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A Determination of Hydration Mechanisms for Tricalcium Silicate
Using a Kinetic Cellular Automaton Model
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Reaction mechanisms for the early stages of hydration of trical-
cium silicate (Ca3SiOs) have not been agreed upon, although
theories have appeared in the literature. In this paper, a mecha-
nistic description is proposed that is consistent with a wide range
of reported experimental observations, and which is supported
quantitatively by simulations using HydratiCA, a new three-
dimensional microstructure model of chemical kinetics. Rate
processes are quantitatively modeled using probabilistic cellular
automaton algorithms that are based on the principles of transi-
tion state theory. The model can test alternate assumptions about
the reaction paths and rate-controlling steps, making it a kind
of experimental tool for investigating kinetics and interpreting
experimental observations. It is used here to show that hydration
of Ca3SiOs is most likely controlled by nucleation and growth
of a compositionally variable calcium silicate hydrate solid,
mediated at very early times by a transient, thermodynamically
metastable solid that rapidly covers and sharply reduces the
dissolution rate of CazSiOs. This proposed mechanism involves
important elements of two leading theories of Ca3SiO5 hydration,
neither of which alone has been able to capture the full range of
experimental data when tested by the model.

I

TRICALCIUM SILICATE (Ca3SiOs) is the primary constituent of a
number of different types of cement, including ordinary
Portland cement, white cement, and specialty cements used for
oil-well applications.' Reaction between Ca;SiOs and water is
known to be the dominant cause of the setting and hardening of
pastes made from these cements.” For this reason, Ca;SiOs has
often been used as a model material to study the hydration
behavior of cement paste. Studies performed over the past 40
years have provided considerable information about the Caj;.
SiOs/water system, including phase chemistry and equilibria,>
solid dissolution mechanisms,”'® overall rates of reaction,''
and microstructure development.'>!”2* However, a quantita-
tive picture of the kinetics of this reaction sequence, consistent
with the majority of experimental data, has not been agreed
upon. Indeed, a consensus has not been reached even on the
qualitative nature of the kinetic mechanisms, especially during
the first several hours after mixing.

Introduction

(1) Background

Hydration of Ca3SiOs progresses through several different stag-
es, across which the rate of reaction varies nonmonotonically by
several orders of magnitude. These stages are shown in a generic
way in Fig. 1, but each one can have different variable duration
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depending on the conditions of the experiment. Most research-
ers agree that changes in the rate-controlling step are responsible
for these large but consistent variations in the rate, although
there is less agreement about the actual nature of the rate-
controlling steps, and what triggers the transition from one
kinetic regime to another.>?*

Stage 1 is characterized by rapid dissolution of solid which
begins immediately upon wetting. In the first 30 s or so, the pH
of the surrounding solution increases from near 7 to about
12 to 12.5, the calcium ions in solution reach concentrations of
10-20 mmol/L, and the silicate concentration increases to be-
tween 50 and 200 umol/L. Immediately afterward, however, the
rate of dissolution decreases dramatically, and the system settles
into a quiescent period (Stage 2, also called the induction peri-
od), which in pure systems can last for 1 or 2 hours and during
which dissolution is extremely slow. At the beginning of Stage 2,
the concentrations of the ions in solution are those already
given. Assuming that the congruent dissociation reaction is

Ca38i0s + 3H,0==3Ca’" 4 H,Si0; ™ 4 40H~

then these concentrations correspond to an ion activity product
of about 10~'%, which is 18 orders of magnitude less than the
calculated equilibrium value of about 3.2° This large discrepancy
indicates that some kinetic inhibition of dissolution is quickly
established, which signals the beginning of the induction period.
Over the years, several hypotheses have been proposed for this
inhibition. One theory is that a continuous layer of solid calcium
silicate hydrate, no more than a few nanometers thick, rapidly
forms on the surface of Ca3Si0s.>%?” Although thin, this layer is
assumed to have a low permeability and thus reduces the
Ca3SiOs dissolution rate by restricting its access to water. A
second theory is that ions dissolving from Ca3SiOs surfaces must
be hydroxylated before detaching from the surface, and that this
hydroxylation becomes rate-controlling.”' A third and more
recent hypothesis is that species in solution, such as calcium
and hydroxyl ions, preferentially adsorb and poison the active
dissolution sites on the Ca;SiOs surfaces.'%?

Stage 3, the acceleration period, is characterized by an
approximately exponential increase in the reaction rate,
although the rate never is as great as in Stage 1. A reaction
rate that increases exponentially with time is expected if the rate
is controlled by growth of a solid, since the area available for
growth increases with the solid volume.? This behavior, togeth-
er with other experimental evidence, strongly indicates that the
growth of a calcium silicate hydrate solid is the rate-controlling
mechanism in Stage 3. We will denote this solid hydrate as
C-S-H* and, to avoid confusion, the hypothesized metastable
hydrate mentioned previously will be denoted as C—S—H(m).

Stage 4 is characterized by a gradual decrease in the hydration
rate. Experimental evidence suggests that the decelerating rate is
caused by some combination of two factors: (1) a change in the
rate-controlling mechanism to diffusion of reactants through
semipermeable C—S—H product encasing the Ca3SiOs particles,

"Where it is convenient and not likely to cause confusion, conventional cement chem-
istry notation is used, i.e. C = CaO, S = SiO,, and H = H,O.



July 2008

Stage 1

Stage 2 Stage3 Stage4

Rate

Time

Fig.1. Idealized rate of hydration of tricalcium silicate as a function of
time.

and (2) decreasing surface area of this C—S—H product available
for continued growth as the lazyers growing on each particle
begin to impinge on each other.

This general categorization into kinetic stages is further
complicated by the experimental fact that both the duration of
each stage of hydration and the rate of hydration during each
stage depends on the chemical composition of the solution. The
widespread use of retarding agents such as certain sugars,’®
and accelerating agents such as calcium chloride > take
advantage of this situation.

