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Despite the usefulness of isothermal calorimetry in cement analytics, without any further computations this
brings only little information on the nucleation and growth of hydrates. A model originally developed by
Garrault et al. is used in this study in order to simulate hydration curves of cement obtained by calorimetry
with different known hardening accelerators. The limited basis set of parameters used in this model, having a
physical or chemical significance, is valuable for a better understanding of mechanisms underlying in the
acceleration of C–S–H precipitation. Alite hydration in presence of four different types of hardening
accelerators was investigated. It is evidenced that each accelerator type plays a specific role on one or several
growth parameters and that the model may support the development of new accelerators. Those simulations
supported by experimental observations enable us to follow the formation of the C–S–H layer around grains
and to extract interesting information on its apparent permeability.
l rights reserved.
© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Due to necessities to minimize the energy consumption and to
have faster construction processes worldwide, the cement portion of
next generation concretes must be significantly reduced and has to
react more rapidly. For this reason, the concrete producer requires
efficient hardening accelerators. Working mechanisms of known
accelerators on silicate hydration are still badly understood. As an
example, accelerating early hydration very often results in poor
mechanical properties at later ages. This phenomenon is not
understood and hence it incites compounders of concrete or de-
velopers of new accelerator formulations to find the best compromise
in terms of acceleration at the early age and acceptable strength at the
mature age. The important mechanisms occurring during the first
hours of cement hydration control the whole life of concrete and how
it will further evolve after many years.

As a first simplification, it is generally considered that the strength
development in cement is obtained by the precipitation of C–S–H.
Understanding the C–S–H precipitation, in other words its nucleation
and growth, is the key point in order to follow and potentially modify
the strength evolution of concrete. Many modeling and experimental
works are dedicated to the C–S–Hnucleation and growth [1–3]. Amodel
proposed byGarrault et al. [4] was developed to describe C–S–H growth
in alite or belite pastes, alite andbelite being the principal silicate phases
of anhydrous cement. This model allows one to make numerical
simulations in order tofit the evolution of alite hydrationwith timewith
a small number of fitting parameters. Yet, the fit is possible during the
accelerating part of the hydration i.e. only during the very first hours of
hydration. These parameters have a clear physical or chemical
significance and can be readily varied experimentally. This growth
model and the various related numerical simulations on controlled
systems have shown good accordance with experimental data, thereby
comforting the model validity [5,6]. Such numerical simulations can be
helpful in the development of new types of accelerators or to find
synergetic combinations between existing accelerator chemistries.

In this study, the aforementioned model was further developed
and used to assess the role of various accelerators on the nucleation
and growth of calcium silicate hydrate during the hydration of alite.
The first step is the validation of simulations, namely it is attempted to
correlate simulated output data with experimental data. For this
purpose, observations by cryogenic microscopy are carried out in
order to estimate C–S–H layer thicknesses formed on alite grains. The
measured thicknesses are then compared with the simulated ones. A
correlation was also found between the computed permeability of the
dense C–S–H layer and the surface density of nuclei.

2. Growth model

Alite hydration is parallel process of dissolution of alite and
precipitation of C–S–H with calcium hydroxide:

Ca3SiO5 + 3H2O→3Ca2+ + 4OH− + H2SiO
2−
4 ðalite dissolutionÞ

1;7Ca2+ + 1;4OH− + H2SiO
2−
4 → CaOð Þ1;7− SiO2ð Þ− H2Oð Þy ðC� S� H precipitationÞ

1;3Ca2+ + 2;6OH−→1;3Ca OHð Þ2 ðCaðOHÞ2 precipitationÞ

The focus of this article is the C–S–H growth. Our study is then
limited to alite dissolution and C–S–H precipitation. Recently, it was
highlighted that alite dissolution occurs by formation of etch pits [7]
as in many other silicate systems already investigated in depth [8–10].
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Lasaga postulates and simulates the dissolution of quartz by a step-
wave model [11]. Indeed, etch pits can be seen only as the local
manifestation of dissolution generated at local crystal defects. In
many systems [9,12,13], the global dissolution rate is not dependent
of number of etch pits, but only function of solution composition.
The grain dissolution can be simply described by the interface
retreat. The same framework is used in this study and the alite
dissolution is considered as spherically isotropic. The C–S–H
precipitation follows a classical nucleation process and is extremely
favored onto the alite grains [14]. After nucleation, the growth of
each C–S–H crystallite seems to be very limited during the next one-
two days; the particle size achieved is always under 100 nm [15,16].
This system prefers to pursue growth by secondary nucleation close
to first particles, which has been observed in other systems. Globally,
the C–S–H growth on the alite surface can be well described by a
precipitation of small particles on and beside the particles already on
the surface, as represented on Fig. 1. In order to differentiate this
phenomenon from a real crystal growth, the term aggregation will
be used in the following as well as the aggregation rate which
represents the rate at which C–S–H particles precipitate around
other ones.

