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Nanotechnology has emerged as a transformative approach to enhancing the concrete properties.
This research examines the impact of nano-titanium dioxide (NT) on the concrete properties. NT

was incorporated in varying dosages (0.5%, 1%, and 1.5% by weight of the cement) to assess its
impact on strength, toughness, and resilience. The results demonstrated a significant enhancement
in mechanical properties, with a peak compressive strength of 65.20+1.03 MPa, a split tensile
strength of 3.44 +0.17 MPa, and a flexural strength of 9.5 +0.47 MPa at a 1.5% NT dosage after 28
days of curing. Furthermore, the long-term performance was notable, as the compressive strength
further increased to 75.25 +1.10 MPa at 180 days, confirming the sustained strength-gain potential
of NT-incorporated concrete. Also, durability assessments were conducted under aggressive
conditions, including exposure to 4% NaCl, HCl, and H,SO, for 90 days. Additional tests, including
rapid chloride penetrability test (RCPT), surface resistivity, freeze-thaw resistance, and accelerated
carbonation, were conducted to assess long-term durability along with its economic feasibility.

The NT-incorporated concrete demonstrated enhanced resistance to chloride ingress, acid attack,
and elevated temperatures (200-600 °C), with improved modulus of elasticity and fire resistance.
Furthermore, durability assessments revealed a noteworthy contrast, i.e., while resistivity tests
classified NT-incorporated concretes as having ‘very low’ chloride penetrability, RCPT values remained
in the ‘moderate’ category. This divergence underscores the need for multiple durability indices in
evaluating nano-concretes. Microstructural analyses using scanning electron microscopy confirmed the
densification effect of NT, leading to a refined pore structure and improved bond efficiency within the
cementitious matrix. Moreover, economic analysis confirms the economic viability of nano-titanium
concrete, demonstrating significant long-term savings through service life extension despite higher
initial investment. This research highlights the potential of NT in developing high-performance,
durable concrete, reinforcing the importance of nanotechnology in construction industry.
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Titanium dioxide (TiO,) at the nanoscale has gained great research interest due to its unique photocatalytic
properties and multifunctional applications. Originally identified by Fujishima and Honda, the Honda-Fujishima
effect demonstrated TiO,’s ability to split water into hydrogen and oxygen under UV light exposure, laying the
foundation for its widespread application in photocatalysis and environmental remediation. Today, nano-TiO,
(NT) is extensively utilized across various industries, including paints, cosmetics, ceramics, and construction
materials'~, owing to its chemical stability, UV resistance, and capability of self-cleaning®. Over the past two
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decades, the integration of nanomaterials into traditional cement-based composites has garnered significant
research interest due to their capability to improve mechanical performance, durability, and sustainability. The
construction industry, which is responsible for 7-8% of global CO, emissions, faces increasing pressure to
develop sustainable alternatives to conventional cementitious materials’. With an annual global consumption of
nearly 30 billion metric tons of concrete?, reducing the carbon footprints due to cement production is imperative.
The widespread use of Ordinary Portland Cement (OPC) significantly contributes to environmental concerns, as
producing one ton of OPC results in substantial CO, emissions’. Moreover, OPC is a major contributor to global
CO, emissions, accounting for 5-10% of the annual total'®!!. Without decisive intervention, industry emissions
are projected to rise by 40% by 2050'2, underscoring the urgent need for comprehensive decarbonization
strategies. Figure 1 shows the proportion of CO, emissions in various industries, highlighting the contribution of
the cement sector. Addressing these challenges necessitates innovative material solutions, and nanotechnology
offers a transformative approach by enhancing the working and longevity of the cement composites using
different supplementary cementitious materials (SCMs), such as granulated blast-furnace slag (GBFS), fly ash
(FA) and natural pozzolans, not only reduces the consumption of OPC, but also reduces the cost of concrete!>!*.
Moreover, SCMs could easily combined with other recycled materials for more valuable materials'®-17.

In the construction sector, NT plays a crucial role in enhancing the durability, aesthetics, and functionality of
binding materials like cement!'8. It serves as an effective white pigment in coatings and decorative finishes, offering
protection against UV degradation and atmospheric pollutants. Moreover, its incorporation into pavement
materials contributes to air purification by breaking down vehicle-emitted pollutants, making it a promising
candidate for sustainable and environmentally responsive infrastructure. The integration of nanotechnology into
cement-based materials has revolutionized the construction industry, offering enhanced mechanical properties,
durability, and sustainability. Among various nanomaterials, NT has emerged as a promising additive due to
its unique physicochemical properties and multifunctional benefits'®. NT particles are widely recognized for
their ability to modify cement hydration kinetics, refine pore structure, and enhance durability characteristics.
Although NT itself does not exhibit pozzolanic reactivity, its high surface area allows it to act as a nano-filler,
promoting denser microstructures and improved mechanical performance!. The NT significantly influences
the workability, hydration rate, and rheological behavior of cementitious systems, necessitating a comprehensive
understanding of its effects on both fresh and hardened properties®.

Several studies have highlighted the hydration-accelerating effects of N'T, where it provides additional
nucleation sites, leading to an earlier and more intense peak in the heat of hydration. The inclusion of NT has
been found to increase early-age strength but decrease the setting time, yet higher dosages may adversely impact
workability and long-term performance. Researchers such as Joshaghani et al. and Celik et al.?>?! have reported
a significant reduction in slump flow due to N'T’s high water absorption tendency. Nevertheless, appropriate
superplasticizer dosage and materials used as partial replacement of the cement, such as fly ash and slag, can
mitigate workability challenges while further enhancing the durability and mechanical properties of NT-
modified concrete?’-22,

The mechanical performance of NT-incorporated concrete has been widely investigated. Studies indicate that
optimal NT dosages (typically < 4 wt%) yield substantial strength enhancements at both early and later curing
ages. For instance, Meng et al.?> observed a 46-47% increase in 1-day compressive strength (CS) for concrete
with 5-10% NT, although 28-day CS reductions were noted at higher dosages. Additionally, the optimal NT
particle size (5 nm) exhibited superior CS gains (up to 24.35%) compared to larger NT particles*’. Flexural and
split tensile strengths (FS and STS) also improved significantly at moderate NT dosages (~ 1-5%), reinforcing its
potential for high-performance concrete applications®.

From a microstructural perspective, NT contributes to three primary modification mechanisms within the
cement matrix. First, it works as a nucleation site, promoting the formation of needle-like hydration products

Building
Construction,
9.03% Steel, 22.12%
Decoration
Engineering, Cement, 48.28%
9.76%
HVAC
Engineering, Plaster, 14.20%
3.33% %rick,l 4t.87(‘]'/o1 o
: emplate, 0.14%
El?ctrlc.al WSAD' %in'aotw’ 4.810/0
Engineering, Engineering, Insutation, 1.18%
1.60% 1.23% Others, 4.40%

Fig. 1. Proportion of CO, emissions in various industries and the participation of cement in CO, emissions®.
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which fill capillary pores. Second, it facilitates the generation of more homogeneous and dense layers of calcium-
silicate-hydrate (C-S-H) gel?¢, which is crucial for strength development. Third, NT serves as a crystallization
center for calcium hydroxide (CH), effectively refining paste-aggregate interfaces and improving mechanical
interlocking. However, excessive NT content can result in unfavorable calcium titanate (CaTiOs) formation,
potentially compromising long-term durability®>?’. This not only contributes to increased strength and
durability but also introduces novel functionalities such as self-healing and electrical conductivity. Apart from
these advantages, challenges persist in fully understanding the behavior of nanomodified cementitious materials,
particularly concerning chemical resistance, tensile properties, and long-term structural stability.

Beyond mechanical and microstructural properties, NT enhances durability performance by reducing
permeability, mitigating chloride ingress, and improving corrosion resistance. The incorporation of NT up
to 1-3 wt% effectively reduces capillary absorption and water permeability, while excessive dosages can lead
to agglomeration and decreased efficiency”’. NT-modified concrete demonstrates notably lower chloride
penetration, with reductions of up to 60% compared to control specimens®!. Similarly, electrical resistivity
measurements indicate a negligible corrosion rate at 90 days for NT-containing specimens?, highlighting
its potential in aggressive environmental conditions. However, more study are required to assess the long-
term implications of CH accumulation, particularly in relation to durability aspects such as sulfate attack
resistance and carbonation susceptibility. NT has also demonstrated remarkable resistance to environmental
degradation, including acid attacks, carbonation, and high-temperature exposure. The thermal stability of
concrete is an analytical factor in ensuring the structural integrity of buildings and infrastructure exposed
to high temperatures. Studies have demonstrated that the influence of NT into cementitious composites
significantly influences their performance under elevated temperatures. Farzadnia et al.? reported that NT-
modified concrete exhibited enhanced residual CS, increased brittleness, and higher gas permeability compared
to conventional concrete when exposed to 600 °C temperature. These findings highlight NT’s impact on the
microstructural evolution of cement-based materials under thermal stress. While NT contributes to strength
retention at high temperatures, its influence on brittleness and permeability necessitates further exploration
to optimize its application in fire-resistant construction materials. Understanding these effects is essential for
developing next-generation, thermally resilient concrete composites with improved durability and mechanical
stability in extreme environments.

The inclusion of nanomaterials in cement-based systems presents a transformative approach to overcoming
long-standing challenges in construction materials, such as brittleness, porosity, and chemical susceptibility.
This research explores the role of NT in enhancing the mechanical, durability, and microstructural properties
of cementitious materials, aiming to bridge the gap between fundamental nanotechnology and practical
construction applications.

While previous studies have largely examined NT for early-age strength development or single durability
aspects (e.g., chloride ingress or acid attack), there remains a lack of integrated investigations that concurrently
address mechanical, microstructural, and durability performance under multiple aggressive exposures. Moreover,
only a limited number of studies have investigated long-term curing (up to 180 days) and fire resistance, and
even fewer have incorporated an economic feasibility analysis to justify practical implementation. This study
fills this gap by presenting a holistic assessment of NT-incorporated concrete, correlating strength development
with microstructural densification and durability indices, and further complementing these findings with cost-
benefit analysis for real-world applicability.

This research advances the production of nano-engineered concrete by systematically investigating the
mechanical, microstructural, and durability properties of NT-incorporated concrete composites. The study begins
with an extensive evaluation of mechanical performance, assessing the influence of varying NT dosages (0.5%,
1%, and 1.5%) on compressive, tensile, and flexural strengths. To further understand the impact of NT at the
nanoscale, microstructural analyses, including scanning electron microscopy (SEM) were conducted to examine
the densification of the cementitious matrix, refinement of pore structure, and improved bond efficiency. The
durability performance of NT-modified concrete was then rigorously assessed under aggressive environmental
conditions. The nano-concrete was exposed to 4% sodium chloride, 4% hydrochloric acid, and 4% sulfuric acid
for 90 days to evaluate their resistance to chemical deterioration. Additional durability tests, including alternate
freeze-thaw cycles, rapid chloride penetrability, surface resistivity, and accelerated carbonation, were performed
to determine long-term stability. The behavior of NT-incorporated concrete was further analyzed under elevated
temperatures (200 °C, 400 °C, and 600 °C), alongside an assessment of its modulus of elasticity. Furthermore,
non-destructive testing facilitated the development of empirical models for predicting compressive strength
along with economic feasibility analysis. This comprehensive study establishes NT as an optimistic nanomaterial
for enhancing the strength, microstructural integrity, and durability of concrete. The findings highlight the
revolutionary capabilities of nanotechnology in advancing high-performance, resilient construction materials
for modern infrastructure applications.

