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Molecular dynamics studies towards assessing the
bulk properties of the mineralogical array of cement
hydrates such as calcium silicate hydrates (C-S-H)
and calcium hydroxide (CH) have been conducted. In
the case of C-S-H, closely related structures of minerals
such as Tobermorite (9, 11, 14) A and Jennite are
taken for MD simulations, as they have similarities
with C-S-H in terms of its mineralogical array.
COMPASS force field with appropriate set parameters
such as cut-off distances, micro-canonical ensembles
was employed for the smooth running of simulations.
Different supercells for the mineral systems were cre-
ated and studied further. Results show the calculated
mechanical properties of cement hydrates, which form
an important input for developing computational
model for cement hydrate systems for assessing the
physico-chemical and mechanical characteristics.

Keywords: Cement hydrate, force field, mechanical
characteristics, molecular dynamics.

CEMENT industry is one of the major global contributors
to carbon dioxide emission. It accounts for an estimated
5-8% of the world’s CO, emission and consumes 26% of
the total required energy towards particle grinding'. The
strength and durability of the cement rely upon the or-
ganization of cement nanoparticles’ as the dimensions of
hydration products of cement are roughly between 1 and
100 nm. The reduction in CO, emission can be achieved
or controlled either by proper usage of supplementary
cementitious materials as cement replacement or by con-
trolling/modifying the properties of CO,-emitting con-
stituent in the cement clinker itself. Understanding and
interpreting the chemical and microstructural phenome-
non through characterizing cement hydration process are
quite complex and interdependent, and also making it dif-
ficult to resolve the individual mechanisms or parameters
that determine their rates. Based on the literature review,
it is observed that only limited experimental works are
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available on the mechanical properties of cement hydrate
phases, mainly calcium silicate hydrate (C-S-H) and Port-
landite or calcium hydroxide (CH)**. Dormieux and Ulm’
used nanoindentation technique and microporomechanics
theories to indirectly calculate the solid phase elastic
modulus. It is relatively difficult to perform direct mecha-
nical testing to measure the properties of the solid C-S-H
and only limited works are reported in the literature’.
Computational simulations were carried out to enhance
materials design, which include electronic structure
calculations, molecular dynamics, Monte Carlo and con-
tinuum methods, as well as multiscale combination of
methods'"’. Molecular dynamics (MD) and Lattice dyna-
mics simulations are often used to calculate the elec-
tronic, spectroscopic and mechanical properties of clinker
and hydrate phases® '’. Studies towards atomic structure—
property relationships are an emerging area of research
due to the increasingly significant environmental, social
and economic impact of the global Portland cement usage
and production, which currently stands at 2 billion metric
tonnes®.

C-S-H: a nano particulate of cement hydrates

The hydration of cement is a complicated phenomenon
and not easy to understand due to the complexity in
chemical composition of different batches of cement. The
water involved in hydration will be classified into three
types such as gel water, physically adsorbed water and
chemically bound water. Calcium silicate hydrate, the
main product in Portland cement hydration, influences
the physical and mechanical properties of most cementi-
tious materials. C-S-H has a structural multiscale organiza-
tion formed by agglomerated particles or nanocrystallites
composed of stacked lamellae formed by a double central
layer of CaO octahedra inserted between two layers of
SiO, tetrahedra, which are linked with a periodicity of
three tetrahedral chains called dreierketten''. The mile-
stone work done by Powers and Brownyard® is the first
step in revealing the nano particulate structure of C-S-H
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and cement gel. This was taken forward by many other
researchers worldwide™®. Though there are a several
computational models, which relate the nanostructural
features of C-S-H, unfortunately, currently there is no
literature with detailed report of real C-S-H structure.
Structure-related C-S-H crystals, i.e. Tobermorite and
Jennite were recently studied by Bonaccorsi et al.'*".
The molecular or atomic arrangements in Tobermorite
14 A are shown in Figure 1. Still the grey area is the ex-
act nanostructure of the C-S-H disordered layer structure.
However, it is understood that despite the great socio-
economic importance and the existence of several pro-
posed models for describing the structure of C-S-H, there
are no structural models that currently relate chemical
composition, nanostructure, and microstructure with the
physico-chemical and mechanical properties''. Without
this knowledge, it is not possible to understand and con-
trol the behaviour of cement-based materials such as
creep and shrinkage, which is the most important para-
meter for durability issues'.

