the beams reinforced with RSF. The failure patterns also 
reveal that the inclusion of steel fibre diminishes the space between the 
cracks. Additionally, employing 0.8% ISF or RSF effectively reduces the 
crack openings due to the stitching action of the fibre, inducing tensile 
stress across the cracks, leading to an increase in delayed local crack. 
Post the diagonal crack, the extension of existing cracks is primarily seen 
with the increase in load. Further, the cracks interconnect with each 
other, gradually shaping a main failure crack. 

The failure mode that has appeared in all Group II beams with a shear 
span ratio of 2.5 is shear compression, as depicted in Appendix A-1. 
Although the brittle shear failure mode is typical among the Group II 
beams, the beams reinforced by steel fibre still show a much gentler 
failure mode than the control beams during the test. As the shear rein-
forcement ratio increases, a higher shear load can be obtained when 
specimens are near the ultimate state because the tension force is 

Fig. 8. : Load Displacement Curve with a shear span of 3.5 (Group III).  

Fig. 9. : Load Displacement Curve with a shear span of 4 (Group IV).  
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resisted by steel fibre at the crack interface of the fibre-reinforced con-
crete beams, which increases the cracking and shear resistance. In 
specimens with a shear span ratio of 2.5, macro cracks are initiated 
following the line between the loading point and support when the 
loading reaches the ultimate state. However, most cracks forms to 
connect and develop around the main diagonal crack. Compared to the 
Group I beams with a shear span to depth ratio of 1.5, the results 
demonstrate a slight increase in the number of cracks and a decrease in 
crack width when the crack angle significantly drops with the addition 
of ISF. Furthermore, similar trends can be observed in beams with RSF- 
reinforced concrete with specific crack angles. 

As depicted in Appendix A-1, all the Group III and IV beams have 
failed in a flexural-shear mode. The first inclined shear cracks typically 
surface in the middle section of the concrete web. Subsequently, as the 
shear load amplifies, the width of the shear crack rapidly expands. 

Secondary shear cracks also develop in the progression of prominent 
shear cracks. Similar to the Group II beams, the M0–4 specimens exhibit 
the mildest failure mode in comparison to the M0–2.5 and M0–3.5 
beams. These test outcomes are not replicated in the Group I beams as 
their failure is primarily triggered by the crushing of the concrete 
compression strut. Compared to Group II, the substantial rise in shear 
resistance with the increase in the shear span-to-depth ratio is primarily 
due to the augmented vertical shear instigated by the steeper angle of 
the diagonal shear crack. 

Review the failure mode of the 20 beams, the plain concrete beams 
single diagonal crack that propagates rapidly through the beam until it 
eventually fails. Upon reviewing the failure modes of the twenty beams, 
it becomes apparent that the shear resistance provided by the ISF or RSF 
increases as the shear-span ratio gradually increases. Compared to 
concrete beams without fibres, fibre reinforced concrete beams exhibit a 

Fig. 10. Loading strain curve.  
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milder mode of failure. For beams with a large shear-span ratio, the 
addition of fibres changes the failure mode from direct shear failure to a 
combination of shear and flexural failure. The addition of fibres has a 
significant effect on impeding the rapid progress of cracks. In the ex-
amination of beams with a larger shear-span ratio, it was investigated 
that concrete beams reinforced with fibres display partial small cracks 
prior to the onset of major diagonal cracks. In addition, during the phase 
of swift crack development, the fibres effectively hinder the rapid spread 
of cracks, which makes it possible for people to evacuate and relocate 
their possessions before structural failure arises. Adding RSF reinforce-
ment in the beams will result in a significant improvement in the 
cracking patterns. Initially, the interaction between steel fibre and the 
longitudinal reinforcements exhibits uniformly distributed fine cracks 
while eliminating the early strain localisation. Meanwhile, the higher 
fibre content in the beams has improved the serviceability limits with a 
noticeable reduction in the crack width. Moreover, the RSF can reach 
the same performance as ISF while controlling crack development, 
indicating that the bridging effect provided by RSF delays the brittle 
shear failure, thereby enhancing the ductility of the strengthened 
specimens. 

5. The shear capacity prediction based on TR63 

5.1. Analysis of existing formulas 

In the fibre-reinforced concrete beam structure, the added fibre 
shows dispersed aims, functional or spatial, to enhance the structural 
performance. (Nematzadeh & Fallah-Valukolaee, 2021). Various studies 
have confirmed the existence of the shear span ratio on the shear ca-
pacity of concrete beams without stirrup. This section will briefly 
describe the five different empirical, analytical and artificial shear pre-
diction models found in previous studies on ISF-reinforced concrete 
beams. According to a brief review, the limited proposed formula pre-
scribes provisions that include the shear-enhancing effect of steel fibre 
combined with high-strength concrete. Song and Hwang [8] posit that 
the synergistic interaction among fibre, cement, and aggregates will 
undergo a change, implying that the equations currently utilized for 
normal-strength concrete will no longer be capable of predicting the 
mechanical properties of high-strength concrete. Table 5 demonstrates 
an overview of formulas focusing on describing the relationship between 
steel fibre with high-strength concrete in the current codes and guide-
lines, while Table 6 is built to compare the predicting ability of each 
formula. 

