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Abstract: Nano calcium silicate hydrate (nano-C–S–H)
has become a novel additive for advanced cement-based
materials. In this paper, the effect of nano-C–S–H on the
early-age performance of cement paste has been studied,
and some micro-characterization methods were used
to measure the microstructure of nano-C–S–H-modified
cement-based material. The results showed that the initial
fluidity of cement paste was improved after addition of
nano-C–S–H, but the fluidity gradual loss increased with
the dosage of nano-C–S–H. The autogenous shrinkage of
cement paste can be reduced by up to 42% maximum at
an appropriate addition of nano-C–S–H. The mechanical
property of cement paste was enhanced noticeably after
adding nano-C–S–H, namely, the compressive strengths
were improved by 52% and 47.74% at age of 1 day and 7
days, respectively. More hydration products were observed
and pore diameter of cement matrix was refined after
adding nano-C–S–H, indicating that the early hydration
process of cement was accelerated by nano-C–S–H. This
was mainly attributed to seed effect of nano-C–S–H. The
detailed relationship between microstructure and early-
age performance was also discussed.

Keywords: nano-C–S–H, cement paste, workability, com-
pressive strength, microstructure

1 Introduction

Cement has been invented for more than 100 years and
become one of the fundamental building materials in
modern society. Generally, the mechanical property of
cement paste developed with curing time [1,2]. In prac-
tice, the mechanical property of normal cement paste is
relatively poor at the early age, which cannot meet the
demand of strength, and as a result, the curing and
demoulding time must be prolonged, reducing the effi-
ciency of construction and leading to a higher cost. At
present, researchers have proposed many solutions to
improve the early-age strength of cement paste, such as
high-temperature steam curing and addition of early
strength agents [3–7]. The high-temperature steam curing
method can rapidly improve the early-age strength of
cement paste, but it consumes a large amount of energy
and produces a mass of greenhouse gases. Moreover, this
method is difficult to be widely applied due to its high cost
and site limitation [8]. Previous researches have demon-
strated that adding a small amount of early strength agent
into cement can significantly improve the early-age strength
of hardened cement paste. Traditional early strength agents
aremainly divided into inorganic and organic category, such
as, calcium chloride [9], sodium sulfate [10], and calcium
formate [11]. Early strength agent is an additional compo-
nent for cement hydration system, and it’s always challenge-
able to deal with the compatibility between cement and
additives. Traditional early strength agents can effectively
improve the early strength of concrete or mortar, but it
also brings a series of negative effects. For instance, chloride
ions will accelerate the electrochemical corrosion of steel
bars and reduce the reliability of concrete structures [12].
The introduction of sodium ions will cause excessive alkali-
nity in concrete, which will adversely affect the long-term
strength of concrete [13,14]. Formate ions have a certain
impact on the corrosion resistance and freeze-thaw resis-
tance of concrete [15,16]. In recent decades, scientists have
done much work to reduce the negative effects of traditional
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early strength agents, but the situation remains unchanged.
Therefore, it’s urgent to develop a novel and harmless early
strength agent.

Recently, with the development of nanotechnology,
some nanomaterials have been introduced into cement to
improve its comprehensive performance by regulating
the nanostructure [17–20]. For example, nano-SiO2 is of
high activity and can react with Ca(OH)2 easily, gener-
ating calcium silicate hydrate (C–S–H), which can pro-
mote the secondary hydration of cement and improve
the mechanical property and durability of cement-based
materials [21,22]. It is well-known that the hydration pro-
cess of cement is complicated and main hydration pro-
ducts contain C–S–H gel, Ca(OH)2, ettringite, etc. In light
of avoiding the adverse impact of heterogenous compo-
nent, some researchers proposed that nano calcium sili-
cate hydrate (nano-C–S–H) should be added into cement
to adjust the hydration process at nanoscale [23–26]. Pre-
vious works proved that nano-C–S–H can improve the
mechanical property of cement-based materials greatly
without any risk of electrochemical corrosion or other
damages [27]. The mechanism of this enhanced effect
of nano-C–S–H has been extensively studied; however,
there is no academic viewpoint accepted by all people
[28,29]. At present, most researchers tend to support
this view that nano-C–S–H is similar in chemical compo-
sition and microscopic morphology to C–S–H formed in
the hydration reaction, and nano-C–S–H can participate
in the hydration reaction as a seed crystal, and thus the
nucleation barrier of C–S–H on the heterogenous inter-
face is reduced. Consequently, the hydration rate of
cement is accelerated and the mechanical property is
improved [28,30,31]. In general, the performance degra-
dation of cement-based materials is usually induced at
initial stage, and the early-age performance is vital to the
long-term performance. Through summarizing the litera-
tures, it can be found that researchers paid more attention
to explain the modification mechanism of nano-C–S–H on
cement than to investigate the relationship between the
early-age performance and microstructure.

