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the beginning of the acceleration period, the manner in which microscopic growth processes lead to the
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1. Introduction

Understanding the kinetic mechanisms of cement hydration
intersects both academic and practical interests. From an academic
standpoint, the chemical and microstructural phenomena that
characterize cement hydration are quite complex and interdependent,
making it difficult to resolve the individual mechanisms or the
parameters that determine their rates. Fundamental study of
hydration therefore offers significant scientific challenges in experi-
mental techniques and multi-scale theoretical modeling methods.
From a more practical standpoint, the drive to produce more
sustainable concrete materials is leading to more complex mix
designs that include increased amounts of secondary mineral
additions, often originating as by-products of other industrial
processes, and a wide variety of chemical admixtures that can
enhance concrete performance. More complete knowledge of basic
kinetic mechanisms of hydration is needed to provide a rational
basis for mixture proportioning as well as the design and selection of
chemical admixtures.

Several detailed reviews have been written about the mechanisms
that are thought to govern the kinetics of hydration [1-4]. At the time
they were published, several important issues - the mechanistic
origin of the induction period, the rate-controlling mechanisms
during the acceleration period, the most important factors responsible
for the subsequent deceleration of hydration, etc. - were addressed
but left unresolved due to either lack of data or seemingly equivocal
evidence for different viewpoints. But significant strides have been
made both in experimental techniques and in theoretical models in
the intervening years. Our intention is to focus on these more recent
developments, thereby providing an updated picture of the current
state of knowledge and identifying the remaining controversies or
gaps in understanding. Finally, we then propose a road map for future
cement hydration research that targets the remaining gaps and could
have the greatest impact toward supporting the development of more
sustainable concrete materials.

2. Background

Models of chemical kinetics that are based on fundamental
chemistry and physics at the molecular scale have been feasible for
gas-phase systems [5], for nucleation of crystals from a melt or
aqueous solution [6], and even for dissolution and growth at crystal
surfaces [7-11] by analyzing and modeling the individual kinetic steps
in detail. Similarly, a fundamental approach to understanding cement
hydration would involve breaking the problem down to the study
of the kinetics of the individual mechanistic steps. This approach is
desirable because it would provide a foundation for understanding the
interactions among the coupled processes, and for establishing how
the microscopic kinetics lead to the development of the microstructure
at higher length and time scales. Furthermore, mechanistic under-
standing at the molecular scale would provide knowledge of the
dependence of rates of reaction and diffusion on temperature and the
state of saturation, that is, the effect of curing conditions.

Cement hydration involves a collection of coupled chemical
processes, each of which occurs at a rate that is determined both by
the nature of the process and by the state of the system at that instant.
These processes fall into one of the following categories:

1. Dissolution/dissociation involves detachment of molecular units
from the surface of a solid in contact with water. A good
comprehensive review of dissolution kinetics was performed by
Dove et al. [12,13].

2. Diffusion describes the transport of solution components through
the pore volume of cement paste [5,14] or along the surfaces of
solids in the adsorption layer [15,16].

3. Growth involves surface attachment, the incorporation of molec-
ular units into the structure of a crystalline or amorphous solid
within its self-adsorption layer [17].

4. Nucleation initiates the precipitation of solids heterogeneously on
solid surfaces or homogeneously in solution, when the bulk free
energy driving force for forming the solid outweighs the energetic
penalty of forming the new solid-liquid interface [6].

5. Complexation, reactions between simple ions to form ion com-
plexes or adsorbed molecular complexes on solid surfaces [18,19].

6. Adsorption, the accumulation of ions or other molecular units at an
interface, such as the surface of a solid particle in a liquid
[15,16,19].

These processes may operate in series, in parallel, or in some more
complex combination. For example, even simple crystal growth from
solution involves diffusion of solute to the proximity of an existing
solid surface, adsorption of the solute onto the surface, complexation
of several solute species into a molecular unit that can be
incorporated into the crystal structure and, finally, attachment and
equilibration of that molecular unit into the structure [9,19]. When in
series, these steps are coupled in the sense that the products of one
step are the reactants of the next step, and so on. Often, but not
always, one step has a significantly lower rate than any of the other
steps in the sequence. In that case, all but the slowest step, the rate-
controlling step, can reach equilibrium conditions and will determine
the activities of the reactants and products of the rate-controlling
step [19]. In this simple case where one step is rate-controlling, that
step alone is responsible for the observed kinetic rate equation, the
rate constant, and their temperature dependences. When the rates of
two or more fundamental steps are comparable, then the rate
equations and their dependence on system variables can be
significantly more complicated and difficult to determine experi-
mentally [19].

