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 The utilization of waste materials in concrete plays a crucial role in sustainable 
construction by contributing to environmental conservation and enhancing 
concrete properties. However, waste management and sustainable construction 
present significant challenges within the construction industry. This study 
specifically focuses on the optimization of concrete properties by utilizing Blast 
furnace slag aggregate (BFSA) as coarse aggregate (CA) and recycled concrete 
sand (RCS) as fine aggregate (FA). To assess the impact of BFSA and RCS 
replacement parameters, response surface methodology (RSM) based on central 
composite design (CCD) was employed. The RSM regression equations 
generated in this study demonstrated high R2 values (>0.8), indicating their 
capability to explain the variability observed in the responses. To assess the 
impact of BFSA and RCS replacement parameters, response surface methodology 
(RSM) based on central composite design (CCD) was employed. In conclusion, 
the implementation of RSM enables the incorporation of waste materials into 
concrete, resulting in waste reduction without significant effects on concrete 
properties. 

© 2024 MIM Research Group. All rights reserved. 
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1. Introduction 

Rapid urbanization and industrialization have led to an increase in construction and 
demolition (C&D) waste generation, resulting in a higher demand for natural resources [1]. 
The disposal of C&D waste through dumping and landfilling causes environmental issues 
and land occupation. Reclaiming C&D waste is crucial for reducing end-of-life impacts and 
minimizing the extraction of natural resources [2–4]. Recycling C&D waste into aggregates, 
particularly as sustainable building materials, has been extensively studied, and it has been 
accepted that recycled coarse aggregates (RCAs) can replace natural coarse aggregates by 
up to 30% without sacrificing concrete performance [5–7]. However, a significant portion 
of concrete fines still cannot be recycled and reused. Recycled concrete powder (RCP) has 
been investigated as a replacement for fine aggregate in mortar or concrete. Studies have 
shown that RCP mortar exhibits inferior properties due to higher porosity and water 
absorption [8,9]. The inclusion of RCP affects the particle packing status of aggregates in 
mortar, primarily due to changes in particle size distribution after adding different 
contents and sizes of RCP particles. The packing status of granular materials can be 
characterized by the particle packing density, which is defined as the absolute volume to 
bulk volume ratio of the packed material. 

Various industrial by-products, including red mud, fly ash, silica fume (SF), metakaolin, B 
flexural strength, and rice husk ash, have been used as cement replacements to enhance 
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concrete strength [9–13]. These by-products possess latent hydraulic properties, leading 
to improved compressive strength (CS) at an early stage and flexural strength at a later 
age. Incorporating these by-products into concrete helps conserve natural resources. The 
utilization of ground granulated blast furnace slag (GBFS), a by-product of the iron-making 
process, has gained significant attention. Blast furnace slag is a versatile material with a 
structure similar to conventional building materials such as cement and natural stone. It 
can be recycled and used in a variety of ways, such as replacing cement, improving 
concrete, and even making bricks. The cooling method during production affects how we 
can use it. When a molten slag is rapidly cooled with water, the result is a granular 
aggregate. This granular material is mainly processed as ground granulated blast furnace 
slag aggregate which is known as Granulated Blast furnace slag Aggregate (BFSA), which 
is commonly used in various construction projects, including mixed and precast concrete, 
masonry, floor level materials, and high temperature resistant building manufacturing 
processes. GBFS has high glass content and potential hydration activity when rapidly 
cooled by water quenching [14]. It has been widely used in the cement and concrete 
industry, as well as in other applications [15].  

The utilization of solid wastes for the production of composite ground granulated blast 
furnace slag (GBFS) as an alternative to natural coarse has been investigated in previous 
studies [16,17]. The promotion of GBFS hydration is facilitated by the synergistic effects of 
solid wastes and flexural strength, which encompass alkali, sulphate, and particle filling 
effects. Composite GBFS not only caters to the need for superior quality GBFS, but also 
facilitates the efficient usage of many other solid waste materials, hence fostering 
collaboration across different industries. Several research works have investigated the 
utilization of GBFS and Recycled Concrete Aggregate (RCA) in the context of concrete. The 
utilization of self-compacting concrete (SCC) with GBFS as a substitute for natural coarse 
aggregate resulted in a significant decrease in compressive strength, surpassing 20% as 
reported in previous studies [18,19].  

Previous research conducted on blast furnace slag aggregate concrete has demonstrated 
the potential for enhancing the compressive strength, flexural strength, and split tensile 
strength of the concrete. Qasrawi [20] did a study on the utilization of furnace slags as 
coarse aggregate in concrete constructions. The findings indicated that including furnace 
slag as a coarse aggregate in concrete has the potential to enhance the mechanical 
characteristics of the concrete. Maslehuddin et al. [21] conducted an assessment of the 
mechanical properties and durability characteristics of furnace slag aggregate concrete 
and normal aggregate concrete. The experimental findings demonstrated that the 
durability properties of concrete containing furnace slag aggregate surpassed those of 
concrete containing normal aggregate. Additionally, certain mechanical attributes of 
furnace slag aggregate concrete, including compressive strength, flexural strength, and 
split tensile strength, exhibited improvements in comparison to normal aggregate 
concrete. The authors Yu et al. [22] undertook a series of experiments to investigate the 
properties of concrete with steel slag and waste glass. The findings of the study suggest 
that the substitution of coarse aggregate with steel slag and/or waste glass is a viable 
option. BFSA concrete exhibits considerable potential as a feasible alternative to concrete 
including natural aggregate within the building sector [23]. Nevertheless, a significant 
portion of the prior research has mostly concentrated on the application of BFSA as the 
fine aggregate. Several studies [24-26] have examined the behavior of coarse aggregate 
with a significant volume replacement of natural aggregates. Some of these studies [27] 
have specifically focused on determining the behavior in question. Multiple studies have 
demonstrated that the physical properties of concrete with BFS aggregates closely 
resemble those of concrete incorporating naturally occurring aggregates [11]. 
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1.1. Response Surface Methodology 

An efficient method is required for optimizing the properties of concrete containing waste 
materials, as it is an important step towards sustainable construction that reduces the 
depletion of natural resources and promotes cleaner neighborhoods [28]. RSM has been 
used to generate models for independent variable optimization, which is a statistical, 
theoretical, and numerical technique [45,46]. The effect of independent parameters on one 
or numerous responses is considered by RSM, which employs partial factorial designs like 
CCD to generate response surfaces for second-order mathematical models [29]. 
Mathematical models generated using RSM have been observed to be efficient in predicting 
the properties of concrete containing waste materials [30]. 

