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Abstract

Incorporating ground granulated blast furnace slag (GBS) as a supplementary cementitious material in cementitious
materials can reduce the cement content and improve the performance of cement-based materials. However, adding GBS
especially in large quantities, tends to decrease the early-age performance of cement-based materials, such as reducing early
strength, increasing porosity, etc. This study introduced nanosilica (NS) into cementitious materials with a high volume GBS
to address the deficiencies in early-age performance. This study aims to investigate and discuss the influence of NS on the
mechanical properties and microstructure of cementitious materials with a high-volume GBS. The compressive strength,
composition of hydration products, distribution of pores, composition of pore structure and microscopic morphology were
tested and analyzed. Results showed a significant strength reduction in high-volume GBS (60 wt% GBS) cement paste when
compared with pure cement paste samples. NS demonstrated a remarkable enhancement in the strength of high-volume
GBS-contained samples in 3 and 7 days. The positive impact of NS on the strength of high-volume GBS-contained samples
remained evident at 28 days of age. NS facilitated the hydration of C3S and C,S in high-volume GBS-contained samples.
The enhancement in the hydration percentage of C,S was particularly pronounced. In the high-volume GBS-containing
cementitious materials, NS continued to consume CH and participate in pozzolanic reactions at a later age. NS decreased the
pore volume in the ranges of >100 pym and 100 nm—1 pum in high-volume GBS-contained samples, reduced the quantity of
unhydrated GBS and resulted in a more compact structure. The enhancement of strength and the promotion of C3S and C,S
hydration in increased with the higher addition of NS at 1 wt% and 2 wt%. However, this enhancement and promotion effect
diminished when the NS dosage increased to 3 wt%.

Graphical Abstract
Cumulative pore volume of cement paste samples at curing age of (a) 7 days and (b) 28 days.
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¢ Nano-silica significantly enhanced the strength of high-volume GBS-contained samples at early and late age.
e The enhancement in the hydration percentage of C,S was particularly pronounced in high-volume GBS cementitious

materials with nano-silica addition.

e The influence of nano-silica on the pore structure of the pure cementitious system diminished, whereas it remained

prominent in high-volume GBS cement paste.

1 Introduction

Cement-based materials, as one of the primary construction
materials, are extensively utilized in infrastructure projects
and large-scale constructions. The usage of cement-based
materials is enormous, and the consumption of cement itself
is also substantial [1, 2]. According to statistics, in 2022,
China’s cement production reached 2.13 billion tons,
maintaining its position as the world’s top producer, with
India ranking second at 384 million tons [3]. In 2022,
China’s concrete production reached 3.452 billion cubic
meters, indicating a substantial demand and consumption of
cement in the country [4]. Cement production involves
high-temperature calcination and the decomposition of
minerals, resulting in a significant release of CO,.
Approximately 0.6-0.9 tons of CO, were emitted for every
ton of cement produced. Therefore, cement production
entails substantial resource consumption, environmental
pollution, and the release of greenhouse gases, contributing
to global warming. Ground granulated blast furnace
granulated slag (GBS) is a by-product of iron production in
pig-iron production. Its primary chemical composition
includes CaO, SiO,, and Al,Oj3; its main mineral phase is
the vitreous phase. Approximately 0.14 tons of carbon
dioxide are emitted for every ton of GBS produced [5]. Due
to its production process and composition, GBS exhibits
hydraulic reactivity and is widely used as a supplementary
cementitious material in cement-based materials. It is
employed to replace cement partially, reducing the overall
cement consumption and improving the performance of
cement-based materials [6—10]. The hydration of GBS in
cement primarily involves the dissolution of its vitreous
phase and the reaction with calcium hydroxide (Ca(OH),,
CH) generated from cement hydration, leading to the for-
mation of the C-S-H gel [11].

However, the hydration reactivity of GBS is lower than
that of cement. Research has indicated that the appropriate
incorporation of GBS to replace cement can enhance the
performance of cement-based materials [12]. The study by
Ozturk et al. [6] indicated that increasing the GBS content
from 10% to 30% increased the compressive strength of the

mortars at a curing age of 28 days. Similar results were also
found in the research by Choi et al. [13]. At the same time,
Choi et al. [13] observed that adding 35 wt% and 50 wt%
GBS significantly reduced the porosity of cement paste at
the 28-day curing age. Li et al. [14] found that incorporating
5-35wt% GBS as part of the cementitious material reduced
the chloride ion transport properties of cementitious mate-
rials, increased strength, reduced porosity, and improved
resistance to sulfate attack. It can be seen that the addition
of an appropriate amount of GBS significantly improved the
performance of cementitious materials. However, GBS has
an adverse effect on the early performance of cementitious
materials [7]. Meanwhile, when the content of GBS
increased especially exceeds to 50 wt%, it also has a
negative impact on the performance of cementitious mate-
rials [15-18]. Due to its low reactivity, GBS can lead to
insufficient early strength, porous structure, and increased
transport properties of cementitious materials [19]. The
study by Ozturk et al. [6] indicated that due to the insuffi-
cient early reactivity of GBS, increasing the GBS content in
mortars resulted in a decrease in 7-day compressive
strengths. In the research conducted by Cheol Choi et al.
[13], it was found that with the increase in GBS content, the
3-day strength of cementitious materials was significantly
insufficient, and the porosity increased significantly.
Sanjuén et al. [20] found that due to the insufficient early
reactivity of added GBS, the use of a large amount of GBS
led to a porous structure, resulting in an increase in carbo-
nation rate and with a decrease in curing time the degree of
carbonation increased. Therefore, it is necessary to find a
way to compensate for the negative impact of GBS on the
performance of cementitious materials while increasing the
substitution of GBS, in order to reduce cement consumption
and achieve the goal of reducing energy consumption and
carbon emissions.

