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Molecular dynamics study on mechanical properties of C-S-H composites
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In this paper, the mechanical properties of calcium silicate hydrate gel (C-S-H) are investigated with molecular dynamics (MD)
simulations, in which the Tobermorite 9A, Tobermorite 11A, Tobermorite 14A and Jennite crystals are treated as fundamental
models of the C-S-H nanostructure. The initial structures of the crystal models are firstly preprocessed and optimized, and
then are simulated in the canonical (NVT) ensemble conditions. The orthotropic elastic constants of the C-S-H nanostructure
are determined and used to derive the bulk and shear moduli via the Voigt-Reuss-Hill method. The self-consistent, Mori-
Tanaka, and Voigt methods are employed to compute the mechanical properties of various mixtures of C-S-H composites with
different porosities. The simulated results are found to be in a reasonable agreement with those obtained from nano-
indentation tests, while the result obtained from the Mori-Tanaka method appears to be the closest to the experimental one.
It could also be observed that the mechanical properties of C-S-H vary within a certain range as the porosity and proportions
of the components change.
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Introduction tend to vary widely because of the limitations of the
experimental capabilities available, and cannot fully
Cement is used extensively in industry, agriculture, explain the microstructure and evolution of the C-S-H
transportation, urban construction, water conservancy, as well as the cement hydration mechanism. On the
marine development, public facilities, and defense other hand, computer modeling and simulation could
engineering. However, the high energy consumption complement the experimental investigation to better
and pollution associated with cement production place understand the cement hydration process and the
heavy burdens on the global economy and the microstructural evolution of cement. Relevant test data
environment. Cement hydration is a complex physical and suitable theoretical analysis can be combined to
and exothermic chemical reaction that results in the establish a simulation model such that the performance
formation of multiphase anisotropic cement paste. The of cement before and after hydration reaction can be
microstructure of cement-based materials affects the investigated via the model.
strength, deformation, and durability of concrete, and Molecular dynamics (MD) is an effective atomic
the macroscopic structure of cement hydration products simulation method that solves Newton’s equations of
affects various concrete properties. C-S-H is the primary motion to determine a system’s thermodynamic
product of cement hydration, accounting for characteristics by tracing the trajectory of atoms in the
approximately 60~70% of the cement matrix by mass. system. The MD has been widely applied in many
Some of the macroscopic properties of cement-based areas such as chemical physics, materials science and
materials, such as their hardening, shrinkage, and biology. Although it is ubiquitous presence and decades
adhesive aggregation, are closely related to the of intensive research, the atomic arrangement of C-S-H
properties of C-S-H. Although microscopic—macroscopic remains an enigma. The average Ca/Si ratio in C-S-H
investigations and simulations of C-S-H have been is 1.7[5], with local values measured by transmission
conducted in previous studies [1-4], the mechanism for electron microscopy (TEM) between 0.6 and 2.3[6]. It
the mechanical responses of the C-S-H has not been is widely accepted that C-S-H has a layered structure
well understood. The experimental results of the C-S-H akin mostly to that of Tobermorite and Jennite

minerals. There are some materials with the similar
chemical composition and similar crystal structure as
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Taylor [11] divided hydrated calcium silicate into C-S-H
(I) and C-S-H (II). The former’s nanostructure resembles
Tobermorite 14 A (Ca/Si= 0.83), and the latter is similar to
Tobermorite 14 A (Ca/Si=1.5). Pellenq et al. [12,13] used
Monte Carlo method for obtaining the mechanical
properties of C-S-H, considered the density of 2.6 g/
cm’ as a target parameter, and then constructed a
(Ca0);.65(Si0,)(H,0); 75 model. They confirmed the
simulation’s reliability by comparing the simulation
results with test data. Hou et al. [14] employed MD
simulation to study C-S-H and describe the relationship
between the molecular and macroscopic scales.
Tobermorite 11A was thought to be the initial structure,
and C-S-H input models were constructed using a (Qn)
coefficient determined from nuclear magnetic resonance
(NMR) testing. Simulations of triaxial tensile testing
were carried out to assess the mechanical performance
of C-S-H at the nanoscale by comparing the MD
simulation results with test results. Wang et al. [15]
studied the nanoscale mechanical properties of C-S-H
composites under different temperatures using MD, in
which 4 crystals such as tobermorite 9A, 11A, 14A and
Jennite were considered. Manzano et al. [16-18]
simulated the C-S-H’s mechanical properties by force
field calculations. The dependence of the bulk (K), shear
(G) and Young’s (E) modulus of the C-S-H crystals on
its composition and the length of its silicate chains was
analyzed through lattice dynamic simulations of
parametric two-body and three-body potentials. The
results have indicated that the mechanical properties of
the C-S-H crystals are highly dependent on the
composition of the C-S-H. However, the calculated
values of the modulus systematically overestimate the
experimentally determined values for C-S-H gels. The
discrepancy only disappears when the finite length of
the silicate chains is taken into account. Shahsavari et
al. [19] presented first-principles calculations for the
elastic constants of Tobermorite family and Jennite
based on the interlayer interactions. Tunega and Zaoui
[20] reported a density functional theory study on the
structural and mechanical properties of C-S-H phases,
in which Tobermorite 9A was the main component.
The calculated bulk modulus and elastic constants
reflected a relatively high resistance of the ideal
Tobermorite structure with respect to the external
isostatic compression. Al-Ostaz et al. [7] presented an
MD model for estimating the mechanical properties of
hydrated cement’s major constituents: C-S-H, as
represented by the structurally related minerals,
Tobermorite 14 A and Jennite, and calcium hydroxide
(CH). They used the microporomechanics technique to
assess the properties of two types of C-S-H, namely,
low-density (LD) and high-density (HD) C-S-H gels,
as a step in the process of studying complex cement
hydration products. Li et al. [8] also studied the
structure and mechanical properties of minerals that are
structurally related to C-S-H, and determined the radial