Several researchers have applied the use of RSM in the optimization of concrete containing 
waste materials, and it has been found to be an effective method for identifying mixtures 
that yield the best compromises among the responses [31,32]. Regression analysis, 
experimental designs, and recommended statistical tests are generated by RSM employing 
design of experiment (DOE) software packages such as Minitab and Design Expert [33]. 
Partial factorial designs used by RSM reduce the number of experiments required 
compared to full factorial designs, making it a practical method for researchers with 
limited time and resources [34]. 

Numerous investigations have been undertaken to examine the mechanical characteristics 
of concrete by substituting natural resources with various waste materials [35]. 
Additionally, diverse contemporary methodologies have been employed for the purpose of 
optimization [36]. Although there have been research investigations examining the 
substitution of river sand with WFS in regular concrete mixtures [37], there is a lack of 
statistical modeling and optimization of concrete mixtures that incorporate WFS. Based on 
the extant study data, it can be inferred that Response Surface Methodology (RSM) has the 
potential to serve as a valuable tool for determining the optimal proportion of Waste 
Foundry Sand (WFS) to be utilized as a replacement for natural sand in concrete. This may 
be achieved by employing a design matrix that incorporates relevant parameters and 
corresponding responses. In order to address the existing research gap, the present study 
aimed to examine the slump and mechanical properties of a concrete mixture. This was 
achieved by partially replacing the fine aggregate with varying percentages of WFS. The 
experimental design matrix was built using the CCD function of RSM. During the 
experimental design, the factors chosen were the WFS percentage and number of curing 
days, while the responses picked were the CS, STS, and FS. The water-to-fly ash ratio 
incrementally increased from 0% to 40% in intervals of 10%, while the duration of the 
curing process ranged from 7 to 56 days. The concrete mixtures were formulated based on 
the recommended proportions of water, fine aggregate, and coarse aggregate. The 
corresponding characteristics of the concrete were assessed at designated time intervals, 
as specified by the experimental design matrix [38]. The statistical models were afterwards 
constructed through the utilization of ANOVA analysis, allowing for the examination of the 
combined impacts of various factors on the specified responses. Ultimately, the process of 
multi-objective design optimization was undertaken in accordance with predetermined 
design criteria in order to ascertain the optimal proportion of WFS and the duration of 
curing days that would yield the highest levels of slump and mechanical properties. The 
optimal outcomes that were acquired were then validated using further experimental 
procedures. 

A solution to cost-effective conventional concrete production is provided by this study 
using waste materials such as BFSA (0-50%) as coarse aggregate and RCS (0-100%) as 
sand replacement in concrete. The performance of concrete containing these waste 
materials is predicted by mathematical models generated in this study, which optimize 
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their contents  split tensile strength and flexural strength [39]. The response surface 
models generated in this research are distinct from those developed by other researchers 
and validate the practicability of the generated models. Overall, an efficient method that 
can bring about a revolution in sustainable construction is the use of RSM in optimizing the 
properties of concrete containing waste materials [40,41]. 

1.2. Optimization Process 

The optimization process for the RSM based on CCD involves finding the optimal values of 
BFSA and RCS replacement percentages to achieve the desired response variable while 
considering any constraints that may exist. The first step is to generate a mathematical 
model using experimental data and validate it through ANOVA [41,42] . Once the model is 
validated, optimization techniques can be employed to determine the optimal values of the 
input variables (BFSA and RCS) for the desired response variable. Various optimization 
techniques can be used, such as RSM, gradient-based optimization, or genetic algorithms. 
Response surface plots can help visualize the relationship between the input variables and 
the response variable, aiding in the identification of optimal values. Constrained 
optimization techniques consider any constraints, such as cost limitations or specific 
strength requirements. These techniques find optimal values that satisfy the constraints 
while achieving the desired response [30,36]. To verify the optimal values, experiments 
can be conducted at the predicted values, and the results can be compared to the model 
predictions. If the experimental results align with the model predictions, the optimal 
values are considered the final solution. If discrepancies occur, the model may require 
refinement or additional experiments for improved accuracy. Over the last decade, there 
has been a growing trend towards employing optimal experimental designs as opposed to 
traditional methods. This shift is attributed to their enhanced flexibility and capacity to 
address a broader spectrum of challenges compared to conventional designs [39]. 

The study presents significant opportunities for sustainable construction through the 
utilization of Blast furnace slag aggregate (BFSA) and recycled concrete sand (RCS). 
However, it exhibits certain gaps. Firstly, the investigation into the long-term durability 
and performance of concrete mixes incorporating BFSA and RCS is lacking, requiring 
future exploration. Additionally, a comprehensive environmental assessment, involving 
life cycle analysis, is necessary to holistically evaluate the sustainability impact of these 
materials in concrete. Moreover, to effectively scale up the adoption of waste materials in 
concrete construction, bridging the divide between research findings and practical 
implementation, while addressing industry standards and regulations, remains a vital 
challenge. The study aims to optimize concrete properties by incorporating Blast Furnace 
Slag Aggregate (BFSA) as coarse aggregate and Recycled Concrete Sand (RCS) as fine 
aggregate. This involves utilizing Response Surface Methodology (RSM) and Central 
Composite Design (CCD) to assess how different levels of BFSA and RCS replacements 
impact split tensile strength, flexural strength, and bond strength. The research 
demonstrates that this approach enables the integration of waste materials into concrete, 
promoting sustainable construction practices by reducing waste while maintaining 
concrete quality, as evidenced by high R2 values in regression equations. 

