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The utilization of waste materials in concrete is crucial for sustainable
construction, as it can contribute to environmental conservation and enhance
concrete properties. Waste management and sustainable construction poses
significant challenges in the construction industry. While numerous studies have
focused on environmental conservation, only a limited number have explored
the use of Blast furnace slag aggregate (BFSA) as coarse aggregate and recycled
concrete sand (RCS) as fine aggregate to optimize cost and concrete properties
using response surface models. In this study, response surface methodology
(RSM) based on central composite design (CCD) was employed to evaluate the
impact of BFSA (0-50%) and RCS (0-100%) replacement parameters on cost,

compressive strength. ANOVA was used to verify the accuracy of the generated
models. The RSM regression equations demonstrated high R2 values exceeding
0.8 for all responses, indicating that the models could explain variability in the
responses. The cost and compressive strength were found to be a suitable
relation with BFSA and RCS replacement levels. In conclusion, RSM can help

Recycled concrete sand;
Optimize cost and
concrete properties;
Response surface

methodology; ) reduce costs by incorporating waste materials into concrete without
Central composite significantly impacting concrete properties.
design

© 2023 MIM Research Group. All rights reserved.

1. Introduction

Rapid urbanization and industrialization have led to a continuous increase in the
generation rate of construction and demolition (C&D) waste and a corresponding increase
in the demand for natural resources [1-3]. Currently, a significant amount of C&D waste is
disposed of through dumping and landfilling, which inevitably leads to land occupation and
environmental issues. Additionally, there is a high demand for raw materials in the
construction industry, leading to a depletion of natural resources [1-2]. Therefore, the
reclamation of C&D waste is an essential step towards reducing the end-of-life impacts of
structures and reducing their upstream impacts by minimizing the need for the extraction
of natural resources [3]. Recycling C&D waste is a growing field, with a particular focus on
recycling C&D waste into aggregates as sustainable building materials. The mechanical
properties of recycled aggregate concrete (RAC) have been widely investigated, and it has
been commonly accepted that the natural coarse aggregates can be replaced with recycled
coarse aggregates (RCAs) by up to 30% without sacrificing the overall performance of
concrete [4-6]. However, there is still a significant portion of concrete fines that cannot be
recycled and reused.

On the other hand, recycled concrete powder (RCP) has also been recycled to replace fines
aggregate in mortar or concrete. Existing studies [1,2,7,8] have demonstrated that the
inferior properties of RCP mortar are mainly attributed to the higher porosity and water
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absorption of RCP particles. Additionally, the incorporation of RCP affects the particle
packing status of aggregates in mortar under dry packing conditions, which is mainly
caused by the change of 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. Red mud, Fly ash, silica fume (SF), metakaolin, blast furnace slag, and
rice husk ash are the industrial by-products that different researchers [9-12] have used as
cement replacement to improve concrete strength; due to, latent hydraulic properties, the
compressive strength increased at an early stage, and flexural strength at later age showed
better results.

In conclusion, recycling C&D waste, including RCP, as a sustainable construction material
is a growing field. However, the use of RCP as replacement of sand in mortar or concrete
has been found to have negative effects on the properties and microstructures of
cementitious materials [13-15]. Further research is necessary to investigate ways to
enhance the reactivity of RCP and improve its performance as fine aggregate in concrete is
required.

Blast furnace slag is generated as a by-product during the iron-making process. Around
300 kg of molten slag is discharged for every 1000 kg of pig iron produced. The molten slag
is cooled using various methods to produce Granulated Blast Furnace Slag (GBFS) , which
has high glass content and potential hydration activity when rapidly cooled by water
quenching [16,17]. In recent years, GBFS has been extensively used in the cement and
concrete industry, as well as in geopolymers, glass ceramics, agricultural fertilizers, and
wastewater treatment [18-21]. Several investigations have been conducted on the
problem of C&D wastes application to concrete, as reflected in the literature published
studies [22-25]. Tam et al. [26] discovered that the presence of recycled fine/coarse
aggregate with adhered old mortar can have detrimental effects on the early-age
performance, strength development, and long-term performance of concrete.
Boudali et al. [27] put forth a proposal suggesting that waste concrete/brick fines, which
possess notable quantities of calcium, silicon, and aluminum, can be acquired through the
grinding of discarded concrete/brick. These fine particles can subsequently be utilized as
an alternative binder or supplementary cementitious material, effectively substituting
cement in various construction applications.

