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Themodelling platform μic [1] has been used to investigate themechanisms occurring during the hydration of alite.
It is shown that it is possible to obtain a good simulation of the hydration kinetics through the implementation of
twomechanisms: a dissolutionmechanism combinedwith nucleation and growth of products. The dissolution rate
is varied according to the ratioβ, between the ion activity product and the equilibrium solubility product according
the theory published by Juilland et al. [2]. The solution concentrations are computed directly from the amount of
alite dissolved taking into account the amount of water present and the amount of products formed, with activities
and complex ion formation calculated according to standardmethods. Saturation index calculations are implemen-
ted to compute the time of precipitation of C–S–H and portlandite (CH) individually. For the main heat evolution
peak, the rate controlling mechanism switches to a modified form of boundary nucleation and growth. C–S–H
grows in a diffuse manner in which the density of packing of the C–S–H phase increases with hydration [3]. The
rate of heat evolution obtained from the simulations is comparedwith isothermal calorimetry data and good agree-
ment is found.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Alite (impure C3S) constitutes about 50–80% of Portland cement and
its hydration makes the major contribution towards the evolution of
properties. This is especially true during the first day or so when alite
hydrates rapidly forming portlandite (CH) and C–S–H (calcium–

silicate–hydrates). The overall progress of the alite hydration is gener-
ally followed by monitoring the rate of heat evolution as obtained by
Isothermal Calorimetry. Fig. 1 shows a typical heat evolution curve for
the first 30 h. Five main stages can be identified:

1. Dissolution period: During the first minutes, alite dissolves and
ions are released into the pore solution, but the reaction rapidly
slows to a low rate.

2. Induction period: During the following hours low activity and low
heat evolution are observed.

3. Acceleration period: The rate of heat evolution increases for several
hours until it reaches a peak.

4. Deceleration period: The rate of heat evolution decreases for a few
hours.

5. Slow hydration period: After the deceleration period, the hydration
rate continues at a low decreasing level.

The mechanisms governing these periods have recently been
reviewed by Bullard et al. [4]. Most controversy surrounds the first
rights reserved.
two periods. The two principal theories are that the slowdown in
the rate of reaction occurs either: due to formation of a metastable
barrier product on the surface of the reacting alite grains; or due to
a decreasing rate of alite dissolution caused by the build-up in
concentration of ions in solutions. Arguments for and against these
hypothesis are fully discussed in [4].

In a recent publication [2] the similarities were demonstrated
between alite reaction and the dissolution ofmany othermineral studied
in geochemistry, where the theory of a slow dissolution step due to the
buildup of ions in solution is widely accepted. The dissolution rate of
most natural minerals does not follow a smooth relationship with
respect to the saturation state of the solution [5,6]. Far from equilibrium,
high rates of dissolution are enabled by etch pit opening. Whereas at
high concentrations, the transition to the slow dissolution regime occurs
at the levels of undersaturation still several orders of magnitude more
dilute than the equilibrium concentration. In this regime, the driving
force fromundersaturation is insufficient to activate the etch pit opening
and dissolution occurs by a retreating step mechanism that is much
slower. We refer hereafter to this mechanism as solution controlled
dissolution—SCD.

Periods 3 and 4 are now generally accepted to be controlled by the
nucleation and growth of the main hydrate phase C–S–H. The kinetics
in this period has been successfully reproduced by an analytical
Boundary Nucleation and Growth algorithm [7] and numerically in
the μic modelling platform [3]. In the later case it was found that period
4 was only well captured across a range of particle sizes, when C–S–H
was presumed to grow out rapidly with a low packing density until
the products growing from adjacent grains impinged. Concurrently

http://dx.doi.org/10.1016/j.cemconres.2012.03.003
mailto:a.kumar@epfl.ch
http://dx.doi.org/10.1016/j.cemconres.2012.03.003
http://www.sciencedirect.com/science/journal/00088846


Fig. 1. Typical heat evolution curve of alite-model system until approximately 1 day of hydration.

1 We are aware of the extensive debate about the density of C–S–H, which depends
on the water content. We consider the value of 2.1 for inner or “high density” C–S–H to
be reasonable for a composition of C1.7SH4 as expected in standard systems. However
changes in this value will only have a minor impact on the rest of the paper.
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this diffuse product densifies as a function of its distance from the
underlying grain. This mechanism is subsequently referred to as
nucleation and densifying growth—NDG.

As discussed in Refs. [4,7,8] and demonstrated in [3], the weight of
evidence indicates that diffusion through the C–S–H layer is NOT the
rate controlling mechanism in period 4, although it may become so
during period 5.

Several numerical models [3,7,9–14] have been developed to
describe and quantify the hydration of alite. These are discussed in a
recent detailed review [4]. The modelling platform μic is unique in
being able to rapidly simulate themicrostructure: using a representative
volume of around 100 μm in dimension; taking account of particles
down to below0.1 μm(around2–10 million particles in the simulation);
based on physical and chemical reaction mechanisms. Other models,
either simplify simulation by dealing with a single particle [10]; have a
resolution limited by the pixel size of around 1 μm [11]; implement
kinetics purely by external empirical calibration with overall reaction
ratesmeasured by experiment [7,10,13]; require intensive computational
power andprotracted time-lengths to simulate digitalmicrostructure and
reaction rates [12].

In this paperwe showhow the two reactionmechanisms—solution
controlled dissolution (SCD) for stages 1 and 2 and nucleation and
densifying growth (NDG) for stages 3 and 4—can be used to capture
the reaction kinetics for alite. During the SCD regime the composition
of the solution phase is calculated at each step of the hydration process
and thermodynamic calculations are used to determine when the
different phases precipitate, this regime ends with the precipitation of
portlandite which corresponds well with the onset of the acceleration
period. In this regime the same parameters capture the whole range
of particle sizes. The main heat evolution peak is well captured by the
nucleation and densifying growth mechanism as first shown by Bishnoi
and Scrivener [3]. There is a transition period between the twonumerical
regimes the reasons for which are discussed.