2.1. Kinetic treatment

During the hydration process when the system has reached a
steady state, i.e. when growth dominates nucleation, the hydration
rate is equal to the dissolution rate as well as to the precipitation rate:

RHyd: = RC3Sdiss:
= RCSHprec: = −

dNC3S

dt
=

dNCSH

dt
ð1Þ

where NC3S and NCSH are the molar quantities of C3S and C–S–H
respectively. The flows of matter brought by the dissolution and
consumed by the precipitation have to be equal. It means that the
global hydration rate will be limited by the slowest process.

Three different kinetic periods during alite hydration have been
already identified in the literature (Fig. 2). The first one occurs at the
very beginning of the hydration and can be ascribed to an induction
period, often referred and called in the literature the “dormant”
period. During this induction period, C–S–H nuclei are created. The
second one follows the induction period and corresponds to the free
growth of C–S–H clusters, with “free” defined as a lack of steric
hindrance to the growth. The hydration rate can be expressed as
follows:

Rhyd tð Þ = Rgrowth:Sgrowth tð Þ ð2Þ

where Rgrowth is the interfacial anisotropic aggregation rate of C–S–H
particles and Sgrowth the surface area of C–S–H clusters. According to
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Fig. 1. Schematic representation of C–S–H growth on alite grains at two different times, (a) a
hours after (a). In (b), the alite dissolution front retreated.
the first work of Garrault [4], Rgrowth is kept constant with time. This
assumption is sufficient to simulate the very first hours of the
hydration. Sgrowth is a non-monotonic function of time, as clusters can
collapse on the grain surface after a certain time that leads to a
decrease in surface area. Another period step occurs at later times
when C–S–H has totally covered alite grains. It was demonstrated that
the hydration rate is proportional to the alite surface and to the C–S–H
layer thickness [18,19]. At this moment, the hydration is kinetically
driven by the dissolution of alite and the subsequent diffusion of
dissolved species towards the pore solution. The C–S–H layer
formation and the necessary diffusion path up to the pore solution,
slows down the dissolution rate and therefore the hydration rate. This
means that it will take more time to bring dissolved ions into the pore
solution and it will take more time to build a C–S–H particle than at
the very beginning when alite surface is still intact. The interfacial
growth rate Rgrowth defined above and previously fixed constant
with time in the work of Garrault has to be reduced over time due to
the fact that the dissolution and diffusion affect the delivery rate of
ions. These factors are:

1. The decrease of the surface area of alite in contact with water due
to decreasing grain size.

This can be easily treated knowing the degree of hydration and
the initial grain size distribution. We may express this decrease by
Salite(t)/I0. Salite(t) is the surface area of alite grains at time t and I0 the
interface area defined as the alite surface at t=0 (Fig. 1).

2. The heterogeneous precipitation of C–S–H on grains.

For this second point, one has to take into account that C–S–H
precipitation hinders the free diffusion of ions. In order to reach the
bulk, ions have to go through the interface I0 (Fig. 2). Either they
diffuse through the free surface not covered yet by C–S–H particles or
they diffuse through the C–S–H layer. The C–S–H layer is comparable
to a membrane. Indeed, assuming that the C–S–H layer is constituted
of an arrangement of nano-crystallites, it will lead to a nano-porosity.
Like a membrane, the diffusion through the C–S–H layer is less rapid
and depends on the intrinsic permeability and thickness of the layer.
Therefore, the dissolution flow through this membrane is reduced by
a transport factor f, f ranges from 0 to 1. The dissolution rates R(t) at
instant t and t=0 are:

R tð Þ = Rdiss � Ifree tð Þ + I0−Ifree tð Þ
� �

f
h i

ð3Þ

R 0ð Þ = Rdiss � I0

Ifree(t) is the surface located at the interface I0 not covered by C–S–H
particles and Rdiss the interfacial dissolution rate. The decrease of
theeffectivedissolution rate over the timemaybeexpressedby the ratio
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Fig. 2. Example of alite hydration over time (liquid to solid ratio is 0,5). Important
phenomena as well as known kinetic steps are noted.
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R(t)/ R(0). In order to separate effects of intrinsic diffusion change in
C–S–H and the layer thickness, we express f as:

f =
P

T tð Þ ð4Þ

T is the thickness of the C–S–H layer and has the dimension [L].
Therefore, P has a dimension [L] and by analogy is defined as an
intrinsic permeability per unit of length. This yields for the hydration
rate:

Rhyd tð Þ = R max �
Ifree tð Þ + I0−Ifree tð Þ

� �
: P
T tð Þ

I0
:
Salite tð Þ

I0

0
@

1
A � Sgrowth tð Þ ð5Þ

As defined in the literature [4], Rmax is the anisotropic interfacial
growth rate and depends only on the supersaturation with respect to
the C–S–H (the presence of any foreign ions or molecules could also
perturb the growth). In [4], the interfacial growth rate is constant with
time, this assumption is reasonable since modeling the whole
acceleration part of hydration curves was possible. In our case, Rmax

represents themaximal interfacial growth rate when no C–S–H covers
the grains surface. The interfacial rates Rgrowth and Rmax may be
expressed in mol s−1m−2

Kinetically, the growth rate can be closely simulated by an
aggregation of C–S–H particles according to two directions [1,17].
The equation 5 can be applied to experimental data as to themodeling
as well. In themodeling, wemay compute the anisotropy of the C–S–H
growth. In the following, we will consider, as it has been suggested
experimentally, that the three-dimensional C–S–H growth rate Rmax

function can be separated in three independent growth rates Rx, Ry and
Rz. Rmax according to the directions x,y,z. Rx,Ry,Rz are linked by the
relation Rmax=(2*Rx*2*Ry*Rz)

(1/3) assuming that z is the direction
perpendicular to the grain. As explained below, we defined a cubic
Nucleation One iteration

Fig. 3. Schematic representation of the C–S–H growth for 2 iterations. The model is based on
nuclei is 15, Rx=Ry=3 and Rz=4.
building unit of C–S–H, this means that the anisotropy of the growth is
captured in the difference between rates Rx, Ry and Rz. Another way to
proceed could be to define an anisotropic building unit and identical
rates.
2.2. Growth simulation on alite grains

Alite is approximated by one sphere. The initial alite grain surface
I0 is mathematically described by an NxN square matrix having n
entries (n=N2). N2/100 is the fitting parameter called “alite matrix
size”. The heterogeneous nucleation is described by a random
distribution of primary particles on the anhydrous surface, and
mathematically translated by the occupation of certain entries of the
matrix by a cubic particle considered as nucleus. This cubic particle is
called thereafter C–S–H unit block. The number of these initial cubic
particles is the second fitting parameter, which is termed “number of
nuclei”. The nucleation step is described in the following way in our
simulations. The fitting parameter “number of nuclei” is a global
number of positions where growth occurs. It may represent therefore
the sum of nuclei precipitated during primary and secondary
nucleation. Experimentally, we know that the system is always
supersaturated with respect to C–S–H. When primary nucleation
occurs, even if the growth is thermodynamically favored, C–S–H can
possibly further nucleate. First minutes after the primary nucleation,
the supersaturation is strongly reduced and C–S–H surface is
available, making the nucleation more and more improbable
compared to the growth. This time needed to create all nuclei, before
that nucleation becomes negligible in comparison to the growth, is
defined in the model as an induction time; whereas it is properly not
an induction time since it is not correlated with the necessary time to
have a critical nucleus.

C–S–H growth is anisotropic as suggested by atomic force
microscopy observations [17] and occurs at two different rates, one
parallel and one perpendicular to the surface of the grain. Growth is
then modeled by a clusterization of blocks around the first ones
already put on the matrix. During one single iteration, each cluster on
the matrix grows parallel to surface at 2Rx*2Ry rates and perpendic-
ularly to the surface at the rate Rz until the complete coverage of the
matrix. Then, the growth only continues perpendicularly to the
surface until the full alite grain consumption. The process is illustrated
in Fig. 3. The rates Rx, Ry, and Rz are three fitting parameters in
simulations. Despite the fact that there is no direct access to
experimental data, we believe that inputs Rx, R,y, and Rz are
proportional to the real interfacial growth rates.

The full hydration (ζ=1) is achieved when 3,3.108 blocks have
precipitated. The quantity of alite reacting at the beginning is
defined by one sphere with a surface Salite(t=0)=I0=N2 blocks of
CSH. The matrix size N2/100 is the fitting parameter to be input. The
increment of time between each iteration is chosen to be 0.833 h.
The interfacial rates are defined in block volume per block surface
per increment of time, which is equivalent to a block length per unit
of time.
 growth Second iteration growth

anisotropic growth of C–S–H clusters on a grain surface. In this example, the number of
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2.3. Growth simulation on additional substrates