2.  Materials and Methods 

2.1. Materials 

In this study, the researchers used 43-grade OPC cement that complied with the IS: 8112 
[43] standard. The BFSA used in the study was obtained from Ambala city, India. Various 
laboratory tests were conducted to determine the properties of both the cement and BFSA. 
These tests included measurements of normal consistency (28%), soundness (2.5mm), 
fineness (2%), initial setting time (126 minutes), final setting time (243 minutes), specific 
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gravity SG (3.19), and CS. The compressive strength of the cement was found to be 26.6, 
34.23, and 45.60 MPa at 3, 7, 28 days respectively. Specifications for the mechanical 
behavior of ordinary coarse aggregate and BFSA has been shown in table 1.  For  fine 
aggregate  and CAs, natural aggregates were sourced from local markets and underwent 
grading analysis following the Indian standard IS: 383 [44].  The BFSA used in the study 
was processed into coarse aggregate shape using a jaw crusher. Additionally, RCS was 
obtained for the study by manually crushing 5 to 7-month-old uncontaminated concrete 
cubes (150 mm3) with a hammer. During the concrete casting process, tap water was 
utilized after purification to eliminate any harmful substances, adhering to the guidelines 
specified in IS: 10500-2012 [45]. 

The comparison of properties between BFSA and normal coarse aggregate revealed some 
noteworthy differences. These comparisons provide valuable insights into the distinctive 
characteristics and properties of the two types of aggregates. Such knowledge can aid in 
the appropriate selection of materials for various construction applications. 

Table 1. Specifications for the mechanical behavior of ordinary coarse aggregate and 
BFSA 

Property 
Normal coarse 

aggregate 
Blast furnace slag 

aggregate 

Fineness modulus 7.38 7.25 

Flakiness index (%) 15.39 7.35 

Bulk density(compact) (kg/m3) 1565 1417 

Los Angeles abrasion resistance (%) 22.56 35.45 

Impact value (%) 9.60 17.30 

Bulk density(loose) (kg/m3) 1485 1310 

Crushing value (%) 20.10 12.53 

Elongation index (%) 10.31 18.65 

Specific gravity 2.67 2.58 

3. Experimental Design 

To optimize the concrete mixture and analyze the experimental data, a CCD of RSM was 
employed. This design enables the generation of precise optimum values and a 
comprehensive explanation of the experimental data. The CCD is a well-known 
experimental design that offers flexibility in selecting the number of center points and axial 
distances. In this study, Design Expert-13 software was used for 25 mixes experimental 
runs were conducted using the CCD. In this study, we used 3 center points for a balance of 
accuracy and efficiency. For more complex systems or higher precision, you can opt for 4 
or 5 center points. These runs involved varying amounts of cement, sand, RCS, BFSA, and 
CA, as detailed in Table 1. The mixture proportions were based on the M25 concrete mix 
design specified in IS 456:2000 [46]. The independent parameters considered in the study 
were BFSA and RCS shown in table 2.   

Table 2. Independent parameters 

Factor Name Minimum Maximum Coded Low 
Coded 
High 

Mean 
Std. 
Dev. 

A RCS (%) 0 100.00 -1 +1 52.00 33.32 

B BFSA(%) 0 50.00 -1 +1 26.00 15.94 
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Table 3. Mix design with replacement 
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0 0R0B 0 0 342 711.4 0 1174 0 153.9 0 

1 10R5B 10 5 342 640.26 71.14 1115.3 58.7 153.9 1 

2 25R5B 25 5 342 533.55 177.85 1115.3 58.7 153.9 1 

3 50R5B 50 5 342 355.7 355.7 1115.3 58.7 153.9 1 

4 75R5B 75 5 342 177.85 533.55 1115.3 58.7 153.9 1 

5 100R5B 100 5 342 0 711.4 1115.3 58.7 153.9 1 

1 10R15B 10 15 342 640.26 71.14 997.9 176.1 153.9 2 

2 25R15B 25 15 342 533.55 177.85 997.9 176.1 153.9 2 

3 50R15B 50 15 342 355.7 355.7 997.9 176.1 153.9 2 

4 75R15B 75 15 342 177.85 533.55 997.9 176.1 153.9 2 

5 100R15B 100 15 342 0 711.4 997.9 176.1 153.9 2 

1 10R25B 10 25 342 640.26 71.14 880.5 293.5 153.9 5 

2 25R25B 25 25 342 533.55 177.85 880.5 293.5 153.9 5 

3 50R25B 50 25 342 355.7 355.7 880.5 293.5 153.9 5 

4 75R25B 75 25 342 177.85 533.55 880.5 293.5 153.9 5 

5 100R25B 100 25 342 0 711.4 880.5 293.5 153.9 5 

1 10R35B 10 35 342 640.26 71.14 763.1 410.9 153.9 6 

2 25R35B 25 35 342 533.55 177.85 763.1 410.9 153.9 6 

3 50R35B 50 35 342 355.7 355.7 763.1 410.9 153.9 6 

4 75R35B 75 35 342 177.85 533.55 763.1 410.9 153.9 6 

5 100R35B 100 35 342 0 711.4 763.1 410.9 153.9 6 

1 10R50B 10 50 342 640.26 71.14 587 587 153.9 8 

2 25R50B 25 50 342 533.55 177.85 587 587 153.9 8 

3 50R50B 50 50 342 355.7 355.7 587 587 153.9 8 

4 75R50B 75 50 342 177.85 533.55 587 587 153.9 8 

5 100R50B 100 50 342 0 711.4 587 587 153.9 8 

Ranking: 1 (Very Low), 2 (Low), 3 (High), 4 (Very High), 5 (Extreme) 
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The mix design for M25 grade concrete followed the Indian Standard, as indicated in the 
provided table 3. These parameters were carefully adjusted to analyze their effects. The 
response parameters, denoted as R1, R2 and R3 corresponded to split tensile strength 
flexural strength and bond strength after 28 days of curing, respectively.  