Nanosilica (NS), as a type of nanomaterial, has been
widely utilized in recent years for enhancing the perfor-
mance of cementitious materials, especially in terms of
early-age properties [21-26]. Studies have demonstrated
that even in small quantities, NS can facilitate the early
hydration of cement [27], acting as a nucleation site for the
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Fig. 1 Microscopic morphology
of raw materials (a) cement, (b)
ground granulated blast furnace
slag and (c) nanosilica

(a) Cement

Table 1 Chemical compositions of raw materials (wz.%)

Sample CaO Si0, ALO; SO; MgO K,O Fe,0; LOI

GBS 43.87 26.11
61.52 19.87

1027 3.05 6.78
532 378 2.07

0.67 3.99 325

Cement 025 3.15 255

growth of C-S-H gel [28]. Additionally, NS can react with
CH produced during the early hydration of cement, gen-
erating extra C-S-H gel in the early stages [29], thereby
enhancing early strength [30], promoting a dense pore
structure, and improving pore composition [31]. The pre-
sence of NS in the cementitious materials reduces the
calcium-silica ratio of the C-S-H gel, resulting in enhanced
resistance to decalcification under erosion conditions
[32, 33]. Studies by Guo et al. [34, 35] have shown that the
addition of NS in cement paste reduced the post-hydration
content of CH, densified the pore structure and impeded the
transport in cement paste under sulfate attack. Singh et al.
[36, 37] found that NS can accelerate the hydration rate of
tricalcium silicate (C3S) in cement and the growth rate of
hydration products by increasing nucleation sites for C-S-H
gel. Dolado et al. [38] through their investigation of Belite
cement pastes, observed that the addition of NS promotes
the hydration of belite, resulting in the formation of highly
polymerized C-S-H gel. Hou and Wang et al. [39] suggested
that NS promotes the hydration of C;S while simulta-
neously delaying the hydration process of C3;A in cement-
based materials. Barbhuiya et al. [21] and Norhasri et al.
[24] summarized the effects of NS in cement concrete. They
found that using NS increased the early strength of cement-
based materials, reduced the content of hydration product
CH, increased the content of C-S-H gel, lowered the por-
osity, and decreased the content of deleterious pores in most
studies.

To sum up, the addition of NS has been shown to
enhance the early strength of cement-based materials sig-
nificantly, densify the pore structure, and reduce transport
properties. On the other hand, incorporating high-volume
GBS leads to insufficient early strength, a porous structure
and increased transport properties in cement-based materi-
als. The question arises whether introducing NS into
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(b) GBS (c) Nano-silica

cementitious materials with a high volume GBS content can
address the issue of inadequate early strength and improve
pore composition. This study aims to investigate and dis-
cuss the influence of NS on the mechanical properties and
microstructure of cementitious materials with a high-
volume GBS. Meanwhile, to establish a basis for deter-
mining the maximum amount of GBS (as a replacement for
cement) in the NS-GBS blended cementitious system where
nano-silica can compensate for strength loss. The study
involved testing and analyzing cement paste samples at
various ages, focusing on strength, composition of hydra-
tion products, distribution of pores, composition of pore
structure, microscopic morphology, and other relevant fac-
tors. The goal is to elucidate the impact of NS on the
cementitious system with a high volume GBS, understand
the underlying mechanisms and subsequently enhance the
usage volume of GBS in cement-based materials while
reducing cement consumption.

2 Experimental
2.1 Materials

The cement used in this study is PI reference cement
(Portland cement of Chinese P-I1 42.5 produced by equiva-
lent to European CEM 1 42.5), obtained from the China
Building Materials Academy, with a specific surface area of
390 m?kg. The high-volume ground granulated blast fur-
nace slag (GBS) used is S95 grade, following the GB/
T18046-2008 standard [40], and has a specific surface area
of 350 m?/kg. The hydrophilic nanosilica (NS) dry powder
used has a specific surface area of 300 m*/g with a particle
size range 7-40 nm and was purchased from China Micron
Limited. The microscopic morphology of the raw materials
is shown in Fig. 1. It can be observed that both cement and
GBS are irregular angular particles, while NS consists of
aggregated spherical particles. The chemical composition of
cement and slag is presented in Table 1, revealing highest
content of CaO in both cement and slag, followed by SiO,.
Additionally, the Al,O3 content in GBS is higher than that
in cement.
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Table 2 Mix proportions of prepared samples (wz.%)

Series Cement GBS Nano-silica w/b
C 100 0 0 0.4
NS2 98 0 0 0.4
G6NO 60 40 0 04
GO6N1 59 40 1 0.4
GO6N2 58 40 2 04
G6N3 57 40 3 04

2.2 sample preparation

Cement paste samples were prepared for strength testing
and microscopic structure analysis, and the mix proportions
are detailed in Table 2. During sample preparation, NS was
initially subjected to ultrasonic dispersion at a power of
200 W in mixing water for 8 min. Subsequently, the mixing
water and powder were thoroughly mixed for 6 min. After
completion of mixing, the paste was filled into molds with
dimensions of 4 x 4 x 4 cm and subjected to standard curing
at 20 °C and 295% relative humidity for 1 day. Following
curing, the samples were de-molded and further cured in the
standard environment for several days before testing.

