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Abstract: Nano-clay has the potential to improve the properties of cement-based materials. However,
the effectiveness of this improvement is influenced by the dispersion of the nano-clay. The effects of
different nano-clay dispersion techniques on cement-based material properties and pore structure
complexity were studied. The samples were prepared using manual and mechanical dispersion
methods. The mechanical properties of the specimens were evaluated, and the pore characteristics
of the cement-based materials were analysed using mercury intrusion porosimetry. The study
investigated the effect of the dispersion method on the nano-clay dispersion. The complexity of
the pore structure was evaluated using a fractal model, and the relationship between the fractal
dimension, mechanical properties, and pore structure was analysed. The findings indicate that
mechanical dispersion results in better dispersion than manual dispersion, and the mechanical
properties of mechanical dispersion are superior to those of manual dispersion. Nano-clay particles
can improve the internal pore structure of cement materials. Through mathematical calculation, the
surface fractal dimension is between 2.90 and 2.95, with good fractal characteristics. There is a good
correlation between the surface fractal dimension and the mechanical properties. The addition of
nano-clay can reduce the complexity of the pore structure, and the fractal dimension has an excellent

check for linear relationship with the pore structure.
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Structure and Distribution of
Hardened Cement Paste. Buildings
2023, 13,2753. https://doi.org/
10.3390/buildings13112753 Economic development has led to the construction of many structures in the marine
environment, mainly using concrete. Nevertheless, the durability of concrete structures in
harsh marine environments is becoming an increasingly severe problem. Concrete is typically
subject to environmental factors, loads, and their associated effects during service. Such effects

1. Introduction
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term [4]. In contrast to conventional mineral admixtures, nanomaterials comprise smaller
particles, which can fill the pores and decrease porosity to enhance concrete durability. In
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Shoukry [12] et al. found that incorporating nano-kaolinite into cement mortar significantly
increased its compressive and flexural strength. Including 3% nano-kaolinite resulted in a
24% increase in the compressive strength of cement specimens [13]. Langaroudi et al. [14]
substituted cement with 1%, 2%, and 3% nano-clay and discovered that the cement-based
materials” mechanical properties improved as the nano-clay concentration increased over
90 days. Moreover, nono-clay reduces the permeability, thereby improving the material’s
durability. Hong et al. [15] found similar conclusions when studying the permeability of
cement-based materials. Nano-clay instead of cement can reduce permeability, attributed to
the fact that nano-clay particles can not only fill pores but also promote cement hydration to
improve the pore structure. In addition, it has been shown that the addition of nano-kaolinite
fills the larger pores of the cement and refines the pores [16]. The pozzolanic reaction of the
nano-clay during hydration produces additional C-S-H gel to fill the pores [14]. Nano-clay
particles can serve as nucleation sites for the growth of C-S-H gels during cement hydration,
thereby promoting cement hydration, filling pores, and creating a more uniform and dense
concrete structure [17]. These effects can enhance cementitious materials” mechanical proper-
ties and microstructure by boosting the formation of C-5-H gels and decreasing Ca(OH), to
densify the cement. Zhang et al. [18] researched the impact of nano-kaolinite on the resistance
of reinforced concrete to corrosion. The results indicate that incorporating nano-kaolinite
increases the concrete’s density, reduces the corrosion rate of steel bars, and enhances the
material’s resistance to corrosion. In summary, nano-clay materials can improve the pore
structure of cement-based materials, thereby increasing their durability. However, due to the
large specific surface area of nanomaterials, van der Waals forces can cause agglomeration and
affect the dispersion of nanomaterials [19]. The dispersion technique of the nano-clay has been
found to impact its dispersion and the hydration and mechanical properties of cement-based
materials [20,21]. Therefore, it is necessary to study the effect of nano-clay dispersion on
concrete properties.

