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Abstract The micro and nano scale composition in concrete is one of the essential
topics at the moment. At nanoscale, calcium-—silicate—hydrate (C—S—H) gel is the
main material phase that determines the mechanical properties in cement hydration.
In the past decade, a lot of research work has been developed based on the molecular
structure of C—S—H gels. Since its structure is difficult to be uniquely determined by
experimental methods, the diversity of models and parameters may lead to differ-
ences in calculation results when characterizing C—S—H properties. Therefore, this
paper mainly focuses on the comparative study of the common model structures and
force field parameters in C—S—H molecular dynamics simulations, and specifically
discusses the effects of mechanical properties with Hamid and Merlino tobermorite
structures, silica-oxygen tetrahedral distribution, OH groups, water models and force
fields. The research results show that the differences in models and parameters have
indistinctive influence on the value of the elastic modulus, and the anisotropy of
the molecular structure is generally consistent. However, the two tobermorite struc-
tures, the uniform distribution of silica groups, and the setting of the force field have
obvious differences in plastic deformation and fracture behaviors. When studying
large deformation and creep, it is necessary to choose the model structure and param-
eters carefully. The elastic modulus and mean square displacement calculated based
on different water models have consistent regularity. The choice of water model has a
significant impact on viscosity and interfacial adhesion, which needs to be considered
when studying water diffusivity and drying shrinkage. The research results provide
detailed guidance and suggestions for the model and parameter selection of further
studies in C—S—H molecular dynamics simulation.
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1 Introduction

The study of micro- and nano-scale composition in concrete is one of the essential
topics at the moment [1]. Calcium-silicate—hydrate (C—S—H) gel is the main material
phase in cement hydration products that determines many properties at nano-scale.
Due to the complexity of hydration process, the diversity of the morphology and
composition in C—S—H gels leaves great challenges of characterization methods.
In order to study the intrinsic properties and mechanisms of C-S—H, a series of
atomic structure models have been developed based on the evolution of theoret-
ical models [2]. It can be regarded as a bottom-up way of studying C—S-H gels.
Molecular dynamics (MD) simulations can accurately describe chemical processes
(e.g., chemical bond formation and breaking) and physical state changes in atomic
systems, which drives much attention in nanoscale properties and mechanisms such
as structure, mechanical properties, and interfacial interactions of atomistic C—S—H
in the past decade [1, 3]. The C—S—H calculation model is not unique with certain
molecular formula, which is usually obtained based on several random modification
and adjustment of tobermorite crystals.

There are two general types of 1.1 nm tobermorite structures, namely the Hamid
structure [4] and the Merlino structure [5]. Both of the structures have been carried out
in the current MD simulations of C—S—H [6—10]. For example, Hou et al. [11] studied
the tensile mechanical properties of Hamid C—S—H models with different Ca/Si ratio.
There is an agreement of decreasing trend of tensile strength and elastic modulus
with the increasing Ca/Si ratio. It is due to the average chain length of silicates
becomes shorter at higher ratios, and more water enters the defect region which
weakening the stability of C—S—H gels [12]. Sarkar et al. [9] studied the molecular
deformation response of 1.1 nm tobermorite under uniaxial/triaxial loading using
Merlino structure using empirical force field and reaction force field. Furthermore,
the quantitative information on the fractions of Si present in silicate tetrahedra with
different connectivity is generated from 2°Si nuclear magnetic resonance (NMR) [13,
14], which provides a basis for theoretical modeling. The obtained Q,, distribution
is prefer to act as several ranges rather than specific values. There is no relevant
detailed description of the exact positions of the silicate tetrahedra with different
connectivity. Many researches follow up Pellenq’s modeling process [15], while
some of the studies further considered the process of water molecules dissociate to
generate OH groups and binds to Si and Ca ions [16, 17].

Except the modeling issues, the choice of force field can also affect the simulation
results of C—S—H. The force fields commonly used for C—S—H gels are ClayFF [18],
CSHFF [19], and ReaxFF [20], and each of them has different applications and
advantages in MD simulations of cementitious materials. Some researchers have used
these force fields to simulate the molecular deformation of 1.1 nm tobermorite under
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different loading conditions, which lead to a wide range of variations in the results
[21-23]. The mechanical properties of cementitious materials can be significantly
influenced by the changes in water content [24]. The choice of water models is also
the part of force field. The first water model was proposed by Bernal and Fowler and
benchmarked against measured vibrational energy levels of water [25]. Since then
several different classical water models have been proposed [26]. The water model
is less frequently discussed in MD simulations of C—S—H gels.

