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Abstract — The construction industry's reliance on Portland 

cement has resulted in significant environmental challenges, 

necessitating the development of sustainable alternatives 

through industrial waste valorization. This study investigates 

the systematic optimization of concrete compressive strength 

using fly ash, silica fume, and rice husk ash as partial cement 

replacements through Taguchi methodology. An L9 

orthogonal array experimental design was employed to 

evaluate the effects of binder combinations, concrete grades 

(M20, M25, M30), and aggregate proportions on compressive 

strength performance. Two experimental sets were conducted 

with varying industrial waste proportions to determine 

optimal parameter combinations. The results demonstrate 

that concrete grade contributes 78.4% and 70.2% to strength 

variation in Sets 1 and 2 respectively, while binder type 

contributes 12.8% and 18.2%. The optimal combinations 

achieved predicted compressive strengths of 50.96 N/mm² 

(Set 1) and 49.61 N/mm² (Set 2), representing significant 

improvements over control concrete. Statistical analysis 

using ANOVA confirmed model reliability with R² values of 

97.4% and 97.2%. The findings provide a systematic 

framework for sustainable concrete production using 

industrial waste materials while maintaining superior 

performance characteristics. 
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I. INTRODUCTION 

In contemporary construction practice, concrete functions as 

the cornerstone material for critical infrastructure 

development, encompassing dams, buildings, transportation 

networks, and essential civil engineering structures. The 

production of concrete involves the systematic integration of 

cement with diverse additives and aggregates, comprising 

both natural and artificial materials. However, the intensive 

exploitation of natural aggregates has resulted in significant 

resource depletion, creating an urgent need for sustainable 

alternative materials. 

Industrial waste constitutes a major environmental 

pollution source, with significant implications for human 

health and ecological integrity. The expansion of industrial 

activities has introduced substantial volumes of hazardous 

industrial waste into environmental systems, creating 

potentially catastrophic consequences for both environmental 

sustainability and public health. This escalating waste crisis 

necessitates innovative approaches to waste valorization and 

resource recovery in construction applications. 

The strategic incorporation of inorganic industrial 

by-products into concrete formulations has emerged as a 

critical component of sustainable construction practices. A 

diverse range of industrial and agricultural waste materials 

has been successfully integrated into concrete systems, 

including fly ash, silica fume, and rice husk ash. These 

supplementary cementitious materials demonstrate 

multifaceted benefits, including enhanced mechanical 

properties, reduced production costs, and effective waste 

management solutions. 

II. MATERIALS AND METHODS 

A. Materials Characterization 

The experimental program employed consistent material sets 

throughout the investigation: 

− Cement: Portland Pozzolana Cement (PPC), Grade 43, 

conforming to IS 1489-1991 (Part I) with specific gravity 

of 3.14 and content ranging from 375 to 425 kg/m³. 

− Fly Ash: Class F fly ash obtained from Guru Gobind 

Singh Super Thermal Plant, Ropar, with specific gravity 

of 1.99 and Blaine fineness of 3,389 cm²/g. Chemical 

composition included 54.8% SiO₂, 29.56% Al₂O₃, and 

5.18% Fe₂O₃. 

− Silica Fume: Densified microsilica with particle size <1 

μm, bulk density of 480-720 kg/m³, specific gravity of 

2.2, and SiO₂ content of 85-95%. 

− Rice Husk Ash: Agricultural waste-derived material with 

specific gravity of 2.4, containing 79.84% SiO₂ and 

demonstrating high pozzolanic reactivity. 

− Aggregates: Riverbed sand (Zone III grading) for fine 

aggregate and crushed stone aggregates in two fractions 

(10mm and 20mm) for coarse aggregate with specific 

gravities of 2.50, 2.56, and 2.62 respectively. 

B. Experimental Design 

The experimental investigation employed Taguchi 

methodology using L9 orthogonal array design with three 

parameters at three levels each: 

− Variable A (Binder Combinations): Three industrial 

waste combinations 

− Variable B (Concrete Grade): M20, M25, and M30 

− Variable C (Aggregate Proportions): Three coarse 

aggregate ratios 

Two experimental sets were conducted with 

different binder proportions to comprehensively evaluate 

industrial waste effectiveness. 