Unfortunately, the rigorous application of these concepts to
cement hydration continues to be elusive because of the difficulty of
isolating the individual chemical processes for detailed study. Even a
task as seemingly simple as determining a fundamental rate law for
the dissolution of Ca3SiOs, consistent with thermodynamics and the
principle of mass action, is quite challenging because of the competing
effects of rapid precipitation of less soluble phases from solution, the
difficulty of adequately characterizing the surface at which dissolution
is occurring and, even more basically, because rate data are usually
acquired on polydispere particle suspensions without a complete
characterization of the particle size distribution or absolute reactive
surface area. The problem becomes exponentially more difficult
to analyze when more complex systems like portland cement are
contemplated. Therefore, for cement one has been forced to accept
only partial knowledge about the net kinetic effects of multiple
interacting processes.

The key to eventually building more mechanistic, less empirical
models of hydration, capable of embracing its full range of chemical
and structural complexity, is to develop strategies to isolate and
study the individual rate processes that govern cement hydration.
Such strategies will inevitably involve a close collaboration among a
wide variety of experimental techniques, along with mathematical
models and numerical simulation methods that can provide an
intellectual framework for interpreting the data. This kind of
collaboration has born fruit for unravelling the kinetics of certain
processes in environmental geochemistry [10,20,21] and other
branches of materials science [22-25].

2.1. Scope of this review
Nearly every review of portland cement (PC) hydration kinetics

[1,2,4] spends the majority of its attention on the hydration character-
istics tricalcium silicate, CasSiOs, or CsS according to conventional
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cement chemistry notation.' One reason is that the impure monoclinic
polymorph of CsS, referred to as alite, constitutes about 50% to 70% of
PC by mass. Progress in basic understanding of kinetics is made more
feasible by restricting attention to this simpler chemical subsystem
because the analysis of chemical kinetics becomes increasingly complex
with increasing number of components and phases. In addition, alite
tends to dominate the early hydration period that comprises setting
and early strength development because it is the component most
responsible for formation of the calcium silicate hydrate gel (C-S-H),
the principle product of hydration.

In keeping with this trend, much of the new progress in cement
hydration research has been made either on pure CsS or on alite itself.
Recent research shows that triclinic C3S has significantly different
microstructure and hydration kinetics than impure, monoclinic alite
[26]. Pure C3S powders tend to be much finer grained than alite
powders prepared and ground under similar conditions [26] because
impurities in alite, mostly Mg and Al, promote grain growth during
cooling from clinkering temperatures. In addition, some have
speculated that the different crystal structure or impurity levels in
alite alter the density of reactive sites at the surface, (e.g. screw
dislocations or stacking faults) which can modify dissolution rates.
Finally, there is some evidence that the growth morphology of C-S-H
hydration products may be less porous, and therefore more resistant
to mass transport, in C3S pastes than in alite pastes [26]. This may be
related to the experimental observation that hydration of CsS often
slows down markedly at lower degrees of hydration [27] than does
hydration of alite [26].

Recent research on hydration of the C3A + gypsum subsystem of
PC will also be reviewed because of its importance in determining the
calcium sulfate requirements of PC with and without replacement by
mineral admixtures. This will include a discussion of the interactions
among the silicate and aluminate subsystems that are important for
understanding the influence of sulfate levels on the hydration kinetics
of PC with partial replacement by fly ash or blast furnace slag.

In closing this section, it is helpful to mention the experimental
techniques that have been used to monitor hydration kinetics,
because these techniques will be referenced repeatedly in the
remainder of the paper. Most of the techniques used to date monitor
the net rate of hydration, that is the overall progress of hydration
without regard to the action of individual chemical reactions. Such
methods include isothermal calorimetry, continuous monitoring of
chemical shrinkage, in situ quantitative X-ray diffraction, semi-
continuous analysis of pore solution composition, nuclear magnetic
resonance spectroscopy (NMR), quasi-elastic neutron scattering
(QENS) and small angle neutron scattering (SANS). The relative
merits and weaknesses of such methods have been thoroughly
assessed elsewhere; being outside the scope of this review, the
interested reader is referred to [28] for more details. For now, we note
that none of these techniques resolves the details of any particular
mechanism, but they have proven useful for comparing the hydration
of different cements, for characterizing the influence of variables
such as cement fineness, water-to-solids mass ratio (w/s), cement
composition, temperature, and the type and dosage of admixtures.
More importantly, comparison of different methods, such as calorim-
etry and SANS data [29,30], calorimetry and QENS data [31,32], or
calorimetry and chemical shrinkage on parallel specimens can
provide insights into the hydration process that cannot be obtained
by any one method alone. For example, the SANS surface area tracks
closely with the cumulative heat measured by calorimetry at very
early times, up to about the peak hydration rate, but then diverges as
the morphology of the C-S-H phase is not constant with time. The
same is true of the constrained water component of the QENS signal.