In general, several MD studies have focused on the mechanical properties of C—
S—H gels, but the effects of C—S—H models and force field parameters on simulation
results have not been systematically discussed.

Therefore, this paper specifically applied a series of MD simulations to study
the effects of mechanical properties with calculation settings, including Hamid and
Merlino tobermorite structures, silica-oxygen tetrahedral distribution, OH groups,
water models and force fields.

2 Simulation Methods

2.1 C-S-H Cell Model

Two different types of molecular structure has been used by researchers to repre-
sent the crystal structure of tobermorites: e.g. Merlino structure [5] and the Hamid
structure [4]. The Hamid structure calcium silicate layer exists alone (Fig. 1a) and
the upper and lower layers are oriented in opposite directions (circle by solid-line in
Fig. 1a), while the Merlino structure has Si—O-Si bonds between the intermediate
layers (Fig. 1b) and the upper and lower layers are oriented in the same direction
(circle by solid-line in Fig. 1b). Then, on the basis of these two structures, the C—S—H
molecular model was established by referring to the Pellenq [15] method. Firstly, A
part of SiO, (neutral) molecules are then randomly removed for satisfying the distri-
butions of Q species obtained from NMR testing [27]. Since the effect of oxhydryl
(OH group) on the mechanical property of C—S—H is small [15, 28], it was not consid-
ered in the present work without special remarks. Secondly, Grand Canonical Monte
Carlo simulation of the water adsorption is operated at 300 K to saturate the struc-
ture and close to the result obtained by the small angle neutron scattering (SANS)
test [17]. Finally, a further 1000 ps relaxation at the NPT (N: number of atoms;
P: pressure; T: temperature of system) ensemble (isothermal isobaric ensemble) is
conducted to achieve the structures of C—S—H gel in equilibrium states.
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Fig. 1 Molecular model of 1.1 nm tobermorite. a Hamid structure; b Merlino structure

2.2 Modeling and Simulation Details

The MD simulations in this study were performed on the open-source code ‘Large-
scale Atomic/Molecular Massively parallel Simulator’ (LAMMPS) developed by
Plimpton [29]. The simulation cell of each C-S—H, after MD equilibration, is
subjected to three uniaxial tension/compression pairs and three pure shear pairs.
For example, when testing the properties along the z-direction, we first created a
supercell containing 2(x) x 2(y) x 4(z) modified cells for uniaxial tests. The super-
cell is then relaxed under the isothermal isobaric (NPT) ensemble with T = 300 K
and P = 0, and the equilibrium configuration is achieved after 10 ps of relaxation.
Finally, the C—S—H structure is elongated in the z-direction with strain rate of 0.008/
ps under the NPT ensemble with Px = Py = 0. Pz indicates the internal stress o,
along the z-direction. The time integration of the motion equation was performed
by using the Verlet leapfrog algorithm with a time step of 0.1 fs. The electrostatic
Coulombic interactions were evaluated by the Edward summation method with a
cutoff of 1.0 nm.

The mechanical properties of C—S—H gel exhibits anisotropic due to their molec-
ular structure at nanoscale, while the cement behaves isotropic at macroscale [30,
31]. To quantify the anisotropy at the nanoscale, we use the Reuss Voigt Hill (R-V-H)
average method [32] to predict the indentation modulus Mg_v.y [28] and Poisson’s
ratio u of C-S-H, i.e.,

3K+G

Mgy .y =46
R=v-H 3K + 4G

(D
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where K and G are the mean values of bulk and shear moduli calculated by Voigt
method [33] and Reuss method [34], respectively (Hill method).

In the paper, unless noted, the model uses the Hamid structure, the force potential
uses ClayFF.

3 Results and Discussion

3.1 Comparison of the Tobermorite of Hamid and Merlino

In this section, we discuss the performance differences between the Merlino and the
Hamid structure. When constructing the C—S—H molecular model, the positions of
the two structural defects in silicate chains and various components were set to be
the same in order to exclude external factors as far as possible.