2. Simulation techniques

2.1. Basics of μic

Themodelling platform μic [1] is used in this study. This is a micro-
structural modelling framework, which uses a vector approach to
generate a resolution free microstructure. That is to say particles are
represented geometrically as spheres with their respective positions
and radii stored as vectors. Reactions andmechanisms are implemented
as “plugins”, which are user definable. Reactions, consumption of reac-
tants and formation of products are carried out whilst monitoring the
volumetric quantities of each phase. The model is flexible and can be
used to study the effects of various processes andmechanisms in hydra-
tion of cement-based systems.

Particle size distribution plays an important role in determining
the rate of reaction [3,15–17]. Finer particles with higher specific
surface area react rapidly compared to cement with coarser particles
having low specific surface area. In order to capture the effect of
particle size distribution it is crucial to have a representation of the
real particle size gradation in the model.

Initially, alite particles are randomly dispersed in themicrostructure
without any overlaps. Spheres are used to represent the alite particles
using the real PSD as obtained from laser granulometry. Product phases
which form as a result of hydration and their arrangement in themicro-
structure are also defined by the user. As the microstructure evolves
with the growth of products, the effects of impingements between
hydration products are taken into account to evaluate the overall rate
of reaction.

In all the simulations presented here, the arrangement of hydrates
is as shown in Fig. 2(a). Inner product C–S–H forms in the space left
by the dissolving alite grains was assumed to have a uniform density
of 2.10 gm/cm3.1 The density values used for alite, water and portlandite
are 3.15 g/cm3, 1.0 g/ml and 2.24 g/cm3 respectively. Outer C–S–H
forms as a layer initially with low packing density. This packing density
increases over time from a low value to 2.10 g/cm3, as described below
and in Ref. [3]. It should be noted that the change in density of the outer
C–S–H only indicates its packing density. As such, the OH/Si and Ca/Si
ratios of outer C–S–Hare the same as for inner C–S–H. Portlandite nucle-
ates in the original water filled space. This arrangement of hydrates in
the microstructure follows the widely accepted view of microstructural
development from microscopical observations [18–21].

1:0: VC3S
þ 1:318:VH2O

¼ 1:0:Vinner C−S−H þ 0:495:Vouter C−S−H

þ 0:593:VCH ð1Þ

Up until the precipitation of portlandite (stages 1 and 2, Fig. 1), the
rate controlling mechanism is the solution controlled dissolution (SCD)
of alite. The rate of dissolution is determined by the solution concen-
tration following the hypothesis advances by Juilland et al. [2], as
described below. Subsequently the main heat evolution peak is fit
by a mechanism of nucleation and densifying growth (NDG). There
is a virtual starting point for the NDG regime at t0. The transition



Fig. 2. (a) Distribution of phases in different cementitious systems, as used in the model (b) Flow chart depicting the mechanisms and their order of implementations in the
simulations.
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between the two regimes is discussed later. The main steps in the
simulation process are shown in Fig. 2(b).

As alite dissolves and hydrates, C–S–H (inner and outer products)
and portlandite (CH) are formed according to volumes given in
Eq. (1), where the H/S ratio assumed for C–S–H is 4.0. The heat
released under isothermal conditions is computed by using the standard
enthalpy of reactions [20,21], as given in Table 1. At each step, the
amount of each hydrated alite is calculated and used to compute the
heat that would be released under isothermal conditions at T=
293.15 K. The cumulative heat released is then computed by the addition
of heat released in individual steps. The rate of heat evolution is computed
by differentiating the rate of cumulative heat released with time.

The heat evolution during the SCD phase is computed using the set
of Eqs. (2)–(4).

Q1 ¼ − dmalite

dt
:Halite dissolution before C−S−H precipitatesð Þ ð2Þ
Table 1
Standard enthalpies for alite reactions.

Reaction Heat released (kJ/mol)

C3S dissolution −120 [20,21]
C–S–H precipitation 30 [20,21]
Portlandite precipitation 20 [20,21]
Q2 ¼ − dmalite

dt
:Halite dissolution þmC−S−H dtð Þ:HC−S−H f ormation

after C−S−H precipitatesð Þ
ð3Þ

Q3 ¼ Q2 þmCH dtð Þ:HCH formation after C−S−H and CH precipitateð Þ
ð4Þ

where, Q, H andmare the heatflow rate, enthalpy andmass respectively.
The values for the enthalpy of alite dissolution and C–S–Hand CHprecip-
itation are shown in Table 1.

The heat evolution during the NDG regime is calculated using
Eq. (5).

QNDG ¼ −dmalite

dt
:Halite hydration ð5Þ

where, Halite hydration is fixed at as 484 J/g.

2.2. Solution controlled dissolution

The dissolution of alite plays a key role in the evolution of the
concentration of ions in the pore solution. It has been shown by Bullard
et al. [22] that the concentration in solution reaches equilibrium very
fast throughout the simulation volume. Furthermore, any concentration

image of Fig.�2


2 Molality (mi)=moles of species i (in moles)/Mass of water (in kg). Water is as-
sumed to have a density of 1 g/ml here.
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gradients only exist on the scale of the distances between particles,
which are very small (a few μm). Therefore, the solution concentrations
are considered to be uniform throughout the simulation volume.

The dissolution of alite is described by Eq. (6). In this study “[]”
and “{}” represent concentrations and activities respectively.

C3S þ 3H2O → 3Ca
2þ
ðaqÞ þ 4OH

−
ðaqÞ þ H2SiO

2−
4 ðaqÞ ð6Þ

Juilland et al. [2] proposed that the rate of dissolution of alite
varies as a function of the undersaturation of alite. At high degrees
of undersaturation, i.e. on, and shortly after the addition of water,
the dissolution is rapid, with the creation of etch pits. As ions enter
solution, the undersaturation of the solution decreases until a critical
degree of undersaturation is reached, where there is no longer
enough energy to generate etch pits and the rate of dissolution
slows down dramatically. Beyond this point dissolution is slow corre-
sponding to dissolution by step retreat from existing etch pits. The
dependence of dissolution rate on undersaturation close to this
transition is controversial as some claim it is almost a step change
[23], but here we assume that the rate of dissolution varies linearly
with the parameter βalite, which is the ion activity product of the
ions in solution divided by the equilibrium solubility products
(Eq. (7)), as this fits best with data report in the literature [24–26].
While βalite represents the degree of undersaturation, log βalite is the
Saturation Index (SIalite).