5.1.1. Prediction model of Mansur et al. (1986) 
Due to the complexity of shear-related issues in concrete, there are 

proven to be challenging to resolve through purely analytical pre-
dictions. In that cases, a simplified model was introduced by Mansur, 
Ong and Paramasivam [13], which is based on a combination of rational 
analysis, test evidence, and successful structural performance experi-
ence. Mansur, Ong and Paramasivam [13] establish the model based on 
the ACI Committee 544. Moreover, there are four essential parameters 
considered in the prediction model:  

(1) The concrete compression zone, Vcy  
(2) aggregate interlock action, Va  
(3) dowel action of longitudinal bars, Vd  
(4) web reinforcement by fibre, Vs 

This analytical approach is primarily developed by considering the 
equilibrium of forces across a diagonal crack. Except the shear resist 
provided by fibre, the other parts can be lumped together and explained 
by Vc (The shear resist provided by concrete). In that case, the shear 
capacity of ISF reinforced concrete beams (Vfrc) can be calculated by 
following formulas: 

Vfrc = Vcy + Va + Vd + Vs# (1)  

Vfrc = Vc + Vs and Vc = Vcy + Va + Vd# (2) 

The Vfrc calculated based on the ACI-ASCE Committee 426: 

Vfrc =
(

0.16
̅̅̅̅̅
fck

√
+ 17.2

ρVd
M

)

≤ 0.29
̅̅̅̅̅
fck

√
bd## (3) 

The ρ is the longitudinal steel ratio, ƒc is the concrete strength, b and 
d are the effective width and depth of the beams. The V/M is the ratio of 
external shear to moment at the section, and can be calculated by 
following formulas: 

M
V

=
Mmax

V
−
d
2

a ≤ 2d# (4)  

M
V

=
Mmax

V
− d a > 2d# (5) 

The shear resist provide by ISF are calculated by: 

Table 4 
The tested results of fibre reinforced concrete beam with ISF and RSF.  

Beam Pu Δu εu %u %P Vcr 

M0–1.5  86.65  6.21  1037.5 - -  3.54 
M0–2.5  45.86  3.41  926.47 - -  1.36 
M0–3.5  84.58  5.16  1469.76 - -  1.57 
M0–4  119.78  7.94  1663.98 - -  1.56 
M1- ISF-1.5  100.8  7.41  1537.2 16.33% 19.32%  4.11 
M1-ISF-2.5  77.67  5.59  1639.09 69.36% 63.93%  2.31 
M1- ISF-3.5  110.28  6.86  1394.77 30.39% 32.95%  2.05 
M1- ISF-4  186.51  8.09  1845.83 55.71% 1.89%  2.43 
M2- ISF-1.5  129.92  7.889  1823.6 49.94% 27.04%  5.30 
M2- ISF-2.5  101.09  5.87  1645.47 120.43% 72.14%  3.00 
M2- ISF-3.5  126.16  7.60  1737.7 49.16% 47.29%  2.34 
M2- ISF-4  235.42  9.05  7.59 96.54% 13.98%  3.07 
M1- RSF-1.5  93.94  7.17  1180.3 8.41% 15.46%  3.83 
M1-RSF-2.5  64.60  3.84  1110.22 40.86% 12.61%  1.92 
M1- RSF-3.5  109.49  5.44  1574.42 29.45% 5.43%  2.03 
M1- RSF-4  150.74  9.67  1362.46 25.85% 21.79%  1.96 
M2- RSF-1.5  118.07  8.10  1322.8 36.26% 30.43%  4.82 
M2- RSF-2.5  78.42  5.59  1289.98 71.00% 63.93%  2.33 
M2- RSF-3.5  121.67  6.85  1577.79 43.85% 32.75%  2.26 
M2- RSF-4  200.09  9.61  2796.47 67.05% 21.03%  2.61  

Table 5 
Review of proposed formula.   

Formula 

Mansur 
et al. Vfrc =

(
0.16

̅̅̅̅̅̅
fck

√
+17.2

ρVd
M

)

≤ 0.29
̅̅̅̅̅̅
fck

√
bd 

Al-Ta’an 
et al. vfrc = (1.6

̅̅̅̅̅̅
fck

√
+ 960ρ1

d
a

e + 8.5βVf
lf
df
)/9 

Khuntia 
et al. vfrc = (0.167α + 0.28Vf

lf
df
)

̅̅̅̅̅̅
fck

√

Swamy 
et al. 

vfrc = vc + vw = 3.75τr + 0.9σcu 

Kara et al. 

vfrc = (
ρ1d

c0c1
( a
d

))
3
+

F1d
1
4

c2
+

c3

1
2

̅̅̅̅̅̅
fck

√

d
1
2 

Ashour 
et al. vfrc =

[(
2.11

̅̅̅̅̅̅
fck3

√
+7Vf

lf
df

)

(ρd
a
)
0.333

]

for a/d ≥ 2.5 

vfrc =
[(

2.11
̅̅̅̅̅̅
fck3

√
+7Vf

lf
df

)

(ρd
a
)
0.333

](
2.5
a
d

)

+(0.41τVf
lf
df
)(2.5 −

d
a
) for 

a/d < 2.5 

*Vfrc is the shear capacity of fibre reinforced concrete beams; fck is the 
compressive strength of fibre reinforced concrete; ρis the longitudinal ratio; b is 
the width of concrete beams; d is the depth of concrete beams; Vf is the fibre 

content and 
lf
df 

is the aspect ratio.  
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Vs = σcubd# (6)  

σcu = η0ηLηb2τ
lf
df
Vf # (7) 

The σcu is the ultimate strength in tension of composite, and the 
formula of σcu provided by Swamy and Sa’ad [34]. The η0 is orientation 
factor which is 0.41, and the ηb is the bond efficiency factor equals to 1 
suggested by Swamy and Sa’ad [34]. lf and df are the length and 
diameter of fibre, and Vf represents the volume of fibre. The fibre bond 
stress, τ was assumed to exist along ¼ of the fibre length and Visser and 

Boshoff [35] suggests the τ equal to 0.8
̅̅̅̅

f′
c

√

for hooked ISF. The ηL is the 
length correction factor which can be calculated as: 

ηL = 1 −
tan(βlf

/
2)h

(βlf
/

2)
## (8)  

β =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2πGm

Ef Af ln
(
S
rf

)

√
√
√
√
√

# (9)  

S = 25

̅̅̅̅̅̅̅̅
df
Vf lf

√

# (10) 

Where Gm is the matrix shear modules, Af is the fibre cross-sectional 
area, rf is the fibre radius and S is the mean centroid spacing. In this 
model, the contribution of concrete and fibre in shear capacity are 
described well, and the shear span ratio are considered in beginning. 
However, there are certain defects in the division of the shear span ratio, 
which result in a big gap between prediction and experiment value with 
the shear span ratio greater than 3. 