distribution function, Poisson’s ratio, Young’s modulus,
bulk modulus, and shear modulus of Tobermorite 9A,
Tobermorite 11A, Tobermorite 14A, and Jennite. The
simulation results showed that after annealing, the
systems studied tended to become amorphous from a
structural perspective. The mechanical property values
obtained were compared with experimentally measured
values to confirm that the simulation conditions were
appropriate. The research demonstrated a novel way of
studying the complex structure of C-S-H. Dharmawardhana
et al. [9] evaluated the electronic structure and interatomic
bonding of four major C-S-H components (i.e., Tobermorite
9, 11, 14A, and Jennite) by the ab initio method and
discussed the role of interatomic bonding in the
mechanical properties of the C-S-H crystals. Hajilar and
Shafei [10] studied the crystal structure of C-S-H using
MD simulations. The accuracy of the results was
verified by the comparison with experimentally obtained
ones, and those obtained with other atomistic simulation
methods. The MD simulation results were used to
predict the elastic properties of C-S-H gel by rescaling
the values calculated for individual crystalline structures.
A microporomechanical study was then conducted on
low- and high-density phases of C-S-H, taking the effect
of porosity into account, and the results were verified by
comparison with the results of nanoindentation tests.
Rivas et al. [21] simulated the shear deformation
behavior of nanoscale C-S-H Jennite using MD
simulation and determined the shear modulus to be 11.2 +
0.7 GPa. As shown in the above literature review,
however, very few efforts have been made to investigate
the effects of the proportions of C-S-H crystals, the
condition of stable solutions and the porosity on the
mechanical properties of C-S-H composites. Shahsavari et
al. [22] simulated the atomistic model of cement using
the CSH-FF, which was improved from the ClayFF. They
found that structural data can be accurately predicted.
There were also many studies [7,8,10] using COMPASS
force field to study the mechanical properties of C-S-H gel
at nanoscale, and the outcomes were fully capable of
predicting the mechanical of C-S-H gel. Abdolhosseini et
al. [23] described a combinatorial approach to optimize
properties of cement hydrates. The method entails
screening a computationally generated database of
atomic structures of C-S-H. They also commented on
implications of the present findings for a novel route to
optimize the nanoscale mechanical properties of cement
hydrate. It should be noted that except the listed
studies, no experiment results are available in the
literature regarding the mechanical properties of the
Tobermorite family, Jennite and other hydrated phases.

Although there were many simulations on C-S-H, the
research methods they used were different. The results
were with quite difference, particularly when compared
with the values of experiments [8, 10, 12, 13]. There is
no uniform conclusion at present. Based on the detailed
MD process, in this study, four analogs of C-S-H
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crystals, namely, Tobermorite 9A (CasSicO;6(OH),)
[24], Tobermorite llA (C32.25(8i307_5(OH)1.5)‘(H20))
[25], Tobermorite 14A (CasSigO,(OH),*7(H,0)) [26],
and Jennite (CaySigO15(OH)s*8(H,0)) [27] crystals, are
investigated to determine their mechanical properties
using MD simulation. Optimization is carried out first in
the simulation process, and three crystal scales are then
considered to assess the size effect. The mechanical
properties of the four crystals are calculated at 25 °C
(298 K). After that, 23 different proportions of the four
crystals are analyzed to assess the influence of the C-S-
H crystals on the mechanical properties of the C-S-H
composites. High- and low-porosities corresponding to
low- and high-density of the C-S-H crystals are
considered, and the self-consistent, Mori-Tanaka, and
Voigt methods are used for analyzing the ranges of the
C-S-H crystals’ mechanical properties based on their
component proportions. A microporomechanical study
is then conducted on low- and high-density phases of
the C-S-H crystals with different porosities. The
simulation results are found to agree well with
nanoindentation testing results.

Model Formulation and Simulation Methods

The MD simulations and the model set-up are both
performed using the Materials Studio (MS) package
[28], which has extensively been adopted in the
investigation of nano-properties of the C-S-H [7, 8, 21].

Formulation of an initial model

The construction of an initial MD model is of great
importance to the MD simulations. According to the
hypothesis proposed by Taylor [11], because the structures
of Tobermorite 9A, Tobermorite 11A, Tobermorite 14A,
and Jennite are similar to C-S-H gel’s, these minerals can
be considered as the replacements for the C-S-H gel in the
construction of an initial MD model. Bonaccorsi [24-27]
investigated the crystal structures of Tobermorite and
Jennite, and gave the space group, lattice type, and cell
parameters of Tobermorite (with interlayer spaces of 9A,
11A, and 14A) and Jennite crystals as shown in Table 1.
Fig. 1 shows the atomic structures of the monocrystals
(Tobermorite 9A, Tobermorite 11A, Tobermorite 14A
and Jennite crystals) built based on Table 1.

