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Abstract

The transfer of water and ions in the hydrate of cement
determines the durability of cementitious materials. Due to its
structural similarity, tobermorite which is an important mineral
analog of the main phase of cement hydrate was used to
investigate the transfer behavior at the molecular level. In this
study, the diffusion coefficient of calcium ions in hydrated
cement paste was investigated by the Molecular Dynamics
(MD) simulation method. There are pores with a width of 59.82
A° between two substrates made of tobermorite crystals. The
thickness of the tobermorite layer on each side was considered
to be 27.98 A°. Initially, no ions were added to the two layer
structure of tobermorite and modeled water between the two
layers, but after obtaining the results in another step to bond
calcium ion and chloride ion and evaluate the diffusion process,
24 chloride ions were randomly added to the tobermorite
structure on both sides. For this modeling, BIOVIA materials
studio 2017 software was used to perform MD simulations.

Keywords: MD simulation; Tobermorite; Diffusion coefficient;
C-S-H

Introduction

The most essential product in cement paste which has a great effect
on its mechanical properties is C-S-H gel. The properties of hardened
cement paste depend to a large extent on the structure of C-S-H gel,
which is relatively high in cement paste [1]. Therefore, it is necessary
to study the structure of C-S-H. Despite the importance of C-S-H and
its role in determining the properties of cement hydration products, its
structure is still not fully understood and relevant experimental and
theoretical studies are being conducted in this regard. Existing
literature have focused on the study of minerals with similar C-S-H

structures. In terms of crystal structure, Tobermorite
Tobermorite 11 A° and Jennite are very similar to C-S-H gel.

14 A°,

The release of water and ions in the C-S-H gel affects the properties
such as strength, creep, shrinkage and chemical and physical reactions
of cementitious materials. On the one hand, environmental changes
such as temperature, humidity and load can change the amount of
water in the C-S-H gel and on the other hand, the interaction between
water and C-S-H gel can significantly affect the adhesion force [2].

Furthermore, in an aggressive environment such as seawater,
chlorine ions can penetrate the cement paste and lead to reinforcement
corrosion and have destructive effects on the durability of the structure
[3,4]. To interpret the diffusion mechanism at different longitudinal
scales, it is necessary to investigate the origin of the properties at the
molecular level. The properties of water trapped in gel pores or the
vicinity of the C-S-H surface have been studied by various
experimental techniques.

Using 'H Nuclear Magnetic Resonance (NMR), the water in C-S-H
gels was distinguished into three types including chemically confined
water incorporated into the structure and form a strong chemical with a
calcium silicate structure, physically confined water that is deep near
the surface and capillary water that is absorbed unbound and freely
released into the capillary pores [5,6]. In addition, different types of
water can be identified numerically using the Quasi-Elastic Neutron
Scattering (QENS) method [7]. Nowadays, a Proton Field Cycle
Calorimetric (PFCR) approach has been developed to investigate the
dynamic properties of water molecules attached to the C-S-H surface
[8]. It is massive (0.4 1010 m?%/s). In addition, due to the interaction
between ions and the C-S-H surface, 35 Cl NMR relaxation methods
and a two-site exchange model have been proposed to study the
structural and dynamic properties at the molecular scale at the chloride
bond molecular scale at C-S-H [9].

Inorganic analogs are in contact with aqueous chloride solutions.
The low binding fraction of chloride ions on the surface means poor
bonding capacity of chlorine ions at the C-S-H level.

Materials and Methods

Calcium silicate hydrates are the main binding phase in hardened
cement paste. However, after a few decades of studying the exact
compositional and microstructural nature of C-S-H, it is still unclear.
One of the main solutions to this problem is that the formation of
phase C-S-H is generally influenced by many factors such as cement
composition, water to cement ratio (W/C), degree of hydration and
sintering temperature. These influencing factors can accumulate and
lead to dramatic changes in phase composition, nanostructure and
morphology. For this reason, basic research into the chemistry of C-S-H
usually begins with pure compounds. Bernal found that C-S-H
formed in hydrated C;S pastes was much more amorphous than C-S-H
(D) and C-S-H (II) prepared in dilute suspensions with low and high Ca/
Si ratios. C-S-H (I) has a fibrous structure and resembles tobermorite, a
rare crystalline C-S-H with a chemically defined structure CasSicO
(OH),.4-H,0 with a Ca/Si ratio of 0.83. The tobermorite
contains "dreierketten" linear silicate chains in which the quadrilateral
aligns its silicate with Ca®") ions in a twisted pattern for all three
quadrilaterals based on a comparison of C-S-H mineral suggested that
the ratio Ca/Si could reach above 0.83 [10]. However, tobermorite,
with its structural similarity to C-S-H (I), has been used mainly as a
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basic structure for modeling C-S-H phases of hydrated cement [11].

