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Abstract: In this study, cellulose nanocrystals (CNs) were utilized to enhance the mechan-
ical properties and sulfate corrosion resistance of engineered cementitious composites
(ECCs). The results of compressive strength and uniaxial tensile tests demonstrated that the
incorporation of CNs significantly improved the compressive strength, strain rate, tensile
strength, and sulfate corrosion resistance of ECC specimens. Scanning electron microscopy
(SEM) observations revealed that the addition of CNs facilitated the formation of increased
amounts of ettringite and calcium silicate hydrate (C-S-H) in the matrix, enhancing the
hydration degree of the cementitious system and increasing the overall density of the ECC
structure. Molecular dynamics simulations were employed to investigate the interactions
between CN, C-S-H, water molecules, and sulfate ions (SO42~) while also calculating the
kinetic parameters of atoms at the interface. These simulations provided insights into
the microstructural strengthening mechanism of CNs in improving the sulfate corrosion
resistance of ECCs. The results indicated that CNs adsorb onto C-S-H via Ca-O and H-O
coordination, forming a protective layer that inhibits the penetration of SO4*>~ and wa-
ter molecules into the C-S-H structure. Additionally, CNs form hydrogen bonds with
S0,4%~ and water molecules, which restricts their diffusion and reduces their coordination
with the C-S-H interface and the dissolution of SO42~ and water to the hydration product,
thereby enhancing the sulfate corrosion resistance of ECCs.

Keywords: engineered cementitious composite; cellulose nanocrystals; molecular
dynamics; interfacial adsorption

1. Introduction

Concrete is the most commonly used building material in engineering construction.
However, the interface transition area between the cement slurry and aggregate is weak,
which can easily become the trigger point for micro-cracks. This characteristic makes
concrete materials highly brittle and prone to damage when subjected to loads or impacts.
Li et al. [1] optimized the interfacial performance of fiber and matrix and invented engi-
neered cementitious composites (ECCs) with a strain rate of up to 2%. Due to its superior
engineering performance, the ECC has been applied in many projects [2-8].

At present, many scholars have conducted research on the ratio design of ECCs and
proposed using a variety of auxiliary cementitious materials such as fly ash, silica fume,
slag, rice husk ash, wood ash, and recycled micropowder to prepare ECCs. These studies
have found that the use of auxiliary gelling materials can increase the degree of hydration of
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the matrix, enhance the density of the ECC structure, and enhance the various parameters
of ECCs while reducing the amount of cement [9-13].

It is found that the corrosion of sulfate on a concrete structure is the most critical
factor affecting its service life [14]. With the development of industry, the emission of
sulfur dioxide increases, making the sulfate exist in rainwater, groundwater, and soil,
which makes concrete materials vulnerable to sulfate corrosion. Sulfates will react with
hydrated products, promoting the formation of expansive products, resulting in the water
absorption, cracking, and damage of local structures inside the concrete substrate, thereby
accelerating and reducing the transmission of chloride ions and other harmful substances
inside the concrete and ultimately significantly reducing the durability of concrete [15-17].
In addition, the amount of gelling material in the ECC material system is very high, which
makes the matrix contain a lot of calcium, making the structure of the ECC more easily
corroded by sulfate. The cost of an ECC is 5-10 times that of ordinary concrete. Under the
premise of superior performance, its durability should also be guaranteed to extend its
useful life. It can be seen that it is necessary to explore the sulfate corrosion resistance of
ECCs and propose efficient and environmentally friendly enhancement solutions.

In recent years, research on nanomaterials in civil engineering materials has attracted
much attention. Research by Abdulkadir et al. [18] found that graphene oxide (GO) can
significantly improve the mechanical properties, reduce the drying shrinkage and sulfate
erosion of ECCs [19], and significantly improve the impact resistance, elastic modulus,
and Poisson ratio of ECCs. Liu et al. [20] used carbon nanotubes to enhance the durability
of concrete and conducted freeze-thaw cycle tests on the samples under different salt
corrosion. The results show that after 1500 salt freezing cycles, the concrete mass loss is
not large, and the microstructure remains relatively dense. Research by Mohseni et al. [21]
found that nanomaterials such as 5iO,, Al,O3, and TiO; play an important role in improving
the performance of cement-based materials. In summary, it can be seen that the research
direction of nano-enhanced ECC performance is feasible. However, the preparation process
of these carbon nanomaterials is complicated, and the preparation time is long, which leads
to high production costs. Concrete is a high-consumption building material, and the high
cost of carbon nanomaterials limits their application in engineering.

