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Abstract: Corrosion of steel reinforcement is one of the most critical durability challenges affecting reinforced concrete 

(RC) structures, especially in marine and chloride-rich environments. This study investigates the mechanical properties 

and corrosion resistance of RC incorporating supplementary cementitious materials (SCMs), including fly ash, silica 

fume, and ground granulated blast-furnace slag (GGBFS), used individually and in ternary combinations. Four concrete 

mixes—control (CM), fly ash (FA), silica fume (SF), and ternary SCM blend (TSCM)—were designed and evaluated. 

Mechanical properties were assessed through compressive, split tensile, and flexural strength tests, while durability 

performance was examined using porosity, water absorption, carbonation depth, half-cell potential, linear polarization 

resistance, and accelerated corrosion testing under 3.5% NaCl exposure. Microstructural characterization using SEM, 

EDS, and XRD provided insights into hydration products and pore refinement. 

Results showed that SCM incorporation significantly enhanced concrete performance. The TSCM mix exhibited the 

highest improvements, with a 15% increase in compressive strength and up to 35% reduction in water absorption 

compared to the control mix. Corrosion resistance improved substantially, as indicated by more than a 160% increase in 

time to first crack and a 75% reduction in corrosion rate. Microstructural analysis confirmed the formation of dense C–

S–H/C–A–S–H phases and reduced calcium hydroxide content, resulting in lower chloride penetration and enhanced 

material integrity. 

Overall, the study demonstrates that ternary SCM blends provide superior mechanical and durability performance, 

making them highly suitable for RC structures exposed to aggressive marine environments. The findings contribute to 

the development of durable, sustainable, and long-lasting concrete systems for future infrastructure applications. 

Keywords:Supplementary Cementitious Materials (SCMs), Ternary Blended Concrete, Fly Ash, Silica Fume, GGBFS, 

Corrosion Resistance, Accelerated Corrosion Testing, Marine Environment, Durability, Chloride Ingress, Reinforced 
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1.0 Introduction: 

Corrosion of steel reinforcement remains one of the most critical durability challenges affecting reinforced concrete 

(RC) structures worldwide. Despite RC being widely adopted due to its structural efficiency, cost-effectiveness, and 

adaptability in infrastructure systems such as bridges, high-rise buildings, tunnels, and marine facilities, its long-term 

performance is significantly compromised when aggressive agents penetrate the concrete matrix and initiate 

reinforcement corrosion. Structures located in marine or chloride-rich environments are particularly vulnerable, where 

chloride ions disrupt the passive film on steel and accelerate localized corrosion, leading to cracking, spalling, and 

eventual loss of load-carrying capacity  

Two primary mechanisms—chloride ingress and carbonation—govern corrosion initiation in RC. Chloride ions 

sourced from seawater, de-icing salts, or contaminated aggregates penetrate the pore network and break down the steel’s 

passive film. Carbonation, in contrast, involves CO₂ diffusion into concrete where it reacts with hydration compounds, 
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reducing the alkalinity and depassivating the reinforcement. Once corrosion initiates, expansive rust products exert 

internal tensile stresses, generating micro- and macro-cracks that accelerate subsequent deterioration. The deteriorative 

effects of these mechanisms have been extensively discussed by Ahmad (2003), Bertolini (2004), and Arya &Dhanya 

(2021), who emphasize the need for durable material systems capable of resisting chloride and CO₂ penetration. 

Recent studies have highlighted the importance of supplementary cementitious materials (SCMs)—including fly ash, 

silica fume, and ground granulated blast-furnace slag (GGBFS)—which refine concrete microstructure and reduce 

permeability. SCMs reduce the connectivity of capillary pores and restrict the movement of corrosive ions, resulting in 

slower corrosion kinetics and improved long-term durability. Research by Zomorodian (2023), Ali (2024), and Liang 

(2025) confirms that binary and ternary SCM blends significantly lower chloride diffusivity and extend structural 

service life in marine exposure. Findings from Mehta (1986) and Neville (1995) historically support the role of 

pozzolanic additives in enhancing microstructural densification. 