In this paper, the aim is to investigate the effect of
nano-C–S–H on the early-age performance of cement
paste and figure out the relationship between microstruc-
ture and early-age performance including mechanical

property and workability. Specifically, the fluidity, auto-
genous shrinkage, and compressive strength were mea-
sured under different addition of nano-C–S–H. And the
micromorphology, crystal phases, and pore structure para-
meters were used to explain the variation of early-age per-
formance. This work may provide a guidance for how to
use nano-C–S–H efficiently in improving the early-age
comprehensive performance of cement-based materials.

2 Experimental procedure

2.1 Raw materials

Cement used in study was Conch brand P.O. 42.5 cement
with specific surface area of 350m2/kg and apparent den-
sity of 3.15 g/cm3, and the chemical composition is shown
in Table 1. Solid polycarboxylic superplasticizer with
water reducing rate of over 30% was used. Nano-C–S–H
suspension was a commercial product with a solid con-
tent of 20%, purchased from Changan Construction
Material Co., Ltd.

2.2 Samples preparation

The water to cement ratio was fixed as 0.36 for all sam-
ples, and the content of superplasticizer was 0.025% by
mass of cement. And different amounts of nano-C–S–H
suspension were added as shown in Table 2. First, 700 g
cement and corresponding amount of water were added
into the agitator kettle and mixed for 1 min at a low speed
mode. And then 0.175 g superplasticizer and corresponding
amount of nano-C–S–H were added into the cement paste
and mixed for another 1min at a fast speed mode. Subse-
quently, the fresh cement paste was casted in the mould
(40mm × 40mm × 40mm) and demoulded after one day.
At last, samples were cured in a standard room for 3 days
and 7 days. The samples were labeled as S-n, where n%
stood for the content of solid nano-C–S–H. For instance,
S-0.25 meant that the content of solid nano-C–S–H was
0.25% by mass of cement.

Table 1: Chemical composition of cement

Composition CaO SiO2 Al2O3 Fe2O3 SO3 MgO Na2O LOI

Mass fraction (%) 59.89 24.06 6.34 3.69 2.46 0.98 0.51 2.07
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2.3 Characterization methods

The fluidity of cement paste was measured according to
Chinese standard GB/T 8077-2012. After the initial mea-
surement, the fluidity was tested every half an hour until
60min. The autogenous shrinkage of cement paste was con-
tinuously monitored for 7 days by a special apparatus recom-
mended by American standard ASTM C1698. The apparatus
was equipped with a bellows (Φ20mm × 420mm) and an
electronic dial gauge. In a typical test process, the fresh
cement paste was poured to the bellow with continuous
vibration on a mini-vibrostand until the bellow was filled
with cement paste. And then the bellow was laid on a holder
with free motion on horizontal. The deformation of the

bellow was recorded by an electronic dial gauge. The com-
pressive strength of hardened cement paste was measured
according to Chinese standard GB/T 17671-2020. After mea-
suring the compressive strength, the crushed sample was
collected and then immersed in absolute ethyl alcohol for 7
days to stop further hydration, and finally, these treated
samples were dried at 80°C for micro characterizations. The
crystal phases of hydration products were identified with an
X-ray diffraction detector (Rigaku, D/max 2550VB/PC) with a
Cu Ka ray source operating at 40 kV and 100mA. The diffrac-
tion intensity between 10° and 70° was continuously recorded
with the interval of 0.02° at the speed of 4°/min. The pore
structure of hardened cement paste wasmeasured bymercury
intrusion porosimetry (Quantachrome, Poremaster). Scann-
ing electron microscope (Hitachi, TM4000Plus) was used to
observe the micromorphology of hydration products.

3 Results and discussion

3.1 Property of nano-C–S–H

Figure 1(a) shows that the nano-C–S–H suspension was
milky white and there was no precipitation, indicating

Table 2: Mix proportions of cement paste

No. Cement (g) Watera (g) Nano-
C–S–H (g)

Water
reducer (g)

S-0 700 252 0 0.175
S-0.25 245 8.75 0.175
S-0.5 238 17.5 0.175
S-0.75 231 26.25 0.175

aWater introduced by nano-C–S–H suspension was subtracted.