2.3 Test methods
2.3.1 Compressive strength and change ratio

The strength of the cement paste was assessed using the
YAW-3000D microcomputer-controlled electro-hydraulic
servo pressure testing machine, with a testing speed con-
trolled at 2.4 kN/s. The average strength value was deter-
mined by testing six paste samples. Strength testing was
conducted at 3 days, 7 days, and 28 days. The strength
change ratio for different samples at various curing ages
was calculated using the following formula.

Cr—C
Fr=—""—""%%100 (1)
CcT
Cnr — C
Fyr =L =T« 100 (2)
Cor

Where Fr is the strength change rate for samples with
individually added NS or GBS, expressed in %; C7 is the
strength of Control group samples at age 7, measured in
MPa; Ccr is the strength of samples with individually
added NS or GBS at age T, measured in MPa; Fyr is the
strength change rate relative to samples with individually
added GBS for samples with GBS and NS, expressed in %;
Cyr is the strength of samples with GBS and NS at age 7,
measured in MPa; Cgr is the strength of samples with
individually added GBS at age T, measured in MPa.

The compressive strength changes of cement paste
samples at different curing age intervals of F; was calcu-
lated using the following formula.

Cx—-C
F=—_""Yx100 (3)
Cy
Where Cx and Cy represent the strength at curing ages X
and Y, measured in MPa, with X and Y taking values of 3,
7, or 28.

2.3.2 Mercury intrusion porosimetry (MIP)

Automatic mercury porosimeter (AutoporeV9620) are used
to test the pore structure and porosity of samples cured for 7
and 28 days. The samples were cracked into small pieces
and terminally hydrated in alcohol for 72 h, then dried in a
vacuum oven at 45 °C for 56 h. MIP tests pore sizes in the
range of 3 nm—400 pm. The pore size distribution, porosity,
cumulative pore volume and fraction are calculated and
presented.

2.3.3 Quantification of hydrated and unhydrated products

Quantitative analysis of hydrated and unhydrated products
in cement paste after hydration was performed using X-ray
diffraction (XRD). The samples were first dried in a vacuum
oven at 45°C for 72 h and then ground into powder below
75 um using an agate mortar. To calibrate the content of
each phase in the hydration system, 10 wt% corundum (o-
Al,O3) was added uniformly to the sample powder. XRD
scans were conducted in the 5-65° range, with a step size of
0.02° and a step time of 0.4 s. The obtained XRD data were
subjected to qualitative phase analysis using Jade software
(for example, see Fig. 2a), and quantitative analysis was
performed using TOPAS software to determine the content
of each phase. The fitted curves after TOPAS quantification
are shown as an example in Fig. 3, demonstrating good
quantification of phases such as unhydrated, hydrated, and
amorphous phases in the hydration system.

3 Results and discussions
3.1 Compressive strength

The strength and strength change rates of cement paste
samples with different ratios are shown in Fig. 2a, b,
respectively. In Fig. 2a, it can be observed that the strength of
all samples increases with the increase in curing time. For
samples cured for 3 days, the NS2 sample has the highest
strength of 48.4MPa and showed a 16.1% improvement
compared to the C sample. This result was attributed to the
higher pozzolanic reactivity of NS, which reacted with the
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Fig. 2 Quantitative analysis of hydration products with a XRD results by

hydrated CH in cement to generate additional C-S-H gel,
thereby enhancing the strength. Additionally, the nano-size of
NS exhibited a nucleation effect, promoting the hydration of
cement [21]. The G6NO sample has the lowest strength at
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b TOPAS software

27.6 MPa, which was attributed to the lower reactivity of
GBS in the early stages of hydration [15]. Moreover, due to
the lower cement content, the formation of C-S-H gel was
limited, leading to a significant reduction in strength. Similar
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Fig. 3 Compressive strength a and compressive strength change ratio b of cement paste samples at different curing ages (strength change of the
GO6NO sample was relative to the C sample, GON1, G6N2, and G6N3 samples were relative to the GONO sample)

