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Calcium silicate hydrate (C—S—H), as the main product of cement hydration, has an important influence on the cements
structure and properties. In this study, the molecular dynamics method was used to simulate the adsorption process of water
molecules on C—S—H. The chemical bond and chemical formula structure of the C—S—H model were analysed. The adsorption
characteristics of the water molecules on the C-S—H and the influence of water molecules on the structure of the C—S—-H
were investigated when the calcium-silicon (C/S) ratio range was 0.67 - 1.67. The results show that the C/S ratio has a
great influence on the adsorption of the C—S—H. When the C/S ratio > 1, the maximum number of adsorbed water molecules
increased with an increase in the C/S ratio, but decreased when the C/S ratio < 1. This law was related to the degree of the
charge balance of the C—S—H. The C/S ratio has little effect on the adsorption rate of the water molecules. The molecular
dynamics behaviour of the C—S—H was analysed on an atomic scale, which laid the foundation for selecting cement-based

materials with an optimal C/S ratio in practical engineering.

INTRODUCTION

Calcium silicate hydrate is the main chemical
product after cement hydration, resulting from chemical
reactions between the interstitial solution of the silicon
and calcium hydroxide and the calcium salt and the
alkaline silicate solution [1], which account for about
70 % of all hydration products [2]. The interaction of
C-S—H with water is a key core characteristic of cement-
based material properties, especially on a nanoscale, such
as drying and self-shrinkage, thermal expansion, and
the cement hydration processes [3]. At the same time,
the water molecules invading the silicate chain are also
affected by the hydrophilicity and hydrophobicity of the
silicate surface [4,5]. Smalkys G et al. [6] synthesised
C—S-H through experiments and found that there were
two peaks, indicating that the C—S—H was composed of
two phases: C—S—H (I) and C—S—H (II). Hou et al. [7]
simulated the migration of water molecules between the
layers of the C—S—H by the molecular dynamics method,
and studied the molecular structure, dynamic movement
and the interaction between the water and the surface
of the C—S—H. The structure and dynamic behaviour of
water molecules in the nano-pores were characterised
by the density distribution diagram, atomic trajectory,
diffusion coefficient and hydrogen bond network, and
then the effects of the C/S ratio of 1.3 - 2.0 and different
water contents on the mechanical properties of the C—S—H
were simulated by the molecular dynamics method [8].

Tulio Honorio [3] applied the Grand Canonical Monte
Carlo Method (GCMC) to study the interaction between
the C—S—H nanocrystalline layers when C/S = 1, and
analysed the influence of temperature, chemical potential
and pressure on the nanocrystalline layer of the C—S—H.
Bonnaud [9, 10] studied the adsorption rule of the
water interlayer of the C—S—H under different humidity
conditions, and the results showed that the aggregation
property of C—S—H decreased with an increase in the
interlayer water adsorption. Tong et al. [11] studied the
adsorption characteristics of the interlayer water mole-
cules of the C—S—H at different temperatures when
C/S = 1.67, and put forward the calculation formula of
the adsorption amount of the water molecules on the
C-S-H within a certain temperature range, providing
a theoretical basis for the calculation of the interlayer
water content at a certain temperature. Huang et al.
[12] constructed models with C/S ratios of 0.67, 0.75,
0.83 and 1, and used a Compass field to analyse the
mechanical properties and behaviours of the C-S—H
under axial tensile and compressive stresses at different
C/S scales on an atomic scale. Although scholars have
made a large number of studies on the adsorption and
migration rule of the water interlayer of C—S—-H on
a nanoscale and conducted in-depth analyses on the
mechanical properties of C—S—H at different C/S ratios,
research on the influence of different C/S ratios on the
interlayer water adsorption characteristics of C—S—H is
not sufficient.
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In this study, the interlayer water adsorption cha-
racteristics of C—S—H with C/S ratios of 0.67, 0.83, 1,
1.5 and 1.67 were studied by the molecular dynamics
method. The molecular dynamic behaviours of the
water adsorption on the C—S—H were characterised by
the chemical bond analysis, chemical formula structure
analysis, adsorption isotherm, and mean square dis-
placement (MSD).

