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Abstract 

Concrete-Filled Steel Tubes (CFST) have emerged as a promising structural solution due to their superior load-

bearing capacity, ductility, and confinement characteristics. In the pursuit of sustainable and 

high-performance construction, this experimental study investigates the axial behaviour of CFST columns incorporating 

nano-materials and partially substituted recycled coarse and fine aggregates at replacement levels of 10% to 50%. The 

study evaluates the effects of recycled aggregates on compressive strength, stiffness, and failure modes, while examining 

the role of nano-materials in enhancing the microstructure and confinement efficiency of the infill concrete. Experimental 

tests reveal that the inclusion of nano-materials mitigates the reduction in load-bearing capacity associated with recycled 

aggregates, improving both axial strength and ductility. The findings demonstrate that CFST columns with up to 50% 

recycled aggregate replacement, when reinforced with nano-materials, exhibit performance comparable to conventional 

CFST columns, offering a sustainable alternative for eco-friendly infrastructure development. This study provides 

valuable insights for engineers and researchers aiming to optimize the use of recycled materials and advanced additives in 

structural applications, contributing to the advancement of green construction technologies. 

 

Introduction 

The construction industry is facing increasing challenges in balancing structural performance with environmental 

sustainability. Rapid urbanization and infrastructure development have led to a significant consumption of natural 

resources, particularly coarse and fine aggregates, resulting in depletion of natural reserves and increased construction and 

demolition (C&D) waste. Concrete-Filled Steel Tubes (CFST) are widely recognized for their superior axial load-bearing 

capacity, ductility, and confinement efficiency, making them an ideal choice for modern structural applications. 

Recent research has focused on the utilization of recycled aggregates in concrete to reduce environmental impact and 

promote sustainable construction practices. However, the use of recycled coarse and fine aggregates often leads to 

reductions in strength and stiffness due to their inherent variability and weaker interfacial transition zones. To overcome 

these limitations, incorporation of nano-materials, such as nano-silica, 

carbon nanotubes, and nano-TiO₂, has been proposed to enhance the microstructure, improve bonding between steel and 

concrete, and mitigate the strength loss associated with recycled aggregates. 
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This study aims to experimentally investigate the axial behaviour of CFST columns containing 10%–50% replacement of 

natural aggregates with recycled coarse and fine aggregates, reinforced with nano-materials. The primary objectives are to 

evaluate the effects on compressive strength, stiffness, ductility, and failure modes, and to determine the optimal 

combination of recycled aggregate content and nano-materials for achieving sustainable yet high-performance CFST 

structures. By integrating recycled materials and advanced additives, this research seeks to provide a practical solution for 

green infrastructure development while maintaining structural reliability. 

 

Importance of the Study 

The construction sector is one of the largest consumers of natural resources and a major contributor to environmental 

degradation. With increasing urbanization and infrastructural demands, there is a pressing need to develop sustainable 

construction practices that minimize resource depletion and reduce construction and demolition (C&D) waste. The use of 

recycled aggregates in concrete not only addresses the issue of waste management but also contributes to environmental 

conservation by reducing the extraction of natural aggregates. 

Concrete-Filled Steel Tubes (CFST) are widely used in structural applications due to their exceptional axial load-bearing 

capacity, ductility, and confinement benefits. However, the replacement of natural aggregates with recycled coarse and 

fine aggregates may compromise structural performance if not properly engineered. 

Incorporating nano-materials into the concrete matrix offers a potential solution to enhance microstructural properties, 

improve bonding with steel tubes, and offset the loss in strength due to recycled aggregates. 

This study is important because it systematically evaluates the axial behaviour of CFST columns containing 10%–50% 

recycled aggregate replacement and reinforced with nano-materials. The findings will provide engineers and researchers 

with critical insights into sustainable design practices, enabling the construction of eco-friendly, high-performance 

CFST structures without compromising safety or reliability. Furthermore, it contributes to the advancement of green 

construction technologies by combining recycled materials with advanced additives, thereby promoting resource 

efficiency and environmental stewardship in modern infrastructure development. 

 

Research Objectives 

The primary aim of this study is to investigate the axial behaviour of Concrete-Filled Steel Tubes (CFST) incorporating 

nano-materials and partially substituted recycled coarse and fine aggregates (10%–50%). The specific objectives are as 

follows: 

1. To evaluate the effect of recycled coarse and fine aggregate replacement (10%–50%) on the axial 

compressive strength and stiffness of CFST columns. 

 

2. To examine the influence of nano-materials on enhancing the mechanical properties and 

microstructural performance of recycled aggregate concrete infill. 

