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Abstract 

The influence of fibres on the compressive strength of concrete is complex and is determined by the type, quantity, and characteristics of 

the fibres utilized in designing and forming the concrete. Designing fibre reinforced concrete (FRC) constituents is challenging and 

affects the concrete's performance and practicality. This study utilized response surface methodology (RSM) to optimize the properties 

of concrete containing steel fibre extracted from end-of-life tyres (ELTs). Face-cantered central composite design (FC-CCD) of RSM 

was used in the design of experiments (DOE) with aspect ratio (10-70) and volume fraction (0.5 % - 1.2 %) as the input variables. Three 

levels of each variable were used in forming the design matrix. The resulting concretes were then tested for slump and compressive 

strength at 7 and 28 days of curing. As the aspect ratio and volume fraction increased, slump values decreased, and 7- and 28-day 

compressive strength increased up to an aspect ratio of 45 and 1.0% volume fraction. Beyond an aspect ratio of 45 and 1.0% volume 

fraction, a declining trend in compressive strength at all curing ages was observed. The Analysis of Variance (ANOVA) revealed that 

the variables volume fraction and aspect ratio significantly affect the variability in the FRC models, with all models being statistically 

significant at the 95% level across all factor levels. A numerical optimization method was used to determine the optimal mix proportions 

for ELTFRC. The optimum response values were achieved by combining a 1.01% volume fraction and a 33.86 aspect ratio, resulting in 

a desirability of 0.73. 
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I. INTRODUCTION  

Globally, the vehicle manufacturing sector is booming. It is 
projected that by the year 2050, the number of automobiles 
manufactured will be about 2.4 billion [1]. This growth is 
associated with technological development, increases in 
income and standard of living, and urbanization [2]. 
Consequently, this development leads to high demand for large 
quantities of vehicle tyres, resulting in associated disposal 
problems [3], [4]. Recent reports show that worldwide tyres 
production is about 3 billion units annually [5], and about 1 
billion tyres are used for replacement every year [6], generating 
more than 1.5 million tons of waste [7], with more than 1 
billion stockpiled or abandoned, awaiting disposal [8]. This 
poses significant environmental and disposal challenges, 
requiring careful management of the large volume of waste 
generated.  

The growing quantity of waste tyres and environmental 
concerns has prompted researchers to explore potential 
applications for this substantial resource and develop strategies 
to reduce the environmental impact caused by landfilling and 
open burning. Effectively managing waste tyres can lead to 
waste reduction, resource conservation, cost savings, and 
enhanced sustainability. Different approaches are employed to 
handle waste tyres, such as energy recovery, reuse or re-
treading, utilizing tyres as fuel, pyrolysis, landfill disposal, and 
material recovery [9], [10], [11], [12], [13], [14], [15].  

Although it remains a manufacturing secret, tyres 
composition by weight per cent (wt%) depends on technology 
and type, such as passenger, truck, or off-road vehicle tyres. 
The constituents are rubber 45.0-47.0%, carbon black 22.0-
21.5%, additives 5.0-7.5%, textile 5.5%, zinc oxide 1.0-2.0%, 
sulphur 1.0%, and steel 16.5-21.5% [17], [18]. However, end-
of-life waste tyres are mostly utilized as a low-cost fuel for 
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power plants and cement factories, used as fuel for kilns [19]. 
The steel fibre generally recovered from end-of-life tyres 
shredding, anaerobic thermal degradation, and cryogenic 
methods is employed as raw material in the construction 
industry [20], mostly as steel fibre reinforcement in concrete. 

There are two major drawbacks of concrete that sometimes 
act as a hindrance to the uses of this material: brittleness and 
low tensile strength. SFRC has been used with some success in 
overcoming this drawback, in various civil engineering 
applications, for foundations, hydraulic structures, tunnel 
linings, bridge decks, slabs, refractory materials, shot Crete, 
and precast elements [21], [22]. "The initial cost of the 
concrete may be increased significantly by the addition of steel 
fibers, with 1% conventional steel fibers roughly doubling the 
cost of concrete" [23]. Such a cost factor has made researchers 
experiment with steel fibers from end-of-life tyres. In view of 
the fact that with increased vehicle usage there come increased 
urbanization and increased living standards, the area has 
attracted more interest among researchers in light of impacts on 
the necessity of balancing economic development with 
environmental protection. This may be achieved by the 
existence of steel fibres to improve mechanical strength, 
ductility, and toughness of concrete, which eventually leads to 
high-strength and high-ductility concrete [24]. 

