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Abstract 
This study investigates the influence of selected nanomaterials — primarily nano-
silica (nSiO₂), carbon nanotubes (CNT), and graphene oxide (GO) — on the 
compressive strength, water absorption, and carbonation resistance of ordinary 
Portland cement (OPC) concrete. Specimens incorporating nanomaterial dosages 
between 0.03% and 3% by cement weight were cast, cured, and tested at 7, 28, and 90 
days. Results demonstrate that a 3% nano-silica addition yields a 37.7% improvement 
in 28-day compressive strength over the control, while a hybrid NS + CNT blend 
achieves 52.6% gain. Microstructural examination via SEM and XRD confirms pore 
refinement and enhanced interfacial transition zone (ITZ) density. Findings affirm 
nanotechnology as a viable strategy for next-generation high-performance concrete. 
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1. Introduction 

Concrete is the most widely consumed construction material globally, with annual production exceeding 10 billion tonnes. 

Despite its ubiquity, conventional Portland cement concrete exhibits inherent limitations including porosity-driven durability 

degradation, susceptibility to chloride ingress, carbonation-induced corrosion, and relatively modest tensile capacity. 

Infrastructure ageing, rising repair costs, and the imperative for sustainable construction have intensified research into 

performance-enhancing admixtures and supplementary cementitious materials (SCMs). 

Nanotechnology — defined broadly as the manipulation of matter at scales between 1 and 100 nm — offers a transformative 

pathway for addressing these limitations. At the nanoscale, materials exhibit quantum and surface-area-governed properties 

markedly different from their bulk counterparts. Incorporation of nanomaterials into cementitious matrices can refine pore 

structure, densify the interfacial transition zone (ITZ), and introduce novel mechanical reinforcing mechanisms unavailable to 

conventional SCMs such as fly ash or ground-granulated blast-furnace slag (GGBS). 

Nano-silica (nSiO₂) has attracted the widest research attention due to its pronounced pozzolanic reactivity and commercial 

availability. Simultaneously, carbon-based nanomaterials — carbon nanotubes (CNT), carbon nanofibers (CNF), and graphene 

oxide (GO) — have demonstrated exceptional tensile reinforcement potential. Nano-titania (nTiO₂) and nano-alumina (nAl₂O₃) 

contribute accelerated hydration kinetics and photocatalytic self-cleaning properties, broadening nanomaterial utility beyond 

mechanical enhancement. 

This article presents a systematic investigation of selected nanomaterials as concrete additives, analysing their influence on 

compressive strength, water absorption, and carbonation resistance. The study further employs scanning electron microscopy 

(SEM) and X-ray diffraction (XRD) to correlate macroscopic property gains with nanoscale microstructural evolution, providing 

mechanistic insights essential for material optimisation and practical deployment. 

 

2. Related Work 

Pioneering studies by Sobolev and Ferrada-Gutiérrez (2005) [1] established the conceptual framework for nano-engineered 

concrete, predicting that nanoscale pozzolans could dramatically reduce porosity and chloride diffusivity. Subsequent 

investigations by Qing et al. (2007) [3] and Ji (2005) [4] provided early quantitative evidence that nano-SiO₂ additions between  
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1–3% significantly reduced water permeability and refined 

capillary pore structure as characterised by mercury intrusion 

porosimetry (MIP). Li et al. (2006) [2] demonstrated that 

nano-particles in pavement concrete improved abrasion 

resistance, while Ltifi et al. (2011) [8] showed accelerated 

strength gain in mortar specimens. 

Research on carbon-based nanomaterials gained momentum 

following Konsta-Gdoutos et al. (2010) [14], who reported up 

to 35% fracture toughness improvement in CNT-reinforced 

cement pastes at dosages as low as 0.048% by mass. Makar 

and Chan (2009) [15] employed electron microscopy to 

observe C–S–H nucleation on CNT surfaces, confirming 

their role as hydration accelerators. Kawashima et al. (2013) 

[17] extended these findings to practical mortar formulations, 

demonstrating workability-strength trade-offs manageable 

through superplasticiser optimisation. 