βalite tð Þ ¼ IAPalite tð Þ
Ksp alite

ð7Þ

where, IAPalite tð Þ ¼ Ca2þ
n o3:0

: OH−f g4:0: H2SiO4
2−

n o1:0
is the ion

activity product for alite and, Ksp alite=1.14. 10−4.0 is the equilibrium
solubility product for alite.

The value for the solubility product of alite is a matter of discussion;
hereweuse the value given by Bellmannet al. [24],which takesH2SiO4

2−

as the primary charged silicate species in solution. It should be noted
that the value of both Ion Activity Product and Solubility product of
alite will change depending on the choice of primary charged silicate
species.

Overall the rate of dissolution of alite (μmol m−2 s−1) is described
mathematically by Eqs. (8a) and (8b). This equation was modified
from the form as originally described by Damidot et al. [25] in the
light of hypotheses advanced by Juilland et al. [2], a brief description
of which is provided above. It describes the dissolution regimes of fast
dissolution facilitated by etch pit formation for undersaturation
below the critical value of βmax (for βalite≤βmax given by Eq. (8a))
and slow dissolution driven by step retreats beyond the critical
undersaturation (for βalite>βmax given by Eq. (8b)). The negative
sign in the equations indicates loss in the mass of alite as a function
of time as dissolution progresses.

dmalite tð Þ
dt

¼ −kdiss :aSSA: βmax−βalite tð Þð Þ½ �−aSSA:cstep retreat ð8aÞ

for βalite(t)≤βmax, and

dmalite tð Þ
dt

¼ −aSSA:cstep retreat ð8bÞ

for βalite(t)>βmax

In Eqs. (8a) and (8b), dm is the amount of alite dissolved, βmax is
the critical degree of undersaturation of alite, kdiss (μmol kg m−4 s−1)
is a dissolution rate constant, aSSA (m2 kg−1) is the specific surface
area of particles divided by the volume fraction of the water in the
representative volume, and cstep retreat (μmol kg m−4 s−1) is the step
retreat constant. In the simulations, βalite(t) is calculated at each step
based on the amount of alite dissolved and taking into account the
total volume of water present in the representative volume. The rate
of dissolution of alite varies as a linear function of undersaturation
(β) when the undersaturation is high. When the undersaturation
approaches a critical undersaturation value, given by βmax, dissolution
continues at a constant value driven by step retreats (given by
aSSA. cstep retreat). The equation consists of three parameters which
need to be calibrated: kdiss, βmax and cstep retreat. The calibrations of
these parameters are discussed in Section 2.6.

With the dissolution equation implemented in the present form,
the effects of surface area of alite particles can be described without
the need for any modification in the format of the equation. As the
evolution of IAP of alite is also implemented in the model, the effects
of initial pore solution states can also be described. The description of
the effects of these parameters is further discussed in Sections 3 and 5.

2.3. Activity calculations

Solubility calculations were implemented to compute the time of
precipitation of C–S–H and portlandite in the model. The molality of
all species in the model were calculated using the concentration of
ionic species as obtained from simulation of dissolution of alite and
taking into account the volume of water present in the representative
volume.2 Eq. (9) describes the activity of species in a solution. The
expression for calculating the ionic strength is given by Eq. (10).

ai ¼ mi:γi ð9Þ

I ¼ 0:5:∑ mi:z
2
i ð10Þ

Where γi is the activity coefficient, zi is the unit charge and mi

(mol kg−1) is the molality of the species i. For the calculations of
the activity coefficients, Truesdell–Jones form of [28] extended
Debye–Hückel equation shown by Eq. (11) was used. This equation
is applicable for electrolytes having an ionic strength up to 2.0 mol/L,
which is accepted as a good upper-bound for cement-based systems.

log γi ¼
−ATZ

2
i

ffiffi
I

p

1þ BTai
ffiffi
I

p þ bi⋅I ð11Þ

where,

AT ¼ 2:74⋅10−6
� �

T2 þ −7:60⋅10−4
� �

T1 þ 0:4916ð Þ ð12aÞ

BT ¼ 1:62:10−4
� �

T1 þ 0:2799ð Þ ð12bÞ

T (K) is the temperature, I (mol kg−1) is the ionic strength and,
ai (Å) and bi (Å) are Kielland ion-specific parameters. Values of AT

and BT were calculated by using a temperature value of 293.15 K in
Eqs. (12a)–(12b). The values of ai and bi for different ionic species
used in the simulations are shown in Table 2.

The expression of Saturation Index (SI) for any phase in solution is
given by Eq. (13)

SI ¼ log
IAP
Ksp

 !
ð13Þ

where IAP is the ion activity product and Ksp is the solubility product.
A negative value of SI implies undersaturation, a positive value
indicates supersaturation and SI=0 implies equilibrium with respect
to the pore solution. A product is expected to precipitate when it is
supersaturated with respect to the pore solution.



Table 2
Ion specific parameters for ionic species. All values have been adapted from [28].

Ionic Species ai (A) bi (A)

Ca2+ 4.86 0.15
OH− 10.65 0.21
aH2SiO4

2− 1/BT 0.30/AT

a For H2SiO4
2−, Davies form of equation was used. The ion-specific parameters were

modified to incorporate the effect of temperature.
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2.4. C–S–H precipitation

There is no widely accepted form of the IAP for C–S–H. Rothstein
et al. in their study [29], reported Eq. (14a) to describe the solubility
of C–S–H. This equation assumes a fixed Ca/Si ratio of 1.7 and does
not consider contributions of ions such as CaOH+. Glasser [30]
proposed Eq. (14b), which assumes a Ca/Si ratio of 1.75 and takes
into account the contributions of CaOH+. In this equation, y represents
the ratio of concentration of CaOH+ ions in the solution to the sum of
the Ca2+ and CaOH+ concentration. At the high pHs occurring in
hydration the formation of CaOH+ is important and cannot be ignored
(Fig. 3), therefore we used a generalized form of Eq. (14b); rewritten
as Eq. (15) to account for variability of the Ca/Si ratio.