The yellow balls represent silica atoms, the green balls
represent calcium atoms, the red balls represent oxygen
atoms, and the white balls represent hydrogen atoms.

Force field

The COMPASS (Condensed-phase Optimized
Molecular Potential for Atomistic Simulation Studies)
[29] force field are selected to describe the atomic
interactions in the MD calculations. The COMPASS
force field has been used in simulations of various
types of materials, such as liquid, crystals, polymers,
small organic molecules, inorganic materials, metal

Table 1. Tobermorite (9A, 11A, and 14A) and Jennite parameters.

Modeling Tobermorite Tobermorite Tobermorite

system 9A 11A 14A Jennite
Space group C-1 Bm Bb P-1
Lattice type  triclinic = monoclinic monoclinic triclinic
a/A 11.156 6.69 6.735 10.576
b/A 7.303 7.39 7.425 7.265
c/A 9.566 22.77 27.987 10.931
o/ 101.08 90 90 101.3
pr 92.83 90 90 96.98
y/r° 89.98 123.49 123.25 109.65

(¢) Tobermorite 11A (d) Tobermorite 14A

Fig. 1. Molecular structures of C-S-H crystals’ initial models.

oxides, and silicon-aluminum silicates [7]. The
expression of the COMPASS force field changes
depending on the bonding interaction of the simulated
objects. A general inorganic and covalent bonding
system is used in this study. The parameter values used
in the force field are drawn from the results of
experimental investigations and calculations based on
quantum mechanics. The reliability of the force field is
thus considered to be considerably improved as
compared with before [29].

A COMPASS force field function generally consists
of a bond term £ ..., an angle term E, .om,anda
non-bonding term £ The molecular total

non—bond

pOtential energy iS E/a/al = Evalence + Ecross/el‘m + E non—bond + The
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bond term £, includes a bond stretching term, an
angle bending term, a torsion angle term, an out-of-
plane bending term, and an improper torsion term. The
angle term £ includes a stretch-stretch term, a
stretch-bend term, a stretch-torsion term, a bend-bend
term, a torsion—torsion term, and a bend-torsion-bend
term. The non-bonding term £, . includes a van

der Waals interaction term and an electrostatic term.
The potential function is as follows [30]

B = Z[R (b=b,) +K,(b—b,) +K, (b-b, }‘: @
+§!_K:.u{ﬂ -60,) +K,(0-6,) +K,(0-6, _]*J @
+E[K,’[I—uns¢lj+xy(l—c052¢}+ K.@(i—cmm]: @
+g K, (z-%) @
+Z K, (b-,)(b -8,) ®
uiﬂk,ﬂ(a b)(6-8,) @
+£ (b—b, )[ K, cosg+ K, cos 2+ K, cos3g] ]
+; (6-8, }Lﬂ'.ﬁ, cosg+ K, cos2¢+ K, c:}53¢j )
*?—.,(” -0,)(0-9,) )
+E Ky (0 —6,)(6-6,)cos¢ @®

where items (1)-(d2 are the stretch, angle bending,
torsion angle, out-of-plane bending, stretch-stretch,
stretch-bend term, stretch-torsion, stretch-bend, bend-
bend, torsion-torsion, electrostatic, and van der Waals
interaction terms, respectively.

The stretch and angle terms of the force field are
expanded to the items of fourth power, and the
complete cross interactions are maintained to ensure
the accurate bonding interaction. This treatment is
helpful in improving the simulation efficiency.

Pre-processing and optimization of the initial
structure
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Fig. 2. Change in density of the structure for time step of 6000.
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Fig. 3. Change in relative energy of the structure for time step of
6000.

Before performing the MD simulations of the C-S-H
gel, an energy minimization of the system is performed
using an algorithm which combines the steepest
descent, Quasi-Newton, and adjusted basis set Newton-
Raphson (ABNR) method. The COMPASS force field
and QEq electric charge method have been considered.
The convergence of the analyses was verified by
setting the threshold value of the total energy change
equal to 1.0 x 107" kcal/mol. The number of simulation
steps is 6,000. We have evaluated whether the system
is balanced by observing the changes in energy and
density during the optimization. The transient changes
in density and relative energy of Jennite are shown in
Fig. 2 and Fig. 3, respectively. As can be seen, the
structural model tends to become stable when the
number of optimizing steps reaches 5,000. Therefore,
the crystal structure after 5,000 optimization steps was
selected as the structure for the subsequent molecular
dynamic relaxation. The optimized structures are used
as the initial models for the subsequent MD
simulations.

The energy minimization is also performed for
Tobermorite 9A, Tobermorite 11A, and Tobermorite
14A using the same optimization process. The cell



Molecular dynamics study on mechanical properties of C-S-H composites 23

Table 2. Cell parameters of Tobermorite 9A’s initial structure
before and after optimization.

Cell Before After Error
parameters  optimization  optimization 1%
a/A 11.156 11.0322 -1.11
b/A 7.303 7.1769 -1.72
c/A 9.566 9.4899 -0.8
o/° 101.08 104.25 +3.14
pBre 92.83 95.391 +2.76
v/° 89.98 87.447 -2.82
Density/g/cm® 2.865 3.019 +5.38

Table 3. Cell parameters of Tobermorite 11A’s initial structure
before and after optimization.