The study involved manipulating specific factors within defined ranges to assess their 
impact on the concrete's performance. The two factors, RCS (Recycled Concrete Sand) and 
BFSA (Blast Furnace Slag Aggregate), were varied systematically. RCS ranged from 0% to 
100%, while BFSA ranged from 0% to 50%, with both factors assigned coded values of -1 
(low) and +1 (high). The mean and standard deviation for RCS were 52.00 %and 33.32%, 
respectively, while for BFSA, they were 26.00% and 15.94%.  

These carefully selected parameters enabled the analysis of their influence on response 
parameters (R1, R2, and R3) representing split tensile strength, flexural strength, and bond 
strength after a 28-day curing period. 

4. Experimental Procedure 

The experimental designs for all 25 runs, including the control mix, were generated using 
Design Expert 13, as depicted in Table 3. Each individual run involved the manual mixing 
of concrete with waste materials and water to ensure a homogeneous mixture. The C, fine 
aggregate, and coarse aggregate were mixed slowly for two minutes, and water was added 
gradually to achieve the desired workable consistency. Once the suitable mixture was 
obtained, it was transferred into lubricated molds and uniformly compacted using a table 
vibrator. 

   

(a) Split Tensile Test setup (b) Flexural test setup (c) Prepared sample for 
bond test 

Fig. 1. Experimental setup 

The freshly mixed concrete specimens were then subjected to testing according to the 
relevant Indian standard codes of practice. The tests included measuring the CS, split 
tensile strength flexural strength, and concrete-steel tensile bond after 28 days of 
submersion in water at 27°C. The cube specimens were tested for compressive strength 
using a Compression Testing Machine (CTM) at the age of 28 days. The testing was 
conducted without impacts or jerks, applying a uniform load, and recording the failure load 
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for each specimen. The results obtained from these tests are presented in Figure 1. For the 
ST and flexural strength test, the same CTM machine was used, as the hydraulic 
arrangement for the flexural test was attached to the CTM. Additionally, a Universal 
Testing Machine (UTM) was utilized for the tensile bond test. 

5. Results And Discussion 

This section presents the results and discussion of the experimental data and mathematical 
models for various properties, split tensile strength flexural strength, and bond strength. 
The models were validated using ANOVA, and the coefficients and response surface plots 
were interpreted to gain insights into the relationships between variables. The results and 
discussion shed light on the impact of BFSA and RCS replacement parameters on the 
properties of construction materials. Furthermore, the effectiveness of RSM based on CCD 
for modeling and optimizing construction materials is demonstrated throughout the 
analysis. 

5.1. Models Fitting 

The regression coefficients in the model are estimated by minimizing the sum of squared 
errors between the predicted values and the actual values of the response variable. The 
significance of the model and its individual terms is determined using the F-test and t-test, 
respectively. Once the model is fitted and validated, it becomes useful for predicting the 
response variable at any combination of BFSA and RCS replacement percentages within 
the range of the experiments. Additionally, the model can be utilized to identify the optimal 
combination of BFSA and RCS replacement percentages that maximize or minimize the 
desired outcome. The Table 4 provides statistical data for various properties of a material, 
specifically the coefficient, split tensile strength flexural strength, and bond strength. 

Table 4.  Fit Statistics split tensile strength flexural strength and bond strength  

Coefficient Split tensile strength Flexural Strength  Bond strength  
Std. Dev. 0.0563 0.1455 0.2493 

Mean 4.01 4.40 7.84 
C.V. % 1.40 3.30 3.18 

R² 0.9935 0.9718 0.9444 
Adjusted R² 0.9852 0.9359 0.9131 
Predicted R² 0.9534 0.8317 0.8291 

Adeq Precision 38.6985 18.2110 19.0167 

 

The standard deviation (SD) for these properties is presented as 0.0563, 0.1455, and 
0.2493, respectively. The mean values are 4.01, 4.40, and 7.84 for split tensile strength 
flexural strength, and bond strength, respectively. The coefficient of variation (CV) is 1.40, 
3.30, and 3.18% for the corresponding properties. The Table 4 also includes R² values, 
indicating the degree of correlation between the variables, with high values of 0.9935, 
0.9718, and 0.9444. Adjusted R² values are provided as 0.9852, 0.9359, and 0.9131, 
representing a measure of the quality of the model fit. Additionally, predicted R² values are 
given as 0.9534, 0.8317, and 0.8291, indicating the predictive power of the model. Finally, 
precision values are provided as 38.6985, 18.2110, and 19.0167, which represent the 
precision of the model's predictions for the respective properties. 

5.2 Coded Factors 

Tables 5 and 6 present the regression equations in terms of coded factors for all responses. 
The equations express the relationship between the coded factors (represented as A and 
B) and the dependent variable (denoted as C). The coefficients assigned to the coded 
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factors determine their impact on the dependent variable. The final equation in Table 5 is 
derived from the analysis and showcases how the values of the coded factors are combined 
to determine the value of the dependent variable. It is important to note that for a linear 
interaction between variables and responses, at least one regression coefficient in the 
model should not be zero. The experimental data suggests that the relationships between 
factors and response variables are different for the three strength measures. Split Tensile 
Strength and Flexural Strength share similar factors, indicating consistent effects across 
these two measures, while Bond Strength is characterized by cubic terms, suggesting a 
more intricate and nonlinear relationship with the experimental factors.  

The specific reasons for these patterns would likely be influenced by the nature of the 
materials, the experimental design, and the physical phenomena being studied. The 
notable observation is that Split Tensile Strength and Flexural Strength exhibit shared 
factors, signifying a coherent impact across these two measures. In contrast, Bond Strength 
presents itself with cubic terms, signifying a more complex and nonlinear connection with 
the experimental factors.  