IAPCSH�Rothstein ¼ Ca2þn o1:70
: OH−f g1:40: H2SiO4

2−
n o1:0 ð14aÞ

IAPCSH�Glasser ¼ Ca2þn o 1:75−y
2ð Þ⋅ OH−f g 1:5−y

2ð Þ⋅ H2SiO4
2−

n o1:0

⋅ CaOHþn o y
2ð Þ

ð14bÞ

IAPCSH ¼ Ca2þn o Ca
Si−

y
2ð Þ⋅ OH−f g 2⋅CaSi−

y
2−2:0ð Þ⋅ H2SiO4

2−
n o1:0

⋅ CaOHþn o y
2ð Þ

ð15Þ

To calculate the activity of theCaOH+ species, the lawofmass-action
was used (Eq. (16), [31,32]). Using this equation, the concentration of
CaOH+ can be computed using the set of equations described by
Fig. 3. Ratio of activities of CaOH+ and Ca2+ as a function of pH.
Eqs. (16)–(18), where γCa2+ and γCaOH+ are the activity coefficients of
CaOH+ and Ca2+ (using the simulated Ionic Strength) respectively.

Ca2þ þH2O ¼ CaOHþ þHþ where; log k ¼ 10−12:78 ð16Þ

Ca2þh i
þ CaOHþh i

¼ CaTotal½ � ð17Þ

ϒCaOHþ : CaOHþ� �
ϒCa2þ : Ca2þ� � ¼ 10−12:78

10−pH ð18Þ

The calculation of the saturation index of C–S–H also requires
knowledge of its solubility product. Various values are reported in
the literature corresponding to CaO\SiO2\OH systems with specific
Ca/Si ratios. Values as a function of Ca/Si ratio can be obtained by con-
sideration of the CaO\SiO2 solubility curve published and adapted by
several authors [33,34] (Fig. 4) and the widely published relationship
[20,35–37] between the Ca/Si ratio of C–S–H as a function of Ca2+

(Fig. 5). Mathematical fits to these two sets of data, shown in the
respective figures, were used to obtain the solubility product of C–S–H
as a function of Ca/Si, as shown in Fig. 6. The solubility product values
reported for Jennite (Ksp=10−11.85) [31] and Tobermorite (Ksp=
10−8.0) [38] correspond to Ca/Si ratios of 1.5 and 0.833 respectively
are also shown in Fig. 6. This plot indicates that C–S–H is somewhat
more soluble than these reference phases as expected for a disordered
phase. The line of congruent dissolution of alite (Ca:Si=3:1) is also
shown in Fig. 4 and from the point of intersection of this congruent
dissolution line and the CaO\SiO2 solubility line, the Ca/Si ratio of the
first product formed can be calculated, which is also indicated on
Figs. 5 and 6. However, this first C–S–H is predicted to have a low Ca/Si
ratio, which would require silicate chain length more than the dimeric
species typically seen at such early stages of hydration [39]. In any case
the Ca/Si ratio of the C–S–H quickly evolves to around 1.7 in around
20 min, so small differences between predicted and actual composition
will not significantly affect the simulations.

The saturation index of C–S–H was calculated at each step from
these data. Precipitation was assumed to occur at the first step
where SIC–S–H exceeds 0. Subsequently calcium and silicate ions
were removed from the solution to keep SIC–S–H=0. The Ca/Si ratio
Fig. 4. Solubility curve for C–S–H taken from data of Brown et al. [34]. The dotted line
shows the calibration of the SiO2–CaO solubility data as implemented in the model. The
solid line shows the path of solution concentration for congruent dissolution of alite
which will intersect the curve at the point indicated by the arrow. From this point
and Fig. 5 by using the equivalent total Ca concentration, the composition of the first
C–S–H to precipitate can be calculated.

image of Fig.�3
image of Fig.�4


Fig. 5. Evolution of Ca/Si ratio as a function of Ca2+ concentration. The calibration of Ca/Si
ratiowas done using data points (shown as solid symbols) extracted from several authors
[20,35–37].
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of the product at each step was calculated according to the instanta-
neous calcium concentration.

It should be noted here, that in the simulations it was approximated
that all of Si concentration in the pore solution are considered as
H2SiO4

2−. We are aware that the speciation of silica differs from this,
including H2SiO4

2−, H3SiO4
− and H4SiO4

0, but at present this can only be
calculated iteratively using a system of linear equations and so has not
yet been implemented in the computation for reasons of speed.

2.5. Portlandite precipitation

To calculate the Saturation Index of portlandite, Eqs. (19)–(20)
were used. Ksp at 293.15 K for portlandite was fixed at 10−5.18, as
reported in the PHREEQC thermodynamic database of Parkhurst
[32]. The computation of activities of Ca2+ andOH−was implemented
in the same way as described in Section 2.4. In the model, portlandite
is allowed to precipitate when SIPortlandite reaches a value of 0.40 for
Fig. 6. Simulated plot of log (Ksp C–S–H) as a function of Ca/Si ratio. The data points
correspond to tobermorite and jennite [31,38]. The point at which first product forms
is also indicated.
the first time, which corresponds to the maximum widely reported
in the literature [31,45].

SIPortlandite ¼ log
IAPPortlandite

Ksp Portlandite

 !
ð19Þ

where,

IAPPortlandite ¼ Ca2þn o
: OH−f g2:0 ð20Þ

2.6. Calibration of parameters for SCD regime

As discussed above, the equation controlling the dissolution is
described by Eqs. (8a) and (8b). This equation contains 3 parameters:

• kdiss: the dissolution rate coefficient in the faster dissolution regime,
before the onset of step retreat.

• cstep retreat: equals the assumed constant rate of dissolution per
surface area in the step retreat regime.

• βmax: the critical degree of undersaturation of alite for onset of the
step retreat regime.