Beyond traditional SCM systems, sustainable binders such as geopolymer concrete have also shown exceptional 

resistance to aggressive environments. Agrawal & Malviya (2025) demonstrated that geopolymer matrices reinforced 

with natural fibers (e.g., coconut fiber) exhibit superior mechanical properties, lower water absorption, and enhanced 

corrosion resistance compared to OPC concretes. Similarly, Agrawal, Malviya &Memon (2025) and Agrawal (2023) 

reported that natural and waste fibers, including human hair, improve crack control and restrict the pathways for ion 

ingress, thereby indirectly increasing corrosion resistance. 

Structural health monitoring has also evolved, enabling engineers to track corrosion progression more accurately. 

Modern approaches—such as fiber-optic sensing (Su et al., 2022), acoustic emission, X-ray microtomography, and 

embedded corrosion sensors—offer real-time diagnostic insights and improve predictive maintenance. Studies from 

Materials & Structures (2023), PLOS ONE (2014), and Saraswathy& Song (2007) highlight significant advancements in 

non-destructive evaluation techniques. Electrochemical tools such as half-cell potential and linear polarization resistance 

(LPR) continue to be widely adopted for field assessment due to their precision and simplicity. 

While corrosion-resistant reinforcement solutions such as epoxy-coated bars, stainless steel rebars, and FRP composites 

have been used in marine environments, material and maintenance costs often limit their application. Incorporation of 

SCMs presents a cost-efficient and technically robust alternative for enhancing corrosion resistance, especially when 

integrated into performance-based design frameworks recommended by the US DOT (2009) and Polder (1998). 

Furthermore, sustainability-oriented research in India and worldwide advocates for the use of low-carbon materials, 

circular resources, and renewable-energy-supported concrete production. Kapadia et al. (2019) emphasize that reducing 

cement consumption through SCMs and waste-derived binders can significantly lower embodied carbon while 

improving durability outcomes. 

Given these motivations, the present study investigates the corrosion resistance of reinforced concrete incorporating 

binary and ternary SCM blends, with a focus on enhancing durability in chloride-rich marine environments. The 

research evaluates mechanical performance, microstructural characteristics, corrosion kinetics, and time-to-cracking 

behavior of SCM-modified concretes. By integrating experimental results with prior literature, the study identifies 

optimal SCM combinations that can extend structural service life, reduce maintenance costs, and support sustainable 

infrastructure development. 

2.0 Literature Review 

A comprehensive body of research has explored the influence of corrosion on reinforced concrete (RC) systems, the 

mechanisms driving deterioration, and the effectiveness of preventive strategies. This section synthesizes earlier work 

on corrosion mechanisms, durability enhancement using supplementary cementitious materials (SCMs), the role of 

fibers, alternative binders such as geopolymers, corrosion monitoring techniques, and global durability design practices. 
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2.1 Corrosion Mechanisms and Influencing Factors 

Corrosion of reinforcement in concrete is predominantly governed by chloride ingress and carbonation, especially in 

structures exposed to marine or industrial environments. Studies by Almeraya et al. (2012) and Popov (2016) 

established that corrosion initiates when aggressive ions penetrate the concrete cover and depassivate the passive film 

surrounding embedded steel. Sahani et al. (2024) linked the progression of corrosion to significant reductions in service 

life, emphasizing that environmental exposure severity plays a crucial role in determining long-term structural 

performance. 

Carbonation-induced depassivation lowers the alkalinity surrounding steel, as described by Page and Treadaway (1982), 

while Ahmad (2003) demonstrated that chloride ions cause localized pitting corrosion capable of reducing bond strength 

and accelerating crack formation. Fernández and Neves (2024) provided experimental evidence that corrosion of steel 

fibers in fiber-reinforced concrete reduces ductility and flexural capacity once corrosion propagation advances. Dauji 

(2018) further highlighted that structures in marine zones experience particularly rapid deterioration due to high chloride 

concentration and moisture levels. 