Even in the absence of such intentional kinetic modifiers, the
rate of hydration of Ca;SiOs is sensitive to the concentration of
calcium and hydroxyl ions in solution.'>!*!%%® For example,
Garrault and Nonat'*!? conducted experiments on dilute stirred
suspensions of CasSiOs in which the molar concentration of
calcium in solution was intentionally fixed either at 11 or 22
mmol/L by continuous sensing and modification of the solution.
At 11 mmol/L, the system passed from Stages 1 to 3 with no
induction period between them. However, Stage 3 lasted for
only about 100 min, and afterward the hydration rate decreased
rapidly in Stage 4. At the transition between Stages 3 and 4, the
degree of hydration, or mass fraction of Ca;SiOs consumed, was
only about 0.04, and even after 300 min more the degree of
hydration reached only 0.08. In contrast to this behavior, at 22
mmol/L Stage 1 was followed by a 100-min induction period
before Stage 3 began. In addition, the transition from Stages 3
to 4 was delayed until about 5 h, at which time the degree of
hydration was about 0.10. At 400 min of hydration, the degree
of hydration was 0.15, nearly twice that of the 11 mmol/L
system at the same time.

Elementary chemical kinetic theory indicates that the rate of
any chemical reaction should increase when the concentrations
of the reactants are increased. Therefore, if growth of a
stoichiometric solid from solution is the rate-controlling step
in a process, then increasing the concentration of all the reac-
tants in solution should cause an immediate increase in growth
rate. But the experiments just described indicate a much more
complex dependence of reaction rate on calcium and hydroxyl
ions. This unusual relationship between reaction rate and
reactant concentrations is likely due, in part, to the variable
composition and nanostructure of the C—S—H that nucleates and
grows as the primary product of hydration.

C-S—H is a nanoporous, nonstoichiometric substance, and its
composition is therefore sensitive to the composition of the
surrounding solution. In fact, reported measurements of
the calcium-to-silicon molar ratio (Ca/Si) of the C—S—H phase
range from =0.8 to ~2.0.3*1234 In addition, the density, mor-
phology, pore structure, and pore size distribution of C-S-H
also appear to depend on solution composition as well as other
factors such as temperature. In consequence, the composition,
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nanostructure, and larger-scale morphology of C-S-H often
vary significantly from point to point in the same system.
Because of the variability in C—S—-H composition and struc-
ture, the local composition and rates of nucleation and growth
should depend on the concentrations of species that participate
in the growth reaction. Assuming that C—S—H forms by precip-
itation of species from solution, a model reaction might be:

xCa* + HySi03 +2(x — 1)OH™ + (y — x) H,O
—C,-S—H,

Further assuming that the reaction is elementary, its order is
equal to its molecularity and the rate equation is written as®

—dCzﬁH}’ = k(x,»)[Ca®*]" [H,Si03 "] [OH PV

where a quantity in square brackets denotes its molar concen-
tration and k(x, y) is the reaction rate constant, which may be
dependent on stoichiometry. Therefore, the local rate of forma-
tion of C-S—H and its composition are expected to depend on
the local solution composition. This situation is notably differ-
ent from what one would expect for the precipitation of stoic-
hiometric compounds like NaCl or Al,Os.

(2) Potential for Modeling

Computer modeling that combines chemical kinetics and
microstructure development offers a unique opportunity to in-
vestigate the kinetics of cement hydration. Properly formulated,
a three-dimensional (3-D) reaction-transport model can define
and explore any number of hypothetical reaction paths and
mechanisms. By comparing to experimental data, models should
be able to identify the likely scenarios, and to estimate the
kinetic parameters that govern the hydration process. Models
of 3-D cement paste microstructure have been developed and
applied for the past 20 years to clarify and quantify the role
of various microstructure parameters of cement paste—water/
solids ratio, cement particle size distribution, etc.—on the
hydration and hardened properties of cement paste.***? More
recently, some mathematically sophisticated reaction-diffusion
models also have been applied to the hydration of cement in
two dimensions.*** All of these models have successfully
reproduced a number of features of cement hydration, and
they have greatly increased our understanding of the general
kinetic characteristics of such systems. However, the kinds of
questions these models can answer is limited because they need
to make a number of simplifying assumptions about the kinetics
of nucleation and growth and because they require that the
composition of C—S—H is fixed. In addition, all of these models
use an ad hoc dependence of the dissolution rate of Ca3SiOs
on the amount of C—S—H formed, and so they cannot address
questions about the underlying causes for that dependence.

In this paper, a detailed mechanistic description of the
hydration of Ca3SiOs is proposed and tested quantitatively
using a recently developed numerical model called HydratiCA,
that is well-suited to investigating fundamental aspects of kinet-
ics. The model is described briefly in the next section, after which
the proposed mechanism is laid out by enumerating phases that
are assumed to form and the reaction sequence, rate constants,
and other thermodynamic and kinetic parameters that describes
the phase evolution. Simulation results using the model are pre-
sented that lend strong support to the proposed mechanism.
Similarities are drawn between this mechanism and two leading
theories of Ca3SiOs hydration. An argument is made that key
aspects of both theories are required to encompass the full range
of kinetic and thermodynamic behavior of Ca3SiOs hydration.

SIn this paper, the chemical activity of pure water is assumed to be unity, which is a
reasonable approximation, according to Henry’s Law, as long as the mole fraction of water
in solution is 0.9 or greater. In Ca;SiOswater systems, even when the calcium concentrations
are at their maximum, the mole fraction of water in solution is never <0.99.
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II. Model

HydratiCA is a computer model developed recently at the
National Institute of Standards and Technology (NIST). Its
algorithms are based on fundamental kinetic cellular automaton
principles*® and has an object-oriented structure that makes it
extensible to a wide range of material systems. The computa-
tional details, validation, and examples of its use for simulating
electrolyte diffusion, homogeneous and heterogeneous reac-
tions, and nucleation phenomena are given elsewhere.**® The
material microstructure is discretized on a regular cubic lattice
having a lattice spacing of A. The initial cement particle and
water microstructure is mapped onto this lattice by assigning a
phase (e.g., CasSiOs or water) to each lattice site. These mate-
rials are themselves finely discretized into quanta of concentra-
tion called cells; the number of cells of a given material at a
particular lattice point determines its local concentration. Mul-
tiple materials may be present at any lattice site. The model
simulates microstructure evolution iteratively by executing
algorithms for transport and reactions over small time incre-
ments. Transport of mobile species is modeled by allowing each
cell at a lattice site to execute a random walk to a neighboring
site. The probability p of the walk depends on the effective diff-
usivity D of the mobile species at the site and the length of the
time increment t being considered,*’