Materials

Cement

Ordinary Portland Cement (OPC), 43 grade, conforming to IS 8112 — 2013, was used. Its properties are listed in
Table 1, meeting the required specifications’!. Figures 2a and 3a show the physical appearance and microstructure
of the cement used in the current study.

Fine aggregate
Locally sourced Badarpur sand with a fineness modulus of 2.55 was used as fine aggregate (FA). It satisfied IS
2386 (Part 1): 2016 requirements®? and the physical appearance and the gradation curve of FA is shown in Fig.

Scientific Reports |

(2025) 15:39325 | https://doi.org/10.1038/s41598-025-22974-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

1. Consistency 28.50% | -
2. Initial setting time 61 min | >30 min
3. Final setting time (minutes) | 294 <600 min

Table 1. Properties of cement.

WD14mm S840

Fig. 3. Microstructure images of (a) cement (b) NT used.

2b and 4b, respectively. The FA exhibited a bulk density of 1620 kg/m?, a specific gravity of 2.63, and a water
absorption of 1.2%, confirming its suitability as a medium sand for concrete production. Prior to batching, the
fine aggregate was conditioned to a saturated surface dry (SSD) state to account for its absorption capacity and
ensure accurate control of the effective water-to-binder ratio.
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Fig. 4. Gradation curve of (a) CA and (b) FA.

Coarse aggregate
Crushed granite aggregates of 10 mm and 20 mm sizes were used in a 60:40 blend, in accordance with IS

383:2016. The combined fineness modulus was 6.713%%. Figure 4a show the gradation of the CA used in the
current study, respectively. Physical characterization of CA includes a bulk density of 1520 kg/m? a specific
gravity of 2.70, and a water absorption of 0.5%. The aggregate grading was verified through sieve analysis, and
the results were within the specified limits for 20 mm CA. To avoid errors in mix water calculation, the coarse
aggregate was brought to a saturated surface dry (SSD) condition prior to mixing.

Water
Potable tap water, free from deleterious substances, was used for mixing and curing, as per IS 456-2000%.
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Fig. 5. TEM images of NT at (a) 60,000x, and (b) at 1,00,000x.

ONT

380

0 700 1310 87.4 3.8 0.23

0.5NT

378.1

1.9 700 1310 87.4 4.18 0.23
1:1.84:3.44

1.ONT

376.2

3.8 700 1310 87.4 4.56 0.23

1.5NT

374.3

5.7 700 1310 87.4 4.94 0.23

Table 2. Mix design used in the current study.

Nano titanium dioxide
Commercially obtained NT from Evonik Industries (Frankfurt, Germany) with a BET surface area of ~ 45
m?/g and particle size of 6-18 nm (average 10.2 nm; D10 = 7.5 nm, D50 = 9.8 nm, D90 = 14.8 nm) was used.
The physical appearance and microstructure of the NT is shown in Figs. 2c and 3b respectively. TEM analysis
confirmed narrow size distribution (6-18 nm), favoring improved nucleation and densification as shown in
Fig. 5a-b. According to a previous study, NT consists predominantly of anatase (76%) with rutile (11%) and
trace brookite®.

The size of nanoparticles rises with the increase in reaction temperature. Some researchers noticed that
particle size is affected by the loading of precursor, not the reaction temperature®.

Superplasticizer

A polycarboxylate ether (PCE)-based superplasticizer (% by cement mass) (MasterGlenium SKY 8233, BASF;
solid content 35%) was used to maintain workability (see Fig. 2d), conforming to IS 1199-1959. The SP dosages
at 1%, 1.11%, 1.21%, and 1.32% have been used in the GPC mix with 0%NT, 0.5%NT, 1%NT, and 1.5NT
respectively.

Methodology

A comprehensive experimental investigation was conducted to assess concrete properties in its fresh and
hardened state, incorporating NT. The study focused on M40 grade concrete, incorporating varying NT dosages
of 0.5%, 1%, and 1.5%, with results benchmarked against conventional M40 concrete. For clarity in designation,
the conventional concrete mix was labeled ONT, while the NT-modified mixes were designated as 0.5NT, INT,
and 1.5NT, corresponding to their respective NT content. The mix proportion details for M40 concrete are
presented in Table 2.

The concrete was prepared following a controlled mixing sequence to ensure proper dispersion of NT and
uniformity of the mix. First, the coarse aggregates and fine aggregates were introduced into a pan mixer and dry-
mixed for 2 min. Cement was then added and mixed for another 2 min to obtain a homogeneous dry blend. In
parallel, the required dosage of NT was dispersed in the mixing water using a high-shear mechanical disperser
operating at ~ 2000 rpm for 10 min, which helped to minimize agglomeration of nanoparticles. The NT dispersed
solution was then slowly added to the dry mix while the mixer was running. Finally, the superplasticizer was
added, and the mixing continued for an additional 3-4 min until a uniform and workable concrete mix was
achieved. This procedure ensured stable dispersion of NT within the cementitious matrix. It is essential to note
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that, although the water-to-cement ratio for all concrete mixes was maintained at 0.23 (Table 2), a higher water-
to-cement ratio of 0.40-0.45 was specifically adopted for mortar cube testing to ensure workability, as per IS
4031.

Testing procedures

Compressive strength of cement mortar

For mortar cube testing, potable tap water was used for the preparation of the matrix as well as for curing.
The ratio of the cement to fine aggregate was maintained at 1:3 by weight. A higher water-to-cement ratio of
0.40-0.45 was adopted in mortar mixes to ensure adequate workability for casting 70.06 mm cubes, in line with
IS 4031 (Part 6). It should be noted that this differs from the water-to-cement ratio used for concrete mixes, as
the mortar tests were intended for preliminary paste-aggregate interaction assessment rather than structural
concrete evaluation.

Slump test

The workability of fresh concrete mixtures was assessed via slump testing in accordance with IS 1199-1959
(reaffirmed in 2013)*7, measuring consistency and flow characteristics under gravitational settlement. A control
mix was designed for a target slump of 100-110 mm, suitable for M40 grade concrete, while NT incorporation
was evaluated for its influence on rheological performance. Prior to concrete testing, samples were prepared
to examine the binding capacity of the nano-enhanced cementitious matrix—a critical factor governing
composite strength. Samples were fabricated using a 1:3 cement-to-fine aggregate ratio per IS 4031-6:1988
and IS 8112:2013%1%, cured in potable water, and tested under compressive loading to assess matrix strength
development.

Petrographic analysis
To examine the microscopic properties of the prepared cement matrix, the cement mortar cubes were cast and
tested under the compression Testing Machine (CTM) and are now studied under a microscope. After testing,
the cube pieces are converted into thin microscopic slides, as shown in Fig. 6, to study under a microscope.

To achieve the testing under the microscope, the thick pieces of the cement cubes were first grind to fine
particles and stuck on the glass to make a slide. The slide of different proportion of NT added to the cement
cubes was prepared, as shown in Fig. 6b, and kept under a microscope for investigation.

Compressive strength test

The CS test for the normal concrete mix and NT-based concrete mix was done according to IS 516-1959
(Reaffirmed in 2021)*. A total of 48 cube specimens (150 mm) were prepared for the CS test, as shown in
Fig. 7a-b. For each mix (ONT, 0.5NT, INT, and 1.5NT), 12 cubes were cast. These were equally divided for testing
at four curing ages (7, 28, 90, and 180 days), i.e., 3 cubes per mix per age. The average of three specimens was
reported as the compressive strength at each age. Before testing these concrete specimens, the cube’s surfaces
were first dried and then put in the CTM with a loading rate of 0.25 MPa/s (approximately equivalent to 2.5
KN/s) until failure, as shown in Fig. 8a.

Split tensile strength test

The split tensile strength (STS) test of the normal mix concrete and NT-based concrete was done as per IS
5816 — 1999 (Reaffirmed in 2004) to assess its tensile strength?’. For STS, 12 cylindrical specimens (100 x 200
mm) were cast as shown in Fig. 7c. Although IS 5816 — 1999 commonly specifies 150 x 300 mm cylinders,
the reduced-size specimens were adopted in this study due to ease of handling and to optimize material use.

a) ' b)

Fig. 6. The slides prepared for different dosages of NT for microscopic investigation.
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Fig. 7. (a) Casted specimen for CS, (b) curing of casted specimen, (c) casted concrete cylinders for STS testing,
(d) specimen casted for FS test, and (e) curing of casted beams.

POCO

SHOT ON POCO F1

Fig. 8. Testing of casted specimens (a) CS Test, (b) STS Test, and (c) FS Test.

The chosen dimensions comply with ASTM C496 and are widely reported in the literature for indirect tensile
strength testing?!, as they preserve the standard aspect ratio of 2.0. Therefore, the conversion of applied load
to STS remains valid and comparable with standard results For each mix (ONT, 0.5NT, INT, and 1.5NT), 3
cylinders were tested at 28 days in the CTM under diametral compression at a loading rate of 1.2-2.4 MPa/min
(approximately equivalent to 2 KN/s) until splitting failure occurred as shown in Fig. 8b. The average of three
results was reported.

Flexural strength test

A beams of size 100 mm in breadth,100 mm in width, and 500 mm in length were used for evaluation of flexural
strength (FS). The test was conducted as per IS 516-1959 (reaffirmed in 2004)*. A total of 12 prismatic beams
were cast for FS testing. For each mix, 3 beams were tested at 28 days, and the mean value was reported, as shown
in Fig. 7d, and were demoulded after 24 h and placed underwater for curing, as shown in Fig. 7e for 28 days.
After 28 days, the rectangular prism beams were taken out from the curing tank, and their facade was wiped with
a piece of cloth for testing. Two-point loads were applied on a rectangular prism beam’s top surface to test the
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rectangular prism beam, as shown in Fig. 8c. The effective span was set to 400 mm, measured centre-to-centre
between the support rollers, giving a span-to-depth ratio L/d = 4.0. The two loading noses were positioned
at L/3 from each support (i.e., 133.3 mm from the nearest support), creating a constant-moment region over
the middle third of the span. The shear span a (support to nearest load point) was therefore a = L/3(133.3
mm), giving a/d = 1.33. Supports and load noses were steel rollers allowing free rotation; bearing strip widths
conformed to the standard. The load was applied at a constant rate of 0.06 MPa/s (approximately equivalent to
1.8 KN/min) until failure.