Different stress—strain curves (Fig. 2a) of tensile loading in x, y and z direction
indicated heterogeneous nature of C—S—H layered structure. The tensile strengths of
Hamid structure in x, y and z directions (Hy = 3.15 GPa, Hy = 3.19 GPa, H, = 1.62
GPa) are smaller than those of Merlino structure (Hy = 3.37 GPa, Hy = 3.42 GPa, H,
= 1.88 GPa). The Hamid structure exhibits better ductility with larger fracture strains
in the x, y, and z directions than the Merlino structure. The stress in the x-direction
of the Hamid structure does not decrease to O after reaching to maximum value. The
yield stage shows good plasticity. As shown in Fig. 2b, there are only the low-density
regions in the black dashed circles instead of fracture when the strain reaches 0.8.

The Mg.v.z of Hamid model is 50.94 GPa, while the Mg_y.y of Merlino model is
48.37 GPa (Fig. 3a). The percentage deviation of Mg_y.y is 5.0%. We also compared
the modulus of elasticity in uniaxial tension, which is evaluated at the initial stage
of the stress—strain curve, such as the line segment in the dashed circle in Fig. 2a.
The deviations of the elastic modulus X, yr, and zt in the three directions are 1.7%,
3.0%, and 2.3%, respectively, with a slightly larger deviation in the y direction. This
is due to the y-direction is the main direction of the silicon chain, and the Si-O
bond is the key to determine the mechanical properties of C—S—H. The deviation
in the arrangement of the silicon chain is also the main difference between the two
structures (Fig. 1) The Mg_v.g values measured for both structures are smaller than
xt and yr and larger than zr, while the Poisson’s ratio exhibits: r.v.g > px > Ly
> Wz, With x deviating more. The Ca—O bond is defined when the calcium-oxygen
distance is shorter than 0.30 nm according to the criterion proposed by Hou et al.
[8]. We counted the relationship between the number distribution of Ca—O bonds
in single cell C—S—H gels (Fig. 4), and it is obvious that the strength of the Ca—O
bond is greater in the Merlino structure than in the Hamid structure. Therefore, the
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Fig. 2 The stretching process of C—S—H supercells with Hamid and Merlino structures stretched
along three different directions. a The stress—strain curves; b fracture of the C—S—H layers

deformation of the Merlino structure is suppressed, resulting in a smaller Poisson’s
ratio.

To verify the accuracy of the above results, they were compared with other simu-
lations as well as the values provided by experimental studies. The Mg_y.y values as
well as the Poisson’s ratio pg.v. for both structures were greater than the experi-
mental values [35-37]. It is probably due to the C—S—H models of MD simulations
do not take into account the stacking density and pore space. The elastic moduli
fitted by uniaxial tensile simulations are closer to the results of other simulations
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Fig. 3 Mechanical properties of Hamid and Merlino structures. a Elastic modulus; b Poisson’s
ratio
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[12, 21, 38, 39], and .k, Wy, and |, are slightly smaller than the results of other
simulations [40, 41]. Based on the ranges provided, the estimates obtained from the
MD simulations can be considered fully acceptable and within a reasonable range.

Radial distribution function is an effective way to characterise the structure infor-
mation of crystal and amorphous phases, which is given as the following formula,
ie.,

g = 5, 3)

where r is the system density, dN represents the number of atoms, and the distance
between the atoms and the centre is r — r + dr. Figure 5 shows three different RDFs.
It can be seen that the peak RDF curves of Cw-Ow for both structures are located at
~2.5 A, which is very close to the theoretical (2.37 A) and experimental (2.41 A)
values reported by Tongraar et al. [42] and Soyer-Uzun et al. [43]. For the Si—O bond,
the peak of the Hamid structure is located at ~ 1.7 A, while the peak of the Merlino
structure is located at ~ 1.5 A, which is similar to the results of Merlino [44] and
Soyer-Uzun [43]. The Ow-H bond has two peaks at ~ 1.7 and ~ 3.1 A, which are
similar to the results measured by MD simulations of Hou et al. [8]. The RDF peaks
of the two structures are very close to each other. The results in Fig. 5 show that there
is little difference in accuracy between the two structures in terms of bond length.

3.2 Effect of Silica-Oxygen Tetrahedron Distribution

The distribution of silica-oxygen tetrahedron is an important parameter affecting the
mechanical properties of C—S—H gels [15, 16]. However, inhomogeneous distribution
of silica chains (Fig. 6) and imprecise composition (Q,) according to NMR results
[27] can affect the modeling process, which brings an impact on the study of the
mechanical properties of C—S—H gels.