C–S–H can grow heterogeneously not only on C3S surfaces. It
was experimentally observed that C–S–H growth can occur on calcite
[20–22], titanium dioxide [23,24], and silica [25,26]. A better
description consequently requires that such growth could be
simulated. For this purpose, the model was further modified. Namely,
a second matrix of growth was created and some nuclei can
precipitate on this matrix. These nuclei will grow at the same rates
defined in the previous paragraph. That means that the growth
simulation on additional surfaces requires only two other fitting
parameters which are the additional matrix size (related to the
surface area of thematerial) and the number of C–S–Hwhich nucleate
on this surface. This is a priori difficult to know. If C–S–H grows on
calcite, titanium dioxide or silica, it means that the surface of these
materials favor the heterogeneous nucleation of C–S–H. The hetero-
geneous nucleation of C–S–H on a substrate is the reduction of the
barrier energy needed to form a nucleus compared to the homoge-
neous nucleation. The free energy ΔG needed for heterogeneous
nucleation is equal to the product of homogeneous nucleation and a
function of the contact angle:

ΔGheterogenous = ΔGhomogenous:f θð Þwith f θð Þ = 2−3 cos θð Þ + cos3 θð Þ
4

ð6Þ

with θ the wetting angle between the nucleus and the substrate, it
determines the ease of nucleation by reducing the energy needed to
precipitate a critical nucleus. The smaller the wetting angle, the higher
the energy decrease, and thereby the smaller the volume of the
nucleus Vhet according to the relation:

Vhet =
π:r3

3
2−3 cosθ + cos3θ
h i

ð7Þ

with r the radius of a critical nucleus. r is a constant for a crystal and
only depending on the interfacial crystal-solution energy. The overall
quantity of C–S–H nucleating VCSH is proportional to Vhet by n the
number of nuclei:

Vtotal
CSH = n:Vhet ð8Þ

one rapidly sees that if two materials having the same specific surface
area and if VCSH is constant, the material showing the smaller wetting
angle will have more nuclei on its surface during the nucleation step.
Therefore, we may assume that the smaller the wetting angle, the
higher the density of nuclei on the considered substrate. To the best of
our current knowledge, only the wetting angle on calcite was
determined [14], θcalcite-CSH=60°. Nevertheless, as it is demonstrated
that CSH can grow also on silica and TiO2 as references [20–26]
referred, we expect that f(θsilica) and f(θTiO2)b1.

Even if such a substrate as Calcite is a good substrate for the C–S–H
nucleation, it was shown that the alite surface is still more favorable
[14]. C–S–H precipitates anyway on alite grains even if the additional
material added to the alite is extremely fine. Hence, it seems that the
quality of the surface is more important that the quantity. This implies
that we cannot compare additional substrates and alite only by their
specific surface area but we have also to take into account their
capability to reduce the nucleation energy. Secondly, the alite matrix
size and the additional matrix size input data reflect both parameters,
i.e. the real surface areas occupied by C–S–H after growth. It implies
therefore that ratios between matrix sizes on one hand and
experimental surface areas on the other hand, are not necessarily
proportional.

It is considered here that all additional substrates are inert and
therefore their surface area will not evolve during the alite hydration.
3. Experimental section

3.1. Materials

The alite powder was obtained by solid state sintering reactions of
freshly decarbonated calcium oxide with fine silica followed by
grinding. By Rietveld refinement, it was determined that the powder
is composed of 95,5% of a monoclinic polymorph of tricalcium silicate,
4% of dicalcium silicate and 0.5% of free lime. The median diameter of
particles obtained by light scattering (MasterSizer 2000 fromMalvern
Instruments) in ethanol, is 11.75 microns considering the volume size
distribution and 4,71 microns considering the surface size distribu-
tion. The calculated specific surface area is 0.402 m2/g.

In this study, four different types of particles were tested as
accelerators. Two silica materials were used: Cembinder C50®
produced by Eka which is a 15%w suspension of nanosilica having
an average particle size of 5 nm, and a fumed silica-1% alumina
commercialized by Degussa as Aerosil MOX170 (170 m2/g and 15 nm
average particle size). A fine Portlandite (2 m2/g and 11 um average
particle size) provided by Lhoist was also investigated. Lastly fine
calcite, SOCAL®31 provided by Solvay (particle size of approximately
70 nm and a specific surface area of 20 m2/g) was assessed. Other
experiments were carried out with different salts and solutions:
calcium chloride, sodium metasilicate pentahydrate, sodium hydrox-
ide, calcium nitrate, and sodium chloride. All these were provided by
Aldrich with a purity greater than 99.5%. Finally, a 7% by mass C–S–H
suspension commercialized by BASF under the brand X-SEED®100
was also studied.

3.2. Characterization techniques

3.2.1. Calorimetry
3 g of alite and 1.5 g distilled water are mixed manually with a

spatula. Then about 1.5 g of paste is added and sealed in a plastic
ampoule and inserted in the calorimeter (TAM-AIR, TA Instruments).
The temperature is controlled at 20 °C. With this external stirring
procedure, one is not able to record the first minutes of reaction and
the measurements are slightly perturbed by insertion of the
ampoules. Nevertheless the external mixing showed much more
reproducible results. The powdered accelerators were first mixed
with the alite and the soluble ones were first dissolved in water. The
dosages of solid accelerators are indicated in percentage of accelerator
solid weight by alite weight and the dosage of salts are indicated in
mmol per liter of total water.