In order to understand the pore structure of nano-clay cement specimens, it is nec-
essary to analyse the pore structure of cement specimens. Generally, scanning electron
microscopy (SEM) image analysis, gas adsorption, nuclear magnetic resonance (NMR),
mercury intrusion porosimetry (MIP), and other methods are used. However, there are
pores with different pore diameters in concrete, namely bubbles, capillary pores, gel pores,
and small cracks caused by drying shrinkage, which lead to the random disorder and
diversity of pore morphology and spatial distribution and make the microstructure of
cement composites extremely chaotic and complex. These factors lead to conventional
parameters such as porosity, pore diameter distribution, and pore surface area, being un-
able to accurately represent the complexity of the internal pores of concrete. According to
fractal theory, the pores of porous materials have distinct fractal characteristics in terms of
pore volume, surface area, and pore diameter distribution [22]. Recent fractal geometry
studies have quantitatively analysed the pore structure of complex cement-based materi-
als [23]. Applying fractal theory to concrete pore structures gives us new ideas and tools
for studying pore structures. The fractal dimension of pores obtained from mathematical
calculations can more accurately describe the distribution of concrete pore structures. The
fractal dimension has unique advantages in revealing the discontinuities and irregularities
of the pore structure [24] and can describe the complexity of the pore morphology and
spatial distribution. Zarnaghi et al. [25] found that the fractal dimension is a parameter that
can reflect the pore diameter distribution. Choi et al. [26] used the surface fractal dimension
to characterise the microstructural changes in geopolymer composites at elevated tempera-
tures. Yang et al. [27] analysed the pore structure in cement composites doped with ground
slag and found that the surface fractal dimension reflects its complexity. Jin et al. [28]
used a thermodynamically based fractal dimensional fractal model of pore surface area to
determine its ability to quantitatively and accurately reflect the pore structure’s complexity
when studying concrete’s freeze-thaw properties. Fractal theory has been used extensively
in concrete materials, e.g., the surface fractal dimension of concrete materials [23,26-29]
correlates with permeability and compressive strength. In addition, the surface fractal
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dimension [30] is also closely related to various properties of the pore structure. Therefore,
it is valid to use fractal theory to analyse and evaluate the complexity of the pore structure
of concrete. However, there is a considerable variation in the current research on fractal
dimensions due to differences in the understanding of fractal dimensions by different
researchers and experimental conditions.

To understand the influence of nano-clay dispersion on the pore structure of cement-
based materials and the impact of nano-clay on the complexity of the pore structure, this
article studies the effects of dispersion methods and dosage on the dispersibility of nano-
clay, conducts mechanical performance tests, observes the microstructure using scanning
electron microscopy, and studies the pore structure of cement using mercury intrusion
porosimetry. Fractal models are used to characterise the complexity of the pore structure.
It is helpful further to understand the action mechanism of nano-clay in cement-based
materials.

2. Materials and Methods
2.1. Raw Materials
Materials

The cement used in this study was PeO42.5R ordinary Portland cement; its chemical
composition is detailed in Table 1. The test mixing water was tap water. The nano-
clay material chosen for this paper was nano-kaolinite, which is refined by crushing raw
kaolinite ore with a crusher, then using an impact mill for 40 min of ultra-fine grinding [31],
and then calcining it. Its physical index, chemical composition, and activity index are
detailed in Tables 2—4. The cement and nano-kaolinite characteristics are shown in Figure 1.
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Figure 1. Characteristics of cement and nano-kaolinite.
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Table 1. Chemical composition of cement.
Sample CaO SiO, Al,O3 Fe, O3 MgO SO;
Content (%) 59.31 21.90 6.26 3.79 1.63 241
Table 2. Physical index of the nano-kaolinite clay.
Average Flake Average Flake Specific Surface . 3
Diameter (nm) Thickness (nm) Area (m?/g) Density (g/cm”)
300-500 20-50 30 0.6
Table 3. Chemical composition of nano-kaolinite.
Sample SiOZ CaO A1203 Fe203 MgO Kzo Ti02 Na20

Content (%) 47.80 0.28 41.80 0.30 0.03 0.58 0.02 0.06

Table 4. Activity index of nano-kaolinite.

Time 3 Days 7 Days 28 Days
Activity index (%) 118 121 115

2.2. Mix Proportion and Specimens Preparation

An experimental study was carried out to investigate the effect of the dispersion
method on the dispersibility. Dispersion of nano-kaolinite at different dosing levels of
0%, 0.75%, 1.0%, and 1.5% was carried out using manual and mechanical dispersion. The
specimen numbers are shown in Table 5.

