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A B S T R A C T   

Urban growth in the developing world has prompted researchers to seek alternatives to fine 
aggregate due to the severe environmental impact of extensive natural sand depletion. On top of 
that, the accumulation of non-biodegradable dumps, solid trash such as scrapped copper wire 
(SCW), and industrial remnants like granite dust (GD) have reached alarming levels. Therefore, 
incorporating these two waste materials in concrete offers a potentially sustainable solution. The 
study aims at substituting natural fine aggregate with GD as well as incorporating SCW for pre-
dicting and optimizing the compressive and splitting tensile strength of concrete using response 
surface methodology (RSM). Two independent variables, the volumetric percentages of GD (10 %, 
20 %, and 30 %) and SCW (0.1 %, 0.3 %, and 0.5 %) in a concrete mix ratio of 1:1.5:3, were 
utilized to create probabilistic models for compressive and splitting tensile strength at 7 and 28 
days. The experimental design employed central composite design (CCD) of RSM and the results 
of both ANOVA and regression analysis in terms of several statistical functions demonstrated a 
strong correlation between the predicted values of the responses and the actual experimental 
results. The developed models were validated by conducting experiments using optimized pro-
portions of GD (23.32 %) and SCW (0.37 %). Finally, the strengths of the optimum content mix 
yielding 25.12 MPa and 3.266 MPa, respectively for compressive and splitting tensile at 28 days 
ensure the efficiency of the models due to the substantial similarity between experimental and 
predicted values. Therefore, integrating GD and SCW for higher-strength concrete in mass pro-
duction can be a cost-effective alternative, fostering increased recycling of waste and supporting 
sustainable growth in building construction.   

1. Introduction 

In the preceding decades, rapid changes in modernization and population growth resulted in the enormous usage of concrete and its 
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widespread need for basic materials. Since 2005, almost six billion tons of annual concrete production have occurred, which equates to 
almost one ton per capita [1]. As the demand for aggregates dramatically increased, natural resources used as basic constituents of 
concrete are also being depleted remarkably [2]. Ordinary concrete generally comprises around 12 % cement and 65–70 % aggregate 
by mass [3]. Production of concrete globally consumes gravel, sand, and crushed rock of about 10–11 billion tons every year [4]. Most 
fine aggregates come from natural resources like river sand [4]. The widespread degradation of natural sand reserves causes envi-
ronmental issues such as riverbank erosion and collapse, riverbed lowering, and saltwater intrusion into the soil [5]. Therefore, the 
inclusion and substitution of recycled waste materials in the construction industry can be an efficient approach topromoting an 
eco-friendly environment [6–11]. 

Granite dust, generated from granite industries, comes as a by-product throughout the preparatory process of cutting and polishing 
granite products [12] Around 78 million tons of granite and marble stone waste are generated annually worldwide [13]. However, 
unsafe, untreated disposal of granite waste results in harmful environmental impacts [14]. However, GD previously used in concrete 
substituting cement showed the highest increment in strength up to 10 % replacement [15] Furthermore, granite dust utilized as a 
partial substitution for fine aggregate results in significant improvement or modification in concrete’s mechanical properties. Most 
studies demonstrate that concrete mixes with a 30 % substitution of natural fine aggregates with granite fines had the maximum 
compressive strength [16–20], which is attributed to a stronger physical connection between the binder and angular-shaped granite 
granules [21]. Another study conducted by Jain et al. exhibited improvement in mechanical performance in self-compacting concrete 
up to 40 % Granite waste [22]. Divakar et al. observed that, with a 35 % replacement of fine aggregates by granite dust, concrete’s 
compressive strength increased by 22 %; however, with a 50 % substitution, the compressive strength increased by only 4 % [23]. 
Therefore, the compressive strength rises apparently with the percentage of granite dust in the concrete mix raised to 20 %. If the sand 
replacement level exceeds 25 %, the splitting tensile strength falls [24–27]. However, a study conducted by Ghannam et al. [17] shows 
that the highest compressive and splitting tensile strength values were achieved when granite dust replaced 10 % and 15 % of the sand, 
respectively. Again, the findings showed that fine aggregate’s 9 % substitution by granite fines yields more compressive and splitting 
tensile strength than ordinary concrete [28]. 