3.2.2. Cryogenic microscopy
The Cryo-SEM experiments were performed at Zentrum für

Werkstoffanalytik ZWL (Lauf an der Pegnitz, Germany). The mixing
procedure for the Cryo-SEM samples preparation is exactly the same
as for calorimetry. The different steps realized before observations are
accurately described in the following articles [27,28]. This technique
presents two huge advantages. First, the paste structure is preserved,
and second, it is possible to observe layers around grains. Indeed, due
to sample preparation in the pre-chamber, grains are sometime twice
cut. If this is the case, cores of anhydrous grains are observed due to
the lateral cut, and hydrate growth on the grain surface can be better
observed.

4. Results and discussion

4.1. Experimental and simulated curves

Thanks to the heat flows recorded by calorimetry, the hydration
degrees of alite over time were calculated. These curves were
simulated with the model described in this paper. In Fig. 4, the
experimental curves are in plain lines and the corresponding fitted
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Table 1
Fitting parameters describing experimental hydration curves obtained by calorimetry with various accelerators. BL means Block Length, ti represents the increment time chosen in
simulations, for this work ti=0.8333 h.

Alite Matrix
Size N2/100

Nuclei on alite
(blocks)

Rate// [BL]/Ti] Rate [BL]/Ti] Introduction
Time [Hours]

Permeability
P/100[BL]

Additional
Matrix Size

Additional Nuclei

Blank 3000 20 6.1 17.2 3.5 1
5% Portlandite 3000 28 6.5 15.5 0 1.3
5% SOCAL31{CaCo3} 3000 14 6.1 17 0 0.6 900 8
1% C50 {SiO2} 3000 15 6.2 16.5 2 0.65 900 9
1% MOX170 Al-rich {SiO2} 3000 13 6.4 15.5 2 0.52 1180 9
0.2% X-SEED100{SEEDS} 3000 12 6.7 13 2 0.45 3500 28
400 mM CA{NO3}2 3000 40 5 25 2.5 1.45 2200 30
200 mM CaCl2 3000 33 4.9 25 2 1.4 2500 60
100 mM CaCl2 3000 14 6.8 13 2 0.6 4600 20
132 mM Na2SiO3 3000 62 6.9 12.4 0 1.1
200 mM NaCl 3000 36 5.2 23.5 2 1.45
200 mM NaOH 3000 22 6.5 15 2 1.1
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Fig. 5. Simulation of C–S–H layer thicknesses evolution for a subset of accelerators
investigated in this study.
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curves are represented with symbols. The different parameters of the
model are adjusted to obtain an optimum fit to the experimental
hydration curves. Nevertheless, alite matrix size, corresponding to the
growth area on alite, is kept constant since no modification
concerning the quantity or the nature of alite is done. The fitting
parameters related to each accelerator tested in this study are
gathered in Table 1.

4.2. Model validation

In the past, such simulations based on the original model of
Garrault were used in order to investigate deeper the tricalcium
silicate hydration in presence of tricalcium aluminate and gypsum [6]
or in function of the curing temperature [5]. Both works showed a
good concordance between some experimental data and the fitting
parameters like the number of nuclei or the specific surface of C–S–H
developed during first hours of hydration. More recently, similar
simulations have highlighted the possible prediction of the degree of
hydration of alite at 28 days obtained by thermal analysis by the
fitting of the very early hydration curve obtained by calorimetry [29].
In this article, we aimed to further validate the model of C–S–H
growth with an original investigation technique as it is described in
the following.

4.3. Correlation between microscopy and modeled C–S–H layer thickness

One of the interesting outputs that can be extracted from these
simulations is the development of the C–S–H layer around grains, as
seen in Fig. 5. The evolution of the C–S–H layer thickness is of major
importance because the interweaving of C–S–H layers hardens
cement pastes. In order to get an experimental comparison, layer
thicknesses were measured using images collected with cryogenic
microscopy in different samples after different hydration times,
following the procedure explained in the experimental section. The
mean thicknessmeasured for onemixture (paste+water+accelerator),
is an average of at least 20 different micrographs observed in three
different samples. For each single grain investigated, an average of the
layer thickness ismadearound thewholegrain circumference revealedon
the micrograph. Some of these micrographs are represented as Fig. 6.