Graphene oxide incorporation was reported by Jalal et al. 

(2012) [25] and subsequent researchers to improve flexural 

strength through sheet-level crack deflection. Norhasri et al. 

(2017) [9] and Jiang et al. (2018) [23] published comprehensive 

reviews synthesising hundreds of studies, consistently 

affirming strength and durability benefits while noting the 

challenges of agglomeration and cost scalability. Pacheco-

Torgal and Jalali (2011) [10] further contextualised 

environmental and health considerations, establishing 

guidelines for responsible nanomaterial deployment in 

construction. 

 

3. Nanomaterial Framework 

3.1. Classification and Properties 

Table 1 summarises key physical and performance 

characteristics of the principal nanomaterials studied. The 

materials differ substantially in morphology — spherical 

nanoparticles (nSiO₂, nTiO₂, nAl₂O₃), fibrillar tubes (CNT), 

two-dimensional sheets (GO), and rhombohedral crystals 

(nCaCO₃) — each exploiting distinct reinforcing 

mechanisms. Specific surface area is a critical parameter: 

materials exceeding 100 m²/g exhibit heightened reactivity, 

accelerating pozzolanic and nucleation reactions critical to 

early-age strength development. 
 

Table 1: Comparative Properties of Principal Concrete Nanomaterials 
 

Nanomaterial Particle Size (nm) Surface Area (m²/g) Dosage (% wt.) Compressive Strength Gain (%) Key Benefit 

Nano-Silica (nSiO₂) 10–20 150–200 1–3 +18–28 Pozzolanic reactivity 

Carbon Nanotubes (CNT) 1–50 200–400 0.03–0.1 +20–35 Crack-bridging 

Nano-TiO₂ 15–30 50–100 1–5 +12–20 Photocatalytic action 

Nano-Al₂O₃ 20–40 80–150 2–5 +10–18 Hydration acceleration 

Graphene Oxide (GO) 0.1–10 400–700 0.01–0.05 +15–25 Matrix reinforcement 

Nano-CaCO₃ 40–80 15–30 2–4 +8–15 Filler & nucleation 
Source: compiled from Sanchez & Sobolev (2010) [6], Norhasri et al. (2017) [9], Jiang et al. (2018) [23] 

 

3.2. Interaction Mechanisms 

The central mechanisms by which nanomaterials benefit 

concrete are: (i) pozzolanic reaction, wherein amorphous 

SiO₂ reacts with portlandite (Ca(OH)₂) to form additional 

calcium silicate hydrate (C–S–H) gel; (ii) filler effect, where 

ultrafine particles physically occupy interstitial voids and 

refine pore size distribution; (iii) nucleation seeding, in which 

particle surfaces serve as preferred sites for early C–S–H 

precipitation; and (iv) crack-bridging, particularly by CNT 

and GO, which span nascent microcracks and resist mode-I 

opening. Figure 1 schematically illustrates these pathways. 

 

 
 

Fig 1: Nanomaterial Interaction Mechanism 
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4. Materials and Methods 

4.1. Materials 

Ordinary Portland cement (OPC) conforming to IS 

12269:2013 (53-grade) was used as the primary binder, with 

water-to-cement ratio (w/c) maintained at 0.45 across all 

mixes. Coarse aggregate (crushed granite, 20 mm nominal 

maximum size) and river sand (FM = 2.6) were combined at 

a 2:1 mass ratio. Commercially sourced colloidal nano-silica 

(15 nm, 99.9% purity), multi-walled CNT (outer diameter 

10–20 nm, length 10–30 μm, >95% purity), and graphene 

oxide (single-layer, lateral dimension 1–10 μm) were 

employed. Polycarboxylate-based superplasticiser was used 

in CNT and GO mixes to ensure adequate dispersion. 

 

4.2. Mix Proportions and Specimen Preparation 

Six mix designations were investigated: a plain control 

(OPC), three single-nanomaterial mixes (NS-1, NS-3, CNT-

0.05, GO-0.03), and one hybrid blend (NS-2 + CNT-0.03). 

Nanomaterials replaced cement by mass at specified dosages. 

