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Abstract: The effects of Nano-CaCO3 on the physical, mechanical properties and durability of
cement-based materials were investigated in this paper. The mechanical property, durability and SEM
microscopic tests of test blocks with different Nano-CaCO3 content were carried out. Results showed
that Nano-CaCO3 could improve the flexural strength, compressive strength and impermeability
of cement-based materials. When the content of Nano-CaCO3 is 2.0%, the strengthening effect of
Nano-CaCO3 on the cement-based materials was optimized, and the flexural strength of cement-
based materials after 3 d, 7 d and 28 d increased by 12.6%, 18% and 32.4%, respectively, compared
with the reference group. When the content of Nano-CaCO3 exceeded 2.0%, the flexural strength of
cement-based materials begins to decline with the increase of Nano-CaCO3 content. Similarly, when
the content of Nano-CaCO3 reached 2.0%, the impermeability of the cement-based materials was also
optimized, and the permeability height of the base group could be increases by 41.4%. At the early
stage of hydration, the exothermic rate of cement with 2.0% Nano-CaCO3 content was higher than
that of other contents. When the content of Nano-CaCO3 increased from 0 to 2.0%, the hydration
exothermic rate increased gradually with the increase of Nano-CaCO3 content.

Keywords: durability; microstructure; hydration; multiscale; bending toughness

1. Introduction

Cement-based materials, which are the most prevalent building materials, have ex-
cellent performance in economy, molding, energy saving and durability, etc. However,
traditional cement-based materials have the disadvantages of excessive dead load, easy
to crack and low tensile strength, limiting their application to a certain extent [1]. High
performance cement-based materials (HPC) with high compressive strength and durability
overcome some of the disadvantages of ordinary cement-based materials. However, some
deficiencies are present in the toughness, tension and compression (bending) ratio [2], crack
resistance and so on. As a consequence, concrete structures often fail before the end of their
design service life due to different environmental factors, and due to its low durability, has
caused many casualties and economic losses [3].

The main factors that influence the durability of concrete structures in service include
internal factors, external factors, and the hydration property of cementitious materials. The
internal factors mainly include the poor structural uniformity of concrete, easily leading to
uneven stress distribution, and low compactness resulting in insufficient impermeability,
corrosion resistance and frost resistance [4–7]. The dominant external factors include
physical effects (e.g., freeze-thaw cycle, dry-wet alternation and temperature change), and
chemical effects (e.g., environmental medium corrosion, carbonization, alkali–aggregate
reactions, reinforcement corrosion) [4]. In addition, the composition and stability of the
hydration products of cementitious materials are important factors affecting its durability,
such that the instability and decomposition of the gel that makes up the structure gradually
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loosens until it collapses. Therefore, improving the properties of hydration products of
cementitious materials is a more controllable and manageable method to increase the
durability of concrete structures.

In the early 1990s, Taylor, a British scholar, found that 70% of cement hydration
products were calcium-silicate-hydrate (C-S-H) gel, and the cement slurry was composed
of primarily nanomaterials condensed by C-S-H gel particles on a microscopic level [8].
Xiaozhong Zhang [9] and G Richardson [10] et al. found that the specific surface area of
C-H-S gel was about 180 m2·g−1, and the average particle size of C-S-H gel was about
10 nm, which sets up a theoretical basis for the study of cement-based materials on the
nanometer scale. Through the nano-modification of cement-based materials, we could
further optimize the microstructure of cement-based materials, so as to strengthen the
mechanical properties and durability of concrete structures.