Table 5. Cement specimen numbers for different dispersion methods.

Sample W (Nano-Clay) (%) Disperse Method Disperse Time (min)
NCO0 0 - -

NCH1 0.75 Hand 3

NCH2 1.00 Hand 3

NCH3 1.50 Hand 3

NCM1 0.75 Machine 3

NCM2 1.00 Machine 3

NCM3 1.50 Machine 3

The nano-kaolinite was mixed with water and stirred for 3 min using both manual dis-
persion and mechanical dispersion to make nano-kaolinite suspensions, which were stirred
with cement according to the water—cement ratio of 0.5 to make cement paste. This was then
poured into the test mould to make a prismatic cylinder of 40 mm x 40 mm x 160 mm,
and then, after being removed from the mould, it was placed into a standard maintenance
box to maintain it to the specified age for 24 h at a standard temperature of 20 &+ 1 °C and
relative humidity of >95%. The specimen preparation process is shown in Figure 2.
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Figure 2. Preparation process.

2.3. Test Methods
2.3.1. Mechanical Properties Tests

After the test pieces were cured to the specified age under standard curing conditions,
the DYE-300S automatic flexural and compressive machine was used to test the flexural and
compressive strength of the cement-based materials, following the relevant provisions of
the current Chinese standard test method for cement mortar strength (ISO method) (GB/T
17671-2021).

2.3.2. Scanning Electron Microscopy (SEM)

In this test, a SUPRA 55 SAPPHIRE was used to observe the internal microstructural
changes of the specimen; in order to reduce the test error, the samples in the centre part
of the crushed specimen were selected and made into thin slices, which were soaked in
anhydrous ethanol to stop hydration. Then, the slices were dried in a vacuum at 50 °C
for 48 h. The samples were firstly glued to the specimen with conductive adhesive and
sprayed with gold so that the specimen had electrical conductivity, then it was turned on
for observation.

2.3.3. Mercury Intrusion Porosimetry (MIP)

In this study, mercury intrusion porosimetry tests were performed on the pores of
the cement paste specimens using a MicroActiveAutoPore V 9600. The pressure range
was 0.10~60,000.00 psi, and the contact angle of the mercury with the pore surface was
0 = 130°. When preparing mercury pressure specimens, samples were taken from the
cement specimens that had been cured for 28 days. The specimens were cut into small
pieces of approximately 3-5 mm using scissors, and each sample was taken for at least
two tests. After sampling, the cement specimens were soaked in anhydrous ethanol for at
least 24 h to terminate the hydration reaction. Before the mercury compression test, the
specimens were taken out of the air to allow the ethanol to develop fully and then dried in
a drying oven at 50 °C until a constant mass was reached, and the free water and ethanol
were evaporated before the mercury intrusion porosimetry test was carried out.

2.3.4. Calculation of the Surface Fractal Dimension

The pores of cement-based materials are usually irregular and disorderly distributed;
unlike the traditional assumption of smooth, straight, isometric, and regular, its pores, area,
volume, etc, in all scales, show fractal characteristics.

The fractal dimensions of a cement-based material with porous properties can be
analysed using the Zhang model [32]. Nano-kaolinite refinement of pores and pozzolanic
reactivity can affect the surface shape of pores. Therefore, the Zhang model, which is
suitable for analysing the effect of nano-kaolinite on the pore surface shape, was used in
this study. In this model, the surface energy added by the mercury on the pore surface of
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the cemented material is equal to the work done by the mercury injected in the mercury
intrusion porosimetry test.

n
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where W, and Q) are calculated from the mercury pressure data, n is the interval of the
applied mercury pressure, P; is the average pressure, AV; is the volume of mercury feed for
different pressure intervals, V}, is the total amount of mercury feed, and r;, is the diameter
of the pore corresponding to the n th feed.
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where D is the surface fractal dimension, and C is a constant. The slope of the linear fit
using Equation (3) is the surface fractal dimension, D. The surface fractal dimension of the
Zhang model is in the range of 2 < D < 3; when the surface fractal dimension is close to 2,
the pore surface is smooth, and when the surface fractal dimension is close to 3, the shape
becomes more complex.