Starting with dreierketten silicate chains as observed in tobermorite,
various models have subsequently been proposed for C-S-H.
Depending on the approaches adopted, these models are divided into
two general groups to increase the Ca/Si ratio to the amount that is
observed experimentally in ordinary cement paste, namely 1.7-1.8.
The first group of C-S-H models, also known as T/CHmodels, consists
of basal tobermorite structures with calcium hydroxide layers. The
second group of models, known as T/J models, includes the main
structure of the Jennite with tobermorite [12]. Also based on
dreierketten silicate chains, Jennite is a crystalline C-S-H that has the
basic formula CagSisO;3 (OH)ssH,O and a Ca/Si ratio of 1.5.
Compared to tobermorite, the Jennite has a higher Ca/Si ratio (1.5)
and the central Ca—O portion is striped. Starting from the T/CH and
T/J perspectives, more comprehensive models have recently been
developed to describe the C-S-H phase of hydrated cement [13].

Richardson and Groves proposed a model that starts with the
general form of calcium silicate hydrate, consisting of isolated silicate
chains of different lengths and with a variable number of hydroxyl
groups attached to Si atoms. Taking into account the value of the
variable Ca(OH),, this model incorporates both the T/CH and T/J
perspectives and shows the applicability for interpreting a wider range
of experimental results. Other C-S-H models based on T/CH and/or
T/J are consistent with those of Richardson and Groves [14,15].

C-S-H gels are usually modeled on crystalline minerals [16-20].
The structure of tobermorite is a monoclinic network in four
infrastructures: 9-angstrom tobermorite (riverside) with chemical
formula, clinotobermorite, 11-angstrom tobermorite and 14-angstrom
tobermorite (plumberite).

Numbers next to different tobermorite crystals indicate the base
distance between two adjacent layers. Different basal intervals, which
correspond to the degrees of tobermorite phases, may be classified
based on their hydration. Riverside, more commonly called 9-
angstrom tobermorite, has the chemical formula Cas;SisO;¢(OH),.
Tobermorite 11-angstrom is more hydrated, with a chemical
composition of CasSicOy7sH, to CasSigO;5(OH)sH,0O; Finally, 14-
angstrom tobermorite, also known as Plombierite, is the most
hydrated phase of the group with this chemical formula: CasSicOi¢
(OH),7H,0. These three different phases are characterized by basal
distances of 9.3, 11.3 and 14 angstroms, respectively.

For this study, 14 angstrom tobermorite has been selected because
in previous research conducted by Banakarsi in which different types
of tobermorite were modeled, tobermorite 14 angstrom was more
hydrated than other types of tobermorite and the results obtained from
simulation of 14 angstrom tobermorite are more closely related to
laboratory results than other types.

Molecular dynamics method

In this study, the molecular dynamics method is chosen to perform
the simulation. The basics of molecular dynamics analysis are that
each of the three MD simulations has two main components including
the potential function component for determining the intersection
forces between atoms/ions and the classical mechanics component for
calculating instantaneous acceleration and velocity. Atoms/ions are
used to calculate the path and update the potential between atoms/ions
using an integration algorithm. In addition, each model has a statistical
mechanical component for calculating macroscopically observable

thermodynamic observations so that MD simulations can be
performed under a controlled thermodynamic condition. The potential
function and classical mechanics components used in this study for
modeling chloride transfer in C-S-H are given below.

Classic mechanics: In MD analysis, the interaction forces between
atoms/ions were determined using the Coulomb and Leonard-Jones
potential combination function according to equation, while the
acceleration of separate organisms according to Newton's second law
as presented in equation has been determined [21]. Equation [11] is
where F;is the force exerted on atom i, my; is the mass of particle i and
a; 1s the acceleration of atom i.