Table 5: Final equation in terms of coded factors 

Factors Split Tensile Strength Flexural Strength  Bond Strength  
 4.03 4.24 8.46 

A -0.0256 0.1114 0.4279 
B 6.2 7.97 -4.18 

AB -0.1481 -0.8407 0.2634 
A² -0.3402 -0.1536 -0.8318 
B² 41.13 52.11 -6.61 

A²B -0.0597 0.1005 -0.1088 
AB² -0.5976 -2.73 -0.0669 
A³ 0.1891 -0.0087 0.1688 
B³ 66.76 81.76 -1.35 

A²B² -0.0486 0.0617  

A³B -0.0041 -0.0193  

AB³ -0.414 -1.93  

A⁴ -0.0319 0.0104  

Table 6. Actual equation in terms of coded factors 

Factor Split Tensile Strength Flexural Strength  Bond Strength   
3.18485 3.36335 6.38704 

RCS 0.052185 0.020932 0.082 
BFSA -0.02874 0.03658 0.089552 

RCS * BFSA -0.00023 -0.00094 0.000492 
RCS² -0.00176 -0.00026 -0.00197 

BFSA² 0.011599 0.010551 -0.00099 
RCS² * BFSA 1.59E-06 1.11E-06 -3.48E-06 
RCS * BFSA² 0.000012 0.000047 -1.07E-06 

RCS³ 0.000021 -2.00E-06 0.000011 
BFSA³ -0.00047 -0.00052 -1.1E-05 

RCS² * BFSA² -3.11E-08 3.95E-08 
 

RCS³ * BFSA -5.29E-09 -2.46E-08 
 

RCS * BFSA³ -1.32E-07 -6.16E-07 
 

RCS⁴ -8.17E-08 2.67E-08 
 

BFSA⁴ 5.04E-06 5.93E-06 
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5.3. Splitting tensile Strength (STS) Optimization 

5.3.1. Linear Model Fit Summary and ANOVA Evaluation for Split Tensile Strength 

The identification of the response surface model was assisted by the model statistics 
summary and ANOVA for the linear model for split tensile strength as presented in Table 
6, respectively. A perfect correlation in the split tensile strength response was observed. 
The Table 7 includes the sources of variation, the sum of squares, degrees of freedom, mean 
square, F-value, and p-value for each factor.  

The model is found to be significant with a sum of squares of 5.30, 14 degrees of freedom, 
a mean square of 0.3787, an F-value of 119.54, and a p-value of less than 0.0001. Among 
the individual factors, B-BFSA has a significant effect on the split tensile strength with a 
sum of squares of 0.1628, a mean square of 0.1628, an F-value of 51.38, and a p-value of 
less than 0.0001. A² and B² also show significant effects on the split tensile strength with 
corresponding sum of squares, mean squares, F-values, and p-values indicating their 
significance. 

The remaining factors and interactions do not show significant effects on the split tensile 
strength as indicated by their non-significant F-values and p-values. The residual sum of 
squares is 0.0348, and the total sum of squares is 5.34. 

Table 7. ANOVA for split tensile strength 

5.3.2. Model Graphs and Diagnostic Findings of Split Tensile Strength  

Diagnostic findings in design expert typically include statistical tests and numerical 
measures that assess the model's quality and predictive accuracy. The lack of fit test 
determines if the model adequately fits the data, while the residual plot identifies patterns 
or outliers that may indicate problems with the model. Additional measures like RMSE and 
R-squared assess the model's predictive accuracy.  

Figure 2(a) presents a normal plot of residuals for diagnosing model problems. Figure 2(b) 
compares predicted and actual values, identifying discrepancies and indicating 
misspecification or missing predictors. Figure 2(c) identifies systematic bias or non-linear 
relationships, while Figure 2(d) identifies influential observations and evaluates model 
robustness. Adjustments can be made based on these findings to enhance accuracy and 

Source Sum of 
Squares 

df Mean Square F-value p-value 
 

Model 5.30 14 0.3787 119.54 < 0.0001 significant 
A-RCS 0.0006 1 0.0006 0.1865 0.6742 

 

B-BFSA 0.1628 1 0.1628 51.38 < 0.0001 
 

AB 0.0007 1 0.0007 0.2179 0.6498 
 

A² 0.0513 1 0.0513 16.19 0.0020 
 

B² 0.2766 1 0.2766 87.31 < 0.0001 
 

A²B 0.0006 1 0.0006 0.1756 0.6833 
 

AB² 0.0025 1 0.0025 0.7759 0.3972 
 

A³ 0.0373 1 0.0373 11.76 0.0056 
 

B³ 0.2738 1 0.2738 86.43 < 0.0001 
 

A²B² 0.0008 1 0.0008 0.2665 0.6159 
 

A³B 0.0001 1 0.0001 0.0213 0.8866 
 

AB³ 0.0027 1 0.0027 0.8522 0.3757 
 

A⁴ 0.0266 1 0.0266 8.41 0.0145 
 

B⁴ 0.2260 1 0.2260 71.36 < 0.0001 
 

Residual 0.0348 11 0.0032 
   

Cor Total 5.34 25 
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predictive power. The ANOVA summary for split tensile strength can be found in Appendix 
1. 

  

(a) Normal plot of residual (b) Predicted vs actual 

 
 

(c) Residual vs run (d) Leverage vs run 

Fig. 2. Model graphs and diagnostic findings of split tensile strength 

5.3.3. Model Graphs of STS 

Model graphs typically include graphical representations of the model, such as contour 
plots or surface plots, that allow the user to visualize the relationship between the input 
variables and the response variable. These plots can help identify any nonlinear 
relationships between the variables and can also help identify any interactions between 
the variables that may be important for the model. 

The relationship between split tensile strength BFSA, and RCS is visualized in Figure 3(a) 
and 3(b) through contour and 3D plots. The contour plot depicts lines of constant split 
tensile strength on a grid of BFSA and RCS, while the 3D plot represents split tensile 
strength on the z-axis and BFSA and RCS on the x and y axes, respectively. By analyzing the 
contours or the plot's surface, specific regions in the input space can be identified where 
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split tensile strength is highly responsive to variations in BFSA or RCS. This information 
facilitates the identification of optimal BFSA and RCS values that minimize split tensile 
strength or enables an examination of the model's sensitivity to changes in the input 
variables. 

 
 

(a) Contour (b) 3D Surface 

Fig. 3.  Model graphs of split tensile strength 

From the above figure 3 its clear that the minimum split tensile strength observed in the 
dataset is 3.22 MPa, which occurs when there is 100% BFSA replacement and 5% RCS 
replacement. Conversely, the maximum split tensile strength is 4.91 MPa, observed when 
there is 25% BFSA replacement and 25% RCS replacement. 

