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The present work relates to the study of structural and elastic properties of Tobermorite 11 Å as a function of
external pressure and composition in terms of calcium to silicon ratio. Basing on the lattice dynamics method,
the main aim of this work is precisely to shed light, for the first time, on the high pressure structural phase
transition in Tobermorite 11 Å and the possible correlation with some elastic quantities. In order to check
the transferability of the potentials used we have, additionally, performed a single calculation based on the
density functional theory (DFT) for a pressure of 15 GPa in the case of Ca/Si=1. The variation of the unit
cell parameters with pressure indicates that Tobermorite 11 Å undergoes a structural instability around
15 GPa along b-axis and around 20 GPa along a-axis which is confirmed from our calculations of X-Rays dif-
fraction patterns at various pressure values. We have also observed the anisotropic character of the Tober-
morite structure for both cases (Ca/Si=1 and Ca/Si=0.83). Our results show that around 20 GPa an
important change appears in the elastic behaviour of Tobermorite. As pressure increases the calculated elastic
quantities for Ca/Si=1 became closer to those evaluated for Ca/Si=0.83, which may stimulate further exper-
imental and theoretical research on the matter.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Cement is a complex mixture of numerous compounds. The major
compounds found in cement are Tricalcium Silicate (C3S), Dicalcium
Silicate (C2S), Tricalcium Aluminate (C3A), Tetra calcium Aluminofer-
rite (C4AF) and gypsum. Tricalcium Silicate produces C–S–H gel and
Calcium Hydroxide at the early stage of hydration while Dicalcium
Silicate produces C–S–H gel and Calcium Hydroxide at a later stage
in the hydration process. Calcium silicate hydrate (C–S–H) is the pri-
mary binding product of cement hydration, and it is considered to be
the elementary building block for concrete strength and durability. In
the cement chemistry notation C, S and H refer to CaO, SiO2 and H2O
respectively. C–S–H gel has high surface areas and shows excellent
adhesive characteristics [1]. It is primarily responsible for the strength
and cohesion in cement based materials. The complex nature of con-
crete is attributable to the behavior of the C–S–H gels subjected to a)
external loading as in the case of creep and b) changes in relative hu-
midity during shrinkage [2]. Magic Angle Spinning Nuclear Magnetic
Resonance (NMR) [3–7] and X-ray absorption spectroscopy tech-
niques have made it possible to elucidate the crystalline structure of
C–S–H. Three distinct phases exist, corresponding to three degrees
of hydration, Tobermorite 9 Å (riversideite), Tobermorite 11 Å
(Tobermorite s.s.), and Tobermorite 14 Å (plombierite) [8], character-
ized by different values in the powder diffraction pattern, 9.3 Å,
rights reserved.
11.3 Å, 14.6 Å, from the least to the most hydrated form, respectively.
Tobermorite has a monoclinic lattice structure and it is available in
three different (layer) thicknesses, namely 14, 11, 9 Å. The layer be-
tween the top and bottom Calcium layer (also known as interlayer)
is called “labile”. The interlayer is filled up as the Ca/Si ratio increases.

The chemical composition of Tobermorite for various Ca/Si ratios
can be written as follows: Ca4 [Si6O14 (OH) 4].2H2O, Ca/Si=0.667
(no Ca atoms in labile layers) Ca5 [Si6O16 (OH) 2].2H2O, Ca/Si=0.83,
[either Ca (5) or Ca (6) is present. Ca6 [Si6O18].2H2O, Ca/Si=1.0
[both Ca (5) and Ca (6) are present].

X-ray diffraction, electron diffraction, electron microscopy, and
NMR solid-state spectroscopy [9–15] show that Tobermorite 14 Å
transforms into Tobermorite 11 Å upon heating to 80°–100 °C; subse-
quent heating at 300 °C for a few hours gives rise to Tobermorite 9 Å.
Actually, it was found that some specimens of Tobermorite 11 Å do
not shrink on dehydration and were referred to as “anomalous” to
distinguish them from those specimens that shrink on dehydration
(“normal” Tobermorites) and decrease their basal spacing up to
9.3 Å [16]. A possible reason for the occurrence of the anomalous be-
havior in Tobermorite 11 Å has been recently hypothesized based on
crystal–chemical considerations [9].