The main mechanism of nanomaterials on the acceleration of hydration is to react with
Ca(OH)2 and speed up the formation of C-S-H gel. The majority of studies [11–14] have
focused on nanosilica. The addition of Nano-SiO2 could effectively decrease the content of
free Ca(OH)2 in cement paste [15] and cement mortar [16], through reacting with Ca(OH)2
and reducing the ion exchange between the matrix and the external environment. As a
result, the leakage of Ca2+ can be controlled and the stability of the microstructure can be
improved. Except for nanosilica, other nanomaterials have been investigated, including
Nano-CaCO3 [17], nanoclays [18], titanium dioxide [19], carbon nanotubes [20], graphene
nanoplates [21,22] etc. T. Sato et al. [23] found that Nano-CaCO3 could significantly acceler-
ate the early hydration reaction, in which the accelerating effect is positively proportional
to the dosage. The promotion was mainly found to be attributed to the acceleration of
the hydration of C3S and the formation of the dominant hydration product, C-S-H gel,
through the reaction of Nano-CaCO3 and Ca(OH)2, by the same group people and their
colleagues [24].

Except for speeding up the hydration, other modifications have been studied by adding
various nanomaterials, such as to the compressive strength [24–27], deformation capacity
and durability [24–26], corrosion resistance [28] and electrical conductivity and wave-
absorbing properties [29]. With the addition of 1% and 3% Nano-SiO2, the compressive
strength of cement-based materials at 28 days could be increased by about 50%, and the
deformation capacity and durability of cement-based materials were also significantly
improved [24–26]. Li Guhua et al. [30] studied the performance changes of Nano-SiO2-
modified concrete under the condition of a salt crystallization cycle by SEM (scanning
electron microscope) and XRD (X-ray diffraction). They found that the corrosion resistance
cycle coefficient and relative corrosion resistance cycle coefficient of the modified concrete
mixed with 1% Nano-SiO2 were increased by 11% and 20%, respectively, after 110 cycles,
compared with ordinary coagulation [30]. This indicates that Nano-SiO2 could significantly
improve the salt corrosion resistance of concrete. Xiong Guoxuan et al. [31] studied the
effects of different mass fractions of Nano-TiO2 on the electrical conductivity and wave-
absorbing properties of the cement matrix, which showed that 5% Nano-TiO2 had the
most significant effect on the electrical conductivity and wave-absorbing properties of the
cement matrix. Huang Zhengyu et al. [27] added Nano-CaCO3 into ultra-high performance
concrete, and studied its influence on the performance of ultra-high performance concrete,
finding that Nano-CaCO3 could improve the compressive strength and flexural strength of
ultra-high performance concrete, reduce its fluidity and promote the hydration reaction.

At present, domestic and foreign scholars focus less on Nano-CaCO3-modified cement-
based materials and, particularly, the combination of multi-scale fibers with nanomaterials,
and more on single-fiber-modified cement-based materials. Therefore, based on the existing
science and technology of concrete materials, low-priced Nano-CaCO3 was adapted to
carry out a nano-modification on the most critical components of cement-based materials. It
is possible to prolong the service life of concrete members by refining the grain, regulating
the microstructure, improving the strength and the anti-deterioration performance of the
structure matrix of cement-based materials. The synergistic effect among nanomaterials
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and cementitious materials brings the mortar advantages of high strength, high toughness
and high crack resistance. At the same time, this research can play a significant role
in concrete structures used in architectural engineering for protecting against corrosive
media, improving durability, and also have important practical engineering significance
for ensuring the service safety of structures.

2. Raw Materials and Specimens Preparation
2.1. Raw Materials

(1) Cement

P·O 42.5 ordinary Portland cement produced by Zhejiang Qianchao Holding Co.,
Ltd., Hangzhou, China was used. Its specific surface area is about 315 m2/kg and has a
specific gravity of 3.14. The particle size distribution, microstructure and mineral phase
composition of cement are shown in Figures 1–3. It can be observed that the cement
particles are distributed unevenly in small pieces or flakes, of which the main mineral
phase groups are quartz, calcite, Portland stone and so on.

Figure 1. Portland cement grading curve.

Figure 2. Portland cement grading curve.
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Figure 3. Mineral phase of Portland cement.

(2) Sand

ISO sand (GB/T17671) with a specific gravity of 2.67 and a fineness modulus of 2.68
was used.