Moreover, concrete is commonly known as a brittle material, and adding fibers to the concrete matrix restrains its brittleness, 
increases tensile performance and toughness, and improves ductility [29,30]. Therefore, fibers have been increasingly employed in 
concrete construction to address the inherent tensile strength and hardness abridgements in ordinary concrete in recent years [31]. In 
previous studies, fiber-reinforced concrete (FRC) has also shown favorable compression and tensile behavior [32–36]. 

Recycling fibers from industrial or post-consumer waste implies further waste reduction and resource conservation benefits [37]. A 
massive amount of electrical and electronics waste is produced every year globally, which will be around 52.2 million tons by the year 
2021 [38]. Most of them are scrapped copper wire which can be an effective fiber-reinforcing material. Currently, steel fiber-reinforced 
concrete is more widely utilized and researched than other types of fibers [35,39–41]. But corrosion of steel fibers is a drawback that 
can affect the overall performance of concrete [42,43]. So, it will be more suitable if less corrosive materials can be used. Shende et al. 
[44] found that compressive strength, flexural strength, and splitting tensile strength are on the upper end of the scale for 3 % of steel 
fibers. Another study shows that for 65 and 80 aspect ratios, the compressive strength of concrete increases up to 1 % of steel fiber 
volume, and the splitting tensile strength of concrete rises to 1.5 % volume of steel fiber [45]. However, Sobuz et al. [46] incorporated 
copper wire in SCC made with rice husk ash and found the maximal strength at 1 %. 

RSM is one such statistical analytic optimization technique that works effectively when one or more yield components are influ-
enced by multiple independent factors [47]. RSM is an efficient method that allows mathematical and statistical approaches for 
establishing an appropriate functional relationship within a response and a set of governing variables, and its goal is to maximize or 
minimize this response [48–50]. Previously, Elemam et al. [51] optimized high-strength geopolymer concrete containing clay brick 
powder and fine clay brick by the RSM approach. Awolusi et al. [35] employed RSM to predict and optimize concrete made with 
limestone powder and steel fiber obtained from waste tires. Ahmed et al. [43] used RSM for the goal of predicting and optimizing 
concrete made with condensed milk can fiber and glass waste. Haque et al. [52] predicted and optimized the fresh and hardened 
characteristics of concrete consisting of rice husk ash and glass fiber by adopting RSM. Through the performance of the multi-response 
application, the percentage of standard ready-mixed concrete has been optimized by RSM [53]. Amiri et al. [54] employed RSM as a 
multi-objective optimization tool for the recycling of coal waste in concrete. 

In light of the facts mentioned above, an initiative has been taken here to reuse GD and SCW as concrete constituents and 
investigate the impact of these two waste materials on the concrete hardened properties. Despite having different research on the 
individual impacts of introducing GD and SCW in concrete conducted previously, no studies regarding their combined effects have 
been done yet. Therefore, this paper aims to utilize these two poorly managed waste materials i.e. GD and SCW combinedly to produce 
high-strength concrete. The experimental data for all the responses i.e. compressive strength and splitting tensile strength were 
collected and employed to construct mathematical models. Subsequently, these models underwent statistical evaluation through 
ANOVA and were validated accordingly. The optimal proportions of GD and SCW in the concrete mix have also been determined 
bymaximizing the utilization of GD and SCW to enhance the desired concrete properties. Thus, this study not only outlines the 
methodology for producing concrete with greater strength potential but also assures environmental sustainability through waste 
recycling practices. 
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2. Materials and methods 

2.1. Materials 

As a binding material, 52.5 N ASTM C150 Type – 1 Ordinary Portland Cement (OPC) was employed in concrete. Stone chips were 
used as coarse aggregates having a size of 20 mm and 10 mm downgraded with a combination of 70 % and 30 %, respectively. River 
sand (Sari River) with particle sizes varying from 0.075 mm to 4.75 mm was employed as fine aggregate. The water used for the 
concrete mixing was at room temperature. GD, containing particles ranging in size from 0.075 mm–4.75 mm, was collected from a 
local granite refining industry (Green Granite and Marble Ltd.). Furthermore, SCW was collected from the local waste garage as a fiber 
added to the mix. Collected wires (0.70 mm diameter) were cut into 30 mm lengths to use in the concrete samples (see Fig. 1). The 
properties of the constituent materials are provided in Table 1. 