THEORETICAL

Model construction

The Tobermorit 11 A obtained by Hamid et al.
[13] was selected as the initial model, and the size of
the simulated box is as follows: a = 6.69 A, b =7.39 A,
c=22.77A, a=90° B =90° y=123.49°. The model is
shown in Figure la.

At present, there are a lack of unified standards for
molecular dynamics modelling and parameter settings
[14]. According to Bonnaud’s suggestion [9], there was
no OH group added in the C—S—H unit cell, and the H,O
and H atoms in the model were deleted, then the initial
model was expanded to a 4*3*1 supercell. The models
with different C/S ratios were obtained by randomly
deleting the bridging Si—O bonds. Qn is used to represent
the polymerisation degree of the silicon chain. It should
ensure that the mean silicate chain length and the Qn
distribution of the C—S—H structure are consistent with
the nuclear magnetic resonance spectroscopy (NMR)
results [15]. The monoclinic cell structure was converted
into an orthogonal structure [16], and the C—S—H initial
configuration with C/S ratios of 0.67, 0.83, 1.0, 1.5
and 1.67 was obtained, as shown in Figure 1b (taking
C/S = 1.67 as an example). The Z-axis direction is the
stacking direction of the calcium-silicon layer, the Y-axis
direction is the connection direction of the silicon chain,
and the X-axis direction is the direction perpendicular
to the connection direction of the silicon chain within

a) Tobermorit 11 A initial model structure diagram

the calcium-silicon layer. Table 1 shows the Q, distribu-
tion of the silicon chains in the different C/S ratios.

As can be seen from Table 1, with an increase in
the C/S ratio, the average length of the silicon chain de-
creases, that is, the proportion of Q, decreases and the
proportion of Q, increases, which leads to more defects
in the silicon chains. The polymerisation degree of the
silicon chain of the model established in this paper is
consistent with that in the literature [8], which proves the
reliability of the established model.

Table 1. Q, distribution of silicon chain in different C/S ratios.

C/S Q, content Q, content Q, content
ratios (%) (%) (%)
0.67 B B almost gll
long chains
0.83 - 30.4 69.6
1 21.0 33.0 46.0
1.5 4.2 58.3 37.5
1.67 8.14 67.44 24.42
Force field

The commonly used force fields for cement mate-
rials include ClayFF, IFF, CementFF, ReaxFF, and CSH-
FF. According to the characteristics of each force field
[17], ClayFF field is selected to describe the C—S—H in
this paper. Calcium atoms are divided into interlayer
calcium atoms and intralayer calcium atoms, while
oxygen atoms on the silicon chain are divided into two
types: those connected to two silicon atoms are bridging
oxygen atoms, and those connected to one silicon atom
are non-bridging oxygen atoms. In this study, interlayer
calcium atoms, intra-layer calcium atoms, bridging
oxygen atoms and non-bridging oxygen atoms are re-
spectively represented by Cah, Cao, Ob and Obos. In
previous studies, a ClayFF field has been successfully

| L

b) C/S = 1.67 C—S—H model

Figure 1. The red and yellow sticks are the silicate chains; the green balls are calcium atoms; the red balls are oxygen atoms;

the yellow balls are silicon atoms.
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used to simulate the structure of the oxide and hydroxide
materials, the behaviour of water and ions in clay, the
layered structural phases, the cement hydrate, and the
multi-component mineral systems [18-22]. In this study,
the boundary conditions were simulated as periodic, what
is more, the cut-off radius of the coulomb interaction
was 10 A, and the cut-off radius of the Lennard-Jones
(12-6) potential was 8 A. The GCMC method was used
by setting the equilibrium step number as 8-10°, and the
production step number as 8-10”. The adsorption process
of C—S—H on water molecules was completed at 298 K,
and the water molecular model used the SPC model [23],
the chemical potential of the water molecule was fixed
to the standard state (298 K, 1 g:cm™), and the harmonic
potential field was used to represent the tension of the
O-H bond and the bending of the H-O-H Angle in the
water molecule. The process of adsorbing water molecules
is shown in Figure 2 (take C/S = 1.67 as an example).
A ClayFF field was used to calculate the optimal energy
of the model and achieve a structural balance under the
NPT (Nosé-Parrinello-Rahman) ensemble. The ClayFF
field parameters are shown in literature [24].

