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Abstract

:

This study aims to apply the response surface methodology (RSM) to develop a statistical model that predicts and models the performance of both the fresh and hardened properties of self-compacting concrete (SCC). RSM was used to model processes involving three variables: the water/binder ratio, and the percentages of waste marble, and glass powder. Tests, including slump flow diameter, sieve stability, and L-box, were carried out to evaluate the fresh properties of the self-compacting concrete; compressive strength was analyzed at 7, 28, and 90 days. Statistical significance was only observed in the water/binder ratio for both the slump flow and sieve stability tests. Furthermore, these results indicate that the models used in the compressive strength tests demonstrate a high statistical significance for all ages. The findings suggest that incorporating waste marble powder (MP) and glass powder (GP) in SCC necessitates a significant amount of superplasticizer to counteract the workability loss, and it improves the compressive strength of SCC. The coefficients analyzed using the RSM approach validate its effectiveness as a predictive tool for determining the hardened properties of self-compacting concrete.
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1. Introduction


With each passing year, there is an increasing amount of waste that ends up in landfills [1]. The use of waste is an attractive alternative to disposal due to the reduction of disposal costs and potential pollution problems or even disposal while conserving resources at the same time [2]. Reusing waste is important from multiple perspectives; it helps conserve non-renewable natural resources, reduces pollution, and aids in saving and recycling energy in production processes [3].



Concrete is the second most widely used material on earth after water [4]. The widespread use of concrete has led to a global depletion of its raw materials [5]. Moreover, the production of concrete accounts for 5–8% of human-caused CO2 emissions [6] and is a significant contributor to the emission of greenhouse gases [7]. Numerous researchers have conducted studies on the utilization of various types of waste as a partial replacement for cement. By mixing cement with waste materials like slag [8], fly ash [9], glass [10], rubber [11], and plastic [12], it is possible to create sustainable concrete with favorable properties [13]. The use of waste materials in the production of concrete has grown increasingly widespread [14]. Recycling materials contribute unique qualities to concrete products, making them more sustainable, and eco-friendly [15].



The conversion of marble into final products produces approximately 30 to 40% by-products in the form of solid waste. As a result, an annual amount of 690,000 to 920,000 tons of marble waste is produced [16]. In 2013, the municipal solid waste stream in the United States contained 10.37 million tons of glass, while the European Union generated 1.5 million tons of glass waste from demolition and renovation [17]. Additionally, countries like New Zealand consume about 250,000 tons of glass annually, with approximately 100,000 tons being disposed of in landfills [18].



Self-compacting concrete (SCC) is a type of concrete that can be compacted without the need for external energy [19], offering numerous economic and technical advantages [20]. It is produced using the same fundamental ingredients as traditional concrete but incorporates significant amounts of superplasticizer additives, and, occasionally, viscosity-modifying additives, to achieve excellent workability [21]. It has recently emerged as one of the most important developments in the construction industry [22]. The cement content of self-compacting concrete (SCC) is relatively high, and the ratio of fine-to-coarse aggregates is more crucial compared to traditional concretes. In addition to cement, fine fillers, such as fly ash, silica fume, glass powder, slag, metakaolin, and marble powder, can be used to increase the paste content [23].



Some wastes, such as glass and marble, have been incorporated into concrete in various ways, including as partial replacements for fine and coarse aggregates. Recently, they have also been explored as a potential supplemental cementitious material (SCM) [18].



Using marble and glass powders in concrete offers advantages such as improved flowability, increased strength, sustainable construction practices, cost efficiency, and enhanced durability. These materials can effectively improve concrete properties, reduce environmental impacts, and contribute to sustainable construction practices [24]. However, the use of mathematical models to predict the different properties of waste-based concretes has become essential to better understand the behavior of these concretes.



One of the most effective mathematical and statistical methods to make predictions is the response surface methodology (RSM) [25], which is used to assess the impact of independent variables on responses by conducting a small number of experiments [26,27].



Many researchers have used the response surface methodology to predict the different properties of self-compacting concrete [25,26,27,28]. The results obtained through the application of the response surface methodology indicate a similarity of approximately 95% to the experimental results [28] which justifies the use of the statistical model to predict the properties of new mixtures with good accuracy [27].



In this context, it is interesting to predict the combined effect of the addition of marble powder and glass powder as partial replacements for cement on the fresh and hardened properties of self-compacting concretes using a statistical modeling approach (namely, the response surface methodology), which has not yet been used before in previous works. An analysis of variance (ANOVA) was used to assess the significance of the models and the different parameters on the response [29].



Therefore, the novelty of this research is the preparation of an accurate model for estimating the properties of fresh, self-compacting concrete mixtures containing marble and glass powder wastes. This was conducted using the response surface methodology.




2. Materials and Methods


2.1. Materials


The materials used for preparing the concrete mixture were Portland cement, mineral wastes (glass and marble), sand, gravel, and superplasticizer. Portland cement CEM II/B-L 42.5 N was obtained from Lafarge Cement Algeria, in accordance with NF EN 197-1 [30]. It has a fineness of 3917 m2/kg, a compressive strength at 28 days of 46.25 MPa, and a density of 3050 kg/m3. The two mineral additions used for this study were waste marble powder from the National Marble Company of Skikda, Algeria, and waste glass powder from COMAVER Company (Artistic Glass Company) of Ghardaïa, Algeria. Both materials were finely ground and sieved through an 80 µm sieve.