2.2. Mix proportions 

Table 2 represents the 13 concrete mix ratios used in the present study. The fine aggregates were partially replaced by GD in 
concrete at three different proportions of 10 %, 20 %, and 30 %. In addition, three distinct volumetric percentages of SCW (0.1 %, 0.3 
%, and 0.5 %) were added as fiber reinforcement. Concrete mixes have been made with a constant water-cement ratio (W/C) of 0.50 
and a design mix ratio of 1:1.5:3. In this research work, all the ingredients were mixed according to their volume fraction percentages. 

2.3. Testing methods 

Test specimens were produced in cylindrical casting molds having dimensions of 100 mm × 200 mm for all the strength assess-
ments. Grease was applied to allow simple demolding and prevent concrete from adhering to the molds. The fresh concrete mix was 
deposited in two layers, and each layer received 25 blows from a tamping rod. After casting, the concrete samples were left to dry for 
24 h. After being demolded, the specimens were submerged in fresh water for 7–28 days for the curing process. Fig. 2 visually rep-
resents the process. For each mix proportion, three specimens were prepared and a total of 156cylinder specimens were cast. After-
ward, tests for compressive and splitting tensile strength were performed following ASTM C39 and ASTM C496, respectively. 

2.4. Experimental design by RSM 

In RSM, central composite designs (CCD) are used to efficiently generate a second-order model or a quadratic model. When a first- 
order model fails to fit owing to the lack of interaction between components and surface curvature, a quadratic or second-order model 
can considerably enhance the optimization process. To determine the correlation between factors and the response, the quadratic 

Fig. 1. Used materials: (i) 10 mm stone, (ii) 20 mm stone, (iii) Coarse sand, (iv) Medium sand, (v) Granite dust, (vi) Scrapped copper wire.  
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model (Eq. (2.1)) was utilized in this study. 

y = β0 +
∑k

i=1
βixi +

∑∑

i<j
βijxixj +

∑k

i=1
βiix2

i + ϵ (2.1)  

Here, β0 is a constant, βi stands for linear coefficient, βii represents quadratic coefficient and βij is an interactive coefficient. 

Table 1 
Properties of constituent materials of concrete.  

Name of property Unit Sand Stone GD SCW 

Density (OD) kg/m3 2577 2763 2513 – 
Density (SSD) kg/m3 2656 2788 2558 – 
Bulk Density kg/m3 1596 1621 1620 8500 
Water absorption Capacity % 2.88 0.91 1.78 – 
Specific Gravity (OD) – 2.58 2.76 2.52 – 
Specific Gravity (SSD) – 2.66 2.79 2.56 –  

Table 2 
Concrete mix proportion.   

Mix 
Name 

Cement(kg/ 
m3) 

Coarse Aggregate(kg/ 
m3) 

Fine Aggregate (kg/m3) SCW (kg/m3) W/C 
Ratio 

Water(kg/ 
m3) 

Sand Granite 
Dust 

% 
Replaced 

Fiber Volumetric % of 
Fiber 

G1 399.6 1198.8 539.46 59.94 10 2.40 0.1 0.5 199.8 
G2 399.6 1198.8 479.52 119.88 20 2.40 0.1 199.8 
G3 399.6 1198.8 419.58 179.82 30 2.40 0.1 199.8 
G4 398.8 1196.4 538.38 59.82 10 7.18 0.3 199.4 
G5 398.8 1196.4 478.56 119.64 20 7.18 0.3 199.4 
G6 398.8 1196.4 478.56 119.64 20 7.18 0.3 199.4 
G7 398.8 1196.4 478.56 119.64 20 7.18 0.3 199.4 
G8 398.8 1196.4 478.56 119.64 20 7.18 0.3 199.4 
G9 398.8 1196.4 478.56 119.64 20 7.18 0.3 199.4 
G10 398.8 1196.4 418.74 179.46 30 7.18 0.3 199.4 
G11 398.0 1194.0 537.31 59.70 10 11.94 0.5 199.0 
G12 398.0 1194.0 477.61 119.40 20 11.94 0.5 199.0 
G13 398.0 1194.0 417.91 179.10 30 11.94 0.5 199.0  

Fig. 2. Preparation and curing of the concrete cylinder specimens.  