Figure 1: (a) Digital image of nano C–S–H; (b) particle size distribution curve of nano C–S–H; (c) X-ray diffraction pattern of nano C–S–H;
and (d) TEM image of nano C–S–H.
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that the nano-C–S–H suspension has good dispersion
and high stability. Figure 1(b) shows the particle size
distribution curve of nano-C–S–H suspension. It can be
seen that the particle size of most particles was lower
than 100 nm, and the proportion of the particle (about
70 nm) was the highest (18%), suggesting that the nano-
particles in the suspension were well-dispersed. Figure 1(c)
is the X-ray diffraction pattern of the solid particles obtained
by centrifugal treatment of the suspension, and diffraction
peaks at 2θ = 29.355°, 32.053°, and 50.077° were obviously
observed, which corresponded to the characteristic diffrac-
tion peaks of Ca1.5SiO3.5·H2O according to PDF#33-0306. In
Figure 1(d), TEM image of nano-C–S–H is shown, and the
particle size was less than 100 nm, which was consistent
with the particle size distribution curve. Based on the afore-
mentioned analysis, it can be inferred that the C–S–Hnano-
particles adopted in this study had good dispersion, high
crystallinity, and good compatibility with Portland cement
system.

3.2 Fluidity analysis

Table 3 shows the effect of nano-C–S–H on the fluidity of
cement paste. The initial fluidity of cement paste increased
continuously with the dosage of nano-C–S–H. When the
content of C–S–H increased to 0.5%, the fluidity reached
the maximum value of 172.5mm; however, as nano-C–S–H
dosage was over 0.5%, the fluidity did not increase any
more, indicating that nano-C–S–H can only improve the
initial fluidity of cement paste within a certain range,
which may be related to the organic stabilizer in C–S–H
suspension. Nanoparticle stabilizers were usually surfac-
tants, which can improve the fluidity of cement paste as an
air entraining agent [32]. Specifically, the organic stabilizer
has charges on its surface and would be adsorbed on the
surface of cement particles, and under the effect of elec-
trostatic repulsion, cement particles would not aggregate,
and consequently water would be released and the fluidity

of cement is improved. Therefore, the initial fluidity was
increased after incorporating nano-C–S–H suspension. As
hydration proceeded, the fluidity loss of S-0 was smaller
than that of others, and the fluidity gradual loss of the
cement paste increased with the content of nano-C–S–H.
The fluidity loss rates of S-0.25 at 30 and 60min were 7.2
and 11.3%, respectively, and the corresponding values of
S-0.5 were 8.8 and 16.4%, respectively. The fluidity loss of
S-0.75 was close to that of S-0.5, which indicated that the
addition of nano-C–S–H can promote the setting process
of cement paste. Specifically, the fluidity loss of cement
paste was mainly attributed to the formation of C–S–H gel
[33], which is a continuous silica tetrahedron network
structure and can prevent the flow of hydration products.
And the amount of C–S–H gel was determined by the
hydration degree of cement, and consequently it can be
inferred that the incorporation of nano-C–S–H can pro-
mote the hydration process and improve the hydration
degree.

3.3 Autogenous shrinkage

Figure 2 displays the effect of nano-C–S–H on the auto-
genous shrinkage of cement paste. It can be seen that the
samples held a similar trend in early-age deformation
within 7 days. And the autogenous shrinkage process
can be approximately divided into three stages. In the
first stage (0–5 h), there was a sharp shrinkage, which
may be related to the redistribution of water in the
solid-liquid system. It can be simply understood from
the fact that most water would be rapidly adsorbed
by cement particles and the wet cement particles tend
to aggregate, thus leading to a huge deformation. The
second stage ranged from 5 to 20 h, in which an obvious
expansion can be observed. This stage corresponded to
the accelerating stage of cement hydration reaction and
massive heat would be generated in this stage. Therefore,
the volume of cement paste would expand noticeably
under the effect of hydration heat [34]. Moreover, a small
amount of free CaO in cement reacted with water and
produced Ca(OH)2, resulting in a certain micro-expan-
sion. After 20 h of hydration, the shrinkage deformation
got into a relatively stable stage and gradually increased
with time. This was considered as the sign of autogenous
shrinkage of cement paste. It is well-known that autoge-
nous shrinkage is caused by the chemical shrinkage of
cement hydration and the self-drying shrinkage inside
the cement paste [35]. In the autogenous shrinkage stage,
the autogenous shrinkage of S-0.25 was the largest,

Table 3: Fluidity of cement paste added with different dosages of
nano-C–S–H

No. Fluidity (mm)