3. Results and Discussion
3.1. Mechanical Properties

In order to understand the impact of nano-kaolinite dispersion on the mechanical
properties of cement specimens, the mechanical properties (i.e., flexural strength, compres-
sive strength) of nano-kaolinite cement specimens were studied and analysed to obtain the
law of the influence of nano-kaolinite on the mechanical properties of the cement-based
materials.

3.1.1. Flexural Strength

The flexural strengths of the nano-kaolinite-modified cement specimens at different
ages are shown in Table 6.

Table 6. Results of flexural strength tests.

Flexural Strength/MPa

Sample 3 Day 7 Day 14 Day 28 Day
NCO 456 6.01 7.07 7.45
NCH1 531 6.42 7.64 8.07
NCH?2 5.42 6.51 8.24 8.96
NCH3 551 6.53 8.36 8.74
NCM1 5.49 6.52 7.90 8.45
NCM2 5.63 6.55 8.60 9.09
NCM3 5.79 6.66 8.89 9.40

The results show that the flexural strengths of the specimens with the added nano-
kaolinite are all enhanced compared to the flexural strengths of the reference group. In the
later stage, at 28 days, the flexural strengths of the specimens mixed with nano-kaolinite
increased compared with those of the reference group. The increase was more significant
than in the early stage, in which the flexural strength of the mechanically dispersed speci-
mens reached up to 9.36 MPa. In comparison, the flexural strength of the cement specimens
of the reference group was 7.45 MPa at this time. This indicates that incorporating a certain
amount of nano-kaolinite can improve the flexural strength of cement specimens, and the
increase in the age of curing increases the flexural strength more obviously. The main reason
why nano-kaolinite can improve the flexural strength of cement is due to the small diameter
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effect of its particles, which fill the pores in the cement and increase the compactness of the
cement, and the fact that nano-kaolinite, which is capable of pozzolanic reactivity, produces
additional C-S-H gels, which further increases the compactness of the cement, and thus
improves its flexural strength.

In the early stage, the flexural strength of the specimen with nano-kaolinite was
increased by 10.81% compared with that without nano-kaolinite at 7 days. At 28 days,
the flexural strength of the specimen with nano-kaolinite was increased by 27.79%. With
the increase in curing age, the nano-kaolinite promotes hydration, the hydration products
accumulate, and the flexural strength is improved. However, the flexural strength of
the mechanically dispersed specimens was generally higher than that of the manually
dispersed specimens due to the agglomeration of the nano-kaolinite in the manually
dispersed specimens, which prevented its filling effect and pozzolanic reactivity from
taking place.

Comparing manually dispersed and mechanically dispersed specimens, it can be
found that the early and late strengths of the mechanically dispersed specimens are higher
than those of the manually dispersed specimens. This is because mechanical dispersion can
effectively improve the dispersibility of nano-kaolinite, which gives full play to its filling
effect, nucleation effect, and pozzolanic reactivity. It can better fill the pores, increase the
C-5-H production, and improve the microstructure and porosity [33], thus improving the
flexural properties of the cement.

3.1.2. Compressive Strength

The compressive strengths of the nano-kaolinite cement specimens at different ages
are shown in Table 7.

Table 7. Results of compressive strength tests.

Sample Compressive Strength/MPa

3 Day 7 Day 14 Day 28 Day

NCO0 24.58 30.79 37.68 44.05
NCH1 26.78 32.69 39.21 45.03
NCH2 26.95 33.12 40.16 46.98
NCH3 27.65 33.66 39.87 45.54
NCM1 27.33 33.30 40.20 45.97
NCM2 27.03 33.74 41.56 48.34
NCM3 28.30 34.17 42.16 47.12

The results show that the compressive strength of the cement specimens increased with
the increase in the dosage of nano-kaolinite. The compressive strength of the mechanically
dispersed specimens reached a maximum of 28.30 MPa at the early age of 3 days, an
increase of 15.13% compared to the reference group specimens. The maximum compressive
strength of the mechanically dispersed specimens reached 48.34 MPa at 28 days of age,
an increase of 9.74% compared to the reference group. This is due to the effect of the
nano-kaolinite filling the small pores in the cement specimens and the pozzolanic reactivity
of the nano-kaolinite to produce additional C-5-H gels, which increases the compactness of
the cement and thus the compressive strength of the cement specimens. This is similar to
known findings [11,33].