D
P=7 M
Similarly, probabilistic rules are formulated to simulate chem-
ical reactions at a lattice site. The probability of the reaction
occurring depends on the reaction rate constant and on
the number of cells N, of each reactant o that participates in
the reaction. For example, the probability of occurrence of a
homogeneous reaction is given by

W
p:ké(zxvg))_lrnmax O,HNuferl )

m=1

where & is a constant parameter of the model that relates N, to
the molar concentration of species o, and v/ is the molar stoic-
hiometric coefficient of the reactant o participating in the reac-
tion. Equation (2) strictly applies only to homogeneous
reactions. The same kind of equation applies for heterogeneous
reactions and nucleation events, however, although the length
scaling is somewhat different.* The reaction is allowed if p
exceeds a random number ¢g€[0, 1] drawn from a uniform dis-
tribution. If the reaction occurs at a lattice site, then the number
of cells of each reactant (product) is decremented (incremented)
by the number required by the molar stoichiometric coefficients
of the reaction. Reactions that can proceed at appreciable rates
in both forward and reverse directions are modeled as two sep-
arate one-way reactions. Both Egs. (1) and (2) have been shown
to converge, in the limit T, A— 0 to the standard rate equations
for diffusion and homogeneous reactions, respectively.*®

By these algorithms, the microstructure evolves automatically
as the model updates the types and numbers of cells at each
lattice site during each time step. The model is quite general and
can accommodate a wide range of simultaneously coupled
reaction and transport phenomena if the correct kinds of input
are provided. For example, to simulate the kinetics of coupled
reactions according to transition state theory, one must supply
the model with the absolute rate constant, activation enthalpy,
nucleation energy barriers, and stoichiometric coefficients
of each reaction. This information is sufficient for the model
to capture the rate of reaction, the temperature dependence of
the rate, and even the temperature dependence of the dynamic
equilibrium state for reversible reactions.* In addition to these
reaction parameters, several properties of each of the constituent
substances are also required. For simple condensed phases like
water and stoichiometric solids, the density, molar volume, and
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internal porosity must be supplied. For mobile ionic solute spe-
cies, one must provide the electrical charge, the diffusion coeffi-
cient at infinite dilution, and the parameters needed to calculate
the activity coefficients using the extended Debye-Hiickel equa-
tion.*’ Values for many of these properties can be found in text-
books or other reference materials.'=>%>2 Finally, for solids that
can exhibit a range of chemical compositions, the model simu-
lates compositional and structural variability by microscopic
coprecipitation of two stoichiometric end member phases that
span the desired range of compositions and physical properties.
Each end member is assigned values for all the properties just
listed, and then the relative rates of formation of each end mem-
ber at a lattice site determines the local composition of the
phase. Compositional variability of C-S—H also has been mod-
eled by stoichiometric end member phases in a recent thermo-
dynamic model of hydration products.*’

One of the strengths of this modeling approach is that it can
be applied at a wide range of length scales. For a detailed
analysis of C-S—H growth, a reasonable length scale would be
A= 5 nm to resolve the nanoscale porosity adequately. However,
to simulate systems that also have important features at the mi-
crometer length scale, such as cement paste, much larger values
of A are required for computational expedience. In such cases, a
reasonable compromise is to assign an internal porosity and
pore tortuosity to the C-S—H as additional intrinsic properties.
This latter approach is the one taken in this study.

In the remainder of this paper, HydratiCA is applied to iden-
tify a plausible kinetic description of CazSiOs hydration. A col-
lection of coupled equations is identified and input along with
values of the required material and reaction parameters listed
earlier to model the hydration process on a simple system. The
resulting simulations are compared with published experimental
data on both the degree of hydration and solution chemistry as a
function of time. A wide range of reaction sets and parameters
were investigated in detail, guided by ideas from published the-
ories of cement hydration kinetics.>>!>!3. As described in the
‘Discussion’, most of these scenarios cannot be made even qual-
itatively consistent with published experimental data, and they
will not be reported here. In fact, only the scenario that provided
the best overall quantitative fit to two sets of published exper-
imental data'®>* will be considered in the following sections.

III. Materials and Reactions

Table I lists the materials included in these simulations with their
assumed properties, and Table II shows all of the assumed
reactions and relevant reaction parameters. In Table I the values
of density (p) and molar volume (¥,,,) are taken from published
data' except for the two assumed stable phases of C—S—H, de-
noted as C—S—H(I) and C-S—H(II). For these latter phases, val-
ues for density were chosen to be consistent with values reported
by Jennings** for low-density and high-density forms of C—S—H,
respectively, when the volume of the gel porosity is taken into
account. The molar volumes of these phases were then inferred
from their assumed stoichiometry. The values for the ionic

Table I. List of Materials and their Assumed Properties

p Vin Transport D,
Material/lon Formula (g/’cm3) (cm®/mol) factor 10~? mz/s)
H,0 1.00 18.07 1.0 3.0
Ca3SiOs 3.21 72.40 0.00 —

C-S-H(m) GCsS,H; 175 100.0 0.01 —

C-S-H() CSH,4 2.20 85.73 0.01 —
C-S-H(I) C,SHs 185 1612 0.75 —
Ca(OH), 2.24 33.08 0.00 —
Ca** — — — — 0.72
OH™ — — — — 5.28
H, Si0I- — — — — 0.70
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Table II. List of Reactions and their Asumed Parameters

Reaction k. (298 K) (mol/(m?- s)) k_ (298 K) (mol/(m?-s)) AH . (kJ/mol)
1 Ca;3Si0s + 3H,0==3Ca’" + H,Si0] +40H"~ 1L.0x107° 33x 107 1376
2 C — S — H(m)==3Ca’" + 2H,Si0; + 20H"~ 2.9%x1077 4.0%x1071° 20.0
3 C — S — H(I)==Ca’" 4 H,Si0; + 3H,0 1.6x 1077 1.33 20.0
4 C —S — H(Il) =2Ca*" 4 H,Si0} +20H™ + 3H,0 1.9x 1078 1.32% 10* 20.0
5 Ca(OH),=Ca’" + 20H" 323%x 1077 0.7586 —~17.06

The forward rate constant for the first reaction is assumed to vary inversely with (1) the volume function of metastable C—S—H(m) present at the lattice site, and (2) the

molar concentrations of calcium and hydroxyl ions.

diffusion coefficients at infinite dilution in water are taken from
published thermochemical databases.’> The actual local diffu-
sion coefficients are calculated from these by including correc-
tions for the concentration dependence of the activity
coefficients and the effect of electrostatic potential set up by
the distribution of the ion charges.*’ The transport factor of
each condensed phase in Table I is a dimensionless quantity
that, when multiplied by the diffusion coefficient, gives the effec-
tive diffusion coefficient for ions diffusing through the internal
porosity of the phase. Thus, for water in the absence of any
solids, the transport factor is defined to be unity, while for solids
with no internal porosity the transport factor is defined to be
zero. For solids like C-S—H with nanoporosity that is not re-
solved on the scale of the model, a value between zero and one
was chosen to estimate the presumably lower rate of transport
through these phases.