5.1.2. Prediction Model of Al-Ta’an et al. (1990) 
Al-Ta’an and Al-Feel [36] collected the test results of 89 ISF rein-

forced concrete beams, and focused on six parameters:  

(1) The compressive strength of concrete  
(2) Shear span ratio  
(3) Volume of fibres  
(4) Aspect ratio of fibre  
(5) Fiber types  
(6) Reinforcement ratio 

The formula provided by Al-Ta’an and Al-Feel [36] based on the 
regression analysis with 89 experiment results. Besides the researchers 
highlighted the effect of interfacial bond stress and suggested an average 
value of 4.15 MPa can be used in the formula. 

vfrc =
1.6

̅̅̅̅̅
fck

√
+ 960ρ1

d
a
e+ 8.5βVf

lf
df

9
#

(11) 

Where e is the dimensionless factor, and can be calculated by 
following equation: 

e = 1.0 when a/d> 2.5 
e = 2.5d/a when a/d< 2.5 

The expression based on the variables test beams and regression 
analysis which more accuracy than other formulas. 

5.1.3. Prediction model of Khuntia, Stojadinovic and Goel [37] 
Khuntia, Stojadinovic and Goel [37] introduced a straightforward 

analytical shear prediction model grounded on the ACI Committee 381. 
They suggested that the shear capacity of the ISF reinforced beam could 
be separated into two distinct components.:  

(1) The shear strength provided by Vc  
(2) Shear strength provided by fibre: Vf 

The Vc and Vf can be described simply by following equation: 

vc = 0.167
̅̅̅̅̅
fck

√
# (12)  

vf = AβτVf
lf
df

# (13) 

Where A is the nondimensional constant which is 0.41respectly. The 
β is the fibre factor which taken as 1 for hooked or crimped steel fibre 
suggested by Narayanan and Darwish (1992). The τ is the bond stress 
which equal to 0.68

̅̅̅̅̅
fck

√
. In that case, the shear contribution of the fibres 

Vf becomes: 

vf = AβτVf
lf
df

= 0.41 × 0.68 ×
̅̅̅̅̅
fck

√
× Vf

lf
df

= 0.28
̅̅̅̅̅
fck

√
Vf
lf
df

# (14) 

And the Vfrc can be summary as: 

vfrc =
(

0.167α+ 0.28Vf
lf
df

)
̅̅̅̅̅
fck

√
# (15) 

The author introduced the α as the arch action factor, which equal to 
2.5d/a. The formula provided by Khuntia, Stojadinovic and Goel [37] is 
a simplified equation which focus on both normal and high strength 
steel fibre reinforced beams. Besides, the prediction results have been 
validated conversation. 

5.1.4. Prediction model of Swamy, Jones and Chiam [38] 
Swamy, Jones and Chiam [38] described a simple analytical shear 

prediction model and focus on compression chord Vc and web 

Table 6 
Summary of Prediction Results versus Experimental Results.  

Shear Span Ratio 1.5 2.5 3.5 4 

Fibre Content 0% 0.40% 0.80% 0% 0.40% 0.80% 0% 0.40% 0.80% 0% 0.40% 0.80% 

Ratio between Prediction Results and Experimental Result for ISF reinforced beams 
Khuntia 0.59 1.87 1.91 0.81 0.41 0.92 0.62 0.69 0.40 0.42 0.72 0.69 
Swamy 0.36 1.18 1.24 0.81 0.39 0.84 0.62 0.66 0.37 0.42 0.68 0.63 
Mansur 0.47 1.50 1.53 0.86 0.42 0.91 0.64 0.69 0.39 0.43 0.71 0.66 
Ashour 0.92 3.26 3.58 1.06 0.50 1.05 0.72 0.75 0.41 0.47 0.74 0.68 
Ilker Fatih Kara 0.63 1.90 1.88 1.18 0.54 1.12 0.87 0.88 0.47 0.59 0.91 0.81 
Al–Ta 0.84 2.34 2.17 1.53 0.64 1.23 0.96 0.91 0.46 0.62 0.90 0.76 
Proposed Formulas in this Study 1.13 1.37 1.00 0.94 1.36 1.16 1.12 0.89 1.15 0.98 1.08 0.78 
Ratio between Prediction Results and Experimental Result for RSF reinforced beams 
RSF Pre (MPa) - 4.44 2.11 - 2.02 1.90 - 4.74 2.26 - 2.16 2.03 
RSF Exp (MPa) - 3.83 1.92 - 2.03 1.96 - 4.82 2.33 - 2.26 2.61 
Pre/Exp - 1.16 1.10 - 0.99 0.97 - 0.98 0.97 - 0.95 0.78  

X. Qin et al.                                                                                                                                                                                                                                      



Construction and Building Materials 411 (2024) 134509

12

reinforcement Vw. 

vfrc = vc + vw = 3.75τr + 0.9σcu# (16) 

Where σcu is the post-cracking tensile strength of fibre concrete, and 
the τr is the concrete shear strength which depend on the compressive 
strength. For the σcu, the author given following equation: 

σcu = η0ηLσfuVf # (17) 

Where η0 is orientation factor which is 0.41 suggested by author, and 
the ηL is the length efficiency factor of fibres equals to 0.98 ≈ 1 sug-
gested by Laws, Lawrence and Nurse [39]. The σfu is the fibre fracture 
stress and Vf is the fibre content. 

5.1.5. Prediction model of Kara (2013) 
Kara [40] proposed a shear capacity prediction model based on gene 

expression programming. The fibre factor is determined by fibre type, 
volume of fibre and aspect ratio of fibre. With the help of 101 sets, the 
following formula can be drawn: 

vfrc = (
ρ1d

c0c1

(
a
d

))
3
+
F1d

1
4

c2
+
c3

1
2

̅̅̅̅̅
fck

√

d
1
2

# (18)  

F1 = βVf
lf
df

# (19)  

Where c0, c1, c2 and c3 are constants which equal to c0 = 3.324, c1 
= 0.909, c2 = 2.289 and c3 = 9.436, respectively. 