The overall scenario of the nature of C-S-H in different
cementitious environments helps analyse the functions
during their participation at a given ratio. Also, it is
known that there are at least 30 crystalline minerals that
are similar in composition to C-S-H and they differ in
atomic arrangement, Ca/Si ratio (0.83 for Tobermorite,
1.8 for Jennite), and the number of —OH and H,O groups.
Therefore, it is important to take research a step deeper
into the understanding of relationship between different
nanostructural arrangements of minerals. This relates the
compositional stability of C-S-H formed in the presence
of various mineral admixtures during hydration either
through experimental or computational investigations,
which may build a platform to find a possible replace-
ment for the calcium in cement powder. Hence, the
reduction in the use of cement may be directly achieved
by adopting new methods of control, including guidance
based on simulation, which dramatically improves the
performance of concrete'"’.

Numerous experimental and computational studies
agree that C-S-H nanotexture can be viewed as a mixture
of Tobermorite and Jennite structures in which these lay-
ered species show multiple imperfections, but the nano-
scopic short-ordering structure (1-5nm) of C-S-H gel
remains elusive, as stated by Gonzalez-Teresa et al.'’.
This work aims to study the mechanical properties of
structurally related minerals of C-S-H such as Tobermo-
rite (Ca/Si—0.83), Jennite (Ca/Si — 1.8) and Portlandite
(CH) through MD simulations. Tobermorite has a mono-
clinic lattice structure and it is available in three different
(layer) thicknesses, namely 9 A [CasSigO,4(OH),], 11 A
[Ca58i6017 . SHzo to Ca4Si6015(OH)2 . 5H20] and 14 A
[CasSigO16(OH), - 7H,0] as characterized by basal spac-
ing"®. The outcome of the present study can further help
in understanding the nanostructural features of cement
hydrates in the presence of secondary mineral admixtures
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through in-depth insight on multiscale modelling of
cement hydrates.

Features of molecular dynamics

It is well known in the computational molecular model-
ling field that MD is characterized as a method of ‘parti-
cle tracking’. This can be distinguished by two versions,
namely classical and ab initio, the former for treating
atoms as classical entities (position and momentum), and
the latter for treating separately the electronic and ionic
degrees of freedom, where a wave function description is
used for the electrons. MD is one of the modelling
schemes of molecular mechanics, which directly calcu-
lates the potential energy surface or allows to simulate
the time-dependent behaviour of molecular systems by
solving classical Newton’s laws of motion:

dE_ d’R
—E=m?, (1)

where E is the potential energy, R the position of the
nuclei, m the mass and ¢ is the time.

As such, MD is an indispensable tool to interpret
experimental data. However, the accuracy of MD simula-
tions 1is intrinsically dependent on the quality of the
empirical potential energy functions and the force-field
parameters used'”'®. Here, the nuclei of atoms are con-
sidered classically as spheres connected to each other
through a set of springs emulating chemical bonds. The
motion of the atoms is simulated by the forces acting on
each atom, which are derived from a set of force-field
parameters. Choosing proper force fields is a crucial step
in MD simulation. The average description of the existing
interactions among various atoms in a molecule or a
group of molecules which has a set of functions and
parameters in molecular mechanics and MD is called as
force field. The potential energy functions of the atoms or
molecules (force field) are described based on eq. (2) be-
low. Unfortunately there is no guidance to choose a right
force field for the simulation of hydrated cement materi-
als; therefore, it is desirable to try different available
force fields®. Also, MD integrates iteratively and numeri-
cally the classical equations of motion for every atom in
the system at time increments (Az, time step) that are
user-defined. For this purpose, a number of algorithms
exist that are implemented in different computational
codes'*

K K.
V)= —( _li,o)2 + —(6; _91',0)2
2 2
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bonds
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where V is the potential energy of the molecular system,
i, j are atoms, " the coordinates of all atoms, K; the indi-
vidual energy terms, / the bond length, 0 the valance
angle, V, the height of the torsional barrier (nw— ) the
torsional angle, g,q; the net atomic charges of atoms i, j
and r;; is the interatomic distance.