According to Li et al. [28], the recycling of construction waste into recycled aggregate
results in the generation of 10-20% waste concrete/brick fines. The inclusion of recycled
concrete in concrete production can substantially influence the properties of cement. The
utilization of recycled concrete as aggregates can have an impact on various aspects of
concrete, including workability, compressive strength, splitting tensile strength, flexural
strength, water absorption, and air permeability [29,30]. When recycled concrete is
utilized as a substitute for natural aggregate, it has the potential to affect the workability
of the concrete. This is primarily due to the presence of attached mortar, which can lead to
an increased water demand in the mixture. However, through appropriate processing
techniques, the amount of attached mortar can be minimized, resulting in an improvement
in the mechanical properties of the concrete [31,32].

Every year, the global steel and iron industries generate an excess of 400 million tons of
slag, a number that is continuously rising as the demand for steel and iron in diverse
sectors continues to grow.

To obtain slag aggregates, smelter slag is crushed or fire-liquid slag melt is treated to
produce molten slag aggregates [33]. These aggregates are experiencing growing
utilization as binding constituents and fillers in various forms of concrete employed for
construction objectives [34]. Synthetic aggregates, like blast furnace slag, are produced by

1522



Poonam and Singh / Research on Engineering Structures & Materials 9(4) (2023) 1521-1541

altering the physical and chemical properties of an original material. They can be
intentionally created for use as synthetic aggregate or obtained as a by-product from
manufacturing and combustion processes. Non-metallic blast furnace slag is formed
through a chemical reaction between lime in the flux and the aluminates and silicates found
in the ore and coke ash during the smelting process. Different types of blast furnace slag
products, including aggregate for road asphalt production, are created using various
cooling methods. Bottom ash, a waste product from coal-burning power plants, has the
potential to replace specific aggregates used in asphalt pavement. In light of growing
environmental concerns, bottom ash is being considered for multiple transportation
applications such as embankment fill, roadway fill, sub-base, and base courses.

The utilization of slag as a substitute for cement in concrete production can enhance the
properties of cement. Slag possesses pozzolanic properties, meaning it can react with
calcium hydroxide to create additional cementitious compounds. Incorporating recycled
concrete and slag into concrete production offers a practical and environmentally
conscious approach for the construction sector. In recent years, there has been an
increasing emphasis on using blast furnace slag (BFS) as a sustainable alternative to
natural aggregate in concrete manufacturing. However, despite its popularity, there is a
significant disparity between the demand for GBFS (Ground Granulated Blast Furnace
Slag) in the cement industry and its supply. Some countries rely on imported GBFS to meet
their demands.

The preparation of composite GBFS using solid wastes as raw materials is a viable method,
but very few studies have been conducted on this topic, as indicated by a literature search.
While some studies [35-37] have demonstrated that the mixture of solid wastes and GBFS
offers superior properties, a summary of the specific synergistic effects is lacking. To
successfully prepare composite GBFS, the synergistic effect between solid wastes and GBFS
needs to be explored. The synergistic effect mainly lies in four aspects, including the alkali,
sulfate, and particle filling effects, which significantly promote the hydration of GBFS. In
systems consisting of three or more components, multiple synergistic effects are present,
resulting in better properties. Therefore, the objective of this review is to provide new
insights into using solid wastes to prepare composite blast furnace slag that can replace
some or even all of the GBFS. The application of composite GBFS in cement, mortar, and
concrete not only effectively addresses the high demand for high-quality GBFS but also
improves the utilization rate of other solid wastes and promotes cross-industry
cooperation among enterprises.

Abhishek et al. [38] the application of granulated blast furnace slag (GBS) was investigated
in both normal vibrated and self-compacting concrete. The study focused on partially
replacing the natural coarse aggregate with recycled concrete aggregate (RCA). The results
revealed that the GBS-based self-compacting concrete specimens, where the natural coarse
aggregate was replaced with recycled coarse aggregate, experienced a reduction in
compressive strength exceeding 20%.

The study explored the application of air-cooled blast furnace slag aggregate (ACBFSA) as
a substitute for limestone coarse aggregate in ultra-high-performance fiber-reinforced
concrete. It was found that ACBFSA can be utilized partially or entirely as a replacement
while maintaining crucial properties. However, as the replacement ratios increased, the
workability of the concrete decreased [39].