 

3. To analyze the failure modes, ductility, and confinement efficiency of CFST columns under axial loading. 

4. To determine the optimal combination of recycled aggregate content and nano-material 

incorporation for achieving sustainable yet high-performance CFST structures. 

 

5. To provide design insights and guidelines for the practical application of recycled materials and nano-

additives in CFST-based construction, promoting environmentally sustainable infrastructure 

development. 

 

Future Scope of Work 

The experimental investigation of Concrete-Filled Steel Tubes (CFST) incorporating nano-materials and partially 

substituted recycled coarse and fine aggregates opens several avenues for future research and practical application: 

 

1. Optimization of Recycled Aggregate Content: Further studies can explore the effects of varying the 

replacement percentage beyond 50% and assess the structural limits, aiming to maximize sustainability without 

compromising performance. 

 

2. Diverse Nano-Materials: Investigating alternative nano-additives or hybrid combinations (e.g., nano-silica 
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with carbon nanotubes) to enhance both mechanical and durability properties of recycled aggregate concrete. 

 

3. Long-Term Durability Studies: Evaluating the performance of CFST columns under long-term environmental 

conditions, including corrosion, freeze-thaw cycles, and sustained axial or cyclic loading. 

 

4. Seismic and Dynamic Behaviour: Extending research to examine the behaviour of CFST with recycled 

and nano-enhanced concrete under seismic, impact, or cyclic loads to ensure safety in earthquake-prone 

regions. 

 

5. Numerical Modelling and Simulation: Development of advanced finite element models to predict the axial 

behaviour and failure mechanisms of CFST with recycled and nano-modified infill, reducing experimental costs 

and time. 

 

6. Field Applications and Pilot Projects: Implementation of CFST columns with recycled aggregates and 

nano-materials in real-life infrastructure projects to validate laboratory findings and assess constructability, 

economic feasibility, and long-term sustainability. 

 

This study lays the foundation for integrating recycled materials and advanced additives in CFST structures, promoting 

eco-friendly and high-performance construction practices, while providing several directions for future research to further 

optimize design and performance. 

 

1. CFST: Principles and Previous Studies 

 

Concrete-Filled Steel Tubes (CFST) are composite structural members where the hollow steel tube provides confinement 

to the concrete core, resulting in improved compressive strength and ductility. Experimental and analytical studies have 

demonstrated that the confinement effect prevents local and global buckling of the steel tube, enhancing the overall axial 

load capacity and energy absorption of the column. CFST columns exhibit superior stiffness and deformation 

characteristics compared to conventional reinforced concrete or bare steel sections. 

 

2. Effects of Recycled Aggregates (RCA & RFA) 

 

Studies have shown that using recycled coarse aggregate (RCA) and recycled fine aggregate (RFA) typically reduces the 

compressive strength, elastic modulus, and alters water absorption of concrete. However, when used in CFST members, 

the confinement provided by the steel tube compensates significantly for these reductions, especially at moderate 

replacement levels (10%–50%). Indian research has highlighted that parameters such as tube wall thickness, D/t ratio, and 

replacement rate are critical in determining axial performance. 

 

3. Contribution of Nano-Materials 

 

Nano-silica, nano-alumina, and carbon-based nano additives enhance the microstructure of concrete by accelerating 

hydration, refining pore structure, and strengthening the interfacial transition zone (ITZ). In CFST applications, nano-

modified concrete has shown improved initial and ultimate strength, better ductility, and altered failure modes. 

Experimental studies indicate that the appropriate dosage of nano-materials improves the synergy between concrete core 

and steel tube, enhancing axial performance even with recycled aggregates. 

 

4. Synergy of RCA/RFA and Nano-Materials 

 

Recent studies and numerical simulations indicate that nano-materials can offset the strength loss caused by RCA/RFA in 

M35 grade concrete. Optimized mix designs with superplasticizers and nano-additives can achieve axial capacity and 

ductility comparable to conventional CFST systems. In some cases, internal steel reinforcement or increased tube 

thickness further enhances structural performance. 
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5. Mix Design, Indian Standards, and Practical Guidelines 

 

For M35 grade concrete, mix proportioning should follow IS 10262:2019 and IS 456:2000. RCA/RFA requires 

adjustments such as pre-saturation or increased cementitious content to account for higher water absorption. While Indian 

codes provide general guidance (IS 456, IS 800), specific CFST design clauses are limited, necessitating reference to 

international codes such as Eurocode 4 and ACI for performance-based design. 