Cellulose nanocrystals (CNs) are environmentally sustainable nanomaterials derived
from agricultural solid waste [22]. Their preparation only needs two steps of crushing
and hydrolysis, and the preparation cost is much lower than graphene oxide [23]. When
CNs are incorporated as a reinforcement in mortar and concrete, they can significantly
enhance the mechanical properties and durability of the composite [24-26]. However,
limited research has been conducted on the use of CNs as an enhancement component
in ECCs to improve their durability. Furthermore, due to the nanoscale dimensions of
the CN and matrix, the mechanisms governing the interactions between nanomaterials
and hydrated products at the adsorption interface are challenging to characterize. To
address the interfacial interaction, some researchers have employed molecular dynamics
simulations to investigate atomic bonding, diffusion, and micromechanical properties
at the interface, examining the adsorption and diffusion behaviors and establishing a
link between interface characteristics and the macroscopic mechanical properties of the
composite material system [27-33].

This study investigates the use of CNs as a reinforcement material in ECCs and
explores its impact on compressive strength, strain rate, and sulfate corrosion resistance.
Molecular dynamics simulations were employed to analyze the interactions between C-5-
H, CN, and a sodium sulfate solution, thereby elucidating the mechanism by which CNs
enhance the sulfate corrosion resistance of ECCs.
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2. Materials and Methods

The composition of the ECC is shown in Table 1. The mass ratio of cement, silica fume,
and fly ash in the binder system is 7:2:1, the mass ratio of standard sand to cementitious
materials is 0.3, the water-to-binder ratio is 0.22, the polycarboxylate superplasticizer is
added at 0.02 by mass of cementitious materials, and the polyethylene (PE) fiber content is
2% by volume of the sample. CN-ECC samples were prepared by incorporating CNs into
the mix at mass ratios of 0.05%, 0.10%, 0.15%, and 0.20% of the cementitious materials.

Table 1. The proportion of ECCs.

Binder (100%)
— PE (vol) Water PCE Sand
Cement Silica Fume Fly Ash
70 20 10 2% 22 2 30

The sample preparation procedure is as follows: first, the dry materials, including
cement, silica fume, fly ash, and sand, were mixed in a mortar mixer at low speed for
3 min. Water, a water-reducing agent, and CNs were then added to the dry mix and stirred
at high speed for 1 min. Subsequently, PE fibers were introduced into the slurry, followed
by further mixing for 3 min.

The binder material was sourced from Jiuqi Building Materials Co., Ltd., (Yantai,
China) with the cement being ordinary Portland cement (P-O 42.5). The CN was obtained
from Zhejiang Yuewei New Material Technology Co., Ltd., (Hangzhou, China) and is a
white liquid (Figure 1a) with a TEM and AFM morphology shown in Figure 1b,c. The CN
has a diameter ranging from 15 to 20 nm and a length between 200 and 500 nm. The PE
fiber, sourced from Guangdong Teveron New Materials Application Co., Ltd., (Shenzhen,
China) has a length of 9 mm and a diameter of 12 pm.

P

Figure 1. The morphology of a CN. (a) CN gel, (b) TEM, (c) AFM.

A uniaxial tensile test was carried out by a MTS-universal mechanical (Eden
Prairie, MN, USA) testing machine to analyze the ECC’s strain rate and tensile
strength. The sample and instrument for the uniaxial tensile test are shown in Figure 2.
The testing machine is adopted by displacement control, and the loading speed is
0.5 mm/min [31]. As for the compressive strength test, the sample with the size of
100 mm x 100 mm x 100 mm was prepared. This study refers to the GB/T50082-2009
standard [34] for experimentation with the sulfate corrosion resistance of the ECC. The
sample should be soaked in a 5% NaySOy solution until it reaches corrosion age. Then,
one should take the sample out, dry the surface of the sample, and test its strength and
strain rate.
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Figure 2. The sample and instrument for the uniaxial tensile test.