The marble powder had a specific surface area and specific density of 4363 m2/kg and 2720 kg/m3, respectively. The glass powder had a specific surface area of approximately 3260 m2/kg and a specific density of 2485 kg/m3. The chemical characteristics of these powders and the cement are presented in (Table 1).



Oued sand from Oued Messad (80 km southeast of Djelfa) was also used. The sand had a continuous particle size distribution, represented by a grain size curve, falling within the recommended range for concrete. Additionally, the specific density of the sand was 2620 kg/m3, with a fineness modulus of 2.36 and a sand equivalent of 78%.



The (3/8 and 8/12.5 mm) granular fractions of crushed gravel are used in the present study. The specific gravity of the gravels used is 2670 kg/m3.



The admixture used is a liquid admixture of the high water-reducing Superplasticizer (SP) type under the industrial name GRANITEX MEDAFLOW30. It is made from ether polycarboxylates, with a density of 1.07 and a dry extract of 30%.




2.2. Concrete Preparation


The formulation method adopted is the empirical method based on the volume of paste; the dry mix for one cubic meter of concrete (i.e., 1000 L) is equal to the sum of the volumes of the cement paste and the volume of the aggregates [31].


Gravel (G) + Sand (S) + Cement (C) + Air (A) + Water (E) + super plasticizer (Sp) = 1000 L











	
A G/S ratio = 1.



	
A dosage of binder B = 400 kg/m3 (cement + additions)






The superplasticizer ratio (Sp) was used experimentally until we obtained a constant value that made it possible to guarantee the self-compacting of the mixtures used in this study. Several laboratory trials were conducted to determine the optimal mixture proportions for the self-compacting concrete (SCC) for mixture 1, considering the four key factors (ability to fill and flow, resistance to segregation, viscosity) [32].



The following mixing sequence was established: initially, all ingredients were dry-mixed in the concrete mixer for one minute. Then, 70% of the calculated water amount was added to the dry mix and mixed for one minute (see Figure 1). The remaining 30% of water was combined with the superplasticizer admixture and added to the mixer, where it was mixed for 5 min. At this stage, 20% of the water mixed with the superplasticizer was added to the mixer and mixed for 4 min, followed by the addition of the remaining 10%, which was mixed for one minute.



Suitable mix proportions were achieved and fixed for all the rest of mixtures.
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Figure 1. Mixtures preparation of SCC. 






Figure 1. Mixtures preparation of SCC.
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2.3. Experimental Methods


Slump flow test [33]: This evaluation examines the lateral flow characteristics of self-compacting concrete, representing a widely employed test method providing a reliable assessment of its filling capacity. The conventional slump cone, featuring a base diameter of 200 mm, a top diameter of 100 mm, and a height of 300 mm, is utilized in this procedure. Following the filling of the cone with concrete, a vertical lift is performed, allowing the concrete to flow freely. Subsequently, measurements of the concrete’s final diameter in two perpendicular directions are taken, and the average of these diameters is calculated in accordance with EN 12350-8.



The L-box test [34], in accordance with EN 12350-10, serves to evaluate the filling and passing characteristics of self-compacting concrete. The testing apparatus comprises an L-shaped box, as depicted in the figure below. Initially, concrete is deposited into the vertical segment of the box, which possesses dimensions of 600 mm in height and a cross-section of 100 mm by 200 mm. Upon opening a slide gate between the vertical and horizontal segments, the concrete flows through a line of vertical reinforcing bars into the horizontal segment, which is 700 mm long, 200 mm wide, and 150 mm tall. The final concrete depth at the gate and the end of the trough is measured, and the proportional difference is quantified as a blocking ratio H2/H1.



The sieve segregation test [35] evaluates the self-compacting concrete’s resistance to segregation, following the EN 12350-9 standard. In this test, 5 kg of fresh concrete is poured over a 5 mm mesh, and the mass of the mortar passing through the sieve is meticulously recorded. The segregated portion is then expressed as a percentage of the material that successfully passes through the sieve, as per the specifications outlined in EN 12350-9.



Compressive strength [36] was measured using a hydraulic press of type 65-L11M2 according to the EN 12390-3 standard.




2.4. Mathematical Modelling


Response Surface Methodology


Response surface methodology, comprises a set of mathematical and statistical techniques used to assess the connections between a set of independent variables (input parameters) and one or more dependent variables (output parameters) [25]. This technique is generally used when there are several input parameters affecting the output (response).



There are many such methodologies like mixture experiments, multiple objective functions, central composite designs (CCD) and Box–Behnken designs, stochastic models and optimization techniques, and full or fractional factorials, and they are all similar to response surface methodology in that they aim to optimize responses based on multiple factors, but they each have specific focuses. Mixture experiments deal with components in a mixture, multiple objective functions consider conflicting objectives, central composite and Box–Behnken designs create efficient experimental setups, stochastic models handle uncertainty, and full or fractional factorials estimate curvature and move directions.



A central composite orthogonal experimental design for three independent variables was adopted (Table 2). The variables taken (three levels for each variable) were: the ratio of water/binder content (W/B; 0.4–0.5), the ratio of marble powder (% MP; 0–25%), and the ratio of glass powder (% GB; 0–25%).



The number of the experiments was determined according to the Equation (1). (Table 3).


  N =   2   K   + 2 k + c  



(1)




where “k” refers to the number of variables under study. The factorial points, represented by “2k” encompass all combinations of coded values (X = ±1) positioned at the corners of a cube.