In Fig. 7, all mixes are listed together with their freezing times. One
can easily compare how thick the C–S–H layer is and what the model
gives accordingly. It can be seen that a linear correlation is obtained
between what is measured and what is calculated. This experimental
observation technique strongly supports the formation of a C–S–H
layer around the alite grains and underlines the validity of the growth
model. That allows us to calculate the size length of one C–S–H block,
i.e. the slope of the curve in Fig. 5, one CSH cubic block is 2.51 nm long.
The surface of alite is covered by N2=300,000 C–S–H blocks, it
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corresponds to a surface area of 1.89.10−12m2. Considering now the
experimental specific area 0.402 m2/g of the alite sample used in the
study with a density of 3.15 g/cm3, we find out that N2 corresponds to
a sphere with a diameter of 4.47 μm. This is in very good accordance
with the surface mean diameter obtained by the grain size analysis
(see experimental section, SMD=4.71 μm).

4.4. Accelerator effects on C–S–H nucleation-growth

Examination of Fig. 4 provides an overview of the accelerating
effect of various types of accelerators. Sodium metasilicate, soda and
fine Portlandite show higher degrees of hydration only within the first
hours, and then a slower compared to the blank. In contrast, calcium
chloride and X-SEED®100 accelerate the hydration during at least the
first 3 days. Table 1 provides the different fitting parameters which
were used to simulate all experimental curves evaluated in this study.

The predominant effect of the Ca-rich powders (Portlandite and
calcite) is to completely suppress the induction time necessary to
nucleate the first C–S–H. It is interesting to point out that Portlandite,
contrary to calcite, does not seem to be a good substrate for C–S–H
growth, since it is not necessary to use an additional matrix to
simulate the hydration curve. This was confirmed by microscopy, as
no C–S–H was found on Portlandite crystals. It also means that the
precipitation of Portlandite during alite or belite hydration does not
bring any surface for C–S–H nucleation and growth. The Si-rich
powders (MOX170 and C50) act as nucleation and growth promoters,
since additional surface is required in the simulations. Nevertheless, it
can be seen that there are less nuclei on alite. The growth mode is not
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remarkably changed compared to the reference since the growth rates
are almost identical to the reference.

The addition of sodiummetasilicate leads to a huge precipitation of
C–S–H nuclei which seem to be located on alite grains, which
consequently suppresses the induction time. The perpendicular
growth rate is decreased. NaCl only slightly promotes the nucleation
on alite grains and changes the growth mode. Indeed, the parallel
growth rate is reduced and the perpendicular rate increased. The
addition of NaOH has almost no effect, except a slight increase of the
parallel growth rate and an increase in the number of nuclei on alite,
which will lead to a faster coverage of grains by the C–S–H layer.

For other accelerators, namely X-SEED®100 and calcium salts, it is
necessary to use an additional matrix of growth to simulate the
hydration curves. Actually, there is no reason to think that a substrate
is created with these accelerators. Even if one imagines that calcium
salts can accelerate the precipitation of Portlandite, it was previously
demonstrated that the addition of Portlandite had no effect in this
respect. The interpretation of such a result is that instead of
heterogeneous nucleation and growth on a substrate, these acceler-
ators allow homogenous nucleation of C–S–H in the pore solution. In
this case, the model's additional surface area is a dummy surface
which is necessary to reproduce in a way the growth of these
homogeneous nuclei in the pore solution. X-SEED®100 supports this
idea due to the fact that it is a suspension of C–S–H nano-particles
which is homogenously dispersed in the paste and acts as homoge-
nous nuclei [30,31]. With this accelerator, nucleation is moved from
grains surface towards pore solution. Although a lot of nuclei are
provided, the induction period is reduced but not totally suppressed.
The perpendicular growth rate is also notably reduced. Comparing the
low dosage of 0,2% for X-SEED®100 and its accelerating performances,
it is the most efficient accelerator studied here.

Surprisingly, as previously highlighted, it seems that Ca salts also
favor a homogeneous nucleation since we have to add a huge
supplementary area to fit experimental curves. The high abundance of
Ca ions in the pore solution brought by these accelerators combined
with silicate ions dissolved from alite may be an explanation to this
phenomenon. In high Ca concentrations, an increase of the perpen-
dicular growth rate is suggested by Garrault [4] and the heteroge-
neous nucleation on alite grains is also increased. The tendencies
observed for calcium nitrate and calcium chloride are very similar.
Nevertheless, looking at the dosage, calcium chloride accelerates the
alite hydration further.