results were revealed by other researchers [17, 18]. The
strengths of the G6NI1, G6N2, and GON3 samples were
higher than that of the G6NO sample, measuring 31.0 MPa,
34.1 MPa, and 33.9 MPa, respectively. These values repre-
sented strength improvements of 12.3%, 23.6%, and 22.8%
relative to the G6NO sample. This was attributed to the early
high reactivity of NS, which enhanced the reactivity of the
60 wt% GBS cementitious system, leading to increased
strength. The strength improvement gradually increases as the
NS content increases to 2 wt%, but the strength enhancement
decreases for the 3 wt% NS sample. This was because a larger
amount of NS with poor dispersibility impedes the hydration
process by encapsulating some unhydrated particles, reducing
the effectiveness of strength enhancement. As the curing age
extended to 7 days, the NS2 sample continued to exhibited
the highest strength among all samples, measuring 52.4 MPa,
representing a strength growth rate of 20.1% relative to the C
sample. This result was attributed to the substantial presence
of the C-S-H gel, which mainly contributed to strength in the
NS2 sample. The higher content of the amorphous phase in
the NS2 sample, as quantified by XRD in Fig. 5, confirmed
this observation. The G6NO sample had the lowest strength,
containing a higher amorphous phase than NS2 in Fig. 5. This
was because GBS predominantly consists of amorphous
phases [7, 8], and the 60 wt% GBS increased the amorphous
phase content in the composite system rather than the C-S-H
gel content. The strengths of G6NI, GO6N2, and
GO6N3 samples were 35.3 MPa, 41.7 MPa, and 41.7 MPa,
respectively, higher than the GONO strength of 32.9 MPa,
representing strength enhancements of 7.3%, 26.9%, and
26.9%. Additionally, the comparison of amorphous phase
content in Fig. 5 revealed that G6N1, G6N2, and G6N3 had
higher contents than G6NO. This indicated that NS continued
to enhance the C-S-H gel content and strength in the 60 wt%
GBS system at the 7-day age.

As the curing age extended to 28 days, the C and
NS2 samples exhibited similar strengths, measuring
549 MPa and 54.6 MPa, respectively. This result was
because NS was nearly depleted in the late hydration stage,
and its role in enhancing strength was not prominent. Both
C and NS2 samples also exhibited similar contents of the
amorphous phase in Fig. 5. The strengths of G6N1, G6N2,
and GO6N3 samples were 44.4MPa, 50.5MPa, and
45.3 MPa, respectively, and which was higher than the
GONO strength of 41.6 MPa, representing strength
enhancements of 6.9%, 21.4%, and 9.0%. NS continued to
enhance the strength of the 60 wt% GBS cementitious
system even at 28 days of hydration, and the amorphous
phase content in G6N1, G6N2, and G6N3 samples was
higher than that in the G6NO sample, as indicated in Fig. 5.
This suggested that NS has significantly different impacts
and durations on the strength of pure cement and high-
volume GBS systems. In the late hydration period, NS
could still markedly enhance the strength of high-volume
GBS systems, while in pure cement systems strength
enhancement was mainly observed in the early stages.

Figure 3b represents the strength change rate of cement
paste. The addition of NS significantly increased the
strength of pure cement and high-volume GBS systems at 3
and 7 days of age. However, as the age extended to 28 days,
the strengthening effect of NS on pure cement systems
diminished, while the strength increase in high-volume
GBS systems persisted. When the NS dosage increased to
2 wt%, the strength enhancement increased with the dosage
but decreased when the dosage reached 3 wt%. This was
attributed to a higher NS content that may encase around
unhydrated particles, impeding react with water for hydra-
tion reactions [28, 41, 42].

Figure 4 depicts the strength change rates of cement
paste samples during the 3-7 days and 7-28 days curing
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stages. It can be observed that the G6N3 sample exhibited
the greatest strength change during the 3-7 days stage,
attributed to the synergistic effect of a substantial amount of
NS and GBS, and then leading to the formation of more
C-S-H gel. The strength change of the G6N1 sample was
lower than that of G6NO, as 1 wt% NS was largely con-
sumed during the 3 days, and its later strength increase was
less pronounced. The strength change in the C sample was
lower than that in the NS samples due to the high reactivity
of NS. As the age progressed from 7 days to 28 days, GONO
demonstrated the highest stage of strength growth. This was
because GBS exhibited significant late-stage reactivity
[6, 17, 43], and its content was relatively high. With
increasing NS dosage, the strength stage growth of G6NI,
G6N2, and GON3 samples all decreased and were lower
than that of the G6NO sample, with reductions of 0.5%,
5.5%, and 18.2%, respectively. These results were asso-
ciated with the early high reactivity of NS, which generates
a significant amount of C-S-H gel encapsulating unhydrated
GBS particles and cement minerals, impeding later-stage
hydration [42].

3.2 Quantification of hydration products

To investigate the impact of NS on the hydration products
and unhydrated components of high-volume GBS cementi-
tious materials, X-ray diffraction (XRD) tests were conducted
on the hydrated mixtures for a specific duration (as shown in
Fig. 2), and quantitative analysis was performed using
TOPAS software (as shown in Section 2.3.3). XRD analysis
was conducted to quantitatively assess the phase composition
of the hydration products and the results are shown in Fig. 5a.
The fitting data lines and difference after quantitative using
TOPAS software are also shown in Fig. 5a, the small fitting
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error (difference line and Rwp value) of the quantitative fit-
ting can be observed. The obtained amorphous phase content
is illustrated in Fig. 5, indicating that the amorphous phase
content of samples with added NS and GBS was higher than
that of the C sample. The addition of NS facilitated the
hydration and pozzolanic reactions in the composite system,
increasing the content of the C-S-H gel. GBS contained a
substantial amount of amorphous phase, resulting in a higher
content in the 60 wt% GBS composite system. The addition
of NS further increased the amorphous phase content in the
NS-GBS-cement system, contributing to the strength
enhancement observed in Fig. 3. As the curing time increased
to 28 days, the amorphous phase content of GONO and G6N1,
G6N2, and G6N3 samples did not show significant changes
or slightly decreased. This was attributed to the pozzolanic
reaction of the amorphous phase in GBS during hydration,
leading to the formation of amorphous C-S-H gel. The
strength enhancement of G6NO and G6N1, G6N2, and
GO6N3 samples at 28 days as shown in Fig. 3, confirmed that
the late-stage high pozzolanic reactivity of GBS and the
formation of predominant strength-contributing phase C-S-H
gel.