Additionally, there are “2k” axial points located at a distance of ±a from the origin, situated at the center of each face of the cube. Moreover, there are “c” center points, where all levels are set to the coded level 0, positioned at the center of the cube. A graphic of a three-dimensional CCD design for k = 3 independent variables is shown in (Figure 2) [27].
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Figure 2. A three-dimensional CCD design for k = 3 independent variables. 






Figure 2. A three-dimensional CCD design for k = 3 independent variables.
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The predictive model used to estimate the responses and explain the relationship between the independent variables was a second-order polynomial equation, Equation (2):


  Y =   B   0   +   ∑  i   k      B   i     X   i     +   ∑  i   k      B   i i     X   2     +   ∑  k j   k      B   i j     X   i     X   j     + E  



(2)




where Y represents the response functions, B0 is the constant coefficient, and Bi, Bii and Bij are the coefficients of the linear, quadratic, and interactive terms, respectively [37]. The significance of the model was evaluated by analyzing the determination coefficient (R2), the adjusted coefficient (R2 adj), the root mean-square-error (RMSE) and the p-value.





 





Table 2. Coding and real levels for CCD model.






Table 2. Coding and real levels for CCD model.





	
Variables

	
Symbol

	
Unit

	
Coded Factor Levels




	
−1

	
0

	
+1






	
W/B

	
X1

	
/

	
0.4

	
0.45

	
0.5




	
MP

	
X2

	
%

	
0

	
12.5

	
25




	
GP

	
X3

	
%

	
0

	
12.5

	
25









The central composite design was employed to study the impact of process variables on the compressive strength of concrete mixtures, with the aim of predicting their performance.



JMP® Pro 14.0.0 software was used for the design and analysis of the experiments. Statistically designed experiments are a powerful method for initiating the discovery process, ensuring that the resulting data contain substantial information [38]. The investigation involved conducting 17 experiments, and the specific composition of each mixture can be found in (Table 3).





 





Table 3. Mixture proportions for 1 m3 of concrete [Kg/m3].






Table 3. Mixture proportions for 1 m3 of concrete [Kg/m3].





	
Mixture

	
Pattern in (JMP® Pro 14.0.0)

	
Components




	
W/B

	
Binder

	
W

	
Sand

	
Gravel (3/8)

	
Gravel (8/16)

	
Superplasticizer




	
C

	
MP

	
GP






	
Mix 1

	
−−−

	
0.4

	
400

	
0

	
0

	
160

	
908

	
304

	
621

	
8




	
Mix 2

	
−−+

	
0.4

	
320

	
0

	
80

	
160

	
908

	
304

	
621

	
8




	
Mix 3

	
−+−

	
0.4

	
320

	
80

	
0

	
160

	
908

	
304

	
621

	
8




	
Mix 4

	
−++

	
0.4

	
240

	
80

	
80

	
160

	
908

	
304

	
621

	
8




	
Mix 5

	
+−−

	
0.5

	
400

	
0

	
0

	
200

	
856

	
286

	
586

	
8




	
Mix 6

	
+−+

	
0.5

	
320

	
0

	
80

	
200

	
856

	
286

	
586

	
8




	
Mix 7

	
++−

	
0.5

	
320

	
80

	
0

	
200

	
856

	
286

	
586

	
8




	
Mix 8

	
+++

	
0.5

	
240

	
80

	
80

	
200

	
856

	
286

	
586

	
8




	
Mix 9

	
a00

	
0.4

	
320

	
40

	
40

	
160

	
908

	
304

	
622

	
8




	
Mix 10

	
A00

	
0.5

	
320

	
40

	
40

	
200

	
856

	
286

	
586

	
8




	
Mix 11

	
0a0

	
0.45

	
360

	
0

	
40

	
180

	
882

	
295

	
603

	
8




	
Mix 12

	
0A0

	
0.45

	
280

	
80

	
40

	
180

	
882

	
295

	
603

	
8




	
Mix 13

	
00a

	
0.45

	
360

	
40

	
0

	
180

	
882

	
295

	
603

	
8




	
Mix 14

	
00A

	
0.45

	
280

	
40

	
80

	
180

	
882

	
295

	
603

	
8




	
Mix 15

	
000

	
0.45

	
320

	
40

	
40

	
180

	
882

	
295

	
603

	
8




	
Mix 16

	
000

	
0.45

	
320

	
40

	
40

	
180

	
882

	
295

	
603

	
8




	
Mix 17

	
000

	
0.45

	
320

	
40

	
40

	
180

	
882

	
295

	
603

	
8








W: water, C: cement, B: binder (cement + MP + GP). (+ and A): The amount of substance at its maximum value. (− and a): The amount of substance at its lowest value. 0: The amount of substance at its middle value.














3. Results and Discussion


During this investigation, the flow characteristics were assessed using the slump flow diameter to measure filling ability, while passing ability was evaluated using the L-box test. The resistance to segregation was measured using the sieve stability test.



For each concrete mixture, nine prisms of 70 × 70 × 280 mm3 were cast for the hardened proprieties.



The specimens were demolded after one day and then placed in the water in a curing room with 90% RH and 20 ± 2 °C temperatures until the testing days.



3.1. Modeling of Fresh Properties Tests


To designate a particular type of concrete as self-compacting, it is necessary to ensure that it meets the criteria for both filling and passing ability, as well as for segregation resistance. This ensures that the concrete can flow freely without the restriction of formwork or reinforcement, while also maintaining a consistent composition in its fresh state (see Figure 3) [39]. The experimental results reported in Table 4 show that, despite the reduction in the quantity of cement accompanied by the increase in the quantity of glass powder and/or marble powder, all the concretes have values consistent with those prescribed by the European Guide to Self-Compacting Concretes. This is considered an advantageous gain, making it possible to reduce CO2 emissions from cement production and to reduce the quantity of marble and glass waste products disposed of into the environment.