The compressive strength of mechanically dispersed specimens is better than that of
manually dispersed specimens because mechanical dispersion breaks down agglomerated
nano-kaolinite to give good dispersion. In contrast, agglomeration of nano-kaolinite occurs
in the manually dispersed specimens, resulting in a poorer improvement. At 28 days
of age, the compressive strength did not improve significantly when the nano-kaolinite
dosing exceeded 1%. This was mainly due to the increase in nano-kaolinite dosing, which
made it difficult to disperse the nano-kaolinite and caused agglomeration of nano-kaolinite
particles, which prevented the filling effect and pozzolanic reactivity of the nano-kaolinite.
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3.2. Microstructure of Cement Paste

Figure 3 shows the microstructure of the nano-kaolinite cement samples with different
dispersion modes. As can be seen from the figure, in the cement specimens without nano-
kaolinite, the microstructure is looser, and there are more interconnected pores, needle
and rod ettringite (AFt) crystals, and square plate Ca(OH),(CH) crystals observed in the
microstructure, and needles or fibres dominate the C-S-H gels. The C-S-H gels are mainly
agglomerated in the cement specimens with manually dispersed nano-kaolinite. The num-
ber of pores increased due to the agglomeration of nano-kaolinite. In the cement specimens
with mechanically dispersed nano-kaolinite, the number of pores and connected pores
decreased, and the C-S-H gels were mainly in granular form and tightly packed together,
which tightly wrapped the AFt crystals and C-H crystals. In addition, the number of AFt
crystals increased in the C-S-H gel. A large amount of C-S-H gel fills the pore structure,
forming a dense and uniform microstructure [34]. This indicates that the mechanically
dispersed nano-kaolinite has good dispersibility, making the cement specimens denser.

%2000 A0pm

: %2000 4 Opm
(c) NCM2

Figure 3. Microstructure of cement specimens with different dispersion methods.

3.3. Pore Structure Characteristics

In order to analyse the pore distribution of the cement samples in-depth, the changes
in the characteristic parameters, such as porosity, average pore diameter, median pore
diameter, most probable pore diameter, and pore diameter distribution of the nano-kaolinite
cement specimens(age 28 days), with different dosing focused on the mixing method.

3.3.1. Most Probable Pore Diameter

The most probable pore diameter is the peak pore diameter on the differential curve of
the pore diameter distribution. In other words, the pore diameter with the largest number
of pores in the specimen [35]. The pore diameter distribution can be reflected, to some
extent, by the maximum pore diameter; the smaller the maximum pore diameter, the
smaller the corresponding average pore diameter, and the more pronounced the refinement
of the pore structure. On the contrary, the larger the maximum pore diameter, the looser
the pore structure. The differential curves of the cement specimens are shown in Figure 4,
the most probable pore diameters are shown in Table 8.
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Figure 4. Differential curves of pore diameter distribution for two types of dispersed specimens.

Table 8. Most probable pore diameters.

Sample NCO NCH1 NCH2 NCH3 NCM1 NCM2 NCM3
Most probable pore 5,5 05 31981 28409 35011 15104 15101 28397
diameter

It can be seen in Figure 4 that both dispersions have different degrees of improvement
in the most probable pore diameter. After the nano-kaolinite is mixed in, the nano-kaolinite
particles fill the pores in the cement, making the cement pore structure improve and refine.
Whether by manual or mechanical dispersion, the improvement effect was more obvious
when the nano kaolinite was mixed at 1%, and the porosity decreased by 18.81% and
56.84%, respectively; however, when the nano kaolinite was mixed at more than 1%, the
improvement effect on the most probable pore diameter decreased with the increase. This
is due to the agglomeration phenomenon caused by the excessive content of nano-kaolinite,
which could not be evenly dispersed in the cement and had no obvious filling effect on the
pore structure of the cement specimen, resulting in the weakening of the improvement effect
of the nano-kaolinite on the most probable pore diameter. Meanwhile, the improvement
effect of mechanical dispersion on the most probable pore diameter was better than that of
manual dispersion. Figure 4 shows that the peak values and corresponding pore diameters
of the mechanically dispersed nano-kaolinite specimens were reduced to different degrees,
i.e., the most probable pore diameter was reduced significantly, by 56.83%, 56.84%, and
18.82%, respectively, compared with those of the benchmark specimens. It was concluded
that agglomeration of manually dispersed nano-kaolinite occurs, and nano-kaolinite cannot
be uniformly dispersed in the cement, resulting in an insignificant improvement effect.
Compared with manual dispersion, mechanical dispersion can lead to better dispersion of
nano-kaolinite. The nano-kaolinite particles significantly impact the refinement and filling
of the pore structure, and the improvement of the pore structure is also greater.