0
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b) The C—S—H model after adsorbing water molecules

Figure 2. C—S—H adsorption of water molecules.

RESULTS AND DISCUSSIONS

Chemical bond analysis

The GCMC method was used to simulate the
adsorption process of the C—S—H on the water molecules
under different C/S ratios. Figure 3 shows the probability
density of various bond lengths after C—S—H adsorbs the
water molecules under a saturated vapour pressure when
C/S = 1.67. As can be seen from Figure 3, the length
of the O-H bond is about 1.1 A, and the length of the
Si—Oh bond is about 1.58 A. As for the Si—-Obos bond,
it is about 1.72 A, and the length of the Si—Ob bond is
about 1.78 A. The difference in the bond length is due
to the fact that the oxygen atoms (O*) and non-bridging
oxygen atoms (Obos) and oxygen atoms (Ob) in water
have different charges, and O* have the least charges.
The other side of Si—Oh bond is connected to the H atoms
only, and hydroxyl groups are more likely to be attracted
to Si atoms, so the Si—Oh bond is the shortest. Ob atom is
connected to two Si atoms and simultaneously attracted
from different Si atoms, so the Si—Ob bond is the longest.
This is very close to the average Si—O bond length of
1.641 A simulated by Zhou [25] at room temperature and
1.64 A obtained by the experiment [26]. The fluctuation
peak between the Si—O bonds is due to the slight change
in the Si—O bond length of C—S—H after adsorption of the
water molecules after the energy minimisation.

BT
40 —— Si—-Oh
35- — O-H
Z 20 Si-Obos
§ ] —— Si-Ob
> 25-_
Z 204
3 ] 1.58
8 15- :
S
10 1.72
5 1.78
0 T T T AE— I\Nv {\I T
1.0 1.2 1.4 1.6 1.8 2.0

Distance (A)
Figure 3. Probability density of the C—S—H bond length.

Chemical formula structure analysis

In order to better understand the structural changes
of C—S—H after the adsorption of water molecules, the
fraction of vacant sites a and the charge balance extent f
were introduced [27], as shown in Equations 1 and 2.

1
=TI ML M
p=6[1-(1-a)] )

where MCL is the average silicon chain length, and #n is
the C/S ratio. The value range of a is 0 ~ 2 [28], beyond
this range, it is 0 or 2.
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According to the Q, distribution in Table 1 and com-
bined with Equation 1 and (2), a and g under different
C/S ratios can be obtained, as shown in Figure 4.

0.30 25

3 0.25-1
=0 20 €
§ 0.20 3
g 1.5 §
%5 0.15-] s
S 109
§ 0.101 S
o c
[0} | 0.5 0
< 005

0 — 1 0

0.6 0.8 1.0 1.2 1.4 16 18

C/S ratio

Figure 4. Structural changes of the C—S—H under different C/S
ratios.

It can be seen from Figure 4 that with an increase
in the C/S ratio, the fraction of vacant site increases,
especially when the C/S ratio < 1, it increases signi-
ficantly. The simulation results are consistent with the
results obtained by Sylvain Grangeon et al. [29] who
used ¥Si NMR, which again proves the reliability of
the simulation results. At the same time, as the C/S ratio
increases, the absolute value of the charge balance extent
first decreases and then increases.

Law of water adsorption

In order to explore the influence of the C/S ratio
on the adsorption capacity of the water molecules, the
GCMC method was used to simulate the number of
water molecules adsorbed by the C—S—H when the C/S
ratio was 0.67, 0.83, 1, 1.5, 1.67. The adsorption results
are shown in Figure 5.

