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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Comparative study of NCSH, NTO, and 
NS reveals time-dependent mechanisms 
governing RAC strength and durability.

• NCSH accelerates early hydration, NTO 
improves matrix uniformity, and NS 
promotes later densification.

• Multi-scale microstructural evidence 
guides targeted nanomaterial selection 
and synergistic design for RAC.
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A B S T R A C T

This study systematically investigates the mechanistic distinctions in how the type of nanomaterials regulates the 
performance of recycled aggregate concrete (RAC) under comparable particle size conditions. Three 
nanomaterials-nano calcium silicate hydrate (NCSH), nano titanium dioxide (NTO), and nano silica (NS) were 
each incorporated at 2 wt% to evaluate their effects on mechanical properties, durability, and microstructural 
evolution. The results reveal pronounced time-dependent efficacy among the nanomaterials. NCSH exhibited the 
strongest enhancement in early-age mechanical performance, increasing 1-day compressive and splitting tensile 
strengths by 56.9% and 41.9%, respectively. In contrast, NS demonstrated superior long-term strength devel
opment and permeability resistance, achieving a 20.1% reduction in 28-day water absorption and chloride ion 
penetration. Microstructural analyses indicate that NCSH primarily accelerates early hydration and structural 
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densification through homogeneous nucleation. NS refines the pore structure and reduces calcium hydroxide 
content via sustained pozzolanic reactions, while NTO contributes mainly through physical filling and micro
structural packing. These findings provide a mechanistic basis for the targeted selection and synergistic opti
mization of nanomaterials in RAC systems tailored to specific performance requirements.

1. Introduction

With the rapid expansion of the global construction industry, the 
generation of construction and demolition waste (CDW) has increased 
dramatically, posing significant environmental and resource- 
management challenges. The valorization of CDW through the produc
tion of recycled aggregate concrete (RAC) has been widely recognized as 
an effective pathway toward low-carbon transformation and circular 
resource utilization in the construction sector [1,2]. By partially or fully 
substituting natural aggregates with recycled coarse aggregates (RCA), 
the consumption of virgin mineral resources and associated carbon 
emissions can be substantially reduced [3]. Despite its environmental 
advantages, RAC generally exhibits inferior mechanical performance 
and durability compared with conventional concrete. This deterioration 
is primarily attributed to the intrinsic deficiencies of RCA, including 
high porosity, pre-existing microcracks, adhered old mortar, and the 
presence of multiple interfacial transition zones (ITZs) between the 
aggregate, old mortar, and newly formed cement paste [4]. These 
structural heterogeneities result in stress concentration, accelerated 
ingress of aggressive agents, and compromised long-term stability. 
Therefore, enhancing interfacial compactness and optimizing the overall 
microstructural integrity of RAC represent critical scientific challenges 
for achieving high-performance and durable recycled concrete suitable 
for structural applications.

In recent years, advances in nanotechnology have introduced new 
opportunities for microstructural regulation of cementitious materials. 
Owing to their ultra-high specific surface area and elevated surface 
reactivity, nanomaterials can significantly influence cement hydration 
kinetics, nucleation processes, and pore structure refinement [5]. Nano 
silica (NS), for instance, acts both as a nucleation site for C-S-H forma
tion and as a highly reactive pozzolanic agent, thereby accelerating 
hydration and refining pore structure [6]. Numerous studies have 
demonstrated that NS can enhance compressive strength, reduce 
porosity, and improve resistance to chloride ingress in ordinary concrete 
[7]. In RAC systems, NS has also been reported to refine pore structure 
and densify the ITZ, thereby improving both mechanical properties and 
durability [8]. However, the effectiveness of NS is highly dependent on 
dispersion quality and dosage, and excessive addition may lead to 
agglomeration and reduced workability [9]. In comparison, nano tita
nium dioxide (NTO) has been reported to enhance durability through 
micro-filling effects and, in some cases, photocatalytic functionality that 
may mitigate surface contamination and degradation [10]. In RAC, NTO 
has been shown to improve early-age strength and reduce water ab
sorption, although its long-term performance enhancement is often less 
pronounced than that of NS [11]. The relatively inert nature of NTO 
suggests that its regulatory effect is primarily physical rather than 
chemical. Nano C-S-H (NCSH) seeds differs fundamentally from both NS 

and NTO. As pre-formed C-S-H seeds, NCSH shows strong chemical 
compatibility with cement hydrates and can markedly accelerate early 
hydration by lowering the nucleation barrier for C-S-H formation [12]. 
This effect is especially beneficial for early-age strength development 
and rapid ITZ densification [13,14]. Recent studies have shown that 
NCSH can significantly shorten the induction period of cement hydra
tion and promote the formation of a denser microstructure at very early 
ages [15]. In RAC, NCSH has been reported to improve interfacial 
bonding and reduce early-age porosity, although its long-term pozzo
lanic contribution is limited due to the absence of reactive silica [16].