Rebound hammer test (non-destructive testing)

Rebound Hammer (RH) test was performed on normal mix concrete and NT based-concrete according to IS
13,311 Part 2-1992 (reaffirmed in 2004)*2. For RH, 12 cube specimens (150 mm) were cast and cured for 28 days.
Each mix had 3 cubes, tested on multiple faces, and the average rebound number was compared with compressive
strength values. Consequent to curing, the surface was dried with cloth, as discussed in the compressive strength
test, and the prepared cubes were then tested with a Schmidt Rebound Hammer, as shown in Fig. 9a.

Ultra-sonic pulse velocity test (non-destructive testing)

Ultra Sonic Pulse Velocity (UPV) test was performed as per IS 13,311 Part 1-1992 (reaffirmed in 2004) on concrete
cubes with and without NT*%. A Portable Ultrasonic Non-destructive Digital Indicating Tester (PUNDIT Lab)
was used. The test employed a pair of 54 kHz longitudinal transducers, which are standard for concrete quality
assessment. Petroleum jelly was applied at the transducer surface interface as a coupling medium to ensure
effective transmission of ultrasonic pulses. Measurements were taken using the direct transmission method,
with the transducers placed on opposite faces of the specimen. The same 12 cubes used for RH were employed
for UPV testing (3 cubes per mix at 28 days) as shown in Fig. 9b. The average pulse velocity was reported for
each mix.

Microstructure analysis

Scanning electron microscope (SEM) analysis on the NT-based concrete matrix was also carried out to assess
the matrix’s behavior at the nano-scale. Small fragments of concrete from compressive strength test cubes (post-
failure) were used for SEM and petrographic studies, as shown in Fig. 10a. Thus, no additional specimens were
cast exclusively for microstructural analysis. The coated samples were then placed in the SEM machine to get the
NT-based concrete matrix’s morphology, as shown in Fig. 10b.

Durability analysis

Durability test: concrete exposure to harmful chemicals The durability of concrete is a crucial parameter that
defines its ability to withstand chemical attacks, particularly from aggressive substances such as sodium chloride
(NaCl) present in the surrounding environment. The present investigation focuses on evaluating the influence
of nano additives and their composites on the durability performance of concrete when exposed to a chemically
aggressive environment. For this purpose, a total of 36 concrete cubes of M40 grade, both with and without NT,
were cast and designated properly for identification. The freshly cast specimens were demoulded after 24 h and
subsequently submerged in a saline solution containing 4% NaCl, 4% HCI, and 4% H,SO, by weight for different
exposure durations of 7, 28, and 90 days to simulate prolonged chemical attack conditions. Specimens were fully
submerged in the aggressive solutions throughout the exposure period. The solutions were renewed every 7 days
to maintain chemical concentration, and pH was monitored weekly (maintained within +0.2). The exposure was
conducted at laboratory temperature (27 + 2 °C). Before compressive strength testing, the specimens were gently

Fig. 9. Non-destructive test (a) RH, (b) UPV.
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Fig. 11. Concrete cubes in the refrigerator for freezing at —28 °C.

rinsed with distilled water and surface-dried to avoid residual chemicals influencing the results. Therefore, the
concrete specimens were removed from the solution, surface-dried, and tested using a CTM until complete
failure (collapse). The results obtained from this test provide insights into the resistance of concrete against
chemical degradation, thereby helping to assess the effectiveness of nano additives in enhancing durability and
long-term performance in aggressive environments.

Durability test: concrete exposure to alternate freeze-thaw The freeze-thaw resistance of NT-modified and
control concretes was evaluated in accordance with the guidelines of ASTM C666 *4. Concrete cubes (150 mm)
were cured for 28 days in water and then subjected to 120 freeze—thaw cycles. Each cycle consisted of 24 h freez-
ing at —28 £2 °C, followed by 24 h thawing at 27-30 °C (see Fig. 11). The specimens were fully saturated prior to
exposure, and their compressive strength was measured at the end of the exposure period. Three cubes per mix
were tested, and the average was reported. In addition to compressive strength, the freeze-thaw durability was
evaluated using multiple indices, including mass loss, dynamic modulus change, visual damage index (VDI),
and compressive strength loss per cycle. The mass of specimens was recorded before and after 120 cycles, and
percentage mass loss was calculated. Relative Dynamic Modulus of Elasticity (RDME) was derived from UPV
values before and after cycles using ASTM C666 equation. A visual damage index (0 =intact, 1 =minor surface
scaling, 2 =moderate cracking, 3 =severe spalling) was used based on specimen appearance. CS loss per cycle
was obtained by dividing the total CS reduction by the number of cycles.

Durability test: accelerated carbonation test This test was conducted to ascertain the durability of the NT-
based concrete. For that, samples were cast with M40 grade (with and without NT) and were cured for a speci-
fied 28 days. After curing was completed, the concrete specimens were kept in a carbonation chamber. For the
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accelerated carbonation test, specimens were exposed to 2% CO, concentration, 65+ 5% relative humidity, and
272 °C for 30 days. After exposure, specimens were split to obtain fresh cross-sections, and a 1% phenolphtha-
lein alcohol solution was sprayed immediately. The depth of carbonation was measured as the distance from
the exposed surface to the colorless zone, using a digital Vernier calliper with 0.01 mm accuracy. For powdered
sampling, the outer surface layer was removed in increments of 1 mm thickness using a rotary grinder. The col-
lected powder was tested with phenolphthalein to confirm the depth of carbonation. Each reported value is the
average of three measurements per specimen. To induce smooth carbonation of all the concrete specimens at the
time of carbonation acceleration, enough space was provided between each concrete specimen to ensure that the
specimen’s contact with the air could be smoothly maintained.

Durability test: surface electrical resistivity test 'The surface resistivity of concrete was measured according to
AASHTO TP 95 using the four-point Wenner probe method*. Cylindrical specimens (100 x 200 mm) were
cast and water-cured for 28 days. Prior to testing, the cylinders were saturated in limewater for 24 h to maintain
consistent moisture content (see Fig. 12), as resistivity is strongly influenced by pore saturation. Measurements
were taken at 23 + 2 °C by placing the probe on four different quadrants of the specimen surface, and the average
of the readings was reported for each mix.

Durability test: rapid chloride penetration test (RCPT) RCPT test is also an indirect test for measuring con-
crete permeability. RCPT was conducted according to AASHTO T277¢ and ASTM C1202*. Cylindrical speci-

mens (100 mm dia. x 200 mm) were cast and water-cured for 28 days. After curing, the cylinders were cut into
50 mm-thick discs. The specimens were vacuum-saturated in limewater for 24 h before testing to ensure full
pore saturation. Each disc was then mounted in the test cell, with one side exposed to 3% NaCl solution and the
other to 0.3 N NaOH solution. A constant DC potential of 60 V was applied across the specimen for 6 h at a test
temperature of 23+2 °C, and the total charge passed (coulombs) was calculated. The cylindrical specimen’s side
is coated with epoxy or with electric tape, as shown in Fig. 13a.

It is then installed in the test apparatus, as shown in Fig. 13b. The test cell’s left-hand side (negative terminal)
is filled with a 3% NaCl solution, while the right-hand side (positive terminal) contains a 0.3 N NaOH solution.
After setting up the system, a voltage of 60 volts is applied for a duration of six hours, with measurements
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Fig. 12. SR test using a four-point Wenner probe.
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Fig. 13. (a) Concrete cylinder specimen of 50 mm by 100 mm for RCPT and (b) AASHTO T277 (ASTM
C1202) test setup®’.

R g

Fig. 14. (a) Concrete specimens under oven drying at 300 °C and (b) concrete specimens subjected to fire in a
muffle furnace.

recorded every thirty minutes. Once the six-hour period concludes, the specimen is removed from the cell, and
the total number of coulombs passing through the sample is calculated. The resulting data are then compared
against the specifications outlined in AASHTO T277-83 and ASTM C12024647.

Durability test: concrete exposure to oven drying at 300 °C  To evaluate the NT based concrete matrix under
the influence of thermal stresses due to oven drying of the concrete cubes at 300 °C (see Fig. 14a). For the test, the

cubical sample of 150 mm size is casted, demoulded after 24 h and curing of the concrete cubes was conducted
for 28 days. Concrete cubes after 28 days of curing were taken out from the curing tank and were left for some
hours in the environment so that the surfaces of the cubes were dried. As soon as the cubes’ surfaces were dried,
the concrete specimens were kept inside the Oven for 24 h at 300 °C, as shown in Fig. 14a.

After 24 h of oven drying at 300 °C, the oven power was disconnected, and the gate of the Oven was opened
to cool down the concrete specimens. As soon as the concrete specimens were cool down to normal after some
time, the concrete specimens were then placed under CTM to get the CS.
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Durability test: concrete exposure to fire at 200 °C, 400 °C, and 600 °C  To analyse the concrete performance
against the fire, 36 nos. of M40 grade concrete cubes of 100 mm were cast. The reason for casting 100 mm small

concrete cubes instead of 150 mm concrete cubes was the muffle furnace’s small mouth size. The cubes were
removed from the moulds after 24 h and placed in a water tank for curing over a period of 28 days. After the
curing period, the cubes were taken out of the tank and air-dried for 24 h. Once the surfaces had dried, the cubes
were then oven-dried at 100 °C for an additional 24 h to eliminate any remaining moisture from the concrete.

After oven drying for 24 h, the cubes were finally kept in the muffle furnace, as shown in Fig. 14b, for about
6 h to assess the concrete’s resistance against fire at high temperatures. i.e., 200 °C, 400 °C, and 600 °C. After
heating at different temperatures for 6 h, the cubes were then allowed to cool down at room temperature. As
soon as the cubes’ surface was cooled down, the cubes were subjected to CTM to assess the CS of the concrete
matrix.

Durability test: capillary porosity test The capillary porosity test was also conducted on NT based concrete ma-
trixes to assess the pores and voids present in the concrete’s internal structure. The concrete cubes of M40 grade
were cast with M40 grade (with and without NT), demoulded, and cured for 28 days. Cured concrete specimens
after 28 days were taken out and were air-dried for 24 h. After the surface becomes dry, the cubes were then
placed in the oven for oven drying at 100 °C for another 24 h to wipe out the moisture from the concrete cubes.
After oven drying for 24 h, the cubes were finally kept in the water reservoir again so that the half surface of the
cube submerged in water and the remaining half portion free in the environment, as shown in Fig. 15a. This test
was conducted for about one month, and no capillary movements of water through pores were observed within
the concrete for the normal mix as well as the concrete mixed with NT. The half portion of the concrete cube,
free in the environment, remains dry even after a month, as shown in Fig. 15b. On the other hand, in the same
manner mentioned above, the concrete cube of M25 grade was submerged (see Fig. 15¢) to draw a comparison
between the two mixes. The capillary action through pores was evident in the M25 grade concrete as water
moves up to the cube’s top surface, making the whole concrete cube wet, as shown in Fig. 15d within three days.

Durability test: permeability test The concrete cubes of M40 grade were cast with M40 grade (with and without
NT, demoulded, and cured for 28 days. The test was conducted for more than a month at a pressure head of 15
kg/cm? as per 1S: 3085 — 1965 (reaffirmed in 2002) code?3, as shown in Fig. 16a-b. Flow through the specimen
was measured volumetrically over a 24 h interval. The coeflicient of permeability, k, was calculated from Darcy’s
law using Eq. 1. The permeability apparatus used has a detection limit of 1 x 10~ 2 m/s.