Molecular dynamic has been used in recent years to simulate the
structure of calcium silicate hydrates (C–S–H). Faucon et al. [17]
used molecular dynamics to simulate the structure of calcium silicate
hydrates having Ca/Si ratios between 0.66 and 0.83. This simulation
was done to identify structural instability and to understand the
mechanisms causing breaks in the Si–O chains. According to nuclear
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magnetic resonance (NMR) tests tetrahedral chains in the C–S–H
atomic structure (with Ca/Si between 0.66 and 0.83) move closer to-
gether in the absence of labile calcium. This proximity may lead to
bridging between the chains. In addition, when there is increase in
the amount of labile calcium, there is partial rupture of the Si–O
chains. In other words as Ca/Si ratio increases in the CSH, breaks
occur in the silicate chains. These chains are of infinite length in crys-
talline calcium silicate hydrate. Dolado et al. [18] studied the forma-
tion and the structure of C–S–H by means of molecular dynamics
simulation of the polymerization of silicic acids (Si(OH)4) in the pres-
ence of solvated calcium ions (Ca(OH)2 4H2O). The structure was
studied to determine whether the nanostructure of C–S–H gel favors
Tobermorite crystals. They determined that the concentration of
Si–OH bonds in the C–S–H gel decreases with an increase of the Ca/
Si ratio whereas the number of Ca–OH bonds increases in increasing
Ca/Si ratio. Gmira et al. [19] made the first attempt to calculate the
bulk properties of a C–S–H mineral Tobermorite. The Bulk Modulus
and Young's Modulus determined using energy minimization studies
was reported to be 71.8 GPa and 17 GPa respectively. Manzano et al.
[20] also performed energy minimization studies to calculate the me-
chanical properties of cement-based materials using different crystal-
line C–S–H models. Their calculation showed that the bulk modulus,
shear and Young's Modulus decrease slightly when Ca/Si of C–S–H in-
creases and when more water molecules enter into the composition
of C–S–H. In addition, they found that the mechanical properties of
C–S–H structures with dimmer or pentamer silicate chains were
lower than the mechanical properties for C–S–H with infinite silicate
chains. They also showed that their results were in good agreement
when they include gel porosity. Pellenq et al. [21] reported a maxi-
mum cohesion pressure (tensile strength) of 5000 MPa between
C–S–H lamella (layers) structures in C–S–H units using ab inito
modeling techniques.

The topic of this work is the understanding of structural and me-
chanical characteristics of Tobermorite 11 Å under pressure and com-
position effect using the lattice dynamics method. Basing on the
model of Hamid [22], we will focus, on the calculation of the cell
unit parameters and X-Rays diffraction pattern under various exter-
nal pressure ranging from 0 to 30 GPa for Ca/Si=1 and Ca/Si=0.83.
We will study the pressure dependence of some elastic quantities
like the bulk modulus, shear, Young's and stress moduli as well as
the elastic wave velocities with pressure. The organization of this
work is as follows. In Section 2, the crystal structure and the potential
model used will be explained. Section 3 will provide our computa-
tional results and discussions. Finally, in Section 4 the main conclu-
sion will be presented.

2. Crystal structure and potential model

Different models define the C–S–H gel as calcium oxide sheets
connected to silicate chains to form a layered structure [7,23,24].
There are at least 30 crystalline minerals that are similar in composi-
tion to C–S–H. However, even though their overall chemical composi-
tion is similar, they differ in the atomic arrangement, the Ca/Si ratio
and the number of OH and H2O groups.