3. Test Results and Discussions
3.1. Effect of CN on Compressive Strength and Tensile Properties of ECC

Nanomaterials have been shown to significantly enhance the properties of composite
materials. However, they are susceptible to agglomeration, necessitating an investigation
into the optimal inclusion level of CNs to enhance the performance of ECCs. The compres-
sive strength data for the ECC samples at 28 d are presented in Figure 3. As observed, the
compressive strength of the control sample (without CNs) was 75.2 MPa. The compressive
strengths of the CN-ECC samples with 0.05%, 0.10%, 0.15%, and 0.20% CN were 77.3, 81.9,
84.2, and 82.1 MPa, respectively. These values represent increases of 2.79%, 8.91%, 12.0%,
and 9.18% compared to the control group. This enhancement is likely due to the nanoscale
CN filling the internal pores of the cement matrix and improving the interfacial bonding
between the PE and the matrix [35], which enables the sample to withstand higher loads.
However, when the CN content reached 0.20%, the compressive strength slightly decreased
compared to the 0.15% CN sample. At higher CN dosages, the reinforcing effect on the
ECC compressive strength appears to diminish. This could be attributed to the formation
of hydrogen bonds between the hydrophilic groups on the surface of the CN, leading to
the agglomeration of the CN chains, which prevents effective dispersion within the cement
matrix and limits its reinforcing potential [36].
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Figure 3. The compressive strength results of the ECC.
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The uniaxial tensile test results for the ECC samples aged for 28 d are presented in
Figure 4. Three specimens were tested per sample group, and the average value was
taken as the representative result. The strain rate of the control group (without a CN)
was 3.62%. For CN-ECC samples incorporating 0.05%, 0.10%, 0.15%, and 0.20% CN, the
strain rates were 4.01%, 4.53%, 5.61%, and 5.42%, respectively. The incorporation of CNs
enhances the strain rate of ECC samples, with the effect progressively increasing as the CN
content rises, though a slight decrease in strain rate is observed at 0.20% CN content. A
hydrophilic CN not only fills the internal pores but also interacts with PE fibers and C-S-H,
thereby improving the interfacial bond between the PE fibers and the matrix [35]. This
interaction, facilitated by the CN, enhances the bridging effect of the PE fibers within the
matrix, distributing the applied load more uniformly and mitigating brittle cracking in
cement-based materials, ultimately leading to an improvement in the strain rate of ECCs.
The tensile strengths of the five ECC variants are 6.21 MPa, 6.52 MPa, 6.82 MPa, 6.82 MPa,
and 6.81 MPa, respectively. The addition of CNs effectively fills the internal pores within
the cement matrix, enhances the compactness of the ECC structure, and consequently
improves its tensile strength.
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Figure 4. The uniaxial tension results of the ECC.

In conclusion, a CN content of 0.05% does not significantly enhance ECC performance,
while the improvement observed with 0.20% CN is less pronounced than that achieved
with the 0.15% sample group. Taking into account compressive strength, tensile properties,
and economic considerations, it is reasonable to incorporate CNs at concentrations of 0.10%
and 0.15% into the ECC.