Table II lists the five reactions that are assumed in the sim-
ulations. Of these, the calcium hydroxide/water reaction (reac-
tion 5 in the table) has been studied most extensively. Values for
the reverse rate constant (k_) were inferred from experiments on
the kinetics of calcium hydroxide crystal growth.>® The forward
rate constant (k..) was calculated from the equilibrium constant
K.q using the relation k. /k_=K.q. The data for the other reac-
tions are not as well established, but the forward rate constant
for dissolution of CasSiOs was estimated from measurements
recently reported by Damidot ez al.'® In addition, for this dis-
solution reaction, the rate constant itself is asssumed to vary
inversely with the local molar concentration of calcium and
hydroxyl ions in solution, as reported by the same investiga-
tors.'¢ Finally, the forward rate constant for dissolution
of Ca3SiOs also is assumed to vary inversely with the volume
fraction of the metastable hydrate, C—-S—H(m), to simulate its
assumed low permeability and consequent ability to retard
the dissolution of the underlying Ca3SiOs. This retarding influ-
ence of the metastable hydrate is critical for correctly describing
the kinetics. In ‘Discussion’ section, a modeling strategy will be
discussed that could enable an even more fundamental inquiry
into this effect.

IV. Results

Using the assumed materials and reaction parameters in Tables
I and 11, the hydration experiments performed by Garrault and
Nonat'? were simulated. In the experiments, a dilute suspension
of Ca3SiOs particles, with median particle diameter of 15 pm,
was prepared with a liquid/solid mass ratio of 50. The suspen-
sion was continually stirred at a constant temperature of 25°C
and the calcium concentration of the solution was regulated
by continuous monitoring of the electrical conductivity of
the solution.

To model these experimental conditions, a Ca;SiOs/water
system was mapped onto a lattice. The surface/volume ratio of
the Ca3SiOs was 0.29 um™', which is consistent with irregularly
shaped particles having a volume equal to a sphere with diam-
eter of 15 pm.>® Periodic boundary conditions were used at all
boundaries of the lattice. The lattice itself was chosen to be
4 x 4 x 24 lattice sites, with a lattice spacing of A =1 pm. This

small lattice was chosen for computational efficiency and
because larger-scale microstructural changes were not of direct
interest in this study. The liquid/solid mass ratio (L/S) was
chosen to be 0.5, 1.0, or 5.0.

The value of L/S =50 used in the experiments is computa-
tionally impractical in this study, so the influence of L/S on the
results was investigated first. Figure 2 shows the predicted
degree of hydration as a function of time for systems with
L/S=0.5, 1.0, or 5.0. As indicated in the plot, the composition
of the pore solution was not regulated. The figure clearly shows
that the progression of hydration generally is more rapid at early
times as L/S increases. In particular, the system with L/S = 5.0
seems not to exhibit an induction period, although its rate of
hydration appears to decrease somewhat by 50 min before in-
creasing again at about 100 min. This early-time behavior occurs
because more dissolution of CasSiOs is required before the
greater volume of solution reaches a high enough calcium and
silicate concentrations to significantly retard the dissolution of
Ca;3Si0s, either by the presence of calcium and hydroxyl ions in
solution, as indicated by Damidot et al.,'® or by the formation
of the metastable C—S—H(m) phase, which is assumed to provide
a low-permeability layer on the surface of the dissolving solid.
At later times (> 300 min), the hydration behavior seems to in-
vert, with the system having L/S = 5.0 showing the least overall
degree of hydration at later times.

All these differences disappear completely when the calcium
concentration in solution is fixed at 22 mmol/L, as shown in
Fig. 3. In this figure, the same three L/S ratios are tested, but the
degree of hydration for all three systems collapses onto a single
curve throughout the first 10 h. In these systems, the only solute
that can vary in concentration is the silicate ion HZSiOff, and its
concentration will quickly be fixed by equilibrium with the
metastable C—S—H(m) phase forming on the surface of Ca;SiOs.

0.20 N S
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o L/S=1.0
< 0.15 - o L/S=5.0 Duuunnnm‘:
= (m) 0000
s o ee088800
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8 - 9550° _
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Fig.2. Simulated degree of hydration as a function of time for suspen-
sions of Ca;SiOs with L/S=0.5, 1, and 5. The solution is initially pure
water and no constraints are placed on its composition. For the solid
component, S/V =0.29 yum~".
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Fig.3. Simulated degree of hydration as a function of time for suspen-
sions of Ca;SiOs with L/S =0.5, 1, and 5, in which the calcium concen-
tratioln of the solution was fixed at 22 mmol/L. For the solid, S/V = 0.29

pm

Therefore, one expects—and the model predicts—that the
hydration rate is independent of the L/S ratio when the
calcium concentration of the solution is fixed. This result also
supports claims made in previous papers that dilute suspensions
are good models of cement pastes as long as the solution com-
position is regulated to mimic that found in Ipastes, i.e. nearly
saturated with respect to calcium hydroxide.!'!3

Having established that simulated paste at L/S = 0.5 is a good
model of the dilute suspension used in the experiments in
Garrault and Nonat,'? provided that the calcium concentration
in solution is fixed, we now compare the simulation predictions
to the experimental data in that study. Figure 4 shows a com-
parison of the degree of hydration, that is, the fraction of
Ca3SiOs consumed, as a function of time when the calcium
concentration was fixed at 11 or 22 mmol/L. The uncertainty in
the experimental measurements, for example the accuracy with
which the calcium concentration in solution was fixed, has not
been reported. Absolute claims about the goodness of fit of the
simulations therefore are not possible, but we can still make
meaningful comparisons between the simulations and the data.

