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Hydration of tri-calcium silicate (C3S) and di-calcium silicate
(C2S) precipitates calcium-silicate-hydrate (CSH) which is the
bonding phase responsible for the strength of cementitious
materials. Substitution of part of C3S and C2S with aluminum-
containing additives alters the chemical composition of
hydration products by precipitating calcium-aluminate-silicate-
hydrate (CASH). Incorporation of aluminum in the molecular
building blocks of CSH entails structural and chemo-mechani-
cal consequences. These alterations can be measured through
solid state nuclear magnetic resonance (NMR) experiments. By
conducting a wide spectrum of atomistic simulation methods on
thousands of aluminum-containing molecular CASH structures,
an overall molecular approach for determination of CASH
nanostructure is presented. Through detailed analysis of differ-
ent order parameters, it is found that aluminum can exhibit a
tetra-/penta-/octahedral behavior which is fully consistent with
the recent NMR observations. This corresponds to the forma-
tion of a class of complex three-dimensional alumino-silicate
skeletons with partial healing effect in the CASH nanostruc-
ture potentially increasing durability and strength of hydration
products. We explored the variation of mechanical observables
by increasing aluminum content in CASH structures of varying
calcium to silicon ratio. Finally, deformation of CSHs and
CASHs of different chemical formula in a multi-scale fashion
unravels the effect of chemical composition on the strength and
kinematics of deformation in this particular type of compos-
ites.

I. Introduction

CALCIUM-ALUMINATE-SILICATE-HYDRATE (CASH) is the
major hydration product of calcio-silicate systems mixed

with reactive aluminum-enriched materials. Although minor
traces of aluminum can be present as guest ions in clinker
phases such as alite (C3S) and belite (C2S),

1 calcium alumi-
nate (C3A), ferrite (C4AF),2 certain class of fly ashes and
slags have substantial amount of aluminum. Intrinsically,
hydration of such a complex system results in a multifarious
texture ranging from nano-scale particles3 to porous inhomo-
geneous micrometer-scale texture with interesting binding
property and structural strength.4 So far, at the bottom of
the length spectrum, the molecular representation of CASH
nano-structure has been elucidated by analogy based on the
structure of aluminum-containing tobermorite minerals.5–8

Tobermorites are a class of low calcium to silicon ratio (C/
S ! 1) calcium-silicate-hydrates (CSH), composed of
pseudo-octahedrally coordinated calcium sheets sandwiched
by infinite and parallel silica chains on both sides. Interlayer
spacing is filled with calcium and water molecules; the
amount of extra calcium ions hence the C/S ratio being
related to the electrical charge on the calcium oxide sheets
needed to maintain electro-neutrality. However, in a conven-
tional cement paste with average C/S ratio of 1.7,9 the tetra-
hedral silica chains mostly consist of dimmers with a few
monomers and pentamers.10–13 These defective silica chains
lead to an overall disordered glassy nanotexture away from
the conventional picture based on crystalline tobermorite or
Jennite (another CSH mineral). In the present work, we aim
at providing CASH nanotexture in a similar way as for the
aluminum-free cCSH model of cement presented in.13

Nuclear magnetic resonance (NMR) experiment has
shown that the nanostructure of CASH nano-composites
strongly depends on C/S ratio.14–16 It is stated (i) that alumi-
num substitutions occur in tetrahedrally coordinated silica
sites for low C/S ratios whereas (ii) it occurs in octahedrally
coordinated sites for high C/S gels. In low C/S regimes, the
tetrahedral aluminum is most probably due to tetrahedral
substitution in the silica chains of CSH.17–20 For high C/S
ratio gels (which correspond to real cement), the position of
aluminum has been unknown and was attributed to the sub-
stitution in the interlayer spacing,21–23 on the particle sur-
faces23 or other hydration products.24 The latter type of
aluminum is mostly octahedral with traces of pentahedral
coordination.25 The ratio of aluminum atoms with octahedral
coordination to aluminum atoms with pentahedral coordina-
tion is about 3.5.23 In this context, the increase in the mean
chain length16,17 and the formation of interlayer silica con-
nections26 cannot be consistently explained by aluminum
being a simple silicon to aluminum substitutions. In addition,
the recent state of the art 29Si & 27Al NMR study (coupled
with1H NMR) published by Rawal et al.23 provided a new
insight into the atomic arrangement of silicate and aluminate
species in hydrated cement pastes. It is argued that in a real
cement gel, the aluminum species are mostly octahedral
including water molecules and hydroxyl groups in their coor-
dination shell. Based on their NMR observations, Rawal
et al. suggested that aluminate groups should be at the vicin-
ity of silicate groups. Therefore, it is necessary to provide a
molecular description of CASH nano-structure which not
only refines available literature but also recent NMR find-
ings.23,25

In the present theoretical work mostly inspired by NMR
experiments, we explored all the possible set of substitutions.
The aluminum incorporation is performed in CSHs of vary-
ing C/S ratios. Although the incorporation of aluminum
inside the silica chains of low C/S ratio corresponds to the
classical tetrahedral coordination of aluminum in many
alumino-silicate such as zeolites, substitution of calcium by
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aluminum can be viewed as aluminum being located in the
interlayer voids of CSHs. In this way of approaching the
unknown molecular structure of CASH, we found a consis-
tent picture in which all available structural data are congru-
ently explained. This explanation is quantified through
measurement of tetrahedral and octahedral symmetry order
parameters in the CASH samples. At a second stage, we
paved the first steps toward the application of hierarchical
multi-scale modeling connecting the fully discrete atomic
scale to the continuous medium in glassy materials.