892 X. Wang et al.

(a) (b) ©
~ £}
o T Q |
@ £ E
< o o
p 2 =
a
) J\_Ar - J\/\vm JAM\
S S I A
Distance (Ang) Distance (Ang Distance (Ang)

Fig.5 The RDF comparison of Hamid and Merlino structures. a Si-O pairs; b Ow-H pairs;
¢ Cw—Ow pairs

Fig. 6 Initial dry C—S—H structure of different silicon chain distributions

In this paper, we only construct the C—S—H model by breaking the bridging silica
to satisfy the condition. Therefore, the prominent positions (circle by dash-line in
Fig. 6a) are the locations of the pentamers. In Fig. 6a, the pentamers are all on one
side, in Fig. 6b there is only one silica-oxygen tetrahedron at the dotted circle, in
Fig. 6¢c, the pentamers are all on one side and all silica-oxygen tetrahedra with one
chain are deleted, and in Fig. 6d, the pentamers are all on one side and all silica-
oxygen tetrahedra with two chains are deleted. The Q,, distributions of the models
in Fig. 6 are identical.

Compared with the stress—strain curves with uniform distribution of silicon chains
(Fig. 7a), the rest three groups show different degrees of reduction in fracture strain
and changes in tensile strength. It is mainly due to the non-uniform distribution of
silicon chains, which leads to different degrees of defects and consequently changes
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in mechanical properties. This may explain the discrepancies in the results of previous
studies [7, 21-23, 38, 45]. In Fig. 8a, it can be seen that the silicon chain distribution
has an effect on the elastic modulus of C—S—H. Among them, the y-axis direction has
the most obvious effect. It is also related to the direction of silicon chain and the Si-O
bond in C—S-H, resulting in a slightly larger deviation of the elastic modulus in the
y-direction. Therefore, in the process of modeling, it is better to avoid the appearance
of the gathering of defects and ensure the uniform distribution of monomers, dimers
and pentamers in the upper and lower layers.

In addition to the degree of uniformity of silica chain distribution on C-S-H,
O, distribution is also an important parameter affecting the mechanical properties
of C-S-H gels. Four groups of different O, distribution from NMR test [27] are
given in Table 1. Among them, the positions of silica-oxygen tetrahedra deletion are
basically the same. It can be seen from Fig. 8b that a small change in O, distribution
does not have a large effect on the elastic modulus. Therefore, the O, distribution is
not fixed and changes in a small range do not cause a large impact on the structural
properties.
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Fig. 7 Stress—strain curves of different silicon chain distributions
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Fig. 8 Elastic modulus comparison. a Uniformity of silicon chain distribution (H1, H2, H3, H4);
(b) O, distribution (H5, H6, H7, H8)

Table 1 Q, distribution of four groups according to NMR test

Model Monomer (Qg) (%) Dimer (Q1) (%) Pentamer (Q) (%)
H5 8.23 70.59 21.18
Ho6 12.94 65.88 21.18
H7 9.41 65.88 24.71
HS8 7.06 68.24 24.71

3.3 Effect of OH Group

In this section, we consider the effect of OH groups when compared with original C—
S—H model. We use ReaxFF [46] to perform semi-classical MD simulations that allow
the reaction of inserted water molecules with interlayer calcium and silica groups.
In this stage, some interlayer water molecules dissociate into hydroxyl groups and
protons. The sample is equilibrated within ReaxFF for a limited trajectory duration.
In the process of distinguishing between different types of oxygen, hydrogen and
calcium atoms, a full topological analysis is performed to identify the local environ-
ment of the species. This facilitates the transition from the use of ReaxFF to ClayFF.
Finally, a final equilibration of the model is performed using ClayFF. In addition,
the water model is normally regarded as rigid molecule, while ClayFF treated water
molecule as flexible SPC model. We also make a comparison in this section.

As shown in Fig. 9a, comparing the initial model with the model considering OH,
there is no uniform pattern in the elastic modulus in the x and y directions, and the
Mg_v.g values are similar, which indicates that the OH group has a low effect on the
elastic modulus in general. In the z-direction, the elastic modulus decreases in both
directions when OH group is considered. The oxygen atoms on the silicon chains
of the intermediate layers combine with hydrogen atoms to form hydroxyl groups,
which are mainly concentrated in the interlayer direction, leading to an increase in
the interlayer distance (Fig. 9c) and a decrease in the Coulombic gravitational force
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Fig. 9 a Elastic modulus comparison of each models; Schematic diagram of bonding changes in
b C-S-H original model and ¢ C-S—H with OH group

between adjacent calcium silicate layers [8]. At the same time, due to the increase of
interlayer distance, more H-O bonds are needed to link the calcium-silica plates, and
the originally formed Ca—O bonds may disappear due to the increase of interlayer
distance (Fig. 9c), which in turn leads to the decrease of mechanical properties.