Concerning Tobermorite 11 Å, two structures exist at the atomic
level: one due to Hamid [22] and another due to Merlino et al.
[9,25]. Both are based on a composite layer of distorted central Ca–
O slab that is ribbed on either side with silicate chains repeated at
an interval of three silicate tetrahedra. Two adjacent tetrahedra form-
ing a so-called dimer coordinate through oxygen to in-layer calcium
ions while the third, pointing away from the Ca–O slab and called a
bridging tetrahedron, links two successive dimers. In perfect Tober-
morite, at Ca/Si=0.66, all the oxygen atoms involved in the dangling
bonds of the silicate chains are protonated as hydroxyl groups and the
structure is neutral. The interlamellar space contains only water mole-
cules. At higher Ca/Si ratio, the OH groups are ionized and the hydrogen
ions are replaced by calcium ions in the interlamellar space. Their
amount depends directly on the number of layer OH groups that in
turn depends on pH. In Hamid's model the layers are not chemically
bonded to each other. The main difference introduced in Merlino's
model compared to the independent layer model of Hamid consists in
the presence ofWollastonite chains (linked silicate tetrahedra between
facing silicate chains). These layer-to-layer Si–O–Si chemical linkages
induce the formation of cavities similar to those present in zeolites. In
the present work, the Hamid's[22] Tobermorite model is used for the
crystalline calcium silicate structure.

The Tobermorite 11 Å crystal has a Monoclinic structure, classified
under the space group P21 with unit cell dimensions: a=7.39 Å,
b=22.779 Å, c=6.69 Å and α=90°, β=123.49°, γ=90° (Note
that the coordinate axis as mentioned in Hamid et.al.[22] are rotated
in the clockwise direction as per the Right hand rule). The atomic co-
ordinates, crystal parameter and space group were obtained from
XRD data and other literatures [9,22,25]. The coordinates of hydrogen
atoms for all the hydroxyl and water molecules were derived from
the atomic positions of the oxygen atoms. The hydrogen atoms are lo-
cated at about 1 Å from the oxygen atoms of hydroxyl and water mol-
ecules. In case of water, hydrogen atoms are so located that H–OH
angle is 109°. To model the various interaction in Ca5 [Si6O16(OH)2]
2H2O (Ca/Si=0.83) and Ca6Si6O18 2H2O, we use the well-known po-
tentials for zeolites [26–28] between silicate ions. The Si–O interac-
tion is represented by Buckingham potentials with a three-body
harmonic potential to simulate the bond hybridization. The Ca–O
ionic interactions are modeled by Buckingham repulsive potentials
[29]. The intermolecular interactions between water molecules and
other species are described using Buckingham potentials, whereas
the interaction between different water molecules are described
using a Lennard–Jones potential. The intramolecular interactions
within water molecules are simulated with the Buckingham potential
and a three-body harmonic potential for the H–O–H angle [30]. The
coulomb interaction within water molecules has been subtracted.
Thus, the charges of hydrogen and oxygen atoms serve only to de-
scribe their interaction with other atoms, and not to determine the
structure in water molecules. The polarizability of oxygen atoms is
described by the core–shell approach [31]. In this model, the atoms
are treated as internal cores linked to external massless shells. Both
the core and the shell are linked by a spring potential and have specific
charges. All potential parameters are given in Table 1.

3. Computational results

3.1. Pressure induced structural changes

The simulations were done using the lattice dynamics method
[32]. The experimental data for the crystalline structures were opti-
mized by relaxing the unit cell parameters and the atomic forces.
The search of local minima followed the Newton–Raphson procedure
with the Broyden–Fletcher–Goldfarb–Shannon (BFGS) [33] scheme to
update the Hessian.