These parameters were calibrated iteratively by trying to match
the first part of the heat evolution (up to the end of the induction
period) from the simulations to the experimental data from isothermal
calorimetry. Fig. 7 shows the sensitivity of the output simulation curves
during the first few hours to the values of these coefficients. All three
values must be defined independently to obtain the correct shape of
the experimental heat evolution curves. The value of kdiss influences
mainly the steepness of the slowdown in dissolution rate, while the
parameter cstep retreat affects the minimum heat evolution during the
induction period. The value of βmax changes the point of transition
from the undersaturation to the step-retreat regime and, consequently,
the time spent in the step-retreat regime. At higher values of βmax, the
dissolution kinetics stay in the fast dissolution regime longer and,
hence, consequently, a shorter time in the step retreat regime is
required to reach portlandite supersaturation. The reverse happens
when the value of βmax is lower. The values of all three dissolution
parameters affect the time at which portlandite precipitates. These best
values obtained are shown in Table 3 are kept constant in all subsequent
simulations.

The best value of βmax was found to be 10−22.0. As discussed by
Julliand et al. [2] it is seen that the onset of slow dissolution takes
place when IAPalite is still many orders of magnitude away from the
hypothetical equilibrium solubility for alite3 between 3 and 1.14×
10−4 [24,27]. This is depicted in Fig. 8, which shows log (IAPalite/
Ksp-alite)4 with respect to time. Once portlandite precipitates (when
SIPortlandite reaches a value of 0.40), the concentrations of calcium
and hydroxyl ions decrease causing a corresponding decrease in log
(IAPalite/Ksp-alite) back to the high dissolution regime. Therefore one
reason for the acceleration period is due to the transition of the disso-
lution kinetics back to the high dissolution regime.

The relationship between thedissolution rate and theunderstauration
of alite (log (βalite)) is shown in Fig. 9. The dissolution profile of alite
comprises of two regimes: Undersaturation below βmax in which the
rate varies linearlywith the difference (βmax−βalite(t)) or logarithmically
with the Saturation Index; and undersaturation above βmax correspond-
ing to the step retreat regime, where rate of dissolution is constant
equal to (aSSA . cstep retreat). After the precipitation of portlandite the rate
of dissolution increases in magnitude and transitions back to the high
dissolution regime. The form of this curve is the same as that proposed
by Juilland (Fig. 20 in [2]).5 The solid symbols on this curve are the
3 NB it is not possible to precisely measure the equilibrium solubility for alite, due to
the precipitation of the hydrate phases. Values between 3 and 10−4 are reported.

4 log(IAPalite/Ksp-alite)=log(βalite).
5 The values for alite undersaturation in the original paper were not calculated. The

values are simple projections which represent the decrease in undersaturation from
high values to very low values as dissolution progresses.
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Table 3
Calibrated values of dissolution parameters at the temperature of 293.15 K.

Dissolution parameters Values

Kdiss 24.0 (10−6 mol kg m−4 s−1)
βmax 10−22 (Unitless)
cstep retreat 4.6 (10−29 mol kg m−4 s−1)
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experimental data points from Damidot [25]. It is interesting to note the
excellent agreement between the values obtained from this study of
alite synthesized by Costoya and the value from a totally independent
alite (or C3S) synthesis by Damidot.

2.7. Evolution of calcium and silicate concentrations and C–S–H during
SCD regime

The evolution of the solutions during the SCD regimewas examined.
Brown [34] provides the most detailed experimental solution data
at a w/c ratio close to those used practically in pastes (w/c=0.7).
Fig. 10 shows the simulated evolution of total Si, total Ca and Ca2+

concentration with time compared to experimental data reported by
Brown.

Figs. 11 shows, the evolution of the Ca/Si ratio of the C–S–H
and the total amount of C–S–H formed up to the end of the
induction period. It should also be noted that the rate of dissolu-
tion of alite is assumed to be unmitigated by the physical pre-
cipitation of C–S–H during the early ages. The change in the
surface area of particles is also not taken into account in the
model during the SCD regime. This, however, has little or no im-
pact on alite dissolution because the amount of C–S–H formed
until the end of induction period (shown in Fig. 11b) is very
small.

2.8. Nucleation and densifying growth (NDG) regime

A modified form of boundary nucleation and densifying growth
mechanism proposed by Bishnoi and Scrivener [3] is used to capture
the main heat evolution peak. This is schematically depicted by
Fig. 12. Portlandite, outer C–S–H and inner C–S–H are the products
which continue to form as the alite dissolves. The average growth of
the outer C–S–H phase around the alite grains is represented as a
product of low packing density and it forms as the outer layer on
alite grains. However, in order to speed up calculations, the equations
were modified so that the interaction on the scale of individual particles
need not be calculated. In order to do this, the concept of extended
volume (Vextended), used often in nucleation and growth, will be used.
Vextended represents the expected volume of a set of growing nuclei
if the impingements between these nuclei are neglected. Usually,
the extended volume is converted to the real volume using
Eq. (21):

Vreal ¼ 1−e−Vextended ð21Þ

However, this equation holds only for systemswith a single product
and does not take into account the volume occupied by other products
such as portlandite. For such systems, it can be assumed that the
probability, and therefore the fraction of the extended volume lost
Fig. 7. Sensitivity of the dissolution parameters as indicated at the top of each figure. In
all simulations w/c=0.4 and aSSA=2000 cm2/g (Alite C2). The values were calibrated
(see Table 3) so as to provide the best fit with the measured heat evolution profile
during the dissolution and induction periods. As can be seen, values lower or higher
than the calibrated values show deviation from the measured profile.
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Fig. 8. Simulation evolution of log (IAPalite/Ksp-alite) as a function of time. The black dotted line represents the critical undersaturation value (log (βmax). The specific surface area and
w/c ratio are indicated at the top of the figure. Once portlandite precipitates at the point indicated by the circle symbol, log (IAPalite/Ksp-alite) decreases again (shown schematically
by the arrow) to the high dissolution regime until portlandite saturation equilibrium is reached. The value of log (IAPalite/Ksp-alite) at the point of portlandite solubility equilibrium
(indicated by the grey dotted line) was calculated as −22.17.
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to overlaps, increases as the real volume available for growth reduces,
as shown in Eq. (22).