5.1.6. Prediction Model of Ashour, Hasanain and Wafa [41] 
Ashour, Hasanain and Wafa [41] described a shear capacity formula 

based on the regression analysis. The author focuses on the shear ca-
pacity contribution provided by compressive strength of concrete and 
shear span ratio: 

vfrc =
(

2.11
̅̅̅̅̅
fck3

√
+ 7Vf

lf
df

)

(ρd
a
)

0.333# (20) 

This formula demonstrates robust predictive power for both normal 
and high-strength concrete beams tested by them. However, it un-
dervalues the contribution of fibre, and the prediction outcomes for 
beams with low reinforcement ratios (<0.37%) have some discrepancies 
when compared with experimental results. 

According to the previous formula, it can be seen directly that there 
are several key parameters considered in the formula design: compres-
sive strength, fibre content, longitudinal ratio, and fibre aspect ratio. 
Although the effect of the shear span ratio has been confirmed by many 
experiments, due to the different types of fibre, the explanations and 
equations about the shear capacity of fibre-reinforced concrete are 
distinct. In the present study, the influence of the shear-span ratio on the 
shear capacity of RSF and ISF reinforced beams are investigated by ex-
periments. Furthermore, a novel theoretical formula for quantitively 
describing the shear capacity of RSF reinforced concrete considering the 
shear-span ratio is proposed and verified. 

According to the previous formula, several vital parameters should 
be considered in the formula design: compressive strength, fibre content, 
longitudinal ratio, and fibre aspect ratio. Although previous experiments 
have confirmed the effect of the shear span ratio, the explanations and 
equations about the shear capacity of fibre-reinforced concrete are 
distinct. Experiments in the present study has examined the influence of 
the shear-span ratio on the shear capacity of RSF and ISF-reinforced 
beams. Furthermore, a novel theoretical formula for quantitively 
describing the shear capacity of RSF-reinforced concrete considering the 
shear-span ratio is proposed and verified. 

5.2. Modify the TR63 

Based on the analysis, Eourcode2 and TR63 are reasonably proposed 
as modifications to the current standard. In this study, several empirical 
equations are based on the Eurocode 2 and TR63, making it easier to 
predict the shear strength of the studied and collected beams. Moreover, 
164 beams collected from published papers about the high-strength 
steel-fibre reinforced concrete beams have been evaluated to improve 
the predicting ability during regression analysis, with the details shown 
in Table Appendix A-2. 

According to the proposed formula, five parameters are considered 
in the formula design: compressive strength (fck), longitudinal ratio (ρ), 
fibre content (Vf ), shear span ratio (d

a), and fibre aspect ratio ( lf
df
). 

Therefore, this section quantifies the beam model based on the following 
assumptions. Firstly, fibre-reinforced concrete beams are considered an 
ideal elastoplastic material under tension. Secondly, the shear force can 
be developed with plain reinforced concrete (RC) beams and fibre 
contributions. Thirdly, the fibre positions in the beams are random, 
assumably evenly distributed in the interior of the beam. The empirical 
equation for predicting the ultimate shear strength of the studied beams 
in this study is developed as follows: V = Vc + Vf. 

5.2.1. RC beams 
According to the design standard of TR63 and Eurocode 2, the shear 

capacity of RC beams should follow Eq. (21): 

VRd,c =
[
CRd,dk(100ρ1fck)

1
3

]
(21) 

However, the contribution of shear span ratios has not been indi-
vidually proved. Based on the Eourcode2 and experimental results 
collected from published papers for the formula design, Eqs. (22 and 23) 
are built based on regression analysis: 

VRd. .c = 1.9CRd. ck
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

100fck
d
a

3

√
a
d
≤ 2.5 (22)  

VRd. c =

[

1.9CRd.c .k3

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

100ρfck
d
a

3

√ ]
⎛

⎜
⎝

2.5
a
d

⎞

⎟
⎠

a
d
> 2.5 (23)  

where CRd.c is the 0.18/γc; k is constantly 0.15; fc refers to the 
compressive strength in MPa, and a/d stands for the shear span ratio. 

5.2.2. Fibre-reinforced Concrete Beams 
According to TR63, the fibre contributions are based on the experi-

ments of residual flexural strength. However, most collected results fail 
to include the residual flexural strength. To evaluate the residual flex-
ural strength of fibre-reinforced concrete, the formula proposed by 
Venkateshwaran, Tan and Li [42] describes the contribution of the fibre 
effect in this study: 

fR,4k = ψ
[
0.177(fck)

0.5
+ 6.151(RI) + 0.137N2

]
# (24)  

where ψ = (1 +
Lf

100)
0.5 and Lf are the fibre length; RI refers to the fibre 

factors, and (VfLf/Df) and N stands for the number of hooked ends in 
steel fibre. 

Based on the regression analysis and the evaluation of the impact of 
parameters, Formulas 21 to 28 have been determined for the shear 
capacity of the high-strength ISF and RSF-reinforced fibre beams. In 
addition, when considering the size effect, some beams with a shear span 
ratio less than 2.5 are collected, aiming to describe the shear capacity of 
the deep beams, while Table 6 has been made to describe the predicting 
ability between the proposed and previous formulas. In the formulas of 
Eqs. 25 to 28, this study considers the shear-span ratio as an important 
parameter and use regression analysis to adjust the coefficients based on 
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our experimental data. This statistical approach is essential for esti-
mating relationships between variables, helping to accurately describe 
how different parameters affect the shear strength of ISF and RSF con-
crete beams. Through the regression process, large data sets from ex-
periments to prediction results adjust coefficients in existing formulas to 
enhance the prediction ability. In the next section, this study will do a 
comprehensive evaluation to the proposed formula. 