: T : T : T : T : T :
0.20 - _
o 11 mmol/L experiment
0 22 mmol/L experiment o 1
§ 015 [Ca?*] = 22 mmol/L
8
5 L
>
T
S 0.10
[0}
Q
o I \
=} Unconstrained
0.05 -
0.00 = . | . | . | .
0 100 200 300 400 500 600

time (min)

Fig.4. Simulated hydration of a paste of tricalcium silicate with
L/S=0.5, and a ratio S/V =0.29 um~" for the solid. The calcium con-
centration is fixed at 11 or 22 mmol/L. Solid curves are the simulation
results, discrete points are experimental measurements on suspensions
with L/S = 50, published in Garrault and Nonat,'® and the dashed curve
is the result of a simulation performed for hydration in initially pure
water with no constraints on the evolving solution chemistry.
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Fig.5. Time-dependence of the concentration of silicate species in
solution for the same system as in Fig. 4. The solid and dashed curves
are the simulation predictions at calcium concentrations of 11 and
22 mmol/L, respectively. Discrete points are experimental measurements
on suspensions with L/S = 50, published in Garrault and Nonat."?

In the figure, the solid curves are the simulation results,
and discrete points are experimental measurements reported in
Garrault and Nonat.'* The simulations capture the kinetic be-
havior both of the 11 and the 22 mmol/L system. In particular,
when the calcium concentration is 11 mmol/L, the model cor-
rectly predicts both the absence of an induction period and the
lower hydration rate at later ages relative to the system at 22
mmol/L calcium. The duration of the induction period at 22
mmol/L also is approximately correct. The uncertainty in the
experimental measurements, for example the accuracy with
which the calcium concentration in solution was fixed, has not
been reported, so it is difficult to make any more detailed quan-
titative comment on the goodness of fit.

For the same simulated systems, the predicted and measured
time dependence of silicate concentration are shown in Fig. 5.
The predicted trends are qualitatively consistent with the exper-
imental observations, although measured concentrations are
two or three times greater than the predictions. It should be
remembered that the measured silicate concentrations are very
low in any case, on the order of a few tens of pmol/L with an
unknown degree of certainty. In any case, the observed large
decrease in silicate concentration in the first few minutes is
captured by the model.

The dashed curve in Fig. 4 is the simulated degree of hydra-
tion in initially pure water with no constraints on the evolving
solution chemistry. Comparison of this curve to experiment is
not possible because the corresponding experiment was not per-
formed in Garrault and Nonat'? and, in any event, the invari-
ance with L/S ratio would not be expected since the calcium
concentration was not constrained. The main purpose of show-
ing this simulation is to point out that the duration of the in-
duction period and the initial acceleration between 100 and 200
min are predicted to be essentially the same in a paste as if the
calcium concentration were fixed at 22 mmol/L. The rate of
hydration at later ages, however, is predicted to be somewhat
repressed compared with a paste having calcium concentration
fixed at 22 mmol/L.

Differences in kinetic behavior at early ages between the sys-
tems with calcium concentrations at 11 and at 22 mmol/L can be
traced to the different rates of growth of the various forms of
C-S—-H. Figure 6 plots the simulated growth of C—S—H(I) and
C-S-H(I) in the two systems. When the calcium concentration
is held at 11 mmol/L, a high density of C-S—H(I) nuclei form
on the surface of Ca3SiOs within seconds of wetting. The rate of
nucleation is high because the system quickly becomes highly
supersaturated with respect to C-S-H(I), with a saturation
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Fig.6. Predicted growth kinetics of C-S-H(I) and C-S-H(II) for the
same systems as in Fig. 4. The curve with open squares corresponds to
the volume fraction of C—S—H(I) when the calcium concentration is fixed
at 11 mmol/L, and the curves with open circles correspond to C—S-H(I)
and C-S-H(II) when the calcium concentration is fixed at 22 mmol/L.
For clarity, only one in every 700 points is displayed as a symbol, but the
solid curve passes through all the intermediate points.

index of almost 800 when nucleation occurs.” On the other
hand, the rate of C—-S—-H(II) nucleation is much lower because its
saturation index is only about 300 when C—S—H(I) first nucle-
ates. The nucleation rate is exponentially dependent on the
saturation index,*®’ so seemingly small differences in the
saturation index correspond to large changes in nucleation
rate. Because the density of C-S-H(II) nuclei, and therefore
its surface area, is much lower than that of C-S—H(I), C-S—H(I)
does not grow appreciably in this system. As the C-S-H(I)
embryos grow and coalesce, they form a surface layer that resists
molecular diffusion (transport factor =0.01) and thereby slows
the rate of dissolution of Ca;SiOs at later ages, as shown in
Fig. 4. The diminished rate of Ca3SiOs dissolution allows the
C-S-H(I) phase to establish near-equilibrium conditions with
the solution, so its growth also slows considerably at later ages.

The rates of nucleation and growth of C-S-H(I) and C-S—
H(II) are markedly different when the calcium concentration is
22 mmol/L. At this concentration, the saturation indices for
C-S-H(I) and C-S-H(II) are about 200 and 600, respectively.
Both forms nucleate at early times, but not as rapidly as
C-S-H(I) does in the 11 mmol/L system. The combined growth
rate of both forms of C—S—H is much less at early times than in
the 11 mmol/L system because there is much less total surface
area of the embryos.

The difference in initial combined growth rates of C-S—-H(I)
and C—S—H(II) is indirectly responsible for the observation that
there is no induction period in the system with 11 mmol/L
calcium in solution, but that there is a 100-min induction period
in the 22 mmol/L system. Figure 7 shows a plot of the volume
fraction of the metastable hydrate, C-S—H(m), as a function of
time for both concentrations of calcium. The plot indicates that
C-S-H(m) forms a surface layer within seconds after wetting
occurs. However, the solubility of C-S—H(m) is greater than
either C-S—-H(I) or C—S-H(II), so when one or both of these
phases nucleates and grows, the surrounding solution begins to
become undersaturated with respect to C—S—H(m). Therefore,
C-S-H(m) begins to dissolve, compromising its ability to
protect the underlying Ca;SiOs from dissolution. Because the
growth of stable C—S—H is initially much faster in the 11 mmol/L
system, the destruction of the C-S-H(m) layer occurs more
quickly and no induction period is observed.