dVreal

dt
¼ dVextended

dt
1−Vrealð Þ ð22Þ

If a densifying growth of C–S–H is assumed, themass of alite reacting
in a period δt can be written as:

−δmalite ¼
1
k

�
ρ trð Þ
ρ0

dVextended;CSH t þ δtð Þ−dVextended;CSH tð Þ
� �

1−Vrealð Þ

þρ tr þ δtrð Þ−ρ trð Þ
ρ0

Vreal;CSH

�
ð23Þ
Fig. 9. Dissolution profiles versus undersaturation for alite (as obtained from simulations
forw/c=0.5 and aSSA=4265 cm2/g). The round symbols representmeasured values from
[25]. As portlandite precipitates, ions are consumed and the dissolution kinetics transition
back to the undersaturation regime. The decrease is shown schematically by the arrow
and the point of portlandite solubility equilibrium (calculated as log (IAPalite/Ksp-alite)
equal to −22.17) is indicated by the circle.
where k is the ratio of mass of alite reacting to the mass of C–S–H
produced. The equation now takes into account both the space occupied
by other phases and the change of density of C–S–H which is already
present in the system.

where: Extended volume Vextendedð Þ ¼ ∫
Gout :t

0

aBV : 1− exp −Af

� �� �
dy ð24Þ

Where Af can be written as:

Af ¼ π Idensity:G
2
par tr

2− y2

G2
out

 !
þ Irate:G

2
par

2y3

3G3
out

þ tr
3

3
− y2tr

G2
out

 !" #
ð25Þ

where, Gout (μm h−1) and Gpar are the outward and parallel growth
rates of outer C–S–H, tr (hour) is the age of the product, Irate
(μm−2 h−1) is the rate of nucleation per unit area of the untransformed
boundary and Idensity (μm−2) is the nucleation density of the product.
Eq. (25) can also be expressed using Nrate and Ndensity which are respec-
tively the products of the nucleation rate and the nucleation density
with the square of the parallel growth rate (IrateGpar

2 and IdensityGpar
2 ).

The dependence of the density of C–S–H on time can be written as
below:

ρ trð Þ ¼ ρmax− ρmax−ρminð Þ⋅exp −kden:tr
ρmax−ρminð Þ

	 

ð26Þ

where ρmax (g cm−3) is the final density of outer C–S–H, ρmin

(gm cm−3) is the initial density of outer C–S–H, kden (g cm−3 h−1)
is the rate of densification of outer C–S–H and aBV is the total surface
area of alite powder per unit volume (μm−1). In order to compute the
values of aBV, the total specific surface area of the particles aSSA (cm2/g),
as measured from experimental techniques, were used as inputs and
the dimensions were transformed to (μm−1) using the density value
of alite of 3.15.

2.9. Sensitivity of the NDG parameters

In order to illustrate the sensitivity of the NDG parameters, simu-
lations were implemented with a base value of the parameters as
shown in Table 4.0. The parameters were then varied individually
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Fig. 10. Evolution of concentration (a) Total Calcium and Ca2+ (b) Total Si. In the model
it is assumed that all of Si concentration exists as H2SiO4

2−. Once portlandite
precipitates, CaTotal and Ca2+ decrease and SiTotal increases until portlandite solubility
equilibrium is reached (shown by arrows). The levels of Ca2+, CaTotal and SiTotal at
portlandite solubility equilibrium are indicated by dotted lines. The data points have
been extracted from [34].

Fig. 11. Simulated time dependent evolution of (a) Ca/Si ratio of C–S–H (b) amount of
C–S–H until the end of the induction period.

Fig. 12. Diffuse growth of C–S–H as the microstructural volume as it densifies. Single
particle (top) and between particles (bottom).
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while preserving the value of the other parameters to show the influ-
ence of the variable on the overall kinetics. The simulated plots with
variations of the parameters ρmin, Gout, kden, Gpar, Irate and t0 are
shown in Fig. 13. As can be seen, each parameter affects the heat
evolution profile in a unique fashion. In the subsequent simula-
tions, small variations in Gpar, kden, ρmin, and Irate parameters are
required in addition to a major variation in the Gout parameter to
capture the reaction kinetics of alite systems with different particle
sizes.

3. Simulating different particle size distributions

In the following section, the results of simulations are presented.
Simulations were implemented for the different particle size distribu-
tions of alite investigated by Costoya [41] and Bazzoni [42]. This consists
of 6 particle size distributions from the same protocols of synthesis of
alite described in Table 5 and Fig. 14. The PSD of the original alite
powder, Alite-C2, is close to that cement. The other narrow PSDs were
chosen to cover the entire range of particle sizes present in cement.
The water to cement ratio was fixed at 0.4. All samples were mixed
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Fig. 13. Sensitivity of the parameters ρmin, Gout, kden, Gpar, Irate and t0 in the NDG regime. The variable parameter is indicated at the top of each figure.
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externally and then placed in a TamAir isothermal calorimeter. The heat
evolution profiles were measured at a constant temperature of
293.15 K. Although some of the initial heat evolution peak is missed,
this is only about 5 min from addition of water.

In all simulations, the calibrated dissolution parameters were used
without any change. The parameters of the nucleation and growth
kinetics were varied to obtain the best fit and their values are shown
in Table 6.
Fig. 14. Measured particle size distributions of all alite systems presente
The main parameter from the different PSDs in the simulation is
the total surface area, which has a direct impact on the rate of disso-
lution as described by Eq. (8). The measured and simulated heat evo-
lution profiles are shown in Figs. 15 (early ages) and 16 (up to 30 h).
It can be seen that across the range of PSDs the simulation is able to
well capture the slowdown in reaction rate and the induction
period with the same parameters for the dissolution kinetics.
The acceleration regime starts early for alite systems with finer
d in this study. Other details about the PSDs can be found in Table 5.

image of Fig.�13
image of Fig.�14


Fig. 15. Simulated and Measured heat flow rates for alite systems with different PSDs for the first 5 h w/c ratio for these systems is 0.40 and the PSDs are indicated at the top of each
figure. In each plot, the solid black and dotted lines represent heat flow rates obtained using the SCD and NDG mechanisms respectively. The termination points of the solid black
lines represent the end of the simulated induction period and precipitation of portlandite. The full plots shown in Fig. 16 are obtained by combining the heat flow rates obtained
from the two mechanisms.
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particles and later for coarser particles. Fig. 17 shows the evolution
of Ca2+ concentration and SIPortlandite in the pore solution as simu-
lated in the model. As can be seen, the times at which SIPortlandite
exceeds 0.4 for the first time changes as PSD changes and these
times are approximately the same as the times at which the
rate of reaction begins to accelerate in the measured calorimetry
plots.