II. Computational Approach

(1) Force Field
Modeling and Simulation of complex hydrated oxides similar
to (ordered) tobermorites and Calcium-Silicate-Hydrate gels
require a potential energy model (commonly called force
field) that can simultaneously reproduce their mechanical
properties and structural configurations. In the force field
method, the interactions between different species are
described via inter-atomic potential functions that are analyt-
ical mathematical expressions. The force field employed in
this study uses a combination of Lennard-Jones, Buckigham,
Morse, Coulombic and three-body bending terms to con-
struct the potential energy landscape. The calculation of elec-
trostatic interactions between pair of ions is carried out using
the three-dimensional Ewald summation method. In addi-
tion, the core-shell model is applied to effectively reproduce
the polarization of oxygen atoms27 by using a two-center
interaction model made of a core and a shell linked via an
elastic spring. The transferability of this force field has been
checked with numerous experimental data like28–31 and quan-
tum mechanical calculations.32 More specifically, transferabil-
ity of structural and elastic properties were checked for a
large number of systems including a realistic CSH model,13

tobermorites,31 lizardite,29 and heulandite.28

(2) Atomistic Simulation of Materials
Different atomistic techniques are applied to the molecular
structure of materials to capture their chemo-mechanical
properties. We have employed energy minimization, molecu-
lar dynamics in different statistical ensembles and grand
canonical Monte Carlo (GCMC) for water adsorption.
Potential energy minimization to find the local equilibrium
ground state energy of the system consists of tracking sta-
tionary points that correspond to zero energy gradients with
positive curvature on the potential energy hypersurface.
Within harmonic approximation of lattice dynamics, the
vibration partition function of the system can be calculated
from the set of Hessian eigenvalues. Having the partition
function, it is then possible to derive all thermodynamic state
functions such as system’s Gibbs free energy. Given the mini-
mal free energy, the mechanical metrics can be derived from
the curvature of free energy landscape.

Molecular dynamics at finite temperature and pressure is
performed to relax the atomic structure in NVT and NPT
canonical ensembles by integrating equations of motion via
Leapfrog Verlet scheme. The temperature and pressure in the
system are controlled via Nose-Hoover thermostat and baro-
stat. In the present work, the substitutions are performed in
CSH structures with water filling the interlayer spacing and
structural voids. Subsequently, we studied whether aluminum
substitution changes the water content of the system or not.
To accomplish this, grand canonical Monte Carlo simulation
is performed which is the appropriate technique to describe
water adsorption-desorption in nano-scale porous medium.
GCMC simulation in lVT ensemble consists in equilibrating
the system at constant temperature, volume, and chemical
potential l that controls the connection of the system to a
fictitious reservoir containing an infinite number of water
molecules. A single GCMC simulation with the chemical

potential of water fixed to the value corresponding to bulk
water at the room temperature is performed by considering a
core-only model for water oxygen atom and treating the rest
of the molecule as a rigid body. In GCMC simulation,
Monte Carlo trials are translation, rotation, creation, and
destruction of water molecules. All numerical simulations are
performed using GULP code.33,34

III. Results and Discussion

First, we briefly comment on the morphological structure of
CSHs and how it affects the mechanical properties. Given a
clarified understanding of CSHs of varying C/S ratio, the
effect of substitution of silicon by aluminum is studied after-
ward. In the third step, we present the morphological and
mechanical impacts of substitution of calcium by aluminum.
Finally, the coupled chemo-mechanical effect of aluminum
incorporation at finite strain in the CSH structures is pre-
sented.

(1) Morphology Versus Mechanical Properties of CSH
Structures
The calcium to silicon ratio (C/S) plays an important role in
CSH structure and its value ranges from 1.2 to 2.3 with the
mean value of 1.7.9 In CSH gels with low calcium content, i.
e., low C/S ratio, long silica chains are present. In this C/S
regime, the structure of the gel is similar to tobermorite.5,7,8