For the ISF reinforced concrete beams: 

VRd. c = 1.15CRd. ck
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

100ρfck
d
a

√

+ 5
fR.4
ψ

̅̅̅̅
fc

√

(

ρ d
a

)1
3 a

d
> 2.5# (25)  
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⎜
⎝
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a
d

⎞

⎟
⎠ ∗
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3

√

+ 5
fR.4
ψ

̅̅̅̅
fc

√

(

ρ d
a

)1
3
]

a
d
≤ 2.5##

(26) 

For the RSF reinforced concrete beams: 

VRd. c = 1.15CRd. ck
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

100ρfck
d
a

3

√

+ 3
(

ρ d
a

)1
3 a

d
> 2.5# (27)  
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(
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a
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(28)  

5.2.3. Evaluation of proposed model 
The proposed shear model undergoes evaluation by comparing its 

shear predictions to the experimental shear strengths obtained from 164 
beam tests, which were conducted on a range of shear span ratios and 
included hooked-end ISF with fibre volumes from 0% to 4%. All these 
proposed formulas regarding the shear capacity of the high-strength 
concrete beam with steel fibre have been modified based on TR63 and 
Eurocode 2. Fig. 11 aims to indict the predicting ability of each formula, 
which is summarised in Table 6. 

The statistical analysis shows that the average prediction- 
experimental value is 0.98 for the total dataset, with the standard de-
viation below 20% for most points, respectively. The model put forth in 
this study exhibits considerable effectiveness in predicting slightly 
conservative shear strengths, yielding a high accuracy χ of 0.95 and a 
low standard deviation (SD) of 0.10, which is desirable. Fig. 11 shows 
the calculated values of the shear strength with Eq. (15) versus the 
experimental values. The mean value of the calculated to the experi-
mental was 0.965, 0.980, and 0.993, with a standard deviation of 0.222, 
0.225 and 0.200 with RC, a/d< 2.5 datasets, and a/d≥ 2.5 datasets, 
respectively. 

Moreover, to evaluate the fExp/fPre distributions in the datasets, box 
and whisker diagrams are drawn in Fig. 12, in which the calculated 
results are in an acceptable agreement with experimental values. This 
type of plot is based on a five-number summary: the minimum, first 
quartile, median, third quartile, and maximum. The "box" in the plot 
represents the interquartile range (IQR), which contains the middle 50% 
of the data. The "whiskers" extend to the smallest and largest values 
within 1.5 times the IQR from the first and third quartiles, respectively. 
Data points that fall outside of the whiskers are considered outliers, 
which are individually marked in the plot. This method of data repre-
sentation is widely accepted in statistical analysis as it offers a 
straightforward way to identify potential outliers based on a mathe-
matical definition. In the analysis, it should be paid attention to the 
position of outliers, most of which were observed to be in the upper 
region, indicating higher shear strengths in experiments. Due to the safe 
design principles and to foster more accurate predictions, this study 
adopted a strategy to underestimate the shear strength of beams delib-
erately. This approach is grounded in a cautious perspective that prefers 
to include data representing beams with lower shear values, thereby 

ensuring safety in the design predictions. During extensive experimen-
tation, the emergence of outliers is a common phenomenon. The 
methodology employed in this study, which utilizes a conservative 
approach for estimating shear force, exhibits a considerable degree of 
leniency towards outliers with lower experimental values. Conse-
quently, this tolerance inadvertently leads to the categorization of 
certain data points as outliers, despite them not representing 

Fig. 11. : Prediction Results versus Experimental Results.  
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exceptionally high experimental values. 
Consequently, the series of formulas proposed in this study are 

designed to provide more accurate predictions compared to previous 
models, aligning closely with the principles of safe design. This meth-
odology significantly limits the bias that might arise from giving undue 
weight to beams exhibiting ultra-high performance in shear resistance, 
thereby promoting safer design outcomes. Despite the conservative 
approach in handling the outliers, the proposed model effectively pre-
dicts the shear strength of ISF and RSF reinforced concrete beams across 
different shear span ratios, showcasing its reliability and robustness in 
shear strength prediction. 

According to Table 6, the proposed formulas for RSF beams generally 
exhibit good predictive accuracy, with the ratio of predicted to experi-
mental results ranging between 0.78 and 1.16. It is noteworthy that, 
despite a couple of predictions skewing towards the higher end of this 
range, the majority of the predicted values are closely aligned with the 
experimental results, towards a ratio of approximately 1 mostly. This 
demonstrates the high predictive capability of proposed model. How-
ever, due to a comprehensive database of test results for RSF reinforced 
beams was unavailable, this study can only re-structure formulas based 
on limited experiments results. It is recommend conducting more similar 
tests to accumulate a larger database, which would be instrumental in 
further validate the proposed model to achieve even higher predictive 
accuracy. 

6. Sustainable development framework 

6.1. Recycled steel fibre 

The raw materials of RSF have been collected from the tyre-recycling 
company of Xiang He in Shanghai city, with the details of the 
manufacturing process shown in Fig. 13, which the price of the bead 
wires is 411€ per ton. Besides, the machine used to separate the bead 
wires is known as tyre spinning machine, with the details of the tech-
nical specifications shown in Table 7. The process of recycling is based 
on the following steps:1) Waste tire collection; 2) Bead wires splitting; 3) 
Cleaning; 4) Shaping and application. 

According to Table 7, the avenge tire can be dealt with is 40 piece per 
hour, with each hour consuming 16.5 kw/h. The weight of a recycled 
tire is around 9 kg [43]. Moreover, the percentage of the steel wires in a 
tire is 10–15% [44]. Therefore, Formula 29 can be used to calculate the 
GHG emissions of RSF: 

QRSF = Qeρe ∗ θ ∗ γ (29)  

where QRSF is the GHG emissions when recycling the waste bead wires 
from tires, whose unit is kg CO2 eq; Qe stands for the electricity 

consumed by the tire spinning machine whose unit is kw/h; ρe refers to 
the percentage of wires in the tires; θ presents the pieces of recyclable 
tires can be recycled per hours, whose unit is pc/h: and the γ demon-
strates the GHG conversion factor. 

6.2. GHG emissions of beams 

To evaluate the possibility of replacing the ISF with RSF in sustain-
able construction development, the GHG emission and the material price 
of each beam are summarised in Table 8. Meanwhile, Table 9 illustrates 
the GHG emission values of beams obtained for the concrete mixes as 
shown in Table 1. Notably, the beams with different shear span ratios 
have a GWP between 1.85 and 5.04 kg CO2 eq without any other fibre 
addition. Therefore, replacing ISF with RSF demonstrates reductions in 
GWP between 0.33 and 1.73 kg CO2 eq. For replacing ISF with a shear 

Fig. 12. : Box and whisker analysis for formula design.  