.!"-i o —‘:";Eﬁh (1
F;i = m;a;. 2

To calculate the path of atoms/ions, the initial positions and initial
velocities of atoms/ions are needed. The initial positions of the atoms/
ions in this study were determined based on the density of each
substance in the thermodynamic state determined by the simulation,
while the initial velocities were randomly selected using the Maxwell-
Boltzmann distribution according to equation (3) which determines
the probability that atom i has velocity v in the x direction at a given
temperature T. In relation, f (vi) represents the probability density
function, m; is the atomic mass of atom i and kg is the Boltzmann
constant.

gy o= n1; Ule‘( lm!-z-'f‘_ ;
T Nemar) P o e

Mean Square Displacement (MSD)

MSD can be obtained directly from the particle position in an MD
simulation, as shown in Equation.

MSD(At) =

~T=At
T—m_L [r(t= &) = r(B))dt = {[r(t - AD) = (D) ()

Where,

T is the total simulation time,

r (t) is the position at time t,

r (t+Dt) is the position of an interval and

Dt is the dimension.

[r(t+Dt)-r(t)], is the displacement of the particle squared along with
that interval.
If the particle is propagated, the MSD becomes linear in time and
determines the slope of the diffusion coefficient D,, as shown in
equation.

1 e Ny

Where D is the diffusion coefficient and N is the number of
diffusion atoms in the system [22,23]. The linear y=ax+b was
obtained by the linear region of the MSD curves. The term differential
in the above equation can be replaced by the ratio of MSD curves,
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which is the slope of time-dependent MSD curves. Since the value of
MSD is divided by the number of diffusion atoms, the formula is
simplified as follows:

a
6 (6)

Computational details

D=

According to previous researchers including Banakarsi a 14 A°
tobermorite unit cell has been selected for modeling. The modeling
details are shown in Figure 1. As shown in Figure 1, there are pores
with a width of 59.82 A° between two substrates made of Tobermorite
crystals. Each of the two substrates was created by 1 x 2 x 1
tobermorite 14 A°cells that were placed side to side. According to the
study done by Mindes modeling a specific size for nanopores that is
larger than 5 A° and smaller than 100 A°, the modeled nanopores can
be considered as a gel pore. Additionally, according to the study done
by Mindes, the size of the nanopore should be less than 10 nm to
properly study the diffusion of chloride ions in cement hydrates. The
thickness of the tobermorite layer on each side was considered to be
27.98 A°. After testing different sizes, this size was selected by trial
and error to achieve an answer with the least error. To evaluate the
diffusion process, an aqueous solution must be modeled in the pores.
According to the study done by Hu the density of this aqueous
solution should be considered around 1 grem? in order to meet
environmental conditions [24]. To achieve this goal, 200 molecules of
water in the super cell were simulated for the middle layer between the
two layers of tobermorite. After several stages of trial and error, this
number of water molecules was selected by the authors of the article
for simulation to reach the optimal box. Initially, no ions were added
to the two-layer structure of tobermorite and modeled water between
the two layers, but after obtaining the results in another step to bond
calcium ion and chloride ion and evaluate the diffusion process, 24
chloride ions were randomly added to each structure of tobermorite.
So, two sides were added. The reason for the addition of chloride ions
was that the authors of this article speculated that the negative charge
of chloride ions could release some of the calcium ions from being
trapped by sodium ions and make the movement and release of
calcium ions easier.

inter-layer Ca bridging S5i

intra-layer Ca

Figure 1. The structure of the C-S-H model is shown by a
tobermorite 14 A°angstrom in perspective (a) and (b) lateral view. (C)
Intralayer calcium bonding geometries, interlayer calcium and bridging
geometry. The atoms O, H, Si and Ca are represented by red, white,
blue and light blue spheres using the ball and stick model. The length
of the selective bond and the dimensions of the unit cell are shown
where d;=2.57 A 57 A, d,=2.38 A 38 A, d;=2.42 A 42 A, d,=2.30 A 30
A,ds=2.45A45A,ds=2.45A 45 A, d=A 45 A 45 A, d=A 6 A 45 A,
d=A 6 A45A, d=A 6 A 45 A, d=A 6A 6A 6A 6A 6A 6A 6A 6A,
b=7.36 A 36 A, 2c=28.01 A 01 A

For this modeling, BIOVIA materials studio 2017 software was
used to perform MD simulations. The force field used was the
force field of the campus. Condensed phase Optimized Molecular
Potentials for  Atomistic ~ Simulation  Studies = (COMPASS)
whose force parameters are mainly derived from initial calculations
were applied to each simulation of this study. It is very important to
describe the forces and potentials between the atoms of a
molecule or a group of molecules with a set of functions and
parameters in molecular dynamics. Additionally, previous researches
have used this force field in the simulation of cement-based
materials as well as hydrated cement paste and obtained good and
logical results and this force field was also used in this study [25-27].