Cell Before After Error
parameters ~ optimization optimization 1%
a/A 6.69 6.46 -3.43
b/A 7.39 7.285 -1.42
c/A 22.76999 21.959 -3.56
a/° 90 90 0
pre 90 90 0
y/° 123.49 122.437 -0.85
Density/g/cm’ 2.38 2.562 +7.63

Table 4. Cell parameters of Tobermorite 14A’s initial structure
before and after optimization.

Cell Before After Error
parameters ~ optimization  optimization 1%
a/A 6.735 6.613 -1.81
b/A 7.425 7.324 -1.36
c/A 27.987 27.869 -0.42
a/° 90 90 0
Bre 90 90 0
y/° 123.25 123.92 +0.54
Density/g/cm® 2.23 2.328 +4.39

parameters for Tobermorite 9A, Tobermorite 11A,
Tobermorite 14A, and Jennite crystals before and after
optimization are listed in Tables 2-5, respectively. The
crystal structures and cell parameters exhibit no
obvious differences before and after optimization.

We have found that the cell parameters and crystal
densities would change slightly (less than 5%) after
optimizing the crystals’ structures using the COMPASS
force field. There are no obvious changes in the
silicon-oxygen tetrahedron structure within the cell,
which confirms the suitability of this force field.

To verify our procedures, the mechanical properties
of the geometrically optimized Jennite were calculated
in the same way as that Hajilar and Shafei [10] used in
studying the crystal structure of C-S-H. The structures
after optimization have changed to some extent from
the original ones by Hajilar and Shafei [10]. Tens of
runs give the results with large fluctuations. For
example, we obtained the results such as the set of

K =66.09 GPa, G =32.27 GPa, E=83.27 GPa and
V' =0.29, and another set of K =70.21 GPa, G =35.62
GPa, £=91.39 GPa and V =0.28, which are almost in
the same range as those reported in [10]. However,
other values such as the set of K =103.49GP/a,
G =49.06 GPa, E=127.0897 GPa and ¥ =0.30, and
another set of K=48.45 GPa, G =25.78 GPa,
E =65.69 GPa and Y =0.27 were also obtained. The
fluctuations reflect the necessity of optimization
procedure and selection of an appropriate approach.

Molecular dynamic simulation and the mechanical
properties of C-S-H

Following the geometry optimization, the MD
simulations of the C-S-H are conducted in the
canonical (NVT) [8,10] and the isobaric-isothermal
(NPT) [7-10, 21] ensembles. The temperature is set to
25°C (298 K). The Nose-Hoover-Langevin (NHL)
method is used for temperature control, while the
Berendsen method is used for pressure control. The
time step is 1.0 fs, and the total simulation time is 500
ps. From the computed atomic motion results, we
calculate the bulk modulus and shear modulus of the
C-S-H crystals using the constant-strain method after
the MD simulation. The solutions obtained for the C-S-
H crystals using the NVT and NPT ensembles differ by
less than 3%.

Single-crystal materials typically exhibit anisotropy
in their mechanical properties, whereas polycrystalline
materials composed of single crystals are typically
isotropic in their mechanical properties. Because the
mechanical properties of single crystals do not represent
the mechanical properties of polycrystalline materials
well, we typically calculate the elastic constants of single
crystals first and infer those of polycrystalline materials
from them. Orthotropic materials have three orthogonal
elastic symmetry planes, with the principal directions
taken to be the directions of the coordinate axes.

The elastic properties of the C-S-H crystals at nano-
scale are evaluated based on the interatomic bonds and
force. The elastic stiffness coefficients, “i# , which
relate the components of the stress, O, and strain,
&, tensors under a constant temperature T, are
defined by formula (2):

Co - oo, _1_ 0%4
o ¢y )y, V\0g;0ey, . 2)

where V" denotes the undeformed system volume, and
A is the Helmholtz free energy.

In this study, the elastic properties of the C-S-H
crystals are computed by using the constant-strain
method, in which a given strain is applied in a series of
steps, the structure should be minimized after each
step. We optimized the structures first to ensure that the
input system has been minimized before the distorted
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Table 5. Cell parameters of Jennite’s initial structure before and

Table 8. The elastic stiffness constants of Tobermorite 14A

after optimization. (GPa).

Cell Before After Error C; 1 2 3 4 5 6
parameters  optimization  optimization /% 40.0861 253375 14.1369 -0.2490 03002 -0.5562
a/A 10.576 10.609 +0.3 (0.0005) (0.3466) (0.2552) (0.2818) (0.1959) (0.2909)
b/A 7.265 7212 -0.7 25.3375 78.1922 15.8692 -0.2771 -0.9737 -3.1143
c/A 10.931 10.324 -5.6 (0.3466) (3.2373) (0.1438) (0.8282) (0.5334) (0.5306)
a/° 1013 100.46 -0.8 14.1369 15.8692 38.4132 0.3208 0.4044 -1.3501
B 96.98 93.16 3.9 (0.2552) (0.1438) (0.2301) (0.2863) (0.6342) (0.6419)
v° 109.65 110.02 +03 -0.2490 -0.2771 0.3208 14.1397 0.1972 -0.3585
Density/g/em’ 2325 2439 +4.9 (0.0282) (0.8282) (0.2863) (0.3765) (0.1003) (0.5454)
0.3002 -0.9737 0.4044 0.1972 5.4546 0.2770
Table 6. The elastic stiffness constants of Tobermorite 9 A (0.1959)  (0.5334) (0.6342) (0.1003) (0.8697) (0.2536)
(GPa). -0.5562  -3.1143 -1.3501 -0.3585 0.2270 20.6517
(0.2909) (0.5306) (0.6419) (0.5454) (0.2536) (0.6543)