It can be seen from Figure 5 that when C/S > 1, the
number of adsorbed water molecules increases with an in-
crease in the C/S ratio under the same pressure, this is due
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Figure 5. Number of adsorbed water molecules with the diffe-
rent C/S ratios.

to the number of Ca atoms that are unchanged, the larger
the C/S ratio is, the more Si atoms need to be deleted, the
more defects in the silicon chains, the larger the space.
More water molecules will be embedded in the defective
silicate chains, which will also lead to the rearrangement
of the interlayer calcium atoms and spread to the non-
bridging sites of the defective silicate chains. When
C/S <1, it is found that, at the same pressure, the number
of adsorbed water molecules decreases with an increase
in the C/S ratio, which is consistent with the experimen-
tal results [29]. In order to ensure the maximum density
of the C—S—H, the number of Si atoms was kept certain
when the model was created, and part of the free Ca
atoms were deleted. To ensure the chemical formula and
charge balance, parts of O atoms were deleted, leading to
some defective silicon chains. Water molecules not only
diffused to the defect in the silicon chains, but also to the
defect in the calcium-silicon atoms in the layer, and then
diffused between the layers, so the number of adsorbed
water molecules increased. Interestingly, with a change
in the C/S ratio, the change rule of the absolute value of
the charge balance extent is basically consistent with that
of the adsorptive capacity of the water molecules, which
is most likely that the charge affects the adsorption
capacity of the C—S—H to the water molecules to a certain
extent.

The adsorption isotherms of the C—S—H with the
C/S ratio of 0.67, 0.83, 1, 1.5 and 1.67 were simulated,
as shown in Figure 6.
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O 1 2 3 4 5 6 7 8 9 10

P (kPa)

Figure 6. Adsorption isotherms of the water molecules by
C—S—H under different C/S ratios.

As can be seen from Figure 6, when the pressure
is small, the adsorption capacity linearly increases, as
the pressure increases, the adsorption capacity gradually
flattens out. The adsorption curve conforms to the cha-
racteristics of the Langmuir adsorption isotherm [30].
In addition, the C/S ratio has a great influence on the
adsorption capacity of the water molecules. When C/S =
= 0.67, the number of adsorbed water molecules was
the largest, and when C/S = 1, the number of adsorbed
water molecules was the smallest. The adsorption law
is consistent with that in Figure 5. Moreover, from the
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change rate of the adsorption capacity, the change in the
C/S ratio has little effect on the adsorbed water molecular
rate of the C-S—H.

MSD

MSD is the main parameter to describe molecular dy-
namics. The expression of MSD is shown in Equation 3.

MSD, = <|ri(t)*ri(0)|2> (3)

where 7, () represents the position of atom 7 at ¢ time, and
r;(0) represents the initial position of atom i.

The greater the MSD value at time ¢, the farther
atom / is from the initial position, the faster the atomic
diffusion rate. The comparison diagrams of various kinds
of atomic diffusion at different C/S ratios are shown in
Figure 7.

As can be seen from Figure 7, the H atoms and O
atoms in the water molecules have the fastest diffusion
rate, and the diffusion rate of the H atoms is higher
than O atoms. As a result, some O atoms in the water
molecules connected to the Si atoms to form covalent
bonds, the diffusion of O atoms was limited to a certain

—Si

1.0

0 T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45
Time (ps)

a) C/S=1.67

0 T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45
Time (ps)
b)C/S=1.5

Figure 7. MSD of the atoms under different C/S ratios.

extent. The diffusion rate of the interlayer calcium atoms
(Cao) was significantly higher than that of intracellular
calcium atoms (Cah). This is due to the fact that the water
molecules were first embedded in the defects of the Ca
and Si atoms, which weakened the interaction between
the Ca atoms and the O atoms in the silicon chains, so the
diffusion rate was increased to a certain extent. The diffu-
sion rate of the Ca atoms was slightly higher than that of