The impact of incorporating Blast Furnace Slag Fine Aggregate (BFSFA) on the resistance
to freezing and thawing in a chloride environment was examined. The study found that by
utilizing BFSFA with a finer grain size and increasing the proportion of BFSFA in the
mixture compared to natural sand, the freezing and thawing resistance was enhanced [40],
the researchers investigated the incorporation of washing aggregate sludge (WAS) as an

1523



Poonam and Singh / Research on Engineering Structures & Materials 9(4) (2023) 1521-1541

additional component in alkali-activated paste and mortars. The findings of the study
revealed several effects of WAS on the material properties. Firstly, the presence of WAS
resulted in an extension of the setting time. Additionally, it led to an increase in water
absorption and voids content within the paste and mortars. Consequently, the compressive
strength was reduced. However, an interesting observation was made during wetting-
drying cycles, where WAS demonstrated an efficient enhancement in residual compressive
strength. In a study conducted by Alzaza et al. [41], an environmentally friendly
construction material was developed by utilizing blast furnace slag (BFS) as a binder and
fine aggregate in mortar. To enhance its suitability for construction in cold weather
conditions, a calcium silicate hydrate seed accelerator was added. The study revealed that
the inclusion of BFS aggregate in concrete led to enhanced resistance against frost and
sulfuric acid attack. These findings underscore the potential of BFS as a feasible substitute
for natural aggregate in concrete manufacturing. Nevertheless, it is crucial to take into
account different factors, including the concrete type and the extent of substitution, as they
can impact the properties and potential applications of concrete utilizing BFS.

The aim of this research was to examine the properties and behavior of M25 grade normal
concrete by incorporating a blend of recycled concrete sand and blast furnace slag
aggregate. The study aimed to identify the most suitable proportions of replacing both fine
and coarse aggregates with waste materials in order to decrease the cost and carbon
dioxide (CO2) emissions related to concrete manufacturing.

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. Response surface
methodology (RSM) has been used to generate models for independent variable
optimization, which is a statistical, theoretical, and numerical technique [42,43]. The effect
of independent parameters on one or numerous responses is considered by RSM, which
employs partial factorial designs like central composite design (CCD) to generate response
surfaces for second-order mathematical models. Mathematical models generated using
RSM have been observed to be efficient in predicting the properties of concrete containing
waste materials [44,45].

Several researchers [46-50] 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. 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 [51].
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 [25,45].

A solution to cost-effective conventional concrete production is provided by this study
through the use of 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 their contents, cost, compressive strength. 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, as depicted in Figure 1.
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Fig. 1 Central Composite Design (CCD) augmented with hybrid points

In this study, RSM based on CCD was employed to evaluate the impact of two parameters,
namely blast furnace slag aggregate (BFSA) and Recycled Concrete sand (RCS)
replacement percentages, on four response variables: cost, compressive strength. The
range of BFSA was set from 0 to 50%, while RCS was set from 0 to 100%. The response
variables were measured for each experiment and used to generate mathematical models
that would predict the response variables based on the input parameters.

The generated models were then analyzed using ANOVA (Analysis of Variance) to verify
their accuracy [42,45,52]. ANOVA is a statistical method used to determine whether there
are significant differences between the means of multiple groups. In this case, ANOVA was
used to determine whether the models accurately predicted the response variables based
on the input parameters. The results of the study showed that BFSA and RCS replacement
percentages had a significant impact on all four response variables. The mathematical
models generated from the experimental data showed good agreement with the measured
values, as confirmed by the ANOVA analysis. The models were then used to determine the
optimal conditions for each response variable. RSM based on CCD proved to be an effective
method for evaluating the impact of BFSA and RCS replacement percentages on cost,
compressive strength, split tensile strength, and flexural strength [53,54].

The mathematical model generated by the RSM based on CCD for evaluating the impact of
BFSA and RCS replacement percentages on the response variables can be expressed in
equation 1:

Y = B0+ B1X1 + B2Xz + [33)(12 + B4X22 +BsX1 Xz t+ € M)

where, Y is the predicted response variable (e.g., cost, compressive strength) 3o is the
intercept term (4, B2, B3, B4, Bs are the regression coefficients for linear, quadratic, and
interaction terms X; and X; are the coded values of the independent variables (e.g., BFSA
replacement and RCS replacement) € represents the random error term [55].

By analyzing the CCD experimental design and fitting the data to the model, the regression
coefficients (Bo, B1, B2, B3, B4 Bs) can be estimated, allowing us to predict the response
variables for different combinations of BFSA and RCS replacement levels [45].

The mathematical models generated from the experimental data showed good agreement
with the measured values and were used to determine the optimal conditions for each
response variable. ANOVA analysis was used to verify the accuracy of the models and
confirm their validity. This study highlights the potential benefits of using BFSA and RCS
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in construction materials, as well as the importance of statistical optimization techniques
in achieving optimal results.

1.2. Optimization Process

The optimization process for the RSM based on CCD involves finding the optimal values of
BFSA and RCS replacement percentages that maximize or minimize the response variable
of interest, subject to any constraints that may exist. The initial step in the optimization
process involves generating a mathematical model using experimental data and
conducting an analysis of variance (ANOVA) to validate the model's reliability. Once the
model is confirmed, the subsequent step is to determine the optimal values of the input
variables (BFSA and RCS) that will yield the desired response variable (e.g., cost or
compressive strength). This can be accomplished through various optimization
techniques, including response surface methodology, gradient-based optimization, or
genetic algorithms.