“The solubility product Ky, for C-S-H(I) can be calculated from the rate constants given
in Table 1 and the relation k. /k_ = K. The saturation index is defined as the ion activity
product divided by K.

Fig.7. Predicted time dependence of the volume fraction of C—S—H(m)
for the same system as in Fig. 4. The curve with open squares corre-
sponds to a fixed calcium concentration of 11 mmol/L, and the curve
with open circles corresponds to a fixed calcium concentration of 22
mmol/L. For clarity, only one in every 700 points is displayed as a sym-
bol.

With the kinetic predictions of the model in good agreement
with the full set of experimental kinetic data in Garrault and
Nonat,'? we now may turn attention to whether the experimen-
tally observed variations in C-S—-H composition are also
predicted by the model. Figure 8 shows the volume-averaged
Ca/Si ratio of C-S—H plotted against time for the suspension at
both fixed concentrations of calcium, i.e., 11 and 22 mmol/L.
The data were obtained from the curves in Fig. 6 by multiplying
the volume fraction of each phase of C—S—-H by its assumed
Ca/Si ratio, and then dividing by the combined volume fractions
of all forms of C—S—H. The results in Fig. § are consistent with
the measurements made on the same kinds of systems by
Garrault and Nonat.'? In particular, when the calcium concen-
tration is 11 mmol/L, the average Ca/Si ratio of C—S—H is pre-
dicted by HydratiCA to rapidly approach unity, which is the
assumed Ca/Si ratio of C-S-H(I). This is a consequence of
the fact that nearly all of the C—S—H that forms in this system
is Type I (see Fig. 6), and the result is consistent with experi-
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Fig.8. Evolution of the volume-averaged Ca/Si ratio of C—S-H hydra-
tion product for the same system shown in Fig. 4. The calcium concen-
tration is fixed at 11 mmol/L (O), fixed at 22 mmol/L ([J), or allowed to
vary naturally for dissolution into initially pure water (< ). Only one in
every 400 points is displayed as a symbol, but the solid curve passes
through all the intermediate points.
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Fig.9. Ion concentrations for the simulations when hydration is al-
lowed to occur in initially pure water with no constraints on the solution
composition.

mentally measured value of =~1.340.1 reported for this system
in.!? In contrast, Fig. 6 shows that both stable types of C-S—H
form at finite rates in the system having 22 mmol/L calcium in
solution, although C-S—-H(II) grows more rapidly after about
200 min. The consequence for C—S—H composition shown in
Fig. 8 is that the Ca/Si ratio increases gradually from an average
value of 1.5, reaching a value of 1.7 after 600 min of hydration.
This prediction by HydratiCA also is reasonably consistent with
experimental meaurements, Ca/Si~1.9+0.1, for C-S-H grown
in solutions with a calcium concentration of 22 mmol/L."

A large number of studies have been made of the Ca/Si molar
ratio of C-S-H formed in pastes of Ca3SiOs5,° of
BfCaZSiO4,60 2 and of ordinary Portland cement.®> "% Most
of these studies report values of 1.6 to 2.0 for the Ca/Si ratio. If
the mechanisms used in the HydratiCA simulations are correct,
then these studies imply that C-S-H(II) growth is favored rel-
ative to C—S—H(I) in these systems. To test this, a simulation was
run on the same Ca;3SiOs/water system with L/S = 0.5, except
that the solution was free of constraints on its calcium concen-
tration. The calcium, hydroxyl, and silicate concentrations in
solution changed naturally as a net result of the reactions be-
tween Ca3SiOs and water, as shown in Fig. 9. In this plot, both
the calcium and hydroxyl concentrations are initially zero, rise
almost immediately to approximately 10 and 18 mmol/L, re-
spectively, and thereafter increase more slowly to maximum val-
ues of 36 and 71 mmol/L, respectively. At that point, portlandite
(Ca(OH),) nucleates and rapidly depletes the solution of calcium
and hydroxyl ions until a near-equilibrium state is reached at
which [Ca?*] =22 mmol/L and [OH ] =41 mmol/L.

In Fig. 8, the middle curve with diamond symbols shows
the predicted composition of C—S—H in this simulation. Initially,
the Ca/Si ratio decreases sharply because the calcium concen-
tration in solution is low. But as the calcium concentration
continues to increase, growth of C-S—-H(II) becomes increasing-
ly favorable. After the time at which portlandite nucleates from
solution, about 60 min, the solution is identical in composition
to that in the earlier simulations when the calcium concentration
was fixed at 22 mmol/L. In consequence, the Ca/Si ratio of
C-S—-H in the unconstrained suspension converges to the upper
curve in Fig. 8. Therefore, these simulations provide a quanti-
tative explanation, in terms of relative growth rates of C—S—H(I)
and C-S-H(II), for the fact that the average Ca/Si ratio of
C-S-H often lies between 1.6 and 2.0. Even further, the pre-
dicted lower value of Ca/Si at early ages for the dashed curve
in Fig. 8 is supported by at least one study *® in which the
Ca/Si ratio was observed to be lower at very early ages than
after several hours of hydration.
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Fig.10. Simulated degree of hydration as a function of time (solid
curve) for a Ca3SiOs paste with L/S = 0.59 and S/V = 0.86 um ™" for the
solid. The simulation was designed to approximate the experimental
setup reported in Kondo and Ueda,” and the discrete points in the plot
are the corresponding experimental data.

Up to this point, the kinetic predictions of the model have
been verified by comparison to data measured on dilute stirred
suspensions when the calcium concentration was fixed.'>'* As a
final check of the model, we now compare with experimental
data on a Ca;SiOs system reported by Kondo and Ueda.>® In
their experimental study almost 40 years ago, they measured the
degree of hydration of Ca3SiOs in pastes with L/S = 0.5 or 1.0.
The pastes were made by mixing with pure water a powder
having a narrow range of particle diameters, from 4 to 10 pum.
The degree of hydration was measured by quantitative X-ray
diffraction analysis of Ca;SiOs at different times. The purity and
crystal structure of the Ca;SiOs powder used in the study was
not reported.