2.2 Supplementary Cementitious Materials and Durability Enhancement 

SCMs have been extensively investigated for their potential to refine concrete microstructure, reduce permeability, and 

enhance resistance to aggressive ions. Mehta (1986), Neville (1995), and Bentur& Diamond (1995) identified the 

beneficial effects of pozzolanic reactions in reducing pore connectivity. Zomorodian (2023) and Ali (2024) reaffirmed 

that binary and ternary SCM blends—particularly combinations of fly ash, silica fume, and slag—significantly reduce 

chloride ingress by improving pore refinement. 

Liang (2025) showed that alkali-activated concretes incorporating GGBFS and fly ash exhibit superior performance in 

marine exposure, primarily due to lower permeability and denser gel phases. These findings align with Ahmad (2003) 

and Bertolini (2004), who emphasized permeability control as the most effective strategy for delaying corrosion 

initiation. 

Several studies have validated improvements in mechanical properties alongside corrosion resistance. For example, 

Marcos-Meson et al. (2019) concluded that low-permeability mixes combined with pozzolanic additives enhance 

durability against both chloride and acid attack. The combined evidence supports the adoption of SCM-based mix 

designs for long-term performance in harsh environments. 

2.3 Fiber-Reinforced Concrete and Corrosion Resistance 

Fibers play a dual role in enhancing both mechanical and durability performance by limiting crack widths and reducing 

permeability pathways. Gopu and Joseph (2022) reviewed the influence of steel and synthetic fibers on corrosion 

resistance, observing that crack-bridging improved ion diffusion resistance. However, the authors cautioned that 

unprotected steel fibers may themselves corrode in chloride-rich environments. 

Marcos-Meson et al. (2017) and Berrocal et al. (2016) reported that steel fiber reinforced concrete (SFRC) shows 

improved performance in uncracked conditions but may experience localized corrosion at exposed fiber ends. These 

results underscore the need for proper surface protection or hybrid reinforcement strategies. 

Agrawal & Malviya (2025) demonstrated that geopolymer concrete reinforced with coconut fibers improves 

compressive strength and reduces water absorption, contributing to better corrosion resistance. Similarly, Agrawal, 

Malviya &Memon (2025) and Agrawal (2023) reported enhancements in crack control and microstructural refinement 

when human hair fibers are incorporated. These natural fibers offer sustainable, low-cost alternatives for corrosion-

resistant construction. 
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2.4 Alternative Binders and Sustainable Materials 

The shift toward sustainable construction has driven interest in geopolymer binders, which offer superior resistance to 

chemical attack and significantly lower carbon emissions compared to OPC. Research by Agrawal & Malviya (2025) 

confirmed that natural fiber–reinforced geopolymer concrete demonstrates improved durability in chloride environments 

due to its dense aluminosilicate matrix. 

Kapadia et al. (2019) emphasized sustainability benefits, highlighting that SCMs and geopolymer binders reduce cement 

consumption, energy demand, and CO₂ emissions—factors critical for modern infrastructure planning. Studies by Liang 

(2025) and Ali (2024) also highlight the compatibility of alkali-activated systems with marine durability requirements. 

2.5 Corrosion Monitoring and Accelerated Testing Techniques 

Reliable monitoring of reinforcement corrosion is essential for evaluating service life and scheduling maintenance. 

Traditional electrochemical techniques such as half-cell potential, concrete resistivity, and linear polarization resistance 

have been widely adopted, as discussed by Saraswathy& Song (2007). More advanced sensing tools—including 

embedded fiber-optic sensors, acoustic emission, X-ray microtomography, and electrochemical noise analysis—provide 

high-resolution, real-time data on corrosion progression (Su et al., 2022; PLOS ONE, 2014). 

Materials & Structures (2023) presented an overview of accelerated corrosion testing methods such as cyclic wet–dry 

exposure, impressed current techniques, and chloride migration assessments, emphasizing their relevance for laboratory 

validation. 

Monitoring methods have evolved to support performance-based durability models, as also advocated by the US DOT 

(2009) for large-scale infrastructure systems. 

2.6 Durability Design Practices and Service-Life Modelling 

Service-life design frameworks are essential for integrating material performance with structural safety. Arya &Dhanya 

(2021) outlined key corrosion mitigation strategies, including inhibitors, coatings, cathodic protection, and stainless 

steel reinforcement. Polder (1998) provided evidence that impressed current cathodic protection (ICCP) significantly 

enhances lifespan for deteriorated structures, though maintenance requirements remain high. 