Gj 1 2 3 4 5 6

86.1496 36.4089 22.1067) -4.0973 9.0026 9.8013
(0.0024) (0.0006) (0.0004) (0.0002) (0.0007) (0.0003)
36.4089 102.6793 18.0573 -2.5632 -5.3786 6.2507
(0.0006) (0.0007) (0.0007) (0.0002) (0.0004) (0.0006)
22.1067 18.0573 62.6297 -2.1896 8.6644 3.2092
(0.0004) (0.0007) (0.0009) (0.0005) (0.0003) (0.0004)
4.0973 25632 -2.1896 13.4587 -0.2233 -2.3920
(0.0002) (0.0002) (0.0005) (0.0002) (0.0003) (0.0003)
9.0026 -5.3786 8.6644 -0.2233 13.3261) -1.7905
(0.0007) (0.0004) (0.0003) (0.0003) (0.0005) (0.0004)
9.8013 62507 3.2092 -2.3920 -1.7905 30.6312
(0.0003) (0.0006) (0.0004) (0.0003) (0.0004) (0.0011)

1

Table 7. The elastic stiffness constants of Tobermorite 11A
(GPa).

C 1 2 3 4 5 6

67.9812 23.9408 10.0374 04876 -0.7326 0.9269
(0.0003) (1.4698) (1.9633) (0.4522) (1.04800 (0.1083)
23.9408 79.1257 15.7704 0.6446 -0.0775 2.8393
(1.4698) (2.0875) (3.3589) (0.1095) (1.3022) (1.4855)
10.0374 157704 49.0869 0.7952 -0.6794 -0.5495
(1.9633) (3.3589) (0.7456) (1.2300) (1.3175) (1.6941)
04876 0.6446 0.7952 11.0140 0.5689 0.3353
(0.4522) (0.1095) (1.2300) (2.0506) (1.3746) (0.2409)
0.7326 -0.0775 -0.6794 0.5689 9.1570 -0.4684
(1.0480) (1.3022) (1.3175) (1.3746) (3.1117) (0.5190)
0.9269 2.8393 -0.5495 0.3353 -0.4684 22.6110
(0.1083) (1.4855) (1.6941) (0.2409) (0.5190) (0.0107)

1

structures are generated. The number specifying the
distorted structures to be generated for each strain
pattern was 4, and the maximum strain amplitude in
each strain configuration was set to 0.003 to ensure that
the deformations remain in the linear elastic regime.
The elastic stiffness and compliance matrices of an
orthotropic single crystal, denoted by C and S,
respectively, are as follows

Table 9. The elastic stiffness constants of Jennite (GPa).

Cij 1

2 3 4 5 6

36.5256
0)
16.1553
(0.1368)
13.8102
(0.5871)
-1.3500
(0.4136)
17111
(0.4399)
-1.1697
(0.3142)

16.1553 13.8102 -1.3500 1.7111 -1.1697
(0.1368) (0.5871) (0.4136) (0.4399) (0.3142)
67.5869 19.0478 -2.9271 -0.4927 0.9589
(1.6531) (0.5504) (0.4215) (0.2374) (1.0348)
19.0478 43.1750 05019 -0.5103 0.6634
(0.5504) (0.6430) (0.5918) (0.4547) (0.6545)
2.9271 05019 143232 -0.1914 -0.9579
(0.4215) (0.5918) (0.5037) (0.4310) (0.5810)
-0.4927 -0.5103 -0.1914 12.8248 -0.2215
(0.2374) (0.4547) (0.4310) (0.1066) (0.2384)
0.9580 0.6634 -0.9579 -0.2215 12.5542
(1.0348) (0.6545) (0.5810) (0.2384) (0.3103)

Cll
C12
G

c=| "

and

C]3
C22 C23
C23 C33 (3)

1%
1%

%)
th

22 23

)

5]
9]

23

S(y6_

The elastic stiffness constants (the values of in
formula (3)) of Tobermorite 9A, Tobermorite 11A,
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Table 10. Mechanical properties of Tobermorite 9A.

Mechanical The ranges in

lax1bxlc 2ax2bx2¢ 3ax3bx3c

properties other papers

K/GPa 40.94 41.19 41.19 22.41-78.09

G/GPa 20.21 20.21 20.21 19.64-45.64

E/GPa 52.07 52.11 52.11 45.6-112.72
H 0.288 0.289 0.289 0.16-0.36

Table 11. Mechanical properties of Tobermorite 11A.

hgfg;:ggsl lax1bx1c 2ax2bx2c  3ax3bx3c Tolzﬁerf‘gfgir‘;
K/GPa 3529  33.17 3225  15.48-77.19
G/GPa 1801 1657 16.81 9.25-40.42
E/GPa 46.18  42.60 4296  23.14-103.25
u 0282 0286 0.278 0.21-0.34

Table 12. Mechanical properties of Tobermorite 14A.

Mechanical
properties

The ranges in

lax1bxlc 2ax2bx2c 3ax3bx3c
other papers

K/GPa 21.35 26.93 27.68 16.36-56.42

G/GPa 11.44 12.90 12.62 9.38-31.65

E/GPa 29.12 33.37 32.86 22.4-91
M 0.273 0.294 0.302 0.16-0.34

Table 13. Mechanical properties of Jennite.