3.3.2. Porosity, Average and Median Pore Diameter

It can be seen from Table 9 that the porosity of the mechanically dispersed nano-
kaolinite specimens decreased to different degrees compared with the benchmark spec-
imens. In particular, when the nano-kaolinite content was 1%, the porosity decreased
more obviously, as high as 18.47%; when the nano-kaolinite content was 1.5%, the porosity
increased, which may be due to the excessive nano-kaolinite content and the inability to
disperse evenly. This shows that adding a certain amount of nano-kaolinite can improve the
pore structure and make it denser. The table shows that the average and median pore diam-
eters of the mechanically dispersed samples were reduced to different degrees, indicating
that the nano-kaolinite was uniformly dispersed. The agglomerated kaolinite nanoparticles
were dispersed during the mechanical mixing process, thus filling the pores and acting as
nucleation sites for the C-S-H gels to accelerate the hydration of the cement, significantly
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reducing the mean and median pore diameter. Manually dispersed nano-kaolinite does
not disperse uniformly, so the improvement in mean and median pore diameter is not
significant. Adding 1% nano-kaolinite with mechanical dispersion showed the most signifi-
cant decrease in the mean and median pore diameter compared to the reference group, by
20.64% and 43.26%, respectively. These results indicate that nano-kaolinite can refine the
pore structure and increase the density of cement, and the best effect was achieved at 1% of
nano-kaolinite, but the effect on the improvement of average pore diameter and median
pore diameter gradually decreased with the increase in dosing. The dispersion method
influences the dispersibility of the nano-kaolinite, and mechanical dispersion results in
better dispersibility.

Table 9. Pore space of cement specimens with different dispersion methods.

Sample NCO NCH1 NCH2 NCH3 NCM1 NCM2 NCM3
Porosity 2842 3211 2943 3060 2647 2317 2878
Average pore 40.7 44.4 34.2 39.7 35.7 32.3 383
diameter
Median pore diameter ~ 121.6 1795 98.8 138.6 929 69.0 108.0

3.3.3. Pore Diameter Distribution and Pore Surface Area

The pore diameter distribution of the cement specimens is shown in Figure 5. The
effect of porosity on strength varies in each pore class. In this study, the pores of the cement
materials were classified into four types of pores, harmless pores (less than 20 nm), less
harmful pores (20-100 nm), harmful pores (100-200 nm), and more harmful pores (greater
than 200 nm) [36]. After the addition of the nano-kaolinite, the proportion of harmful pores
and more harmful pores decreased to different degrees, while the proportion of harmless
pores and less harmful pores increased. That is, the pore size distribution developed into
smaller pores. It can be concluded that the pore structure becomes dense after doping with
nano-kaolinite. This indicates that nano-kaolinite can refine the pores and make the pore
diameter develop towards a smaller pore diameter. Both manual dispersion and mechanical
dispersion showed the highest percentage reduction of harmful pores and more harmful
pores at 1% nano-kaolinite doping, but the refining effect gradually weakened when the
nano-kaolinite doping exceeded 1%. This indicates that the agglomeration of nano-kaolinite
occurs when the nano-kaolinite is dosed too much, which leads to a less obvious refinement
effect and affects the pore diameter distribution of the cement specimens to some extent.
By comparing the two dispersion methods, it can be seen that mechanical dispersion has
a slightly better refinement effect on pore diameter distribution than manual dispersion,
which also indicates that mechanical dispersion better disperses the nano-kaolinite, so it
can play its role of filling pores and achieve the effect of refining pore diameter.