Table 3 
Governing factors and level of factors for RSM.  

Factor Code Level of factors 

Low Intermediate High 

− 1 0 +1 

GD content (%) A 10 20 30 
SCW content (%) B 0.1 0.3 0.5  
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The response surface approach was utilized in this investigation to determine the impacts of GD and SCW on concrete strength 
using Design-Expert, Stat-Ease, Inc. software. GD content (%) and SCW content (%) were entered as numerical factors and the re-
sponses were coded as strength. Each response was determined using a face-centered CCD with an alpha (α) value of 1. Table 3 displays 
the components and the levels of independent variables. 

Table 4 lists the experimental runs, their factor combinations, the space types employed in this investigation, and the conversion of 
coded levels into real experimental units. 

2.5. Statistical parameters for evaluation of predicted data 

Several statistical measures such as the coefficient of determination (R2), mean square error (MSE), coefficient of correlation (R), 
root mean square error (RMSE), mean absolute error (MAE), average error (AE), and standard error prediction (SEP), were imple-
mented to evaluate the functionality of the RSM model [55–57]. All these metric equations are elaborated in equations (2.2)-(2.8). 

R =

∑n

1
(x-x)(xi-xi)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

1
(x-x)2 ∑n

1
(xi-xi)

2
√ 2.2  

R2 =

⎛

⎜
⎜
⎝

∑n

1
(x-x)(xi-xi)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

1
(x-x)2 ∑

n

1
(xi-xi)

2
√

⎞

⎟
⎟
⎠

2

2.3  

MSE =

∑n

1
(xi − x)2

n
2.4  

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

1
(xi − x)2

n

√
√
√
√
√

2.5  

MAE =
1
n
∑n

1
|xi − x| 2.6  

AE =
1
n

∑n

1
(xi-x) 2.7  

SEP =
RMSE

x
∗ 100 2.8  

Here, n refers to the number of observations or mix proportions. x and x represent the actual and average of actual data, xi, x and xi 
represent the predicted and average of predicted data, respectively. Fig. 3 demonstrates the sequential process diagram of this 
research. 

Table 4 
Factor composition in RSM according to the face-centered central composite design (CCD).  

Run Space type Coded Actual 

GD (A) SCW (B) GD % SCW % 

1 Center 0 0 20 0.3 
2 Factorial − 1 − 1 10 0.1 
3 Factorial − 1 1 10 0.5 
4 Factorial 1 1 30 0.5 
5 Center 0 0 20 0.3 
6 Factorial 1 − 1 30 0.1 
7 Center 0 0 20 0.3 
8 Axial 0 − 1 20 0.1 
9 Axial 1 0 30 0.3 
10 Center 0 0 20 0.3 
11 Axial 0 1 20 0.5 
12 Axial − 1 0 10 0.3 
13 Center 0 0 20 0.3  
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3. Result and discussion 

3.1. Assessment of RSM models 

In this study, the impact of input variables on concrete strength as desired responses were determined by employing RSM. Tables 5 
and 6 demonstrate the experimental run of the variables and the observed and predicted data of all the responses desired. 

Fig. 3. Work process flow diagram.  
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The polynomial equation of second-order represents the multiple regression analysis regarding the experimental findings of four 
responses based on CCD experimental design. Equations (3.1)–(3.4) express the equations for the compressive strength at 7 days (f ’

c,7) 
and at 28 days (f’c,28), And also splitting tensile strength at 7 days (fst,7), and at 28 days (fst,28), respectively. 

f ’
c,7 = 16.108 + 1.303A + 0.317B − 0.645A2 − 0.821B2 (3.1)  

Table 5 
Observed and predicted values of compressive strength, f ’c at 7 and 28 days.   

Run order 
GD % SCW % Compressive Strength (MPa) 

7 days 28 days 

Observed Predicted Observed Predicted 

1 20 0.3 16.04 16.11 24.47 24.51 
2 10 0.1 13.15 13.01 21.06 20.88 
3 10 0.5 13.72 13.67 21.74 21.46 
4 30 0.5 16.20 16.25 24.31 24.45 
5 20 0.3 16.15 16.11 24.53 24.51 
6 30 0.1 15.67 15.64 23.12 23.16 
7 20 0.3 16.10 16.11 24.54 24.51 
8 20 0.1 14.70 14.97 22.51 22.66 
9 30 0.3 16.90 16.77 25.37 25.18 
10 20 0.3 16.15 16.11 24.41 24.51 
11 20 0.5 15.50 15.61 23.66 23.60 
12 10 0.3 13.90 14.16 22.28 22.55 
13 20 0.3 16.10 16.11 24.69 24.51  

Table 6 
Observed and predicted values of split tensile strength, fst at 7 and 28 days.   