Mechan}cal laxlbxlc 2ax2bx2c  3ax3bx3c The ranges in
properties other papers
K/GPa 25.68 25.81 25.78 13.23-69

G/GPa 13.57 13.57 13.89 9.38-31.65
E/GPa 34.62 34.63 35.63 22491
7, 0.275 0.276 0272 0.18-0.37
Table 14. Mechanical properties of C-S-H.
Crystals K/GPa G/GPa  E/GPa Y7,

Tobermorite 9A 41.19 20.21 52.11 0.29
Tobermorite 11A 32.25 16.81 42.96 0.27
Tobermorite 14A 27.68 12.62 32.86  0.30

Jennite 25.78 13.89 35.63 027

Tobermorite 14A, and Jennite are shown in Table 6
through Table 9, in which the numbers in the
parenthesis are the standard deviation.

The elastic stiffness constants listed in these tables
are consistent with the orthotropy in most cases, except
for a few values in Table 6. As shown in Table 1, the
non-austere orthotropy of a crystal’s structural model
might lead to this dispersion. Nevertheless, we treat the
matrix as approximately orthotropic.

The single crystals’ elastic constants are used to
estimate their polycrystalline ones. The maximum and
minimum values of the bulk modulus and shear
modulus are obtained as described by Voigt [32] and
Reuss [33], respectively. Equations (5-8) are used to

determine the polycrystalline elastic constants, based
on the elastic stiffness and compliance matrices of the
single crystals.

K, = ;—[CH +Cy +Cy+2(CL+Cy+Cy)]  (5)
Gy =12 €+ Ca Gy #3(C GG ~(Ca 4G +C)] (6)

Ke=[8,+S,+8,+2(S,+5,+5,)]" (7

Gy =15[4(S,, + S8+ =S, =Sy =S ) +3(Suy + 85 +546) |
®)

where the subscripts /' and R represent the average
values obtained as described by Voigt and Reuss,
respectively.

Hill [34] pointed out that the actual bulk and shear
modulus are usually located between the wvalues
estimated as described by Voigt and Reuss. Therefore,
the averages of the maximum and minimum values are
considered to yield realistic estimates of the bulk and
shear modulus, according to the widely used “Voigt-
Reuss-Hill (VRH)” method as proposed by Hill and
expressed by formulas 9 and 10:

K,+K

K=Ky = % ©)
G, +G

G:GVRH :% (10)

For isotropic materials, the Young’s modulus ( £) and
Poisson’s ratio (4) of the crystals can be calculated
from the bulk (K) and shear (G) modulus using
formulas (11) and (12) as follows:

9G
E=—"7
3+G/K (I
3-2G/K
M+ 2G6/K (12)

We expand a 1a x 1b x 1c single cell optimized into 2a
x 2b x 2¢, 3a % 3b x 3¢, and 4a x 4b x 4¢ supercells to
eliminate the influence of a size effect. We are then
able to obtain the crystals’ elastic constants. We
compare the results for the 4a x 4b x 4¢ structure of
Jennite with those of its 3a x 3b x 3¢ structure and find
that the error is less than 2%. The 4a x4b x4c
structure is found to require substantial amounts of
computing resources and time. Therefore, we do not
perform the simulation of 4a x 4b x 4¢ structures in the
subsequent computations.

The MD results of the mechanical properties of
Tobermorite 9A, Tobermorite 11A, Tobermorite 14A,
and Jennite crystals are summarized in Table 10
through Table 13. To verify the accuracy of estimates,
the comparisons are made with the results provided by
other studies: Pellenq [12, 13], Manzano et al. [16-18],
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Table 15. Proportions of four crystals.

Sample Proportions of four crystals within C-S-H composite/%
number
Tob. 9A Tob. 11A  Tob. 14A  Jennite
N1 100 - - -
N2 - 100 - -
N3 - - 100 -
N4 - - - 100
N5 50 50 - -
No6 50 - 50 -
N7 50 - - 50
N8 - 50 50 -
N9 - 50 - 50
N10 - - 50 50
N11 50 25 25 -
NI12 50 25 - 25
N13 50 - 25 25
N14 25 50 25 -
N15 25 50 - 25
N16 - 50 25 25
N17 25 25 50 -
N18 25 - 50 25
N19 - 25 50 25
N20 25 25 - 50
N21 25 - 25 50
N22 - 25 25 50
N23 25 25 25 25

Table 16. Experimentally measured values of C-S-H’s Young’s
modulus and Poisson’s ratio.

Mechanical LD C-S-H HD C-S-H
properties
KGpa | 14220411,22.89046],  25-30[41], 41.45[46],
21.7+£2.2[47],20[48] 29.4 + 2.4[47], 30[48]
M 0.25[29]

Shahsavari et al.[19], Al-Ostaz et al. [7], Li et al. [§],
Dharmawardhana et al. [9], Hajilar and Shafei [10],
Rivas et al. [21], and Ji-kai Zhou et al. [29]. The ranges
of these values are given in Table 10 through Table 13.
From the tables, it can be seen that the results
calculated in this study are located in reasonable
ranges.

It appears that the mechanical properties of
Tobermorite 9A, Tobermorite 11A, Tobermorite 14A,
and Jennite crystals are not sensitive to the number of
cells. Therefore, the results for 3a x 3b x 3¢ structures
are used in the subsequent computations, as shown in
Table 14.