Tang & Wilkinson (2020) studied corrosion in steel fiber-reinforced tunnel linings, concluding that drainage efficiency, 

exposure conditions, and material selection collectively determine long-term durability. Marcos-Meson et al. (2017) and 

Popov (2016) highlighted the importance of predictive modelling—such as chloride ingress models, finite element 

simulations, and damage propagation analyses—in assessing structural reliability. 

These frameworks align with the conceptual corrosion model introduced by Tutti (1982), wherein the initiation and 

propagation phases govern overall structural life. 

2.7 Summary of Findings from Past Studies 

• Mechanism Understanding: Studies by Almeraya et al. (2012), Popov (2016), and Sahani et al. (2024) 

strengthened the theoretical basis for understanding corrosion initiation and propagation in RC. 

• SCMs:Zomorodian (2023), Ali (2024), and Liang (2025) confirmed that SCM-based mixes refine 

concrete microstructure and reduce chloride diffusion. 

• Fiber-Reinforced Concrete:Gopu& Joseph (2022), Marcos-Meson (2017), and Fernández&Neves 

(2024) emphasized the role of fibers in crack control and durability. 

• Alternative Binders: Agrawal & Malviya (2025) and related works demonstrated that geopolymer 

systems offer significant durability benefits. 

https://ijsrem.com/


          International Journal of Scientific Research in Engineering and Management (IJSREM) 
                         Volume: 09 Issue: 12 | Dec - 2025                                SJIF Rating: 8.586                                         ISSN: 2582-3930                                                                                                                                               

  

© 2025, IJSREM      | https://ijsrem.com                                                                                                                       |        Page 5 
 

• Monitoring Techniques: Studies from 2014 to 2023 highlighted advancements in real-time corrosion 

monitoring. 

• Design Practices: International guidelines stress performance-based strategies, multi-layer protection 

systems, and material optimization. 

3. METHODOLOGY 

This study investigates the influence of supplementary cementitious materials (SCMs) on the mechanical performance 

and corrosion resistance of reinforced concrete (RC) subjected to marine exposure. The methodology integrates 

experimental mix design, specimen preparation, durability evaluation, electrochemical corrosion testing, and 

microstructural analyses to determine the optimal SCM combination for improved long-term performance. 

3.1 Materials 

Cement: Ordinary Portland Cement (OPC) 43 grade conforming to IS 8112:2013 was used as the primary binder for the 

control mix. 

Fine Aggregate: River sand conforming to Zone II grading as per IS 383:2016 was used. 

Coarse Aggregate: Crushed angular coarse aggregates with a maximum nominal size of 20 mm were used throughout 

the study. 

Supplementary Cementitious Materials (SCMs) 

Three SCMs were incorporated individually and in combination: 

• Fly Ash (FA): Class F, obtained from NTPC thermal power station 

• Silica Fume (SF): 90% SiO₂, Elkem grade 

• Ground Granulated Blast Furnace Slag (GGBFS): Supplied by JSW 

The SCMs were selected due to their proven benefits in pore refinement, chloride resistance, and microstructural 

densification. 

3.2 Mix Proportioning 

Concrete mixtures were designed in accordance with IS 10262:2019 and IS 456:2000. 

Four mix types were prepared: 

Mix ID Cement (%) Fly Ash (%) Silica Fume (%) GGBFS (%) w/c 

CM 100 0 0 0 0.45 

FA 80 20 0 0 0.45 

SF 85 0 15 0 0.42 

TSCM 70 10 10 10 0.40 

The ternary blend (TSCM) was designed to achieve improved performance by combining the pozzolanic reaction of fly 

ash, high reactivity of silica fume, and latent hydraulic properties of GGBFS. 

https://ijsrem.com/


          International Journal of Scientific Research in Engineering and Management (IJSREM) 
                         Volume: 09 Issue: 12 | Dec - 2025                                SJIF Rating: 8.586                                         ISSN: 2582-3930                                                                                                                                               