We start our study by the calculation of the X-ray diffraction pat-
tern for Tobermorite 11 Å (Ca/Si=1 and Ca/Si=0.83) calculated
from the equilibrated structures using a wavelength λ=1.5418 Å.
The obtained curves are given in Fig. 1 compared with the experimen-
tal work of Nonat et al. [34]. We can see that qualitatively our results
fit the experimental findings, although some experimental peaks do
not appear in our simulations such as at 2θ=40° which could be
due to the carbonation effects (silicate stretching and vibrational
mode of CO3

2− ions) that can be avoided in a computational model.
Table 2 shows the cell parameters for the Tobermorite 11 Å obtained
by lattice dynamics calculations. Compared with experiments [22],
the average error of these results is typically less than 2%. We have
noticed that the cell expands along the c-axis, the perpendicular di-
rection to the layers. This expansion can be attributed to the shielding



Table 1
Potential parameters for Tobermorite 11 Å.

Buckingham potential

Atom 1 Type Atom 2 Type A (eV) Rho (Å) C6 in eV* Å 6 Rmin

(Å)
Rmax

(Å)

Ca1 Core O1 Shell 1090.4 0.3437 0 0 12
Si Core O1 Shell 1283.9 0.32052 10.66158 0 12
O1 Shell O1 Shell 22764 0.149 27.879 0 12
H1 Core O2 Shell 396.27 0.25 0 0 12
Ca2 Core O2 Shell 777.27 0.3437 0 0 12
Ca2 Core O1 Shell 1090.4 0.3437 0 0 12
Ca1 Core O2 Shell 777.27 0.3437 0 0 12
Si Core O2 Shell 983.55 0.32052 10.66158 0 12
O1 Shell O2 Shell 22764 0.149 13.94 0 12
O1 Shell H1 Core 311.97 0.25 0 0 12

Morse potential

Atom 1 Type Atom 2 Type d (eV) α (Å −1) Ro (Å) Rmin(Å) Rmax

(Å)

H1 Core O2 shell 6.2037 2.22003 0.92376 1 1.4

Three body potential

Atom 1 Atom 2 Atom 3 β(eV rad−2) Θo (°) Rmax (1–2)
(Å)

Rmax (1–2)
(Å)

Rmax (1–2)
(Å)

Si core O1 shell O1 shell 2.09720 109.47 1.8 1.8 3.2
O2 shell H1 core H1 core 4.19978 108.69 1.2 1.2 1.8

Lennard Jones potential

Atom 1 Type Atom 2 Type A (eVÅ 12) B (eVÅ 12) Rmin

(Å)
Rmax

(Å)

O2 Shell O2 shell 39344.98 42.15 0 12

Core-shell spring potential

Atom eV Å 2

O1 74.92
O2 209.45
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effect that the interlayer water molecules made in the dispersive and
Coulombic attraction between different sheets.

In order to check the transferability of the potentials used in our
atomistic calculations we have performed a single calculation based
on the density functional theory (DFT) for a pressure of 15 GPa in
the case of Ca/Si=1. This was achieved by means of the Vienna ab
Initio Simulation Package (VASP) [35,36]. The parameterization
according to Perdew and Zunger [37] and a generalized gradient ap-
proximation (GGA) [38] were used to describe the local exchange-
correlation function and the non-local corrections. The interactions
between ions and electrons were described by the projector-
augmented-wave (PAW) method [39,40]. The Kohn-Sham equations
Fig. 1. X-rays diffraction pattern of Tobermorite in comparison with experiments [34].
were solved variationally in a plane-wave (PW) basis set. The
Brillouin-zone sampling was based on 4×4×4 k-point sampling
(Monkhorst-Pack scheme) [41]. Our results point the values of 7.13,
21.24 and 6.42 Å for the lattice parameters a, b and c respectively.
These values are quite close to those obtained from our atomistic cal-
culations for P=15 GPa (a=7.10 Å, b=21.27 Å and c=6.26 Å),
which strongly support the potential model used and its transferability
under high pressures.