! In this shorthand notation, single capital letters are used to denote oxide units,
e.g. C=Ca0, S=Si0,, A=Al,05, F=Fe,03. We will use this convention frequently
throughout the paper.

3. Mechanisms of CsS or alite hydration

The rates of hydration of (triclinic) CsS, alite, and even PC have
long been observed to vary with time by orders of magnitude in
a complicated, nonmonotonic fashion. Historically, this fact has led to
the division of the overall progress of hydration into four or five
stages, defined by somewhat arbitrary points on a plot of hydration rate
versus time [4]. For our purposes in discussing kinetic mechanisms, we
find it helpful to consider the four periods indicated in the calorimetry
plot of hydration rate versus time shown in Fig. 1: (1) initial reaction,
(2) period of slow reaction, (3) acceleration period, and (4) deceleration
period. The beginning and ending of these stages are still difficult
to pinpoint precisely, but they provide a more accurate picture of the
current state of knowledge.

In this section we undertake a review of recent progress in
experimental and theoretical research on cement hydration in terms
of its mechanism(s) and implications for microstructure develop-
ment. Attention is focused on results that have come to light in the last
decade, with limited review of earlier work only where necessary
for historical context. The interested reader may refer to [4] and
references therein for a more comprehensive review of earlier work.

3.1. Initial reaction

The initial period is characterized by rapid reactions between C3S
and water that begin immediately upon wetting, characterized by a
large exothermic signal in isothermal calorimetry experiments
[26]. The heat released by wetting the cement powder contri butes
to this early exothermic signal, but significant heat is also
released by dissolution of C3S. The enthalpy of congruent C3S dis-
solution is — 138 kJ/mol, based on the reaction [33,34]:

C3S + 3H,0—3Ca”" + H,Si0; + 40H (1)

Chemical analyses of the solution phases [35-39] have furnished
persuasive evidence that Cs3S dissolves congruently and quite rapidly
in the first seconds after wetting. In dilute suspensions of CsS, for
example, the increase in silicate concentration over the first 30's
suggests that the dissolution rate may be at least 10 umol m~2s™!
[27]. Stein [40] calculated a theoretical solubility product for CsS of
Ksp~3, when referenced to Eq. (1), which would imply that C3S
should continue to dissolve until reaching equilibrium calcium
and silicate concentrations in solution of several hundred mmol/L.
In fact, it is well known that C3S dissolution rates decelerate very
quickly while the solution is still undersaturated, by about 17 orders
of magnitude with respect to the ion activity product of Reaction (1)

Initial reaction

Acceleration period
Deceleration period

Period of slow reaction

Heat Flow (mW/g)

o 3 6 9 12 15 18 21 24
Age of Specimen (Hours)

Fig. 1. Rate of alite hydration as a function of time given by isothermal calorimetry
measurements.
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compared to the equilibrium calculation, by the end of this period
[27,40,41]. The mechanism of this early deceleration of CsS has been a
subject of considerable debate over the years, and many hypotheses
have been proposed. The reader is referred to [4] and references
therein for a description of the proposed mechanisms. Here we will
focus on three mechanistic explanations that continue to have the
greatest plausibility in light of recent experimental and theoretical
research.

3.1.1. Metastable barrier hypothesis

Stein [42] and others [43] have argued that the deceleration is
caused by the rapid formation of a continuous but thin metastable
layer of a calcium silicate hydrate phase, which Gartner [2] has called
C-S-H(m), that effectively passivates the surface by restricting its
access to water, or restricts diffusion of detaching ions away from
the surface. This thin layer is proposed to reach equilibrium with
the solution at the end of the intial reaction period. Jennings [44]
reviewed solution composition data from several decades of literature
and showed that they tend to lie along one of two curves on a plot of
calcium concentration versus silicate concentration, as shown in
Fig. 2. The curve with higher Ca and Si concentrations was interpreted
as reflecting equilibrium of the solution with a metastable hydrate
layer having a variable Ca:Si molar ratio, and Gartner and Jennings
[41] subsequently used the Gibbs-Duhem relation to estimate the
Ca:Si molar ratio of this metastable hydrate as a function of calcium
concentration in solution.

