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Abstract This study investigates the sustainable
development of M30 grade concrete by incorporating
industrial and construction wastes as partial replacements for
traditional constituents. Iron Ore Sludge (10S) was used as a
cement replacement in the range of 0-20%, Brick-Mortar
Waste (BMW) replaced fine aggregates at 0-50%, and
Ceramic Waste (CW) substituted coarse aggregates from 0-
100%. A total of 25 concrete mixes were developed based on
Response Surface Methodology (RSM) to analyze and optimize
their effects on key properties such as workability, compressive
strength, flexural strength, and water absorption.

Experimental results demonstrated that moderate
replacement levels led to significant performance
improvements. The best mix, C5512A0 (5% 10S, 12.5% BMW,
0% CW), exhibited a compressive strength of 40.25 MPa,
flexural strength of 4.45 MPa, slump of 109 mm, and low water
absorption of 2.8%. Mixes with higher CW content negatively
impacted strength and durability due to increased porosity.
RSM analysis confirmed the adequacy of predictive models
with high R? values for all responses. The interaction of 10S
with BMW and CW significantly influenced the concrete’s
mechanical behavior, and the desirability function identified
C5512A0 as the optimal mix.

This study highlights the potential of waste-based materials in
concrete, promoting environmental conservation and cost-
effective construction. The use of RSM provided reliable
optimization, offering valuable insights for practical
applications in green construction

Key Words: Sustainable concrete, Iron Ore Sludge, Brick-
Mortar Waste, Ceramic Waste, Optimization

1.INTRODUCTION

The growing demand for infrastructure and urban
development has led to an unsustainable rate of natural
resource consumption and waste generation. Traditional
concrete production consumes large quantities of virgin
materials such as cement, sand, and aggregates, while
simultaneously contributing to environmental degradation
through mining and CO, emissions. In response, researchers
and industry professionals are increasingly exploring the
incorporation of industrial and construction waste in

concrete to promote sustainable construction. Iron Ore
Sludge (I0S), a waste by-product of iron mining, Brick-
Mortar Waste (BMW) from demolition activities, and
Ceramic Waste (CW) derived from unused or broken tiles
and ceramics are among the promising materials that can
serve as partial replacements in concrete.

Recent literature underscores the increasing role of waste
materials and advanced modeling in sustainable concrete.
Adamu and Ibrahim (2024) highlighted the environmental
benefits of combining Date Palm Ash (DPA) and Eggshell
Powder (ESP), optimizing the mix using RSM to reduce CO,
emissions and improve concrete performance. Similarly,
Adamu etal. (2021) demonstrated the effective use of plastic
waste and graphene nanoplatelets (GNPs) in high-volume fly
ash concrete, showing how GNPs significantly improved
mechanical strength and reduced water absorption. Their
work, along with later findings by Adamu et al. (2024),
revealed that optimal blends of DPA and ESP can boost
compressive strength and reduce permeability, although
excessive dosages can impact workability. Aghajanzadeh et
al. (2024) optimized alkali-activated slag concrete
incorporating recycled aggregates and silica fume, achieving
high mechanical and durability properties with minimal
environmental and economic drawbacks. Ahmed et al.
(2022) used waste glass and condensed milk can fiber to
address fine aggregate depletion, reporting optimal
replacement values that maintained strength while
emphasizing the need for further workability enhancements.
Amiri et al. (2022) investigated coal waste as a partial
cement replacement and achieved significant improvements
in compressive strength and water absorption with
optimized proportions. Studies like those by Awolusi et al.
(2019) and Azeez et al. (2023) emphasized the mechanical
benefits of integrating waste tyre fibers, steel slag, and waste
glass into concrete. Awolusi’'s work validated the
effectiveness of RSM in predicting concrete performance,
while Azeez reported substantial strength gains with full
steel slag replacement. Similarly, Chashm Khavari et al.
(2023) showed that sulfur concrete reinforced with steel
fibers demonstrated remarkable strength improvements,
though recyclability reduced performance slightly.

Nano-modified concrete has also received attention, with
Dahish and Almutairi (2023) optimizing mixes containing
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nano-silica and nano-clay for high-temperature resilience.
Divya and Praveenkumar (2024) used GNP, copper slag, and
quarry dust in graphene-based mixes, identifying optimal
combinations that boosted strength. Hafiz et al. (2023)
explored GNPs in geopolymer concrete, enhancing both
strength and durability even in the presence of crumb
rubber.