Run order 
GD % SCW % Splitting Tensile Strength (MPa) 

7 days 28 days 

Observed Predicted Observed Predicted 

1 20 0.3 1.861 1.855 3.276 3.288 
2 10 0.1 1.627 1.635 2.801 2.802 
3 10 0.5 1.778 1.791 3.128 3.136 
4 30 0.5 1.658 1.663 2.936 2.943 
5 20 0.3 1.858 1.855 3.285 3.288 
6 30 0.1 1.598 1.598 2.832 2.831 
7 20 0.3 1.851 1.855 3.267 3.288 
8 20 0.1 1.805 1.797 3.083 3.083 
9 30 0.3 1.639 1.634 2.988 2.981 
10 20 0.3 1.860 1.855 3.296 3.288 
11 20 0.5 1.924 1.907 3.321 3.305 
12 10 0.3 1.736 1.716 3.073 3.063 
13 20 0.3 1.820 1.855 3.301 3.288  

Table 7 
ANOVA results for response surface model of compressive strength (MPa).   

Source 
7 days 28 days 

SS df F-value P-value SS df F-value P-value 

Model 15.62 5 179.51 <0.0001 21.56 5 126.67 <0.0001 
A-GD 10.19 1 585.39 <0.0001 10.43 1 306.31 <0.0001 
B-SCW 0.6047 1 34.74 0.0006 1.32 1 38.77 0.0004 
A2 1.15 1 66.02 <0.0001 1.14 1 33.44 0.0007 
B2 1.86 1 107.05 <0.0001 5.27 1 154.91 <0.0001 
Residual 0.1218 7   0.2383 7   
Lack of Fit 0.0992 3 5.83 0.0608 0.1956 3 6.11 0.0564 
Pure Error 0.0227 4   0.0427 4   
Cor Total 15.74 12   21.80 12   
R2 0.9923    R2 0.9891   
Adjusted R2 0.9867    Adjusted R2 0.9813   
AP 41.919    AP 34.370   

SS = Sum of Square; AP = Adequate precision; df = degree of freedom. 
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f ’
c,28 = 24.508 + 1.318A + 0.469B − 0.642A2 − 1.3172B2 (3.2)  

fst,7 = 1.855 − 0.041A + 0.055B − 0.023AB − 0.180A2 (3.3)  

fst,28 = 3.288 − 0.041A + 0.111B − 0.056AB − 0.266A2 − 0.094B2 (3.4)  

Here, A and B represent GD (%) and SWC (%), respectively. 
Analysis of variance (ANOVA) with a 95 % confidence level was executed to determine the significance of the simulation model and 

its terms. Tables 7 and 8 represent the findings of ANOVA, where the P-values are substantially lower than 0.05 in all models, which 
means that all models are significant. On the contrary, the superior the F-value in an ANOVA, the more significant the difference 
between sample averages compared to the range within the samples, which means the lower the P-value [49]. The F-values of all 
models are significantly high (179.51, 126.67, 82.01, and 439.22), which means the null hypothesis of the ANOVA can be rejected and 
there is a statistically significant variation between group means [50]. The lack-of-fit value for all four responses is higher than 0.05, 
which indicates that the lack of fit for all cases is insignificant. Such non-significant lack of fit depicts good prediction capability in the 
model, so the developed models have strong prediction capability i.e., significant [51]. 

3.2. Analysis of responses using RSM 

From the ANOVA results, it has been shown that the P-value is < 0.05 for the linear as well as quadratic impacts of A and B (A, B, A2, 
and B2). As a model term is significant for P-value <0.05, all these impacts are significant. Table 5 displays the observed and predicted 
values for f ’

c observed at 7 and 28 days. The f ’
c at 7 and 28 days rose from 13.01 to 16.77, and 20.88 to25.18 MPa along with the 

increase of GD content from 10 % to 30 % and the increase of SCW content from 0.1 % to 0.3 %, respectively. These values further 
decline to 16.20 and 20.31 MPa, respectively, with a further rise in SCW content (0.5 %). Figs. 4 and 5 depict the response surfaces and 
contour plots of compressive strength found at both 7 and 28 days after the curing. 