(3) Nano-CaCO3

The Nano-CaCO3 used in this paper was proceeded by Shanghai Yuanjiang Chemical
Co., Ltd., Shanghai, China Its fineness modulus is a 5000 mesh (Figure 4), and the specific
indicators are shown in Table 1.

Table 1. Indicators of Nano-CaCO3

Inspection Items Physical Index (\%) Inspection Results (\%) Conclusion

Content of CaCO3 98 98.5 qualified
Whiteness 95 ± 2 95 qualified

Fineness (5000) sieve residue ≤0.05 0.030 qualified
Content of water ≤0.5 0.15 qualified

PH of water suspension 6.5~7.5 7.5 qualified
Oil absorption value 26 ± 5 28 qualified

Figure 4. Nano-CaCO3.
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(4) Water reducing agent

A high-performance polycarboxylic acid water reducer with a water reduction rate of
25% was used.

(5) Fly ash

Fly ash with a fineness of 43 µm, a density of 2.4 g/cm3 and a water content of 0.5%
was used.

2.2. Specimens Preparation
2.2.1. Design of Mixture Ratio

P·O 42.5 ordinary Portland cement was selected in this test. The mix proportions used
in the test is shown in Table 2.

Table 2. Test mix ratios of cement-based materials with different contents of Nano-CaCO3.

Number
Water

Cement
Ratio

Cement
(g)

Fly Ash
(g) Sand (g)

Content
of Nano
CaCO3

(%)

Water
Reducing
Agent (g)

Water (g)

0 0.3 300 100 200 0.0 10 120
1 0.3 300 100 200 0.5 10 120
2 0.3 300 100 200 1.0 10 120
3 0.3 300 100 200 2.0 10 120
4 0.3 300 100 200 3.0 10 120
5 0.3 300 100 200 4.0 10 120

2.2.2. Preparation and Curing of Test Pieces

Nano-CaCO3 is easy to agglomerate because of its high specific surface area and
surface energy, hindering the promotion of Nano-CaCO3 during the cement hydration
process [32]. Therefore, the dispersion degree of Nano-CaCO3 is particularly important in
the application process. We weighed and added the fly ash, sand, cement and Nano-CaCO3
into the mixer in sequence and stirred for 3 min to disperse the Nano-CaCO3 evenly. Then
we added the water reducing agent and water, and continued to stir for 3 min. After
mixing, we poured the slurry into the mold, and placed it into a standard curing box with
a temperature of 20 ± 5 ◦C and a relative humidity of 65%. The formwork was removed
24 h later, and curing continued to the corresponding age (e.g., 3 d, 7 d, and 28 d).

3. Characterization Test
3.1. Mechanical Property Test

The compressive and flexural strengths of the specimens at three curing ages (i.e., 3 d,
7 d and 28 d) were tested according to the standard for test method of basic properties of
construction mortar (JGJ/T70—2009) [27]. In the compressive strength test, the size of the
compressive strength test specimens were 70.7 × 70.7 × 70.7 mm, and the pressure testing
machine was a sye-300 (Zhejiang Zhongke Instrument Co., Ltd.) with an accuracy class of 1
and a maximum load of 10 kN. In the bending strength test, the size of the compressive
strength test specimens were 100 × 100 × 400 mm, and the microcomputer controlled
electronic bending and compression testing machine TYE-6 (Wuxi Jianyi Machinery Co.,
Ltd., Wuxi, China) had an accuracy class of 1 and maximum load of 10 kN. Three repeated
test pieces were formed for compressive strength and flexural strength testing.

In the compression test, we applied a continuous load at a speed of 0.6–0.8 MPa/s.
When the specimens began to deform rapidly and approached failure, we stopped adjusting
the accelerator of the testing machine at the point of failure, and then recorded the failure
load. The compressive strength of the test piece was calculated according to the follow-



Appl. Sci. 2023, 13, 2451 6 of 13

ing formula (the measured compressive strength value is multiplied by the dimension
conversion factor of 0.95):

fC =
F
A

(1)

where fC represents the compressive strength (MPa), F represents the failure load (N) and
A refers to the pressure bearing area (mm2), which was taken as 4998.59 mm2.