Fig. 2 shows the variation of the enthalpy with pressure for
Ca/Si=1 and Ca/Si=0.83. We may notice that the two curves in-
crease with pressure with relatively the same slope. Moreover,
Ca6Si6O18 2H2O is more stable than [Si6O16(OH)2] 2H2O for all
Table 2
Cell parameters for Tobermorite compared to experiments and ab initio calculations.

Tobermorite 11 (Å) Ca/Si=1
Water /Ca=0.33

Tobermorite 11 (Å) Ca/Si=0.83
Water/Ca=0.4

Our
results

Experimentsa Ab
initiob

Our
results

Experimentsa Ab
initiob

a (Å) 6.64 6.69 6.60 6.69 6.69 6.70
b (Å) 7.28 7.39 7.40 7.35 7.39 7.37
c (Å) 23.16 22.779 23.13 23.06 22.779 22.54
α (°) 90 90 90 90 90 90
β (°) 90 90 90 90 90 90
ϒ (°) 124.66 123.49 123.71 122.89 123.71 123.49
Density
(g/cm3)

2.63 2.41

a [22].
b [44].
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(c) along c-axis.

Fig. 2. Variation of enthalpy with pressure for Ca/Si=1 and Ca/Si=0.83.
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pressure range, with an enthalpy value equal to −2017.977 eV for
Ca/Si=1 against −1925.89 eV for Ca/Si=0.83.

In order to investigate the behaviour of Tobermorite 11 Å under pres-
sureweundertake various simulations inNPT ensemblewith an external
pressure ranging from 0 to 30 GPa. In Fig. 3, we display the pressure de-
pendence of the unit cell parameters (a, b, and c).We can see, first, that a
discontinuity point appears along a and b-axis but not along c-axis. For
Ca/Si=0.83, the lattice parameter a decreases with pressure
(a=7.35093−0.01972⁎P+5.24287E−4⁎P2) until the value of P=
18 GPa in which a sudden decrease appears a point to 0.171 Å (Fig.
(3a)). Then the curves vary differently according to the following equa-
tion: a=9.308−0.17867⁎P+0.00333⁎P2. In Fig. 3(b), the samebehav-
iour happens when b decreases linearly with pressure (b=23.11422
−0.10646⁎P) until P=11 GPa in which b decreases abruptly from
b=21.88 Å to 19.62 Å (Δb=2.47 Å) which is an important change.
From P=12 GPa to P=30 GPa, the evolution follows the equation
b=20.97917−0.10705⁎P with a negative slope of 0.10. Finally, along
c-axis (Fig. 3(c), we can remark that c decreaseswith increasing pressure
according to c=6.68712−0.01782⁎P+1.6229E−4⁎P2.

Concerning the case of Ca/Si=1 (Fig. 3(a)), it appears that a de-
creases with pressure from P=0 to 30 GPa. A discontinuity point ex-
ists at P=20 GPa when a increases, then decreases and once again
increases with pressure. In Fig. 3(b), the lattice parameter b varies
similarly as in the case of Ca/Si=0.83 (b=23.21217−0.12878⁎P)
with relatively the same slope until a discontinuity point at
P=17 GPa, where b changes from 20.95 Å (P=17 GPa) to 19.41 Å
(P=18 GPa), with Δb=1.54 Å. However for the c-axis no discrete
point is observed and the variation is according to c=6.65342
−0.02033⁎P+2.65687E−4⁎P2 with a negative slope.

From Fig. 3(a, b, c), we clearly observe for both cases (Ca/Si=1
and Ca/Si=0.83) the anisotropic character of the Tobermorite struc-
ture. While a and c-axis vary almost slowly with pressure, the b-axis
undergoes larger changes. It means that Tobermorite structure is less
compressible in directions parallel to axc plane than in the perpendic-
ular direction to this plane. Moreover, the variation of the unit cell pa-
rameters with pressure indicate that Tobermorite 11 Å undergoes a
structural instability which induces phase transitions during com-
pression. This behaviour can be observed in the analysis of the X-
rays diffraction patterns.