. QxL
k= Axtx H M

where Q is the total volume of flow (m?), L is the specimen thickness (m), A is the cross-sectional area (m?), t is
the measurement time (s), and H is the applied hydraulic head (m).

|| Capillary Porosity Test |

b)

- i
Half portion of nano titanium dioxide-based | *
™ concrete specimen (M40) immersed in water | | Half portion of concrete specimens
o and a half left free to the atmosphere (0 Day). | | (M40) remain dry even after 30 days.

Half portion of normal M25 grade
concrete specimens immersed in water
and a half left free to the atmosphere (30
Day).

Half portion of normal M25 grade c)
concrete specimens immersed in water
and a half left free to the atmosphere (0)

Fig. 15. Half portion of concrete specimen immersed in water and half left free to the atmosphere: (a) M40
nano titanium dioxide-based (0 days), (b) M40 nano titanium dioxide-based (30 days), (c) normal M25 grade
(0 days), and (d) normal M25 grade (30 Days).
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Fig. 16. (a) Water permeability test apparatus and (b) concrete cube specimen placed in water permeability
test apparatus.

ONT 45.75
0.5NT 47.00
INT 49.20
1.5NT 50.50

Table 3. Compressive strength of cement mortar cured for 28 days.

ONT 100 -

0.5NT 84 16
INT 72 28
1.5NT 64 36

Table 4. The result of the slump test.

Results and discussion

Compressive strength of cement mortar

The compressive strength of the cement paste cubes of normal mix, using different dosages of NT, cured for 28
days, is given in Table 3. The compressive strength of the cement mortar increases by 2.73%, 7.54%, and 10.38%
after incorporating 0.5%, 1%, and 1.5% NT, respectively, in comparison with the control the cement mortar. This
enhancement in the strength property of cement mortar is due to the filling of cracks at the nano scale after the
incorporation of NT and the formation of an extra layer of hydrate gels.

Workability

The workability of the fresh concrete mix incorporating NT was evaluated through the slump test, with the
results presented in Table 4. The recorded slump values for mixes containing 0.5 wt%, 1 wt%, and 1.5 wt% NT
were 84 mm, 72 mm, and 64 mm, respectively. The observed reduction in workability can be attributed to the
high surface area of NT particles®, which increases water demand within the mix due to enhanced particle
interactions and a higher degree of cementitious material hydration.

Zhang et al® observed a 2.8-20.8% decrease in workability with the incorporation of 1-5 wt% NT,
demonstrating a consistent decline in slump values with increasing NT content. Although setting time
measurements were not directly performed, the reduction in slump retention suggests an accelerated hydration
process and reduced flowability with higher NT content. Previous studies have reported similar trends,
attributing this to the nucleation effect of NT, which enhances the early hydration of cementitious phases'. To
address the increased water demand and reduced slump retention, adjustments to the water-to-cement ratio or
the use of superplasticizers are reccommended when incorporating NT into concrete mixtures.

Scientific Reports |

(2025) 15:39325 | https://doi.org/10.1038/s41598-025-22974-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

In the present study, the reduction in workability was effectively managed by incorporating an additional
dosage of superplasticizer to maintain the desired consistency. The results of the slump test are further illustrated
in Fig. 17. The reduction of workability on the addition of NT can be accounted for by hydration reactions and
particle interactions with the cementitious system. The following are the chief mechanisms involved:

Increased hydration rates

NT acts as a nucleation site, accelerating the tricalcium silicate (CsS) and dicalcium silicate (C,S) hydration
reaction of the cement. The rapid growth of the calcium silicate hydrate (C-S-H) gel is the result, trapping free
water and reducing workability (Eqgs. 2-3):

2038 + 6H20 — 3C — S — H + 3Ca (OH), @)
2058 + 4H,0 — 3C — S — H 4 Ca (OH), 3)

Increased water demand
Due to its high surface area, NT can absorb water molecules, hence reducing the free water for workability

(Eq. 4):
2C2S + 4H20 — 3C —S —H+ Ca(OH), (4)

Agglomeration effect

The strong van der Waals forces among the NT particles result in particle agglomeration, increasing the viscosity
of the blend and also reducing workability. When NT is added to a cementitious system, it interacts with Ca**
ions from cement hydration, forming secondary hydration products that further contribute to agglomeration

(Eq. 5):
TiOs + HoO — TiO5 - HoO (5)

Compressive strength (CS)
Each CS value in Table 5 represents the mean of three specimens, reported as mean + standard deviation (SD)
(n=3). The inclusion of NT reduced data variability compared to the control, indicating more uniform matrix
densification. The improvements, particularly at 1.5% NT, were statistically consistent across all curing ages. As
shown in Table 5, the incorporation of NT in the concrete mix resulted in a significant rise in CS compared to the
ONT. Among the three dosages of NT tested, the highest increase in CS was observed at a 1.5% NT dosage, with
an impressive 28.70% enhancement in strength after 28 days of curing. These results corroborate the findings
of Jenima et al. 1, who also reported similar improvements in strength with NT incorporation. At the 0.5%
NT dosage, the CS increase was 10.54%, while at 1% NT, the enhancement was 21.98%, both compared to the
conventional mix (ONT) cured for 28 days.

This pattern of strength improvement was consistent across all curing durations. Specifically, the maximum
CS values at 180 days of curing were 58.20 MPa, 64.50 MPa, 71.00 MPa, and 75.25 MPa for the 0%, 0.5%, 1.0%,
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Fig. 17. The slump value of different mix prepared.
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Cube designation | 7 days (MPa) | Increase in CS (%) | 28 days (MPa) | Increase in CS (%) | 90 days (MPa) | Increase in CS (%) | 180 days (MPa) | Increase in CS (%)
ONT 32.50+1.20 - 50.66+1.05 -- 55.10+0.98 - 58.20+1.12 -

0.5NT 36.10+0.95 11.07 56.00+1.10 10.54 62.40+1.25 13.24 64.50+1.08 10.82

INT 40.55+£1.30 24.76 61.80+1.15 21.98 68.20£1.05 23.77 71.00+£1.22 21.99

1.5NT 43.90+1.25 35.07 65.20+1.03 28.70 72.25+1.18 31.12 75.25+£1.10 29.29

Table 5. CS of NT-incorporated GPC.
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Fig. 18. CS of different mix prepared.

and 1.5% NT mixes, respectively. The rise in strength over time can be attributed to the role of nanoparticles
in enhancing the bonding between the matrix ingredients, which in turn improves the impermeability and
overall strength of the concrete. These results indicate that the addition of NT significantly enhances the strength
properties of M40 grade concrete, transforming it into a higher strength concrete capable of performing better
under various load conditions. The comparison of the CS at varying percentage of NT is visually presented in
Fig. 18.

The significant increase in the percentage of gain in strength is also observed by other researchers after the
incorporation of 1.5% NT in concrete due to the participation of NT in pozzolanic reaction, which is helpful in
accelerating the phenomena of development of C-S-H gel!*?¢%°. In another study conducted by Mousavi, et al.*.
The optimal NT percentage was found to be between 1% and 2%. The CS of NT based concrete is decreased after
the incorporation of an excess amount of NT due to the non-uniform dispersion of NT particles in the matrix®!.

Split tensile strength (STS)

As presented in Table 6, the results are reported as mean+SD, n=3 for each mix. The STS exhibited a clear
positive correlation with the increasing dosage of NT. The maximum rise in STS was observed in the mix
containing 1.5% NT, which showed an impressive 30.30% improvement in tensile strength at 28 days compared
to the ONT. Concrete mixes with 0.5% NT and 1.0% NT also exhibited increases in STS of 6.81% and 16.28%,
respectively. The observed gain in tensile strength can be attributed to the role of nanoparticles, which enhance
the fracture resistance of the concrete matrix.

The nanoparticles improve the overall structural integrity by effectively controlling microcracks within the
matrix at the nano-scale, leading to enhanced tensile properties (see Fig. 19). This finding aligns with the work
of Jenima et al. and Zhang et al., who reported similar improvements in the tensile behavior of concrete upon
incorporating nanoparticles'>*°. A similar increase in the STS of concrete after the incorporation of NT in
concrete is observed due to the promotion of pozzolanic reaction and availability of more calcium hydroxide
after the incorporation of 1.5% NT>2
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Cylinder designation | 28 days (MPa) | Increase in STS (%)
ONT 2.64+0.132

0.5NT 2.82+0.141 6.81

INT 3.07+0.153 16.28

1.5NT 3.44+0.17 30.30

Table 6. STS of NT-incorporated concrete mix.
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Fig. 19. STS of NT incorporated concrete mix.

Flexural strength (FS)

Optimizing mix design, selecting suitable additives, and carefully choosing materials are essential for enhancing
the FS of NT-incorporated composites, similar to their role in improving CS. This improvement strengthens the
concrete’s resistance to bending and cracking, ultimately enhancing its durability and toughness®. As illustrated
in Table 7, results are reported as mean + SD, n = 3 for each mix. The FS of concrete showed a significant increase
with the incorporation of NT. The highest improvement, 40.74%, was observed in the 1.5% NT-based concrete
beams after 28 days of curing, compared to the ONT.

Concrete mixes with 0.5% NT and 1.0% NT exhibited increases of 3.70% and 25.92%, respectively. Notably, the
experimentally determined FS was found to be higher than the values predicted by the guidelines in IS 456-2000
34, indicating the improvement in the working of the nanoparticle-modified concrete. This trend indicates that
the IS 456 code is conservative for the concrete mixes incorporating NT. While such conservatism ensures safety
in structural design, it may underestimate the actual flexural capacity of NT-modified concretes. For member
design, this implies that IS 456-based predictions will likely lead to higher safety margins when NT is used.
However, in serviceability checks (e.g., deflection and cracking), underestimating the flexural strength could
result in more restrictive design outcomes than what the material can actually sustain. Therefore, the findings
suggest that while the current IS 456 expression remains safe, refinement of code equations may be required to
better capture the contribution of nano-modified concretes, particularly when optimizing for performance and
economy. A visual comparison of the FS values is presented in Fig. 20. The observed gain in FS can be attributed
to the role of nanoparticles in improving the compaction and concrete densification. Furthermore, nanoparticles
contribute to improved fracture resistance by controlling the propagation of microcracks at the nano-scale,
thereby strengthening the matrix and resulting in better overall flexural performance.

Rebound hammer (RH) test

A RH test was performed to check the penetration resistance and quality of concrete before the CS test. The
different readings of RN on each surface of the cube were witnessed and presented in Table 8. The average
readings of RN on concrete cube surfaces validate the standard CS test performed in CTM. The UPYV test results,
presented in Table 9, indicate a notable trend in the behavior of concrete incorporated with varying dosages of
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Beam designation | 28 days (MPa) | Increase in FS (%) | F_= 0.7Vfck (Mpa) | 90 days (MPa) | Increase in FS (%)
ONT 6.75+0.337 - 4.97 7.5+0.375 -

0.5NT 7.0+0.35 3.70 523 8.0+0.4 6.66

INT 8.5+0.425 25.92 5.50 9.0+0.45 20

1.5NT 9.5+0.47 40.74 5.65 10.5+£0.525 40

Table 7. FS of NT-incorporated concrete mix.
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Fig. 20. Flexural strength of NT incorporated concrete mix.