3.2. Effect of CN on Sulfate Corrosion Resistance of ECC

When the hydration products are corroded by sulfate, SO,?>~ will react with the
hydration products to produce expandable ettringite and gypsum. These products will
not only generate expansion stress and expand local pores but also dissolve C-5-H and
Ca(OH); in the ECC matrix, destroy the ECC structure, and reduce its mechanical strength
and durability [36].
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The compressive strength results of an ECC subjected to sulfate corrosion at 30, 60, and
120 d are presented in Figure 5. As shown in the figure, the compressive strength of the ECC
progressively decreases with increasing corrosion duration. For the sample group without a
CN, the compressive strength after 30, 60, and 120 d of sulfate exposure decreased by 0.53%,
2.66%, and 6.78%, respectively. The compressive strength of the 0.1% CN sample group
decreased by 0.49%, 1.59%, and 6.11%, while that of the 0.15% CN sample group decreased
by 0.47%, 1.31%, and 5.42%, respectively. The structure of the ECC remains dense, and
during the initial stages of sulfate exposure (30 and 60 d), the penetration of SO4%~ and
water molecules into the matrix is limited. Consequently, the compressive strength loss in
all sample groups is minimal at these time points. However, at 120 d, a significant reduction
in compressive strength is observed. Notably, the CN-containing samples exhibit a smaller
strength loss compared to the control group. This improvement is attributed to the role
of the CN in effectively filling the pores, enhancing the matrix density [37,38], restricting
the diffusion of water and SO4?~, and mitigating the degradation of hydrated products by
sulfate and water, thereby extending the service life of the ECC in aggressive environments.
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Figure 5. Compressive strength results of ECC after sulfate corrosion. (a) Compressive strength;
(b) loss rate.

The uniaxial tensile test results of the ECC samples following sulfate corrosion
are presented in Figure 6 (The arrow marks the ultimate strain rate on the stress-strain
curve). For the control sample (Figure 6a), after 60 and 120 d of sulfate corrosion, the
strain rate decreased to 3.51% and 3.32%, respectively, from the initial 3.62%, resulting
in a strain loss of 3.04% and 8.29%. For the 0.10% CN-ECC sample group (Figure 6b),
the strain rate reduced to 4.44% and 4.22% from the original 4.53%, with strain losses
of 1.99% and 6.84%, respectively. For the 0.15% CN-ECC sample group (Figure 6¢), the
strain rate decreased to 5.51% and 5.26% from the initial 5.61%, showing strain losses
of 1.78% and 6.23%.

It is obvious that the strain rate loss of the CN-ECC sample under sulfate corrosion is
lower than that of the control group, and the CN can effectively alleviate the damage of
sulfate on the ECC’s tensile properties. Combined with the compressive strength, strain
rate, and sulfate corrosion resistance, it can be seen that when the content of the CN is
0.15%, it has the strongest effect on improving the ECC’s performance.
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Figure 6. Tension results of ECC after sulfate corrosion. (a—c) Strain rate; (d) loss rate.

3.3. Micro-Morphology Inside the ECC Matrix

The compressive strength and strain rate of the ECC are closely associated with the
internal structure of the matrix. Nanomaterials commonly influence the hydration process
of cement, thereby affecting the density of the hydration matrix. Previous studies, utilizing
various testing methods, have shown that CNs can enhance cement hydration and increase
the density of the cement matrix [39-41]. Previous SEM-EDS results from our team showed
that when a CN is added to the mortar, it will reduce the calcium-silicon ratio of the
hydrated product and increase the density of the hydrated product [36,38]. In this study,
scanning electron microscopy (SEM, Tescan-SEM4000Pro, Xian, China) was employed
to observe the microstructure of the ECC matrix. Figure 7a—c display the microscopic
morphology of the control sample group (without a CN), where a noticeable unhydrated
region is present in the matrix. A substantial amount of spherical silica fume (SF) and
a minor quantity of ettringite are observed within the matrix. In contrast, the hydrated
morphology of the 0.15% CN-ECC sample, depicted in Figure 7d—f, exhibits significant
differences. Here, the matrix structure becomes denser, with more silica fume consumed
by the hydration reaction and the formation of increased amounts of ettringite (AFT) and
C-S-H. The SEM results indicate that the incorporation of a CN alters the structure of the
hydrated matrix, promoting the formation of additional hydration products, which in turn
enhances the overall properties of the ECC.
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Figure 7. The hydration morphology of the ECC matrix. (a—c) Control sample; (d—f) 0.15% CN sample.

4. Molecular Dynamics Simulation

The CN and C-5-H are both nanoscale materials, and their interactions are challenging
to characterize experimentally. To thoroughly investigate the strengthening mechanism
of the CN on the sulfate corrosion resistance of the ECC, a more refined analytical scale
is required. Given that nanoscale molecular dynamics simulations have been extensively
applied to study the properties at the interface of composite materials, this study utilizes
molecular dynamics simulations to explore the role of the CN in enhancing the sulfate
corrosion resistance of the ECC.