NCO
NCHI
E= NeH2

=
S

=
=]

v
S

F=H NeMi
NCM2
NCM3

Pore diameter distribution/%
[ (%3 P
=} (=} (=3

o

<<20nm 20-100nm  100-200nm >200nm

Figure 5. Pore diameter distribution.
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The pore surface area of the cement specimens is shown in Figure 6, which shows
that the pore surface area of the mechanically dispersed specimens is lower than that of
the manually dispersed specimens. This indicates that the mechanical dispersion achieves
better dispersibility, so the nano-kaolinite is better dispersed and decreases the pore surface
area. When the dosage was increased to 1.5%, the improvement effect was reduced. This is
because the amount of nano-kaolinite is too much to cause uniform dispersion.
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Figure 6. Pore surface area.

3.4. Relationship between Fractal Dimension and Pore Structure Characteristics
3.4.1. Surface Fractal Dimension

Considering the complex, irregular, and disordered internal structure of cement-based
materials, using fractal theory to investigate the pore diameter distribution characteristics of
nano-kaolinite cement-based materials can help reveal their microstructural characteristics.
Therefore, based on the test results of the MIP method, the fractal characteristics of the pore
structure of nano-kaolinite cement-based materials were further investigated.

The surface fractal dimension was calculated by linearly fitting the MIP data of the
nano-kaolinite specimens with different mixing methods, as shown in Table 8. The calcu-
lated fractal dimensions were all in the range of 2.90-2.95, consistent with the definition of
the fractal dimension of the pore surface area in the range of 2 < D < 3 in the Zhang model.
This indicates that the nano-kaolinite cement-based material has a distinct fractal character.

The complexity was classified according to the absolute values of the surface fractal
dimension, as shown in Table 10. Among them, the mechanically dispersed 1% nano-
kaolinite specimens had the smallest pore fractal dimension and were therefore considered
to have the lowest complexity among all the samples. The surface fractal dimension
of the remaining specimens had different degrees of change from the reference group
specimens, so their complexity also had different degrees of change. This indicates that
incorporating nano-kaolinite changes the complexity of the pore structure. The surface
fractal dimension of manual dispersion showed a similar trend to that of mechanical
dispersion, which indicates that the dispersion method affects the dispersion of nano-
kaolinite and impacts the pore structure, thus changing the surface fractal dimension. It is
seen that the fractal dimension of the mechanical mixing is lower than that of the manual
mixing at different nano-kaolinite dosages, indicating that mechanical dispersion can better
reduce the complexity and irregularity of the pore structure. This is consistent with the
results of the pore diameter characterisation. The fractal dimension tends to increase
when the nano-kaolinite dosing exceeds 1%, which means that the effect of nano-kaolinite
on the complexity of the pore structure decreases as the dosing increases because the
nano-kaolinite cannot be dispersed uniformly and is prone to agglomeration.
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Table 10. Fractal dimension of the pore surface area for each specimen.

Sample NCo NCH1 NCH2 NCH3 NCM1 NCM2 NCMs3

Surface fractal 29374 29423 29291 29271 29177 29069 29216
dimension

Correlation coefficient ~ 0.9942 0.9964 0.9952 0.9936 0.9932 0.9913 0.9896

3.4.2. Surface Fractal Dimension and Mechanical Properties

The relationship between the surface fractal dimension and the flexural and compres-
sive strength of the nano-kaolinite cement specimens is shown in Figures 7 and 8. This
indicates that the surface fractal dimension can characterise the flexural and compressive
strength of the cement specimens, to some extent, and that incorporating nano-kaolinite
increases the cement specimens’ flexural and compressive strength and improves the ce-
ment specimens’ internal complexity. The fractal dimension can reflect the relationship
between the microscopic pore structure characteristics and mechanical properties of cement
specimens.
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Figure 7. Fractal dimension and flexural strength.
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3.4.3. Surface Fractal Dimension and Most Probable Pore Diameter

Figure 9 shows the surface fractal dimension as a function of the most probable pore
diameter. It can be seen that the surface fractal dimension increases with the increase in
the most probable pore diameter. This shows that the surface fractal dimension correlates
well with the most probable pore diameter, consistent with Han et al. [37]. The smaller the
surface fractal dimension, the smaller the corresponding most probable pore diameter, and
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the smaller the corresponding average pore diameter, the more obvious the refinement of
the pore structure and the lower the complexity of the pores. This means that nano-kaolinite
reduces the complexity of the pores while reducing the most probable pore diameter.
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Figure 9. Fractal dimension and most probable pore diameter.