As the C/S ratio increases, silica dimmers prevail in the resul-
tant gel. Pellenq et al.13 proposed a consistent CSH model,
namely cCSH model, with silica chains of finite size whereas
their model was consistent with experimental observations.
Three minerals from tobermorite class, 11Å, 14Å and anom-
alous [Figs. 1(a)–(c)], plus cCSH structure are employed as
the structures of CSH at different C/S regimes. Tobermorite
11Å, 14Å and anomalous with C/S ratios of 1, 0.83, and
0.67, respectively, are considered as the minerals which might
represent the structure of CSH gel in low C/S ratios. These
minerals are made up of parallel octahedral calcium sheets
tethered by infinite tetrahedral silica chains. Tetrahedral
coordination of silicon species is expressed in terms of the Qn

factor in which the superscript n denotes the number of
bridging oxygen atoms attached to a silicon atom [Fig. 1(d)].
While Q0 denotes the fraction of silica monomers, a silica
pentamer has two ending Q1 (end) sites and three Q2 (mid-
dle) sites. Q3 and Q4 silica atoms represent the formation of
higher coordination. Considering the position of silicon atom
in a finite size silica chain, they can be divided into three
classes of bridging, pairing, and ending sites [Fig. 1(e)].

The structural and mechanical properties of CSHs are pro-
vided in Table I. Anomalous tobermorite has the highest Ez
and it is due to the existence of Q3 in the crystal which
bridges between different layers. Ez of the tobermorite 11Å is
higher than that of tobermorite 14Å mainly because of less
structural water and thus a lower interlayer distance which
increases the interaction of adjacent layers. In addition, the
presence of a larger amount of interlayer calcium species
(establishing iono-covalent bonds with nonbridging oxygen
atoms), makes tobermorite 11Å stronger in basal direction.
Despite having lower interlayer spacing, cCSH has the same
Ez as tobermorite 14Å due to high water concentration in its
interlayer spacing. It is worthwhile to mention that this water
has a glassy behavior in this ultra-confining nano-porous
medium.35 The same trend is observed in the indentation
modulus except for tobermorite 11Å having larger M than
anomalous tobermorite. Indentation modulus represents the
volumetric aspects of stiffness rather than a preferential
direction. The average elastic modulus in the direction of lay-
ers for tobermorite 11Å and anomalous are 107 and 87 GPa,
respectively. The high concentration of interlayer calcium
plays an important role in increasing the elastic modulus for
tobermorite 11Å in the direction of layers. The above reason
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along with higher density and lower water content of to-
bermorite 11Å justifies its high indentation modulus. The
cCSH model has the lowest Elayer because of the broken sil-
ica chains and existence of voids in the octahedral calcium
sheets.

(2) Substitution of Silicon by Aluminum in CSHs
To assess the chemical stability of aluminum substitution,
one silicon atom is replaced by an aluminum atom within
the silica chains. The charge deficit resulting from this substi-
tution is compensated by adding an extra sodium atom to
the interlayer spacing of CSHs. The Al-containing samples
are relaxed in NPT ensemble at 300 K and zero external
pressure. Subsequently to reach the global minima energy,
the samples are relaxed using static energy minimization
method at 0 K. A lattice dynamics energy minimization
within harmonic approximation theory is performed after-
ward to calculate the Gibbs free energy at room temperature.
As the results in the Table II suggest, the bridging position is
more favorable in the structures of lower C/S ratio. This is

in agreement with several NMR studies of synthetic CSH gel
in presence of sodium atoms claiming that Al substitution is
most probable in silica chain bridging sites.17,20,22 Substitu-
tion in the model with high C/S ratio is performed in bridg-
ing, pairing, and ending sites of a pentamer silica chain
(Fig. 2). The Gibbs free energy as a measure of chemical sta-
bility is substantially lower when aluminum substitutes the
silica atom in the bridging site. Please note that the embed-
ding energy of silicon atoms varies roughly around 8 eV in
the silica chains. This energy difference for aluminum atoms
is also affected by the position of charge-neutralizing sodium
atoms. Therefore, attaining such an energy difference is not
surprising. Moreover, the energy differences between different
polymorphs are much higher than thermal energy which
means that aluminum is mostly favored in the bridging sites.
This is in complete agreement with 29Si and 27Al MAS NMR
experiments discarding aluminum in the ending tetrahedral
sites.36–38 Therefore, we exclude the possibility of aluminum
being in the pairing sites in high C/S ratios19,36,39 suggesting
it to be mainly in the few bridging sites within silica
chains.17,20,22,40

Given the chemical stability of the aluminum atom within
the CSH structure, the number of substitutions can be
increased to study the impact of tetrahedrally coordinated
aluminum on the properties of CSH. This together with the
nature of the charge-neutralizing counter ion determines the
number of all possible systems to be considered in a combi-
natorial fashion. The combinatorial approach has recently
also been applied in modeling impurities in cement clinkers
alite and belite.41 Considering symmetry in the silica chains
and relative distance of substitution sites can significantly
reduce the number of these possible states. To derive the
average mechanical and geometrical observables for a given
chemical composition, energy minimization over all possible
configurations should be performed. Meanwhile, GCMC sim-

Fig. 1. Structure of tobermorites. (a) tobermorite 14Å (TB14). (b) tobermorite 11Å (TB11). (c) anomalous tobermorite (TBan). The brown-red
sticks represent the infinite silica chains. The green spheres are calcium atoms. Oxygen and hydrogen atoms in water molecules are shown by
blue and white spheres, respectively. (d) Schematic position of Qn in an interconnected finite silica chain. N is the number of silica tetrahedral
attached to a silica tetrahedral. (e) Bridging and paring sites within an infinite silica chain.