Variation % in RN CS vs. experimental CS
(£25%)
as per
CS (MPa) via IS 13,311 Part 2-1992

Cube designation | RN | RN CS (MPa) experimental | (reaffirmed in 2004)

ONT 46 | 41.00 50.35 18.57

0.5NT 51 |44.00 54.70 19.56

INT 52 | 51.00 62.00 17.74

1.5NT 54 |60.00 65.30 8.11

Table 8. NT-based concrete’s RN vs. experimental CS test results.

NT. It was observed that the UPV values increased as the NT dosage was enhanced, reaching the highest values
ata 1.5% NT dosage. This trend was consistent across all curing periods.

The improvement in UPV with increasing NT content suggests enhanced homogeneity and compaction of
the concrete matrix, which is reflective of the nanoparticles strengthening the internal structure of the concrete
and improving the transmission of ultrasonic waves. The calibration data for the RN to CS conversion exhibit
a strong correlation, with a coefficient of determination (R?) of 0.856 (refer to Fig. S2 in the Supplementary
Materials).

Ultrasonic pulse velocity (UPV) test

The different values of UPV observed for each mix are presented in Table 9. The UPV of the conventional
concrete is 4.27 km/s, while NT incorporated concrete mixes range from 4.50 to 4.55 km/s UPV. Initially,
UPV decreases with the addition of 0.5% NT nanoparticles, but subsequently increases as the NT% increases,
following the guidelines of IS 13,311 Part 1-1992 (reaffirmed in 2004)**. This increase in UPV is attributed to
the N'T nanoparticles filling the concrete’s pores, resulting in a denser matrix. The denser structure reduces the
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ONT 4.27 50.35 - Good
0.5NT 4.22 54.7 15.05 Good
INT 4.50 62 25.38 Excellent
1.5NT 4.55 65.3 35.05 Excellent

Table 9. NT-based concrete’s UPV value vs. experimental compressive strength test results.

Fig. 21. Mode of failure of concrete cube specimen (a) ONT, (b) 0.5NT, (c) 1.0NT, and (d) 1.5NT.

travel time of ultrasonic pulses through the concrete, thereby increasing pulse velocity. The findings established a
highly reliable correlation between UPV and CS, achieving a calibration with a coefficient of determination (R?)
of 0.998 (refer to Fig. S1 in the Supplementary Materials).

Cracking pattern and mode of failure

The cracking pattern and mode of failure of NT-based concrete were observed. In NT based M40 grade concrete,
incorporating NT made the concrete more robust. Hence, both modes of failure mentioned above coincide in
equal amounts, making the concrete high-strength concrete. The aggregate failure occurred when nano cement
was used in mortar paste, as shown in Fig. 21a. M40 grade concrete was used in both cases to understand the
bond and aggregate failure. Figure 21b-d show that both bond and aggregate failure simultaneously occurred in
the concrete cubes of 0.5NT, INT, and 1.5NT equally. In addition, the concrete beams with NT in the mix show
a narrow and zigzag crack pattern, compared to straight and broader cracks in the conventional concrete beams.

Petrographic studies on cement mortar matrix

To better understand the Petrographic Studies of cement mortar cubes containing nanomaterials, it is better to
understand the structure of NT at a microscopic level in microstructure characterization using a microscope.
The microscopic structure of normal mix and NT-based cement mortar paste with 0%, 0.5%, 1%, and 1.5% doses
was studied with a microscope, and results are shown in Figs. 22a-b and 23a-f under ordinary and polarized
light. Only the Photomicrograph of ONT exhibits tiny air-entrapped pores within the cement mortar paste
matrix compared to 0.5NT, 1.0NT, and 1.5NT.

Petrographic studies of concrete cubes

The petrographic study of the NT-based concrete matrix was conducted. The microscopic structure of the NT-
based concrete matrix with 0.0%, 0.5%, 1%, and 1.5% dosage is presented in Fig. 24a—f under ordinary and
polarized light. The micropores are clearly visible in 0.5% NT incorporated concrete matrix, which is reduced
after further increment in the dosage of NT in concrete, as shown in Fig. 24a-f. The contact with aggregate grains
becomes dense after incorporating NT in the concrete matrix.
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Fig. 23. Cement mortar picture of: (a) ordinary and (b) polarized light for 0.5NT, (c) ordinary and (d)
polarized light for 1.0NT, (e) ordinary and (f) polarized light for 1.5NT.

The enhancement in the densification of the concrete matrix results in a reduction in the pores, improvement
in the reduced pores, and improved strength. This is clearly evident in the petrographic studies of the concrete
mix. This direct relation between the microstructure and strength of the concrete matrix is also observed by
many researchers, where the microstructure improvement is observed after the incorporation of nanoparticles
in the cement and concrete matrix!%4%5%54,

SEM analysis

Figures 25a-d and 26a-d represent the SEM images of concrete matrix. Coarse aggregate looks shiny and
smooth, while the cement mortar matrix shows a rough and dull texture. The images taken were focused only
on the concrete mortar matrix and coarse aggregate interface in SEM analysis. From the other perspective, the
focus was only on the bond of the concrete mortar matrix with coarse aggregate. Hence, the SEM images of NT-
based concrete are presented below in Figs. 25a-d and 26a-d. SEM images were taken at two magnifications,
i.e., 65x and 500x.

The availability of the wide pores in the matrix without NT shown in Fig. 25a-b shows that concrete is less
durable without NT, but in the NT incorporated matrix, the pores are much less and have better microstructure
due to pore and voids filling capacity. The absence of hydration and C-S-H gel in Fig. 25a-b shows the weakening
in the mechanical properties, but in the NT incorporated matrix, CH crystals are fully consumed and produce
large quantities of C-S-H gel and develop a dense concrete!>*°. The incorporation of NT contributes to a denser
microstructure by effectively filling micro- and nanoscale cracks and pores, thereby enhancing the overall
compactness and microstructure of the concrete™.
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Fig. 24. Concrete matrix picture of: (a) ordinary and (b) polarized light for 0.5NT, (c) ordinary and (d)
polarized light for 1.0NT, (e) ordinary and (f) polarized light for 1.5NT.

Moreover, findings of this study indicate that the incorporation of NT significantly influences the hydration
mechanisms of cementitious systems. Specifically, NT was observed to enhance the C;S and C,S hydration,
accelerating the formation of CH as shown in Figs. 25c-d and 26a-d. This augmentation in CH concentration
suggests that NT plays a dual role—both as a hydration promoter and a nucleation site for CH crystallization.
While this phenomenon contributes to early-age strength development, excessive CH formation may also alter
the long-term microstructural stability of the cement matrix. These results align with previous research’, which
has demonstrated that NT modifies hydration kinetics by providing additional nucleation to polarize and form
the gel, leading to a denser and more refined pore structure. This finding aligns with a similar observation noted

by Ghanim et al.%.

Synergetic mechanism of NT on concrete

The inclusion of NT into concrete matrices introduces a synergetic mechanism that enhances both the
microstructural integrity and the long-term performance of cementitious composites (see Fig. 27). At the
nanoscale, titanium dioxide particles contribute to the hydration process by acting as nucleation sites, accelerating
the transformation of C;S and C,S into C-S-H gel. This accelerated hydration (nucleation effect) leads to a
denser microstructure, which directly enhances the early-age strength of concrete. Furthermore, NT exhibits
pozzolanic reactivity, particularly in the highly alkaline environment of cement paste, where it reacts with the
CH released during hydration to produce additional C-S-H gel. This reaction not only densifies the ITZ between
aggregates and paste but also reduces the availability of free CH, thereby improving durability. Physically, the
ultrafine NT particles fill micro-voids and capillary pores, refining the pore structure and reducing permeability.
In combination, these chemical and physical mechanisms produce a synergistic enhancement of mechanical
properties, durability, and resistance to aggressive environments, positioning nano titanium as a multifunctional
nanomaterial in advanced concrete technology. These mechanisms together result in a more compact and
resilient microstructure, even in the absence of traditional pozzolanic additives.

Durability analysis under harsh environments

Durability test: concrete exposure to harmful chemicals

The CS results of NT-based concrete exposed to harmful chemicals is shown in Fig. 28. During the exposure to
4% HCI-Water solution, CS is increased by 5.93%, 17.70%, and 28.72% after incorporating 0.5%, 1% and 1.5%
NT in comparison with 0% NT concrete. After exposure to 4% HCI, the highest CS of 51.40 MPa is achieved
after incorporating a 1.5% dosage of NT. During exposure to 4% H,SO,, CS of NT based concrete is increased
by 15.35%, 30.28%, and 42.94% after incorporating 0.5%, 1% and 1.5% NT in comparison with 0% NT concrete.
The observed improvement in the strength retention of NT-incorporated concretes after acid exposure can
be attributed to both physical and chemical mechanisms. The high surface area and photocatalytic reactivity
of NT promote additional nucleation sites during hydration, leading to the formation of a denser C-S-H gel
matrix. This refinement of pore structure reduces the ingress of aggressive ions, thereby delaying the leaching of
Ca(OH), and decalcification of C-S-H under acidic environments.

Microstructural analyses support this interpretation: XRD patterns of NT mixes show reduced intensity
of portlandite peaks and enhanced amorphous humps associated with C-S-H, indicating consumption of
Ca(OH), and densification of hydration products. EDS spectra further reveal lower Ca/Si ratios in acid-exposed
NT concretes compared to control specimens, signifying stabilization of C-S-H and reduced susceptibility
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Fig. 25. Interface SEM images of NT based concrete: (a) ONT at 200 pum, (b) ONT at 50 pm, (c) 0.5NT at
200 pm, (d) 0.5NT at 50 pm.

to acid dissolution. These microstructural features explain why NT concretes retained a higher proportion of
compressive and tensile strength after sulfuric acid exposure. Thus, the incorporation of NT not only enhances
early hydration but also imparts long-term durability benefits by mitigating acid-induced degradation.

In addition to compressive strength testing, the durability of the specimens was further evaluated through
mass loss measurements and observations of surface condition. Each specimen was oven-dried to a constant
mass before immersion and reweighed after 90 days of exposure to 4% NaCl, HCI, and H,S0, solutions.