A model paste with L/S = 0.6 was made by placing a single
digitized spherical particle of Ca;SiOs, with surface-volume
ratio S/V =0.86 um !, in pure water. The chosen value of S/V
is equal to that of a smooth spherical particle with diameter of
8 pum, which is in the middle of the particle size range used in
Kondo and Ueda.> Figure 10 compares the simulated degree of
hydration to the measured degrees of hydration of pastes with
L/S=0.5and 1.0, estimated from Fig. 1 in Kondo and Ueda.>
Error bars on the experimental data reflect only the uncertainty
in reading the values from that logarithmic plot; the actual un-
certainty in the experimental data was not reported in Kondo
and Ueda.> All the parameters for materials and reactions were
the same as in the previous simulations in this section. The plot
indicates that the predicted induction period is consistent with
experimental observation on both pastes. However, after the
induction period the hydration of the simulated paste accelerates
more rapidly than experimentally observed in either paste. The
simulated degree of hydration is modestly but consistently great-
er than the measured values between 5 and 9 h. The reason for
this relatively small disagreement is unclear, although differenc-
es in impurity levels, and especially in crystal structure, of the
initial Ca3SiOs powder might cause deviations in hydration rates
at least as great as those observed here.

V. Discussion

A large number of possible sets of reactions, rate constants, and
material parameters were systematically explored before arriv-
ing at the values given in Table I and II. This was necessary
because, as stated earlier, there is no universal agreement on the
reaction paths and rate-controlling steps that govern CasSiOs
hydration. For example, there is some debate in the literature
over whether a metastable hydrate phase forms on the surface of
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Ca;SiOs at early ages and, if it does, what the implications are
for hydration kinetics.**”%® In the absence of a consensus about
the mechanism, HydratiCA was used as a kind of experimental
tool for exploring the plausibility of various mechanisms. The
results indicate that the most plausible model for the hydration
kinetics is a synthesis of the two most prominent models that
have been put forward in recent years.

In the following discussion, we will operate from the point of
view that any comprehensive model of the hydration kinetics of
Ca;SiOs must be able to predict and explain (1) the extremely
rapid decrease in reaction rate during the first minutes after
wetting, (2) the existence of an induction period in which little
reaction occurs and the solution maintains a nearly constant
composition, and (3) the eventual acceleration of the hydration
rate in a manner reminiscent of an autocatalytic process. The
experimental data reported by Garrault and Nonat'>!"® are
extremely valuable because, by fixing the concentration of
calcium in the solution, they reduce the number of degrees of
freedom of the solution composition to just one: the concentra-
tion of silicate ions. Such data make a comparison of the
solution composition and the kinetics of hydration much less
ambiguous than previously was possible.

For simplicity, we will refer to the two leading theories of
Ca;SiOs hydration as the equilibrium theory and the steady-state
theory of the induction period. They both assume that dissolu-
tion of Ca3SiOs in pure water is congruent, extremely rapid, and
always far from equilibrium. The models differ principally in
their explanation of why the induction period exists and how the
acceleration period begins. To review, the equilibrium theory?
assumes that a C—S—H(m) layer forms within seconds of wetting
and represents a semipermeable barrier that reduces the disso-
lution rate of Ca3SiOs by two or three orders of magnitude. This
layer, although quite thin, is a true phase with well-defined
thermodynamic properties, including an equilibrium constant in
water. In particular, because the dissolution of Ca;SiOs is slow
after this layer forms, C—S—H(m) can establish equilibrium with
the solution, which explains the nearly constant composition of
the solution during the induction period. The equilibrium theory
further assumes that C—S—H(m) is metastable with respect to
another stable form of C—S—H. When the stable form of C-S-H
eventually precipitates, it destabilizes the C—S—H(m) layer. Im-
mediately after it nucleates, the growth of stable C—S—H is as-
sumed to proceed slowly because of the low surface area of the
growing embryos, but the surface area increases with continued
growth, and the C—S—H growth rate increases in proportion
to the surface area available for growth. Dissolution of the
C-S—-H(m) layer accelerates as the growth rate of stable C-S—-H
accelerates. In consequence, the dissolution rate, i.e. hydration
rate, of Ca3SiOs accelerates during this period. Thus the accel-
eration period is mediated by a rate-controlling step of growth
of stable C-S—-H. However, the equilibrium theory, as currently
formulated in the literature, does not predict the wide range of
hydration rates that are now known to occur when the solution
composition is adjusted.'>"?

The steady-state theory'®!'*$” has perhaps been described
most clearly by Garrault and Nonat,'® where they used it
to interpret their experimental data, the same data used in the
previous section for most of the tests of HydratiCA. According
to this theory, a metastable C—S—H(m) phase is not required to
explain the kinetics of Ca3SiOs hydration. Instead, the theory
assumes that heterogeneous nucleation of a stable C—-S—H on
Ca;SiOs surfaces happens almost immediately after wetting.
This nucleation burst is used to explain the observed maximum
in silicate concentration at early ages (Fig. 5). Furthermore, the
nucleation rate depends on the calcium concentration. At low
calcium concentrations, a large number of surface nuclei are as-
sumed to form per unit area of CasSiOs surface. These nuclei
grow along the surface and coalesce to form a continuous layer
at early ages that restricts the diffusion of water and thereby
represses hydration at later ages. At higher calcium concentra-
tions, the initial density of C-S-H nuclei on the Ca3SiOs
surfaces is lower, and coalescence into a continuous layer takes
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longer, not only because there are fewer nuclei per unit area, but
also because they are assumed to grow more rapidly in the
direction normal to the Ca3SiOs surface. At any calcium con-
centration, though, the composition of the solution changes very
slowly during this initial growth period, and this is assumed to
be due to a steady state between dissolution of CazSiOs on the
one hand and growth of C-S—H on the other, the rates of these
two processes being nearly the same and causing little net change
in the solution composition. But even after nucleation, a large
fraction of the Ca;SiOs surface is exposed to solution. There-
fore, the nucleation and growth rate of C—S—H within the first
few minutes after wetting would have to be at least as great as
the initial dissolution rate of Ca;SiOs to cause a maximum in the
silicate concentration and a steady-state condition afterward
(Fig. 5). Such high growth rates of C—S—H are not indicated by
direct observation of flat Ca;SiOs surfaces in water using atomic
force microscopy,' nor by microscopic obervations of Ca3SiOs
particles in dilute suspensions by soft X-ray transmission
microscopy.?> To reconcile the observed low growth rate of
C-S—H to the steady-state theory, it is assumed that the disso-
lution rate of Ca;SiOs decreases sharply with increasing con-
centrations of calcium and hydroxyl ions, to about the initial
rate of growth of C—S—H, due to preferential adsorption and
deactivation of dissolution sites. There is some experimental
evidence supporting this latter assumption,'® although the
magnitude of the effect seems to be uncertain.