Table I. Atomistic Calculations of Geometrical and Elastic
Properties of CSHs with Varying Calcium to Silicon Ratio

Specimen
Height
(Å)

Ez
(GPa)

Elayer

(GPa)
Indentation

modulus (GPa)

Tobermorite 14Å 14.4 53 76 63
Tobermorite 11Å 12.2 74 107 101
Anomalous
tobermorite

11.6 113 87 77

cCSH model 11.8 56 67 65

Table II. The Effect of Incorporation of One Aluminum Atom on CSHs of Lower Calcium to Silicon Ratio (Tobermorite)

Specimen Position Height (normalized) Ez (normalized) Indentation modulus (normalized) Free energy (eV)

Tobermorite 14Å Bridging 1.01 0.94 1.02 E1

Pairing 1.01 1.28 1.13 E1 + 4.8
Tobermorite 11Å Bridging 1.01 0.97 1.02 E2

Pairing 1.01 0.96 1.04 E2

Anomalous tobermorite Bridging 1.00 0.96 1.14 E3

Pairing 1.00 0.97 1.10 E3 + 0.5

Sodium atoms are used for charge-neutralization and mechanical properties are normalized with respect to their pure structure.
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ulation of water adsorption (with the water chemical poten-
tial set to that of the bulk liquid at room temperature) is per-
formed over a number samples to verify that the presence of
aluminum does not alter the water content of the structures
compared to the aluminum-free reference system. The
mechanical observable at a given chemistry is the average of
that parameter in each state times its Boltzmann probability.
The normalized energy and Young modulus for two substitu-
tions in tobermorite 11Å using both sodium and calcium
neutralizing counter-ions are presented in Fig. 3(a). While all
the atomic configurations are energetically competing (poly-
morphs), It is interesting to note that the mechanical proper-
ties can significantly vary showing a strong dependence not
only on the configuration of aluminum atoms in the chain
but also on the counter-ion used to charge-neutralize the sys-
tem. From the equality of internal energy, it can be inferred
that all polymorphs are equally probable; any observable
property can be simply averaged among them. Given the

notion of equi-probability of states, about 6000 models are
built with different aluminum content and charge neutralizers
(Ca++ & Na+). These models are analyzed hereafter to
study the response of tobermorite structures for a same
chemical composition. For the case of cCSH model, the alu-
minum substitution is increased gradually to all the possible
sites.

The effect of aluminum content on the simulation cell
height, twice the basal distance, of the tobermorite minerals
and cCSH structure is presented in Fig. 3(b). Each value is
normalized with respect to its corresponding height in
Table I. It is found that the average height of the aluminum-
substituted minerals is not affected by the type of charge-
balancing agent. Although the sample height increases with
the aluminum content, the density remains almost the same
due to insertion of charge-balancing cations. Therefore, it
does not lead to a variation in the water content compared
to the aluminum-free reference as shown from GCMC simu-

Fig. 2. Stability of aluminum atom within a finite size silica chain within a realistic environment. Silicon is structurally substituted by aluminum
atom in the (a) bridging, (b) pairing, and (c) ending sites of a pentameric silica chain. The aluminum atoms are represented by large pink
spheres. Thermodynamically aluminum atom is favored in the bridging position rather than at the other two replacement sites.

Fig. 3. The effect of Aluminum substitution on the mechanical properties of CSHs of varying calcium to silicon ratios using combinatorial
analysis approach over more than 20 000 atomistic models. (a) Normalized energy (U) and elastic modulus (E) for substitution of two aluminum
atoms within the infinite silica chains of tobermorite 11Å. (b) Variation of cell dimension (height) in the direction perpendicular to the silica
chains. Generally, insertion of charge-neutralizing agents increases the interlayer spacing. (c) Average elastic modulus of calcium-silicate layers by
aluminum content in the silica chains with normalization by the elastic modulus of cCSH model. (d) The elastic modulus in the direction
perpendicular to silica chains in the substitution of calcium by aluminum. TB14, tobermorite 14Å; TB11, tobermorite 11Å; TBan, Anomalous
tobermorite.
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lations. Interestingly, the behavior of tobermorite 14Å in the
basal direction is fairly complex. It is worth recalling that
this tobermorite has the largest basal distance in all toberm-
orite minerals and water content implying a shielding hydra-
tion effect of interlayer ions. These two structural
characteristics limit the effect of cations on increasing sam-
ples height. tobermorite 11Å, anomalous tobermorite, and
cCSH model have roughly the same basal distance and there-
fore their response should be similar to each other. The large
water content of the cCSH model (in agreement with experi-
ments) prevents charge-balancing cations to fully interact
with silica atoms in the chains. This mitigates the effective
expansion of the layers which causes the cCSH model to
have a lowest slope. Presence of Q3 sites in the structure of
anomalous tobermorite constrains its free deformation in the
basal direction.