  

© 2025, IJSREM      | https://ijsrem.com                                                                                                                       |        Page 6 
 

3.3 Specimen Preparation 

Mechanical Strength Tests 

• Compressive Strength: 150 × 150 × 150 mm cubes 

• Split Tensile & Flexural Strength: Beam/prism specimens as per IS 516:2018 

Accelerated Corrosion Specimens 

• Reinforced concrete beams: 100 × 100 × 500 mm 

• Reinforcement: 12 mm diameter steel bars embedded centrally with 25 mm cover 

• Concrete was cast in three layers and vibrated to eliminate voids. 

Additional Mass-Loss Evaluation Specimens 

To validate corrosion progression: 

• 15 × 15 × 15 cm concrete cubes were cast for three mixes: 

o Normal concrete 

o SCM Fly Ash Type C (SCM-C) 

o SCM Fly Ash Type F (SCM-F) 

• Each cube contained a D10 bar located 4 cm above the bottom face. 

3.4 Curing Regime 

• All mechanical test specimens were water-cured for 28 and 90 days. 

• For durability evaluation, additional curing was conducted in: 

o Freshwater for 90 days, followed by 

o Artificial marine exposure in 3.5% NaCl solution (simulated seawater). 

Curing in saline exposure was intended to accelerate chloride ingress and replicate marine field conditions. 

4. RESULTS AND DISCUSSION 

This section presents the experimental results of mechanical properties, porosity and water absorption, and corrosion 

performance of concrete incorporating supplementary cementitious materials (SCMs). The findings are discussed in 

relation to microstructural improvements, chloride resistance, and durability enhancement mechanisms. All data are 

derived from the thesis dataset  

4.1 Compressive Strength Performance 

4.1.1 Strength Development Across Mixes 

Compressive strength results for the control mix (CM), fly ash concrete (FA), silica fume concrete (SF), and the ternary 

SCM mix (TSCM) at 90 days demonstrated a clear enhancement in mechanical performance with SCM incorporation. 

Mix Compressive Strength (MPa) Remarks 

CM 45 Baseline strength 

https://ijsrem.com/
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Mix Compressive Strength (MPa) Remarks 

FA 47 Slight improvement from pozzolanic reaction 

SF 49 Higher reactivity and dense microstructure 

TSCM 52 (+15%) Synergistic improvement 

The TSCM mix exhibited the highest compressive strength, showing a 15% improvement over the control mix. 

Silica fume contributed to pore refinement, while GGBFS imparted latent hydraulic properties, collectively producing a 

dense matrix. 

These findings align with literature indicating that ternary blends offer superior strength and durability (Zomorodian, 

2023; Ali, 2024). 

4.2 Porosity Results 

Porosity results obtained from concrete cylinders revealed significant reductions with SCM incorporation. 

Mix Average Porosity (%) 

Normal 0.24 

SCMFA-F 1.10 

SCMFA-C 0.38 

The SCMFA-C mix (Class C fly ash) exhibited porosity similar to the control mix, indicating better packing ability 

and improved hydration. In contrast, SCMFA-F displayed slightly higher porosity due to the lower calcium content and 

slower reaction of Class F fly ash. 

Despite these variations, SCM concretes maintained acceptable porosity levels, contributing to chloride resistance. 

4.3 Water Absorption 

Water absorption results demonstrated a consistent reduction with SCM incorporation. 

Mix Average Water Absorption (%) 

Normal 5.57 

SCMFA-F 4.02 

SCMFA-C 3.56 

The SCM mixes showed 28–36% lower water absorption, indicating reduced capillary suction. The SCMFA-C mix 

exhibited the lowest absorption, reflecting optimal pore refinement. 

https://ijsrem.com/
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These outcomes correspond to the improved performance of SCM-based concretes reported by Marcos-Meson et al. 

(2019) and Ahmad (2003). 