According to the central composite design, the investigation was conducted to determine the impact of process variables on the fresh properties of self-compacting concrete mixtures. The aim was to predict the fresh properties based on different parameter values, as outlined in (Table 4).



Table 4 shows that the experimental and the predicted values for the different responses are very close, and that this was explained by the high R2 values.
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Figure 3. Fresh properties tests of SCC. 






Figure 3. Fresh properties tests of SCC.
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Table 4. The experimental design layout and corresponding responses for the central composite design (CCD) based on the response surface methodology (RSM), along with the predicted values for the fresh properties tests.






Table 4. The experimental design layout and corresponding responses for the central composite design (CCD) based on the response surface methodology (RSM), along with the predicted values for the fresh properties tests.





	
Mixture

	
Independent Variables

	
Fresh Properties




	
E/B

	
Binder

	
W

	
Slump Flow [cm]

	
L-Box [%]

	
Sieve Stability [%]

	
Density [Kg/m3]




	
C

	
MP

	
GP

	
Experimental

	
Predicted

	
Experimental

	
Predicted

	
Experimental

	
Predicted






	
Mix 1

	
0.40

	
400

	
0

	
0

	
160

	
68.00

	
69.20

	
90%

	
88%

	
12%

	
12%

	
2366




	
Mix 2

	
0.40

	
320

	
0

	
80

	
160

	
69.00

	
69.80

	
77%

	
79%

	
13%

	
14%

	
2468




	
Mix 3

	
0.40

	
320

	
80

	
0

	
160

	
66.00

	
68.10

	
57%

	
71%

	
12%

	
12%

	
2490




	
Mix 4

	
0.40

	
240

	
80

	
80

	
160

	
71.00

	
72.45

	
94%

	
73%

	
11%

	
12%

	
2490




	
Mix 5

	
0.50

	
400

	
0

	
0

	
200

	
83.00

	
82.75

	
83%

	
85%

	
22%

	
22%

	
2381




	
Mix 6

	
0.50

	
320

	
0

	
80

	
200

	
76.50

	
75.60

	
84%

	
85%

	
23%

	
24%

	
2469




	
Mix 7

	
0.50

	
320

	
80

	
0

	
200

	
82.50

	
82.90

	
85%

	
84%

	
23%

	
23%

	
2542




	
Mix 8

	
0.50

	
240

	
80

	
80

	
200

	
79.50

	
79.50

	
92%

	
95%

	
22%

	
23%

	
2552




	
Mix 9

	
0.40

	
320

	
40

	
40

	
160

	
79.00

	
73.45

	
80%

	
81%

	
13%

	
12%

	
2551




	
Mix 10

	
0.50

	
320

	
40

	
40

	
200

	
83.00

	
83.75

	
94%

	
91%

	
24%

	
22%

	
2515




	
Mix 11

	
0.45

	
360

	
0

	
40

	
180

	
73.50

	
72.65

	
86%

	
85%

	
16%

	
15%

	
2438




	
Mix 12

	
0.45

	
280

	
80

	
40

	
180

	
78.00

	
74.05

	
75%

	
82%

	
16%

	
14%

	
2617




	
Mix 13

	
0.45

	
360

	
40

	
0

	
180

	
78.50

	
75.05

	
87%

	
89%

	
14%

	
14%

	
2632




	
Mix 14

	
0.45

	
280

	
40

	
80

	
180

	
75.00

	
73.65

	
93%

	
90%

	
17%

	
14%

	
2557




	
Mix 15

	
0.45

	
320

	
40

	
40

	
180

	
72.50

	
75.63

	
87%

	
88%

	
12%

	
14%

	
2576




	
Mix 16

	
0.45

	
320

	
40

	
40

	
180

	
72.30

	
75.63

	
89%

	
88%

	
13%

	
14%

	
2561




	
Mix 17

	
0.45

	
320

	
40

	
40

	
180

	
72.50

	
75.63

	
89%

	
88%

	
11%

	
14%

	
2554








W: water, C: cement, B: binder (cement + MP + GP).











The experimental results obtained from the central composite design (CCD) were used to formulate a second-order polynomial equation to represent the responses. This equation enables the prediction of the slump flow, L–box, and sieve stability tests. The final equations, represented in terms of coded factors, are provided in the following equations:


Yslump flow = 75.63 + 5.15 X1 + 0.7 X2 − 0.7 X3 + 0.3125 X1X2 − 1.9375 X1X3 + 0.9375 X2X3 + 2.97 X12 − 2.28 X22 − 1.28 X32



(3)






YL-box = 0.88 + 0.047 X1 − 0.016 X2 + 0.006 X3 + 0.039 X1X2 − 0.022 X1X3 + 0.028 X2X3 − 0.021 X12 − 0.049 X22 + 0.013 X32



(4)






Ysieve stability = 0.1397+ 0.053 X1 − 0.002 X2 + 0.003 X3 + 0.0025 X1X2 − 1.73× 10−18 X1X3 − 0.005 X2X3 + 0.0305 X12 + 0.0055 X22 + 0.0005 X32



(5)








3.2. Analysis of Fresh Properties Tests


The results of the analysis of variance (ANOVA) for the fitting model are presented in (Table 5). These results indicate that the equations adequately represent the actual relationship between the independent variables and the responses [40]. The model’s adequacy and fitness were evaluated by calculating the coefficients of determination (R2) and adjusted coefficients (R2 adj). The results also suggest that there are strong correlations between the predicted and experimental models.