Fig. 13. : Manufacturing Process of RSF.  

Table 7 
Technical Specification of the tire spinning machine.  

Name Process Capacity (pc/h) Equipment’s power (kw) Size of Tire (mm) 

GRT 20–60 11–22 800–1200  

Table 8 
GHG emissions and Budget price associated with various raw materials.  

Component of 
Concrete 

GWP/ kg 
CO2 eq 

Price/ 
$/kg 

Resource 

Basic Concrete 
Composition      

Ordinary Portland 
Cement  

0.884  0.125 Anderson and Moncaster[45] 
Ouellet-Plamondon and Habert 
[46] 

Coarse Aggregates  0.00429  0.0099 Ouellet-Plamondon and Habert 
[46] 

Fine Aggregates, 
Sand  

0.0024  0.0099 Ouellet-Plamondon and Habert 
[46] 

Water  0.00015  0.0016 Ouellet-Plamondon and Habert 
[46] 

Supplementary 
Materials      

Steel Fibre  2.2  1 Qin and Kaewunruen[18] 
Steel Rebar  0.72  1.2 Özdemir, Günkaya, Özkan, 

Ersen, Bilgiç and Banar[47] 
Raw Recycled Steel 

Fibre  
0.07  0.4 Proposed by Author  
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span ratio of 4 with a reference concrete with relatively high strength, 
the decrease in GHG has been around 14.61% (M1-RSF-4 versus M1-ISF- 
4) and the building budget saving was around 18.30%. Yet, for reference 
concrete beams with relatively low strength, this GHG emission increase 
has been around 17.99% (M1-ISF-4 versus M0–4) and 0.5% (M1-RSF-4 
versus M0–4). On the other hand, for replacing ISF with 0.8% RSF, the 
decrease of GHG emission is around 25.39% (M2-RSF-4 versus M2-ISF- 
4), with a building budget saving, respectively. Furthermore, a higher 
decrease in GHG emissions will occur when the replacement ratio for ISF 
by RSF is 100% compared with the case of 50% replacement. Further-
more, with the increase of the shear span ratio, the contribution of RSF 
in reducing GHG emission becomes more significance. 

7. Future work 

Based on the experiments results, the RSF recycled from waste tires 
could be able to replace the ISF incorporated into structural component 
for a serious of field applications have huge potential impact (e.g., 
pavement, airport, and high-rise bridge). In addition, the contribution of 
RFS in a circular economy should not be ignored. With the application of 
circle economy, the waste can be minimized, and materials are reused at 
the end of their life cycle, which lead to safer and more sustainable 
production and consumption patterns, reducing the risk of accidents and 
environmental disasters. While the competitive pricing and impressive 
performance of RSF indicate its potential for sustainable applications in 
reinforced concrete (RC) structures, several challenges still need be paid 
attention before it can be widely applied. Future research should be 
focus on the concerns:  

• Evaluation principles of RSF: There is a pressing need to establish a 
comprehensive set of evaluation method that can standardize the 
performance of RSF. Given the variability in RSF quality due to dif-
ferences in supplier and recycling processes, which make it chal-
lenging to ensure its reliability in engineering applications.  

• Micro-structure analysis: As noted in this study, RSF is covered by 
rubber dust, the effects of which on the microstructure remain un-
known. It is unclear whether the presence of rubber and graphite 
particles could affect the bond between RSF and the concrete matrix. 
Microscopic experiments are essential to explore the bond strength of 
RSF and to discern the influence of these particles on the bonding 
mechanism.  

• Fatigue damage: Since RSF is recycled from waste tires, it already 
suffering fatigue stress. A deeper exploration into its fatigue char-
acteristics through extensive experimental analysis and theoretical 
backing is necessary.  

• Durability: The durability of RSF remains a significant concern which 
need more experiments to validate it. The potential for corrosion, 
from varied recycling and preservation methods, introduces an 
element of unpredictability in its performance. Future studies should 
focus on these issues, more research into aspects such as freeze-thaw 
cycles and corrosivity should be focused. 

8. Conclusion 

This study presents the results of three-point shear tests on ISF and 
RSF reinforced beams with different examined parameters, including 
shear span ratios and fibre properties. In addition, several empirical 
formulas proposed based on the experimental results and regression 
analysis. Moreover, environmental and economic impacts of using RSF 
and ISF, incorporating GHG emissions and budget analyses, supple-
mented by a sensitivity study on RSF manufacturing. The conclusions 
drawn are as follows: 

Secondly, the failure mode of specimens shifts depending on the 
shear span ratio and the reinforcement type. Specimens with a smaller 
ratio exhibit shear-compression failure, which transitions to shear- 
tension failure upon reinforcement with ISF or RSF. Larger ratios lead 
to diagonal-tension failure, with added fibre enhancing midpoint 
displacement due to a bridging effect, albeit with diminishing returns at 
consistent fibre levels. 

Initially, the compressive strength of fibre-reinforced concrete in-
creases with the increased fibre content, with ISF concrete slightly 
outperforming RSF concrete. The strength difference remains minimal, 
peaking at a 3.05 MPa discrepancy at 0.8% fibre content. 

Secondly, the failure mode of specimens depend on the shear span 
ratio and the fibre content. Specimens with a smaller ratio exhibit shear- 
compression failure, which transitions to shear-tension failure upon 
reinforcement with ISF or RSF. Larger ratios lead to diagonal-tension 
failure, with added fibre enhancing midpoint displacement due to a 
bridging effect. However, the contribution gaps of the displacement 
increment with different types of steel fibre have become negligible in 
specimens when maintaining the same fibre. 

Thirdly, compared to the beam specimens without fibre reinforce-
ment, the steel fibre has reinforced concrete beam specimens with 
considerable larger load-carrying capacity and deformation. The pres-
ence of shear studs, such as the bridging effect, have dramatically 
enhanced the load-carrying capacity of both ISF and RSF-reinforced 
concrete specimens. 