4.1. Modeling Details

The modeling process of C-S-H is as follows: an 8 x 3 x 1 supercell was performed
on the protocell of 11 A Tobermolite [42], some SiO, was randomly deleted to make the
model’s calcium to silicon ratio 1.67, and then, the model was subjected to Monte Carlo
water absorption [43]. Finally, a C-S-H calculation model with a density of 2.45 g/cm3
and a lattice size of a = 44.64 A, b =22.17 A, and ¢ = 22.77 A was obtained. CN chains are
constructed in references [44,45]. Water molecules are SPC models. The C-S-H, CN, sodium
sulfate solution, and composite adsorption models can be seen in Figure 8.

The CLAYFF force field effectively captures the atomic interactions within C-S-H [42],
while the CVFF force field is well suited for modeling CN and NaySOy systems [46]. The
simulations were carried out using LAMMPS, with the Nosé-Hoover method employed to
maintain a constant temperature of 300 K. The simulation consisted of two stages: model
relaxation and molecular dynamics simulation. Initially, the C-5-H and NaySO, aqueous so-
lution models were relaxed for 500 ps under the NVE, NVT, and NPT ensembles to achieve
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a more physically realistic density. Subsequently, the C-S5-H and solution models were
combined and subjected to simulations for 3000 ps under the NVT ensemble. Trajectories
were recorded every 1000 steps, and the final 1000 ps of the trajectory was analyzed to
examine the kinetic parameters during the adsorption process.
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Figure 8. The C-S-H, CN, sodium sulfate solution, and composite adsorption models.

4.2. Adsorption Properties of CN and C-S-H Interfaces

The prevailing perspective on the enhancement mechanism of nanomaterials in
cement-based composites suggests that nanomaterials interact with the matrix by adsorb-
ing at the interface, influencing the behavior of water molecules, ion transport, and other
properties, thereby affecting the overall characteristics of cement-based materials [47,48].
Therefore, it is essential to analyze the adsorption properties at the CN and C-S-H inter-
faces. Adsorption energy serves as a key parameter for intuitively assessing the adsorption
behavior at these interfaces. In this study, the adsorption energy between the CN chain
and the C-S-H interface was calculated for CN molecular chains in quantities of 1, 2, 3,
and 4, respectively. The results, presented in Figure 9, reveal that the adsorption energy at
the CN/C-5-H interface ranges from 900 to 1100 kcal/mol, indicating strong adsorption
between the CN and C-5-H.
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Figure 9. Interfacial energy results of CN/C-S-H.

When only one CN chain is present, the adsorption between the CN and C-5-H is
optimal. As the number of CN chains increases to four, the adsorption energy between each
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CN chain and C-5-H decreases from 1060 kcal /mol to 960 kcal/mol. This decrease suggests
that an excessive number of CN chains weakens the interface adsorption properties. This
effect may be attributed to the high density of hydrophilic groups on the CN surface,
which, at higher concentrations, form hydrogen bonds that lead to chain entanglement.
As a result, the contact area between the CN and C-S-H decreases, thus reducing the
interface adsorption energy. In contrast, when only one CN chain is present, it can maintain
a relatively straight conformation, allowing for more effective adsorption on the C-5-H
interface. It is known from the experimental results that with the increased addition of the
CN, its enhancement effect on ECC performance cannot be continuously increased. The
interfacial adsorption energy results also indicate that the larger number of CN chains has a
weaker interaction with C-S-H. Obviously, the interfacial adsorption energy results further
verified the macroexperimental results.

The interface adsorption performance is closely associated with the contact area of
the composite interface [49]. Atomic interactions induce shape alterations of the CN chain,
thereby influencing the contact area between the CN and C-S-H. The radius of gyration
(Rg) serves as a descriptor for the conformation of the model, where a larger Rg indicates a
greater molecular surface area [50]. The Rg of the CN throughout the simulation is depicted
in Figure 10. The evolution of Rg over time can be divided into three distinct stages:
10.84 in stage 1, 10.79 in stage 2, and stabilizing at 10.77 in stage 3. As the simulation
progresses, Rg gradually decreases. During the transition from stage 1 to stages 2 and 3, the
CN chain undergoes slight twisting and becomes more curved, though it largely maintains
a relatively straight form.
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Figure 10. The gyration radius results of the CN.