COMPASS force field (Condensed phase Optimized Molecular
Potentials for Atomistic Simulation Studies) is used to describe the
hydration of cement, aqueous solution and various ions. Due to its
good ability to simulate the potential between different atoms in
aluminosilicates, it can be used in the simulation of running cement
hydrate(s) [28]. Here, the potential of Lennard-Johns 9-6 (LJ 9-6)
shows the van der Waals interaction. According to previous studies,
this potential has a good ability in simulating the potential between
different atoms in hydrated cement. After several trials and errors, the
best values for cut-off distance, spline width and buffer width were
obtained at 12.5, 1 and 0.5 A°, respectively and these values were
considered in the simulation. To reduce the simulation error, as in the
previous studies of researchers, when each simulation was repeated
several times, each simulation was repeated five times (Figure 2).
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Figure 2: Simulation model and finite water in Nano-cavities
between tobermorite substrates. Silicate chains are in red/yellow lines
(silicon in yellow and oxygen in red), water molecules in white/red
lines (hydrogen in white and oxygen in red) and calcium atoms in
green balls.

The Ca/Si ratio is assumed to be one. Supercell with dimensions
c=115.794 A° b=14.85 A° a=6.73 A° and with angles, a=f=y, and the
total number of atoms in the simulation box 2096 is the number of
atoms (Figure 3).
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Figure 3: Simulation model and finite water in the nano-cavity
between the tobermorite substrates, 24 chlorine ions are randomly
added to the tobermorite layers on each side. Silicate chains in red/
yellow lines (silicon in yellow and oxygen in red), water molecules in
white/red lines (hydrogen in white and oxygen in red), chlorine atoms
in silver balls and calcium atoms in green balls.

The simulation time step was initially selected as 1 fs, 10 fs and 100
fs, but after viewing the temperature and energy balance diagrams, the
best simulation time step of 1 fs was selected so that the temperature
and energy balance could be as good as possible. There is a thermostat
that exchanges energy for exothermic processes. The thermostat used
is the velocity scale thermostat and the barostat used is Souza-Martins.

The simulation was performed at a temperature of 300 K. During
the simulation process, the thermodynamic properties of the system
such as pressure, temperature and total energy were carefully
investigated. The simulation process goes through the following steps:

First, to minimize the energy of the system, to save time in the
simulation and to prepare the system for the simulation operation, the
whole structure must be frozen and the energy of the whole system
must be minimized, because otherwise the simulation time may be
multiplied so that first the whole structure is frozen and the whole
system energy is reduced to the minimum and then the whole system
is relaxed. It was subjected to NVT ensemble at T=300 K. After
several trials and errors of different values to balance the
thermodynamic properties, a duration equal to 3000 ps was selected
for simulation time, which is the optimal and sufficient time to balance
all the thermodynamic properties of the system. The equilibrium
sample from the previous step was then subjected to the following
compressive stresses using the NPT ensemble at P=1 atm and T=300
K for 2000 ps.

The sample was constrained in directions a and b and subjected to
compressive stress in direction ¢, so that the compressive stress started
from 0 MPa and increased by 2 MPa in each stage under compressive
stresses of 2, 4, 6, 8 and 10 MPa.

Among all the methods adopted in calculating the calcium ion
diffusion coefficient, due to its simplicity, low computational costs and
statistical reliability, here the MSD method, which stands for Mean
Squared Displacement, was used for ion analysis and molecule
transfer. Water is used. This method uses particle displacement data in
the calculation.