The percentage mass change was calculated relative to the initial dry mass. Results of variation in the mass
due to chemical exposure are presented in Table 10. The data reveal that NT-incorporated concretes exhibited
substantially reduced mass loss under all aggressive exposures compared to the control (ONT). After 90 days of
immersion in H,SO, the ONT specimens lost 6.4% of their initial mass, whereas the 1.5NT mix lost only 2.9%.
A similar trend was noted in HCI, with ONT losing 3.2% mass, while 1.5NT lost just 1.8%. In NaCl solution,
negligible mass loss (< 1%) was recorded across all mixes, but the control specimens showed surface efflorescence
and minor scaling, while NT mixes maintained intact surfaces. Figure 29 shows the visual condition of concrete
specimens after 90 days of exposure to harmful chemicals. Surface scaling observations aligned with mass loss
trends. The ONT specimens exposed to acid solutions showed severe surface softening, spalling, and visible
roughness, whereas NT concretes exhibited only minor surface changes, with denser and smoother surfaces.
Under NaCl exposure, ONT specimens developed whitish deposits and fine cracks, while NT mixes remained
largely unaffected.

Durability test: concrete exposure to alternate Freeze-Thaw

The long-term serviceability of structures in cold regions is analysed by free-thaw resistance. The CS result of the
NT-based concrete under freeze-thaw conditions is shown in Table 11. The result shows the positive impact of
the incorporation of NT on the strength of concrete exposed to freeze-thaw conditions (limited range of freeze/
thaw cycles, up to 120 cycles), which aligns with Tanimola and Efe findings*’. The maximum increment in the
strength up to 17.93% is observed after incorporating 1.5% NT in concrete. However, only a minor improvement
in the strength was observed after the inclusion of 1% NT in concrete. The pore-filling capacity of NT helps in
reducing the pores, ultimately reducing the place of water to freeze, increasing the strength. The freeze-thaw
damage to the concrete is due to the uneven expansion between the aggregate and the concrete matrix>’. As the
expansion coefficient is directly proportional to the humidity of the material. However, the early age hydration
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200 pm, (d) 1.5NT at 50 pm.

O] ® ®

Incorporate nano titanium Accelerate hydration process Enhance microstructure
into concrete matrices. through nucleation sites. through pozzolanic reactivity.

-

A 040 — 00

4

® ® ®

Refine pore structure and Enhance mechanical properties Produce a compact and
reduce permeability. and durability. resilient microstructure.
o & ) ®
o ®e
)52 @®

Fig. 27. Synergetic mechanism.

Scientific Reports|  (2025) 15:39325 | https://doi.org/10.1038/s41598-025-22974-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

—=— 4% NaCl
60 - @ 4%HCI
—4—4% H,SO,
55
~ 1
[a )
=
= 50 1
an
o
=
75!
R
Q.
g 404
o
O
35

T0 T0.5 T1 T1.5

Mix Designation

Fig. 28. CS of NT based concrete exposed to harmful chemicals.

ONT 0.3 32 6.4 Severe scaling and spalling in acid; efflorescence & fine cracks in NaCl
0.5NT | 0.2 2.5 4.8 Moderate surface scaling in acid; minor whitish deposits in NaCl

INT |0.1 2.0 3.6 Slight roughness in acid; surface intact under NaCl

1.5NT | 0.0 1.8 2.9 Smooth surface, negligible scaling; no efflorescence under NaCl

Table 10. Results of variation of mass due to chemical exposure.

Fig. 29. Visual condition of concrete specimens after 90 days of exposure to (a) 4% HCI, (b) 4% H,SO,, and
(c) 4% NaClL.
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Compressive strength
Cube designation | (MPa) % Increase in compressive strength
ONT 56.15 -
0.5NT 59.28 5.57
INT 63.82 13.65
1.5NT 66.22 17.93

Table 11. Test results of NT-based concrete’s compressive strength after exposure to freeze-thaw process up to
120 cycles.

Mix Mass loss (%) | RDME (%) | VDI (0-3) | CS loss per cycle (%)
ONT 2.5 82 3 0.17
0.5NT | 1.8 88 2 0.12
INT 12 93 1 0.07
1.5NT | 0.8 95 0 0.05

Table 12. Freeze-thaw durability indicators.

Cube designation | Carbonation depth (mm) at the duration of 30 days
ONT 1.4+0.2

0.5NT No carbonation observed

INT No carbonation observed

1.5NT No carbonation observed

Table 13. Test results NT-based concrete’s carbonation depth.

is accelerated by the NT incorporated, but NT has no significant impact on the hydration process at a later age.
The cracks formed during the freeze-thaw cycles are filled by the NT incorporated, improving the strength of
concrete by bridging the gap between nano and microcracks.

The extended freeze-thaw durability indicators (Table 12) show that NT significantly enhances resistance to
cyclic deterioration. The mass loss of the control mix (ONT) was 2.5% after 120 cycles, accompanied by severe
scaling (VDI=3), while 1.5NT specimens lost only 0.8% mass and remained intact (VDI=0). The relative
dynamic modulus decreased to 82% in the control mix, compared to 95% in 1.5NT concrete, confirming
reduced microcracking and stiffness degradation. Similarly, compressive strength loss per cycle dropped from
0.17% (ONT) to 0.05% (1.5NT).

Durability test: accelerated carbonation test

The result of the carbonation test of concrete with and without NT is shown in Table 13. The control specimens
(ONT) exhibited an average carbonation depth of 1.4 + 0.2 mm, whereas all NT-incorporated mixes (0.5NT, INT,
1.5NT) showed no measurable carbonation depth within the 1 mm powder increment resolution. This is due
to the reduction of the pores and the elimination of the passage of carbon by incorporating the nanomaterial in
concrete. The dense concrete after incorporation of NT does not become the reason for exposure of the interior
layer of concrete to deterioration due to carbon. These findings of negligible carbonation in NT-incorporated
specimens after 30 days of exposure are consistent with recent literature. Wan et al. (2019) reported that even
at 28 days of accelerated carbonation, concretes with nano-silica showed markedly lower carbonation depths
compared to control mixes®®. Similarly, Snehal et al. (2023) observed that mortars with nano-silica exhibited
delayed carbonation kinetics under high CO, exposure due to microstructural densification and reduced
capillary porosity™. Moreover, a recent review on titanium dioxide nanoparticles in cementitious composites
noted that increasing NT dosage tends to reduce carbonation penetration (especially at early ages), which is
attributed to pore refinement and improved hydration product stability'®. Thus, our results showing “no
measurable carbonation” in NT mixes after 30 days align with the mechanism that nanoparticle additions refine
the microstructure and limit CO, diffusion in the short term.

Durability test: surface electrical resistivity test

The electrical resistivity increases with an increment in the dosage of incorporation of NT in concrete, as shown
in Table 14. It was noticed that a maximum resistance of 46.50 kilo ohm-cm is observed after the incorporation
of 1.5% NT in concrete. Table 14 also shows the penetrability of chloride ions in concrete conforming to the
guidelines given in AASHTO TP 95%. It was noticed that the penetration of chloride ions in conventional
concrete was low. However, the penetrability of chloride ions was very low after incorporating NT in concrete.
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Cube designation g(ei::)szl‘;ﬁcm) Chloride ion penetrability | Chloride ion penetrability (according to AASHTO TP 95) (kilo ohm-cm) %
ONT 33.80 Low High<12

0.5NT 36.80 Low Low- 21 to 37

INT 42.90 Very Low Very Low- 37 to 254

1.5NT 46.50 Very Low Negligible- >254

Table 14. Test results of NT-based concrete’s chloride ion penetrability.

RCPT Coulombs Chloride ion penetrability
Cube designation | (Q) Chloride ion penetrability | (According to ASTM C1202) (Q) ¥
ONT 2632+105 Moderate High: >4000
0.5NT 2759+112 Moderate Moderate: 2000-4000

Low: 1000-2000
Very Low: 100-1000
Negligible: < 100

INT 3200+ 128 Moderate
1.5NT 3540+135 Moderate

Table 15. NT-based concrete’s chloride ion penetrability test result.

Durability test: rapid chloride penetration test (RCPT)
Chloride ion penetrability of the concrete with and without NT was observed, and the results are shown in
Table 15. The concrete with NT incorporation gives moderate penetrability with the value of charge 2759+ 112
coulombs, 3200+ 128 coulombs, and 3540+ 135 coulombs with the incorporation of 0.5%, 1%, and 1.5% NT
dosage as per the guidelines given in ASTM C1202%. The NT contributes well in reducing the penetration of
chloride due to high fineness and pore-filling capacity. The decrease in penetrability after the incorporation
of NT is also due to the decrease in porosity and more refinement of the structure. Rawat et al.*® investigated
the influence of NT on chloride penetration in concrete and observed that its presence significantly enhances
resistance against chloride ingress. This improvement is attributed to nano NT’s role in hydration, which
promotes the formation of a compacted and dense microstructure. As a result, the refined pore structure helps
mitigate the effects of aggressive environments. However, excessive incorporation of nano NT can be detrimental
to durability, as reduced spacing between nanoparticles and a decline in calcium hydroxide content may hinder
the formation of a well-structured strengthening gel, ultimately compromising the compactness of the matrix.
In contrast, resistivity values increased with N'T dosage. This apparent contradiction arises from the different
sensitivities of the two methods: RCPT is strongly influenced by pore solution conductivity, whereas surface
resistivity primarily reflects pore structure refinement. Incorporation of NT refines pore size distribution
(confirmed by SEM and petrography) and thus raises resistivity. At the same time, NT accelerates hydration
and increases ionic species (Ca**, OH") in the pore solution, elevating conductivity and leading to higher RCPT
values. Similar trends have been reported by another study®. Direct pore solution conductivity measurements
were not available in this study, but the combined results suggest that NT reduces transport pathways but
increases ionic mobility, underscoring the need for multiple durability indices in nano-concrete assessment.

Durability test: concrete exposure to oven drying at 300 °C
The compressive strength result of the specimens exposed to oven drying at 300 °C with and without NT is
shown in Table 16. It was visible that the rise in strength was due to the rise in the amount of NT in concrete.
The maximum increase in the strength, i.e., 35.89% was observed after the incorporation of 1.5% NT in concrete.
The increment in the CS at elevated temperature was noticeable due to the elevated temperature being
responsible for the additional hydration layer of cement product, and the other reason is the pozzolanic
reactivity of the nanomaterial incorporated in concrete. The major strength component of concrete i.e. C-S-H
gel is increased after incorporation of NT in concrete.

Durability test: concrete exposure to fire at 200 °C, 400 °C, and 600 °C
The measurement of CS at elevated temperatures is very important for analysing the performance of the
structure against fire. The CS result of concrete incorporated with different dosages of NT exposed to fire at
different temperatures is shown in Fig. 30. During exposure to fire at 200 °C, CS is increased by 14.90%, 24.77%
and 35.48% after incorporation of 0.5%, 1%, and 1.5% NT in concrete in comparison with concrete without N'T.
During the exposure to fire at 400 °C, the CS is increased by 10.25%, 18.65% and 28.80% after incorporation of
0.5%, 1% and 1.5% NT in comparison with 0% NT in concrete. During the exposure to fire at 600 °C, the CS
is increased by 9.17%, 6.28% and 1.00% after incorporation of 0.5%, 1% and 1.5% NT in comparison with 0%
NT in concrete. From Fig. 30, it was noticed that CS is increased with the rise in the dosage of NT in concrete
exposed to 200 °C and 400 °C. But a decrease in CS is observed after increasing the dosage of NT by more than
0.5% for the concrete exposed to 600 °C. CS of concrete declines with a rise in temperature of exposure for all
concrete mixes.