Despite increasing interest in nanomodified RAC, the available evi
dence remains insufficient to establish a clear mechanistic understand
ing. Most previous studies have focused either on conventional cement- 
based materials or on RAC incorporating a single type of nanomaterial 
[17,18], so the relative effectiveness of different nanomaterials in RAC 
has not been evaluated within a unified experimental framework. More 
importantly, the key variables governing nanomodification-particularly 
particle size, morphology, and chemical nature—have often varied 
simultaneously among studies. As a result, the respective contributions 
of chemical reactivity, nucleation, and physical filling remain difficult to 
distinguish [19,20]. This limitation is especially critical for RAC, whose 
inherently porous RCA and complex multi-ITZ structure make its 
microstructural response far more sensitive to nanoscale modification 
than that of conventional concrete [21,22]. Consequently, the central 
unresolved issue is not whether nanomaterials can improve RAC, but 
which mechanism predominates when nanomaterials with different 
chemistries are introduced under comparable physical conditions. A 
controlled comparison at similar particle size is therefore essential, 
because it minimizes size-induced packing differences and allows the 
role of intrinsic material chemistry to be assessed more directly. Such an 
approach is needed to determine whether the performance gains arise 
primarily from pozzolanic reaction [23], C-S-H seeding, or inert filling 
[24], and thus to establish a clearer framework for interpreting nano
modification pathways in RAC [25]. This is the critical problem that 
previous studies have not adequately addressed.

Accordingly, this study systematically investigates the modifying 
effects of NCSH, NTO, and NS on the mechanical performance, water 
absorption, and chloride ion permeability of RAC under comparable 
particle size conditions. Thermogravimetric analysis (TG), back
scattered electron imaging (BSE), and nitrogen adsorption-desorption 
porosity analysis were employed to elucidate the underlying mecha
nisms governing hydration evolution, pore structure optimization, and 
interfacial densification. By establishing a direct comparison among 
NCSH, NTO, and NS, this study addresses a key gap in current research 
and provides a mechanistic basis for the rational selection of nano
materials in high-performance recycled aggregate concrete.

2. Materials and experimental program

2.1. Raw materials

P. I 42.5 ordinary Portland cement was employed as the primary 
binder. RCA were obtained from demolished concrete structures and 
processed through crushing and sieving. Two particle size fractions 
(5–10 mm and 10–20 mm) were selected for use. Natural river sand with 
a fineness modulus of 2.62 (classified as medium sand) served as the fine 
aggregate. The fundamental physical properties of the aggregates are 
summarized in Table 1. NS was supplied by Shandong Taipeng New 
Materials Co., Ltd., and NTO was provided by Suzhou Carbon Feng 

Table 1 
Physical properties of aggregates.

Type Water 
absorption 
(%)

Apparent 
density (kg/ 
m3)

Bulk density 
(kg/m3)

Crushing 
index (%)

Natural fine 
aggregate

/ 2612 1630 /

RCA (5–10 
mm)

6.1 2512 1373 /

RCA (10–20 
mm)

4.1 2489 1424 16.2
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Graphene Technology Co., Ltd. NCSH was synthesized via a hydro
thermal method; the detailed synthesis protocol has been described 
elsewhere [26].

Fig. 1 presents the microstructural characterization of the synthe
sized NCSH. X-ray diffraction (XRD) patterns exhibit characteristic 
diffraction peaks at 2θ ≈ 29.2◦, 32.3◦, and 49.7◦, corresponding to 
calcium silicate hydrate phases, while no discernible portlandite (CH) 
peaks were detected, confirming that C-S-H constitutes the primary 

hydration product in the synthesized material [27]. For NTO, distinct 
diffraction peaks located at 2θ ≈ 25.3◦, 37.8◦, 48.0◦, and 54.0◦ can be 
assigned to the anatase phase of TiO₂, confirming its high crystallinity. 
NS, the XRD pattern shows a broad diffuse hump in the range of 2θ ≈
20–25◦, characteristic of its predominantly amorphous silica structure. 
Particle size distributions of NCSH, NTO, and NS were determined using 
a laser particle size analyzer (LS230). As illustrated in Fig. 2, all three 
nanomaterials exhibited comparable size distributions, with average 
particle diameters ranging from 90 to 95 nm and median diameters 
between 80 and 85 nm. The relatively concentrated distributions ensure 
the validity of comparative analysis by minimizing particle size–related 
variability, thereby allowing mechanistic differences arising from 
chemical composition to be isolated. The purities of NCSH, NTO, and NS 
were approximately 80%, 99.0%, and 99.5%, respectively. Their BET 
specific surface areas were 77.5, 84.2, and 112.4 m2/g, respectively.