The coordination between atoms can be analyzed through the radial distribution
function (RDF). The first peak on the X-axis of the RDF curve for an atomic pair reflects the
spatial correlation between the atoms [51]. The RDF results for the CN and C-S-H, water,
and SO,%~ are presented in Figure 11. A distinct peak appears at 1.6 A between the O
of the CN chain (Ocy) and Ca of C-S-H (Cac). Additionally, notable peaks are observed
between Ocn and H in C-5-H (Hc), as well as between H in the CN chain (Hc) and O in
C-5-H (Oc). This indicates that the CN chain can adsorb to C-5-H through Ca-O and H-O
coordination. The RDF curves for Hoy and S and O atoms in SO42~ (Ss, Og) also exhibit
peaks, suggesting that the CN can adsorb SO,?~ through hydrogen bonding.
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Figure 11 also demonstrates that Ocy and Hyy (H in water), as well as Hey and Og (O
in water), exhibit a peak at 1.5 A, suggesting that the CN can also form hydrogen bonds
with water molecules. This is attributable to the presence of numerous hydrophilic -OH and
-COO™ groups on the CN, which enables its ability to adsorb water molecules. Additionally,
the adsorption of the CN to water molecules influences the polarity of the water, which
can be quantified through dipole moments. As depicted in Figure 12, the dipole moments
of the CN solution and the free aqueous solution are 2.46 D and 2.44 D, respectively. The
increased dipole moment of water in the presence of the CN further substantiates the
hydrophilicity of the CN [51].

1.0

(2.44D)! | (2.46D) —— Free water
! —— CN solution

0.8 4
z
= 0.6
&
>
b1
< 04
=
St
[
¥

0.2

0.0 T T -

2.0 2.2 2.4 2.6 2.8

Dipole moment (D)

Figure 12. The dipole moment of solution.

4.3. Kinetics at the Adsorption Interface

The corrosion of the ECC by the sulfate solution can be understood in two aspects.
First, there is the corrosion caused by water molecules, and second, there is the corrosion
induced by SO42~. RDF analysis indicates that the CN can be adsorbed between C-S-H,
water, and SO42~. These adsorptions will cause changes in the properties at the interface.
It can be seen that the CN’s enhancement mechanism of sulfate corrosion resistance can
be understood by analyzing the kinetic characteristics of water molecules and SO4%~ at
the interface.
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Figure 13a illustrates the RDF results between the Na;SO4 solution (without the CN)
and C-5-H. A pronounced peak between Na* and Oc indicates a strong interaction between
Na* and Oc, suggesting significant adsorption of Na* on the C-S-H surface. Additionally,
a robust interaction between Os and Cac is observed, implying that SO4>~ reacts with
C-5-H to form expansive products. Furthermore, coordination interactions between Oy-Hc,
Op-Cac, and Hp-O¢ suggest that water molecules also interact with C-5-H, leading to the
dissolution of hydration products and the degradation of C-5-H’s internal structure.
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Figure 13. RDF results between sodium sulfate solution and C-S-H. (a) Without CN; (b) with CN.

Figure 13b presents the RDF results for the CN solution, where a decrease in the peak
value for Og-Cac is evident. This suggests that the presence of CN reduces the spatial
correlation between Na,SO,4 and C-S-H, lowers the coordination number between atomic
pairs, and mitigates the corrosive effect of SO42~ on the matrix. Additionally, the decrease
in the peaks corresponding to Oy-Hc, Oy-Cac, and Hpo-O¢ coordination indicates that
the adsorption between C-5-H and water molecules is weakened, and CN alleviates the
erosion of C-S-H by water.

Under the interaction of Ocn-Hc, Ocn-Cac, and Hen-Oc atom pairs (Figure 11),
the CN adsorbs onto the surface of C-S-H, forming a protective layer that mitigates the
corrosion of C-5-H by SO4%~ and water molecules. Additionally, the adsorption of the
CN by SO42~ reduces the amount of SO4?~ adsorbed by C-S-H, thereby inhibiting the
formation of expansive products. The adsorption of water molecules by the CN further
diminishes the number of water molecules involved in C-S-H adsorption, alleviating the
erosion of C-S-H by water. In summary, the surface coating protection provided by the CN
and its ability to absorb both SO42~ and water molecules are critical factors in significantly
enhancing the sulfate corrosion resistance of the ECC.