3.4.4. Surface Fractal Dimension and Porosity, Mean Pore Diameter, and Median
Pore Diameter

Figure 10 shows the relationship between the surface fractal dimension and the poros-
ity. It can be seen that as the porosity increases, the surface fractal dimension also increases.
The porosity characterises the amount of pore space within the cement-based material. The
surface fractal dimension of the specimens doped with nano-kaolinite decreases as the
porosity decreases, implying that the nano-kaolinite reduces the complexity of the pores
while reducing the porosity.

2.95
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Figure 10. Fractal dimension and the porosity.

The average and median pore diameters are parameters that characterise the average
pore diameter and reflect the pore diameter distribution. The larger the pores in the
pore structure, the larger the average and median pore diameter. Conversely, the smaller
the pores, the smaller the average and median pore diameter. Figures 11 and 12 show
the relationship between the fractal dimension and the mean and median pore diameter,
respectively. It can be seen that the fractal dimension correlates well with the average
and median pore diameter. As the average pore diameter and median pore diameter of
nano-kaolinite cement-based materials increase, the fractal dimension of the pore surface
area also tends to increase accordingly. This indicates that the spatial distribution of the
pore structure tends to be more complex as the number of macropores increases.
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Figure 11. Fractal dimension and average pore diameter.
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3.4.5. Surface Fractal Dimension and Pore Surface Area
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For the same porosity, the larger the pore surface area of the nano-kaolinite cement
sample, the greater the roughness of the pore surface, i.e., the pore surface area of the pore
structure reflects, to some extent, the complexity of the pore diameter. Figure 13 shows the
relationship between the pore surface area and the surface fractal dimension. It can be seen
that the pore surface area is positively correlated with the surface fractal dimension and
has a good correlation.
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Figure 13. Fractal dimension and pore surface area.
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4. Conclusions

(1) The dispersibility of nano-clay is influenced by the dispersion method. The appro-
priate amount of nano-kaolinite particles mixed into the cement-based material can improve
the pore structure, refine the pores, and improve the durability of the cement-based mate-
rial. The most significant improvement in the pore structure of cement is achieved when
the nano-kaolinite is mixed at 1%. Mechanical dispersion can improve the dispersibility of
nano-kaolinite so that the nano-kaolinite particles fill the larger pores in the cement more
effectively and improve its pore structure. As the admixture of nano-kaolinite increases,
agglomeration occurs. It cannot be completely dispersed in the cement material, and the
improvement effect on the pore structure of the cement is reduced.

(2) The fractal characteristics of the nano-kaolinite cement-based materials in this
paper are obvious, and the calculated surface fractal dimension is consistent with the
existing models, which are all in the range of 2.90-2.95. The fractal dimension can clearly
describe the internal pore characteristics of the pores, and the surface fractal dimension
has a good correlation with the conventional parameters of the pores. Well-dispersed
nano-kaolinite can refine the pore structure and reduce the fractal dimension. Compared
with other pore structure characterization parameters, the surface fractal dimension can
be considered a comprehensive parameter to characterise the pore morphology and space
distribution, which can accurately reflect the pore structure characteristics.

(3) There is an excellent linear relationship between the integral shape dimension of
the pore surface and flexural and compressive strength. As the fractal dimension increases,
the internal complexity of the cement specimens increases, the pores become disorganized,
and the mechanical properties are reduced. As a parameter that can characterise the
complexity of the pore structure, the fractal dimension can reflect the relationship between
the microscopic pore structure characteristics and the compressive strength of cement
specimens.

(4) The surface fractal dimension reveals that the pore size distribution of cement-
based materials varies on a microscopic scale. It provides a new method for studying pore
structure. When combined with pore structure characteristic parameters, it can well reflect
the pore structure characteristics and complexity of nano-kaolinite cement materials.
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