Figure 6 illustrates the content of unhydrated phases such
as C5S, G,S, and C4AF in cement paste samples after var-
ious hydration times. For the 7-day age samples, it was
evident that the addition of NS significantly reduced the
content of unhydrated phases after hydration. The C sample
contained 57.2% unhydrated phases, while the NS2 sample
contained 39.0, which indicated that NS promoted the
hydration of the mineral phase in cement. Substituting
cement with GBS reduced the cement content and conse-
quently decreased the unhydrated phase content in the
hydration system, with 20.6% unhydrated phases at 7 days.
The addition of NS to the GBS cementitious system reduced
the unhydrated phase content, with unhydrated phases at
16.7%, 15.7%, and 18.6% for G6NI1, GO6N2, and
GO6N3 samples at 7 days, respectively. When the NS content
was increased to 3%, the diminishing effect on unhydrated
phases weakened, indicating that an excess of NS or
hydration products encapsulated the surface of unhydrated
particles and hindered hydration. This also confirmed the
reason for the strength reduction observed in samples with
3 wt% NS as shown in Fig. 3.

The NS2 sample showed C;S and C,S contents of 12.3%
and 18.2%, respectively, while the C sample had 17.8% and
25.3% at 7 days. The G6NO sample had C3;S and C,S
contents of 8.7% and 7.4%. Since GBS replaced 60 wt% of
the cement, the calculated percentages of C;S and C,S in
the GBS blended system at 7 days of hydration should be
7.1% and 10.1%, respectively. This result indicated that the
addition of GBS promoted the hydration of C,S but inhibits
the hydration of C3S. The C3S and C,S contents with 7.9%/
5.0%, 6.8%/3.9%, and 8.4%/5.1% were presented in GON1,
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G6N2, and GO6N3 samples, respectively. The NS sig-
nificantly enhanced the hydration of C3S and C,S in 60 wt%
GBS cementitious materials. The diminishing effect of 3 wt
9% NS on promoting the hydration of unhydrated phases was
evident, suggesting that excessive NS or hydration products
hindered the hydration of unhydrated particles, similar
results was shown by other study [41, 42]. Similarly, based
on the cement replacement ratio, the G6NO sample should
contain 4.9% C4AF, but the actual test results show a

content of 3.5%. This indicates that the addition of GBS
promotes the hydration of C4AF. NS simultaneously pro-
moted the hydration of the C4AF phase in the pure cement
system but showed no significant promoting effect on the
hydration of the C4AF phase in the cement-GBS composite
system.

At 28 days, the trend of unhydrated phases in all samples
was similar to that at 7 days. The C sample had remaining
C5;S and C,S contents of 10.2% and 13.5%, while the
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Fig. 7 Reacting content of (a) C3S and (b) C,S in cement paste samples at different curing age

NS2 sample showed 9.3% and 8.4% content. Based on the
cement replacement ratio, the GONO sample should contain
4.1% and 5.4% fo C3S and C,S, but the actual test results
show the content of 4.8% and 5.0%. It can be seen that the
GBS also showed slightly hydration promoted of C,S at
curing age 28 days. G6NI1, G6N2, and G6N3 samples
showed the C3S and C,S content of 4.0%/4.3%, 3.5%/3.8%,
and 4.2%/4.8%, respectively. NS also had a promoting
effect on the hydration of C5S and C,S in high-volume GBS
cementitious materials at 28 days, leading to the formation
of more C-S-H gel (as shown in Fig. 5), enhancing the
strength and strength development rate of the cement paste
(as shown in Fig. 3).

To analyze the reaction quantities of the main hydration
phases C3S and C,S during the hydration process in dif-
ferent samples, the content of unhydrated CsS and C,S in
the composite hydration system was calculated based on the
replacement amounts of cement by NS and GBS. The
percentages of reacted C;S and C,S in cement paste with
different ratios were calculated for 7-day and 28-day

@ Springer

hydration reactions, as shown in Fig. 7. Figure 7a repre-
sents the hydration percentage of C;S. At 7 days, it was
observed that NS significantly increased the hydration
percentage of C3S in the pure cement system. The C sample
consumed 67.7% C3S, while the NS2 sample consumed
77.2% at 7 days. The G6NO sample had a lower percentage
of C3S consumption than the C sample, indicating that high-
volume GBS partially replaced cement does not enhance the
hydration of C3S. With the addition of NS in the high GBS
cementitious materials, the hydration percentage of C3S was
increased, and it further increased with NS content up to
2 wt%. However, the addition of 3 wt% NS resulted in a
significant decrease in the hydration percentage of C;S,
which was explained earlier. The age increased to 28 days,
the C;S reaction percentage increased for all samples. The C
sample and NS2 sample showed similar C5S reaction per-
centages, consistent with the strength results in Fig. 3. The
C5S consumption percentages for GON1, GON2, and G6N3
were all higher than that of the G6NO sample, indicating
that NS continued to promote the late-stage hydration of
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Fig. 8 Hydration phase content of cement paste samples at different curing ages

C;S in the high-volume GBS cementitious materials. This
late-stage hydration effect was not as evident in the pure
cement system, which was also revealed by other
researchers [21, 22]. From 7 days to 28 days, the difference
in C3S reaction percentage for the C sample was 13.8%, for
the NS2 sample was 5.6%, for the G6NO sample was
17.7%, and for G6N1, G6N2, and G6N3 were 18.2%,
15.8%, and 20.6%, respectively. This also indicated that the
addition of NS also had a more significant impact on the
late-stage hydration reaction of C;3S in the high-volume
GBS cementitious materials.