4.5. Correlation between C–S–H layer permeability and surface nuclei
density

In our simulations (Table 1) the phenomena at the origin of
permeability variation in dense C–S–H layers are still unexplained and
more generally the occurrence of diffusion-limited step is still a subject
of debates. Some controversies in the literature exist. Namely people's
opinions differ on the fact that the formation of a C–S–H layer on the
alite grains may lead to a diffusion-limiting step. In other words, this is
still controversial whether the diffusion rate may control the hydration
rate or not. Numerical simulations are an ideal tool for investigating if
diffusion canaffect thehydration rate of alite.WithHydratiCaBullard [2]
input the diffusion and introduced a transport factor Tr. This transport
factor is a dimensionless coarse-grained parameter used to model the
efficacy of ions transport through two types of CSHmaterials. Indeed, he
referred to a dense poorly permeable CSH(I) (Tr=0,01) and a less dense
high-permeable CSH(II) (Tr=0,75). The maximal value of Tr is 1,
meaning that the material does not slow down the diffusion compared
to the diffusion in water. CSH(I) precipitates in low calcium hydroxide
concentration and CSH(II) is high concentration. Experimental curves
as well as Bullard's simulated curves typically show that the hydration
rate, in the period of time that we define as limited by the diffusion
(Fig. 2), is drastically reduced when the hydration leads to exclusively
CSH(I) instead CSH(II). In contrast, with the modeling platform μic,
Bishnoi [1] attempted to use a diffusion barrier to reproduce the typical
drop of the hydration rate for various alite samples with different grain
size distributions. He suggested that the broad variation of the fitted
diffusion coefficients renders the diffusion-limited kinetic step unlikely.

In order to see the impact of the diffusion on the hydration rate in
our simulations, two interesting simulated curves were plotted in
Fig. 8. The first one, where P=100, fits perfectly the experimental
curve, it corresponds to the hydration of the blank reported in Table 1.
In other words, it is assumed that C–S–H material has a defined
permeability. For the second simulation, only the permeability
coefficient is modified. Here, a fully permeable C–S–H layer is
assumed. Hence, there is no limitation of the hydration rate by the
diffusion. Yet, the shape of the hydration curve is not drastically
changed and the hydration rate still goes through a maximum before
decelerating. This decrease is not due to a diffusion process but occurs
since the clusters of hydrate begin to coalesce and a hindrance of the
free growth appears, as it has been already highlighted by Garrault [4].
The growth extension is reduced which is translated by a decrease of
the growth rate. Bishnoi [1] attempted to reproduce this decrease by a
diffusion process. This is actually feasible as it demonstrated but it
necessitates strong variations of diffusion coefficients within the set of
simulations. This diffusion has to slow down the hydration when the
rate is the highest. Therefore, this diffusion coefficient must vary with
the fineness of alite grains which leads to unacceptable variations for a
diffusion coefficient. However, conclusions in Bishnoi's article about
the unlikely limitation of the hydration by the diffusion are not
necessarily valid since the fitting procedure for the diffusion co-
efficients do not correspond to a diffusion phenomenon.

From both simulations (Fig. 8), it is possible to extract the effect of the
diffusion on the growth rate. Indeed, the ratio between the simulated
hydration rates, at the same degree of hydration in the diffusion regime,
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gives us the reduction of the rate due to the slower diffusion through the
layer. At a degree of hydration equal to 0,35, reached after about 30 h for
the fit with P=100 (experiment) and after 22.5 h if the CSH layer is fully
permeable, the ratio between both hydration rates is 3,2. Coming back to
simulations done by Bullard [2] and using his terminology, the effect of
the diffusion observed in our simulations corresponds to a transport
factor of the layer equal to 1/3,2=0,313. This is between the twoextreme
transport factors Bullard used for CSH(I) andCSH(II). Our observations on
the intrinsic C–S–H layer permeability are therefore in good accordance
with Bullard's results.

Within the simulation set done in this work, fluctuations of P
are observed (Table 1). The C–S–H layer consists of an assemblage of
C–S–H particles. The intrinsic permeability P as defined in this article
is related to the nano-porosity formed by these latter. Zajac et al.
demonstrated experimentally that the hydration rate is connected to
the very early nucleation after the layer formation [5]. In this paper, a
correlation can also be found between the number of nuclei and the
permeability of the C–S–H layer (Fig. 9).

Fig. 9 reveals that the higher the computed nuclei positions, themore
permeable the CSH layer will be. This holds up to about 40–50 nuclei
positions atwhich point a decrease in the permeability coefficient occurs.
This point, i.e. 62 nuclei positions, represents the simulationdonewith an
addition of sodium metasilicate. Observations from Fig. 9 indicate that
nucleation impacts the C–S–H layer permeability, making one think that
nucleation topology is important and the arrangement of hydrates canbe
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Fig. 9. Relation between the permeability of the C–S–H layer and the number of nuclei
coming from fitting parameters in table 1.
at the origin of the layer porosity. The proposedmodel does not allow for
generation of nano-porosity in the C–S–H layer. The layer built in those
simulations is uniform, as is the coverage of cement grains by C–S–H. In
order to investigate if an equivalent porosity can be created only by an
arrangement of C–S–H particles on the surface, a two-dimensional
growth of C–S–H clusters was investigated more deeply.