0 30min 60min

S-0 105 104 104
S-0.25 132.5 123 117.5
S-0.5 172.5 155.5 143
S-0.75 170 155 142
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which reached 550 µε after 160 h of hydration. The auto-
genous shrinkage of S-0.5 was lower than that of S-0.25,
but much higher than that of S-0. And only the autoge-
nous shrinkage of S-0.75 was lower than that of S-0.
Generally, the autogenous shrinkage cement paste is
determined by the capillary pressure in pore structure,
and capillary pressure is a function of the difference of
relative humidity [36]. Moreover, early-age relative humidity
can be regarded as an indicator of hydration degree,
because faster hydration means larger difference of relative
humidity, which will lead to larger autogenous shrinkage.
From this perspective, it can be deduced that addition of
nano-C–S–H into cement can accelerate hydration reaction
and promote the consumption of water, thus reducing the
relative humidity and increasing the autogenous shrinkage.
And the hydration rate increased with the dosage of nano-
C–S–H, so the autogenous shrinkage also increased with
nano-C–S–H. However, it should be noticed that the auto-
genous shrinkage of S-0.75 was much lower than that of
S-0. This was probably due to the surfactant component
contained in the nano-C–S–H suspension, which can
decrease the surface tension of the liquid, thereby redu-
cing the pore pressure [37]. The shrinkage reduction effect
of surfactant surpassed the hydration acceleration effect of
nano-C–S–H, so the autogenous shrinkage of S-0.75 was
the smallest.

3.4 Compressive strength

Figure 3 compares the early-age compressive strength of
cement paste in terms of different additions of nano-

C–S–H. After incorporation of nano-C–S–H, themechanical
property of all samples was improved. The 1-day compres-
sive strength increased with the content of nano-C–S–H.
Among all samples, S-0.5 had the highest strength reaching
up to 12.04MPa, which was increased by 52% compared to
S-0, but there was slight decline in strength when the nano-
C–S–H content exceeded 5%. According to the strength
theory of cement-based materials, the early-age strength
of cement paste is determined by the gel to space ratio
and micro cracks [38,39]. The 1-day strength indicated
that nano-C–S–H can promote the hydration process of
cement and produce more hydration products, thus enhan-
cing the gel to space ratio and improving the strength.
When the content of nano-C–S–H was excess, the surfac-
tant components in nano-C–S–H suspension were adsorbed
on the surface of cement particles, which prevented the
migration and diffusion of ions in the cement paste to
some extent and thus slowed down the hydration rate of
cement. The compressive strength of all samples increased
with curing age. The compressive strength of S-0.25 was
close to that of S-0.5 at the age of 3 days and 7 days. And
the compressive strength of S-0.75 at 7 days was the highest
(30.2MPa) which was 1.48 times higher than that of S-0.
This can be explained by the fact that nano-C–S–H can
promote hydration of cement, which will pose two effects
on the strength of cement paste, namely, increasing gel to
space ratio and autogenous shrinkage. Although the gel to
space ratio of S-0.75 was close to that of S-0.5, the autoge-
nous shrinkage of S-0.75 was much lower than that of
S-0.5 as shown in Figure 2, and therefore the compressive
strength of S-0.5 was dramatically reduced by the micro
cracks induced by autogenous shrinkage.

Figure 2: Autogenous shrinkage of cement paste added with dif-
ferent dosages of nano-C–S–H.

Figure 3: Compressive strength of cement paste added with dif-
ferent dosages of nano-C–S–H.

1378  Wei He and Gang Liao



3.5 Microstructure

Figure 4 shows the X-ray diffraction patterns of hydration
products at different age. During the hydration process
(within 7 days), there was little change in the crystal
phases of the hydration products, and the main phases
were Ca(OH)2 and some unhydrated cement including tri-
calcium silicate (C3S) and dicalcium silicate (C2S). The

diffraction intensity of Ca(OH)2 increased with the curing
time and the content of nano-C–S–H, indicating that
nano-C–S–H had a significant promoting effect on the
hydration of cement. However, no diffraction peak of
C–S–H was observed, which may be due to the fact that
C–S–H gel generated in hydration reaction was amor-
phous, so there is no diffraction peak. The diffraction
intensity of C3S and C2S also differed in S-0 and S-0.5,
proving that the hydration degree of cement paste was
affected by nano-C–S–H. The diffraction peaks of CaCO3

and SiO2 were observed, which may be caused by the
mineral admixtures in clinker.