Figure 8 reveals the content of hydration products at
different ages for cement paste samples with various com-
positions. When cement reacted with water, it generated
various amorphous phases such as C-S-H gel and crystalline
phases like CH (calcium hydroxide), calcite, ettringite,
monosulphate, etc. For the 7-day samples, it can be observed
that the C sample contained a significant amount of CH of
25.3%, while its C3S and C,S reaction percentages were
67.7% and 8.6%, respectively. In contrast, the NS2 sample
exhibited high reaction percentages of C3S (81.5%) and C,S
(51.2%), with a lower CH content of 18.4%. This suggested
that the high pozzolanic reactivity of NS consumed a sub-
stantial amount of CH, leading to the formation of C-S-H
gel, which proved the high early strength of the NS2 cement
paste sample (as shown in Fig. 3). The CH content for the
G6NO sample was 5.8%, while the contents were 5.0%,
3.8%, and 3.0% for G6NI1, G6N2, and G6N3 samples,
respectively. Similarly, the consumption percentages of C3S
and C,S in the NS-GBS composite system were higher than
those in the GONO sample as observed in Fig. 7. This also
indicated that NS consumed considerable CH to form C-S-H
gel in high-volume GBS cementitious materials, contributing
to the early strength enhancement. Some studies [15, 44, 45]
also suggest that NS may promote the early pozzolanic
reaction of GBS and CH, contributing to improving early
strength. The addition of NS reduced the content of ettringite

in the pure cement system after hydration. It increased the
content of monosulphate, indicating its retarding influence on
the reaction with aluminate minerals and gypsum. This
influence was not significant in the high-volume GBS
cementitious materials. The hemicarboaluminate and mono-
carboaluminate components in the G6NO sample were sig-
nificantly higher than those in the C and NS2 samples,
suggesting that the addition of high-volume GBS intensified
the carbonation of aluminate hydration products. In contrast,
the addition of NS reduced this carbonation effect.

At 28 days, the CH content for both the C and
NS2 samples significantly increased compared to the con-
tent at 7 days, reaching 26.8% and 24.5%, respectively. The
CH content in the C and NS2 samples was nearly identical.
This was attributed to the fact that the NS was almost
completely consumed during the early-age hydration reac-
tions. In the later stages of hydration, it could no longer
consume the CH generated during the hydration process.
For the G6NO sample, the CH content was 5.7%, while the
contents of 5.2%, 3.8%, and 2.4% resulted from GONI,
GO6N2, and G6N3 samples, respectively. These values were
similar to the CH content at 7 days, and the CH content for
G6N1, G6N2, and G6N3 samples was lower than that for
GO6NO. This can be attributed to a large amount of GBS in
the later stages of hydration, combined with the fact that NS
was not completely depleted. As a result, the CH generated
during the cement hydration process continued to be con-
sumed. This phenomenon explains why NS still exhibited a
significant strength improvement in the later stages of
hydration in the high-volume GBS cementitious materials
(as shown in Fig. 3). Quantitative results indicated that the
calcite content after hydration follows the order:
C <NS2 <G6NO < G6N1 < G6N2 < G6N3. This could be
related to the pH of the pore solution and the carbonation
resistance of the hydration system, as well as to the trans-
port and gel properties of the hydration system. This reason
need further detailed studied.
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3.3 Pore structure determination

Figures 9 and 10 shows the pore distribution of cement
paste samples with different proportions at 7 days and
28 days of hydration. GONO sample exhibited the highest
pore volume in the range of greater than 100 um and
between 100 nm and 1 um at 7 days. Simultaneously, GBS
significantly reduced the pore volume in the 10-100 nm
range, and there was no peak in the pore distribution within
this size range. NS prominently filled pores with diameters
less than 10 nm, while the filling effect for pores between
10nm and 100nm was not as pronounced. This was
attributed to the nanoscale size and high reactivity of NS
particles, allowing them to fill smaller pores effectively.
Compared to the G6NO sample, G6NI1, G6N2, and
G6N3 samples exhibited reduced pore volumes in greater
than 100 um and between 100nm and 1pm. The filling
effect increased with the increase in NS content. At 28 days
of curing, the G6NO sample showed a significant reduction
in pore volume for pores larger than 100 um, while the
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volume of pores between 100 nm and 1 pm increased. With
the extended curing time, the C-S-H gel generated by the
pozzolanic reaction of GBS filled larger pores and trans-
formed them into smaller pores. The G6NI1, G6N2, and
G6N3 samples exhibited significantly lower pore volumes
in the ranges greater than 100 pm and 100 nm—1 um than
the G6NO sample. This indicated that NS promoted
hydration and pozzolanic reactions at 28 days, enhancing
the pore-filling effect. This was also the reason for the
higher strength of the 60 wt% GBS sample with NS addi-
tion, as shown in Fig. 3.