The variation in the NDG parameters is discussed in Section 3.1.

3.1. Variation in simulation parameters

The NDG parameters with largest variations in the simulations are
Gout, which represents the outward growth rate of C–S–H, and Irate,
which is the rate of nucleation of C–S–H per unit area. The variation
in the rest of the parameters is small. The values of ρmin and kden for
alite are similar but the largest variations are found for C3S. This
deviation can be attributed to differences in the intrinsic reactivities
and specific surface area values between C3S and alite. It must also
be stated here that the need to vary four of the NDG parameters is
unique to systems in which the surface area of alite particle changes
drastically. The number of variable parameters is reduced to 2 when
simulations are implemented for the same PSD while studying the
variation of other process parameters, as demonstrated in other studies
[44].

The values of Irate were compared to the specific surface area
of the particles as shown in Fig. 18. It was observed that Irate
increases with increasing specific surface area of the particles. It
appears that smaller particles have higher nucleation rates, despite
being normalized for surface area. The exact reasons for this
are unclear, although it may be related to the fact that smaller
particles have undergone more “grinding action” and so may
have a more highly damaged surface. It is also seen that C3S has
a lower nucleation rate, again the reasons for this are unclear at
this stage.

The values of Gout were compared to the average distance
between closest neighboring particles and the specific surface
area of the particles as shown in Fig. 19. As can be seen, Gout

decreases as the specific surface area of the particles increases
(Fig. 19a). Interestingly this corresponds to an increase in direct
proportion to the distance between the particles (Fig. 19b). The
variation of Gout with respect to the initial inter-particle space
suggests an opportunistic growth of the hydrates according to
the available space in the microstructure, the exact mechanism is
not known. It may, however, be speculated that this variation is
due to slight concentration gradients in the immediate vicinity of
particles.

4. Transition from SCD to NDG mechanism

In the model, the SCD regime and the simulated induction peri-
od are terminated at the point of portlandite precipitation. The
kinetics beyond the end of the induction period is simulated
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Fig. 16. Measured and simulated rate of heat released for alite systems up to 30 h of hydration. w/c ratio of all systems is 0.40.
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using NDG kinetics (as depicted in Fig. 2b). But this leaves a gap
between the end of the simulated induction period and the accel-
eration period (shown in Fig. 20). The transition between the
two regimes is captured in the following manner:

• Until the end of the induction period, the SCD mechanism is used.
Heat-flow rate during this period is calculated using only SCD
kinetics.

• NDG kinetics is implemented in parallel and independent of
the SCD kinetics. The parameters for the NDG kinetics include
a start time parameter (t0) which is determined to best fit
the measured calorimetry curve. The heat-flow rate obtained
from NDG kinetics is calculated and stored but not used to
compute the overall hydration rate until the SCD regime is
terminated.

• When portlandite reaches a supersaturation value of 0.40,
precipitation of this phase occurs. At this point the SCD regime
(and the simulated induction period) is terminated. From this
point, calcium and hydroxyl ions decrease from portlandite
supersaturation value of 0.40 to the equilibrium value of 0.00. If
this decrease in the concentrations is implemented in a single
step, the rate of dissolution increases dramatically as indicated in
Fig. 20. In the simulations presented in this study (Figs. 15 and
16), the decrease is implemented in a single time-step. However,
experimentally [34,45] it is observed that this drop in concentra-
tions is progressive over a few hours. Therefore, a simple fit
function was used, shown in Eq. (27) (according to observations
of pore-solution concentration data from literature [34,45]) to
give a gradual decrease from portlandite supersaturation to por-
tlandite solubility equilibrium.
Ca tð Þ ¼ Caeq þ CaSS−Caeq

� �
⋅ exp

rCa: t−tprecipitation
� �
CaSS−Caeq

� �
0
@

1
A

0
@

1
A ð27Þ

where, Ca(t) is the concentration of total calcium, Caeq is the total
calcium at portlandite solubility equilibrium, CaSS is value of calcium
concentration at the portlandite supersaturation of 0.40, t is the
time, tprecipitation is the time at which portlandite precipitates and rCa
is a fit constant that depends on aSSA and w/c ratio. Fig. 21 shows
the simulated evolution of calcium concentrations and the resulting
heat-evolution profiles using both sudden and progressive decrease
in the concentrations. The heat evolved during the transition is calcu-
lated using Eq. (4). Using this criterion, the bump at the end of the
induction period [40] can be reproduced (shown in Fig. 21b).

• Since the NDG kinetics are implemented independent of the SCD
kinetics, the heat-flow rate calculated from the NDG kinetics
remains unaltered at the point of portlandite precipitation. As can
be seen in Fig. 20, at this point, the heat-flow rate from NDG kinetics
is lower that the heat-flow rate from SCD kinetics. The controlling
mechanism is switched to NDG kinetics only when the heat-flow
rate from this mechanism becomes equal to that of the SCD mecha-
nism at the termination point. Due to this, in the simulations there
is a gap between the two regimes, as can be seen in the simulations
(Figs. 15 and 16).

5. Simulation of solution evolution with different starting solutions

It was seen in the simulation of our experimental data that the
dissolution parameters remained the same for all conditions and the
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Fig. 17. Evolution of (a) Ca2+ concentration (b) SIPortlandite. Once portlandite precipitates,
the Ca2+ concentration SIPortlandite values decrease (schematically shown by arrows) until
portlandite solubility equilibrium is reached (indicated by the dotted lines). In all systems,
w/c=0.40.