2.2. Mixture proportions

To systematically compare the effects of representative nano
materials (NCSH, NTO, and NS) on the mechanical performance, dura
bility, and microstructural characteristics of RAC, four mixture groups 
were designed. A control mixture without nanomaterials (RAC0) was 
used as the reference. All nanomaterials were incorporated via direct 
external addition at a dosage of 2 wt% relative to cement mass. The 
water-to-cement ratio (w/c) of RAC was fixed at 0.35, and the sand ratio 
was maintained at 40%. Considering the elevated water absorption ca
pacity of RCA, an additional 37.5 kg/m3 of mixing water was introduced 
to compensate for internal absorption. A polycarboxylate ether (PCE) 

Fig. 1. XRD pattern of different nanomaterials.

Fig. 2. Particle size distribution curves of different nanomaterials.
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was used to adjust workability, with the dosage tailored to maintain a 
slump range of 180–220 mm to ensure consistency across mixtures. The 
variation in PCE demand is mainly attributed to differences in the spe
cific surface area, dispersion characteristics, and water adsorption ca
pacity of the nanomaterials. In particular, NS required a higher PCE 
dosage due to its finer particle size and stronger tendency to agglom
erate, whereas NCSH and NTO exhibited relatively lower PCE demand. 
Detailed mixture proportions are presented in Table 2.

After casting, specimens were demolded after 24 h at room tem
perature and subsequently cured in a standard curing chamber (20 ±
2 ◦C, relative humidity ≥95%) until the designated testing ages. In 
parallel, cement paste samples with identical binder compositions were 
prepared for microstructural characterization. Sample designations 
follow the format “C-2.0CSH,” indicating cement paste incorporating 2 
wt% NCSH.

2.3. Test methods

2.3.1. Mechanical properties
Compressive and splitting tensile strength tests were carried out in 

accordance with GB/T 50081–2019. Cube specimens with dimensions of 
100 × 100 × 100 mm were used, with loading rates of 0.5 MPa/s for 
compressive strength and 0.06 MPa/s for splitting tensile strength, 
respectively. For each mixture, three specimens were tested, and the 
arithmetic mean was reported.

2.3.2. Water absorption
Water absorption was measured following ASTM C1585–13 using a 

gravimetric method. Cubic specimens (100 mm × 100 mm × 100 mm) 
were monitored at specified time intervals up to 72 h. The evolution of 

water absorption with time was calculated to evaluate capillary trans
port behavior.

2.3.3. Chloride ion penetration
Rapid chloride permeability tests (RCPT) were performed in accor

dance with ASTM C1202. Cylindrical specimens (Φ100 mm × 300 mm) 
were tested at 28 days. A 0.3 mol/L NaOH solution was used as the 
anolyte, while a 3 wt% NaCl solution served as the catholyte. The total 
charge passed (Coulombs) was recorded to assess resistance to chloride 
ion penetration.

2.3.4. BSE imaging
BSE images of cement paste matrices and RAC ITZs were obtained 

using a scanning electron microscope (Zeiss EVO LS15) under the 
following conditions: accelerating voltage 15 kV, working distance 10 
mm, and magnification 1000×. Prior to imaging, specimens were cut 
into small sections (~10 mm × 10 mm × 5 mm), vacuum-impregnated 
with low-viscosity epoxy to preserve pore structure, and subsequently 
ground using SiC papers of progressively finer grit sizes (from 400 to 
8000 grit). Subsequently, the samples were polished with 1 μm and 0.3 
μm alumina polishing liquid to achieve a smooth, scratch-free surface 
suitable for BSE imaging. The polished samples were then coated with a 
thin conductive carbon layer to minimize charging effects. As shown in 
Fig. 3(a), representative ITZ regions were selected. Aggregate particles 
were digitally removed using image editing software to isolate the ma
trix region (Fig. 3b). Image segmentation and quantitative phase anal
ysis were conducted using Image-Pro software combined with Gaussian 
distribution fitting to distinguish pores/microcracks, hydration prod
ucts, and unhydrated cement particles (Fig. 3c). In the processed images 
(Fig. 3d), pores and microcracks appear black, hydration products dark 

Table 2 
Mix design of RAC modified by addition of nanomaterials (kg/m3).