Further supporting sustainable practices, Haque et al. (2024)
optimized mixes with granite dust and scrapped copper
wire, achieving optimal strength without compromising
performance. Ja’e et al. (2024) emphasized the benefits of
basalt fiber and silica fume in enhancing mechanical and
impact resistance. Kaliyavaradhan et al. (2022) reported CO,
uptake in waste concrete powder, reinforcing its potential as
a supplementary material. Kareem etal. (2025) validated the
mechanical and environmental efficiency of using waste steel
and tyre rubber fibers. Lastly, Maaze and Shrivastava (2023)
optimized bricks from recycled concrete waste, achieving
desirable strength and durability properties using RSM.
These collective efforts showcase the power of waste-based
materials and optimization techniques such as RSM in
achieving sustainable, high-performance concrete solutions.
The current study builds upon this foundation by assessing
the combined effects of I0S, BMW, and CW on M30 grade
concrete and identifying optimal proportions through RSM.

2. MATERIALS AND METHODS

The materials used in this study were chosen for their
relevance to sustainable construction and their availability
as waste by-products. Ordinary Portland Cement (OPC) of 43
grade conforming to IS 8112:2013 was used as the primary
binder, with a specific gravity of 3.14. Natural river sand
conforming to Zone II of IS 383:2016 served as the fine
aggregate, with a specific gravity of 2.65. Crushed granite
stones of 20 mm nominal size and specific gravity of 2.74
were used as coarse aggregates.

Gradation Curve (Fine aggregate)
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Figure 1: Gradation Curve (Fine aggregate)

Iron Ore Sludge (I0S) was sourced from a local iron ore
processing unit. The material was oven-dried and sieved
through a 75 um sieve before use as a cement replacement.
Brick-Mortar Waste (BMW) was collected from demolition
sites, crushed, and sieved to pass through a 4.75 mm sieve,

making it suitable for replacing fine aggregates. Ceramic
Waste (CW) was obtained from discarded ceramic tiles,
crushed into angular particles of 20 mm nominal size, to
replace coarse aggregates.

Gradation Curve (Fine aggregate)
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Figure 2: Gradation Curve (Brick-and-Mortar Waste)
2.1 Mix design

The concrete mix was designed in accordance with IS
10262:2019 and IS 456:2000 for M30 grade using Ordinary
Portland Cement (OPC) 43 grade. The design incorporated
the use of Superplasticizer (SP), water reduction techniques,
and appropriate aggregate proportions to achieve the
desired workability and strength. A water-cement (W/C)
ratio of 0.43 was adopted, considering a 16% water
reduction achieved through the addition of 1%
superplasticizer by weight of cement.

Table 1: Replacement Levels with Shortened Abbreviations

© 2025,IRJET | ImpactFactor value: 8.315

Run 10S (%) BMW CW (%) | Abbreviation
(%)

1 0 0 0 | COSOAO

2 0 12.5 25 | C0S12A25

3 0 25 50 | COS25A50

4 0 37.5 75 | COS38A75

5 0 50 100 | COS50A100

6 5 0 25 | C5S0A25

7 5 12.5 0 | C5S12A0

8 5 25 75 | C5S25A75

9 5 37.5 100 | C5S38A100
10 5 50 50 | C5S50A50
11 10 0 50 | C10S0A50
12 10 12.5 75 | C10S12A75
13 10 25 100 | C10S25A100
14 10 37.5 0 | C10S38A0
15 10 50 25 | C10S50A25
16 15 0 75 | C15S0A75
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17 15 12.5 100 | C15S12A100
18 15 25 0 | C15S25A0
19 15 37.5 25 | C15S38A25
20 15 50 50 | C15S50A50
21 20 0 100 | C20S0A100
22 20 12.5 50 | C20S12A50
23 20 25 25 | C20S25A25
24 20 37.5 50 | C20S38A50
25 20 50 0 | C20S50A0