Methods and results

Forcite module of Material Studio (MD) simulation soft-
ware has been used for all the steps followed in the pre-
sent study towards mechanical property predictions of
cement hydrates. The super cells of la x 15 x 1¢ and
2a x 2b x 2¢ (a, b, ¢ correspond to unit cell dimensions)
were created on the cement hydrates or minerals and the
corresponding structures were relaxed by adopting the
suitable NPT (N, number of atoms, P, pressure, and 7,
temperature) micro-canonical ensembles. The energy and
geometry optimized minerals were chosen as the subject
for this study. ‘Smart minimization method’ was used to
optimize the structures with a high energy configuration.
The cell parameters were based on crystallographic data-
base. The number of atoms considered for modelling and
simulations was limited to 2000. Based on this limitation,
the unit cell was formed. Initial check on the convergence
criteria was performed by applying static and rapidly
converging fluctuation methods, as these are some of the
most preferred approaches. The potential energy for
COMPASS can be expressed in the following form®'

i = Y (K5 (b=by)* + K3 (b=by)’ + K5 (b—by)*]
b

+Z[K29 (0—6,)" + K35(0—05)° +Ky(0 = 06y)*]
[

+ [K(1=c08 §) + Ky (1- 08 2¢) + K3 (1- cos 3¢)]
9

D Koy (=20 + ) Kyg(b=by)O = 0y)
x b,0

+z (b—by)[Ky, cosd+ Ky, cos2¢ + K5 cos 3¢]
b.¢
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Initially, the system is relaxed using NVE (V' — volume of
the unit cell, £ —energy of the unit cell) canonical
ensemble to bring the corresponding crystallographic
structure of cement hydrates into ground state. The unde-
formed and optimized structures after satisfying the con-
vergence criteria are subjected to dynamics with NPT
canonical ensemble (N — constant number of atoms, P —
constant pressure (1 atm (0.0001 GPa)) and T — constant
temperature (298 K)) for all the systems. Generally, the
time step as 1 fs is suitable for most purposes according
to Verlet time-integration method. Depending on the
number of atoms in the system, the dynamics time used in
the study ranged between 50 and 500 ps.

Following this initial stage on convergence, three tensile
and shear deformations were applied to the undeformed
systems. The resultant internal stress tensor was then ob-
tained from the analytically calculated virial equation of
state (eq. (4)), which was used to obtain estimates of the
six columns of the elastic stiffness coefficients matrix.

Cup = Z( jaﬁ, (4)

where

ov(r,
Vzﬂ+z ( Ua Tip ,

a J>i 1]

O-aﬂ

with v, being average volume of one atom; v;, the @-com-
ponent of vector V; and rj4 7y, the a-component of
vector r; —r;and o}y is the atomic level stress in atom i.

Elastic modulus, Poisson’s ratio, bulk modulus and
shear modulus of the deformed clinker phases were cal-
culated based on the Voigt notations (eqs (5)—(8)). In
order to obtain the above factors, simulations were repeated
at least 50 times to get meaningful statistical averages.

Young’s modulus £= u {Mj, (5)

A+u
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Table 1.

Unit cell details of C-S-H minerals analogue and calcium hydroxide

Mineral system

Cell length (A)
a:b:c

Angles (degrees)
a:p:y

Tobermorite 9 A lax1bx lc
Monoclinic No. of atoms: 196
2a x 2b x 2¢

No. of atoms: 1568

Tobermorite 11 A lax1bx lc
Monoclinic No. of atoms: 184

2a x 2b x 2¢

No. of atoms: 1472
Tobermorite 14 A lax1bxlc
Monoclinic No. of atoms: 240

2a x 2b x 2¢

No. of atoms: 1920
Jennite lax 1b x 1c
Triclinic No. of atoms: 81

2a x 2b x 2¢

No .of atoms: 648
Calcium hydroxide lax 1b x 1c
Trigonal No. of atoms: 5

2a x 2b x 2¢

No. of atoms: 40

11.274 :7.344 : 11.468 99.18 : 97.19 : 90.03

22.548 : 14.688 : 22.936

6.735 :7.385 :22.487 90:90:123.25
13.47 : 14.77 : 44.974
6.735 :7.425 :27.987 90:90:123.25