When compared with the rigid and flexible water model, its effect on elastic
modulus in the original C—S—H model is significantly larger than that of considering
the OH group. It is probably due to the existence of OH groups implying that the
number of water molecules have already reduced. When OH groups are involved in
the C—S—-H gel, whether the water molecules are set to be flexible or not has less
effect on the elastic modulus.

3.4 Comparison of Computational Water Models

In this section, we further discuss the effect of four commonly used water models,
i.e. SPC [47], SPC/E [48], TIP3P [49], and TIP4P [50]. The interaction potential
parameters are shown in Table 2. For the comparison of these water models in the
C-S-H structure, the number and position of water molecules in the equilibrium
structure are initially the same and are achieved by replacing these water molecules
at the same oxygen atom coordinate positions as in the SPC model.

From Fig. 10, it can be seen that the elastic modulus calculated using the four water
models is very close to each other and the differences can be negligible. The stress—
strain curves through the whole process of uniaxial tensile loading in z-direction
can be found that the SPC/E and TIP3P models have the smallest differences in the
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Table 2 Interaction potential parameters of the five classical molecular water models considered

Parameters

Model o (nm) & (kcal/mol) b (nm) 6 (°) qo (€) qu (e)
SPC 0.31660 0.1554 0.1 109.47 —0.8200 +0.4100
SPC/E 0.31660 0.1554 0.1 109.47 —0.8476 +0.4238
TIP3P 0.31880 0.1020 0.09572 104.52 —0.8340 +0.4170
TIP4P 0.31644 0.16275 0.09572 104.52 — 1.0484 +0.5242

Parameters o and € are nonbonding interaction parameters, respectively; b and 0 are the equilibrium
values of bond length and angle; g, and gy correspond to the charge on the hydrogen atom and
oxygen atom

calculated results. The critical stress obtained by the SPC model is lower and the
fracture strain is the largest. The critical stress of the TIP4P model is the largest.

To further understand the working mechanism of different water models on the
creep behavior of C-S—H, two factors that influence the creep deformation were
investigated: one is the viscosity of the interlayer component (water molecules) [51—
53] and the other is the interfacial adhesion between the calcium silicate layers and
the interlayer component [52, 54-57]. Viscosity is the material property that can
be viewed as the resistance offered to change the position of molecules due to the
existence of a potential barrier around the molecules in the liquid [58]. In order to
expose the viscosity change of different water molecules, the atom mobility of the
water molecule is described by calculating the mean square displacement (MSD)
using the following equation [59], i.e.,

N
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2 2
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Fig. 10 Elastic modulus (a) and stress strain curves in z direction (b) of four water models in
C-S-H



Molecular Dynamics Study on Mechanical Properties ... 897

1200 < 32000 T T T T
—spc 8
—— SPC/E (a) G (b)
1000 | 1yp3p o
TIP4P P
o~ 800f g
< 5
A 600F § -36000 |
<
400 2
=
= 38000 |
200+ 3
i
8
) P ! 1 E -40000 T T T )
0.0 0.2 0.4 0.6 038 SPC SPC/E TIP3P Tip4p
Strain

Fig. 11 a The MSD of various interlayer lubricator of the equilibrated C—S-H; b the varia-
tions of the interfacial interaction energy between calcium silicate layers and the lubricator of
the equilibrated C—S-H

where N is the number of atoms to be averaged, r,(t) is the position of each atom in
determined time t, r,,(0) is the reference position of each atom. Figure 11a shows the
mean square displacement (MSD) under the action of four water models. The mean
square displacement of the SPC water model approximates the results such as Hou
et al. [38], which verifies the accuracy of the results. The migration rates of the four
water models are: SPC > TIP3P > SPC/E > TIP4P. SPC model has the fastest atomic
migration rate, indicating the lowest viscosity and the best lubrication effect [60].