Cxx = % of Cement Replaced by 10S

Sxx = % of Sand Replaced by BMW

Axx = % of Aggregate Replaced by CW

Example: M-C10S25A50 = Mix with 10% I0S, 25% BMW, and

00 0 1 1 0 4

C10S38A0 0 375.6 | 4179 | 250.6 | 1099.3 0.00

1 1 5 4

C10S50A2 25 375.6 | 334.2 | 3342 82451 | 274.84
5 1 1 1

C15S0A75 | 75 35:'7 6618'4 0.00 | 274.84 | 824.51

C15S12A1 | 10 | 354.7 | 584.1 1099.3
00 0 4 1 83.55 0.00 4

354.7 | 501.3 | 167.1 | 1099.3

C15S25A0 0 4 1 0 4 0.00

C15S38A2 25 354.7 | 4179 | 250.6 82451 | 274.84
5 4 1 5

C15S50A5 50 354.7 | 334.2 | 334.2 54967 | 549.67
0 4 1 1

C20S0A10 | 10 | 333.8 | 668.4 1099.3
0 0 7 1 0.00 0.00 4

C20$012A5 50 3373'8 5814'1 83.55 | 549.67 | 549.67

C20S25A2 25 333.8 | 501.3 | 167.1 82451 | 274.84
5 7 1 0

C20S38A5 50 333.8 | 4179 | 250.6 54967 | 549.67
0 7 1 5

C20S50A0 0 3373.8 3314.2 33{1.2 1039.3 0.00

50% CW
Table 2: All Mixes with Replacements
€l Ceme FA: FA: CA: CA:
Abb(r)imatl (Y)Z nt Natur | BMW | Natura CW
) (kg) | al(kg) | (kg) 1 (kg) (kg)
COSOAO o0 | 4173 | 6684 | o | 10993 | oo
4 1 4
C0S12A25 | 25 4147'3 5814'1 83.55 | 824.51 | 274.84
C0S25A50 | 50 4147'3 5 011'3 1607 11 54967 | 549.67
C0S38A75 | 75 4147'3 4117'9 2550'6 274.84 | 824.51
COS50A10 | 10 | 417.3 | 334.2 | 334.2 0.00 | 10993
0 0 4 1 1 ' 4
C5S0A25 | 25 3976'4 6618'4 0.00 | 824.51 | 274.84
C5S12A0 o | 3964 584.1 8355 | 19993 | .00
7 1 4
C5S25A75 | 75 3976'4 5011'3 1607 11 97484 | 82451
C5S38A10 | 10 | 396.4 | 417.9 | 250.6 0.00 | 10993
0 0 7 1 5 . 4
C5S50A50 | 50 3976'4 33{"2 3314'2 549.67 | 549.67
C10S0A50 | 50 3715'6 66;3'4 0.00 | 549.67 | 549.67
C105512A7 75 3715'6 58{“ 83.55 | 274.84 | 824.51
C10S25A1 | 10 | 375.6 | 501.3 | 167.1 0.00 | 1099.3

The specific gravities of the constituent materials were
determined as follows: The coarse aggregate ratio was
maintained at 61.4%, which is suitable for 20 mm nominal
maximum size aggregates as per IS guidelines. The assumed
water content before reduction was 196 liters, which was
adjusted to 179.46 liters after the use of SP. The minimum
cement content required for M30 grade concrete is 280
kg/m?3, as per Table 5 of IS 456:2000. However, the actual
cement content used was 417.34 kg/m?, which is within the
upper limit of 450 kg/m>.

Concrete properties were evaluated through standardized
test methods. Workability was measured using the slump
cone test as per IS 1199:1959. Compressive strength tests
were conducted in accordance with IS 516:1959. Flexural
strength was determined using the third-point loading
method, and water absorption was assessed based on ASTM
C642 by measuring the difference in mass before and after
immersion.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental analysis revealed critical insights into the
behavior of concrete incorporating I0S, BMW, and CW. The
workability of the mixes, measured by slump, ranged from
93 mm to 110 mm. The control mix showed the highest
slump of 110 mm, indicating superior flowability. As the
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percentage of I0S, BMW, and CW increased, the slump values
decreased due to the rough and porous texture of the waste
materials, which absorbed more water. However, mix
C5S12A0, with 5% I0S and 12.5% BMW, maintained a high
slump of 109 mm, demonstrating the effectiveness of
moderate replacement levels in preserving workability.

Compressive strength results varied across the 25 mixes.
The control mix achieved a compressive strength of 39.56
MPa after 28 days. Mix C5S12A0 recorded the highest
strength of 40.25 MPa, indicating that low levels of 10S and
BMW contributed positively through filler effects and
possible pozzolanic activity. On the contrary, mix
C20S0A100, with 20% IOS and 100% CW, exhibited the
lowest compressive strength of 36.3 MPa. The decrease in
strength at high replacement levels was attributed to
reduced cementitious content and weak interfacial bonding
between the aggregates and matrix.