CNT and GO were pre-dispersed in superplasticiser solution 

via 30-minute ultrasonication before addition to the mix. 

Standard 150 mm cubes and 100 × 200 mm cylinders were 

cast, consolidated by vibration, and cured under water at 23 

± 2 °C. 

 

4.3. Testing Procedures 

Compressive strength (CS) was measured at 7, 28, and 90 

days per IS 516:2004. Water absorption was determined as 

per ASTM C642 after 28 days. Carbonation depth was 

assessed on split specimens exposed to 4% CO₂ atmosphere 

for 28 days, then treated with phenolphthalein indicator. 

Microstructural characterisation employed a ZEISS Sigma 

300 field-emission SEM with integrated EDS, and a Bruker 

D8 Advance XRD system using Cu-Kα radiation (λ = 1.5418 

Å). 

 

5. Results and Comparative Analysis 

5.1. Compressive Strength 

Table 2 presents 28-day performance metrics across all mix 

designations. The control concrete achieved 38.2 MPa, 

consistent with typical 53-grade OPC concrete at w/c = 0.45. 

NS-3 reached 52.6 MPa (37.7% gain), attributable to high 

nano-silica reactivity consuming portlandite and producing 

dense secondary C–S–H. The hybrid NS-2 + CNT-0.03 mix 

recorded the highest value of 58.3 MPa (52.6% gain), 

confirming synergistic interaction between the 

filler/pozzolanic role of nSiO₂ and the crack-bridging role of 

CNT. CNT-0.05 achieved 51.8 MPa; GO-0.03 yielded 49.4 

MPa. Crucially, all nanomaterial mixes outperformed the 

control across all tested ages. 
 

Table 2: 28-Day Performance Metrics by Mix Designation 
 

Mix Designation Nano Additive Dosage (%) 28-Day CS (MPa) Water Absorption (%) Carbonation Depth (mm) 

Control (OPC) None 0 38.2 4.80 12.4 

NS-1 Nano-Silica 1 45.1 3.90 9.8 

NS-3 Nano-Silica 3 52.6 3.10 7.2 

CNT-0.05 CNT 0.05 51.8 3.30 7.8 

GO-0.03 Graphene Oxide 0.03 49.4 3.50 8.5 

NS-2 + CNT-0.03 Hybrid 2+0.03 58.3 2.70 5.9 
CS = Compressive Strength. Values are means of three specimens; CoV < 3.5% for all series. 

 

5.2. Durability Indicators 

Water absorption in the hybrid mix was reduced to 2.70%, 

compared to 4.80% in the control — a 43.8% improvement 

— reflecting the combined physical pore-filling and chemical 

densification effects of nSiO₂ and CNT. Carbonation depth in 

NS-3 decreased from 12.4 mm (control) to 7.2 mm, and 

further to 5.9 mm in the hybrid, indicating a substantially 

denser microstructure resistant to CO₂ ingress. These results 

correlate with reduced chloride diffusion coefficients 

reported in analogous studies, suggesting comprehensive 

durability enhancement rather than isolated improvement. 

 

5.3. Microstructural Analysis 

SEM micrographs of the NS-3 mix at 28 days revealed a 

significantly denser C–S–H matrix with minimal capillary 

porosity compared to control specimens, which exhibited 

pronounced interconnected pore channels. The ITZ thickness 

in nano-modified mixes was reduced from approximately 30–

40 μm (control) to under 15 μm, with fewer Ca(OH)₂ platelets 

visible at aggregate surfaces — indicative of active 

pozzolanic consumption. XRD analysis confirmed 

diminished portlandite peak intensity at 2θ ≈ 18.1° and ≈  

34.1° for all nanomaterial mixes, with the NS-3 portlandite 

peak reduced by 62% relative to control, corroborating 

effective pozzolanic activity. 

 

6. Discussion 

The results collectively establish that nanomaterial 

incorporation addresses concrete performance limitations at 

the fundamental microstructural level rather than through 

bulk compositional substitution. The dual role of nano-silica 

— as both a highly reactive pozzolan and a nanoscale filler 

— renders it the most versatile and practically accessible 

option. Its capacity to densify the ITZ is particularly 

significant because the ITZ has long been recognised as the 

weakest microstructural region in concrete, governing both 

mechanical failure initiation and transport-based 

deterioration pathways. 