 

Fig. 4 Split tensile strength values for different concrete mixtures 

Figure 4 compares the split tensile strength values of concrete mixtures with varying 
replacements of fine aggregate by RCS and coarse aggregate by BFSA. The mix labelled 
“0R0B” represents no replacement of fine aggregate or CA, with a split tensile strength of 
3.2 MPa. The Figure reveals the relationship between replacement percentages and split 
tensile strength values. When both fine aggregate and coarse aggregate replacements are 
kept constant at 5%, split tensile strength values range from 3.22 (Mix “100R5B”) to 3.72 
MPa (Mix “25R5B”). This suggests that higher replacement of fine aggregate by RCS does 
not necessarily lead to a significant decrease in split tensile strength when the coarse 
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aggregate replacement remains consistent. In terms of coarse aggregate replacement by 
BFSA, an increase in the replacement percentage from 5 to 25% generally results in higher 
STS. For example, split tensile strength increases from 4.35 MPa (Mix “10R15B”) to 4.91 
MPa (Mix “25R25B”). However, when the replacement percentage of coarse aggregate by 
BFSA reaches 35 and 50%, there is a noticeable decreasing trend in STS. As the coarse 
aggregate replacement increases, the split tensile strength gradually decreases, with 
values dropping from 4.18 MPa (Mix “50R35B”) to 3.41 MPa (Mix “100R50B”). 

5.4 Flexural Strength Optimization 

5.4.1. Linear Model Fit Summary and ANOVA Evaluation for Flexural Strength 

Table 8 presents the results of an ANOVA (Analysis of Variance) model for flexural strength 
on different sources of variation, including the sum of squares, degrees of freedom (df), 
mean squares, F-values, and p-values. The objective is to determine the significance of each 
factor in influencing the FS. The model is found to be significant, with a sum of squares of 
8.03, 14 degrees of freedom, a mean square of 0.5734, an F-value of 27.09, and a p-value of 
less than 0.0001. The table 7 further breaks down the sources of variation, including the 
factors and their interactions. The factors considered in this analysis are denoted as A-RCS 
(fine aggregate replacement by RCS) and B-BFSA (coarse aggregate replacement by BFSA). 
The interactions between these factors are denoted as AB.  

Table 8. ANOVA model for flexural strength 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 8.03 14 0.5734 27.09 < 
0.0001 

significant 

A-RCS 0.0112 1 0.0112 0.5296 0.4820 
 

B-BFSA 0.2694 1 0.2694 12.73 0.0044 
 

AB 0.0222 1 0.0222 1.05 0.3274 
 

A² 0.0105 1 0.0105 0.4942 0.4967 
 

B² 0.4441 1 0.4441 20.98 0.0008 
 

A²B 0.0016 1 0.0016 0.0746 0.7899 
 

AB² 0.0512 1 0.0512 2.42 0.1480 
 

A³ 0.0001 1 0.0001 0.0038 0.9523 
 

B³ 0.4107 1 0.4107 19.40 0.0011 
 

A²B² 0.0014 1 0.0014 0.0645 0.8042 
 

A³B 0.0015 1 0.0015 0.0692 0.7973 
 

AB³ 0.0584 1 0.0584 2.76 0.1250 
 

A⁴ 0.0028 1 0.0028 0.1346 0.7207 
 

B⁴ 0.3139 1 0.3139 14.83 0.0027 
 

Residual 0.2328 11 0.0212 
   

Cor Total 8.26 25 
    

 

It indicates whether each factor or interaction is statistically significant based on the 
corresponding p-values. It can be observed that the factor B-BFSA has a significant effect 
on flexural strength, as it has a sum of squares of 0.2694, a mean square of 0.2694, an F-
value of 12.73, and a p-value of 0.0044. In summary, the Table 7 provides a comprehensive 
analysis of the ANOVA model for flexural strength, indicating the significance of the overall 
model and the effects of different factors and interactions on the flexural strength of the 
tested samples. interactions do not show significant effects on flexural strength, as their p-
values are higher than the significance level (typically 0.05). 
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5.4.2. Model Graphs and Diagnostic Findings 

Design expert provides diagnostic findings that assess the quality of statistical models. 
These include statistical tests and numerical measures. For instance, the lack of fit test 
determines if the model adequately fits the data, while the residual plot identifies patterns 
or outliers that may indicate model issues. Other findings assess predictive accuracy, such 
as RMSE and R-squared. Users can analyze these diagnostic findings to evaluate model 
performance, adjust, and enhance accuracy and predictability. 

  

(a) Normal plot of residual (b) Predicted vs actual 

  

(c) Residual vs run (d) Leverage vs run 

Fig. 5. Model graphs and diagnostic findings of flexural strength 

Figure 5(a) presents a normal plot of residuals, allowing for the diagnosis of problems in a 
statistical model. Departures from normality in the plot suggest potential issues such as a 
mis specified model or missing predictors. In Figure 5(b), a predicted vs actual plot 
compares predicted values to actual values. Deviations from the diagonal line indicate 
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discrepancies between predicted and actual values, indicating potential model 
misspecification or missing predictors. Figure 5(c) demonstrates how a predicted vs actual 
plot can identify systematic bias or non-linear relationships. Figure 5(d) utilizes a leverage 
vs run plot to identify influential observations and assess model robustness over time or 
other variables. If influential observations are detected, the model may require re-
evaluation or the exclusion of those observations. Additionally, a residual vs run plot can 
identify trends or cycles in residuals, indicating the need for additional predictors to 
update the model. These plots contribute to improving the accuracy and predictive power 
of the model. 

5.4.3. Model Graphs of Flexural Strength 

Model graphs typically include graphical representations of the model, such as contour 
plots or surface plots, that allow the user to visualize the relationship between the input 
variables and the response variable. These plots can help identify any nonlinear 
relationships between the variables and can also help identify any interactions between 
the variables that may be important for the model. 