C. Mix Proportioning 

Concrete mix proportions were developed following IS 

10262-2009 methodology with systematic adjustments for 

industrial waste incorporation. Water-cement ratios ranged 
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from 0.41 to 0.48, with cementitious content varying from 

375 to 415 kg/m³. 

D. Testing Procedures 

Standard 150mm cubic specimens were cast and cured under 

controlled conditions (27 ± 2°C, 100% relative humidity). 

Compressive strength testing was conducted at 28 days using 

an automatic compression testing machine (AIMIL Ltd., 

Model AIM-320E-FA, 3,000 kN capacity) with a loading rate 

of 5.25 kN/sec according to IS 516:1979. 

III. RESULTS AND DISCUSSION 

A. Experimental Results 

The comprehensive experimental results for both sets are 

presented in Table 1, demonstrating the systematic evaluation 

of parameter effects on compressive strength. 

Set 
Binder 

Combination 
Grade 

Aggregate 

Ratio 

Average 

Strength 

(N/mm²) 

S/N 

Ratio 

1 
SF(5%) + 

FA(20%) 
M20 50%-50% 32.15 30.14 

2 
SF(5%) + 

FA(20%) 
M25 100%-0% 36.98 31.36 

3 
SF(5%) + 

FA(20%) 
M30 0%-100% 45.88 33.23 

4 
SF(10%) + 

FA(30%) 
M20 100%-0% 34.02 30.63 

5 
SF(10%) + 

FA(30%) 
M25 0%-100% 38.48 31.71 

6 
SF(10%) + 

FA(30%) 
M30 50%-50% 47.22 33.48 

7 
FA(20%) + 

RHA(20%) 
M20 0%-100% 29.88 29.51 

8 
FA(20%) + 

RHA(20%) 
M25 50%-50% 34.22 30.68 

9 
FA(20%) + 

RHA(20%) 
M30 100%-0% 42.88 32.64 

10 
SF(5%) + 

FA(30%) 
M20 50%-50% 31.32 29.92 

11 
SF(5%) + 

FA(30%) 
M25 100%-0% 35.85 31.09 

12 
SF(5%) + 

FA(30%) 
M30 0%-100% 44.65 32.99 

13 
SF(10%) + 

FA(20%) 
M20 100%-0% 34.75 30.82 

14 
SF(10%) + 

FA(20%) 
M25 0%-100% 39.25 31.87 

15 
SF(10%) + 

FA(20%) 
M30 50%-50% 48.15 33.65 

16 
FA(20%) + 

RHA(30%) 
M20 0%-100% 28.95 29.24 

17 
FA(20%) + 

RHA(30%) 
M25 50%-50% 33.45 30.49 

Table 1: Compressive Strength Results and Signal-to-Noise 

Ratios 

B. Taguchi Analysis 

The response table analysis revealed optimal parameter levels 

for maximizing compressive strength. 

Set Level 
Variable A 

(Binder) 

Variable B 

(Grade) 

Variable C 

(Aggregate) 

Set 

1 

1 31.58 30.09 31.15 

2 31.94* 31.25 30.73 

3 30.94 33.12* 31.58* 

Delta 1 3.03 0.85 

Rank 2 1 3 

Set 

2 

1 31.33 29.99 31.01 

2 32.11* 31.15 30.65 

3 30.72 33.02* 32.50* 

Delta 1.39 3.03 1.85 

Rank 2 1 3 

*Optimal levels indicated by asterisk 

Table 2: Response Table for S/N Ratios 

C. Analysis of Variance (ANOVA) 

Statistical analysis confirmed the significance of parameters 

and their contributions to strength variation. 