Samples Cement Water Nanomaterials Sand RCA Additional water PCE

NCSH NTO NS 5–10 mm 10–25 mm

RAC0 450 157.5 0 / / 713 428 642 37.5 2.2
RAC-2.0CSH 450 157.5 9 / / 713 428 642 37.5 3.2
RAC-2.0NTO 450 157.5 / 9 / 713 428 642 37.5 2.9
RAC-2.0NS 450 157.5 / / 9 713 428 642 37.5 3.8

Fig. 3. (a) BSE images, (b) BSE images after aggregate removal, (c) critical points of pores, hydration products, and unhydrated phases in the ITZ obtained via 
Gaussian fitting, and (d) processed BSE images.
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gray, unhydrated particles white, and RCA light gray. Detailed image 
analysis procedures are described in Refs. [14, 28]. It should be noted 
that microcracks may be locally introduced during grinding and pol
ishing; however, epoxy impregnation and careful surface preparation 
were employed to minimize such artifacts, and their potential influence 
on quantitative analysis is considered limited.

For each mixture, at least 3 representative ITZ regions from different 
locations were analyzed to ensure statistical reliability. All reported 
phase fractions were obtained as mean values, and the corresponding 

standard deviations were calculated to account for spatial variability.

2.3.5. TG analysis
TG analysis was performed using a TA Instruments TGA under ni

trogen atmosphere. Samples were heated from 30 ◦C to 1000 ◦C at a rate 
of 10 ◦C/min. Bound water content (CBW) and portlandite (CH) content 
were quantified based on mass losses within corresponding temperature 
intervals.

Fig. 4. Mechanical properties of RAC: (a) compressive strength and (b) splitting tensile strength.

Fig. 5. Water absorption of RAC samples at 1 day: (a) water absorption per unit area and (b) water absorption rates of different samples.

Fig. 6. Water absorption of RAC samples at 28 days: (a) water absorption per unit area and (b) water absorption rates of different samples.

J. Xu et al.                                                                                                                                                                                                                                       Powder Technology 482 (2026) 122731 

5 



2.3.6. Nitrogen adsorption test
Nitrogen adsorption–desorption measurements were conducted ac

cording to ASTM D4222–20 using an Autosorb-iQ3 surface area and 
porosity analyzer. Cement paste samples cured for 12 h and 72 h were 
tested to capture early-age pore evolution. Prior to testing, specimens 
were vacuum-degassed at 200 ◦C for 2 h to remove physically adsorbed 

moisture. The pore size distribution in the 1–200 nm range was derived 
from the adsorption branch of the isotherms using the Barrett-Joyner- 
Halenda (BJH) method, enabling evaluation of the influence of nano
materials on early-age pore structure development.

3. Results

3.1. Mechanical properties

Fig. 4 presents the evolution of compressive strength and splitting 
tensile strength of RAC at different curing ages. Overall, all three types of 
nanomaterials promoted early-age strength development to varying 
degrees. Among them, the NCSH-incorporated specimens exhibited the 
most pronounced enhancement in early strength, whereas the NS- 
incorporated specimens showed more significant strength gains at 
later ages. Compared with the control group, the 1-day compressive 
strengths of the RAC specimens containing NCSH and NS increased by 
56.9% and 18.7%, respectively; at 28 days, the compressive strength of 
the NCSH specimen was comparable to the control, whereas that of the 
NS specimen increased by 23.6%. The early-age effect of NCSH is mainly 
attributed to its nucleation function, which shortens the induction 
period and promotes rapid formation of C-S-H gel. By contrast, the later- 
age benefit of NS arises from its pozzolanic reaction. Active SiO2 
continuously consumes CH and generates secondary C-S-H, leading to 

Fig. 7. Electric flux of RAC samples at 28 days.

Fig. 8. TG/DTG curves and relative phase content of cement paste: (a) TG/DTG of 12 h specimens, (b) TG/DTG of 3 d specimens, (c) relative CH content, and (d) 
relative CBW content.
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progressive microstructural refinement and higher load-bearing 
capacity.

As shown in Fig. 4(b), the evolution of splitting tensile strength fol
lows a trend similar to that of compressive strength. At 1 day, the tensile 
strengths of RAC specimens containing NCSH, NTO, and NS increased by 
41.9%, 22.5%, and 17.4% relative to the control, respectively. However, 
with increasing curing age, the enhancement effect of NTO gradually 
diminished, whereas that of NS continued to increase, reaching 
approximately 19.8%. This behavior indicates that NTO primarily 

Fig. 9. Pore structure of cement paste at 12 h: (a) pore size distribution, (b) cumulative pore volume.

Fig. 10. Pore structure of cement paste at 3 d: (a) pore size distribution, (b) cumulative pore volume.

Fig. 11. Pore distribution at 12 h and 3 d: (a) gel pores, (b) capillary pores.