Simulation results obtained by HydratiCA support most
aspects of this latter theory. First, as already noted, the
simulations predict that the density of C—S—-H(I) surface nuclei
is greater in the 11 mmol/L than the combined density of
C-S-H(I) and C-S-H(II) nuclei in the 22 mmol/L system, as
required by steady-state theory.!? Second, the variation in the
average Ca/Si molar ratio of C-S—H predicted by the simula-
tions is also an integral part of the steady-state theory to explain
the quantitative differences between the maximum values of
silicates in solution at different calcium concentrations' and the
calculated rates of nucleation of C—S—H.?

With regard to the steady-state theory’s assumed differences
in the nanoscale anisotropy in growth of C-S—H at different
calcium concentrations, these simulations did not incorporate
growth anisotropy of surface nuclei because the length scale of
the simulations was too large to resolve it. Nevertheless, the
differences in transport factor of C—S—H(I) and C-S-H(II) used
in the simulations could be interpreted to support the hypothesis
that the growth anisotropy is different for these two forms.
Recall that the transport factor is a coarse-grained parameter
that describes the relative ease with which mobile species can be
transported through a material. A larger transport factor for
C-S—-H(II) could be caused by a difference in nanoscale porosity
of a uniform layer of the material, but it could also be caused by
relatively large, open pore channels between C—S—H domains
that grow more readily in the direction normal to the CazSiOs
surface than toward each other along the surface. At the length
scale used in these simulations, it is not possible to differentiate
between these two possibilities.

There is one crucial point, however, at which the theoretical
model tested here by HydratiCA, and shown to be consistent
with the experimental data, cannot be reconciled to the steady-
state theory, and this point is the necessity and role of the meta-
stable C-S—H(m) phase which is the distinguishing aspect of
the equilibrium theory. Many trial simulations were made with
HydratiCA to try to make the kinetics of Ca3SiOs hydration
consistent with the experiments without the formation of a
C-S—-H(m) phase. In these trials, only the differences in concen-
trations of calcium and hydroxyl ions were allowed to influence
the rate constant for CasSiOs dissolution. That is, the rate
constant for dissolution of CasSiOs was made to vary inverse-
ly with both the local calcium concentration and the hydroxyl
concentration, evaluated at each lattice site eligible for dissolu-
tion. Different empirical inverse relationships were tested,
including linear and exponential decreases in the rate constant
with concentrations of calcium and hydroxyl ions. But in all
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such trials, this mechanism alone was unable to generate the
required extremes in the dissolution rate of Ca3SiOs. If the cal-
cium and hydroxyl concentrations are fixed throughout hydra-
tion, as they were in the experiments of Garrault and Nonat,'>!3
then the influence on dissolution rate of adsorption of these
species should be constant during any given experiment. How-
ever, the experimental data clearly show a very low rate of dis-
solution during the induction period—which also is required by
the steady-state theory to maintain steady state with the slowly
growing C—S—H domains—followed by a much greater dissolu-
tion rate during the acceleration period a couple hours later.
Furthermore, the very early-age changes in silicate concentra-
tion indicate that the Ca;SiO5 dissolution rate also is extremely
high immediately upon wetting. These observations are incon-
sistent with the assumption that calcium or hydroxyl concen-
tration alone determines the dissolution rate of exposed Ca3;SiOs
surface area.

Since these simulations suggest that the formation and sta-
bility of C-S—H(m) is important for determining the early-age
rates of hydration, it would be instructive to model the
C-S-H(m) layer in more detail by applying the model at
much smaller length scales near the Ca3;SiOs surface. This would
allow a more direct determination of growth rate constant and
transport factor of C—S—H(m) that would be required to account
for its retarding influences on Ca;SiOs dissolution. In addition,
the present study has identified two compositional variants of
stable C—S-H, each of which has a different coarse-grained
transport factor that approximates the tortuosity of its nano-
scale porosity. If this is basically correct, as published experi-
ments seem to indicate,'>>* then the same model could be used,
again at much smaller length scales, as part of an investigation
of the differences in structure between these variants. At the
moment, it is unclear why differences in C—-S—H composition are
related to differences in porosity structure at scales of 10 nm to
1 um, particularly since C-S—-H growth seems to occur by
aggregation of fundamental building units with dimensions of
about 5 nm.** New physical insight might be gained about this
process by combining molecular-scale models with the kind of
modeling reported here.

VI. Summary

This study illustrates the considerable potential for using fun-
damental computer simulations as a kind of experimental ap-
paratus for testing kinetic models of aqueous mineral systems,
and for developing new ones where necessary. These kinds of
simulations can provide new insights on how kinetic mechanisms
operating at a microscopic scale can influence experimental
observations of kinetics and chemistry on a macroscopic scale.

In this first application to a cementitious material system,
HydratiCA has identified what we now consider, in light of
available experimental data, to be the only plausible compre-
hensive kinetic model for the Ca3SiOs/water system. This kinetic
description incorporates the composition-dependent nucleation
and growth of C—S—H on the surface of Ca3SiOs to account for
observed variations in the length of the induction period. How-
ever, the induction period itself seems to be best characterized by
near equilibrium between the solution and a thin layer of a
metastable hydrate phase that forms on Ca;SiOs upon wetting
and that provides a kinetic barrier against further rapid hydra-
tion. Nucleation of more stable C-S—H in the metastable layer
also occurs at early times, and its growth destabilizes the meta-
stable layer by a through-solution mechanism and reinitiates
dissolution of Ca3SiOs. Therefore, once stable embryos of stable
C-S-H are established, its growth controls the rate of hydration
during the induction and acceleration periods.

This description of the kinetics draws on features from each
of the two leading theories that have appeared in the literature,
what have been called here the equilibrium theory and the
steady-state theory. The unification of these two theories, which
until this study seemed unlikely to occur, is fitting because they
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both have had considerable success in explaining different as-
pects of early-age hydration of Ca;3SiOs.
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