To reveal the effect of different water on the interfacial adhesion between calcium
silicate layers and the interlayer component, the interfacial interaction energy, a
valuable parameter to identify the interfacial adhesion, was calculated using the
following equation [61], i.e.,

Etnter = ETotal — ELayer — ELw, (5)

where Ej,,,, is the total potential energy of the C—S—H system, E} ,,., is the potential
energy of the calcium silicate layer, and E,; is the potential energy of the interlayer
components. Figure 11b shows the interfacial interactions under the action of four
water models. The magnitude of the interfacial interaction energy is in the order of
SPC > TIP3P > SPC/E > TIP4P, indicating that the interfacial adhesion between the
calcium silicate layer and the SPC is the weakest. The weaker interfacial adhesion
also facilitates the lubrication effect [53].

3.5 Comparison of Force Potentials

The selection of the force potential is essential to study the C—S—H properties. In
this section, we discuss the effect of three force fields, ClayFF [18], CSHFF [19]
and ReaxFF [20], on the mechanical properties of C—S—H gels. The models required
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for the comparison of the different force potentials are obtained by relaxation of the
model after adsorption saturation of the ClayFF force potential.

Figure 12 shows the various moduli and stress—strain curves obtained by calcu-
lation for different force properties. As can be seen from the figure, the Mg v.y of
CSHFF is much larger than the other two force properties. The tensile moduli x
and zt fitted through the initial stage also exhibit CSHFF greater than the other two
force properties, and yt exhibits a trend of ReaxFF greater than CSHFF greater than
ClayFF. From the stress—strain curves, it can be seen that ClayFF has the smallest
tensile strength in three directions, and CSHFF and ReaxFF are close. The stresses
in the x-direction of all three force properties do not drop to zero at the late stage of
damage.

The computational resources is another parameter to be considered. The tests
were made with a C—S—H model with dimensions of approximately 2.23 x 2.22 x
2.28 nm and an atomic number of 998. The simulations were done in the server, using
17-8700 K cores at 3.70 GHz and 12 cores. We can simulate per day nearly 6.223 ns
with ClayFF, 6.410 ns with CSHFF, and 0.135 ns with ReaxFF. The computational
efficiency of ClayFF and CSHFF is close and higher.
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Fig. 12 Modulus comparison and stress—strain curves for three force fields
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In addition to ClayFF, CSHFF, and ReaxFF, there are many force fields developed
for cementitious materials, all of which have their own characteristics and application
areas. Therefore, in practice, the selection should be made according to the purpose
of the simulation test, etc. In the future, the research of machine learning potentials
(MLPs) [62] can also be increased, and the calculation results will be faster and more
accurate.

4 Conclusions

In this study, the effect of different components of the C—S—H structure on the prop-
erties was investigated by MD simulations. The differences between the Hamid and
Merlino structures, the silicone tetrahedral distribution, OH groups, water molecules,
and the effect of force fields were considered. In most cases, the values of elastic
modulus obtained from the experimentally and theoretically developed C—S—H model
and force field are close, and the z-direction is significantly smaller than the x and
y-directions. When simulating amorphous C—S—-H gels on larger sizes, computa-
tional efficiency can be prioritized in the model and force field selection. In contrast,
the selection of relevant parameters needs to be discussed in depth when analyzing
deformation and damage behavior at the molecular scale. Some detailed conclusions
can be drawn as follows.

First, the elastic moduli of the Hamid and Merlino structures differ significantly
only in the y direction, which mainly originates from the difference in the arrangement
of the silicon chains.

Second, the degree of homogeneity of the silicon chain distribution has a large
influence on the calculated elastic modulus, deformation and damage behavior. The
value of O, obtained by NMR varies within a certain range and has a small effect on
the results of mechanical property calculations.

Third, OH groups can increase the layer spacing and reduce the z-directional
elastic modulus. When OH groups are not considered, the effect of rigid and flexible
SPC water models on the elastic modulus is large, while the effect of different classes
of water models on the elastic modulus can be neglected. The magnitudes of mobility
as well as interfacial interaction energy are in the following order: SPC > TIP3P >
SPC/E > TIP4P. The larger mobility as well as interfacial interaction energy indicates
aweaker viscosity as well as interfacial adhesion, which is beneficial to the lubrication
effect between C—S—H layers.

Finally, the Mg_yv.y modulus of CSHFF is much larger than that of ClayFF and
ReaxFF, and xrt is similarly larger than that of ClayFF and ReaxFF, with a smaller
difference between yr and zt. The operational efficiency of ReaxFF is much smaller
than that of ClayFF and CSHFF.
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