Compressive Strength
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Figure 3: Compressive Strength Results
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Figure 4: Flexural Strength Results

Flexural strength followed a similar pattern to compressive
strength. The maximum flexural strength of 4.45 MPa was
observed in mix C5S12A0, while mix C20S0A100 had the
lowest value of 4.13 MPa. High contents of CW were found to
adversely affect the flexural behavior of concrete due to poor
interfacial transition zones (ITZs) between the recycled
coarse aggregates and the surrounding paste.

Water absorption results ranged between 2.80% and 4.80%.
Mix C5S12A0 had the lowest absorption, reflecting its dense
and impermeable microstructure. Higher absorption values
were recorded for mixes with increased CW content,
confirming that the porous nature of ceramic particles
contributes to elevated water permeability.

4. RSM ANALYSIS AND OPTIMIZATION

To better understand and optimize the performance of
concrete mixes, RSM was employed using a three-factor, five-
level design. For workability, the 2FI model provided the
best fit with an Adjusted R? 0f0.9093. All three factors—I0S,
BMW, and CW—had significant negative coefficients in the
regression equation, confirming their detrimental effect on
slump. The interaction between I0S and CW (AC) was
particularly significant, showing a compounded impact on
reducing workability.

In the case of compressive strength, the 2FI model also
emerged as the most suitable, with an Adjusted R? of 0.8270.
The regression model revealed that I0S had the highest
negative impact on strength, followed by CW and BMW.
Interaction terms AC (10S x CW) and BC (BMW x CW) were
statistically significant, suggesting that combinations of
these waste materials need careful control to avoid strength
reduction. The 2FI model for flexural strength achieved an
Adjusted R? of 0.8145. Again, 10S had the most substantial
negative influence. The interaction between 10S and CW
(AC) was found to be a major contributing factor in reducing
flexural performance, similar to compressive strength
trends.

For water absorption, the quadratic model provided the best
fit with an Adjusted R® of 0.9019. All three factors
contributed positively to water absorption, indicating
increased porosity with higher waste content. Notably, [0S
had the largest coefficient, making it the most influential
variable. The interaction terms AC and BC were significant,
reinforcing the need to control the combinations of 10S,
BMW, and CW to limit permeability.

The lowest slump (93 mm) was recorded for mix
C20S0A100, containing 20% I0S and 100% CW, indicating
the combined effect of a high cement replacement and highly
absorbent aggregate replacement. On the other hand,
C5S12A0 showed high workability (109 mm) close to the
control, owing to the low replacementlevels and no ceramic
waste.
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Figure 5: Water Absorption Results
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The best-performing mix in terms of workability was the
control (COSOAO0), followed closely by C5S12A0 and
C5S0A25, both with minimal replacement levels. The least
workability was seen in high CW mixes like C20S0A100,
C20S38A50,and C15S12A100, emphasizing the importance
of controlling CW content for achieving workable concrete.

Table 3: Summary of Performance

Property Best Mix | Value Worst Mix | Value
Slump COSO0A0 | 110 C20S0A100 | 93
mm mm
Compressive C5S12A0 | 40.25 C20S0A100 | 36.3
Strength MPa MPa
Flexural Strength | C5S12A0 | 4.45 C20S0A100 | 4.13
MPa MPa
Water Absorption | C5S12A0 | 2.80% C20S0A100 | 4.8%

From the analysis, it is evident that C55S12A0 is the best-
performing mix overall, showing superior strength,
durability, and workability. Minimal replacementlevels (5%
10S, 12.5% BMW, 0% CW) appear to enhance performance
due to improved packing density and limited interference
with bonding mechanisms. On the contrary, C20S0A100,
with maximum IOS and CW content, consistently showed the
lowest performance across all parameters due to higher
porosity, reduced cement content, and weak aggregate-paste
interfacial transition zones. The application of Response
Surface Methodology (RSM) in this research provided a
robust statistical framework for analyzing, modeling, and
optimizing the influence of Iron Ore Sludge (10S), Brick-and-
Mortar Waste (BMW), and Ceramic Waste (CW) on the
performance of M30 grade concrete. The RSM models were
developed for four critical responses: workability (slump),
compressive strength, flexural strength, and water
absorption. The selected models showed high accuracy and
strong predictive capability, enabling a deep understanding
of how individual and interactive effects of the three waste
materials influence concrete behavior.

4.1 Workability (Slump)

The RSM analysis for workability suggested the 2FI model as
the best fit, with Adjusted R? = 0.9093 and Predicted R? =
0.9093, indicating excellent correlation between
experimental and predicted values. The regression model
showed that all three input variables negatively affected
workability. [0S had the most significant negative coefficient,
followed by CW and BMW, confirming that higher
replacement levels reduce slump due to increased surface
area and internal water demand. The interaction between
10S and CW (AC) was statistically significant (p = 0.0021),
indicating a compounded reduction in slump when both
materials are increased simultaneously.