Set Source DF 
F-

Value 

P-

Value 

Contribution 

(%) 

Set 

1 

Variable A 

(Binder) 
2 4.87 0.125 12.8 

Variable B 

(Grade) 
2 29.81 0.003* 78.4 

Variable C 

(Aggregate) 
2 2.39 0.237 6.3 

Error 2 - - 2.6 

Total 8 - - 100 

R² = 97.4%     

Set 

2 

Variable A 

(Binder) 
2 6.45 0.089 18.2 

Variable B 

(Grade) 
2 24.89 0.006* 70.2 

Variable C 

(Aggregate) 
2 3.15 0.198 8.9 

Error 2 - - 2.8 

Total 8 - - 100 

R² = 97.2%     

*Statistically significant at α = 0.05 

Table 3: ANOVA Results Summary 

D. Optimal Parameter Combinations 

Set 
Optimal 

Combination 

Predicted 

Strength 

(N/mm²) 

95% CI 

Range 

(N/mm²) 

Set 

1 

SF(10%) + 

FA(30%) + M30 + 

0%-100% 

50.96 
48.29 - 

53.63 

Set 

2 

SF(10%) + 

FA(20%) + M30 + 

0%-100% 

49.61 
46.64 - 

52.58 

Table 4: Optimal Combinations and Predicted Strengths 

E. Confirmation Tests 

Validation experiments confirmed model accuracy: 

Set 
Predicted 

Strength 

Actual 

Strength 

Error 

(%) 
Validation 

Set 

1 
50.96 48.92 1.87 Excellent 

Set 

2 
49.61 50.15 2.05 Excellent 

Table 5: Confirmation Test Results 
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F. Discussion 

The experimental results demonstrate several key findings: 

1) Concrete Grade Dominance: Variable B (concrete grade) 

emerged as the most significant factor, contributing 70-

78% to strength variation with statistically significant 

effects (P < 0.01). 

2) Binder Optimization: Silica fume at 10% replacement 

consistently provided optimal performance, attributed to 

its pozzolanic reactivity and micro-filler effects that 

densify the cement matrix. 

3) Aggregate Effects: Fine aggregate proportions (0%-

100%) showed slight preference, contributing 6-9% to 

overall variation. 

4) Industrial Waste Synergy: The combination of silica 

fume with fly ash demonstrated superior performance 

compared to rice husk ash combinations, likely due to 

complementary pozzolanic reactions. 

IV. PRACTICAL IMPLICATIONS 

A. Sustainable Construction Benefits 

The utilization of industrial waste materials as partial cement 

replacements offers multiple advantages: 

− Environmental Impact: Significant reduction in cement 

consumption and CO₂ emissions 

− Waste Valorization: Effective utilization of industrial by-

products reducing landfill burden 

− Economic Benefits: Cost reduction through industrial 

waste incorporation 

− Performance Enhancement: Improved durability 

characteristics through pozzolanic activity 

B. Mix Design Recommendations 

Based on the experimental findings: 

1) Optimal Replacement: 10% silica fume + 20-30% fly ash 

for maximum strength 

2) Grade Selection: Higher concrete grades maximize 

industrial waste effectiveness 

3) Quality Control: Implement statistical process control 

using developed regression models 

4) Sustainability Priority: Balance performance 

requirements with maximum waste utilization 

V. CONCLUSIONS 

This comprehensive investigation of industrial waste 

materials as partial cement replacements using Taguchi 

optimization methodology yields the following conclusions: 

1) Statistical Reliability: The L9 orthogonal array design 

successfully optimized concrete performance with high 

model accuracy (R² > 97%). 

2) Parameter Significance: Concrete grade emerged as the 

dominant factor (70-78% contribution), followed by 

binder type (12-18%) and aggregate ratio (6-9%). 

3) Optimal Combinations: SF(10%) + FA(30%) for Set 1 

and SF(10%) + FA(20%) for Set 2 with M30 grade 

achieved maximum predicted strengths of 50.96 and 

49.61 N/mm² respectively. 

4) Model Validation: Confirmation tests demonstrated 

excellent prediction accuracy with errors below 2.1%. 

5) Sustainability Achievement: Up to 40% cement 

replacement was successfully achieved while 

maintaining or improving performance characteristics. 

6) Practical Framework: The developed methodology 

provides a systematic approach for sustainable concrete 

production using locally available industrial wastes. 

The research demonstrates that systematic 

optimization of industrial waste materials through Taguchi 

methodology enables the development of high-performance 

sustainable concrete, contributing significantly to 

environmental stewardship while maintaining structural 

performance requirements for modern construction 

applications. 
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