We display in Fig. 4 our results of the X-rays diffraction patterns
obtained after equilibrating the system at some pressure values: P=0,
11, 15, 20, 25 and 30 GPa. In the case of Ca/Si=0.83, one can see that
qualitatively the structure remains the same until P=11 GPa. The first
peak observed at P=0 and 11 GPa corresponding to the (020) plane,
disappears in the other plots at P=15, 20, 25 and 30 GPa. From
P=15 GPa, the intensity of the peaks decreases, new peaks appear
like the (05�1) and (200) planes at P=20 GPa, and then disappear at
P=30 GPa. Comparing the plots from P=0 GPa to 30 GPa, we remark
an important structural change at P=20, 25, 30 GPa, which means
that the Tobermorite has really new structural phases at high pressure
above 15 GPa. The same behaviour for the case of Ca/Si=1, someplanes
disappear like (020) observed at P=0, 11 and 15 GPa. At P=20 GPa,
we have noticed the presence of new (12�1) and (101) planes.

3.2. Pressure induced elastic changes

The elastic constants represent the second derivative of the energy
density with respect to strain [42]:

Cij ¼
1
V

∂2U
∂εi∂εj

 !

where V is the volume, U is the energy and ε is the displacement.

image of Fig.�3


Table 3
Elastic constants for Tobermorite compared to ab initio calculations.

Elastic constants Ca/Si=1 Ca/Si=0.83

Our results Ab initio a Our results Ab initioa

C11 180.0100 148.25 153.8983 131.95
C12 48.9327 63.25 37.2266 48.30
C13 53.9730 26.75 38.9120 23.15
C14 0 0 0 0
C15 0 0 0 0
C16 1.2886 6.63 −4.1346 −6.55
C22 117.2881 138.35 103.8307 128.30
C23 29.6019 32.55 14.4571 30.63
C24 0 0 0 0
C25 0 0 0 0
C26 −2.6708 1.85 −0.8104 −10.98
C33 157.2239 68.40 119.6116 83.85
C34 0 0 0 0
C35 0 0 0 0
C36 1.0474 −1.73 −3.3870 −8.58
C44 29.4838 32.75 22.2571 26.00
C45 −1.7169 −1.93 −1.5774 −8.35
C46 0 0 0 0
C55 45.6226 25.65 35.3610 21.75
C56 0 0 0 0
C66 36.7659 53.30 32.4639 49.35

a [44].

Fig. 4. X-rays diffraction pattern at P=0, 5, 11, 20, 25, and 30 GPa (a) for Ca/Si=1 (b) for
Ca/Si=0.83.
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The elastic constant tensor is a 6 x 6 symmetric matrix. The 21 po-
tentially independent matrix elements are usually reduced consider-
ably by symmetry [43]:

C ¼ 1
V

Dεε−DεiD
−1
ij Djε

� �

where Dεε ¼
∂2U
∂ε∂ε

 !
internal

, Dεi ¼
∂2U
∂ε∂αi

 !
ε

and Dij ¼
∂2U

∂αi∂βj

 !
ε

To evaluate the elastic properties, we use the Reuss–Voigt–Hill
approximation for the calculation of bulk modulus B, shear modulus
G and the average Young'smodulus as it is represented by the following
relation:

B ¼ 1=9 C11 þ C22 þ C33 þ 2 C12 þ C13 þ C23ð Þð Þ

where Cij are the elastic constants. Young's modulus in each Cartesian
direction x, y and z, can be calculated from the elastic compliances.
This modulus is defined by the ratio of stress to strain:

E ¼ σxx
εxx

In the isotropic case, one can relate the bulk modulus B and the
shear modulus G to the plane stress modulus M (or indentation mod-
ulus), which is accessible for example by indentation techniques via
the following mathematical formulation:

M ¼ 4G
3Bþ G
3Bþ 4G
Table 3 summarizes our data of the elastic constants compared to
the recent ab initio calculation [44] which are almost in agreement.