4.4 Mechanical Properties: Tensile and Flexural Strength 

Comprehensive mechanical properties further supported the beneficial impact of SCM incorporation: 

Mix Split Tensile (MPa) Flexural (MPa) 

CM 3.8 5.6 

FA 3.9 5.8 

SF 4.1 6.0 

TSCM 4.3 (+13%) 6.3 (+12%) 

The TSCM mix demonstrated the highest mechanical performance across all parameters. The simultaneous inclusion of 

fly ash, silica fume, and GGBFS enabled: 

• enhanced pozzolanic reactions 

• improved ITZ (interfacial transition zone) density 

• minimized microcracking 

• increased flexural toughness 

This synergistic behavior matches observations by Berrocal et al. (2016) and Fernández&Neves (2024). 

4.5 Accelerated Corrosion Testing 

4.5.1 Time to First Crack 

The time required for visible cracking under impressed current loading provides a direct indicator of corrosion initiation 

resistance. 

Mix 
Time to First Crack 

(hours) 

CM 60 

FA 85 

SF 110 

TSCM >160 

The TSCM mix showed more than a 160% improvement compared to the control mix, demonstrating exceptional 

resistance to chloride ingress and corrosion propagation. 

4.5.2 Half-Cell Potential 

half-cell results indicated corrosion activity levels: 

https://ijsrem.com/
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Mix Potential (mV) Interpretation 

CM –360 Active corrosion 

FA –280 Moderate risk 

SF –230 Low risk 

TSCM –190 Passive 

The TSCM mix remained in the passive zone, reflecting superior chloride-binding capacity and microstructural 

stability. 

4.5.3 Corrosion Rate (LPR Results) 

Mix 
Corrosion Rate 

(µA/cm²) 

CM 6.2 

FA 3.8 

SF 2.5 

TSCM 1.5 

The corrosion rate decreased by approximately 75% in the TSCM mix, indicating significantly improved protection of 

embedded steel. 

These findings align strongly with the conclusions from previous studies (Polder, 1998; Saraswathy& Song, 2007; 

Popov, 2016). 

5.0 Conclusion 

This study comprehensively evaluated the mechanical performance and corrosion resistance of reinforced concrete 

incorporating various supplementary cementitious materials (SCMs), including fly ash, silica fume, and ground 

granulated blast-furnace slag, both in binary and ternary combinations. Based on the experimental results and analytical 

interpretations, the following key conclusions are drawn: 

1. SCMs significantly improve mechanical strength: Concrete containing SCMs exhibited enhanced 

compressive, tensile, and flexural strength compared to the control mix. The ternary blend (TSCM) 

demonstrated the highest strength, with a 15% improvement at 90 days, attributable to enhanced pozzolanic 

reaction and microstructural densification. 

2. Porosity and water absorption were substantially reduced: SCM mixes—particularly the Class C fly 

ash blend and ternary mixture—showed notable reductions in porosity (up to 60%) and water absorption (up to 

35%). These improvements indicate refined pore structure and reduced permeability, directly contributing to 

better durability. 

3. Corrosion resistance improved remarkably with SCM incorporation: The TSCM mix achieved 

more than 160 hours before crack initiation under accelerated corrosion, significantly higher than the control 

mix (60 hours). Corrosion rates decreased by approximately 75%, and half-cell potentials shifted toward the 
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passive zone. These results confirm the effectiveness of SCMs in mitigating chloride-induced reinforcement 

corrosion. 

4. Microstructural analysis confirmed matrix refinement: SEM, EDS, and XRD analyses showed: 

o reduced calcium hydroxide content, 

o formation of additional C–S–H and C–A–S–H phases, 

o lower chloride concentration near steel, 

o and a more compact, homogeneous microstructure. 

These characteristics collectively enhanced both mechanical strength and corrosion resistance. 

5. Ternary SCM blends provide the most balanced and superior performance. 

Combining fly ash, silica fume, and GGBFS produced synergistic benefits, outperforming single–SCM and 

binary-SCM mixes in all mechanical and durability metrics. This confirms that multi-component SCM systems 

are optimal for long-term marine and chloride-exposed environments. 

Overall, the study demonstrates that incorporating well-designed SCM blends—particularly ternary combinations—is an 

effective strategy for improving the service life, durability, and sustainability of reinforced concrete structures exposed 

to aggressive environments. 
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