However, findings by researchers indicate conflicting 
experimental results on the influence of steel fibre 
reinforcement in concrete (SFRC). The results show that the 
inclusion of fibres can contribute to compressive strength, 
ranging from insignificant or negligible increases to significant 
increases, while also reducing the workability of the concrete 
[25], [2]. The majority of researchers conclude that the 
inclusion of steel fibres in concrete improves its resistance to 
crack propagation, provides high impact resistance, and 
enhances the durability properties of concrete [26], [27], [2], 
[28]. 

Utilization of end-of-life tyres steel fibres (ELTSFs) in 
concrete to reduce the environmental impact of solid waste was 
investigated by [2]. Steel fibres from end-of-life waste tyres 
were used to improve the mechanical and durability properties 
of concrete by incorporating and varying the fibre length and 
volume fraction of ELTSFs in concrete. The results show that 
workability tends to decrease with an increase in fibre length 
and volume fraction. Concrete with a 10mm fibre length and a 
0.5% volume fraction produced concrete with the highest 
slump. The concrete specimen with a 60mm fibre length and a 
1.0% volume fraction, at a curing regime of 60 days, gives the 
optimum gain in compressive strength of 9.85% compared to 
the reference concrete. 

In similar studies by [29], suggested that the choice of 
volume fraction in steel fibre-reinforced concrete typically falls 
within the range of 1% to 2.5%. [30] Stated that incorporating 
steel fibres of 0% to 1.5% into concrete enhances its 
mechanical properties. However, the application of steel fibres 
beyond a 2% volume fraction results in a loss of workability 
and the formation of a balling effect due to the excessive steel 
fibres [31], leading to concrete with undesirable properties. 

Researchers from [32] highlighted that the aspect ratio 
(length/diameter), volume fraction, and distribution of fibres 
are key factors affecting the performance of steel fibre-
reinforced concrete. [33] studied the influence of ELTSFs and 
industrially manufactured steel fibres (IMSFs) on the strength 
and flexural performance of reinforced concrete with fibres of 
a constant diameter of 1.00mm (constant aspect ratio). The 
volume fractions of 1.2%-3.6% and 0.5%-2.5% were used for 
ELTSFs and IMSFs, respectively, for the concrete specimen 
fabrication. It was observed that the strength and flexural 
toughness of the ELTSF-reinforced concrete (ELFRC) were 
lower compared to the industrial steel fibres. However, the 
addition of about 1%-2% more ELTSFs than IMSFs yielded 
concrete with similar performance in terms of strength and 
toughness. 

Authors of [34] investigated the combined impact of the 
water-to-cement ratio, the tensile strength of steel fibres, and 
the volume fraction of fibres on the mechanical properties of 
steel fibre reinforced concrete (SFRC). They aimed to identify 
optimal design parameters to maximize the fracture energy of 
the concrete using Response Surface Methodology (RSM). It 
was observed that the water-to-cement ratio, directly affected 
the performance of the steel fibres. However, both the matrix 
strength and the tensile strength of the fibres should be 
considered as important factors in SFRC and in the 
optimisation criteria. 

In a similar study [35] employed a multi-objective 
Response Surface Methodology (RSM) to optimize the fracture 
parameters of steel fibre reinforced concretes, aiming to 
achieve a more ductile behaviour compared to plain concrete. 
They studied the effects of the aspect ratio (L/d) and the 
volume fraction of steel fibres (Vf) on the fracture properties of 
concrete in bending by measuring the fracture energy (GF) and 
characteristic length (lch). A three-level full factorial 
experimental design and RSM were utilized for optimization. 
The findings indicate that the fibre volume fraction and aspect 
ratio significantly influence the fracture energy and 
characteristic length. 

To this end, RSM was adopted in this study to optimise the 
properties of end-of-life tyres steel fibre reinforced concrete 
(ELTSFRC). RSM is a collection of mathematical and 
statistical techniques useful for the modelling and analysis of 
problems in which a response of interest is influenced by 
several variables [36], [37], [38], [39], [40], [41]. This tool is 
highly effective for optimizing chemical reactions in the 
engineering production processes. It was utilized to analyse the 
impact of aspect ratio and volume fraction to model and 
optimised the fibre reinforced concrete. 