The density distribution of water molecules along the CN adsorption direction (Z-axis)
is shown in Figure 14a. The water molecule density reaches a maximum of approximately
1.4 g/cm? at 1.8 A from the adsorption interface, indicating the strong hydrophilicity of
C-S-H. The presence of the CN slightly decreases the maximum density of water molecules
from 1.40 g/cm3 to 1.39 g/cm?, likely due to the hydrophilic CN adsorbing some water
molecules and preventing them from approaching the C-S-H surface. Furthermore, the
presence of the CN significantly reduces the density of water molecules at distances of
3-5 A from the interface, as the CN occupies the positions previously held by water
molecules after adsorbing onto the C-S-H surface.
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Figure 14. Density distribution results of water molecules and S042~. (a) Water molecules; (b) SO42.

The density distribution of SO4?~ in Figure 14b exhibits a trend similar to that of water
molecules. The presence of the CN reduces the maximum density of SO4%~ and increases
the distance between SO,42~ and C-S-H from 2.4 A to 3.1 A. After the CN adsorbs onto the
C-S-H surface, it occupies a spatial region between 2 and 4 A from the surface, displacing
SO42~ and thereby increasing the interatomic distance between SO,2>~ and C-S-H. This
displacement weakens the interaction between the atomic pairs [51]. These findings further
support the notion that the CN diminishes the interaction between water molecules, SO4%~,
and C-S-H. The detailed adsorption patterns of sodium sulfate solutions, the CN, and
C-S-H are illustrated in Figure 15.

Figure 15. Adsorption snapshots of the models. (a) Without CN; (b) with CN.

During the simulation, both water molecules and SO,42~ are in motion, and their
movement can be quantified through the Mean Square Displacement (MSD) [52]. The
diffusion (D) coefficient of the atoms is derived from the slope of the MSD curve. The MSD
results for water molecules and SO42~ ions are presented in Figure 16a,b. It is evident that
in the unincorporated CN model, both water molecules and S0,42~ exhibit higher MSD
values, indicating faster diffusion toward the interface. In this case, the water molecules and
S042~ are drawn to the active Ca and O atoms at the C-S-H interface, facilitating their rapid
diffusion and subsequent corrosion reactions. In contrast, the presence of the CN binds
some water molecules and SO42~ to its surface, thereby impeding their mobility, restricting
their diffusion, and ultimately mitigating the interaction between water molecules, SO4>~,
and the cement matrix.
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Figure 16. MSD results of water molecules and SO4%~. (a) Water molecules; (b) SO,>~.

5. Conclusions

(1) A 0.15% addition of cellulose nanocrystals (CNs) can increase the compressive
strength and strain rate of ECCs by 12% and 54.77% and reduce the strain rate loss of ECC
samples after 120 days of sulfate corrosion by 24.85%. However, excessive CN dosages may
result in poor dispersion. The optimal CN dosage for achieving the desired improvements
is 0.15%.

(2) Scanning electron microscopy (SEM) analysis reveals a reduction in silica fume
content and an increase in the formation of ettringite and C-5-H within the CN-ECC sample
group, leading to a higher matrix density compared to the control group (without the
CN). The CN facilitates greater participation of silica fume in hydration reactions, thereby
enhancing the hydration level of the binder system in CN-ECC.

(3) Molecular dynamics simulations demonstrate that the CN adsorbs onto the surface
of C-S-H, forming a protective layer that prevents the infiltration of SO42~ and water
molecules into the C-S-H structure. Additionally, the CN forms hydrogen bonds with SO42~
and water molecules, inhibiting the coordination between C-5-H and these molecules. This
interaction restricts the diffusion rate of SO42~ and water molecules at the C-S-H interface,
thereby mitigating the erosion of hydrated products caused by SO42~ and water molecules.
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