Mechanical properties of the C-S-H composites
The C-S-H plays a major role in cement’s
mechanical properties and durability, but its structure is
still not clearly understood and needs to be studied
further. Although the microstructure of the C-S-H is

similar to those of Tobermorite and Jennite crystals, it
is not as simple as those. Wu [35] and Shahasavari [19]
introduced various methods for constructing the C-S-H
models, including the Power-Brownyard model [36],
the Feldmann-Sereda model [37], and the Jennings
model [38-41]. Typically, the C-S-H models of
different porosities are constructed based on Jennite
and Tobermorite crystals, and they are arranged in a
certain sequence. The mechanical properties of the C-
S-H are then determined according to the accumulation
pattern and density of these particles. In the widely
used hybrid Jennings model [40], the C-S-H gel is
considered to be a multiphase porous material with its
components and pores distributed randomly. Based on
the size, shape, type and distribution of the components,
we can analyze the C-S-H composites using various
homogeneous models. The self-consistent (SC) and
Mori-Tanaka (MT) models have been demonstrated to
be suitable for cement-based materials.

Proportions of the crystals within C-S-H

Since the mechanical properties of C-S-H directly
depend on the proportions of Tobermorite 9A,
Tobermorite 11A, Tobermorite 14A, and Jennite
crystals, 23 different proportions of the four crystals as
shown in Table 15 are considered to assess the
influence of the C-S-H crystals on the mechanical
properties of the C-S-H composites.

Meso-Mechanics methods

The porosities of 26% and 36% corresponding to
high-density C-S-H (HD C-S-H) and low-density C-S-
H (LD C-S-H), respectively, are considered according
to Jennings [41]. Porosity needs to be taken into
account because it has a huge influence on the
mechanical properties of C-S-H. The C-S-H’s
mechanical properties vary with the proportions of the
four crystals in the C-S-H composite. Three methods
are employed to derive the mechanical properties of the
C-S-H composites, as described below.

Self-consistent method (SC)

The SC method can be used to estimate the mean
elastic modulus of multiphase porous materials based
on the mechanical properties of solid spherical particles
[34, 42, 43]. The bulk and shear moduli of a composite
consisting of two components can be obtained as follows:

Ky=—g 3G (13)
a——
4 4
K,+§G,.j Kj+§G,.j
C.K C K, CG, C,G, ]
— +5 + +2=0 (14
K +-G, K +iG[ G,-G, 0,-G, (14)

where K ; and Gi/ are the composite’s bulk and shear
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Fig. 4. Calculated versus experimental Young’s modulus values
for porosity () of 26%.
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Fig. 5. Calculated versus experimental Young’s modulus values
for porosity (¢) of 36%.

modulus, respectively; K., G, K ;» and Gj
represent the two materials’ bulk and shear modulus;
C and C ; are the proportions of the two components
in the composite, respectively, in which 7 and J
represent the crystals whose proportions are 50% each.

For a composite consisting of three components
whose proportions are 25%, 25%, 50%, respectively, the
bulk and shear modulus can be obtained in the following
way: the two components of 25% proportions are
considered firstly for the moduli calculated by Equations
(13) and (14), and then the computed moduli are used
to find the properties of the composite, in combination
with the moduli of the component of proportion 50%.
For a composite consisting of four components whose
proportions are 25% each, the bulk and shear modulus
can be obtained in a similar way that composing each
two components first, and then composing the two
composites. After considering the crystals’ proportions,
the pores are treated as one component, and the bulk
and shear moduli of the pores are zero when the
porosities are taken into account. The mechanical
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Fig. 6. Calculated versus experimental Poisson’s ratio values for
porosity (¢) of 26%.
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Fig. 7. Calculated versus experimental Poisson’s ratio values for
porosity (¢) of 36%.

properties obtained by this method are shown in Fig.4
through Fig. 7.

Mori-Tanaka method (MT)

The MT method [44] was used to determine the back
stress when studying the process of hardening in
dispersion-hardening composites. The method is
widely used in the study of non-homogeneous
composites because it involves simple computations
and takes the interaction of the composite’s inclusion
into account. The bulk and shear modulus of a
composite are obtained according to the MT method as
follows:

_4K.G,C,+3K,K,+4K GC,
774G, +3K,C, +3K,C, (15)

G - 6G,(K,+2G,)+(9K,+8G,)(G,C,+G,C,) (16)
7 6(K,+2G,)(G,C,+G,C,)+9K,G, +8G}
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where K ; and Gij are the composite’s bulk and shear
modulus, respectively; K,, G, K ;» and Gj
represent the two components’ bulk and shear
modulus, respectively; and C, and Cj are the
proportions of the two materials in the composite, in
which ? and / signify the crystals whose proportions
are 50% each. For a composite with more than two
components, the corresponding bulk and shear modulus
can be determined in a similar way as in SC method.
The mechanical properties obtained are shown in Fig. 4
through Fig. 7.

Voigt method

Voigt [45] proposed a hypothesis that the strains in
all components in a composite are uniform before
material failure occurs. By assuming that the
component materials of the composite are isotropic, the
effective bulk and shear modulus are computed as
follows:

N
K = Z C.K, (17)

i=0

G = z C,G, (18)

where K., G, and C, are the bulk and shear
modulus and the volume fraction of the i™ material
phase, respectively, and }N represents the number of
phases. The mechanical property values obtained by
this method are shown in Fig. 4 through Fig. 7.