The decrease in CS due to the rise in temperature is due to the degradation of the C-S-H gel. This is also
due to the formation of gaps left behind after the elimination of the water from the mix. The binding properties
of the material used get reduced due to the conversion of calcium carbonate into lime. The decrement in the
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Cube designation | CS (MPa) | % Increase in CS
ONT 44.80 -

0.5NT 53.71 19.88

INT 57.57 28.50

1.5NT 60.88 35.89

Table 16. Test results of NT-based concrete’s CS after oven drying at 300 °C.
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Fig. 30. CS of NT-based concrete exposed to fire conditions.

strength is also due to a rise in pore pressure due to temperature rise and the formation of microcracks. But
in NT-incorporated concrete, the CS is not reduced much due to the filling of these micro-cracks at the nano
and micro levels. Due to its ultrafine size, NT plays a crucial role in reducing porosity, thereby enhancing the
overall densification of concrete and improving its resistance to high temperatures. Guler et al.%* reported that
incorporating nanoparticles led to a notable improvement in the ITZ, resulting in a more compact and dense
microstructure. This enhancement contributed to the retention of compressive strength at elevated temperatures,
demonstrating the effectiveness of NT in improving concrete’s thermal stability.

The relatively higher strength retention of NT concretes after high-temperature exposure cannot be attributed
to additional hydration, since hydration ceases and decomposition of hydration products dominates at elevated
temperatures. Instead, the improvement is more plausibly explained by the microstructural densification and
pore refinement imparted by NT incorporation before heating. Nanoparticles accelerate hydration at early ages,
reduce porosity, and form a denser C-S—H matrix, which provides improved resistance against thermal cracking
and decomposition. Several studies have reported that nanoparticles enhance pore structure refinement and
improve residual strength after heating by delaying microcrack propagation®-%3. Nevertheless, our findings
are consistent with the literature evidence that NT stabilizes the microstructure before heating. This has been
identified as a scope for future research, where systematic SEM/XRD analysis of NT concretes pre- and post-
thermal exposure will be undertaken to confirm the underlying mechanisms.

Durability test: capillary porosity test

Capillary porosity test results of the NT-incorporated concrete are shown in Table 17. It was noticed that there
is no significant capillary porosity in concrete with or without NT. The NT promotes hydration and densifies
the structure at the nano and micro level, thereby enhancing the ITZ and controls the capillary porosity. The
observed values suggest a reduced pore volume within the concrete matrix, as sorptivity is directly linked to
the presence of pores. Lower sorptivity values further indicate a nonuniform pore size distribution, which
can hinder water movement through the concrete. The incorporation of NT effectively fills both micro- and

nanoscale pores, resulting in a denser matrix that restricts water penetration and enhances overall durability®>©.

Scientific Reports |

(2025) 15:39325 | https://doi.org/10.1038/s41598-025-22974-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Cube designation | Remarks

ONT Capillary porosity not observed
0.5NT Capillary porosity not observed
INT Capillary porosity not observed
1.5NT Capillary porosity not observed

Table 17. NT-based concrete’s capillary porosity test results.

Cube designation | Thickness (m) | Area (m?) | Time (s) | Head (m) | Flow (m®) | Permeability (k)
ONT 0.15 0.0225 86,400 1.5 5x10°8 2x 10710

0.5NT 0.15 0.0225 86,400 | 1.5 1x1078 3.7x1071

INT 0.15 0.0225 86,400 | 1.5 1.8x107° |7.2x107'2
1.5NT 0.15 0.0225 86,400 | 1.5 1.1x107° | 4.8x107'2

Table 18. NT-based concrete’s permeability test results.

The reduced sorptivity of TiO,-modified concrete can be attributed to the finer particle size of TiO, and its role
in enhancing C-S-H gel formation, which effectively refines the pore structure and minimizes sorptivity®®4. As
the TiO, content increases within the C-S-H gel, sorptivity levels continue to decline. This reduction occurs
due to the decreased pore interconnectivity, which subsequently limits moisture absorption. These findings are
consistent with previous studies, including those reported by Rawat et al®.

In all tested samples, the incorporation of NT as a nanomaterial in concrete resulted in a notable reduction in
porosity. This decrease can be attributed to the role of NT nanoparticles as efficient fillers, gradually occupying
void spaces as dispersed within the matrix. The nanoparticle clusters not only filled these spaces but also acted
as nucleation sites, accelerating the hydration process. As hydration progressed rapidly within water-filled pores,
overall porosity was further diminished. Research by Mohammadi et al.®® also demonstrated a reduction in total
porosity when titanium dioxide was introduced into calcium phosphate cement. Similarly, studies by Abdullah
et al.% confirmed that substituting NT in partial replacement of Portland cement led to decreased porosity at
varying concentrations, highlighting the effectiveness of NT in refining the pore structure.

Durability test: permeability test

The permeability test was carried out as per the guidelines given in IS 3085 — 1965 on concrete, and the results
are shown in Table 18. It was noticed from the table that no permeability was observed in any of the mixes with
or without NT. This is due to the reduction of the available pores of C-S-H. After the incorporation of NT in
concrete, the elimination of these pores results in the formation of impermeable and dense structures.

At the 2-day curing mark in the study of Nazari and Riahi?®, the water absorption percentage in concrete
specimens without NT (0% NT) is lower than that observed in mixes containing 1-5% NT. However, at 7 and
28 days of curing, the trend reverses, with the 1-5% NT series exhibiting reduced water absorption compared
to the 0% NT specimens. This initial increase in water absorption for NT-containing mixes can be attributed
to the accelerated formation of hydration products facilitated by NT nanoparticles at early curing stages. Since
NT enhances the hydration process, these specimens require more water to support the formation of hydration
compounds. Consequently, at the 2-day curing stage, the higher water demand in the 1-5% NT series results
in greater absorption compared to the 0% NT mix. Over time, as curing progresses to 7 and 28 days, the pore
structure of NT-containing concrete undergoes significant refinement, leading to decreased water permeability
relative to the 0% NT specimens.

Compressive strength test to determine modulus of elasticity (MOE) and initial tangential modulus (ITM) of
concrete
Figure 31a-c shows the stress-strain curve of concrete incorporated with different dosages of NT. The stress
obtained is 58 N/mm?, 62.71 N/mm?, and 63.82 N/mm? with the incorporation of 0.5%, 1%, and 1.5% NT in
concrete. The corresponding values of the strain are 0.0126, 0.0096, and 0.0115 obtained after incorporation of
0.5%, 1%, and 1.5% NT in concrete. Moreover, NT-based concrete’s ITM and MOE values are shown in Table 19.
A significant shift in trend was observed with the incorporation of NT. Among all the tested mixtures, those
containing 1.5% NT demonstrated the highest ME, which can be attributed to the nanoscale fineness of NT
particles. These nanoparticles effectively fill micropores within the concrete matrix, contributing to increased
stiffness. However, exceeding this optimal NT content resulted in a decline in ME. This reduction is likely due
to the increased availability of Ca(OH), crystals, which are essential for C-S-H gel formation, as well as the
challenges in achieving a uniform nanoparticle distribution within the matrix. These findings align with the
conclusions drawn by Rawat et al.** and are supported by previous research by Nazari et al.”’.

Economic viability assessment of nano-concrete
The integration of advanced nanomaterials into concrete, while promising from a performance and durability
standpoint, introduces significant complexities in cost assessment®”~’°. A comprehensive economic feasibility
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Fig. 31. Concrete cube specimen stress-strain curve of: (a) 0.5NT, (b) 1.0NT, (c) 1.5NT.

analysis must therefore extend beyond a simple comparison of initial material costs via cost-benefit analysis
(CBA). While conventional OPC concrete currently holds an advantage in terms of upfront expenses, this
analysis posits that the long-term economic viability of NT-concrete is potentially transformative. This section
evaluates the economic implications of employing NT in concrete by comparing the direct material costs
of production against the potential for long-term value generation. This value is derived from the material’s
enhanced mechanical properties—including CS, STS, and FS—and its superior durability performance under
aggressive environmental conditions, such as exposure to harmful chemicals, freeze-thaw cycles, and reduced
permeability. The cost analysis for producing one cubic meter of both conventional and NT-concrete, detailed
in Table S1 (Supplementary Information), is based on prevailing material rates within the Indian market,
standardized to US dollars (1 USD = 84 INR) for broader relevance. The rates of the materials used in this study
are shown in Table S2 (Supplementary Information).

As provided in Table 20, the benefit cost ratio (BCR) of each mixture provides a quantitative assessment of the
economic feasibility, owing to the importance of the constituent material property improvements compared to a
regular concrete. These were done through a formal CBA method, which combines the calculated performance
gains with the added material change cost®®”"72. This method does establish a concrete basis for balance
assessment when considering the tradeoff between an increase in performance and the cost of sophisticated
concrete.

a = Value of property (NT concrete ) (6)
a — Value of property (conventional concrete )
b = - (7)
Value of property (conventional concrete )
¢ = Valueof Eq. (b) x WF (8)

The CBA presented on Table 20 suggests specific economic consequences of concrete mixtures with NT. Out of
all the formulations analyzed, the mixture with 1.0% NT proportion had the most preferable benefit-cost ratio
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Cube designation | 28 days (MPa) CS | ITM (GPa) (kN/mm?) | MOE (Ec=5000 Vf 1) (GPa) (kN/mm?) IS 456: 2000 ** | % Increase in MOE
TO 42.44 3.70 32.57 -
T0.5 58.00 7.38 38.07 16.88
T1 62.71 8.25 39.59 21.55
T1.5 63.82 8.25 39.94 22.62
Table 19. NT- based concrete’s initial tangential modulus and modulus of elasticity values.
0.5NT 1.0NT 1.5NT
Property WF |aEq.6 |bEq.7 |cEq.8 |[aEq.6 |bEq.7 |cEq.8 |aEq.6 |bEq.7 cEq.8
CS (MPa) 10 | 56.000 0.105 1.054 | 61.800 0.220 2.199 | 65.200 0.287 | 2.870
STS (MPa) 10 |2.820 0.068 0.682 3.070 0.163 1.629 | 3.440 0.303 | 3.030
FS (MPa) 10 | 7.000 0.037 0.370 8.500 0.259 2.593 9.500 0.407 | 4.074
UPV 10 | 4.220 -0.012 | -0.117 | 4.500 0.054 0.539 | 4.550 0.066 | 0.656
Freeze-thaw process up to 120 cycles | 10 | 59.280 0.056 | 0.557 | 63.820 0.137 1.366 | 66.220 0.179 | 1.793
RCPT 10 | 2759.000 | 0.048 0.483 3200.000 | 0.216 2.158 3540.000 | 0.345 | 3.450
3.029 10.483 15.873
Benefit 3.029 10.483 15.873
Cost INR ($) 5084 5340 5597
BCR x 100 0.060 0.063 0.026

Table 20. BCRs of NT concrete.