The obtained values for the bulk modulus, shear, young and stress
moduli are presented in Table 4. Our results are compared to the re-
cent ab initio data of Shahsavari et al. [44]. Our results show that the
structure becomes relatively soft when more water is present and
hence low E values were observed for higher water/Ca ratios. In a re-
cent paper of Manzano et al. [20] on C–S–H crystals with different
crystalline structures, ranging from morphologies with single silicate
chains (as foshagite) or double chains (as nekoite) to structures with
separated (jennite) or linked layers (Tobermorite 11 A), the bulk
modulus, shear and Young moduli seem to decrease slightly when
Ca/Si is raised, i.e. when more water molecules enter the crystal com-
position. Their findings can be explained because water molecules
shield the interactions and yield softer structures. Nevertheless, the
mechanical properties determined from experiments for samples of
bulk cement paste showed that the bulk modulus is in the range of
17–18 GPa [45]. We noticed an overestimation of B and G which is
due to the fact that the structure considered does not take into account
the intrinsic gel porosity.

As mentioned above, the topic of this study is to see how pressure
affects the cohesion of Tobermorite and are if there is any change in
the elastic behaviour. In Fig. 5, we plot the variation of the obtained
values of B, G and M with pressure. We notice that for P=0 GPa, the
bulk modulus for the case of Ca/Si=1 is greater than the one of the
Ca/Si=0.83 with a factor of 1.28 (Fig. 5(a)). As pressure increases
from P=0 GPa to 15 GPa, B increases with a slope equal to 2.55 for
Ca/Si=1 and 2.82 for Ca/Si=0.83 (from P=0 GPa to 20 GPa). From
P=15 GPa to 30 GPa (Ca/Si=1), and from P=20 GPa to 30 GPa
(Ca/Si=0.83), the bulk modulus varies faster with new slopes equal
to 4.40 and 6.092, respectively. Quantitatively, for both cases B increases
rapidly from P=0 GPa to 30 GPa by a factor of 2.78 for Ca/Si=1 and 3.2
for the case of Ca/Si=0.83. However, the shear modulus for both cases
decrease slowly from P=0 GPa to P=20 GPa and then increase with a
small slope (0.64 for Ca/Si=1 and 0.84 for Ca/Si=0.83).We also notice
that both curves became closer from P=20 GPa and the shearmodulus
has relatively a stable value around 40 GPa. It is important to underline
that as pressure increases the bulk modulus B for Ca/Si=1 and
Ca/Si=0.83 tends to be closer, the difference ΔB=17.88 GPa (at
P=0 GPa); while at P=30 GPa ΔB=3.18 GPa. The same remark for

image of Fig.�4


Fig. 6. Variation of elastic wave velocities (Vs and Vp) with pressure for Ca/Si=1 and
Ca/Si=0.83.

Table 4
Mechanical properties for Tobermorite compared to experiments and ab initio
calculations.

Tobermorite 11 (Å)
Ca/Si=1
Water /Ca=0.33

Tobermorite 11 (Å)
Ca/Si=0.83
Water/Ca=0.4

Our results Ab initioa Our results Ab initioa

B (GPa) 77.81 60.84 58 58
G (GPa) 42.42 35.97 33.00 32.56
M (GPa) 116.11 96.31 92.96 88.44
E (GPa) 129.66 90.14 111.52 82.29

a [44].
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the shear modulus where ΔG=6.71 GPa at P=0 GPa and
ΔG=0.36 GPa. We will find this tendency below in the plots of the
pressure dependence on M, Vs and VP.

Equivalently, we have noticed in Fig. 5 (b) an increase of the stress
modulus M (Ca/Si=1) from P=0 to 15 GPa followed by a disconti-
nuity point at a pressure equal to 20 GPa. The stress modulus in-
creases then with an important slope equal to 2.31. However for the
case of Ca/Si=0.83, M has constant values in the 0–10 GPa pressure
range, then from P=10 GPa, M increases with a slope equal of 2.44.