One commonly employed technique is to employ a response surface plot, which visually
depicts the relationship between the input variables and the response variable. This plot
aids in identifying the optimal values. Another approach entails utilizing constrained
optimization techniques, where the optimal input variable values are ascertained while
considering any applicable constraints. For example, material costs may need to be
minimized while fulfilling specific strength requirements, or the strength requirements
may need to be met while minimizing the environmental impact of the materials.

Subsequently, the optimal input variable values can be validated by conducting
experiments using the predicted values and comparing the results against the model's
predictions. If the experimental outcomes align with the model predictions, the optimal
values can be considered the final solution. If there is a disparity, it may be necessary to
refine the model or conduct additional experiments to obtain a more accurate model.

2. Materials and Methods
2.1. Materials

The researchers in this study utilized 43-grade OPC cement that conforms IS: 8112 [32]
standard and BFSA was collected from Ambala city, India. To determine various properties,
standard laboratory tests were conducted, including normal consistency (28%),
soundness (2.5mm), fineness (2%), initial setting time (126 minutes), final setting time
(243 minutes), specific gravity (3.19), and compressive strength (recorded as 26.6 MPa at
3 days, 34.23 MPa at 7 days, and 45.60 MPa at 28 days).

Natural fine aggregate and coarse aggregates were obtained from local markets by the
researchers and grading analysis was performed based on Indian standard (IS: 383) [56].
Blast furnace slag aggregate was purchased by the researchers online from the India Mart
site and was converted into a coarse aggregate shape using a jaw crusher. The
Specifications for the mechanical behavior of ordinary coarse aggregate and BFSA are
presented in Table 1.

Feasible use of RCS was achieved by manually crushing 5- to 7-month-old and
uncontaminated 150 mm?3 size concrete cubes with a hammer. For the present study, the
crushed products were sieved and recombined to obtain the required grading. Table 1
shows the fineness modulus of the recycled aggregate. Concrete casting was carried out
using tap water that was purified in this experiment to eliminate harmful substances in
compliance with IS: 10500-2012 [57].
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Table 1. Specifications for the mechanical behavior of ordinary coarse aggregate and
BFSA

Property Normal coarse Blast furnace slag
aggregate 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

2.2. Experimental Design

The mix design for M25 grade concrete was conducted following the guidelines of the
Indian Standard, as presented in Table 1. To generate precise optimum values and analyze
a significant amount of experimental data, a Central Composite Design (CCD) within the
framework of Response Surface Methodology (RSM) was employed. A total of 13
experimental runs were carried out based on the CCD, which is renowned for its
adaptability in determining the number of center points and axial distances.

In this study, a set of 25 concrete mixes was generated using RSM, with varying
proportions of cement, sand, RCS (Recycled Concrete Aggregate), BFSA (Blast Furnace Slag
Aggregate), and coarse aggregate. The specific quantities used for each mix are outlined in
Table 2, adhering to the M25 concrete mix design as specified in IS 456:2000 [58]. The
independent parameters considered in the experimentation were BFSA and RCS. The
response parameters evaluated in the study were denoted as R1 and R2, representing cost
and compressive strength, respectively.

2.3. Experimental Procedure

Experimental designs for all 25 runs with control mix were obtained using Design Expert
13 as shown in Table 2.

Fig. 2 Experimental setup
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Table 2. Mix design with replacement in (kg/m?3)

Level Mix RCS BFSA Cement  FA RCS CA BFSA  Water Xt

Name. water
0 OROB 0 0 342 711.4 0 1174 0 153.9 0
1 10R5B 10 5 342 64026 7114 11153 587 1539 1
2 25R5B 25 5 342 53355 177.85 11153 587 1539 1
3 50R5B 50 5 342 3557 3557 11153 587 1539 1
4 75R5B 75 5 342 17785 53355 11153 587 1539 1