Figure 11 illustrate the cumulative pore volume for
cement pastes with different proportions at various curing
ages. For the 7-day samples, NS2 exhibited a higher volume
of pores larger than 70 nm than the C sample, while the
volume of pores smaller than 70 nm was low. This sug-
gested that NS has a notable effect on filling pores of around
70 nm, with no significant impact on larger pores above
70 nm. The G6NO sample had a greater volume of pores
larger than 60 nm compared to both the C and NS2 samples



Journal of Sol-Gel Science and Technology (2024) 111:586-602 597

_— 0354 74 [ GONO
0'30 - 0.30 =
i - = 0.25 1
" 0.25 e -
E 004 o204 -
§ g 0 I5 0ns
= 0.15 4 '_g' L] oot
> @
£ 0101 50.10 4
- -
0.05 4 0.05 -~
0.00 4 0.00 4
—0.05 T T T T T -0.05 T T T T T
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
Pore size/nm (a) Pore size/nm
0.35 4 —s—C 28d 0.35 - —a— GO6NO 28d
—v— GO6N1 -
0.30 - 0.30 4—*— G6N2 e ‘
{—+— G6N3 0050
L) 0.25 " b 0.25 1
% %
E0.20 £ 020
) )
E E
Z0.154 = 0.151
> >
£0.104 £ 0.104
A~ =
0.05 4 0.05 -
0.00 4 0.00 -
-0.05 T T T T T -0.05 T T T ! v
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000

Pore size/nm

Pore size/nm
(b)

Fig. 11 Cumulative pore volume of cement paste samples at curing age of a 7 days and b 28 days

30 = 30
28d
27.3 26.7
5 - 5 -
2 234 23.3 23.0 23.3 = 2.7
21.5
21.3 204 205 21.2
204 20
N R
S —
5:
Z 154 g 154
e ¢
5 s
B =
10 4 10 4
54 54
0 T T T T T T 0 T T T T T T
C NS2 G6NO0  G6NI  GO6N2  GG6N3 C NS2 G6N0  G6N1  G6N2  G6N3

Fig. 12 Porosity of cement paste samples at different curing ages

@ Springer



598 Journal of Sol-Gel Science and Technology (2024) 111:586-602
[<10nm 7 10-100nm [T 100nm-1um T 1-10pm P22 100m] = 0nm T 10-100nm ] 100nm-1um [N 1-100m 227> 10pm]
YV
G6N3 G6N3
; 7N
%
G6N2 / G6N2 W
Y 7
G6N1 $ G6N1
/,
G6NO / G6NO
%
NS2 7 NS2 7
%
c ﬁ c
0 20 40 60 80 100 0 20 40 60 80 100
Pore volume fraction/% Pore volume fraction/%
(a) 7 days (b) 28 days
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and the highest total pore volume. This implied that the
addition of high content of GBS led to a structurally porous
and loose matrix, as reflected in Fig. 3 by the low strength
of the hardened G6NO samples. The cumulative volume of
pores smaller than 100 nm for G6N1, G6N2, and G6N3 was
lower than that of the GONO sample. This indicated that the
addition of NS reduced the pore volume in the cement-GBS
composite system, and its high pozzolanic reactivity and
nanoscale size improved the pore-filling effect. For the 28-
day samples in Fig. 12, a pattern and trend similar to the
7-day samples were observed. The difference was that the
cumulative pore volume curve shifted towards smaller
pores, indicating further filling and transforming larger
pores into smaller ones.

Figure 12 presents the total porosity of cement pastes
with different proportions at various curing ages. It was
evident that NS significantly reduced the porosity of the
7-day pure cement cementitious materials, while a high
content of GBS increased the porosity of the cement paste
samples. NS significantly decreased the porosity of the
high-volume GBS cementitious materials, with G6NO
having a porosity of 27.3% and G6N1, G6N2, and G6N3
having porosities of 23.3%, 23.0%, and 23.3%, respec-
tively. It can also be observed that the addition of different
volumes of NS had a relatively small impact on the total
porosity. As the curing time up to 28 days, the porosity of
the NS2 sample became similar to that of the C sample. This
suggested that the influence of NS on the pore structure of
the pure cementitious system diminished in the later stages
of hydration. This was consistent with the effect of NS on
hydration products and strength in the later stages of pure
cement systems. The total porosity of the G6NO sample
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slightly decreased at 28 days compared to 7 days and still
had the highest porosity among all samples. NS continued
significantly reducing the porosity of the 60wt% GBS
content cementitious materials at 28 days. This illustrated
that NS still had a considerable impact on the pore structure
of the high-volume GBS cementitious materials in the later
stages of hydration. This consistency aligned with the effect
of NS on hydration products and strength in the later stages
of hydration in high-volume GBS cementitious materials.
In cementitious materials, pores are typically categorized
into gel pores (3—10 nm), mesopores (10-100 nm), capillary
pores (100 nm-1um), and macropores (>1 pum). Figure 13
illustrates the percentage composition of different types of
pores in cementitious materials with varying proportions at
different curing ages. At 7 days, the improvement in the pore
structure was not very pronounced when comparing NS2 and
C samples. The G6NO sample exhibited a significantly higher
percentage of pores larger than 100 nm compared to C and
NS2 samples, accompanied by a notable decrease in pores in
the 10-100nm range and a significant increase in pores
smaller than 10 nm. G6N1, G6N2, and G6N3 samples show a
substantial reduction in the percentage of pores larger than
100 nm relative to the G6NO sample, with the reduction
becoming more pronounced with increasing NS content. NS
significantly reduced the percentage of pores from 100 nm to
10um in the high-volume GBS cementitious materials.
However, the improvement in pores larger than 10 um was
not prominent. During the curing period up to 28 days, NS2
exhibited a significant reduction in pores in the range of
100 nm to 10 um compared to the C sample, but there was no
noticeable effect on pores larger than 10 um. G6NO sample
showed a decrease in pores larger than 10 pm and an increase
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Fig. 15 SEM images of micro-morphology of cement paste hydration at different curing ages