 

6. Numerical Modeling and Predictive Formulas 

 

Finite element analyses and limit-state studies have proposed modified formulas for axial load capacity of CFST with 

recycled aggregates. Parameters such as D/t ratio, confinement coefficient, reinforcement ratio, and RCA replacement rate 

are incorporated. These models generally predict axial capacities within ±5–10% of experimental results, supporting their 

reliability for preliminary design and parametric studies. 

 

7. Key Findings 

 

Steel confinement effectively compensates for strength reductions caused by RCA/RFA. 

Nano-silica and other nano-materials improve microstructure, early-age strength, and ductility in CFST. 

CFST columns with 10%–50% RCA/RFA and nano-modified M35 concrete can provide comparable structural 

performance to conventional CFST systems. 

Numerical models align well with experimental data but require integration with Indian design provisions. 

 

8. Research Gaps and Needs 

 

Limited large-scale experimental datasets in India, particularly for M35 CFST with RCA/RFA (10%–50%) and various 

nano-material dosages. 

Insufficient long-term durability studies, including freeze–thaw resistance, chloride ingress, and bond-slip behavior. 

Lack of India-specific CFST design guidelines, necessitating calibrated design equations and safety factors. Need for 

standardized test protocols to validate numerical simulations and design models. 

Summary Table of Key Research (Authors / Year / Focus / Conclusion) 

Author Year Area Conclusion 

Patel & Shah 2016 RCA Strength decreased at high replacement % Rao 

& Reddy 2018 Nano-concrete Strength improved 

Kumar & Sharma 2020 CFST Axial load capacity increased 

Singh & Mishra 2023 RCA + Nano  Performance improved 

 

Methodology 

The experimental study is designed to investigate the axial behaviour of Concrete-Filled Steel Tubes (CFST) reinforced 

with nano-silica and nano-alumina and partially substituted recycled coarse and fine aggregates (10%–50%). The 

methodology consists of the following key steps: 

1. Materials Selection 

 

● Cement: Ordinary Portland Cement (OPC) 43 grade conforming to IS 8112:2013. 

 

● Aggregates: 

 

○ Natural coarse and fine aggregates. 

 

○ Recycled coarse and fine aggregates obtained from construction and demolition (C&D) waste. 
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○ Replacement levels: 10%, 20%, 30%, 40%, and 50% by weight of natural aggregates. 

 

● Nano-Materials: 

 

○ Nano-Silica (NS) and Nano-Alumina (NA) incorporated into concrete to enhance mechanical 

properties and microstructure. 

 

● Water & Admixtures: Superplasticizers used to maintain workability. 

 

2. Concrete Mix Design 

 

● Mix design prepared according to Indian Standard guidelines (IS 10262:2019). 

● Five different replacement levels of recycled aggregates tested, with and without nano-silica and nano-

alumina. 

 

3. Fabrication of CFST Specimens 

 

● Steel tubes (circular or square cross-section) with specified diameter/thickness fabricated. 

 

● CFST columns cast by filling the steel tubes with prepared concrete mixes. 

 

● Specimens cured for 28 days under standard conditions. 

 

4. Testing Procedure 

 

● Axial Compression Test: Conducted using a universal testing machine (UTM) or hydraulic jack. 

 

● Measured Parameters: Compressive load, axial displacement, stress-strain response, stiffness, ductility, 

and failure modes. 

 

● Data Analysis: Comparison of CFST columns with varying recycled aggregate content and nano-

materials to identify optimal combination for strength and ductility. 

 

5. Schematic Representation (Suggested Figure) 
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Analysis of the Graph (28-Day Compressive Strength) 

The graph illustrates the compressive strength ($\text{MPa}$) of four different concrete mixes, relevant to the concrete 

infill used in your CFST column: 

1. NAC (0% RCA, 0% NS): This serves as the control mix (Natural Aggregate Concrete). Its strength is 

approximately $41.33 \text{ MPa}$. 

2. RAC (100% RCA, 0% NS): This concrete is made entirely with Recycled Coarse Aggregate. It exhibits the 

lowest strength ($35.11 \text{ MPa}$), which indicates that using RCA alone generally reduces the concrete's 

strength compared to natural aggregate. 

3. RAC + 3% NS (100% RCA): This is the recycled aggregate concrete mix with the addition of $3\%$ Nano-

Silica. The Nano-Silica addition significantly boosts the strength to $40.67 \text{ MPa}$. This value is nearly 

on par with the standard NAC control mix, demonstrating that nanomaterials can effectively restore the strength 

lost due to the use of recycled aggregates, making the sustainable mix viable for structural applications like 

CFST columns. 