We study, thereafter, the pressure dependence on the elastic wave
velocities, i. e. the longitudinal wave VP and the shear wave VS which
are key quantities in the interpretation of seismic data. In Fig. 6, we
plot the variation of VS/ VP wave versus pressure ranging from 0 to
30 GPa. This shows that VP for Ca/Si=1 increases weakly from P=0
to 20 GPa then VP increases linearly with a slope of 0.063. Similarly
Fig. 5. Pressure dependence of (a) bulk and shear modulus, and (b) stress modulus for
Ca/Si=1 and Ca/Si=0.83.
in the case of Ca/Si=0.83 VP increases with pressure from 0 to
30 GPa with a slope of 0.033 in the 0–20 GPa pressure range and for
P>20 GPa with a new slope value of 0.07. After that the two curves
became closer.

In the case of Vs, a similar discrete point appears at P=20 GPa from
whichVs increases very slowlywith pressure, whereas for Pb20 GPa, Vs
decreases linearly for both cases (Ca/Si=1 and Ca/Si=0.83)

The azimuthal anisotropy for P (AP) and S (AS) waves, defined as

Ap ¼ VPmax−VPmin

100� VP
and AS ¼

VSmax−VSmin

100� VS
, are plotted in Fig. 7. First, we

notice that for Ca/Si=0.83, AS decreases faster (slope=0.11 against
0.011 for the case of Ca/Si=1); while AP (Ca/Si=0.83) increases
with pressure up to p=15 GPa (with a slope of 0.16), then it decreases
with a negative slope of 0.33. We remark that for the case of Ca/Si=1,
Ap has a linear variation until P=25 GPa. Single crystal anisotropy
gives the upper limit of the realistic anisotropy of system. The magni-
tude of anisotropy due to lattice preferred orientation is, in general,
much smaller by a factor of 2 to 3.

Previous works of Shahsavari et al. [44] proposed two structural
forms for Tobermorite 11 Å, and show that when the long-range cou-
lombic interlayer interactions become comparable to the iono-
covalent interactions, the softest directions are two inclined regions
that form a hinge mechanism. In this context, we have studied the
variation of C11, C22 and C33 with pressure at Ca/Si=1 (Fig. 8). Our
findings clearly show that C33 has the lowest values for all pressures,
which means that the interlayer direction is always the softest. For
the case of Ca/Si=0.83 many fluctuations appear for elastic proper-
ties under pressure, which make it difficult to have a clear conclusion.
Fig. 7. Variation of asimuthal anisotropy (As and Ap) with pressure for Ca/Si=1 and Ca/
Si=0.83.
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4. Conclusion

In the present work, we used a lattice dynamics method in order
to study the variation of the structural and elastic properties of Tober-
morite 11 Å with pressure ranging from 0 to 30 GPa. Using the model
of Hamid et al. [22] we show structural change around 15 GPa along
b-axis and around 20 GPa along a–axis. No discontinuity point is ob-
served along c-axis.

We have also observed the anisotropic character of the Tobermor-
ite structure for both cases (Ca/Si=1 and Ca/Si=0.83).

We have noticed from the X-rays diffraction patterns an important
structural change in both cases. For the case Ca/ Si=1, some planes dis-
appear like (020) observed at P=0, 11 and 15 GPa. At P=20 GPa, we
have noticed the presence of new planes (12�1), (101). In the case of
Ca/Si=0.83, the (020) plane present at 0 and 11 GPa, disappears at
P=15, 20, 25 and 30 GPa. From P=15 GPa, the intensity of the peaks
decreases and new peaks appear like the (05 �1) and (200) planes at
P=20 GPa. Moreover, our results show that as pressure increases the
elastic quantities calculated for Ca/Si=1 tend to be closer to those eval-
uated for Ca/Si=0.83, which may open a new area of further experi-
mental and theoretical research.
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