Figs. 4 and 5 indicate the ideal correlation among the independent variables that are shown by the elliptical shaping of the contours 
of compressive strength. As per these 3D plots, f ’

c has grown significantly along with expanding GD percentage up to the optimal 
content (30 %). The curve in the 3D graphs exhibits that the increasing rate of compressive strength is slowly decreasing. Several 
studies by Ghannam et al. [12], Singh et al. [17], and Vijaylakshmi et al. [58] show a similar pattern in compressive strength for 
concrete having GD as a substitue for fine aggregate. The compactness of the dense cement-aggregate matrix and the optimal C–S–H gel 
concentration contribute the most to emphasizing the best compressive strength of concrete mixed with GD [20]. An excessive quantity 
of cement was needed to bond the fine GD aggregate phase inside the concrete matrix due to its increased surface area. Since the 
cement content was maintained constant in every mix; the strength pattern was found to be decreasing at higher replacements of fine 
aggregate [52]. According to the 3D plot (Figs. 4 and 5), the compressive strength increases with the SCW increment until a specific 
point (0.3 %), and following this proportion increasing to 0.5 % of SCW, strength decreases along. Song and Hwang [53] reported a 
similar phenomenon with concrete containing steel fiber. This improved mechanical performance of concrete might result from the 
formation of cement hydration on fiber surfaces and the solid connection between fiber and cement matrix [43]. However, excessive 
fiber inclusion leads to pervious concrete, which weakens the bonding between constituents of concrete [54]. 

The contours of splitting tensile strength in Figs. 6 and 7 illustrate the relations between independent factors. Applying the P-value 
approach for splitting tensile strength, the terms A, A2, B, and AB are significant statistically for responses of both 7 days and 28 days 
and the impact of quadratic term B2 retains its significance when splitting tensile strength after 28 days is observed. Figs. 6 and 7 show 
that a simultaneous increase in GD content from 10 % to 30 % and SCW content from 0.1 % to 0.5 % increases the fst at both 7 and 28 
days. But if GD content is increased up to 30 %, values avowedly decrease to 1.66 and 2.94 MPa at 7 and 28 days, respectively. Again, 

Table 8 
ANOVA results for response surface model of splitting tensile strength (MPa).   

Source 
7 days 28 days 

SS df F-value P-value SS df F-value P-value 

Model 0.1368 5 82.01 <0.0001 0.4157 5 439.22 <0.0001 
A-GD 0.0101 1 30.22 0.0009 0.0102 1 53.63 0.0002 
B-SCW 0.0183 1 54.94 0.0001 0.0744 1 392.80 <0.0001 
AB 0.0021 1 6.21 0.0414 0.0124 1 65.30 <0.0001 
A2 0.0896 1 268.54 <0.0001 0.1953 1 1031.88 <0.0001 
B2     0.0245 1 129.51 <0.0001 
Residual 0.0023 7   0.0013 7   
Lack of Fit 0.0012 3 1.35 0.3778 0.0005 3 0.9140 0.5098 
Pure Error 0.0012 4   0.0008 4   
Cor Total 0.1392 12   0.4170 12   
R2 0.9832    R2 0.9968   
Adjusted R2 0.9712    Adjusted R2 0.9946   
AP 24.891    AP 53.817   

SS = Sum of Square; AP = Adequate precision; df = degree of freedom. 
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the fst rise with GD mixes up to 20 % and then starts to fall as more GD contents are added. Similar behavior of concrete consisting of 
GD was perceived by Aliabdo et al. [55] and Ghannam et al. [13]. The strength reduction phenomenon can be related to the 
requirement for more cement volume, which results from the cement and aggregate’s poor interlocking [58]. The attributes of 
interfacial transition zones (ITZs) have impacts on the tensile strength of concrete, which in the case of GD does not need a significant 
amount of energy for crack expansions under tensile loading [56]. Therefore, the bond strength between aggregates and cement was 
reduced due to the use of GD [57]. The addition of SCW shows a higher splitting tensile strength of up to 0.5 % of substitution in the 
concrete mix. However, the rate of increment begins to decrease beyond a certain limit (0.3 %). The inclusion of distorted fibers may 
lead to an interlocking network of particles due to mechanical anchoring. Accordingly, fiber with a stronger link to the concrete 
mixture performs better in terms of tensile strength [59] ). 