II. MATERIALS AND METHOD 

A. Materials 

The ingredients used for the study were cement, fine 
aggregate (sand), coarse aggregate (gravel), water, and waste 
tyres steel fibre. 

a) Cement: Ashaka Portland cement brand, conforming to 

[42], was used in this research. The cement properties are 

shown in Table 1. 
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TABLE 1: CHEMICAL AND PHYSICAL PROPERTIES OF ASHAKA 

CEMENT 

Chemical  properties 

Oxide composition Weight (%) 
Limit specified by 

BS 12 (1989) 

SiO2 19.68 17 -25 

Al2O3 6.44 3-8 

Fe2O3 3.32 0.5-6.0 

CaO 60.92 60-67 

MgO 0.97 0.1-4.0 

SO3 2.28 1-3 

K2O 0.85 
Combined alkalis 

(K2O+Na2O) 

Na2O 0.12 0.2-1.3 

Physical properties 

Specific gravity 3.15 - 

Blaine fineness (m2/kg) 370 275 

Loss on ignition(%) 1.0 1.2 

Soundness(mm) 2.0 - 

PH 12.40 - 

 

b) Fine and Coarse Aggregates: The aggregates used in 

the study were tested to determine the specific gravity, bulk 

density, aggregate crushing value, aggregate impact value, and 

particle size distribution. The tests were conducted in 

accordance with [42], [43], [44], [45] specifications, 

respectively. The test results of the fine and coarse aggregates 

are presented in Table 2. 

 

TABLE 2: PHYSICAL PROPERTIES OF COARSE AGGREGATE 

Property 
Value 

Fine aggregate Coarse aggregate 

Specific Gravity 2.62 2.66 

Bulk Density (Kg/m3) 1528 1518 

Aggregate Crushing value 
(%) 

- 14.47 

Aggregate Impact value 
(%) 

- 14.95 

Silt Content 4.26 - 

 

c) Water: The water used for the experiments was from 

the metropolitan water supply. 

 

d) Waste tyres Steel Fibre: The steel fibres used were 

extracted from waste truck tyres through a manual cutting 

process to obtain the waste tyres steel fibres (WTSF). The 

results of the physical properties of the waste tyres steel fibres 

are presented in Table 3. 

TABLE 3: PHYSICAL PROPERTIES OF WTSF 

Property Description 

Average Diameter (mm) 0.92 

Tensile strength 1260 

Shape Cylindrical 

Colour Black 

 

B. Method 

a) Experimental Design (DOE) and Concrete Mix 

Preparations: The multi-objective simultaneous optimization 

method was applied to optimize the aspect ratio and volume 

fraction of ELSFRC, considering slump and 7 and 28 day 

compressive strength as responses. Face-cantered RSM was 

used in designing the experimental combinations. The 

independent variables considered were three levels (10, 45, 

and 70) of the aspect ratio of WTSF, as shown in Table 4, and 

the resulting design matrix in Table 5. Experimental data were 

collected to build the RSM models, and a comparison was 

then made between the experimental data and the data from 

the fitted models. The fitted models were used in the 

optimization process, which was conducted using the 

numerical desirability method based on ELSFRC goals and 

limits. 

TABLE 4: INDEPENDENT VARIABLES, RESPONSES, UNITS AND DATA 

RANGE 

Designation  Data Band  

Aspect ratio 0.5 ≤ X1 ≤ 2.0  

Volume fraction (%) 10 ≤ X2 ≤ 70 

Slump  (mm)  20 ≤ Y1 ≤ 38 

7-days CS (N/mm2)  16.34 ≤ Y2 ≤ 29.99 

28-days CS (N/mm2)  29.00 ≤ Y3 ≤ 37.43 

TABLE 5:  VARIABLES COMBINATIONS (MATRIX) 

S/NO. 
Aspect 

Ratio (X1) 

Volume 

Fraction (X2) 

Slump 

(mm) 

7-days 

CS 

(days) 

28-days 

CS 

(days) 

1 2.00 45 28 18.06 37.43 

2 1.0 45 25 26.37 34.33 

3 0.5 70 25 26.87 29.00 

4 1.0 45 25 26.37 34.33 

5 1.0 45 25 26.37 34.33 

6 1.0 10 25 29.99 33.00 

7 1.0 45 25 26.37 34.33 

8 1.0 70 23 22.69 31.57 

9 0.5 10 38 28.23 31.00 

10 1.0 45 25 26.37 34.33 

11 2.0 10 28 21.01 29.20 

12 2.0 70 20 16.34 33.22 

13 0.5 45 30 29.74 31.00 

 

b) Concrete Mix Preparations: The grade of concrete 

adopted for this study was M-25, which corresponds to a 28 

day compressive strength of 25 N/mm². The American 

Concrete Institute (ACI) [46] method of mix design was used 

to determine the required proportion of the constituent 

materials. The summary of the mix proportions of the 

constituent materials used for the production of waste tyres 

steel fibre concrete is presented in Table 6. 
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TABLE 6: MIX PROPORTIONS OF CONSTITUENT MATERIALS USED 

FOR WTSF CONCRETE PRODUCTION 

Mix ID 
Cement 

(Kg/m3) 

F/A 

(Kg/m3) 

C/A 

(Kg/m3) 

Water 

(Kg/m3) 

WTSF 

Vf 

(%) 

Vf - 0.00 385 663 1170 185 0.0 

Vf - 0.5 385 663 1170 185 0.5 

Vf - 1.0 385 663 1170 185 1.0 

Vf - 2.0 385 663 1170 185 2.0 

 

c) Slump Test: The slump test for control concrete and 

ELTSFCs was conducted accordance with BS [47] standard. 