The structural changes induced by silicon-aluminum sub-
stitution entails notable impacts on the mechanical properties
of this type of CASH structures which are presented in
Fig. 3(c). By increasing the aluminum content and regardless
of C/S ratio and counter-ion used, the average elastic modu-
lus of calcium-silicate layers is reduced notably meaning that
the incorporation of aluminum weakens the material’s stiff-
ness. It means that alumino-silicate tetrahedral chains are
not as strong as pure silica chains. All other mechanical met-
rics decrease with increasing aluminum content inside the
chains. Formation of local charge defects by insertion of alu-
minum atoms in the silica chains is followed by rearrange-
ment of cations and water molecules around the substitution
sites. The locally charged unbalanced environment around
aluminum atoms attracts charge compensation alkali agents

toward the substitution site which pairs aluminum and
sodium atoms together within 3–4 Å although these are of
same (+) electrical charge hence subject to a priori columbic
repulsion that is mitigated by the presence of negative oxy-
gen species in their immediate neighborhood. The water mol-
ecules in the interlayer regions rotate in a way to expose
hydrogen atoms to the aluminum species and place them
~3 Å apart. Consequently, to maintain the internal structure
of water molecules, oxygen atoms stay further away from
aluminum atoms to place them in a relative distance of
~4 Å. This justifies the observed proximity of OH groups
closed to the aluminate species observed in the recent NMR
experiments.23

(3) Substitution of Calcium by Aluminum in CSH
The disordered structure of cCSH makes possible the substi-
tution of interlayer calcium atoms with aluminum atoms
(typically two Aluminum ions substituting three Calcium
ions). The incorporation of aluminum in the interlayer
regions of CSH is followed by immense internal reconfigura-
tion that directly affects the mechanical response of the
atomic structure Fig. 4. As displayed in Figs. [4(a)–(c)], by
introducing aluminum to the interlayer spacing by substitut-
ing calcium ions, we found the evidence of a “healing” pro-
cess: the aluminum species diffuses from its original calcium
site to a vacant tetrahedral site in-between silica chain
chunks. This fact is explicitly shown by an extremely sharp
peak at 1.9 Å in the aluminum-oxygen pair distribution func-
tion [see Figs. 5(a) and (c)] which is quite comparable to that
of substitution of silicon by aluminum. This peak can be cap-

Fig. 4. Combinatorial analysis of aluminum-calcium substitution and its effect on the structure of calcium-silicate-hydrates at high calcium to
silicon ratios. (a) The sample structure of calcium-aluminate-silicate produced by calcium-aluminum substitution and neutralized with sodium
alkali agents. (b) Formation of Complex three-dimensional alumino-silicate skeletons connecting silica monomers and dimmers between adjacent
layers. (c) Formation of longer silica chains by aluminum-connecting adjacent dimmers. (d) Variation of Qn sites by increasing Al/Ca ratio. A
linear reduction in the amount of monomer and dimmers is followed by increase in the polymerization of silica chains. (e) The effect of
aluminum content on the mean chain length.
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tured using clayff force field as well. Since CSH has an iono-
covalent structure, the columbic forces are dominant in the
evolution of the system in phase space. Due to this nature,
both core-shell and clayff force fields can correctly capture
reconfiguration of aluminum atoms but they cannot capture
the condensation energy related to the formation and break-
age of bonds. Therefore, the disassociation of water molecule
to form hydroxyl groups cannot be studied via core-shell
force field. This requires the use of first principle ab initio
calculations via DFT method which is computationally
nearly intractable for systems as large as cCSH. The calcula-
tion of condensation energy for the silica chains of a few
atoms was performed by Manzano et al.42 which revealed
this energy is in the order of 1 eV which is a small fraction
of columbic energy.

The aluminum-calcium substitution process is way
beyond the mere existence of aluminum in the interlayer
spacing suggested by other authors.16,17 The suggested heal-
ing effect of aluminum-calcium substitution is that the
aluminum atoms bridge between silica chains to form an
alumino-silicate chains network with different types of
coordination based on chains healing and leading to
one-dimensional or/and two-dimensional or/and three-
dimensional chain linkages. This phenomenon increases the
integrity of the CSH structure producing a pathway to
transfer internal stress field through strong and chemically
stable formations.