Table 3 
Most probable pore diameter and cumulative pore volume of cement pastes.

Sample Most Probable Pore Diameter (nm) Pore Volume (cm3/g)

12 h 3d 12 h 3d

Control 34.3 3.7 0.10 0.14
C-2CSH 4 3.9 0.09 0.10
C-2NTO 23 4.1 0.08 0.09
C-2NS 60.1 3.9 0.12 0.13
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improves early structural integrity through heterogeneous nucleation 
and micro-filling effects, while NS enhances the long-term densification 
of the paste–aggregate interface and pore structure via pozzolanic re
actions. Therefore, the mechanisms by which different nanomaterials 
contribute to strength development exhibit distinct age-dependent 
characteristics.

3.2. Water absorption

Fig. 5 presents the relationship between cumulative water absorption 
per unit area and the square root of time within the first 1d for the RAC 
specimens. All mixtures exhibit a characteristic two-stage absorption 
behavior. The initial stage is dominated by rapid capillary suction 
through relatively large pores and pre-existing microcracks, while the 
subsequent stage corresponds to a slower absorption regime governed 
primarily by capillary surface tension and progressively reduced hy
draulic connectivity within finer pore networks. According to previous 
studies [29,30], the slope of the linear relationship between water ab
sorption and the square root of time can be defined as the sorptivity 
coefficient, S, which quantitatively characterizes the capillary water 
transport capacity of concrete. The sorptivity is calculated as:. 

S =
Δms
̅̅
t

√
ρwA

(1) 

where Δms denotes the cumulative mass of absorbed water, ρw is the 

density of water (10− 3 g/mm3), A represents the cross-sectional area of 
the specimen in contact with water (mm2), and t is the elapsed time. As 
shown in Fig. 5, the incorporation of nanomaterials significantly 
reduced the water absorption rate of the specimens. At 1d, the RAC 
specimen containing 2.0% NCSH exhibited a 24.3% lower water uptake 
compared to the control group. This effect is primarily attributed to the 
nucleation-promoting action of NCSH, which accelerates the formation 
of early hydration products, thereby reducing capillary pore connec
tivity and suppressing capillary water migration. RAC specimens con
taining NTO and NS also showed lower water absorption than the 
control. However, their values were higher than that of the 2.0% NCSH 
specimen, indicating that NCSH was more effective in densifying the 
microstructure at early age.

For fitting analysis, 6 h was selected as the demarcation point, and all 
fitting results yielded R2 values greater than 0.95. The results indicate 
that the addition of 2.0% NCSH reduced the initial and secondary water 
absorption rates of RAC by 29.3% and 22.5%, respectively. In contrast, 
the initial water absorption rates of specimens containing 2.0% NTO and 
NS decreased by 26.0% and 16.3%, while the secondary water absorp
tion rates decreased by 5.0% and 15.4%, respectively. Notably, the 
lower secondary water absorption rates observed in the NCSH and NS 
specimens suggest their more pronounced effectiveness in mitigating 
microcrack formation and improving pore connectivity.

Fig. 6 presents the water absorption results of RAC specimens at 28 
days. With increasing curing age, the water absorption of all specimens 
decreased significantly. However, unlike the early-age results, a higher 

Fig. 12. BSE images of cement paste at 12 h: (a) Control, (b) C-2CSH, (c) C- 
2NTO, and (d) C-2NS.

Fig. 13. BSE images of cement paste at 3 d: (a)Control, (b)C-2CSH, (c)C-2NTO 
and (d)C-2NS.
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NCSH content slightly increased the water absorption per unit area at 28 
days. This may be related to the formation of relatively low-density C-S- 
H at early age, which partially hinders later hydration. In contrast, the 
NS-containing specimens exhibited the lowest water absorption at 28 
days, indicating that the ongoing pozzolanic reaction effectively opti
mized the pore structure and enhanced long-term impermeability. 
Overall, NCSH, NTO, and NS all reduced the water absorption of RAC at 
different stages, with NS demonstrating superior potential for compre
hensive durability improvement.

3.3. Chloride ion permeability

Fig. 7 presents the chloride ion charge passed of RAC specimens at 
28 days. The measured charge passed for all specimens ranged from 
2000 to 3200C, corresponding to a moderate permeability classification. 
Incorporation of NCSH, NTO, and NS reduced the charge passed by 
13.4%, 17.8%, and 20.1%, respectively. Although NCSH was highly 
effective in refining the early pore structure, NS showed the best overall 
resistance to ion transport at later age. This result is attributed to its 
sustained pozzolanic reaction, which further reduces pore connectivity.