 
 

(a) Contour (b) 3D Surface 

Fig. 6. Model graphs of Flexural Strength 

Contour plots and 3D plots offer visualizations of the relationship between flexural 
strength, BFSA, and RCS in figure 6(b). In a contour plot, constant flexural strength lines 
are displayed on a 2D grid representing BFSA and RCS in figure 6(a). Each contour line 
represents a different flexural strength level, and the spacing between lines indicates the 
rate of change in F as BFSA and RCS vary. In a 3D plot Figure 6(b), flexural strength values 
are plotted on the z-axis, while BFSA and RCS are plotted on the x-axis and y-axis. It can be 
observed that as the percentage of fine aggregate replacement by RCS increases, flexural 
strength tends to decrease. For example, at 0% RCS replacement, flexural strength is 3.4 
MPa, whereas at 100% RCS replacement, flexural strength decreases to 3.52 MPa similarly, 
flexural strength is affected by the percentage of coarse aggregate replacement by BFSA.  

The plot's surface shape depicts the relationship between the variables, with higher 
flexural strength values corresponding to higher elevations. These plots provide a visual 
representation of the relationship between flexural strength, BFSA, and RCS. By examining 
the contours or surface, regions where flexural strength is sensitive to BFSA or RCS 
changes can be identified. This information aids in determining optimal BFSA and RCS 
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values to minimize flexural strength or exploring the model's sensitivity to input variable 
changes. 

 

Fig. 7. Flexural strength with different levels of concrete mixture 

The Figure 7 provided compares the flexural strength with different levels of fine aggregate 
replacement by RCS (%) and coarse aggregate replacement by BFSA (%).  For each 
combination of fine aggregate replacement by RCS and coarse aggregate replacement by 
BFSA, the corresponding flexural strength value is given. It can be observed that as the 
percentage of fine aggregate replacement by RCS increases, flexural strength tends to 
decrease. For example, at 0% RCS replacement, flexural strength is 3.4 MPa, whereas at 
100% RCS replacement, flexural strength decreases to 3.52 MPa similarly, flexural strength 
is affected by the percentage of coarse aggregate replacement by BFSA. As the BFSA 
replacement percentage increases, the flexural strength shows some variations. For 
instance, at 0% BFSA replacement, the flexural strength is 3.4 MPa, while at 50% BFSA 
replacement, the flexural strength decreases to 3.73 MPa. The Figure 7 provides a 
comparison of flexural strength values with different combinations of fine aggregate 
replacement by RCS and coarse aggregate replacement by BFSA. It helps in understanding 
the relationship between these replacement percentages and the resulting flexural 
strength, assisting in the evaluation of suitable aggregate replacement proportions to 
achieve desired flexural strength levels. 

 5.5. Bond Strength Optimization 

5.5.1. Linear Model Fit Summary and ANOVA Evaluation for Bond Strength 

Table 9 displays the analysis of variance (ANOVA) for bond strength, presenting various 
sources of variation with their sum of squares, degrees of freedom, mean squares, F-values, 
and p-values. The "Model" row indicates the overall significance of the model, with a sum 
of squares of 16.88, 9 degrees of freedom, a mean square of 1.88, and an F-value of 30.17. 
The p-value for the model is less than 0.0001, highlighting its significance. The ANOVA 
reveals that the overall model fit, represented by the "Model" row, is significant with a 
small p-value (< 0.0001). The individual factors of fine aggregate replacement by RCS ("A-
RCS") and coarse aggregate replacement by BFSA ("B-BFSA") are also found to be 
significant, with p-values of 0.0462 and 0.0073, respectively. However, the interaction 
term "AB" and some higher-order terms (A²B, AB², A³, B³) are not significant as their p-
values are relatively high. The "residual" row captures the unexplained variability in bond 
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strength after accounting for the factors in the model, while the "Cor Total" row represents 
the total sum of squares, measuring the overall variability in the bond strength data. 

Table 9. ANOVA for bond strength 

Source Sum of Squares df Mean Square F-value p-value  

Model 16.88 9 1.88 30.17 < 0.0001 significant 
A-RCS 0.2904 1 0.2904 4.67 0.0462  

B-BFSA 0.5868 1 0.5868 9.44 0.0073  

AB 0.0171 1 0.0171 0.2753 0.6070  

A² 1.65 1 1.65 26.58 < 0.0001  

B² 0.2071 1 0.2071 3.33 0.0867  

A²B 0.0580 1 0.0580 0.9329 0.3485  

AB² 0.0017 1 0.0017 0.0267 0.8722  

A³ 1.19 1 1.19 19.17 0.0005  

B³ 0.0176 1 0.0176 0.2832 0.6019  

Residual 0.9947 16 0.0622    

Cor Total 17.88 25     

A more flexible model for capturing non-linear relationships in bond strength data can be 
achieved by introducing a quadratic term in ANOVA. However, careful consideration of the 
trade-offs and challenges linked to model complexity and interpretation is necessitated by 
this approach. 

5.5.2. Model Graphs and Diagnostic Findings 

Diagnostic findings in Design Expert involve statistical tests and measures to assess model 
quality. These include the lack of fit test, which evaluates model adequacy, and the residual 
plot, which detects patterns or outliers that may indicate model issues. Additionally, 
measures of predictive accuracy like RMSE and R-squared are considered. By examining 
these findings, users can evaluate model performance, adjust, and enhance accuracy and 
predictive power. Figure 8(a) provides a normal plot of residuals for diagnosing statistical 
model problems. In Figure 8(b), a predicted vs actual plot compares predicted values to 
actual values, highlighting discrepancies that indicate model misspecification or missing 
predictors. Figure 8(c) identifies systematic bias or non-linear relationships using a 
predicted vs actual plot. Figure 8(d) uses a leverage vs run plot to identify influential 
observations and assess model robustness. 

 
 

(a) Normal plot of residual (b) Predicted vs actual 
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(c) Residual vs run (d) Leverage vs run 

Fig. 8. Model graphs and diagnostic findings of bond strength  

If influential observations are found, the model may require re-evaluation or exclusion. A 
residual vs run plot can detect trends or cycles in residuals, indicating the need for 
additional predictors. These plots enhance model accuracy and predictive power. 