The GCMC simulations again confirm that water content
does not change by substitution of calcium by aluminum.
As described in Fig. 4(b), as aluminum substitutes calcium
and Ca/(Al + Si) ratio decreases, the percentage of
(Q2 + Q3 + Q4) increases while the (Q0 + Q1) decreases. A
detailed distribution of Qn sites as function of Ca/(Al + Si)
ratio is provided in Table III. This matches well with the
formation of alumino-silicate glasses using reactive force
field modeling by Manzano et al.43 This theoretically
explains the formation of alumino-silicate networks
observed in NMR experiments20,36 which indicates the

increase of the Q2 (1Al) signal and the appearance of a Q3

(1Al) peak. The mean chain length as a measure of poly-
merization of silica chain is calculated accordingly
[Fig. 4(c)]. This parameter has been closely related to the
creep and durability of concrete structures. In fact, the
gradual viscoelastic deformation of CSH-based materials
coincides with polymerization of silica chains during its
meta-stable hydration process. Roughly, by a 10% increase
in the aluminum content in the interlayer of CSH structure
which is equal to 45% decrease in Ca/(Al + Si) ratio, the
mean chain length is increased by 85%. These results are in
good agreement with the separate NMR experiments of
Puertas et al.44 and Richardson et al.45, and polymerization
simulations of Manzano et al.43 Although NMR experimen-
talists attribute the increase in chain length to the silicon-
aluminum substitution16,17 only, we highlight that this
phenomenon is probably due to calcium-aluminum replace-
ments. The possibility of cross-links between layers (Q3 sites
giving rise to a three-dimensional solid) can influence the
way load is transferred from one layer to the next. To
investigate the effect of geometrical transformations to the
mechanical observables of the system, the normalized
Young modulus in the direction perpendicular to the cal-
cium-silicate layers is plotted versus the aluminum content
[Fig. 3(d)]. The Young modulus in the weakest direction lin-
early increases with Al/Ca ratio confirming the strong corre-
lation between geometry and mechanics of CASH nano-
composites. In addition, the recent work of Puertas et al.
suggests that the nano-scale porosity and type of activator
play a crucial role in the final mechanical properties at
micrometer scales.

To quantitatively assess the coordination of aluminum
atoms within these samples, the order parameter is calculated
over molecular dynamics trajectories. Although the tetrahe-
dral order parameter has been extensively used in the litera-
ture, we propose a simple practical relation for evaluating
penta-/octahedral parameters. These order parameters are
calculated using the following relations:

Fig. 5. Radial Distribution Function, tetrahedral and octahedral order parameter. (a) Radial distribution function for Aluminum-Oxygen in a
silicon substituted sample. (b) Aluminum order parameter in aluminum-silicon substitution case. Since Aluminum is substituted inside the chains,
they are exhibiting tetrahedral coordination. (c) Radial distribution function for Aluminum-Oxygen substitution in a calcium substituted sample.
(d) Aluminum order parameter in aluminum-calcium substitution case.
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where i and j are the summations over Al–O bonding spatial
vectors. More importantly, i and j vectors should be within
the first shell of neighbors which is identified by Radial Dis-
tribution Functions (RDF). The above octahedral order
parameter is checked for corundum mineral which gives the
value of 1 for octahedrally coordinated aluminum atoms. A
complete set of RDF and order parameter calculations is
presented in Fig. 5. For the case of silicon substitution by
aluminum, the first shell of oxygen atoms are located within
the distance of 1.9 Å from aluminum atoms [Fig. 5(a)]. In
such a substitution, the tetrahedral order parameter is
0.98 ± 0.01 which apparently shows that aluminum is tetra-
hedrally coordinated. By additionally considering the first
shell of oxygen atoms from water molecules, the octahedral
order parameter value is 0.57 ± 0.07 [Fig. 5(b)] that com-
pares well with the octahedral order parameter value for
(pseudo) octahedrally coordinated calcium atoms in toberm-
orite minerals 0.55 ± 0.02. The term “pseudo” is introduced
as some Ca in tobermorite layers are in fact sevenfold coor-
dinated.8 However, these water molecules are quite far away
from substitution sites (around 4 Å) i.e., in the range of a
second shell of substrate oxygen neighbors [Fig. 5(a)]. So Al
substituting Si sites cannot be considered as really being in
an octahedral environment when considering closest water
molecules; by contrast, they are clearly tetrahedrally coordi-
nated.

In the case of aluminum substituting calcium, aluminum
atoms migrate close to oxygen atoms which also give a peak
in the 1.9 Å in RDF diagram [Fig. 5(c)]. A few atoms get
fully tetrahedrally coordinated. In addition, water molecules
can get very close to the aluminum atoms [Fig. 5(c)]. This
leads to a strong octahedral signal which is shown by octahe-
dral order parameter of 0.64 ± 0.07 and a poor pentahedral
signal of 0.45 ± 0.06. We recall that the octahedral order
parameter value for (pseudo) coordinated calcium atoms in
tobermorite sheets is 0.55 ± 0.0.2. Therefore, by considering
water molecules, an octahedral signal can be observed
(Fig. 6). The aluminum’s octahedrality is even more than the
octahedral order parameter of calcium atoms in the toberm-
orite. The weak pentahedral order parameter is due to distor-
tion of five neighboring oxygen atoms around aluminum
sites. The ratio of octahedral to pentahedral aluminum sites
is measured to be roughly 3 in the molecular models
although deconvolution of NMR spectrum for hardened
Portland cement paste is about 3.5.23 This clearly shows the