    R   2   = 1 −   S S r e s   ( s q u a r e d   s u m   r e s i d u a l s )   S S t o t   ( s q u a r e d   s u m   t o t a l )    



(6)






    R   2   a d j = 1 −   1 −   R   2         n − 1     n − 1 − p    ( n : number of samples )  ( p : number of features )  



(7)







It can be observed in (Figure 4) that the points align with the fitting line, that there are high values for the correlation coefficient and adjusted coefficient, and that there is at least one significant effect in this model (Prob. > F) lower than 5%, regardless of the types of tests. (Table 5). The significance or high significance of each coefficient was assessed using p-values of 0.05 and 0.01.





 





Table 5. The experimental results include the analysis of variance (ANOVA) and statistics from the full regression models.






Table 5. The experimental results include the analysis of variance (ANOVA) and statistics from the full regression models.





	

	
DF

	
Slump Flow

	
L-box

	
Sieve Stability




	
Sum of Squares

	
F-Value

	
Prob > F

	
Ss

	
F-Value

	
Prob > F

	
Ss

	
F-Value

	
Prob > F






	
Model

	
9

	
334.938

	
2.6368

	
0.1073

	
0.0600

	
8.3895

	
0.0052 *

	
0.0332

	
8.1530

	
0.0057 *




	
X1

	
1

	
265.225

	
18.2470

	
0.0037 *

	
0.0217

	
27.3356

	
0.0012 *

	
0.0281

	
62.067

	
0.0001 *




	
X2

	
1

	
4.9000

	
0.3371

	
0.5797

	
0.0027

	
3.2845

	
0.1128

	
0.00004

	
0.0884

	
0.7749




	
X3

	
1

	
4.9000

	
0.3371

	
0.5797

	
0.0003

	
0.4187

	
0.5382

	
0.00009

	
0.1989

	
0.6691




	
X1X2

	
1

	
0.7813

	
0.0537

	
0.8233

	
0.0122

	
15.3236

	
0.0058 *

	
0.00005

	
0.1105

	
0.7493




	
X1X3

	
1

	
30.0313

	
2.0661

	
0.1938

	
0.0039

	
4.9254

	
0.0619

	
2.4074 × 10−35

	
0.0000

	
1.0000




	
X2X3

	
1

	
7.03125

	
0.4837

	
0.5092

	
0.0064

	
8.0157

	
0.0254 *

	
0.0002

	
0.4419

	
0.5275




	
X12

	
1

	
23.6066

	
1.6241

	
0.2432

	
0.0011

	
1.4310

	
0.2705

	
0.0025

	
5.5045

	
0.0514




	
X22

	
1

	
13.9485

	
0.9596

	
0.3599

	
0.0065

	
8.1925

	
0.0243 *

	
0.000081

	
0.1786

	
0.6852




	
X32

	
1

	
4.4013

	
0.3028

	
0.5992

	
0.0005

	
0.5821

	
0.4704

	
0.00000065

	
0.0014

	
0.9708




	
Residual

	
7

	
101.7467

	

	

	
0.0056

	

	

	
0.00317

	

	




	
Lack of Fit

	
5

	
101.7200

	
1525.800

	
>0.0007

	
0.0056

	
0.0000

	
0.0000

	
0.00297

	
5.9361

	
>0.1504




	
Pure Error

	
2

	
0.0267

	

	

	
0.0000

	

	

	
0.0002

	

	




	
R2

	

	
0.7722

	

	

	
0.9152

	

	

	
0.91291

	

	




	
R2 adj

	

	
0.4793

	

	

	
0.8061

	

	

	
0.8009

	

	




	
Adeq pre

RMSE

	

	
3.8125

	

	

	
0.0282

	

	

	
0.0213

	

	




	
Cor Total

	
16

	
446.6847

	

	

	
0.0656

	

	

	
0.03638

	

	








Ss: Sum of squares, *: (Prob. > F) lower than 5%.
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Figure 4. The correlations between the predicted and observed values for: (A) slump flow; (B) L-box; and (C) sieve stability tests. 






Figure 4. The correlations between the predicted and observed values for: (A) slump flow; (B) L-box; and (C) sieve stability tests.



[image: Sustainability 16 01972 g004]





The optimal W/B ratio, marble powder ratio (MP), and glass powder ratio (GP) for each of the slump flow, L–box, and sieve stability tests were determined using ISO response curves and response surfaces. The ANOVA results for our model in the slump flow test indicate a p-value > 0.05, suggesting that the model is not statistically significant. However, it is worth noting that the p-value for X1, which represents E/B, is less than 0.01, indicating that it is highly significant. As shown in (Table 5), the model in the L-box test indicates a p-value < 0.01, demonstrating that it is highly statistically significant. This is further supported by the highly significant effect of the linear parameters (X1) and the mutual interactions (X1X2) on the L-box test (p-value < 0.01). Additionally, the mutual interactions (X2X3) and the quadratic term coefficients X32 exhibit a significant effect on this test (p-value < 0.05), while the remaining coefficients do not show statistical significance (p-value > 0.05). The model in the sieve stability test demonstrates a p-value < 0.01, indicating a high level of statistical significance. It should be noted that the p-value for X1, is less than 0.01, indicating high statistical significance. The response plots were generated by plotting the response (z-axis) against two independent variables (x and y coordinates), while keeping the other independent variables constant at their minimum levels within the testing ranges [29]. By examining (Figure 5A, Figure 6A and Figure 7A), we can observe the development of 3-D response surface plots for the slump flow and sieve stability tests. During this process, the E/B ratio was varied within the range of 0.4 to 0.5, while the MP was varied between 0 and 25%, and the GP was fixed at 12.5%. As we expected, the prediction for slump flow diameters was 78 cm, and the prediction for the sieve stability test was 19%. However, E/B varied from 0.4 to 0.5, and GP varied between 0 and 25%, while the MP was fixed at 12.5% (Figure 5B, Figure 6B and Figure 7B). The prediction of the slump flow diameters and sieve stability test was improved by 79 cm and 18%, respectively.