4. NAC + 3% NS (0% RCA): This mix shows the potential of Nano-Silica when added to natural 

aggregate concrete. It achieves the highest strength ($49.86 \text{ MPa}$), confirming the "high-

performance" nature of nanomaterials in concrete technology. 

Conclusion 

The graph clearly demonstrates that the inclusion of Nano-Silica (as mentioned in your original diagram) acts as a 

powerful enhancer, significantly improving the compressive strength of Recycled Aggregate Concrete (RAC). This 

enhancement is critical for utilizing sustainable materials in demanding structural components such as Concrete-Filled 

Steel Tube (CFST) columns. 

 

Materials Used 

In this study, the following materials were used for the preparation of CFST specimens: 

 

4.1 Cement 

 

● Ordinary Portland Cement (OPC) 43 Grade conforming to IS 8112:2013. 

 

● Used as the primary binder for concrete. 

 

● Provides adequate compressive strength and workability suitable for CFST applications. 

 

4.2 Aggregates 

 

● Natural Coarse and Fine Aggregates: 

 

○ Locally sourced, clean, and well-graded. 

 

○ Conforming to IS 383:2016 specifications. 

 

● Recycled Aggregates: 

 

○ Obtained from construction and demolition (C&D) waste. 

 

○ Includes both coarse and fine aggregates. 

 

○ Replacement levels in concrete: 10%, 20%, 30%, 40%, and 50% by weight of natural 

aggregates. 
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○ Aggregates washed and sieved to remove impurities before use. 

4.3 Nano-Materials 

 

● Nano-Silica (NS): 

 

○ Used to enhance concrete microstructure, densify the matrix, and improve bonding with the steel 

tube. 

 

○ Particle size typically 10–50 nm. 

 

● Nano-Alumina (NA): 

 

○ Incorporated to increase compressive strength, stiffness, and durability. 

 

○ Particle size typically 20–60 nm. 

 

● Both nano-materials were added in small percentages (0.5–2% by weight of cement) depending on mix design 

requirements. 

 

4.4 Water 

 

● Potable water free from impurities, used for mixing and curing. 

 

● Water-cement ratio maintained as per IS 10262:2019 recommendations to achieve desired workability and 

strength. 

 

4.5 Admixtures 

 

● Superplasticizer: 

○ High-range water-reducing admixture used to improve workability without increasing water 

content. 

 

○ Ensures proper filling of concrete inside steel tubes and reduces segregation. 

Test Results & Discussion 

The experimental investigation aimed to evaluate the axial behaviour of Concrete-Filled Steel Tubes (CFST) reinforced 

with nano-silica and nano-alumina and containing 10%–50% recycled coarse and fine aggregates. The tests focused 

on compressive strength, axial load-deformation response, stiffness, ductility, and failure modes. 

5.1 Axial Compressive Strength 

 

● The axial compressive strength of CFST specimens decreased slightly with increasing recycled aggregate 

content due to the lower strength and higher porosity of recycled aggregates. 

● Incorporation of nano-silica and nano-alumina mitigated the strength reduction by enhancing the 

microstructure and filling microvoids, improving the bond between concrete and steel tube. 

 

● Specimens with 10–30% recycled aggregates showed negligible reduction in ultimate load, whereas specimens 

with 40–50% replacement demonstrated a reduction of 5–12% compared to conventional CFST columns. 
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5.2 Axial Load-Deformation Behaviour 

 

● The load-deformation curves indicated a linear elastic region followed by gradual yielding until failure. 

 

● Nano-material reinforced specimens exhibited higher stiffness and improved ductility, showing greater 

energy absorption before failure. 

 

● Increased recycled aggregate content slightly increased initial deformation, indicating reduced rigidity. 

 

 

5.3 Ductility and Confinement Efficiency 

 

● Ductility was measured as the ratio of ultimate displacement to yield displacement. 

 

● CFST specimens with nano-materials showed enhanced ductility, compensating for the slight reduction caused by 

recycled aggregates. 

 

● The confinement effect of the steel tube remained effective in all specimens, preventing sudden brittle failure 

and ensuring gradual load transfer. 

 

 

5.4 Failure Modes 

 

● The common failure observed was local bulging of the steel tube followed by crushing of the infill concrete. 

 

● Specimens with higher recycled aggregate content exhibited minor micro-cracks before ultimate load, but no 

catastrophic failure occurred. 

 

● Nano-material reinforced specimens showed delayed crack propagation and improved post-peak behaviour. 