100R5B 100 5 342 0 7114 11153 587 1539 1
1 10R15B 10 15 342 64026 7114 9979 1761 1539 2
2 25R15B 25 15 342 53355 177.85 9979 1761 1539 2
3 50R15B 50 15 342 3557 3557 9979 1761  153.9 2
4 75R15B 75 15 342 17785 53355 9979 1761 1539 2
5  100R15B 100 15 342 0 7114 9979 1761 1539 2
1 10R25B 10 25 342 64026 7114 8805 2935 1539 5
2 25R25B 25 25 342 53355 177.85 8805 2935  153.9 5
3 50R25B 50 25 342 3557 3557 8805 2935 153.9 5
4 75R25B 75 25 342  177.85 53355 8805 2935 1539 5
5  100R25B 100 25 342 0 7114 8805 2935 1539 5
1 10R35B 10 35 342 64026 7114 7631 4109 1539 6
2 25R35B 25 35 342 53355 177.85 7631 4109 1539 6
3 50R35B 50 35 342 3557 3557 7631 4109 1539 6
4 75R35B 75 35 342 177.85 53355 7631 4109 1539 6
5  100R35B 100 35 342 0 7114 7631 4109 1539 6
1 10R50B 10 50 342 64026 7114 587 587 1539 8
2 25R50B 25 50 342 53355 177.85 587 587 1539 8
3 50R50B 50 50 342 3557 3557 587 587 1539 8
4 75R50B 75 50 342 177.85 53355 587 587 1539 8
5  100R50B 100 50 342 0 7114 587 587 1539 8

The cement, FA, and CA were slowly mixed for two minutes, and water was added to
achieve the desired workable consistency. After achieving a suitable mix, the freshly mixed
concrete was then transferred into lubricated molds and compacted uniformly using a
table vibrator and tested according to Indian standard codes of practice for its compressive

strength after 28 of submersion in water at 27°C.
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The cube specimens were tested at the age of 28 days in Compression Testing Machine
(CTM) after drying at room temperature according to IS: 516-1959 [59], Without impacts
and jerks and uniformly, the load was applied, and the failure load taken by each specimen
was recorded and the results have been shown in Figure 2. Each independent run involved
manual mixing of the concrete containing waste materials with water, ensuring
homogeneity in the mix.

3. Results and Discussion

In this section, the results and discussion of the experimental data and the mathematical
models for the cost, compressive strength, the analysis includes the validation of the
model’s using ANOVA and the interpretation of the model coefficients and response
surface plots. The optimization process for determining the optimal BFSA and RCS
replacement percentages that maximize or minimize the response input variables is also
discussed in table 3. Insights into the impact of BFSA and RCS replacement parameters on
the properties of construction materials are provided by the results and discussion. The
effectiveness of RSM based on CCD for modeling and optimizing construction materials is
demonstrated.

Table 3. Input parameter

Factor Name Minimum Maximum Coded Low Colded Mean Std.
High Dev.

A RCS 0 100.00 -1 +1 52.00 33.32
B BFSA 0 50.00 -1 +1 26.00 15.94

3.1. Models Fitting

The regression coefficients are estimated by minimizing the sum of squared errors
between the predicted values and the actual values of the response variable. The statistical
significance of the model as a whole and the individual terms within the model is assessed
using the F-test and t-test, respectively.

Table 4. Fit Statistics table for cost and compressive strength

Coefficient Cost Compressive Strength

Std. Dev. 0.0007 0.8463
Mean 4122.99 35.07
CV.% 0 241

R? 1 0.8667

Adjusted R? 1 0.8334

Predicted R? 1 0.7853

Adeq Precision NA 18.5066

After fitting and validating the model, it becomes a powerful tool for predicting the
response variable at any given combination of BFSA and RCS replacement percentages
within the experimental range. Additionally, the model can be utilized to identify the
optimal combination of BFSA and RCS replacement percentages that either maximize or
minimize the response variable, while considering any constraints that may be present.
This allows for an informed decision-making process, ensuring that the desired outcome
is achieved while adhering to specific requirements or limitations.
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The Coefficient of Variation (CV%) is a measure of the relative variability of the data. In
this table 4, the CV% values for Compressive Strength range from 1.40% to 3.30%. This
suggests that the variability in the data for these properties is fairly consistent. However,
the CV% for Cost is very low, at 0%. This suggests that the data for Cost is very consistent
and has very little variability. All of the Predicted R? and Adjusted R? values for the various
strength properties of the material were in agreement, with the difference between them
being less than 0.2 for all cases. The Predicted R? of 1.0000 and Adjusted R? of 1.0000 for
the property of Cost were found to be in agreement, while the Predicted R? of 0.7853 and
Adjusted R? of 0.8334 for compressive strength were also in agreement. Moreover, the
Adeq Precision ratio was greater than 4 for all models, indicating that there was adequate
signal to noise ratio. This indicates that the models could be effectively used to navigate
the design space.

3.2. Coded Factors

Predictions for the response are made based on the given levels of each factor using
equations that incorporate coded factors. Typically, the high levels of the factors are
represented as +1, while the low levels are represented as -1. The coded equation is
advantageous in identifying the relative influence of the parameters by comparing the
coefficients associated with each factor. In this study, Tables 5 and 6 present the regression
equations in terms of coded factors, which were derived using Response Surface
Methodology (RSM) for all responses.