The ELTSF was incorporated into the concrete production 

using the DOE, as tabulated in Table 7 below. 

TABLE 7:  SLUMP TEST RESULTS 

Vf (%) Aspect Ratio 
Slump (mm) 

Average slump 

1 2 3 

Control concrete 45 47 43 45 

0.5 

10 37 38 39 38 

45 31 30 30 30 

70 23 27 25 25 

1.0 

10 27 33 30 30 

45 28 26 32 28 

70 21 25 22 23 

2.0 

10 30 27 26 28 

45 27 24 24 25 

70 20 20 21 20 

 

d) Compressive Strength Tests: Compressive 

strength tests were performed on concrete hardened cubes 

of size 100mm x 100mm x 100mm, cured for 7 and 28 

days. The experiment was carried out using the ELE 

digital compression machine in accordance to [48] 

specifications.  

 

III. RESULTS AND DISCUSSIONS 

 The relationships between the factors and the responses, 
such as slump, 7 and 28 day compressive strength, were 
evaluated using Design Expert software. Model fitting was 
performed using regression techniques with a significance level 
of α = 0.05. 

A. Workability (Slump) and Compressive Strengths 

The effect of each factor on the properties of ELTSFRC is 

plotted as 3-dimensional response surfaces and contour plots, 

as shown in Figures 1(a-b), 2(a-b), and 3(a-b). From the 

figures, the effect of each variable on the properties, such as 

slump, 7 and 28 day compressive strength can be observed. As 

shown in the response surface plot in Figure 1, workability 

decreases with an increase in both aspect ratio and volume 

fraction at all factor levels. This decrease is attributed to the 

high content and large surface area of the fibres, which absorb 

more cement paste to coat themselves. This increases the 

viscosity of the mixture, leading to slump loss [4]. 

Similarly, compressive strength increases with increases in 

aspect ratio, volume percentages, and curing periods of 7 and 

28 days, as represented by the response surfaces and contour 

plots in Figures 2(a-b) and 3(a-b). However, beyond 1.0 % 

volume fraction and an aspect ratio of 70, a decreasing trend 

was observed compared to the control concrete at the same 

curing periods. The strength increment pattern in this research 

aligns with the findings of [49] and is also supported by [50]. 

 
(a) 

 
(b) 

 
(c) 

Figure 1: Response surfaces of 3D (a), contour (b) showing factors effect on 

the Slump and parity plots (c). 
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(a) 

 

 
(b) 

 
(c) 

Figure 2: Response surfaces of 3D (a), contour (b) showing factors effect on 

the 7-days CS and parity plots (c). 

 

 

 
(a) 

 

 
(b) 

 
(c) 

Figure 3: Response surfaces of 3D (a), contour (b) showing factors effect on 

the 28-days CS and parity plots (c). 
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B. Modelling the Properties of ELTSFRC 

The model statistics summary for all the responses is 

presented in Table 8. Analysis of variance (ANOVA) provides 

key rational values such as the Fisher value (F-value), 

probability of significance (P-value), coefficient of 

determination (R²), and adjusted coefficient of determination 

(Adjusted R²), which determine the system's consistency. The 

table shows that all model F-values represent the ratio of 

regression mean square to mean square error. If the P-values 

are less than 0.05, the values indicate statistical significance at 

α=0.05. Additionally, the models' goodness of fit was further 

confirmed by the values of the coefficient of determination 

(R²) and Adjusted R². The R² values should be close to the 

Adjusted R² values and near unity in each case for a good 

model, and the difference between R² and Adjusted R² should 

be within 0.2 [51], [52]. 

All models have an Adjusted R² within 0.2 of R², 

indicating they are good models. The models for slump and 7 

and 28 day compressive strength can explain 79.44%, 90.09%, 

and 92.32% of the variability in the properties of ELSFRC, 

respectively. The strong correlation between experimental and 

predicted values, depicted as parity plots in Figures 1(c), 2(c), 

and 3(c), indicates the goodness of fit of the models. In all the 

figures, the plotted points are observed to cluster around the 

diagonal fit line. 