Furthermore, when both the MP and GP varied between 0 and 25% and the E/B ratio was fixed at 0.45, the slump flow diameters and sieve stability test decreased to 72 cm and 14.9%, respectively (Figure 5C, Figure 6C and Figure 7C). Based on the analysis of response surfaces and main effect plots, it can be observed that increasing the E/B ratio resulted in an increase in the flow diameter of the concrete. However, both marble powder and glass powder can help to reduce the risk of segregation. The previously found p-value for E/B confirmed its high significance in these two tests. From (Figure 6A), when developing the 3-D response surface plot for the L–box test, we observed that fixing the value of MP at 12.5% resulted in a lower prediction of 78% for the L–box test. However, when we fixed the GP at 12.5% or the E/B ratio at 0.45, values of 88% and 84% were obtained, respectively (Figure 6B,C). This is probably due to the presence of spherical marble powder particles in the fresh concrete, which created a ball-bearing effect, leading to a reduction in internal friction and an improvement in the flowability and compaction properties of the concrete [37].





[image: Sustainability 16 01972 g005] 





Figure 5. Response surface plot for slump flow, according to RSM: (A) as a function of MP and W/B; (B) as a function of GP and W/B; and (C) as a function of MP and GP. 
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Figure 6. Response surface plot for L-box, according to RSM: (A) as a function of MP and W/B; (B) as a function of GP and W/B; and (C) as a function of MP and GP. 
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Figure 7. Response surface plot for sieve stability, according to RSM: (A) as a function of MP and W/B; (B) as a function of GP and W/B; and (C) as a function of MP and GP. 
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3.3. Modeling of Hardened Properties Tests


According to the central composite design, the study aimed to assess how process variables affect the hardened properties of self-compacting concrete mixtures. The goal was to make predictions about compressive strength based on various parameter values, as detailed in (Figure 8 and Table 6).



The experimental results obtained from the central composite design (CCD) were used to create a quadratic equation that represents the responses. This equation allows for the prediction of the compressive strength at 7, 28, and 90 days. The equations in terms of coded factors are presented in the following provided equations:


YCS (7 days) = 26.7437 − 2.9001 X1 − 0.8227 X2 − 4.9319 X3 − 0.4459 X1X2 + 3.2564 X1X3 − 1.2891 X2X3 + 2.3821 X12 − 2.8899 X22 − 2.6579 X32



(8)






YCS (28 days) = 32.2085 − 2.1554 X1 − 2.4899 X2 − 4.1977 X3 − 0.97 X1X2 + 1.60325 X1X3 − 1.4605 X2X3 + 0.8917 X12 − 1.3658 X22 − 2.5518 X32



(9)






YCS (90 days) = 37.5617 − 4.433 X1 − 3.7483 X2 − 3.5364 X3 − 0.5546 X1X2 + 1.9721 X1X3 − 0.6461 X2X3 + 9.9735 X12 − 3.381 X22 − 3.5225 X32



(10)








3.4. Analysis of Hardened Properties Tests


The correlation coefficient and adjusted coefficient exhibit high values (Figure 9), and at least one significant effect is evident in these models (Prob. > F) at a level lower than 5%, regardless of the types of tests (Table 7). The significance of each coefficient was evaluated using p-values of 0.05 and 0.01.



The optimal W/B, marble powder (MP), and glass powder (GP) ratios for compressive strength at 7, 28, and 90 days were determined using ISO response curves and response surfaces. The ANOVA results for our models in the compressive strength tests at 7 and 90 days indicated a p-value less than 0.05, suggesting that the models are statistically significant. However, for 28 days, it is noteworthy that the p-value was less than 0.01, indicating a high level of statistical significance. It should be noted that for compressive strength at 28 and 90 days, all linear parameters exhibited statistical significance and high statistical significance, while the (X2) coefficient did not show statistical significance (p-value > 0.05) for compressive strength at 7 days. As for mutual interactions, we observed the presence of one statistically significant coefficient (X1X2) at 7 days, and that one quadratic term coefficient (X22) exhibited a highly statistically significant effect on the 90-day test (p-value < 0.01). By examining (Figure 10A, Figure 11A and Figure 12A), we can observe the 3-D response surface plots depicting the development of compressive strength at 7, 28, and 90 days. During this process, the E/B ratio was varied within the range of 0.4 to 0.5, while the MP was varied between 0 and 25%, and the GP was fixed at 12.5%. The predicted values were 27, 30, and 43 MPa, respectively. However, when the E/B ratio varied from 0.4 to 0.5, and GP varied between 0 and 25%, while keeping the MP fixed at 12.5% (Figure 10B, Figure 11B and Figure 12B), the predictions were 27, 32, and 44 MPa, respectively. Furthermore, when both the MP and GP were changed between 0 and 25% and the E/B Ratio was fixed at 0.45, compressive strength decreased to 17, 25, and 29 MPa, respectively (Figure 10C, Figure 11C and Figure 12C).