in pores in the range of 10nm to 1 pm at 28 days relative to
7 days. This was attributed to the late-stage pozzolanic
reaction of GBS, generating C-S-H gel to fill larger pores and
then transforming them into smaller ones. GON1, G6N2, and
G6N3 samples exhibited a significant reduction in pores lar-
ger than 100 nm compared to the GONO sample. NS primarily
contributed to the reduction in pores in the 100 nm to 10 um
range in high-volume GBS cementitious materials with lim-
ited impact on pores larger than 10 pm. These results indi-
cated that NS can enhance the early and late-stage pore
structure of high-volume GBS cementitious materials, but its
effectiveness in reducing pores larger than 10 um was limited.

Figure 14 represents cement paste samples’ median
and average pore diameter at different curing ages. For
the 7-day samples, it was evident that adding NS sig-
nificantly reduced the median and average pore diameter
in pure cement and those with high-volume GBS
cementitious materials. As the curing period increased to
28 days, the median and average pore diameter for all
samples almost uniformly increased. This was attributed
to the prolonged hydration time leading to the filling of
larger pores by hydration products, transforming them
into smaller pores, and consequently causing an increase
in pore sizes.
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3.4 Morphology

Figure 15 displays SEM micrographs of cement paste
samples with different mix proportions at various curing
ages. For the 7-day samples, the C sample exhibited
numerous pores and cracks, along with aggregates of gran-
ular products. The interior walls of the pores also showed
many cracks, with loose hydration products filling these
cracks. The microstructure of the GONO sample was simi-
larly porous, containing many pores, microcracks and
numerous unhydrated irregular angular particles. In com-
parison to the GONO sample, the GON2 sample demonstrated
a denser microstructure, with a noticeable reduction in
unhydrated GBS particles. Upon curing for 28 days, the C
sample’s microstructure became denser than the 7-day
sample but still showed some microcracks. The micro-
structure of the GONO sample appeared denser with the
continued presence of unhydrated irregular angular particles,
but these particles were covered with more gel-like material.
The G6N2 sample showed a significant reduction in unhy-
drated particles and denser structure compared to G6NO.

4 Conclusions

This study investigated the influence of nano-silica on the
macroscopic mechanical properties and microscopic struc-
ture of cementitious materials with a high volume of ground
granulated blast furnace slag. Tests and analyses were
conducted on the cement paste’s strength, hydration pro-
duct, pore structure, and microstructure. The following
conclusions were drawn through comparative discussions
on the performance of specimens with different curing ages
and various NS dosages.

1. A notable decrease in strength was noted in high-
volume GBS cement paste. NS exhibited a remarkable
enhancement in the early strength (at 3 and 7 days) of
both pure cement and high volume-GBS composite
systems. The strength enhancement by NS in pure
cement even demonstrated adverse effects on strength
development during the 28-day hydration period.
However, the beneficial influence of NS on the
strength of high-volume GBS-contained samples
remained evident at 28 days of age.

2. NS facilitated the hydration of C3S and C2S in
blended cementitious systems. The enhancement in
the hydration percentage of C2S was particularly
pronounced, especially in high-volume GBS cementi-
tious materials. In high-volume GBS cementitious
materials, NS continues to consume CH and partici-
pate in the hydration reaction at later ages, this
phenomenon that diminishes in pure cement systems.
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Simultaneously, NS mitigated the carbonation of
aluminum phase hydration products in high-volume
GBS cementitious materials.

3. GBS significantly reduced the pore volume in the
10-100 nm range, while NS prominently filled pores
with diameters smaller than 10 nm. Adding NS to
high-volume GBS cementitious materials further
decreased the pore volume in the ranges of >100 um
and 100 nm-1 um. In the later stages of hydration, the
influence of NS on the pore structure of the pure
cementitious system diminished, whereas it remained
prominent in high-volume GBS cement paste.

4. In high-volume GBS cement paste, the enhancement
of strength and the promotion of C3S and C2S
hydration increased with higher additions of NS at
1wt% and 2 wt%. However, this enhancement and
promotion effect diminished when the NS dosage
increased to 3 wt%. This suggests that an optimal NS
dosage exists, and more is not necessarily better.
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