Furthermore, as a reference for the global warming potential (GWP) 
impact category, carbon emissions has been between 2.23 and 6.83 kg 
CO2 eq for the high-strength fibre-reinforced concrete materials incor-
porating ISF. These values can be reduced by up to 14.61% by replacing 
0.4% with RSF. In addition, 25.39% is obtained by replacing the 0.8% 
RSF. In addition, reducing budget price has been proved when replacing 
the RSF with ISF. When transportation distances have not been 
considered, the price budget can be reduced by up to 28.04% in than the 
0.8% fibre content. 
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Table 9 
GHG emissions and Budget price of each beams.  

GHG Emission of Each Beams/ kg CO2 eq 

Shear Span  1.50  2.50  3.50  4.00 
Plain  1.89  3.15  4.41  5.04 
0.4% ISF  2.23  3.71  5.19  5.93 
0.8% ISF  2.56  4.27  5.98  6.83 
0.4% RSF  1.90  3.17  4.43  5.07 
0.8% RSF  1.91  3.19  4.46  5.10 
GHG Emission Saving w.r.t 0.4% ISF beams  -14.61% 
GHG Emission Saving w.r.t 0.8% ISF beams  -25.39% 
Building Budgets of Each Beams/ $ 
Shear Span  1.50  2.50  3.50  4.00 
Plain  0.35  0.58  0.81  0.93 
0.4% ISF  0.50  0.83  1.17  1.34 
0.8% ISF  0.65  1.09  1.52  1.74 
0.4% RSF  0.41  0.68  0.95  1.09 
0.8% RSF  0.47  0.78  1.10  1.25 
Price Saving w.r.t 0.4% ISF beams  -18.30% 
Price Saving w.r.t 0.8% ISF beams  -28.04%  
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Appendix A  

Table A1 
Failure Mode of Beams.  

Image Beam information Failure Mode 
M0–1.5 
Max Load: 86.65 kN 
Max Displacement: 6.21 mm 

Splitting Shear Failure 

M1-ISF-1.5 
Max Load: 100.8 kN 
Max Displacement: 7.41 mm 

Shear Compression Failure 

M2-ISF-1. 5 
Max Load: 129.92 kN 
Max Displacement: 7.89 mm 

Shear Compression Failure 

M1-RSF-1.5 
Max Load: 93.94 kN 
Max Displacement: 7.17 mm 

Shear Compression Failure 

M2-RSF-1.5 
Max Load: 118.07 kN 
Max Displacement: 8.10 mm 

Shear Compression Failure 

(continued on next page) 
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Table A1 (continued ) 

M0–2.5 
Max Load: 45.86 kN 
Max Displacement: 3.41 mm 

Diagonal Tension Failure 

M1-ISF-2.5 
Max Load: 77.67 kN 
Max Displacement: 5.59 mm 

Diagonal Tension Failure 

M2-ISF-2. 5 
Max Load: 101.09 kN 
Max Displacement: 5.87 mm 

Diagonal Tension Failure 

M1-RSF-2.5 
Max Load: 64.60 kN 
Max Displacement: 3.84 mm 

Diagonal Tension Failure 

M2-RSF-2.5 
Max Load: 78.42 kN 
Max Displacement: 5.59 mm 

Diagonal Tension Failure 

M0–3.5 
Max Load: 84.58 kN 
Max Displacement: 5.16 mm 

Diagonal Tension Failure 

M1-ISF-3.5 
Max Load: 110.28 kN 
Max Displacement: 6.86 mm 

Diagonal Tension Failure 

(continued on next page) 

X. Qin et al.                                                                                                                                                                                                                                      



Construction and Building Materials 411 (2024) 134509

18

Table A1 (continued ) 

M2-ISF-3. 5 
Max Load: 126.16 kN 
Max Displacement: 7.60 mm 

Diagonal Tension Failure 

M1-RSF-3.5 
Max Load: 109.49 kN 
Max Displacement: 5.44 mm 

Diagonal Tension Failure 

M2-RSF-3.5 
Max Load: 121.67 kN 
Max Displacement: 6.85 mm 

Diagonal Tension Failure 

M0–4 
Max Load: 119.78 kN 
Max Displacement: 7.94 mm 

Diagonal Tension Failure 

M1-ISF-4 
Max Load: 186.51 kN 
Max Displacement: 8.09 mm 

Diagonal Tension Failure 

M2-ISF-4 
Max Load: 235.42 kN 
Max Displacement: 9.05 mm 

Diagonal Tension Failure 

M1-RSF-4 
Max Load: 150.74 kN 
Max Displacement: 9.67 mm 

Diagonal Tension Failure 

M2-RSF-4 
Max Load: 200.09 kN 
Max Displacement: 9.61 mm 

Diagonal Tension Failure   
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Table A2 
Datasets.  

Author Number of 
Beam 

Compressive Strength 
MPa 

Fibre 
Content % 

Longitudinal 
Ratio % 

Shear Span Cross Section (W*D) 
mm 

Fibre Type 

Ashour, Hasanain and Wafa [41]  18 92 ~101.32 0.5–1.5 0.37–4.58 1, 2, 4, 6 125 * 215 Hooked 
Yoo and Yang [48]  3 62.3 0.75 1.5 2, 4, 6 300 * 420 

450 * 648 
600 * 887 

Hooked 

Manju, Sathya and Sylviya [49]  6 82–83.8 0.5–1.5 1 1.5, 2.5 185 * 220 Hooked 
Tahenni, Chemrouk and Lecompte 

[50]  
16 63.1–65 0–3 1.16–1.5 2.2 100 * 135 Hooked 

Kwak, Eberhard, Kim and Kim [51]  9 62.6–68.6 0–0.75 1.5 2, 3, 4 125 * 212 Hooked 
Alzahrani [52]  6 61.6–73 0–0.75 1.46 3 200 * 350 Hooked 
Singh and Jain [53]  9 53.4–64.6 0.75–1.5 2.67 3.49 150 * 253 Hooked 
Vamdewalle and Mortelmans [12]  16 108.5–112 0–0.75 1.87 1.75, 2.5, 3.5, 