Albert Einstein first discovered the mathematical description of
Brownian motion in 1905, in which he found the relationship between
the diffusion coefficient of particles with a microscopically observable
size in a liquid and their mean square displacement was inspired by
the molecular motions of heat. It should be noted that the results
obtained from this method are guaranteed when the simulation
converges. Simulation convergence can be found by plotting the log-

log diagram for MSD versus the time step. When this graph is linear,
the results will be reliable [29]. In the graph for MSD versus time step,
when the displacement between atomic positions at time intervals is
calculated as t and all possible points are considered, each time step
value (t) corresponds to the value of MSD. As the time source, if t and
N are the time intervals between two consecutive data sets and the
number of data sets, the time step values for calculating MSD can be
selected from t to N. Due to numerical problems, only a part of the
time step values (t to N/2) can be applied to calculate the MSD to find
the diffusion coefficient. Other time phase values (N/2 to N) have very
little time source for calculating MSD. As a result, the output is not
valuable. Thus, the slope of the trend line in the first half of the MSD
diagram is opposite to the 2 dD time step, where d and D are the
system dimensions and diffusion coefficient, respectively. This
method must be repeated for each particle in the model to calculate the
diffusion coefficients of ions and water molecules at a specific
temperature.

Results

In this study, the diffusion coefficients of calcium ions are obtained
using MSD diagrams. The MSD diagrams for loads from zero to ten
MPa are as follows. To be more sure, each operation was performed
three times and averaging was performed. Graphs include MSD
diagrams on the vertical axis in angstrom squares and the horizontal
axis in time in femtoseconds. As can be seen in the diagrams, in
almost all diagrams in the first thousand femtoseconds the diagram is
almost linear (Figures 4-10).
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Figure 4: MSD diagram related to 0 MPa.
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Figure 9: MSD diagram related to 10 MPa.
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Figure 7: MSD diagram related to 6 MPa.
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6000 As explained in the displacement mean square section, the
calculation of the emission coefficient of an ion based on the MSD
SO00 diagram of that ion is equal to one-sixth of the slope of the linear part
of its MSD diagram.
g AR The diffusion coefficients obtained from the MSD diagrams for
—_ —2 MPA different loads are given in Table 1. Note that to reduce the
(i

computational error, the simulation was repeated three times for each

MSD-AR2

——aMPA : : ,
compressive stress, so in the table below, for example, for compressive
2000 & MPA stress of 2 MPa, there are three numbers for three simulations with the
—_— WP same conditions, plus one as the numerical mean of these three
1000 numbers. And another number is given as the average of the curves for

e —10 MPA .
these three numbers, so for each compressive force, there are five
i] numbers in the table below. The average diffusion coefficients of
o o000 20000 3000 calcium ions are plotted in Figures 11-13.

Time-fs

Figure 10: Average of MSD diagrams in one graph.

{ x 10"12m?/s} Diffusion coefficient
(Curve average) (Numerical average) (Simulation 3) (Simulation 2) (Simulation 1) '(MCgmpressive stress)
a

3793 1974 2430 1175 2300 0

2207 2231 2008 1586 3099 2

1729 1822 2049 1711 1706 4

1175 1115 1136 644 1566 6

1231 834 740 912 852 8

894 1176 680 1775 1073 10

Table 1: Calcium ion diffusion coefficients obtained for zero loads of 10 MPa.

Diff Coef {curve] - normal

Diff Coef (curve)-modified

TE-10 4E09
BE-10 35609
£09
SE-10
25609
410 )
3 g -
& 3E-10 ¥ 5 56
2E-10 109
1E-10 SE-10
1 Chart Area |
;. N 0 Mpa 2 Mpa 4 Mpa & Mpa BMpa 10 Mpa
0Mpa 2 Mpa 4 Mpa 6 Wipa BMpa 10 Mpa (sPa)
iMPa)

Figure 12: Mean diffusion coefficients of calcium ions for 0 TO 10

Figure 11: Mean diffusion coefficients of calcium ions for 0 to 10 ~ MPa after the addition of chloride ions.

MPa before the addition of chloride ions.
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ions that were gravitationally trapped by sodium ions, making them
easier and freer to move, thus allowing them to diffuse more easily. In
this way, the addition of chloride ions has been able to help calcium
ions to diffuse more easily and play a positive role in this regard
(Figures 14 and 15).

Diff Coef (curve)

x modified

= normal

Figure 13: Comparison of average calcium ion diffusion
coefficients for 0 to 10 MPa for normal and modified modes.