Table 5. Final equation in terms of coded factors

Factor Cost Compressive Strength
3925.7 35.7
-172.51 -0.6742
B -739.62 -10.57
AB 0.2776
A? -0.0811
B? -13.81

It is worth noting that for a linear interaction between variables and responses, at least
one regression coefficient in the model should not be zero. Table 5 displays the final
equation obtained from the analysis, expressing the relationship between the coded
factors (represented as A and B) and the dependent variable (represented as C). This
equation demonstrates how the values of the coded factors are combined to determine the
value of the dependent variable.

Table 6. Actual equation in terms of coded factors

Factor Cost Compressive Strength
4837.83 33.3386
RCS -6.9006 -0.0316
BFSA -14.792 0.33521
RCS * BFSA 0.00022
RCS? -0.0001
BFSA? -0.0055
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The coefficients assigned to the coded factors in this equation determine the magnitude of
their impact on the dependent variable. On the other hand, Table 6 presents the actual
equation in terms of coded factors for the specific study, providing further details and
insights into the relationship between the factors and the dependent variable.

3.3. Cost Optimization
3.3.1. Linear Model Fit Summary and ANOVA Evaluation for Cost

The identification of the response surface model was assisted by the model statistics
summary and ANOVA for the linear model for cost, as presented in Table 10 and Table 11,
respectively. A perfect correlation in the cost response was observed in the tables. The
strength of correlation of the response surface model was determined using model
statistics summary, including R2 and adjusted R2.

Table 7. ANOVA for cost

Source Sum of df  Mean Square F-value p-value
Squares
Model 3.135E+06 2 1.568E+06 2.822E+12 = significant
0.0001
<
A-RCS 1.381E+06 1 1.381E+06 2.486E+12 0.0001
<
B-BFSA 1.464E+06 1 1.464E+06 2.636E+12 0.0001
Residual 0.0000 23 5.555E-07
Cor Total 3.135E+06 25

The ANOVA analysis presented in Table 7 demonstrates a highly significant relationship
between the factors and the cost variable. The overall model exhibits statistical
significance (p < 0.0001), indicating its effectiveness in explaining the variation observed
in the cost. Both factors, "A-RCS" and "B-BFSA," contribute significantly to the cost variable
(p < 0.0001). The large F-values and very low p-values indicate that these factors have a
substantial impact on the cost. Moreover, the absence of residual variation (error term)
suggests a perfect fit of the model to the data.

The ANOVA results provided in Table 7 offer valuable insights into the relationship
between the factors and the cost variable. This serves as a solid foundation for further
analysis and decision-making. It should be noted that the factors have been coded, and the
analysis employs Type III - Partial sum of squares. The significant model F-value, coupled
with a very low probability (0.01%) of such a large F-value occurring due to noise, further
confirms the model's capability to explain the variation in the dependent variable
accurately. Furthermore, the p-values for the model terms indicate their significance. In
this case, the coded factors A and B are both significant model terms, with p-values less
than 0.0500.

This suggests that these factors have a substantial impact on the dependent variable and
should be considered in the analysis. On the other hand, values greater than 0.1000
indicate that the model terms are not significant. If many model terms are insignificant,
reducing the model may improve its accuracy. Overall, the analysis provides valuable
insights into the significance of the model terms, guiding further analysis and decision-
making.
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3.3.2. Model Graphs and Diagnostic Findings

Diagnostic findings in Design Expert typically include statistical tests and numerical
measures that assess the quality of the model. For example, the adequacy of the model fit
to the data can be determined through the lack of fit test, and any patterns or outliers in
the data that may indicate problems with the model can be identified using the residual
plot.
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Fig. 3 Model graphs and diagnostic findings of cost

Measures of the model's predictive accuracy, such as the root mean square error (RMSE)
or the coefficient of determination (R-squared), can also be included in the diagnostic
findings. By examining these model graphs and diagnostic findings, the performance of the
statistical model can be assessed, and any necessary adjustments can be made to improve
its accuracy and predictive power.

Figure 3a shows that a normal plot of residuals can diagnose problems with a statistical
model. Departures from normality in the plot may indicate a mis specified model or
missing predictors. Figure 3b depicts a predicted vs actual plot, which compares predicted
values to actual values. Deviations from the diagonal line indicate discrepancies between
predicted and actual values and can indicate misspecification or missing predictors. Figure
3c shows how a predicted vs actual plot can identify systematic bias or non-linear

1532



Poonam and Singh / Research on Engineering Structures & Materials 9(4) (2023) 1521-1541

relationships. Figure 3d depicts how a leverage vs run plot can identify influential
observations and evaluate model robustness over time or other variables. If influential
observations are found, the model may need re-evaluation or exclusion of those
observations. A residual vs run plot can identify trends or cycles in residuals, indicating
the need to update the model with additional predictors. These plots can improve a
model's accuracy and predictive power. The summary of ANOVA cost is presented in
Appendix 1.