The response surface plots clearly illustrated a downward
slope in slump values with increasing levels of I0S and BMW,
reinforcing the regression outcomes. Thus, the model not
only identified key contributors to workability loss but also
helped visualize optimal zones for material usage.

4.2 Compressive Strength

For compressive strength, the RSM analysis also
recommended the 2FI model with Adjusted R?=0.8270 and
a non-significant lack-of-fit, demonstrating strong model
reliability. The regression equation revealed that all three
materials negatively influenced strength, with I0S again
showing the highest impact. Notably, the interaction
between 10S and CW (AC) was significant (p = 0.0010),
confirming that their combined usage at higher levels
substantially compromises strength.

The response surface plots supported the regression
findings by showing a gradual reduction in compressive
strength as [0S and BMW percentages increased. The model
successfully captured the peak strength zone around 5-10%
10S and 12.5% BMW, aiding in identifying the most efficient
mix proportions for structural performance.

4.3 Flexural Strength

The RSM model for flexural strength mirrored the trends
observed in compressive strength. The 2FI model with
Adjusted R? = 0.8145 was validated as the best fit. The model
equation demonstrated that 10S, BMW, and CW all had
negative effects on flexural strength, with 10S having the
most pronounced impact.

Interaction term AC (I0S x CW) was statistically significant
(p = 0.0013), suggesting that high contents of 10S and CW
reduce concrete’s resistance to bending due to weak
interfacial bonding and porosity.
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Predicted vs. Actual

The predicted vs. actual plot and surface response graphs
showed a high match with experimental data, illustrating a
consistent decline in flexural strength with higher levels of
I0S and BMW. This affirmed that mix optimization is
essential for enhancing tensile resistance, especially in load-
bearing members.

i 4.4 Water Absorption
I . For water absorption, which reflects concrete durability, the
RSM recommended the quadratic model with Adjusted R? =
Figure 1: Predicted vs. | Figure 2: 3D Surface Plot (Effect 0.9019 and Predicted R? = 0.9019, indicating a superior fit.
Actual Plot for workability of I0S and BMW on Workability) The regression equation showed that all three variables—
e I0S, BMW, and CW-—significantly increased water

absorption, with I0S contributing the most (+0.7116),
followed by CW (+0.5274) and BMW (+0.4784). The
interaction terms AC (I0S x CW) and BC (BMW x CW) were
also significant, highlighting that combinations of porous and
angular waste particles increase void content and
permeability. The surface response plot confirmed this
trend, showing increased water absorption as both 10S and
BMW contents rose. The RSM model thus provided critical
insights into how to limit material replacements to ensure
long-term concrete durability.

5. OVERALL DISCUSSION AND COMPARISON

Figure 3: Predicted vs.
Actual Plot

Prodicied vs. Actual

The experimental and statistical evaluations showed that
concrete performance is significantly influenced by the type
and amount of replacement materials. While high
replacement levels generally reduced strength and
workability and increased water absorption, low to
moderate incorporation of 10S and BMW improved the
concrete properties. Mix C5512A0 (5% I0S, 12.5% BMW, 0%
CW) consistently outperformed all other mixes across all
tested parameters. The RSM models validated the
experimental observations and provided accurate prediction
tools for future mix optimization. Among the variables, 10S
had the highest impact across all responses, highlighting its
dual role as a performance enhancer and a potential risk if

Figure 5: Predicted vs. overused.
Actual Plot of FS
— 6. CONCLUSION
| vy / This research demonstrates that Iron Ore Sludge, Brick-
e ; Mortar Waste, and Ceramic Waste can be effectively
i _éfu 5 incorporated into M30 grade concrete to enhance
P’ §§§ sustainability while maintaining desirable mechanical and
'/“/‘“ 5% durability characteristics. Experimental testing showed that
e concrete mixes with controlled levels of these materials
1 achieved comparable or better results than the conventional

mix. The use of RSM enabled the development of accurate
regression models and provided insights into the effects and
interactions of the replacement materials. Mix C5S12A0 was
identified as the optimal blend, balancing high strength, low
water absorption, and good workability. Overall, this study
supports the use of industrial and construction waste in

Figure 7: Predicted vs. | Figure 8: 3D Surface Plot of WA
Actual Plot of WA
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concrete and promotes a greener, more resource-efficient
approach to construction practices.
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