Carbon nanotubes introduce a qualitatively different 

reinforcing mechanism: nano-scale bridging of propagating 

cracks at energy levels far below those detectable by 

conventional macro-fracture testing. The challenge of 

uniform dispersion remains the principal barrier to CNT 

adoption. Our superplasticiser-assisted ultrasonication  
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protocol achieved acceptable dispersion at 0.05% dosage, but 

agglomeration was visually detectable at 0.1%, constraining 

the practical dosage window. Future research should explore 

surface functionalisation (e.g., –COOH grafting) to improve 

CNT hydrophilicity and compatibility with the aqueous 

cement system. 

The hybrid NS + CNT formulation achieved the highest 

performance across all metrics, supporting the hypothesis 

that pozzolanic and crack-bridging mechanisms act 

complementarily rather than competitively. From a design 

perspective, this hybrid approach allows practitioners to 

achieve high-performance targets at reduced individual 

nanomaterial dosages, mitigating cost and health-risk 

concerns. Durability improvements — particularly 

carbonation resistance — translate directly to extended 

service life, reduced lifecycle costs, and lower embodied 

carbon through diminished repair and replacement cycles, 

aligning with circular economy principles in construction. 

 

7. Conclusion 

This investigation confirms that the strategic incorporation of 

nanomaterials significantly enhances both the mechanical 

performance and durability of OPC concrete. Key findings 

are: (1) nano-silica at 3% dosage improves 28-day 

compressive strength by 37.7% and reduces carbonation 

depth by 41.9%; (2) CNT at 0.05% provides comparable 

strength gains (35.6%) through crack-bridging rather than 

pozzolanic mechanisms; (3) graphene oxide at 0.03% yields 

moderate but consistent improvements; (4) a hybrid NS-2 + 

CNT-0.03 blend delivers the highest performance — 52.6% 

strength gain and 43.8% reduction in water absorption; and 

(5) XRD and SEM analyses confirm that performance gains 

originate from portlandite consumption, secondary C–S–H 

formation, pore refinement, and ITZ densification. These 

findings provide a robust experimental foundation for 

incorporating nanomaterials into high-performance concrete 

specifications for infrastructure applications demanding 

extended durability under aggressive environmental 

exposure. 

 

References 

1. Sobolev K, Ferrada-Gutiérrez M. How nanotechnology 

can change the concrete world. Am Ceram Soc Bull. 

2005;84(10):14–17.  

2. Li H, Zhang M, Ou J. Abrasion resistance of concrete 

containing nano-particles for pavement. Wear. 

2006;260(11–12):1262–66.  

3. Qing Y, Zenan Z, Deyu K, Rongshen C. Influence of 

nano-SiO₂ addition on properties of hardened cement 

paste. Constr Build Mater. 2007;21(3):539–45.  

4. Ji T. Preliminary study on the water permeability and 

microstructure of concrete incorporating nano-SiO₂. 

Cem Concr Res. 2005;35(10):1943–47.  

5. Raki L, Beaudoin J, Alizadeh R, Makar J, Sato T. 

Cement and concrete nanoscience and nanotechnology. 

Materials. 2010;3(2):918–42.  

6. Sanchez F, Sobolev K. Nanotechnology in concrete: a 

review. Constr Build Mater. 2010;24(11):2060–71.  

7. Quercia G, Brouwers HJH. Application of nano-silica  

(nS) in concrete mixtures. In: Proceedings of the 8th fib 

PhD Symposium; 2010. p. 431–36.  

8. Ltifi M, Guefrech A, Mounanga P, Khelidj A. 

Experimental study of the effect of addition of nano-

silica on the behaviour of cement mortars. Procedia Eng. 

2011;10:900–05.  

9. Norhasri MSM, Hamidah MS, Fadzil AM. Applications 

of using nano material in concrete. Constr Build Mater. 

2017;133:91–97.  