13.47 : 14.85 : 55.974

10.576 : 7.265 :10.931 101.3 :96.98 : 109.65

21.152 :14.53 :21.862

3.586 :3.586 : 4.880 90:90:120

7.172 :7.172 :9.760

Figure 1. Molecular or atomic arrangements in Tobermorite 14 A.
. , . A
Poisson’s ratiov= ——, (6)
2(A+u)
2
Bulk modulus K= A+ 5”’ @)
Shear modulus G = 4, (8)

where A is the Lame’s modulus and u the shear modulus.
The unit cell details and projection of cement hydrates
(C-S-H minerals analogue and CH) after geometry opti-
mization are shown in Table 1 and Figure 2 and snap-
shots taken during geometry and energy optimizations of
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the respective systems are shown in Figure 3. It can be re-
ferred from the optimization steps carried out that all the
corresponding cement hydrate structures attained the
ground state (relaxed) energy before dynamics, which is
one of the basic criteria ensuring non-fluctuations in
energy states of the systems.

The non-bonded (van der Walls and electrostatic)
energy stored in the mineralogical systems before and af-
ter dynamics studies was obtained through MD. From the
energy results obtained, the root mean square (RMS)
force was calculated, as these are important parameters
during the dynamics due to the intra-atomic or molecular
displacements of atoms or molecules. The calculated
mechanical properties such as Young’s modulus, Poisson’s
ratio, bulk modulus and shear modulus of the cement
hydrates are shown in Figure 4.

It can be seen from Figure 4 that among the C-S-H
nano particulates, namely Tobermorite 9 A, 11 A, 14 A
and Jennite, highest bulk properties such as elastic
modulus, bulk modulus, shear modulus and Poisson’s
ratio are achieved by Tobermorite 9 A. The order of the
strengths are as follows: Jennite > Tobermorite 9 A >
Tobermorite 11 A > Tobermorite 14 A. The highest
strength achieved by Jennite and lowest strength achieved
by Tobermorite 14 A are due to the repeat distance, i.e.
0.5 nm in the former and 1.4 nm in the latter. The reason
behind the differential strength among the Tobermorite
groups is due to the presence of hydrogen bonds. The
layer or array of hydrogen bonds in Tobermorite 14 A
(ref. 13) is shown in Figure 5. Based on the experimental
finding on calculating the hydrogen bond distance
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Figure 2. Unit cell projection of cement hydrates after geometry optimization.
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Figure 3. Snapshots of geometry optimization of cement hydrates during molecular dynamics (MD) simulations.

and hydro links (water), it can be inferred that both the 14 A, the bond layer is much longer compared to its other
bonding parameters play a crucial role in stabilizing the analogues, which resulted in the least stable structure
Tobermorite structures. Hence, in the case of Tobermorite  under stress, as reflected in the decrease in strength. The
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Figure 4. Mechanical or bulk properties of cement hydrates obtained through MD simulations.
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Figure S.

calculated RMS forces for the supercell consisting of
la x 1b x Ic Tobermorite (9, 11, 14) A analogue are
3.626, 4.249 and 4.627 kcal/mol/A respectively. It has
been proven by RMS forces that due to the least dis-
placement of intra-atoms or molecules of hydrates,
Tobermorite 9 A has the highest bulk property compared
to other analogues. RMS forces are not taken for com-
parison of different mineral structures as the in-built
stresses vary with respect to atomic arrangements due to
the variable nature of silicate chains and interlayer inter-
actions are dominated by Coulombic forces rather than
van der Waals dispersion forces®”. However, portlandite
mineral or CH showed better performance in all aspects
compared to C-S-H nano particulates during MD simula-
tions, which is due to the absence of displacement-free
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Hydrogen bonding system in Tobermorite 14 A (dashed arrows indicate the strength of each hydrogen bond).

atoms or molecules during dynamics in the CH crystal as-
sembly. The results obtained from the present study are in
good agreement with variation of 30—40% with reference
to the reported results by Shahsavari et al.*> and Jorge
Dolado and van Breugel™.

Conclusion

MD simulations are used to calculate bulk properties such
as elastic modulus, Poisson’s ratio, bulk modulus and
shear modulus of cement hydrates, namely C-S-H and CH
using different super cells. It can be concluded that the
order of the strengths for the cement hydrate systems is as
follows: Jennite > Tobermorite 9 A > Tobermorite 11 A >
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Tobermorite 14 A with respect to both the supercells cre-
ated. Thus, this article presents the procedure for multi-
scale modelling of cementitious composites, which can
be a platform for developing computational model for
cement hydrate systems for assessing the physico-
chemical and mechanical characteristics.
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