4.5 
200 * 300 Hooked 

Cho and Kim [54]  14 54.3–89.9 0–2 1.3–2.9 1.05 120 * 167.5 Hooked 
Narayanan and Darwish [55]  20 57.3–65.8 0.25–3 2–5.72 2, 2.5, 3 130 * 130 Crimped 
Shin, Oh and Ghosh [56]  13 80 0–1 3.59 2, 3, 4.5, 6 100 * 175 Plain 
Noghabai [57]  17 72–93.3 0.5–1 2.87–4.47 2.77–3.33 200 * 180 

200 * 235 
200 * 410 
300 * 570 

Plain and 
Hooked 

Uomoto, Weerarathe, Furukoshi 
and Fujino [58]  

4 54 1.5 2.2 1.5–2.5 182 * 182 Plain 

Hwang, Lee, Kim, Ju and Seo [59]  3 58–88 0.5–1 4.78 3 100 * 165 Hooked 
Li, Ward and Hamza [60]  10 62.6 1 1.1–3.3 1–3 63.5 * 102 Crimped  
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[47] A. Özdemir, Z. Günkaya, A. Özkan, O. Ersen, M. Bilgiç, M. Banar, Lifecycle 
assessment of steel rebar production with induction melting furnace: Case study in 
Turkey, J. Hazard., Toxic., Radioact. Waste 22 (2) (2018), 04017027. 

[48] D.-Y. Yoo, J.-M. Yang, Effects of stirrup, steel fiber, and beam size on shear 
behavior of high-strength concrete beams, Cem. Concr. Compos. 87 (2018) 
137–148. 

[49] R. Manju, S. Sathya, B. Sylviya, Shear strength of high-strength steel fibre 
reinforced concrete rectangular beams, Int J. Civ. Eng. Technol. 8 (8) (2017) 
1716–1729. 

[50] T. Tahenni, M. Chemrouk, T. Lecompte, Effect of steel fibers on the shear behavior 
of high strength concrete beams, Constr. Build. Mater. 105 (2016) 14–28. 

[51] Y.-K. Kwak, M.O. Eberhard, W.-S. Kim, J. Kim, Shear strength of steel fiber- 
reinforced concrete beams without stirrups, Acids Struct. J. 99 (4) (2002) 530–538. 

[52] F. Alzahrani, Shear behaviour of steel fibre-reinforced high strength lightweight 
concrete beams without web reinforcement, Memorial University of 
Newfoundland, 2018. 

[53] B. Singh, K. Jain, Appraisal of steel fibers as minimum shear reinforcement in 
concrete beams, Acids Struct. J. 111 (5) (2014). 

[54] S.-H. Cho, Y.-I. Kim, Effects of steel fibers on short beams loaded in shear, Struct. J. 
100 (6) (2003) 765–774. 

[55] R. Narayanan, I. Darwish, Shear in mortar beams containing fibers and fly ash, 
J. Struct. Eng. 114 (1) (1988) 84–102. 

[56] S.-W. Shin, J.-G. Oh, S. Ghosh, Shear behavior of laboratory-sized high-strength 
concrete beams reinforced with bars and steel fibers, Spec. Publ. 142 (1994) 
181–200. 

[57] K. Noghabai, Beams of fibrous concrete in shear and bending: experiment and 
model, J. Struct. Eng. 126 (2) (2000) 243–251. 

[58] T. Uomoto, R. Weerarathe, H. Furukoshi, H. Fujino, Shear strength of reinforced 
concrete beams with fiber reinforcement, Proc. RILEM Symp. FRC, 1986, pp. 
553–562. 

[59] J.-H. Hwang, D.H. Lee, K.S. Kim, H. Ju, S.-Y. Seo, Evaluation of shear performance 
of steel fibre reinforced concrete beams using a modified smeared-truss model, 
Mag. Concr. Res. 65 (5) (2013) 283–296. 

[60] V.C. Li, R.J. Ward, A.M. Hamza, Steel and synthetic fibers as shear reinforcement, 
(1992). 

X. Qin et al.                                                                                                                                                                                                                                      

http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref36
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref36
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref37
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref37
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref37
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref38
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref38
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref38
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref39
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref39
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref40
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref40
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref40
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref41
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref41
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref41
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref42
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref42
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref42
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref43
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref43
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref43
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref44
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref44
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref45
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref45
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref46
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref46
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref47
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref47
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref48
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref48
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref49
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref49
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref49
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref50
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref50
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref51
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref51
http://refhub.elsevier.com/S0950-0618(23)04228-9/sbref51

	Sustainable design framework for enhancing shear capacity in beams using recycled steel fiber-reinforced high-strength concrete
	1 Introduction
	2 Research significance
	3 Experimental programmes
	3.1 Recycled steel fibre
	3.2 Material properties
	3.3 Test specimen and setup

	4 Experimental results and discussion
	4.1 Compressive strength test
	4.2 Shear strength test
	4.3 Load versus deflection curves
	4.4 The strain of longitudinal reinforcement

	5 The shear capacity prediction based on TR63
	5.1 Analysis of existing formulas
	5.1.1 Prediction model of Mansur et al. (1986)
	5.1.2 Prediction Model of Al-Ta’an et al. (1990)
	5.1.3 Prediction model of Khuntia, Stojadinovic and Goel [37]
	5.1.4 Prediction model of Swamy, Jones and Chiam [38]
	5.1.5 Prediction model of Kara (2013)
	5.1.6 Prediction Model of Ashour, Hasanain and Wafa [41]

	5.2 Modify the TR63
	5.2.1 RC beams
	5.2.2 Fibre-reinforced Concrete Beams
	5.2.3 Evaluation of proposed model


	6 Sustainable development framework
	6.1 Recycled steel fibre
	6.2 GHG emissions of beams

	7 Future work
	8 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgments
	Author contributions
	Appendix A Author contributions
	References