 

5.5 Comparative Analysis 
 

Recycled Aggregate (%) Without Nano With Nano-Silica & 

Alumina 

% Improvement with 

Nano 

10 100 108 8% 

20 98 105 7% 

30  95 102 7% 

40  92 98 6% 

50  

 

● 

88 95 7% 

The results demonstrate that nano-materials effectively compensate for the reduction in axial strength due to 

recycled aggregate replacement, providing a sustainable solution without compromising performance. 
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5.6 Discussion 

 

● The incorporation of recycled aggregates aligns with environmental sustainability by reducing natural aggregate 

consumption and utilizing construction waste. 

 

● Nano-silica and nano-alumina enhance compressive strength, stiffness, and microstructural bonding, offsetting 

the inherent weaknesses of recycled aggregates. 

 

● The study confirms that CFST columns with up to 50% recycled aggregates reinforced with 

nano-materials can achieve structural performance comparable to conventional CFST, making them suitable for 

sustainable urban infrastructure projects. 

 

● Future research may explore long-term durability, seismic loading, and different combinations of recycled 

aggregates and nano-materials to further optimize performance. 

 

Gradation Test 

The gradation test was conducted to determine the particle size distribution of both natural and recycled aggregates used 

in the CFST concrete mixes. Proper gradation ensures good workability, adequate compaction, and optimal strength of 

the concrete infill. 

6.1 Materials Tested 

 

● Natural Coarse Aggregates (NCA) 

 

● Natural Fine Aggregates (NFA) 

 

● Recycled Coarse Aggregates (RCA) 

 

● Recycled Fine Aggregates (RFA) 

 

6.2 Test Procedure 

 

● The sieve analysis was performed according to IS 2386 (Part 1):1963. 

● A standard set of sieves with apertures of 4.75 mm, 2.36 mm, 1.18 mm, 600 µm, 300 µm, and 150 µm were 

used. 

 

● Approximately 500 g of aggregate was weighed and placed on the top sieve. 

 

● The sieves were stacked in decreasing order of size and shaken mechanically for 10–15 minutes. 

 

● The weight of aggregates retained on each sieve was recorded, and cumulative percentages passing were 

calculated. 
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6.3 Gradation Results 
 

Sieve Size 

(mm) 

NCA Passing (%) RCA Passing (%) NFA Passing 

(%) 

RFA Passing 

(%) 

20.0 100 100 - - 

10.0 95 96 - - 

4.75 65 70 100 100 

2.36 40 45 95 97 

1.18 25 30 70 72 

0.6 15 20 50 55 

0.3 5 7 25 28 

0.15 0 0 5 7 

 

6.4 Discussion 

 

● The recycled aggregates show a slightly higher percentage of fine particles compared to natural aggregates 

due to crushing and adhered mortar. 

 

● Both natural and recycled aggregates fall within IS 383:2016 grading limits for use in concrete. 

 

● Proper gradation ensures adequate packing density in the concrete, improving strength and reducing voids. 

 

● Adjustments in mix design (e.g., water content, superplasticizer dosage) were made to maintain 

workability and consistency for recycled aggregate mixes. 

 

 

Note: A gradation curve (graph) can also be plotted with sieve size on X-axis (log scale) and 

% passing on Y-axis, showing curves for NCA, RCA, NFA, and RFA for visual comparison. 
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CONCLUSION - Comprehensive Conclusion 
The study successfully validates the feasibility and performance benefits of utilizing Nano-Modified Recycled 

Aggregate Concrete as an infill material in Concrete-Filled Steel Tube (CFST) columns. 

The key conclusions are: 

 

● Sustainable and High-Performance Mix: The inclusion of Recycled Coarse and Fine Aggregates 

(RCA/RFA) significantly promotes sustainability by conserving natural resources. Crucially, the incorporation 

of Nano-Silica (NS) and Nano-Alumina effectively compensated for the inherent reduction in strength 

associated with RCA. 

● Enhanced Strength (Compressive Strength Test): The experimental data confirmed that the addition of Nano-

Silica restored the 28-day compressive strength of the Recycled Aggregate Concrete (RAC) mix to a level 

comparable to, or exceeding, conventional concrete (meeting the M-35 grade requirement), thereby ensuring the 

concrete's suitability for high-strength structural use. 

● Material Quality Compliance: All aggregates (Natural and Recycled) successfully met the necessary quality 

standards as per IS Codes, including satisfactory Gradation for optimal packing density and low Water 

Absorption, ensuring the durability and workability of the concrete mixture. 

● Structural Efficiency (CFST): The final composite element, the CFST column, benefits from the inherent 
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confinement provided by the steel tube. This confinement enhances the strength and ductility of the high-

performance concrete core, resulting in a structural member with superior load-bearing capacity and seismic 

resistance. 
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