Fig. 18. Variation of the nucleation rate (Irate) in the model with respect to the specific
surface area of the PSD.

Fig. 19. Variation of theOutwardgrowth rate (Gout) in themodelwith respect to (a) specific
surface area of the PSD (b) Average distance between closest neighboring particles.
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kinetics are determined only by the build-up of ions in solution. In
addition it was seen in Section 2.7 that the data of Brown for alite
hydration could also be well captured by the same parameters. To
explore this further, the impact of the composition of the starting
solution was studied by simulation and compared to the data of
Brown [45] for staring solution of saturated DI-water, calcium
hydroxide, sodium hydroxide and sodium chloride. For all systems,
the input parameters included: w/c ratio, initial Ionic strength, initial
pH and initial Ca concentration, as shown in Table 7. Calibrated disso-
lution parameters were used, as shown in Table 3. The results of the
simulations are shown in Fig. 22. As discussed in Section 2.7, it should
be noted that the Calcium concentrations provided by Brown corre-
spond to the total Calcium concentration NOT Ca2+. In the measured
and simulated curves, the point of portlandite precipitation (indicated
by circular symbols) is marked by the decrease (shown by the
arrows) in the total Ca concentration. As can be seen, the levels
of total Ca concentration at supersaturation and near equilibrium
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Fig. 20. Simulated evolution of heatflowusing SCD, NDG and combinations of SCD andNDGmechanisms. As can be seen, once portlandite precipitates, dissolution transitions to the high-
dissolution regime rendering NDG as the slower and rate determining process. The switch from SCD to NDG mechanism is made when the heat flow rates from both regimes equalize.

Table 4
Base values and short description of the parameters used for the simulations shown in
Fig. 13.

Parameters and base values Description

Nucleation density (Idensity)=8.0 (μm−2) Number of nuclei of
C–S–H per unit area

Outward Growth rate (Gout)=0.25 (μm h−1) Outward Growth rate of
the nuclei of the product

Parallel Growth rate (Gpar)=0.05 (μm h−1) Growth rate of the nuclei
along the surface

Nucleation rate (Irate)=1.20 (μm-2 h−1) Rate of nucleation of
C–S–H per unit ar

Initial C–S–H density (ρmin)=0.105 (gm cm−3) Initial packing density
of outer C–S–H.

Final C–S–H density (ρmax)=2.10 (gm cm−3) Final packing density
of outer C–S–H

Rate of densification ( kden)=0.0020 (gm cm−3 h−1) Rate of densifictation
of outer C–S–H

Base density of C–S–H (ρ0)=2.10 (gm cm−3) Density of Inner C–S–H
Starting time (t0)=0.0 Start time of NDG

Table 5
Median size, Specific surface area and density values of all alite gradations used in this
study. The specific surface area values are reported as per the values of blaine fineness
obtained experimentally using laser diffraction.

PSD Dmodal (μm) Specific surface
area (cm2/g)

Density (g/cm3)

Alite C2 33 2000 3.15
Alite-Batch B 32 2100 3.14
PSD 2 38 1212 3.15
PSD 3 18 2393 3.17
PSD 5 13 3059 3.15
C3S 6 3952 3.15

Table 6
Values of the NDG parameters used for the simulations.

PSDs aSSA ρmin Irate Idensity Gpar Gout kden t0

AliteC2 2000 0.105 0.800 8.00 0.0500 0.260 0.0015 0.0
PSD 3 2393 0.097 1.680 8.00 0.0500 0.238 0.0020 0.0
PSD 5 3059 0.148 2.040 8.00 0.0500 0.215 0.0035 0.0
C3S 3952 0.290 0.850 8.00 0.0968 0.210 0.0050 2.0
Alite-Batch B 2100 0.105 1.200 8.00 0.0500 0.250 0.0020 0.0
PSD 2 1212 0.073 0.615 8.00 0.0403 0.335 0.0010 0.0

Fig. 21. (a) Calcium concentration evolution (b) Heat evolution rates using sudden and
progressive decrease in the concentrations of calcium.
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Table 7
Input parameters for simulations shown in Fig. 22 for systems from [45]. The parameters
represent the initial state of the system. The dissolution parameters used for these
simulations are shown in Table 3. The w/c for all systems is 2.0.

Solution pH Ionic strength
(mol L−1)

OH− concentration
(mol L−1)

Ca concentration
(mol L−1)

DI-water 7.00 0.0000 0.0000 0.000
NaCl solution 6.98 0.0408 0.0000 0.000
Ca(OH)2 solution 12.45 0.0633 0.0422 0.0211
NaOH solution 12.68 0.0408 0.0408 0.000
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and the time of portlandite precipitation are well-captured, thus
validating the implementation of the solubility calculations in the
model.

This effect of starting solution concentration is further discussed in
another article (Juilland et al. [43]), where the effect of mixing is
studied.

6. Conclusions

It is shown in this paper that the hydration of alite can be well
simulated on a quantitative basis by 2 mechanisms: Solution con-
trolled dissolution (SCD) up to the end of the induction period and
nucleation with densifying growth (NDG) to capture the main heat
evolution peak. It is found that there is a gap between the two simu-
lations regimes, which corresponds to a “bump” in the calorimetry
curves. We conjecture that this bump corresponds to an increase
in the dissolution rate of alite when portlandite precipitates due to
an increase in the alite undersaturation. Subsequently, it seems that
Fig. 22. Simulated and measured evolutions of total Ca concentration and Ca2+ in alite syste
concentration SIPortlandite values decrease (schematically shown by arrows) until portlandit
the growth of C–S–H takes over as the rate controlling reaction,
when the curves can be fitted by the NDG mechanism.

The dissolution parameters of the model calibrated from one
particle size distribution are shown to apply well across a range of
PSDs. Furthermore it is found that the same values can simulate
well results in the literature from other alite and C3S preparations.
Amongst the NDG parameter, the largest variation was found in the
outward growth rate and nucleation rate parameters which correlate
with the distance between particles and initial specific surface area
respectively.
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