3.4. Phase analysis

Fig. 8 presents the TG/DTG curves of the cement paste at 12 h and 3 
days. In the DTG curves, three characteristic peaks can be identified. The 
peak near 105 ◦C is assigned to the dehydration of C-S-H and other 

hydration products [31]. The peak between 400 and 500 ◦C corresponds 
to the decomposition of CH. The peak between 600 and 800 ◦C is 
attributed to the decomposition of carbonates or calcite (CC) [32]. Since 
the calcium carbonate in the cement paste primarily originates from the 
carbonation of CH [14], the relative mass fractions of CH and CBW were 
calculated using the following equations:. 

mCHTotal% =

[

(M400 − M500)×
74
18

+(M600 − M800)×
74
44

]

×100%

(2) 

mCBW% =

[

(M105 − M600)+ (M600 − M800)×
18
44

]

×100% (3) 

where M105, M400, M500, M600 and M800 represent the percentage 
mass loss of the cement paste at 105 ◦C, 400 ◦C, 500 ◦C, 600 ◦C, and 
800 ◦C, respectively. As shown in Fig. 8c and d, with increasing curing 
age, the relative contents of CH and CBW increased for all specimens. 
Among them, the C-2CSH sample consistently exhibited the highest CH 
and CBW contents at all ages, indicating that NCSH significantly accel
erates cement hydration and promotes the formation of additional hy
dration products [26]. Notably, at 72 h, the CH content of the C-2NTO 
sample was comparable to that of the control, whereas the CH content of 
the C-2NS sample was slightly lower than the control. This suggests that 
NS partially consumed CH through pozzolanic reactions, thereby 
enhancing later-stage matrix densification and stabilizing the hydration 
products.

Fig. 14. Microstructure and segmented BSE images of the ITZ in RAC samples 
at 3 days: (a) RAC0, (b) RAC-2.0CSH, (c) RAC-2.0NTO, and (d) RAC-2.0NS.

Fig. 15. Microstructure and segmented BSE images of the ITZ in RAC samples 
at 28 days: (a) RAC0, (b) RAC-2.0CSH, (c) RAC-2.0NTO, and (d) RAC-2.0NS.
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3.5. Pore structure

Figs. 9–11 present the nitrogen adsorption results of cement pastes at 
different ages, with the most probable pore diameter and total pore 
volume summarized in Table 3. At 12 h, the cumulative pore volume of 
the samples ranged from 0.07 to 0.12 cm3/g, while at 3 days it increased 
slightly to 0.08–0.14 cm3/g. This modest increase may be related to the 
detection limit of nitrogen adsorption, which mainly captures pores 
smaller than 200 nm. As hydration proceeds, the number of gel pores 
increases, whereas larger pores are not fully reflected by this method.

At 12 h, the incorporation of NCSH significantly refined the pore 
structure, reducing both the most probable pore diameter and the total 
pore volume of the cement paste. Specifically, for the C-2CSH sample, 
the most probable pore diameter decreased from 34.3 nm to 4 nm, and 
the total pore volume decreased from 0.10 cm3/g to approximately 0.09 
cm3/g. The addition of NTO similarly reduced pore size and volume by 
32.9% and 20%, respectively. In contrast, NS slightly increased both the 
most probable pore diameter and total pore volume; however, a distinct 
peak around 4 nm was observed, indicating that NS promoted the for
mation of C–S–H gel while primarily filling pores larger than 200 nm. By 
3 days, the most probable pore diameters of all samples were concen
trated within 3.7–4.1 nm, and the incorporation of NCSH, NTO, and NS 
all effectively reduced total pore volume.

Considering the relative proportion of gel pores to capillary pores, 
the gel pore fraction of the C-2CSH sample increased by 292.1% and 
33.6% at 12 h and 3 days, respectively, compared with the control. 
Meanwhile, the capillary pore fraction decreased. This result confirms 
that the nucleation effect of NCSH accelerated early hydration and that 
the generated gel products filled capillary pores. For NTO and NS sam
ples at 12 h, the gel pore fractions increased by 118% and 92.6%, with 
corresponding reductions in capillary pore fractions of 9.4% and 7.3%.

3.6. Microstructural analysis

3.6.1. Matrix
Figs. 12 and 13 present the BSE images and segmented results of the 

cement paste matrix at 12 h and 3 days, respectively. At 12 h, the 
specimens containing nanomaterials exhibited substantially lower 
volumetric fractions of pores and unhydrated cement particles 
compared to the control, accompanied by a significant increase in hy
dration products. Among them, the C-2CSH sample displayed the fewest 
pores and microcracks, along with the highest proportion of hydration 
products, indicating that NCSH is the most effective in promoting early- 
age hydration and matrix densification. In comparison, the C-2NTO 
sample showed slightly greater structural compactness than the C-2NS 
sample.