Comparison of calculated results with experimental
values

The results obtained using the SC, MT, and Voigt
methods are compared with nano-indentation
experiments conducted on the LD and HD C-S-H gel
(e.g., [29, 41, 46-48]) to verify the accuracy of the MD
simulation results. Experimentally measured values of
the Young’s modulus and Poisson’s ratio of C-S-H as
reported in the literature are shown in Table 16.
Considering the fact that the mechanical properties
reported by the listed studies are not necessarily
consistent, their ranges are used for comparison
purpose. Though a similar statement may not be
entirely accurate for the Poisson’s ratio, it can be
noticed that the percentage of difference the predicted
Poisson’s ratio is minimal [10].

Fig. 4 through Fig. 7 show comparisons of the
measured and calculated values of Young’s modulus
and Poisson’s ratio for porosities (@) of 26% and 36%.

The calculated and experimental values of the C-S-
H’s Young’s modulus for the porosity of 26% and 36%
are compared in Fig. 4 and Fig. 5, respectively. The
Young’s moduli obtained by SC, MT and Voigt
methods are almost the same when the porosity is 0%,
whereas the values are greatly reduced when taking
into account the porosity. The maximum value of

Young’s modulus is obtained by using Voigt method.
For the porosity of 26%, the Young’s modulus of
different proportions of C-S-H crystals obtained by
Voigt, MT and SC methods are approximately 74%,
59%, and 48% of the modulus at 0% porosity,
respectively. For the porosity of 36%, the Young’s
modulus obtained by Voigt, MT and SC methods are
nearly 64%, 47%, and 36% of the modulus at 0%
porosity, respectively.

The calculated and experimental values of the C-S-
H’s Poisson’s ratio for a porosity of 26% and 36% are
compared in Fig. 6 and Fig. 7. The Poisson’s ratios
obtained in the ways described previously are equal
when the porosity is 0%, whereas the values of
Poisson’s ratios are slightly reduced when the porosity
is taken into account, except for Voigt method. The
maximum Poisson’s ratio is obtained by Voigt method.
At the porosity of 26%, the Poisson’s ratios obtained
by Voigt, MT and SC methods are approximately
100%, 93%, and 88%, respectively, of the Poisson’s
ratio at 0% porosity. As the porosity is increased to
36%, the predicted Poisson’s ratios by Voigt, MT and
SC methods are nearly 100%, 90%, and 82% of the
value corresponding to 0% porosity, respectively.

In summary, the mechanical properties of C-S-H
composites, specifically the Young’s modulus and
Poisson's ratio, vary within certain ranges as the
porosity and the component proportion change. For
Young’s modulus of the HD C-S-H, the results
obtained with Voigt method are found to be more
closed to experimental results than those obtained with
MT and SC method at each porosity level. As for the
Young’s modulus of the LD C-S-H, the results obtained
with MT method are found to be more closed to
experimental results than those obtained with Voigt and
SC method at each porosity level. For Poisson's ratio
values, however, the results by SC method for HD C-S-
H and those by MT method for LD C-S-H are closer to
the experimental values. The Poisson's ratios and
Young’s modulus as obtained with Voigt method are
higher than those obtained with other methods. From
the data we obtained, it can be seen that the results
obtained with MT approach are closest to the
experiment values, whereas the dispersion among the
results obtained by the three methods is very small.
Considering the experimentally measured values of C-
S-H’s Young’s modulus and Poisson’s ratio disperse
within a certain range, all Voigt, MT and SC methods
are appropriate for C-S-H composite.

The Young’s modulus and Poisson's ratio of the C-S-
H composite exhibit no strong relationships with those
of the four crystals and do not vary with the changes in
the component proportions. Because of the large
differences in the Young’s modulus of the four crystals
and the similarity of their Poisson's ratios, the Young’s
modulus of the C-S-H composite changes substantially
with the changes in the component proportions,
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whereas the Poisson's ratio of the C-S-H composite
remains stable.

Conclusions

In this study, the MD models of the nanostructures of
Tobermorite 9A, Tobermorite 11A, Tobermorite 14A
and Jennite crystals are established to evaluate the
mechanical properties of the C-S-H composites with
different porosities and component proportions. It is
found that preprocessing and optimization of the initial
structures are necessary to achieve stable and reliable
results. The cell properties and crystal densities of the
four types of crystals exhibit no obvious changes after
optimization, and the inner structures remain stable.
The cell structures of three sizes are examined to
demonstrate the negligible effect of cell size. Using the
SC, MT, and Voigt approaches, the mechanical
properties of the C-S-H composites based on the four
types of crystals are evaluated at low and high porosity,
respectively.

The obtained results indicate that the Young’s
modulus and Poisson's ratio of the C-S-H composites
fluctuate within certain ranges with the changes in the
porosity and component proportions. The Young’s
modulus results as obtained by using the Voigt and MT
methods are closer to experimental ones than those as
obtained with the SC approach at each porosity level.
However, the Poisson's ratio results as obtained with
the SC method are closer to the experimental values for
HD C-S-H, and the results as obtained by using the
MT method are closer to the experimental ones for LD
C-S-H. The highest values of Poisson's ratio and
Young’s modulus are obtained by using the Voigt
method, and the difference among the results obtained
by the three methods is very small.

The findings reported here indicate that the
proportions of four crystals in the C-S-H composites
might be found through the comparisons between the
experimental measurements and the MD calculations.
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