multifarious behavior of aluminum atoms in the calcium-alu-
minate-silicate-hydrates in which aluminum can exhibit both
tetrahedral and octahedral signals if one considers two differ-
ent types of substitutions. These results are fully consistent
with the set of solid state 27Al and 29Si NMR data published
in literature and specially the recent work of Rawal et al.23

and Andersen et al.25 The qualitative molecular structure
presented by Rawal et al.23 shows that tetra-/penta-/octahe-
dral coordination of aluminum atoms is due to arrangement
of water molecules around aluminum atoms which is in com-
plete agreement with what we found here.

Despite the assertion in16 regarding the inclusion of alumi-
num within the core of octahedral calcium layers, we empha-
size that such a substitution is physically impossible. This
fact can be readily understood in the context of Al–O bond
length which is much smaller than that of Ca–O and incor-
poration of aluminum in such layers leads to structural insta-
bility. Andersen et al.25 provide the same structural reason to
discard aluminum from main calcium layers. Therefore, the
octahedral coordination is either due to coordination of alu-
minum to the oxygen atoms (from silica chains and water
molecules) in the interlayer space as explained above or to
other hydration products such as ettringite, hydrogarnet,
monosulphate, and other aluminate hydrates.24

(4) Deformation and Multi-Scale Response of CASHs
Versus CSHs
The equilibrium combinatorial analysis is pursued by a
mechanistic study on the deformation and failure mecha-
nisms in CSH and CASH structures. To unravel the chemo-
mechanical effect of aluminum substitutions, both types of
aluminum-enriched CASHs with the same substitution degree
are directly compared with defect-free tobermorite 14Å and
cCSH structures. All structures are relaxed in NPT ensemble
at room temperature and zero external pressure and equili-
brated using static energy minimization at constant pressure
to reach the potential energy minima and remove all internal
stresses. The deformation is subsequently applied in a man-
ner similar to deformation gradient defined in the mechanics
of continuous medium. In classical continuum mechanics, the
deformation gradient is a second order tensor that maps an
infinitesimal vector dX in the material configuration to its
counterpart dx in the spatial configuration as:

dXi ¼ Fij dxj (4)

where Fij is the partial derivative @Xi

@xj
in Cartesian coordi-

nate.46 In simple shear deformation, the deformation gradi-
ent tensor is defined as:

Table III. The Percentage of Qn and Mean Chain
Length in CASH of Varying Chemistry Calculated via

Molecular Modeling

Ca/(Al + Si) Q0, % Q1, % Q2, % (Q3 + Q4), % MCL

1.7 0.12 0.67 0.21 0.0 2.2
1.5 0.09 0.61 0.28 0.02 2.5
1.4 0.06 0.58 0.33 0.03 2.8
1.3 0.05 0.48 0.41 0.06 3.5
1.2 0.05 0.44 0.44 0.07 3.7

Fig. 6. Octahedral coordination of aluminum atoms. In this case,
aluminum atom has reorganized itself with four oxygen atoms of
four neighboring silica dimmers. In addition, two water molecules
have rearranged themselves at either sides of the Al–O plain. Totally,
six oxygen atoms have surrounded the aluminum atom producing an
octahedral coordination.
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0 1 0
0 0 1
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4

3
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0 1 0
0 0 1

2

4

3

5 (5)

where a and h represent the shear number and angle,
respectively. Due to the nonlinear nature of interatomic
forces, the large strain deformations are easily dealt with in
an updated-Lagrangian fashion. Here, 50 strain increments
each 0.002 in magnitude are imposed to the structures. After
each strain increment, the samples are relaxed via constant
volume energy minimization to capture the nonlinear behav-
ior of atomic system in a displacement-controlled fashion.
Here, the results of a shear deformation are presented
(Fig. 7).

The elastic responses of Al-containing samples range
between two extremes: defective cCSH and pure tobermorite
mineral [Fig. 7(a)]. In aluminum-silicon CASH models, pop-
ulation of alkaline or alkaline earth agents in the interlayer
reinforces the interaction between different layers leading to
a higher strength of the material. The formation of three-
dimensional alumino-silicate network further increases the
strength and elastic response of the aluminum replacing cal-

cium CASH structures. The results of this analysis corrobo-
rate the aforementioned partial healing mechanism produced
by aluminum. The increase in the interlayer interactions and
substantial improvement in the mechanical response of cal-
cium-silicate layers is also observed in other deformation
paths.