At 3 days, the number of pores in all specimens further decreased, 
while the relative content of hydration products continued to increase. 

Compared with the control, the cement pastes incorporating nano
materials still exhibited a denser microstructure. Specifically, the C- 
2CSH sample contained the fewest large pores and microcracks, with a 
limited distribution of unhydrated particles. The C-2NS sample pri
marily contained fine pores and only a small number of large voids, 
suggesting that the microstructural enhancement of NS exceeds that of 
NTO. These observations are consistent with the evolution trends 
observed in the mechanical performance of the RAC specimens.

3.6.2. Interfacial transition zone
Figs. 14–16 present the BSE images of the ITZ regions in RAC samples 

at 3 and 28 days, along with the relative proportions of different phases. 
The ITZ of RAC samples is characterized by numerous pores and 
microcracks; the incorporation of nanomaterials led to a reduction in 
both porosity and unhydrated cement content to varying degrees. Spe
cifically, among all samples, the control exhibited the highest porosity, 
whereas the RAC-2.0CSH sample exhibited the lowest. A similar trend 
was observed for the relative content of unhydrated cement. Further
more, the relative content of hydration products in nano-modified 
samples increased by 13.2–22.1% compared with the control, with 
RAC-2.0CSH showing the highest increase. These results confirm that 
NCSH has the most pronounced effect in enhancing the early micro
structure of the ITZ in RAC, consistent with the observations in the 
cement paste matrix.

At 28 days, the pores near the recycled aggregates were further 
reduced, indicating that a portion of the voids had been filled by newly 
formed hydration products. Compared with the control, the ITZ porosity 
in RAC samples containing NCSH, NTO, and NS decreased by 10.1%, 
9.9%, and 16.2%, respectively, while the relative content of unhydrated 
cement particles decreased by 8.2%, 6.3%, and 15.7%, respectively. 
However, the relative content of hydration products in the ITZ showed 
no substantial change; only the NS-containing sample exhibited a slight 
increase of approximately 6.6%, whereas the NCSH- and NTO- 
containing samples were similar to the control.

4. Discussion

The results from macroscopic mechanical properties and durability, 
mesoscopic ITZ analysis, and microscopic structural characterization 
indicate that NCSH, NTO, and NS exert distinctly stage-dependent 
modifying effects on RAC. These differences primarily arise from the 
intrinsic variations in the reactivity, nucleation capacity, and filling 
characteristics of the three nanomaterials. Their mechanisms of action 
can be classified as “nucleation-dominated,” “filling-dominated,” and 
“pozzolanic reaction-dominated,” as illustrated in Fig. 17.

First, the enhancement induced by NCSH is primarily governed by 
homogeneous nucleation. BSE imaging and TG/DTG analysis show that 
NCSH significantly increases the early volumetric fraction of hydration 

Fig. 16. Relative proportions of pores, hydration products, and unhydrated phases in the ITZ of RAC samples at (a) 3 days and (b) 28 days.
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products (Figs. 8 and 9), while CH and CBW contents remain relatively 
high at all ages (Fig. 10), indicating that NCSH shortens the induction 
period and accelerates C-S-H formation. This is consistent with the 
pronounced early-age strength gain (Fig. 4) and the marked pore 
refinement at 12 h (Fig. 13). Water absorption results further show that 
the NCSH-modified samples exhibit the greatest reduction in initial 

absorption rate (Fig. 5), confirming its rapid suppression of early pore 
connectivity. This effect is also reflected in the chloride permeability 
results. As shown in Fig. 18, the charge passed decreases linearly with 
ITZ porosity (R2 = 0.91), indicating that chloride transport is highly 
sensitive to interfacial pore continuity. In the NCSH-modified system, 
the rapid formation of hydrates lowers the initial ITZ porosity and 

Fig. 17. Mechanistic pathways of different nanomaterials in RAC.
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disrupts early connected transport paths, thereby improving early-age 
impermeability. However, because NCSH lacks sustained chemical 
reactivity, its nucleation sites are gradually covered by hydrates during 
hydration, which limits its contribution to later-stage structural evolu
tion. Consequently, its improvement in 28 d chloride resistance is less 
pronounced than that of NS, consistent with its early-strength- 
dominated behavior.