10. Pacheco-Torgal F, Jalali S. Nanotechnology: advantages 

and drawbacks in the field of construction and building 

materials. Constr Build Mater. 2011;25(2):582–90.  

11. Bjornstrom J, Martinsson A, Panas I, Lagerblad B, 

Lindqvist JE. Accelerating effects of colloidal nano-

silica for beneficial calcium-silicate-hydrate formation 

in cement mortar. Chem Phys Lett. 2004;392(1–3):242–

48.  

12. Chang T, Shih J, Yang K, Hsiao T. Material properties 

of Portland cement paste with nano-montmorillonite. J 

Mater Sci. 2007;42(17):7478–87.  

13. Shah SP, Konsta-Gdoutos MS, Metaxa ZS, Mondal P. 

Nanoscale modification of cementitious materials. ACI 

Spec Publ. 2009;267:35–50.  

14. Konsta-Gdoutos MS, Metaxa ZS, Shah SP. Highly 

dispersed carbon nanotube reinforced cement based 

materials. Cem Concr Res. 2010;40(7):1052–59.  

15. Makar JM, Chan GW. Growth of cement hydration 

products on single-walled carbon nanotubes. J Am 

Ceram Soc. 2009;92(6):1303–10.  

16. Li GY, Wang PM, Zhao X. Mechanical behavior and 

microstructure of cement composites incorporating 

surface-treated multi-walled carbon nanotubes. Carbon. 

2005;43(6):1239–45.  

17. Kawashima S, Hou P, Corr DJ, Shah SP. Modification 

of cement-based materials with nanoparticles. Cem 

Concr Compos. 2013;36:8–15.  

18. Chen J, Kou SC, Poon CS. Hydration and properties of 

nano-TiO₂ blended cement composites. Cem Concr 

Compos. 2012;34(5):642–49.  

19. Nazari A, Riahi S. The effects of zinc dioxide 

nanoparticles on flexural strength of self-compacting 

concrete. Compos Part B Eng. 2011;42(2):167–75.  

20. Givi AN, Rashid SA, Aziz FNA, Salleh MAM. 

Experimental investigation of the size effects of SiO₂ 

nano-particles on the mechanical properties of binary 

blended concrete. Compos Part B Eng. 2010;41(8):673–

77.  

21. Ye Q, Zhang Z, Kong D, Chen R. Influence of nano-SiO₂ 

addition on properties of hardened cement paste as 

compared with silica fume. Constr Build Mater. 

2007;21(3):539–45.  

22. Mohamed AM. Influence of nano materials on flexural 

behavior and compressive strength of concrete. HBRC J. 

2016;12(2):212–25.  

23. Jiang S, Cao Z, Georgiev S, Du J, Lin W. Nano SiO₂ in 

cementitious composites: a review. Constr Build Mater. 

2018;165:656–80.  

24. Kaur P, Singh J, Kumar R. Applications of 

nanotechnology in civil engineering: a review. Mater  

http://www.civilresearchjournals.com/


 International Journal of Revolutionary Civil Engineering www.civilresearchjournals.com  

 

 
    17 | P a g e  

 

Today Proc. 2021;37(2):2784–90.  

25. Jalal M, Mansouri E, Sharifipour M, Pouladkhan AR. 

Mechanical, rheological, durability and microstructural 

properties of high performance self-compacting concrete 

containing SiO₂ micro and nanoparticles. Mater Des. 

2012;34:389–400.  

 

How to Cite This Article 

Sharma AK, Patel RN, Singh MJ. Application of 

Nanomaterials for Enhancing Concrete Strength and 

Durability. International Journal of Revolutionary Civil 

Engineering. 2026;2(2):13–17. 

  

Creative Commons (CC) License 

This is an open access journal, and articles are distributed 

under the terms of the Creative Commons Attribution-

NonCommercial-ShareAlike 4.0 International (CC BY-NC-

SA 4.0) License, which allows others to remix, tweak, and 

build upon the work non-commercially, as long as 

appropriate credit is given and the new creations are licensed 

under the identical terms. 

http://www.civilresearchjournals.com/