In the bending test, we applied a continuous load at a speed of 0.05–0.08 MPa/s. When
the specimens began to deform rapidly and approached failure, we stopped adjusting the
accelerator of the testing machine at the point of failure, and then recorded the failure load.
The bending strength of the test piece was calculated according to the following formula
(the measured compressive strength value is multiplied by the dimension conversion factor
of 0.85):

f f =
Fl

bh2 (2)

where f f (MPa) represents the bending strength, F (N) represents the failure load, l (mm)
represents the span between supports (taken as 300 mm in this test), h (mm) represents the
section height (taken as 100 mm in this test) and b (mm) represents the section width (taken
as 100 mm in this test).

3.2. Impermeability Test

The metal test mold was a truncated conical metal test mold with a bottom, which has
an upper opening diameter of 70 mm, a lower opening diameter of 80 mm and a height
of 30 mm. After forming, the test specimens were de-moulded after standing at room
temperature (20 ± 5 ◦C) for 24 ± 2 h, and continued to cure to their corresponding curing
ages in the curing room with a temperature of 20 ± 2 ◦C and a humidity of more than 90%.
After curing and being dried, the specimens were sealed into the mortar penetrameter.
Then, we performed the permeability test.

The water pressure remained at 0.2 MPa for 2 h, and was then increased by 0.1 MPa/h.
When half of end faces of the specimens were permeable, we stopped the testing and the
water pressure was recorded.

The mortar seepage pressure value was calculated by the maximum pressure when
4 out of the 6 test specimens in each group were no longer permeable, which was calculated
according to the following formula:

P = H − 0.1 (3)

where P represents the impermeability pressure of mortar and H represents the water
pressure when 3 of the 6 test specimens were permeable.

3.3. Hydration Heat Test of Cement

410 g of nitric acid solution (13.5 ± 0.5 ◦C, 2.00 ± 0.02 mol/L) and 80 mL of 40%
hydrofluoric acid were mixed before adding them into the thermos. Then 7 ± 0.001 g of
zinc oxide were added and readings from the thermometer over different periods were
read for the calculation of heat capacity using a Bain thermometer. Four specimens of
dehydrated cement (3 ± 0.001 g) were prepared, 2 of which were added into the above acid
and readings from the thermometer over different periods were read, while the others were
burned in a furnace at 900–950 ◦C for 90 min and subsequently weighed. The dissolution
heat of the dehydrated cement was calculated.

The test specimens were cured for 3 d, 7 d, 14 d and 28 d and sieved under a 0.60 mm
mesh after grounding. Four specimens of dehydrated cement (3 ± 0.001 g) were prepared,
and the heat of dissolution of the hydrated samples was calculated by the method described
previously. Finally, the value for the heat of hydration was calculated.
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3.4. SEM Microanalysis

In this experiment, the S-3500 scanning electron microscope (made in Japan) was used
to observe the microstructure of cement samples. The reference group and two groups of
test blocks with a Nano-CaCO3 content of 2.0% were split to make the specimens such that
each specimen had a diameter less than 2.2 mm and a height less than 1.6 mm for scanning
electron microscope observation. The specimens were sprayed with gold to enable good
conductivity. The specimens were bonded to the specimen seat with conductive adhesive,
and the gold-plated sections of the specimens with natural fractures were taken as the
observation surface.

4. Results and Discussion
4.1. Effect of Nano-CaCO3 on the Mechanical Properties of Mortar
4.1.1. Effect of Nano-CaCO3 on the Compressive Strength of Mortar

Figure 5 demonstrates how the compressive strength of mortar varies with increasing
amounts of added Nano-CaCO3. Similar in the case of flexural strength, when the content of
Nano-CaCO3 increases from 0 to 2.0%, the compressive strength of cement-based materials
shows an increased positive correlation with the amount of Nano-CaCO3, peaking at
2.0% Nano-CaCO3. After 3 d, 7 d and 28 d of curing, compressive strength increased by
8.5%, 11.4 and 19.1%, respectively, compared with the reference group. When the content
exceeded 2.0%, the compressive strength began to decrease.