For this purpose, it is assumed that a minimal building block size is
required formaking particles growing. Thismeans that C–S–H clusters
are expanding through the further replication of identical building
blocks around the first ones. This is no different than the original
model, except for the fact that building blocks are indivisible units and
consequently, if there is not a large enough area to put a building
block on the matrix, the growth is stopped at this location. Therefore,
during the growth of 2D C–S–H clusters, a surface area smaller than
one building block between growing clusters remains free. This can be
attributed to local porosity. At the end of simulations, when maximal
coverage is achieved, no primary particle can be placed onto the
surface matrix. An example is given in Fig. 10, where a 100×100
surface was chosen with 5 initial nuclei and a building block size of
5×5. The working hypothesis of such simulations is that the 2D-
porosity created by these indivisible building blocks is directly
connected to the C–S–H layer intrinsic permeability.

Numerous simulations were run with the matrix size fixed at
100×100, varying the number of nuclei (initial particles) randomly
located on thematrix and the building block size. Results are shown in
Fig. 10 where the free surface remaining on the matrix at maximum
coverage is plotted against (a) the number of nuclei positions and
(b) against the surface area of nuclei, for different building block sizes.
The surface area of nuclei is the number of nuclei multiplied by the
building block size normalized by the total matrix area. For any
building block size, the same behavior is observed. The free remaining
surface increaseswith the number of initial nuclei up to amaximum at
30%–35%. At this maximum, there is no growth anymore i.e. the
nucleation step is sufficient to maximally cover the matrix. This
maximum represents the highest disordered 2D-packing which can
be reached by randomly placing all the initial nuclei. After this
maximum, if one desires to place more particles, the possible
configurations imply that a quantity of nuclei has to be packed close
to first ones. Then, the final covered surface stays equal to the surface
area of nuclei.

In Fig. 10 (b), curves can be merged in a master curve if the free
surface is plotted as a function of the area developed by nuclei
normalized by the total area. The fact that a master curve can be
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obtained reveals that the choice of the building block size do not
really matter in our 2D-simulations and that the output porosity
has a fractal characteristic. Fig. 11 can consequently be the
representation of a 5×5 square micrometer area as well as a
5×5 square nanometer one. This holds as long as only one building
block size is used. Assuming that the free remaining surface
determines the C–S–H layer permeability, these simulations
support the link between the permeability and the arrangement
Fig. 11. Matrix 100×100 after maximum coverage obtained by putting 5×5 building
blocks. 5 first building blocks were randomly put initially onto the matrix. Red means
that the surface is occupied by a building block and white that the surface remains free.
of initial particles. Nevertheless, these 2D-simulations do not
perfectly reproduce the behavior observed in Fig. 9. Indeed, the
free surface decrease (point at 62 nuclei positions) occurs for a
smaller number of nuclei that our simulations can account for. It is
important to remember that this point corresponds to the sodium
silicate addition that results a huge quantity of silicate in the pore
solution. Compared to other accelerators examined in this study,
the calcium to silicon ratio in the solution is extremely reduced as
well as the calcium to silicon ratio in C–S–H. A shift towards lower
calcium to silicon ratios (C/S ratio) implies longer silicate chains
[32,33] and we may assume larger building block size than those
with other accelerator types. It means that with the addition of
sodium silicate, CSH with low C/S ratio should precipitate during
the early hydration, followed by CSH with a higher C/S ratio. In the
formalism of Bullard, it corresponds to CSH(I) followed by CSH(II)
respectively. Unfortunately, our simulation series does not allow
for a reasonable variation of the calcium to silicon ratio but it can
be suspected that this plays a role on the building block size during
the early hydration and therefore on the C–S–H layer permeability.
Our 2D simulations demonstrate that the nuclei density has an
influence on the porosity of the C–S–H layer.

5. Conclusion

It was demonstrated in this study that the model originally
developed by Garrault et al. and recently modified allows the
modeling of alite hydration and brings precious information about
the mechanisms of hardening accelerators on C–S–H nucleation and
growth. One of the main results is the possibility to enhance the C–S–H
nucleation by a homogeneous precipitation with the use of calcium
salts. Furthermore, the model enables us to calculate the C–S–H layer
thickness and its development around the alite grains. Cryogenic
microscopy measurements were in good accordance with the model.
Two-dimensional simulations of the C–S–H growth by replication of
finite elements bring some new insights on the origin of permeability
variation of C–S–H layer. Further development can be done by
accurately calculating the permeability coefficient from other param-
eters, with experimental knowledge of the C–S–H building block size
according to the pore solution composition.
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