4. Conclusions


The aim of this study was to investigate the impact of cement content and the proportion of recycled marble and glass powder on the fresh and hardened properties of self-compacting concrete, using the response surface methodology (RSM). The study yielded the following key findings:




	
The results indicate that incorporating MP and GP in SCC necessitates the use of a high volume of superplasticizer admixture to counteract the workability loss;



	
The ANOVA results indicate that our models in the slump flow test did not show statistical significance (p-value > 0.05). However, both the sieve stability and L-box tests exhibited a highly statistically significant effect (p-value < 0.01);



	
The high significance of the linear parameters (X1) and the combined effects (X1X2) on the L-box test (p-value < 0.01) is noteworthy. Additionally, the combined effects (X2X3) and the quadratic term coefficients X32 demonstrate a significant effect on this test (p-value < 0.05). These results offer limited evidence that the inclusion of MP and GP improves the fresh properties of self-compacting concrete;



	
The ANOVA results indicate that our models for compressive strength in the 7- and 90-day tests did demonstrate statistical significance (p-value < 0.05). However, the compressive strength in the 28-day test exhibited a highly statistically significant effect (p-value < 0.01);



	
The examination of coefficients through the RSM method confirms its efficacy as a predictive instrument for assessing the hardened characteristics of self-compacting concrete.








Our research focused on examining the fresh and hardened properties of self-compacting concrete using three variables. We tested different amounts, ranging from 0 to 25 percent, for each of the two powders under study to make predictions about the results. Additionally, we employed the response surface methodology (RSM) to collect a larger amount of information and expectations, while also reducing the number of trial mixtures required. This method also proved effective for prediction, as evidenced by the determination of coefficients (R2), adjusted coefficients (R2 adj), and the p-values.



The response surface methodology has proven to be highly effective in the examination and prediction of the hardened properties of SCC. Future research can investigate varying proportions of marble and glass powder, while also incorporating the specific surface area (Blaine value) as a variable within the study. Furthermore, upcoming research could concentrate on the analysis and prediction of the durability characteristics of self-compacting concrete. Moreover, research is needed to study and predict the behavior of fiber-reinforced self-compacting concrete (FRSCC), which has rarely been studied in previous work.
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Figure 8. Hardened properties tests. 
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Figure 9. Correlations between the predicted and observed values for compressive strength tests at: (A) 7 days; (B) 28 days; and (C): 90 days. 






Figure 9. Correlations between the predicted and observed values for compressive strength tests at: (A) 7 days; (B) 28 days; and (C): 90 days.



[image: Sustainability 16 01972 g009]







[image: Sustainability 16 01972 g010] 





Figure 10. Response surface plot for compressive strength at 7 days, according to RSM: (A) as a function of MP and W/B; (B) as a function of GP and W/B; and (C) as a function of MP and GP. 
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Figure 11. Response surface plot for compressive strength at 28 days, according to RSM: (A) as a function of MP and W/B; (B) as a function of GP and W/B; and (C) as a function of MP and GP. 
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Figure 12. Response surface plot for compressive strength at 90 days, according to RSM: (A) as a function of MP and W/B; (B) as a function of GP and W/B; and (C) as a function of MP and GP. 
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Table 1. Chemical characteristics of cement, MP, and GP.
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	Chemical Analysis (%)
	Cement
	Marble Powder
	Glass Powder





	Na2O
	-
	-
	14.7



	MgO
	1.94
	1.95
	1.3



	Al2O3
	3.55
	0.2
	2.13



	SiO2
	15
	0.462
	68.1



	P2O5
	0.751
	0.593
	0.893



	SO3
	3.43
	0.593
	0.213



	Cl
	0.0559
	0.0361
	0.0298



	K2O
	0.707
	0.0713
	0.213



	CaO
	70.4
	96.1
	11.1



	TiO2
	0.246
	-
	0.0784



	MnO
	0.0705
	-
	-



	Fe2O3
	3.66
	0.213
	0.345



	CuO
	-
	0.0257
	0.0105



	SrO
	0.122
	0.0682
	0.0097



	As2O3
	-
	-
	0.196



	ZrO2
	-
	-
	0.066



	BaO
	-
	-
	0.521










 





Table 6. The experimental design layout and corresponding responses for the central composite design (CCD) based on the response surface methodology (RSM), along with the predicted values for the hardened properties tests.
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Mixture

	
Independent Variables

	

	

	