TABLE 8: STATISTIC MODELS FOR ALL THE RESPONSES 

Responses  R2  Adjust R2  P-value  

Slump (mm)  0.8303  0.7090 0.0127 

7-days CS (N/mm2) 0.9525 0.9186 0.0002  

28-days CS (N/mm2) 0.8630 0.7622 0.0062  

 

The signal to noise ratios for the three models—slump, 7 

and 28-day compressive strength, from the Tables ANOVA 

are 9.838, 17.455, and 9.300, respectively. According to [53], 

a good RSM model should have a signal to noise ratio of at 

least 4. Since all the models have ratios greater than 4, they 

are suitable for describing the properties of ELTSFRC. The 

final model equations are presented as Equations 1, 2, and 3. 

 

Y1 (mm) = +24.19 -2.88X1 -3.73X2 +0.89X1X2+5.43X12 -

1.83X22     (1)  

Y2 (N/mm2) = +25.37 -4.87X1 -2.29X2 -0.63X1X2 -1.34X12 

-0.78X22    (2) 

Y3 (N/mm2) = +35.29 -1.38X1 +0.29X2 +1.72X1X2 -1.55X12 

-2.88X22    (3) 

 

 

 

The relationship between the design factors and the 

responses (properties) of ELTSFC concrete was analysed and 

presented using 3D response plots, contour plots, and parity 

plots of RSM in Figures 1, 2, and 3. Figures 1(a-b) and 2(a-b) 

reveal a clear interaction effect between the factors volume 

fraction and aspect ratio on the properties of slump, and 7 and 

28-day compressive strength. These properties increase with 

aspect ratio and volume fraction. This finding is consistent 

with the ANOVA results. 

C. Numerical Optimisation 

The response goal for slump was set in the range of 23 to 
38 mm, satisfying the requirements for medium slump. 
However, the 7 and 28 day compressive strengths were 
maximized within the range of factor values studied, as shown 
in Table 7. The optimum mix of ELTSFRC is presented in 
Table 9, as shown in the Ramp plot in Figure 4. 

Fibre reinforced concrete cuts construction time, labour 
costs, and reduces maintenance expenses, which is good news 
for contractors [54]. Even if these initial costs are high, 
applying fibre reinforcement might be economically feasible 
because of the saved maintenance expenditures. The 
construction industry has been associated with lowering waste, 
greenhouse gas emissions, resource conservation, and 
enhancing the durability and energy efficiency of the concrete 
structures by integrating end-of-life tyre fibres with steel-
reinforced concrete. It is a holistic approach which can help 
offset the total impact from construction activities.  

Although the application of RSM-optimized values for end-
of-life steel fibre-reinforced concrete offers a sustainable and 
performance advantage, there are several challenges which 
must be addressed to realize this advantage in the real world. 
Overcoming material variability, ensuring consistent 
processing and quality, meeting regulatory standards, and 
gaining market acceptance are critical steps in successfully 
implementing this innovative approach in the construction 
industry. Convincing and seeking permission from various 
bodies, such as contractors, clients, and regulatory agencies, 
will be necessary when the optimized mix proportions, as 
derived by RSM, are to be introduced. Common difficulties in 
implementing for real construction work generally relate to 
opposition against the application of the RSM-optimized mix 
proportions and a lack of confidence [51]. 

TABLE 9: GOALS, LIMITS AND OPTIMIZATION VALUES 

Response Limits Goals 
Optimum 

Value 

Volume Fraction 10 - 70 In Rage 33.86 

Aspect Ratio (%) 0.5 – 1.2 In Range 1.01 

Y1 (mm) 20 - 38 In Range 26.41 

Y2 (N/mm2) 16.34 – 29.74 Maximize 27.18 

Y3 (N/mm2) 29.00 – 37.43 Maximize 34.63 
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Figure: 4 Ramp plot 

IV. CONCLUSION 

In this study, RSM was utilized to model and optimize the 

effect of aspect ratio and volume fraction in ELTSFRC. 

1. The impact of design factors on ELTSFRC properties has 

been evaluated. As the aspect ratio and volume fraction 

increase, the slump value decreases. Similarly, the 

compressive strength at 7 and 28 days increases up to an 

aspect ratio of 1.0% and a volume fraction of 45%. 

However, beyond these values, a slight decrease in 

compressive strength was observed at all curing ages. 

2. The models for all the responses were statistically 

significant at the 95% confidence level, with all p-values 

being less than α = 0.05. 

3. The optimum response values were achieved by combining 

a 1.01% volume fraction and 33.86, resulting in a 

desirability of 0.73. 
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