3.3. Statistical analysis of the models 

Table 9 presents the various statistical parameters utilized for assessing the effectiveness of predictive models. The model accuracy 
is determined with regard to coefficient of correlation (R), mean absolute error (MAE), mean square error (MSE), coefficient of 
determination (R2), root mean square error (RMSE), absolute error (AE), standard error prediction (SEP) for all responses. The co-
efficient of determination (R2) is a universal indication of a model’s competence [60,61] and is used to examine the model’s integrity. 
Table 9 indicates that the R2 value for all responses ranges from 0.9832 to 0.9968 > 0.9 and is close to 1.0, demonstrating a great 
degree of relation between the observed and predicted data [62]. The MSE values for four responses (0.01576, 0.02385, 0.00018, and 

Fig. 4. Contours and 3D surface plot of RSM for compressive strength at 7 days.  

Fig. 5. Contours and 3D surface plot of RSM for compressive strength at 28 days.  
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0.00010) indicate non-significant residual errors (Table 9). When anticipated findings are compared to observed values, the AE values 
for f ’

c and fst are 0.0260769 and 0.00000076, respectively, which implies these two models were slightly overpredicted. In contrast, the 
values of MSE were 0.0153846 less for f ’

c and 0.0000015 less for fst at 28 days. The parameter MAE interprets that the anticipated 
values for f ’

c and fst differed by 0,0939, 0.1288, 0.0099, and 0.0082 from empirically obtained results at 7 and 28 days, respectively. 
These outcomes show that the models can accurately simulate the hardened strength of concrete [63]. 

3.4. Optimization and validation 

In this study, the optimization approach analyzed all four responses concurrently to reach a suitable concrete mix design for all 
studied responses. When analyzing several responses, it is critical to figure out the adjustable optimum, which does not enhance only a 

Fig. 6. Contours and 3D surface plot of RSM for splitting tensile strength at 7 days.  

Fig. 7. Contours and 3D surface plot of RSM for splitting tensile strength at 28 days.  

Table 9 
Statistical parameters of the RSM model.   

R R2 MSE RMSE MAE AE SEP 

f’c,7 0.9939 0.9879 0.01576 0.12553 0.0939 0.0260769 0.8148 
f’c,28 0.9929 0.9858 0.02385 0.15443 0.1288 − 0.0153846 0.6546 
fst,7 0.9916 0.9832 0.00018 0.01341 0.0099 0.00000076 0.7572 
fst,28 0.9984 0.9968 0.00010 0.01009 0.0082 − 0.0000015 0.3234  
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single response [64]. Here two different approaches are taken to optimize the responses. One includes standard error models and the 
other one without standard error models. The goal is to achieve the utmost f’c , fst , and standard error model minimization with 
maximum GD and in-range SCW usage (see Table 10). The optimization method yielded several possible solutions. However, the 
combination of 23.32 % GD replacement and 0.37 % SCW inclusion produced the maximum desirability of 0.892. (Fig. 8). Desirability 
is a mathematical strategy for determining the best solution, where the value 0 indicates that the factors offer an unfavorable reaction 
and the value 1 is assigned when the factors function optimally [65,66]. 

Experiments were performed with the optimal proportion of GD and SCW contents (23.32 % GD and 0.37 % SCW) to validate the 
predicted optimal result generated by RSM. Table 11 demonstrates the empirical and optimized f’c and fst values at 7 and 28 days. 
Values derived from 7 day and 28 day f’c tests were closely matched to the predicted values upon validation, whereas a slight variation 
in predicted values was observed from experimental values for fst at 7 and 28 days. 