Figure 5. Compressive strength of mortar with different amounts of Nano-CaCO3.

It can be inferred that 2.0% is the optimal content of Nano-CaCO3 in cement-based
materials for the improvement of flexural and compressive strength.

4.1.2. Effect of Nano-CaCO3 on the Flexural Strength of Mortar

The flexural strength of mortar changes with increasing dosages of Nano-CaCO3,
as is shown in Figure 6. When the content of Nano-CaCO3 was increased to 2.0%, the
flexural strength of cement-based materials after 3 d, 7 d and 28 d increased positively by
12.6%, 18 and 32.4%, respectively, compared with the reference group, and reached the
maximum at 2.0% Nano-CaCO3. When the content exceeded 2.0%, the flexural strength
began to decrease.
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Figure 6. Flexural strength of mortar with different amounts of Nano-CaCO3.

4.2. Effect of Nano-CaCO3 on the Impermeability of Cement-Based Materials

After the penetration test was completed, we used the pressure testing machine to
break the specimen, test the penetration height and calculate the average value. The average
water seepage height of the test is shown in Figure 7.

Figure 7. Average permeability height of mortar with different amounts of Nano-CaCO3.

There were weak permeability areas in the reference group and the water seepage
height was uneven. The addition of Nano-CaCO3 prolonged the penetration path of
cement-based materials, making the water seepage height more uniform. It can be seen
from Figure 7 that when the content of Nano-CaCO3 was 2.0%, the penetration height
could be increased by 41.4% compared with the reference group.

4.3. Effect of Nano-CaCO3 on the Hydration Heat of Cement

The influence of various amounts of Nano-CaCO3 on the heat of hydration is presented
in Figure 8. In the early stage of the hydration, the exothermic rate of cement with a Nano-
CaCO3 content of 2.0% was the highest, and in the process of the Nano-CaCO3 content
increasing from 0 to 2.0%, the rate of the hydration exothermic heat increased gradually
with the increase of Nano-CaCO3 content. An explanation can be that the high specific
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surface area of Nano-CaCO3 caused a nucleation effect, promoting cement hydration and
releasing a lot of heat.

In the later stage of hydration, C-S-H gel and Ca(OH)2 were coated around the clinker
particles, which hindered the reaction of water and clinker particles and delayed the
hydration. At the same time, the hydration heat in specimens after 3 d with 0%, 0.5%,
1.0%, 2.0%, 3.0% and 4.0% Nano-CaCO3 accounted for 27.9%, 30.7%, 32.9%, 42.4%, 42.1%
and 31.8% of the total hydration heat after 28 d, respectively. It was further proven that
nanoparticles could accelerate the early hydration of cement, and the heat release rate
is positively correlated with the content. In the figure, the heat release rate of Nano-
CaCO3 decreases significantly in the later stage, which was conducive to the release of the
hydration heat of the cement.

Hydration heat at 28 d fluctuates at ∼450 J/g with various contents of Nano-CaCO3,
indicating that the addition of Nano-CaCO3 does not affect the total amount of exothermic
heat. Therefore, it could be inferred that nanoparticles were not directly involved in the
hydration reaction. We therefore could infer that Nano-CaCO3 would affect the mechanical
properties of cement in the early stage of hydration.

Figure 8. Hydration heat of cement-based materials with different amounts of Nano-CaCO3 at
different curing ages.

4.4. SEM Microscopic and Mechanism Analysis

The hydration morphology of the samples with 0 and 2.0% Nano-CaCO3 at the curing
age of 28 d is shown in Figure 9.

Figure 9. SEM image of a cement stone hydrated with 2.0% Nano-CaCO3 (A) at 28 d and a blank
sample (B).