3.3.3. Model Graphs of Cost

Model graphs typically include graphical representations of the model, such as contour
plots or surface plots, which allow the user to visualize the relationship between the input
variables and the response variable.

Cost (Indian Rupees) 3D Surface

BFSA

Cost (Indian Ru_pees)

RCS BFSA
(a) Contour (b) 3D Surface
Fig. 4. Model graphs of cost

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 cost, BFSA, and RCS can be effectively visualized through
contour plots (Figure 4(a)) and 3D plots (Figure 4(b)). Contour plots illustrate lines of
constant cost on a grid of BFSA and RCS values, providing a clear representation of how
cost varies with different combinations of BFSA and RCS percentages. On the other hand,
3D plots depict the cost on the z-axis, with BFSA and RCS values represented on the x and
y axes, respectively. This visualization allows for a comprehensive understanding of how
changes in BFSA and RCS impact the cost of the concrete mixture. By examining these plots,
it becomes possible to identify regions in the input space where cost is highly sensitive to
variations in BFSA or RCS percentages. This information can be used to determine optimal
values that minimize cost while still meeting the desired specifications and requirements.

Furthermore, a previous study discovered that when incorporating waste materials as
replacements, it was necessary to decrease the mass of BFSA and RCS while increasing the
proportion of coarse aggregate. This adjustment in the composition of the concrete
mixture resulted in cost optimization. The findings of this study can serve as a valuable
reference for decision-making regarding the optimal utilization of waste materials,
ensuring a balance between cost-effectiveness and meeting necessary construction
criteria.
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3.3.4. Linear Model Fit Summary and ANOVA Evaluation for Compressive Strength

The identification of the response surface model was assisted by the model statistics
summary and ANOVA for the linear model for Compressive Strength. Table 8 presents the
results of the ANOVA analysis for compressive strength. The table shows the sources of
variation, sum of squares, degrees of freedom, mean square, F-value, and p-value for each
factor. The model was found to be significant with a p-value of less than 0.0001. The factors
A-RCS and AB were not significant as their p-values were greater than 0.05. However, the
factors B-BFSA and B? were found to be highly significant with p-values of less than 0.0001.
The factors A? was also not significant with a p-value of 0.5110. The residual sum of
squares was 14.32, and the total sum of squares was 107.44. A perfect correlation in the
Compressive Strength response was observed in tables 8.

Table 8. ANOVA for compressive strength

Source Sum of Squares df  Mean Square F-value  p-value
Model 93.12 5 18.62 26.00 <0.0001 significant
A-RCS 2.22 1 2.22 3.10 0.0935
B-BFSA 23.29 1 23.29 32.52 <0.0001
AB 0.3740 1 0.3740 0.5222 0.4783
A? 0.3208 1 0.3208 0.4480 0.5110
B? 40.77 1 40.77 56.93 <0.0001
Residual 14.32 20 0.7162
Cor Total 107.44 25

3.3.5. Model Graphs and Diagnostic Findings

The influence of BFSA and RCS on the compressive strength of concrete is elucidated in
Figure 5. In Design Expert, diagnostic findings encompass statistical tests and numerical
measures that assess the quality of the model. These findings aid in evaluating the model's
fit to the data, with the lack of fit test determining if the model adequately represents the
observed data. The residual plot helps identify any patterns or outliers that may indicate
potential issues with the model. Additional diagnostic measures such as RMSE (Root Mean
Square Error) or R-squared provide insights into the model's predictive accuracy.
Analyzing these model graphs and diagnostic findings empowers users to assess the
performance of their statistical model and make necessary adjustments to enhance its
accuracy and predictive power.

In Figure 5(a), problems with a statistical model can be diagnosed using a normal plot of
residuals. Departures from normality in the plot may indicate a mis specified model or
missing predictors. Figure 5(b) compares predicted values to actual values using a
predicted vs actual plot. Deviations from the diagonal line indicate discrepancies between
predicted and actual values and can indicate 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) shows how a leverage vs run plot can identify influential
observations and evaluate model robustness over time or other variables. If influential
observations are found, the model may need re-evaluation or exclusion of those
observations. A residual vs run plot can identify trends or cycles in residuals, indicating
the need to update the model with additional predictors. These plots can improve a
model's accuracy and predictive power. The summary of ANOVA compressive strength is
presented in Appendix 2.
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Fig. 5 Model graphs and diagnostic findings of compressive strength

3.3.6. Model Graphs of Compressive Strength

Model graphs typically include graphical representations, such as contour plots or surface
plots, which allow the relationship between the input variables and the response variable
to be visualized by the user. These plots enable the identification of nonlinear relationships
between the variables, as well as the identification of any interactions between the
variables that may be important for the model.