4. Conclusion 

The prior objective of this research work is to investigate the influences of incorporating two recycled waste materials- GD as a 
potential fine aggregate replacement and SCW as a fiber reinforcement in concrete to diminish the demand for natural resources as well 
as to develop a sustainable way. RSM has been implemented to build mathematical models to predict concrete strength and achieve an 
optimal mix percentage of GD and SCW. The results of the ANOVA were used to analyze the impact of each variable on the responses. 
The following consequential statements can be concluded from the earlier discussion: 

4.1. Important findings  

• The 30 % replacement of natural sand with GD and 0.3 % inclusion of SCW fiber yields the maximal f’c,7 having 16.90 MPa and 
f’c,28 having 25.37 MPa. However, there is a decreasing pattern beyond that SCW percentage.  

• The 20 % replacement of natural sand with GD and 0.5 % inclusion of SCW fiber in concrete yields the maximum fst,7 having 1.924 
MPa and fst,28 having 3.321 MPa. If the inclusion of GD increases by more than 20 %, the splitting tensile strength decreases. 

Table 10 
Optimization benchmark of responses and variables considering the standard error models.  

Name Goal Lower Limit Upper Limit Lower Weight Upper Weight Importance 

A: GD maximize 10 30 1 1 5 
B: SCW is in range 0.1 0.5 1 1 5 
f’c,7 maximize 13.15 16.79 1 1 5 
StdErr (f’c,7) minimize 0.054782 0.117281 1 1 5 
f’c,28 maximize 21.06 25.37 1 1 5 
StdErr (f’c,28) minimize 0.076607 0.164005 1 1 5 
fst,7 maximize 1.598 1.924 1 1 5 
StdErr (fst,7) minimize 0.007586 0.01624 1 1 5 
fst,28 maximize 2.801 3.321 1 1 5 
StdErr (fst,28) minimize 0.005713 0.012231 1 1 5  

Fig. 8. Desirability zone concerning GD and SCW.  
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• All the models established by RSM were significant, as acceptable statistical values were found. The RSM-created regression model 
shows considerable preciseness and is capable of predicting the mechanical attributes of the concrete mixture.  

• The multi-objective optimization produced optimal levels of the variables (23.32 % GD and 0.37 % SCW) that could accomplish 
desired properties without affecting any of the responses. The observed and predicted values of the responses are closely matched 
during the empirical validation of the developed models. This indicates that RSM can predict and analyze the effects of test var-
iables on responses. 

4.2. Limitations and recommendations for future studies 

To assess the performance of GD and SCW mixed concrete in structural members, a comprehensive flexural strength test, shear 
strength test, and exploration of deflection properties in concrete beams and slabs should be conducted. In addition, the functionality 
of GD and SCW utilized prestressed concrete members subjected to static and fatigue loading should also be studied. In future in-
vestigations, a comprehensive study can be performed to explore the mechanical and physical properties, and durability of GD and 
SCW obtained concrete. Aspects such as bond strength, toughness, internal shrinkage, drying shrinkage, creep, leaching behavior, 
frost, electrical, and fire resistance, and water absorption properties of GD and SCW concrete should be considered. Exploring data on 
compressive strength at 14 days and 56 days will enhance the understanding of concrete’s strength development. The investigation can 
be broadened by examining a wider range of GD and SCW percentages. Moreover, crack analysis for GD and SCW mixed concrete needs 
to be rigorously explored for practical implementation. 

4.3. Contribution to practice, science, and policy 

Even though standard ACI codes are globally followed for the exercise of ordinary concrete, no standardization has been estab-
lished for alternatives replacing conventional materials or the addition of different fiber reinforcements. This study can serve as a 
guideline for reinforcing SCW in concrete matrix along with replacing typical fine aggregate with GD in construction applications. In 
developing nations, where managing a large amount of solid waste is a challenge, encouraging the utilization of such improperly 
disposed GD and recycling SCW in concrete can be a solution. Owing to the fact that it not only enhances concrete properties but also 
paves the way to a greener and more sustainable environment. 
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[45] Ş. Yazıcı, G. İnan, V. Tabak, Effect of aspect ratio and volume fraction of steel fiber on the mechanical properties of SFRC, Construct. Build. Mater. 21 (2007) 

1250–1253. 
[46] MdH.R. Sobuz, A. Saha, J.F. Anamika, M. Houda, M. Azab, A.S.M. Akid, MdJ. Rana, Development of self-compacting concrete incorporating rice husk ash with 

waste galvanized copper wire fiber, Buildings 12 (2022), https://doi.org/10.3390/buildings12071024. 
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