Figure 5 presents the micromorphology of S-0 and S-
0.5 at 1 day. In Figure 5(a), it can be found that S-0
cement matrix was porous and loose, and there were
spherical particles distributed homogenously, and a small
amount of flocculent substances were formed on the sur-
face of spherical particles. And these flocculent substances
were proved to be C–S–H gel by other researchers [40].
Therefore, the further hydration of cement particles was
hindered by newly generated C–S–H. This was the main
reason that the compressive strength of S-0 was much
lower than that of nano-C–S–H-modified samples. In the
amplificated image of S-0 as shown in Figure 5(b), needle-
rod ettringite can be observed, but the space between

Figure 4: X-ray patterns of hydration products of cement pastes.

Figure 5: SEM images: (a) S-0 (1 day) amplified factor 1,200; (b) S-0 (1 day) amplified factor 3,000; (c) S-0.5 (1 day) amplified factor 1,200;
and (d) S-0.5 (1 day) amplified factor 3,000.
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ettringite was not filled by C–S–H gel, leaving many large
holes, which was detrimental to the compressive strength
of cement paste. The SEM images of S-0.5 are shown in
Figure 5(c) and (d). It can be observed that the matrix of
S-0.5 was denser than S-0, and no unhydrated clinker
particles were observed, and the number of macropores
was significantly reduced, indicating that after the incor-
poration of nano-C–S–H, the hydration rate was signifi-
cantly accelerated. From the amplificated image of S-0.5,
it’s clear that the amount of C–S–H gel was increased and
the ettringite was wrapped by C–S–H gel closely.

Figure 6 shows the effect of nano-C–S–H on the pore
size distribution of cement paste. The pore size of pure
cement paste sample S-0 showed an obvious unimodal
distribution after 1 day of hydration, and the most prob-
able pore size was about 80 nm. After addition of nano-
C–S–H, the most probable pore size of S-0.5 was still
80 nm, but the porosity decreased significantly as show
in Table 4, and some smaller pores with diameter between
10 and 80 nm appeared. This can be easily explained by
that nano-C–S–H provided more nucleation sites and more
hydration products were produced and distributed homoge-
nously, and consequently the macro pores were filled by
C–S–H gel and more nanopores were generated inside
C–S–H gel, which is not detrimental to the mechanical

property of cement-based materials. The porosity of S-0
and S-0.5 samples decreased with hydration time. S-0 still
presented a unimodal distribution at the age of 7 days and
themost probable pore size decreased to 60 nm, but the pore
size distribution range was narrowed. S-0.5 displayed amul-
timodal distribution and its porosity was the lowest after 7
days of hydration, and additionally the pore size distribution
becamemore complicated. In Table 4, it can be seen that the
porosity of cement pastes was noticeably reduced after
adding nano-C–S–H at the same hydration age. The pore
structure information directly proved that the porosity was
refined after adding nano-C–S–H, that is, the macro pores
were filled with hydration products and more micropores
were produced inside the C–S–H gel.

4 Conclusion

In summary, nano-C–S–H suspension can improve the
initial fluidity of cement paste, and the fluidity gradual
loss rate increased with the dosage of nano-C–S–H,
reaching up to 16.4% at 60min. The autogenous shrinkage
of cement paste decreased with the content of nano-
C–S–H, and the sample with addition of 0.75% nano-
C–S–H by mass of cement had the smallest autogenous
shrinkage (184 µε), which was even lower than that of pure
cement paste (317 µε). Overall, the compressive strength of
samples increased with the content of nano-C–S–H and
curing time, and the sample doped with 0.75% nano-
C–S–H by mass of cement had the highest compressive
strength at 7 days (30.2 MPa), which was about 1.48 times
higher than that of pure cement paste. This enhanced
effect was attributed to the reduction of gel to space ratio
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Figure 6: Pore size distribution curves of different cement pastes: (a) differential distribution curves and (b) cumulative distribution curves.

Table 4: Most probable pore size and porosity of cement pastes

S-0
(1 day)

S-0.5
(1 day)

S-0
(7 days)

S-0.5
(7 days)

Pore diameter (nm) 80 80 50 60
Total porositya (%) 19.1079 10.4291 7.2781 4.5354

aTotal porosity consists of intraparticle and interparticle porosity.
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and less micro cracks induced by addition of appropriate
amount of nano-C–S–H. Microstructure results confirmed
that the early hydration reaction of cement was promoted
by nano-C–S–H, and nano-C–S–Hprovidedmassive nuclea-
tion sites and accelerated the mass transfer process, and
thus more hydration products were produced. The pore
structure was refined by these C–S–H gel, leading to a
cement matrix of low porosity and less defect.
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