25— H
—3Si
—— Cah
2.0 | —— Obos
_O*
—~ Cao
%1.5— —0b
?
= 1.0
0.5
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Time (ps)
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254 H
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bridged oxygen atoms (Ob) and the non-bridged oxygen
atoms (Obos), thus the Obos atoms in the C—S—H can
effectively adsorb the Ca atoms. Moreover, the Si atoms
in the silicon layer have the lowest diffusion rate.
Figures 8 and 9 show the diffusion rates of the H
atoms and O atoms at different C/S ratios. It can be seen
from the figures that the H atoms and O atoms have the
same law of diffusion at different C/S ratios, and during

3.5 —— C/IS=0.67
{|—cis=083
304 |—C/s=1.0
1 CIS=15
251 | — /s =167
2.0
?
2 1.5+
1.0
0.5-
0 T T T T T T T T T T T

. . — .
0 5 10 15 20 25 30 35 40 45
Time (ps)
Figure 8. MSD comparison of the H atoms under different C/S
ratios.
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=

T T T — T T T T T T T T T
0 5 10 15 20 25 30 35 40 45
Time (ps)

Figure 9. MSD comparison of the O* atoms under different
C/S ratios.
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Figure 10. MSD comparison of the Ca atoms at different C/S
ratios.

the first 5 ps, the MSD is approximately linear with time,
which indicates that the diffusion rate of the H and O
atoms was very fast, and then the diffusion rate gradually
decreased until reaching an equilibrium state. Dr. Zhou
[31] defined five kinds of water molecules at different
positions in the system, and the water molecules have
different diffusion laws. The results in this paper are
consistent with the diffusion laws of the water molecules
in the channel region. With an increase in the C/S ratio,
more Si—O bonds are deleted and more Obos bonds
are released. These Obos bonds from defective silicon
chains which can form a strong H-bond attraction with
the water molecules, thus reducing the activity of the
water molecules.

Figure 10 shows the MSD of the Ca atoms at
different C/S ratios. When C/S = 0.67, MSD reaches the
maximum, followed by C/S = 0.83, and when C/S =1,
MSD reaches the minimum. The variation in the MSD
for the Ca atoms is consistent with that of the C—S-H
adsorbed water at the different C/S ratios. This is due to
the high diffusion of water molecules, which enhances
the activity of the Ca atoms.

CONCLUSIONS

The C—S—H models with C/S ratios of 0.67, 0.83, 1,
1.5 and 1.67 were constructed based on the Tobermorit
11 A model in this study. The adsorption process of
the C—S—H on the water molecules was simulated. The
molecular dynamic behaviours of the C—S—H under
different C/S ratios were analysed on an atomic scale by
analysing the chemical bond, chemical formula structure,
adsorption isotherm and MSD. Based on the simulation
results obtained in this study, the following conclusions
are drawn:

e The fraction of vacant sites increases with an increase
in the C/S ratio, and the increased speed is obvious
when C/S < 1. The absolute value of the charge balance
extent first decreases and then increases.

e The C/S ratio has a great influence on the hydration
performance of the C—S—H structure. When C/S > 1,
the number of adsorbed water molecules increases
with an increase in the C/S ratio; when C/S < 1, the
number of adsorbed water molecules decreases with
an increase in the C/S ratio at the same pressure, which
is basically consistent with the change rule of the
absolute value of the charge balance extent. Therefore,
it is speculated that charge balance extent will affect
the adsorption characteristics of the C—S—H for the
water molecules to a certain extent. The C/S ratio has
little effect on the adsorption rate of the C—S—H.

e The diffusion rate of the H atoms is the fastest,
followed by the O atoms for the C—S—H after the
water adsorption. The diffusion rate of the interlayer
Ca atoms (Cao) is significantly higher than that of
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the intralayer Ca atoms (Cah). What is more, the dif-
fusion rate of the calcium atoms is slightly higher than
that of the bridged oxygen atoms (Ob) and non-bridged
oxygen atoms (Obos), while that of the Si atoms is the
slowest. With an increase in the C/S ratio, the atomic
diffusion rate basically decreases.
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