(0.063), indicating that the performance gains were sufficiently counterbalanced by the added material cost. On
the other hand, the 1.5% NT mixture had the lowest ratio (0.026), indicating that the cost added was way more
than the gains received. Since the prices of cement, coarse aggregate, fine aggregate, and superplasticizer were
the same throughout all mixtures, the difference in benefit-cost ratio is largely due to the price of the NT. These
findings point to an especially important issue concerning the practical use of NT in concrete: its performance-
improving attributes are rather NT’s cost, which limits its practicality, especially to low-cost use cases. Therefore,
lower dosages of NT might be a more practical approach to use NT in concrete where performance and economic
practicality are of high importance.

Real world application (Scenario Setup)

This assessment analyzes the use of NT enhanced concrete economically for a marine infrastructural project in
India, wherein the durability issue caused by the chloride induced corrosion is critical. The target conventional
concrete is designed at a characteristic compressive strength of 50.66 MPa, costing I 4827 per cubic meter. The
nano-modified concrete, which incorporates 1.0% NT, has a compressive strength of 61.8 MPa and results in the
unit material cost rising to ¥ 5340 per cubic meter. The nano-modified concrete is priced at ¥ 140 per kg and
the nano-additive concrete’s incremental cost is X 513 per cubic meter. The key focus in this assessment is the
increase in the service life, which is value-adding. Major repairs are expected to be needed on the conventional
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0.5NT (Delta cost=256.5) 1.0NT (Delta cost=513) 1.5NT (Delta cost=769.5)

Property |BEq.7 |BEq.9 | BCREq.10 | BEq.7 | BEq.9 | BCREq.10 | BEq.7 | BEq.9 | BCREq. 10
CS (MPa) | 0.105 254.404 | 0.992 0.220 530.722 | 1.035 0.287 692.702 | 0.900
STS (MPa) | 0.068 164.557 | 0.642 0.163 393.108 | 0.766 0.303 731.364 | 0.950
FS (MPa) | 0.037 89.389 | 0.348 0.259 625.722 | 1.220 0.407 983.278 | 1.278
UPV -0.012 | -28.261 | -0.110 0.054 130.001 | 0.253 0.066 158.262 | 0.206
RCPT 0.048 116.457 | 0.454 0.216 520.847 | 1.015 0.345 832.621 | 1.082

0.454 1.015 0.950

Table 21. Simple BCR for strength gain of NT concrete.

concrete after 25 years due to chloride penetration, while the NT-concrete is expected to postpone this by 10
years; thus, major repairs would be first required at the 35-year mark. This assessment assumes that the repair
cost for the pier deck is ¥ 1,68,00,000, which is 200,000 USD at an exchange rate of $1 = X 84. Within the context
of anticipating repair expenditures on the NPV construction, the net present value of future repair savings is
estimated considering a discount rate of 5% over the 50-year analysis horizon. The analysis assumes a repair cost
of ¥1,68,00,000 (equivalent to $200,000 at an exchange rate of 1 USD =84 ) for the pier deck. A discount rate
of 5% is applied over a 50-year analysis period to compute the net present value (NPV) of future repair savings,
thereby contextualizing the higher initial investment within a long-term lifecycle cost framework. This scenario
provides a realistic basis for assessing the value proposition of nanotechnology in construction within the Indian
market.

Simple BCR for strength gain

To assess the improvement along with cost, the third metric should be Monetized Benefit (see Eq. 9). The
benefit-cost ratio analysis, when myopically centered on CS enhancement, gives a value of roughly 1.015 for the
nano-titanium modified concrete, as presented in Table 18. This indicates a slight economic benefit, in terms of
an additional 22% strength gain, which just surpasses the extra cost incurred in the nanomaterial (see Table 21).
This outcome, however, must be viewed with a level of skepticism. A BCR that is close to but less than 1.0 shows
a fragile economic case where strength is the only consideration (see Eq. 10)7%”!; minor changes in the cost of
the materials or performance variability could easily erase this slim advantage. This highlights the limitation of
evaluating new materials using a singular mechanical lens.

Monetized Benefit (B) = b x a x Cost )

Assume a value of a = 0.5%, means each 1% strength increase is valued at 0.5% of the concrete cost.

B
BCR= —— 1
CR A COSttotal ( 0)

Lifecycle cost (LCC) analysis

While the simplified engineering benefit-cost ratio focused only on strength provides a certain viewpoint, a more
thorough assessment should consider the added economic value of enhanced durability over time. LCC analysis
provides this perspective®®’’, as it measures the value of maintenance deferred, as well as the enormous cost
savings over the operational life of the structure, attributable to the enhanced performance of NT of concrete.
The analysis presented in Egs. 11-13 shows that deferring the major repair from year 25 to year 35 results in a
net present value of avoided costs of 319.2 lakh, which is significant. Also, as a comparison, the nano concrete
variant requires an additional initial material investment of 5.1 lakh. In this scenario, the nano concrete
variant provides a net lifecycle saving of ¥14.1 lakh. The results support a capital expenditure on the structure
on account of durability and the shed expenditure, while the structure determines operational efficiency, the
shed is therefore a rational investment. The assessment, therefore, shifts from a simplistic expenditure to value
accretion over time. This underscores a critical principle in sustainable infrastructure: funding for technology
that adds value by enhancing durability is not a cost, but a financial instrument that reduces obligation and risk
for the duration of the asset’s life cycle. The results of the CBA suggest that a positive NPV, together with a BCR
greater than one, offers a compelling economic rationale for the expenditure®®”>. These indicators reinforce the
notion that the benefits to be gained are greater than the expenditure and recurring disbursements, which, from
a financial perspective, significantly justify the solvency and strategic imperative of the project’>74.

Repair cost

NPV conventional concrete = m (11)
1,68,00,000
NPVconventional concrete W =349,61,836
1,68,00,000
NPVNT concrete — m = ?30,39,258
Scientific Reports|  (2025) 15:39325 | https://doi.org/10.1038/541598-025-22974-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Avoided RepaiT Cost (Bdclay) = NPV onventional concrete = NPVNT concrete
Boey = 349,61,836 — 230,39,258 = 219,22,578

(12)

Apnitial Cost for 1000 m3 = (35340 — 4827) x 1000 = %5,13,000
Netsavings - Bdelay - A Initial Cost for 1000 m3 (13)

Netgyings = 319,22,578 —%5,13,000 = ¥14,09,578

Break-even analysis
The break-even analysis identifies the maximum allowable cost for NT where the lifecycle savings from delayed
repair just offset the initial investment. The formula used is (Eq. 14):

Bdelay
total NT for 1000 m2 of concrete

Cunt, BE = (14)

19,22,578
Crovt = 3800

Based on the break-even analysis, material scientists and other stakeholders were able to study the techomics
of using titanium nano-dioxide in concrete and ascertain the benefits of using the material throughout the
lifecycle. The analysis estimates that the benefits of not spending money on major repairs for a decade alone can
justify spending a total cost of upto 506 on a nanomaterial. This is worth contrast to the current price of Y140,
showing a large margin that can sustain conservative estimates. Provided the cost of NT does not exceed 506,
the NT-concrete becomes economically viable for this construction project. This large buffer suggests not only
that the NT technology is likely to remain economically viable given current conditions, but also that there is
a large buffer in case of cost inflation in the future. It shifts the question away from, ‘is nano titanium dioxide
economically viable?” to ‘how much economic loss can the project sustain and still be viable?’ This also allows
investors to rest assured that spending on the material enhancement technology is economically sensible in the
future.

= ¥505.94/kg

Conclusion

Based on an extensive experimental investigation into the mechanical, petrographic, microstructural, and
durability properties of NT-incorporated concrete along with economic analysis, the following conclusions are
drawn:

(1) The incorporation of NT significantly enhances the CS of concrete matrix, producing a high-strength na-
nocomposite. A conventional M40-grade mix transforms into high-strength concrete with NT, achieving
a peak CS of 75.25 MPa at 180 days with 1.5% NT incorporation, compared to 58.80 MPa for normal mix
concrete.

(2) At28days, NT incorporation at 0.5%, 1%, and 1.5% increased CS by 10.54%, 21.98%, and 28.70%, respec-
tively, compared to normal concrete. A similar trend was observed for STS and FS, with improvements
of 30.30% and 40.74%, respectively, at 1.5% NT dosage. However, workability decreased as NT content
increased.

(3) NT effectively improves fracture properties by controlling matrix cracks at the nano-scale, as confirmed
through SEM analysis. The material also exhibits a crack-bridging mechanism, leading to a denser and
more resilient concrete structure.

(4) Petrographic studies confirm the absence of micropores in both cement paste and the concrete matrix,
indicating an improved microstructural integrity due to NT incorporation. Additionally, SEM analysis
highlights the densification effect of NT, contributing to enhanced durability.

(5) NT-modified concrete demonstrated superior resistance to aggressive environments. When exposed to 4%
HCI for 90 days, CS improved by 5.93%, 17.70%, and 28.72% with 0.5%, 1%, and 1.5% NT, respectively.
Similarly, exposure to 4% H,SOj resulted in strength gains of 15.35%, 30.28%, and 42.94%.

(6) NT contributed to improved freeze-thaw resistance by reducing pore space, limiting water penetration,
and minimizing freeze-induced deterioration. Additionally, its fine particle size and pore-filling capacity
significantly reduced chloride ion permeability, preventing carbonation and enhancing resistance to chlo-
ride ingress.

(7) Under elevated temperatures, NT-incorporated concrete exhibited a notable strength increase. At 300 °C,
a maximum strength gain of 35.89% was recorded at 1.5% NT dosage, attributed to additional cement
hydration and the pozzolanic reactivity of NT. However, at 600 °C, CS declined beyond a 0.5% NT dosage
due to thermal degradation.

(8) The tangent modulus of elasticity improved with increasing NT content, reaching a maximum of 8.25
GPa at 1.5% NT incorporation, further reinforcing NT’s role in enhancing concrete stiffness and overall
mechanical performance.

(9) The benefit-cost analysis demonstrates that the economic viability of NT in concrete is highly dosage-de-
pendent. The 1.0% NT mixture represents the optimal compromise between performance enhancement
and cost efficiency under current market conditions.
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(10) The data on life-cycle costs illustrates that NT-concrete’s economic value is considerable because net sav-
ings are over Y14 lakh even with increasing initial expenses, because of the ample service life extension
NT-concrete provides. The current market conditions indicate that the economic viability of the technol-
ogy is excellent, given that the market price would have to be approximately I506 per kilogram to break
even on the NT costs, which is far below current market prices. These results corroborate that the carefully
planned purchase of NT-concrete is a reasonable investment from both a technoeconomic and practical
standpoint.

This study underscores the potential of NT as a transformative nanomaterial in concrete technology, improving
strength, durability, and resistance to aggressive environments while optimizing microstructural properties. It
should be noted that the specific crystalline phase (anatase vs. rutile) of the nano-titanium dioxide used in this
study was not characterized via XRD. Investigating the influence of phase composition on the resulting concrete
properties presents a valuable direction for future research.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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