Interpretation

In this study, using the molecular dynamics simulation method’ the Figure 14: Simulation box (rnodiﬁed state) before the release of
phenomenon of calcium ion diffusion in hydrated cement paste at the ~calcium ions.
nanoscale has been investigated, which is a new and different
approach to the diffusion problem. For this purpose, 14 angstrom ﬁ
tobermorite has been simulated in the materials studio software. By “» | . et
setting the initial assumptions, the dimensions of the sample are
selected appropriately to achieve acceptable results with the least
computational cost. So the results obtained in this study are more
accurate than the results of the previous studies. The present study on
the diffusion coefficient of calcium ions in hydrated cement paste is
quite new and based on the previous researches; very few researches
were conducted in this field at the nanoscale. In the following, the
results obtained in this research are stated first and at the end,
suggestions for future work in this field are presented.

- - -
L]
-

-
—&
- L o i
ol - Y v g

MSD diagrams for calcium ions are plotted under different charges
and then diffusion coefficients for calcium ions are calculated. Several Figure 15: Simulation box (modified state) after the release of
chloride ions have been added to the structure to change the attraction  41cium ions.
and repulsion of calcium ions with other ions. According to the
following figures, it can be seen that the addition of chloride ions has a The diffusion coefficient obtained for calcium ions in previous
positive effect on the release of calcium ions (Tables 2-4). The Studies has been as follows.
addition of chloride ions has been able to release some of the calcium

Diffusion coefficient [x10-12 m?/s]
Researcher's name Standard Modified
Saito, et al. 1 170
Biolet, et al. 5 1000
Hanai, et al. 10 700
Hitomi, et al. 16 68

Table 2: Calcium ion diffusion coefficient in previous studies.

Diffusion coefficient [x 10-12 m?/s]

Compressive 2 MPa 4 MPa 6 MPa 8 MPa 10 MPa
stress
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The diffusion 480 580 360 450 590 380
coefficient in this
research
Table 3: Calcium ion diffusion coefficient in this study before adding chloride ions.
Diffusion coefficient [x 10-12 m2/s]
Compressive 0 MPa 2 MPa 4 MPa 6 MPa 8 MPa 10 MPa
stress
The diffusion 3700 2300 1700 1200 1300 900
coefficient in this
research

Table 4: Calcium ion diffusion coefficient in this study after the addition of chloride ions.

Discussion

As can be seen from the table above, the results obtained for the
calcium ion diffusion coefficient are consistent with previous studies
and this means that the molecular dynamics simulation method for
obtaining the calcium ion diffusion coefficient in the C-S-H gel is
efficient. In the following part, the results obtained in this research are
expressed first and at the end, suggestions for future work in this field
are presented. The molecular dynamics method has been a suitable
and efficient method for calculating the ion diffusion coefficient. The
results obtained from this method were consistent with the results
obtained in previous studies. Due to the high accuracy of this method
and the possibility of trial and error and testing this method several
times in a computer simulation environment, this method can be used
as a reasonable method for calculating the ion diffusion coefficient in
hydrated cement paste. According to the results of the force field used
in this research, the force field (COMPASS) is a suitable force field
for simulating hydrated cement paste and it models the relationships
between atoms and ions and monitors the interaction between them.

Conclusion

The diffusion coefficient of calcium ions in the modified state, i.e.
after the addition of chloride ions, is higher than the normal state,
before the addition of chloride ions. The reason for the increase in the
diffusion coefficient of calcium ions in the modified state can be
attributed to the negative electric charge of chloride ions. The negative
charge of chloride ions can cause calcium cations to move and to some
extent free them from being trapped by sodium ions. Also, after
adding chloride ions, with increasing pressure, a decrease in the
diffusion coefficient of calcium ions is seen, which is a logical trend
because previous studies have demonstrated that with increasing
pressure, the diffusion coefficient decreases. The results of the
diffusion coefficient in the model made of Tobermorite 14 A° are
closer to the laboratory values. As a result, the Tobermorite model of
14 A° is more suitable for simulating the diffusion of calcium ions by
molecular dynamics. Because the subject of this study is new in the
technical literature, there are many areas for further researches, which
can be mentioned as follows; considering that in this study the values
of diffusion coefficient for calcium ions in the structure of hydrated
cement paste have been obtained, in the continuation of this study, the
electrical conductivity of hydrated cement paste can also be obtained

and there can be a research on the piezoelectric properties of hydrated
cement paste. These further researches can be done in the continuation
of this research.
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