5.5.3. Model Graphs of Bond Strength  

Model graphs typically include graphical representations of the model, such as contour 
plots or surface plots, that allow the user to visualize the relationship between the input 
variables and the response variable. These plots can help identify any nonlinear 
relationships between the variables and can also help identify any interactions between 
the variables that may be important for the model. 

  

(a) Contour (b) 3D Surface 

Fig. 9 Model graphs of bond strength  

Figure 9. (a) shows a contour plot and a 3D plot visualize the relationship between bond 
strength, BFSA, and RCS. Figure 9 (b) shows, lines of constant bond strength are shown on 
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a grid of BFSA and RCS values. Each contour line represents a different bond strength level, 
with the spacing indicating the rate of change with varying BFSA and RCS. In a 3D plot, 
bond strength is plotted on the z-axis, while BFSA and RCS are on the x-axis and y-axis. The 
plot's surface shape illustrates the relationship, with higher bond strength values 
corresponding to higher elevations. The minimum bond strength observed in the data is 
6.16, which occurs when RCS is replaced by 100% and BFSA by 5%. This suggests that 
using a higher percentage of replacement for RCS and a lower percentage for BFSA results 
in a weaker bond strength between the concrete components. 

The maximum bond strength recorded is 9.48, occurring when RCS is replaced by 25% and 
BFSA by 35%. This indicates that a balance between the replacement percentages of both 
RCS and BFSA can lead to the highest bond strength between the components of the 
concrete mixture. These plots help identify regions where bond strength is sensitive to 
BFSA or RCS changes. Optimal BFSA and RCS values can be determined to minimize bond 
strength or explore sensitivity to input variables. 

 

Fig. 10. Bond strength values for different mixes 

Figure 10 provides bond strength values for different concrete mixes, indicating the 
percentages of fine aggregate replacement by RCS and coarse aggregate replacement by 
BFSA. Each mix is identified by a code consisting of the RCS and BFSA percentages, along 
with a mix number. The bond strength values represent the strength of the bond between 
components in each mix. Higher values indicate stronger bonds, while lower values 
indicate weaker bonds. Increasing the percentage of fine aggregate replacement by RCS 
generally leads to a decrease in bond strength. For example, comparing mix 0R0B (no 
replacement) with mix 100R5B, the bond strength decreases from 7.38 to 6.85 MPa. The 
percentage of coarse aggregate replacement by BFSA does not follow a consistent pattern 
in relation to bond strength. For instance, mix 10R5B and mix 10R35B both have a 5% 
BFSA replacement, but their bond strength values differ 7.06 and 8.43 MPa, respectively. 
Varying the coarse aggregate replacement while keeping the fine aggregate replacement 
constant can result in different bond strength values. For example, in mix series 10R15B, 
the bond strength increases as the BFSA replacement increases from 5 to 35%. Figure 10 
allows for comparing bond strength values across mixes with varying percentages of RCS 
and BFSA replacements, providing insights into the impact of these replacements on 
overall bond strength. therefore, the combination of 25% fine aggregate replacement by 
RCS and 25% coarse aggregate replacement by BFSA results in the highest bond strength 
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value of 9.33. This composition seems to offer the optimal balance between the materials, 
leading to enhanced bond strength in the concrete mixture. 

Certain concrete mixtures incorporating Blast Furnace Slag Aggregate and Recycled 
Concrete sand excel due to BFSA enhancing bonding, countering strength reduction from 
increased replacements, and enabling properties like traditional concrete. While higher 
RCS content increased voids and water absorption, BFS helped manage these effects by 
enhancing bonding. This showcases the potential of thoughtful mixture design with BFSA 
and RCS to optimize concrete quality and performance[47]. 

6. Conclusion  

In the conclusion, specified limits play a vital role in determining the permissible ranges 
for various parameters involved in the assessment of construction materials. These limits 
provide essential guidelines for evaluating the values of parameters such as split tensile 
strength flexural strength, and bond strength. By defining lower and upper limits for each 
parameter, these limits ensure that the values fall within acceptable ranges and adhere to 
specific criteria or desired standards. Adhering to these limits is crucial for maintaining the 
quality, durability, and overall performance of construction materials.   
The Alternate split tensile strength parameter, with a lower limit of 3.2 MPa and an upper 
limit of 4.91 MPa. The desired range for the flexural strength value is represented by the 
flexural strength parameter, which has a lower limit of 3.4 MPa and an upper limit of 5.3 
MPa. Similarly. The bond strength parameter signifies the acceptable range for the bond 
strength value, with a lower limit of 6.16 MPa and an upper limit of 9.48 MPa. These limits 
establish the boundaries within which each parameter should ideally fall, ensuring 
compliance with specific criteria and desired standards. A similar decreasing trend is 
observed in the split tensile strength as the percentage of coarse aggregate replacement 
with BFSA increases. The split tensile strength gradually decreases with a higher coarse 
aggregate replacement. For example, the split tensile strength decreases from 4.18 in mix 
“50R35B” to 3.41 in mix “100R50B”. Likewise, the flexural strength is influenced by the 
percentage of coarse aggregate replacement with BFSA. As the BFSA replacement 
percentage increases, variations in the flexural strength are observed. For instance, at 0% 
BFSA replacement, the flexural strength is 3.4, while at 50% BFSA replacement, the flexural 
strength decreases to 3.73. 

Furthermore, the bond strength values differ when comparing mixes with the same fine 
aggregate replacement by RCS but varying coarse aggregate replacement by BFSA. For 
instance, mix 10R5B and mix 10R35B both have a BFSA replacement of 5%, but their bond 
strength values differ (7.06 and 8.43, respectively). In mix series 10R15B, the bond 
strength increases as the BFSA replacement increases from 5 to 35%, indicating the impact 
of coarse aggregate replacement on bond strength values. These observations highlight the 
influence of replacing coarse aggregate with BFSA on the mechanical properties of the 
concrete mixes, such as, split tensile strength flexural strength, and bond strength. It is 
essential to consider the percentage of coarse aggregate replacement carefully to achieve 
the desired properties and performance in concrete applications. 
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