Second, NTO mainly acts through physical filling, with only a weak 
nucleation contribution. Pore structure analysis and BSE observations 
indicate that NTO effectively reduces the proportion of large pores and 
unhydrated particles (Figs. 8 and 9) and moderately improves matrix 
compactness. This results in noticeable improvements in early 
compressive and splitting tensile strengths (Fig. 4), indicating that 
nanoscale filling optimizes particle packing and mitigates local defects. 
TG/DTG analysis shows that NTO has only a limited effect on CH con
tent (Fig. 10), suggesting negligible participation in substantial chemical 
reactions. Therefore, its enhancement effect mainly relies on physical 
optimization of the microstructure. From the perspective of chloride 
transport, this filling effect mainly reduces interfacial defects and local 
discontinuities, thereby moderately decreasing pore connectivity in the 
ITZ. Because NTO does not continuously promote hydration or generate 
secondary gel, its contribution to long-term ITZ densification and 
chloride resistance remains limited. Once a relatively dense initial 
skeleton is formed, further performance development tends to plateau, 
explaining the relatively modest increase in 28 d strength and durability. 
Overall, NTO acts as a stable but moderate regulating material.

In contrast, NS exerts a more sustained influence on RAC. Phase 
analysis shows that, by 3 d, the CH content in the NS-modified samples is 
already lower than that in the control, indicating the onset of the 
pozzolanic reaction and the formation of secondary C-S-H gel (Fig. 10). 
Pore structure analysis further reveals a significant increase in gel pore 
proportion and a refinement of pore size distribution (Figs. 11–13). This 
ongoing secondary reaction not only consumes the relatively weak CH 
phase, but also continuously fills capillary pores and ITZ regions, 
thereby dynamically densifying the structure over time (Figs. 14–16). 
Fig. 18 further confirms that the decrease in ITZ porosity from 19.09% to 
16.01% is accompanied by a reduction in charge passed from 3103.6 to 
2478.7C, together with an increase in hydration product content from 
70.93% to 75.59% and a decrease in unreacted cement from 9.97% to 
8.40%. These coupled changes indicate that enhanced hydration and 
phase redistribution progressively reduce pore connectivity within the 
ITZ, thereby restricting chloride ion transport. Owing to its sustained 
pozzolanic reaction, NS is more effective in continuously densifying the 
ITZ and interrupting connected transport channels, which explains its 
lowest electrical flux at 28 d. Macroscopically, this is reflected in the 
most pronounced 28 d compressive strength gain, the lowest late-age 

water absorption, and the greatest reduction in electrical flux, demon
strating the superior effectiveness of NS in enhancing resistance to 
chloride ingress.

From an engineering perspective, the three nanomaterials should be 
selected according to the dominant performance requirement of RAC. 
NCSH is more suitable for precast or rapid-repair applications where 
early strength and fast setting response are critical. NTO is preferable for 
mixtures requiring improved structural uniformity and stable early-age 
enhancement with limited chemical interference. NS is the most suitable 
option for structures exposed to aggressive environments, where long- 
term impermeability and chloride resistance govern service life. 
Therefore, material selection should be performance-oriented rather 
than composition-oriented, and the distinct roles identified in this study 
provide a practical basis for such engineering decisions. In addition, the 
results suggest that a cross-timescale regulation strategy enabled by the 
combined use of these nanomaterials may provide a feasible route to 
integrate early-age nucleation, particle packing densification, and long- 
term pozzolanic refinement. This engineering-oriented strategy deserves 
further investigation for the development of high-performance RAC with 
balanced strength and durability.

5. Conclusions

This study compared the effects of three nanomaterials with similar 
particle sizes, namely NCSH, NTO, and NS, on the performance and 
microstructural evolution of RAC. The main conclusions are as follows:

(1) The three nanomaterials showed distinct effects on RAC perfor
mance. NCSH was the most effective in improving early-age strength, 
increasing the 1-day compressive and splitting tensile strengths by 
56.9% and 41.9%, respectively. NS provided the greatest enhancement 
in 28-day strength and durability, reducing water absorption and chlo
ride migration flux by about 20.1%. NTO improved early strength and 
structural uniformity, but its overall effect was comparatively moderate.

(2) All nanomaterials contributed to matrix densification by pro
moting hydration and refining pore structure. NCSH mainly accelerated 
early hydration, while NS continuously consumed CH and generated 
secondary C–S–H. The reduction in harmful pores and the increase in gel 
pores were closely associated with the improved macroscopic 
properties.

(3) The different performances were governed by distinct mecha
nisms. NCSH acted mainly through homogeneous nucleation, NTO 
through physical filling with limited nucleation activity, and NS through 
sustained pozzolanic reaction. These differences explain their respective 
advantages in early strength, structural uniformity, and long-term 
durability.

Overall, this study clarifies the distinct roles of NCSH, NTO, and NS 
in RAC and provides guidance for the targeted selection of nano
materials in engineering applications.
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