	
E/B

	
Binder

	
W

	
Compressive Strength at 7-Day MPa

	
Compressive Strength

at 28-Day MPa

	
Compressive Strength

at 90-Day MPa




	
C

	
MP

	
GP

	
Experimental

	
Predicted

	
Experimental

	
Predicted

	
Experimental

	
Predicted






	
Mix 1

	
0.40

	
400

	
0

	
0

	
160

	
34.79

	
33.75

	
37.75

	
37.20

	
56.56

	
53.12




	
Mix 2

	
0.40

	
320

	
0

	
80

	
160

	
19.14

	
19.96

	
29.81

	
28.52

	
44.71

	
43.40




	
Mix 3

	
0.40

	
320

	
80

	
0

	
160

	
34.39

	
35.58

	
36.49

	
37.08

	
47.88

	
48.03




	
Mix 4

	
0.40

	
240

	
80

	
80

	
160

	
16.61

	
16.62

	
22.00

	
22.56

	
36.27

	
35.72




	
Mix 5

	
0.50

	
400

	
0

	
0

	
200

	
23.06

	
22.33

	
32.51

	
31.62

	
40.72

	
41.42




	
Mix 6

	
0.50

	
320

	
0

	
80

	
200

	
23.46

	
21.56

	
30.27

	
29.35

	
39.59

	
39.58




	
Mix 7

	
0.50

	
320

	
80

	
0

	
200

	
23.90

	
22.37

	
26.66

	
27.62

	
32.64

	
34.11




	
Mix 8

	
0.50

	
240

	
80

	
80

	
200

	
16.12

	
16.44

	
19.29

	
19.51

	
26.10

	
29.69




	
Mix 9

	
0.40

	
320

	
40

	
40

	
160

	
33.01

	
32.03

	
34.55

	
35.26

	
46.81

	
51.97




	
Mix 10

	
0.50

	
320

	
40

	
40

	
200

	
22.40

	
26.23

	
30.31

	
30.94

	
48.84

	
43.10




	
Mix 11

	
0.45

	
360

	
0

	
40

	
180

	
21.83

	
24.68

	
29.68

	
33.33

	
33.87

	
37.93




	
Mix 12

	
0.45

	
280

	
80

	
40

	
180

	
23.03

	
23.03

	
30.67

	
28.35

	
35.08

	
30.43




	
Mix 13

	
0.45

	
360

	
40

	
0

	
180

	
26.92

	
29.01

	
33.96

	
33.85

	
36.45

	
37.58




	
Mix 14

	
0.45

	
280

	
40

	
80

	
180

	
18.41

	
19.15

	
24.02

	
25.46

	
32.21

	
30.50




	
Mix 15

	
0.45

	
320

	
40

	
40

	
180

	
28.97

	
26.74

	
32.44

	
32.21

	
37.48

	
37.56




	
Mix 16

	
0.45

	
320

	
40

	
40

	
180

	
26.18

	
26.74

	
32.32

	
32.21

	
36.23

	
37.56




	
Mix 17

	
0.45

	
320

	
40

	
40

	
180

	
30.77

	
26.74

	
34.54

	
32.21

	
37.82

	
37.56








W: water, C: cement, B: binder (cement + MP + GP).













 





Table 7. The experimental results source includes the analysis of variance (ANOVA) and statistics from the full regression models.






Table 7. The experimental results source includes the analysis of variance (ANOVA) and statistics from the full regression models.





	

	
DF

	
CS (7 Days)

	
CS (28 Days)

	
CS (90 Days)




	
Ss

	
F-Value

	
Prob > F

	
Ss

	
F-Value

	
Prob > F

	
Ss

	
F-Value

	
Prob > F






	
Model

	
9

	
497.231

	
6.4538

	
0.0112 *

	
367.551

	
8.8067

	
0.0045 *

	
765.56657

	
4.4752

	
0.0304 *




	
X1

	
1

	
84.10580

	
9.8248

	
0.0165 *

	
46.45749

	
10.0183

	
0.0158 *

	
196.51489

	
10.3388

	
0.0147 *




	
X2

	
1

	
6.76835

	
0.7906

	
0.4034

	
61.99602

	
13.3692

	
0.0081 *

	
140.49753

	
7.3917

	
0.0298 *




	
X3

	
1

	
243.23638

	
28.4135

	
0.0011 *

	
176.20685

	
37.9982

	
0.0005 *

	
125.06125

	
6.5795

	
0.0373 *




	
X1X2

	
1

	
1.59044

	
0.1858

	
0.6794

	
7.52720

	
1.6232

	
0.2433

	
2.46087

	
0.1295

	
0.7296




	
X1X3

	
1

	
84.83183

	
9.9096

	
0.0162 *

	
20.56328

	
4.4344

	
0.0732

	
31.11422

	
1.6369

	
0.2415




	
X2X3

	
1

	
13.29475

	
1.5530

	
0.2528

	
17.06448

	
3.6799

	
0.0966

	
3.33982

	
0.1757

	
0.6877




	
X12

	
1

	
15.20300

	
1.7759

	
0.2244

	
2.13016

	
0.4594

	
0.5197

	
266.50603

	
14.0210

	
0.0072 *




	
X22

	
1

	
22.37591

	
2.6138

	
0.1500

	
4.99817

	
1.0778

	
0.3337

	
30.62701

	
1.6113

	
0.2449




	
X32

	
1

	
18.92747

	
2.2110

	
0.1806

	
17.44692

	
3.7623

	
0.0936

	
33.24423

	
1.7490

	
0.2276




	
Residual

	
7

	
59.9241

	

	

	
32.4607

	

	

	
133.05309

	

	




	
Lack of Fit

	
5

	
49.2257

	
1.8405

	
0.3884

	
29.3593

	
3.7866

	
0.2220

	
131.64551

	
37.4104

	
0.0262




	
Pure Error

	
2

	
10.6984

	

	

	
3.1014

	

	

	
1.40758

	

	




	
R2

	

	
0.8924

	

	

	
0.918851

	

	

	
0.851936

	

	




	
R2 adj

	

	
0.7541

	

	

	
0.814516

	

	

	
0.661568

	

	




	
Adeq pre

RMSE

	

	
2.9258

	

	

	
2.153425

	

	

	
4.359769

	

	




	
Cor Total

	
16

	
557.1551

	

	

	
400.0117

	

	

	
898.61966

	

	








Ss: Sum of squares, *: (Prob. > F) lower than 5%.
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