Figures 6(a) and 6(b) present the visualization of the relationship between Compressive
strength, BFSA, and RCS using contour and 3D plots. The contour plot displays lines of
constant Compressive strength on a grid of BFSA and RCS, while the 3D plot shows
compressive strength on the z-axis and BFSA and RCS on the x and y axes, respectively. By
examining the contours or the surface of the plot, it is possible to identify regions of the
input space where Compressive Strength is particularly sensitive to changes in BFSA or
RCS. This information can be used to identify optimal values of BFSA and RCS that minimize
Compressive Strength or to explore the sensitivity of the model to changes in the input
variables.
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Fig. 6 Model graphs of compressive strength
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Fig. 7 Compressive strength values for the concrete mixtures

The provided Figure 7 offers a comparison of the percentage replacements of fine
aggregate by RCS (Recycled Concrete Sand) and coarse aggregate by BFSA (Blast Furnace
Slag Aggregate), along with the corresponding compressive strength values for the
concrete mixtures. Analysing the data, several observations can be made regarding the
impact of aggregate replacements on compressive strength. when both the fine aggregate
replacement by RCS and the coarse aggregate replacement by BFSA remain at a constant
percentage of 5%, the compressive strength values vary from 30.82 for the Mix with 100%
fine aggregate replacement (100R5B) to 34.56 for the Mix with 25% fine aggregate
replacement (25R5B). This indicates that higher replacement percentages of fine
aggregate lead to a slight decrease in compressive strength. When, focusing on the
replacement of coarse aggregate by BFSA, it can be observed that as the replacement
percentage increases from 5% to 25%, the compressive strength generally increases. For
instance, the compressive strength rises from 33.62 for the Mix with 5% fine aggregate
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replacement and 10% coarse aggregate replacement (10R5B) to 37.32 for the Mix with 5%
fine aggregate replacement and 25% coarse aggregate replacement (25R25B).

Lastly, considering a higher replacement percentage of coarse aggregate by BFSA (35%
and 50%), a decreasing trend in the compressive strength is evident. As the coarse
aggregate replacement increases, the compressive strength gradually decreases. For
example, the compressive strength drops from 38.12 MPa for the Mix with 35% fine
aggregate replacement and 10% coarse aggregate replacement (10R35B) to 32.60 MPa for
the Mix with 50% fine aggregate replacement and 100% coarse aggregate replacement
(100R50B).

In summary, the data emphasizes the influence of both fine and coarse aggregate
replacements on the compressive strength of concrete mixtures. It highlights the
importance of carefully selecting and optimizing aggregate replacements to achieve the
desired compressive strength in concrete production.

4. Conclusion

In summary, the prescribed limits have a crucial role in determining the permissible ranges
for various parameters involved in the evaluation of construction materials. These limits
provide essential guidelines for assessing parameters like Compressive Strength and Cost.
By establishing lower and upper boundaries for each parameter, these limits ensure that
values fall within acceptable ranges and comply with specific criteria or desired standards.

For the Compressive Strength parameter, the acceptable range is defined with alower limit
of 30.822 MPa and an upper limit of 39.48 MPa. These limits serve as benchmarks for
evaluating the compressive strength of construction materials, guaranteeing that it meets
necessary requirements and ensures quality and durability.

Similarly, the Cost parameter specifies a permissible range of cost values, with a lower limit
of 3408.16 INR and an upper limit of 4837.83 INR. Adhering to these limits ensures that
the cost remains within reasonable bounds, guiding the evaluation of the financial aspects
of the construction project.

When replacing coarse aggregate with BFSA at higher percentages (35% and 50%), a
consistent trend emerges, showing a gradual decline in compressive strength. Increasing
the percentage of coarse aggregate replacement correlates with a decrease in compressive
strength in the concrete mixtures. This trend is evident in cases like the mix with 35% fine
aggregate replacement and 10% coarse aggregate replacement (10R35B), where the
compressive strength decreases from 38.12 to 32.60 in the mix with 50% fine aggregate
replacement and 100% coarse aggregate replacement (100R50B). This observation
emphasizes the significant influence of replacing coarse aggregate with BFSA on the
mechanical properties of concrete, particularly compressive strength.

Therefore, careful consideration of the percentage of coarse aggregate replacement is
crucial to achieve desired properties and performance in concrete applications. By
evaluating and determining the appropriate percentage, the mechanical properties of the
concrete mix, specifically compressive strength, can be optimized. This ensures that the
construction materials meet necessary standards, providing the required structural
integrity and overall quality.
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