To quantitatively study the kinematics of deformation in
the CASH structures, root mean square deviation from linear
elastic deformation (RMSDLED) is calculated. RMSDLED
is a multi-scale metric for measuring the deviation of molecu-
lar structures from kinematic linear Cauchy–Born hypothe-
sis.47 The Cauchy–Born (CB) hypothesis is a homogenization
assumption in the molecular theory of elasticity in which the
atomic positions are related to the continuum field through
the deformation gradient F [see Eq. (3)]. The well-known CB
hypothesis assumes that if the boundaries of a defect-free
infinite crystalline lattice are subjected to a homogeneous
deformation, the entire lattice deforms according to the
above-mentioned deformation gradient.47 From the energetic
point of view, the CB hypothesizes that the linear deforma-
tion of the lattice minimizes the free energy of the crystal. In
fact, the CB hypothesis can be employed wherever a descrip-
tion of underlying atomic structure is available. This issue
has been recently investigated47,48 to derive grounds for the
CB hypothesis and has led to a validity criterion of CB

Fig. 7. (a) Stress-strain diagram for cCSH, tobermorite 14 and two different types of CASH. In one sample aluminum atoms have substituted
silicon whereas in the other the same number of atoms have substituted calcium. (b) Evolution of root mean square deviation from linear elastic
deformation for different elements in the sample with eight aluminum atoms substituting the calcium atoms in the interlayer. (c) Three sequences
of deviation vector for silicon, calcium and aluminum atoms. (d) Three sequences of deviatoric motion from linear elastic deformation for water
molecules. The color definition in the vector plots are the same as RMSDLED diagram.
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hypothesis using a comparative investigation from the atom-
istic and continuous models, in which the crystalline lattice
deforms homogeneously.

This hypothesis has been successfully implemented in
multi-scale modeling of defects,49 nano-indentation,50 frac-
ture,51 grain boundaries,52 and surface stress53 in crystalline
solids. The difference between the deformations predicted by
means of CB and the exact solution derived by means of dis-
crete lattice statics energy minimization reads:

RMSDLED ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

3N# 1

XN

i¼1;

ðrCB # rEMÞ2
vuut (6)

The root mean square deviation from Cauchy–Born
hypothesis in strain field is defined in Eq. (6) where N is the
total number of a certain type of atoms, rEM is the spatial
vector of ith atom derived by means of energy minimization
method at a certain level of deformation and rCB is the spa-
tial vector of ith atom predicted by means of Cauchy–Born
hypothesis. In fact, RMSDLED can determine the state in
which the irreversible deformation occurs due to a small per-
turbation in the discrete system.

The deviation is caused by nonlinearity of interatomic
interactions, geometrical arrangement of the structure or fail-
ure mechanisms. The results of Fig. 7(b) indicate that the
kinematics of water molecules should be distinguished from
that of calcium-alumino-silicate skeletal species. In the early
stages of the deformation, the water molecules flow in ran-
dom directions within the interlayer. It means that the
motion of water molecules in the interlayer spacing does not
obey the Cauchy–Born hypothesis. Thus, this theory is not
applicable for heterogeneous hydrated materials similar to
CSH. Although most of the water molecules experience this
free motion, deformation of ultra-high confined water mole-
cules within cavities inside the layers (this is one of the main
features of the cCSH model13) obey this hypothesis. The
solid skeletal species motion gradually deviates from homo-
geneous deformation over the course of displacement which
is explained by the nonlinear nature of interactions and geo-
metrical features of the CASH glassy structures. Between the
second and the third stages [Figs. 7(c)–(d)], CASH undergoes
a localized shear deformation within the solid layers. This
irreversible deformation can be viewed as the formation of a
counter clockwise vortex in the calcium-alumino-silicate
shown in arrow diagrams. This was observed in shear defor-
mation of metals.48 Therefore, it can at least be concluded
that Cauchy-Born hypothesis can be applied in small
deformation regimes in the single phase solid heterogeneous
materials similar to dried gels with entrapped water in the
nano-pores of the nano-porous medium. This sets the roots
for the applications of multi-scale modeling of mechanical
properties of complex hydrated oxides.

IV. Conclusion

In summary, we have identified two ways for substituting
aluminum in layered CSH: the aluminum-silicon substitution
which is common in alumino-silicate minerals and the cal-
cium-aluminum substitution. More precisely, the silicon-
aluminum substitution is favored in bridging sites of silica
chains only (excluding all ending sites) whereas the calcium
to aluminum substitution leads to the diffusion of aluminum
atoms to vacant silica tetrahedral sites. This concerns only
the interlayer calcium content (the intralayer calcium species
cannot be substituted by aluminum). The consequence of in-
terlayer calcium ions substitutions by aluminum is a healing
process that allows the lengthening of silica chains and cross-
linkages between layers leading to improved mechanical
properties that impact CASH durability. In case of alumi-
num-calcium substitution, study of the penta-/octahedral

order parameter revealed that the aluminum can have
penta-/octahedral coordination because of the nearby
arrangement of water molecules which is fully consistent with
the most recent solid state NMR data available.23 Finally,
we paved the first steps toward the application of the
multi-scale Cauchy–Born theory for the nanotexture of
cementitious materials. In particular we were able to identify
a localized shear deformation within the solid layers.
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