It can be seen from Figure 9 that the cement paste of the base group with 0% Nano-
CaCO3 content had several large pores, whereas the sample with 2.0% Nano-CaCO3 had
a lesser amount of internal pores. The cement paste with 2.0% Nano-CaCO3 content was
more compact, in which a large number of high-strength cementitious substances were
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formed. It can also be seen from Figure 10 that the content of ettringite (AFt) in the sample
with 2% Nano-CaCO3, which could inhibit the hydration reaction, was less than that in the
blank sample. The hydration reaction was more complete and the hydrated cementitious
material was more predominant than in the blank sample, hence, the structural density
was better and the mechanical properties were stronger.

Figure 10. XRD pattern of Cement stone hydrated with 2.0% Nano-CaCO3 (A) for 28 d and the blank
sample (B).

The main way for Nano-CaCO3 to affect the strength of cement-based materials is to
improve the strength of cement paste [29] through the small-size effect and the surface
effect [33]. Combined with the SEM test results, we could infer that Nano-CaCO3 could
accelerate the hydration of cement, optimize the interface structure of cement stone, and
improve the compactness [34]. Finally, the strength of cement paste was improved.

The promotion mechanism of Nano-CaCO3 on hydration reaction in concrete is shown
in Figure 11. The high specific surface area and surface energy of Nano-CaCO3 brought
high surface activity. In the initial stage of hydration, C3S was hydrated and released a
large amount of Ca2+. The surfaces of Nano-CaCO3 would physically adsorb Ca2+ [35],
promoting the nucleation of nearby Nano-Ca(OH)2 and grow in large quantities on the
surface of Nano-CaCO3 particles, so as to accelerate the hydration of C3S, which was
particularly significant in the early stage of hydration [16]. At the same time, Nano-CaCO3
could further bind to the cement hydration product, C-H-S, and form ettringite (AFt) with
a microcrystalline nucleus of itself. Monosulfide hydrated calcium sulphoaluminate (AFm)
and the C-S-H gel phase strengthened the structure and shape of the micro interface layer,
and effectively enhanced the mechanical properties of the hardened cement paste [36–39].

In the later stage of hydration, a large amount of Nano-CaCO3 coating around the
clinker particles would react with the aluminum phase (C3A) in the cement to form the hy-
dration product single carbon hydrated calcium carboaluminate (3CaOAl2O3CaCO312H2O),
which hinders the hydration reaction by reducing the direct contact with clinker and water.
The more the content percentage, the more obvious the hindering effect was. Therefore,
Nano-CaCO3 could not promote the later hydration of cement-based materials [40], and the
strength of cement-based materials would decrease with the increase of Nano-CaCO3 con-
tent. In addition, too much Nano-CaCO3 would hinder the transformation of AFt to AFm,
and the expanded internal stress produced by a large amount of AFt would destroy the
structure of hardened cement slurry and reduce the strength of the cement-based materials.
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Figure 11. Mechanism of Nano-CaCO3 improving cementitious materials.

5. Conclusions

In this paper, the effect of Nano-CaCO3 on the physical and mechanical properties of
cement-based cementitious materials was studied through micro and macro tests, and the
reinforcement mechanisms of Nano-CaCO3 on cement-based cementitious materials were
analyzed. The main conclusions are as follows:

(1) The proper addition of Nano-CaCO3 could improve the strength of cement-based
materials. When the content of Nano-CaCO3 was 2%, the flexural strength, compressive
strength and impermeability reached their respective peaks;

(2) Nano-CaCO3 could accelerate the hydration of early cement. According to the SEM
microscopic test, it could be seen that Nano-CaCO3 could fill the pores of cement-based
materials, inhibiting the growth of needle shaped ettringite and promoting the formation of
high-strength gel, which made the cement paste more compact and enhanced the strength
of the cement paste.

(3) Using Nano-CaCO3 to modify cement-based cementitious materials could signif-
icantly improve the durability of cement-based cementitious materials, indicating that
nanomaterials have broad prospects in construction engineering [41]. In addition, this field
needs further research and expansion. In particular, the effects of Nano-CaCO3 on cement
hydration and the change of interface properties of cement-based materials are not clear
and require further study.
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