The metastable barrier hypothesis implies that the metastable
hydrate isolates the underlying alite from the solution, which then
comes into equilibrium with the hydrate. However, the mechanism
for the end of the delay period is not evident. The fact that the time of
the end of the slow reaction period has such a precise and repeatable
value indicates that there must be some critical process acting during

T T T T

T T T T T T T T
T ———

7 B Aqueous Phase (@)
2000 £3 +
% SiO2 (H20)y

1000

C-8-H B
+

Aqueous Phase
100

L viaald

o
o
73] S
L) N;;;“
=
2 10 - = —
E C-5-H .
+ h
B Ca(OH)>
+ -
I Aqueous Phase |
1 E Aqueous Phase -, “;j
C \io\ ]
NOTE: Metastable extension Aqueous Phase
+
S Ca(OH) 2
o 1 1 1 1 SR | 1 ] 4 i 1 1 1 1 1
0 2 4 B 8 10 12 14 16 18 20 22 24 26 28 30

mM CaO

Fig. 2. Concentrations of silica (y-axis in pmol/L) and calcium (x-axis in mmol/L)
reported for cement paste pore solution, collected from an extensive literature search in
[44], and interpreted as indicating that either of two types of C-S-H can establish
equilibrium with the solution.

that period. This must take the form of some continuing chemical
reaction or reactions that eventually destabilize the metastable
layer in some way [2,4]. Indeed, calorimetry measurements show
that the rate of heat output never decreases all the way to zero during
the period of slow reaction.

Bullard [45] recently simulated the metastable barrier hypothesis
for C3S hydration, using a kinetic cellular automaton model of coupled
reactions and diffusion phenomena using the principles of mass
action and detailed balances. Simulations using the metastable barrier
hypothesis adopted assumptions about the composition variability
both of the passivating layer and of the more stable forms of C-S-H,
based on limited and indirect experimental evidence. Even so, the
simulations quantitatively reproduced a number of experimental
observations of the evolution of the solution composition, the
composition variablity of C-S-H, and the hydration rate of Cs5S at
two different water-cement mass ratios and initial conditions of the
solution [27,46,47].

One difficulty with the metastable barrier hypothesis has been the
scant direct experimental evidence of the existence of such a layer.
However, the last several years have witnessed significant progress in
this area. Nuclear resonance reaction analysis (NRRA), based on the 'H
(N, o, v)*2 resonance, has been used to measure the hydrogen depth
profile at and below the surface of a specimen, with a depth resolution
of a few nm and a sensitivity to hydrogen of a few ug/g [48,49]. By
probing below surfaces of cementitious phases immersed in aqueous
solution for different times, they have observed changes in the
hydrogen depth profile as a function of time. Some typical depth
profiles for hydrating triclinic C3S are presented in Fig. 3. The profile is
characterized by a Gaussian peak at the surface and a diffusion-like
curve into the depth of the sample. The Gaussian peak has been
interpreted as a thin but continuous hydrated layer [49]. Based on
ideas from the glass corrosion literature, the overall hydrogen depth
profile measured by NRRA has been interpreted as a set of layers with
differing degrees of calcium/hydrogen exchange, as shown in Fig. 4.
Although the Gaussian peak remains essentially fixed at later times
(Fig. 3), the profile extends progressively deeper into the solid,
reaching appreciable hydrogen concentrations as deep as 0.4 um
after 45 min at 30 °C. This increasing average penetration depth of
hydrogen indicates that significant hydration reactions are still
occurring during the slow reaction period. These conclusions are not
too different from the mechanisms proposed in earlier publications
[1,2,4,50].

Depth (um)
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3.0 — y T T T y
3.0 4 35
2.04 130 8
20+ 1.. &
% £ 1.54 4 25 £
5 1.01 1, <
5 15 F 051 - 20 2
» ool 0 1 B
© " 64 65 66 67 68 69 707 1° @
10 F J e
il [e]
—«— 0.25 Hours ] 0o
05} —+— 0.50 Hours B
—o— 0.75 Hours 15
0.0 & e
6 7 8 9 10 11 12

Beam Energy (MeV)

Fig. 3. Progression of hydrogen concentrations with depth and time during the initial
and slow reaction periods for triclinic CsS hydrated at 30 °C [49].
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Calcium-leached zone
(1500 nm)

Semi-permeable
surface layer (20 nm)

Solution

Silicate
Gel layer
(500 nm)

Unreacted C;S

Fig. 4. Schematic diagram of the arrangement of surface layers on a CsS grain during
the slow reaction period based on the hydrogen depth profile measured by nuclear
resonance reaction analysis (NRRA).

More recently, Bellmann et al. [51] have examined pastes and
very dilute suspensions of C5S nanoparticles in water. Using 2°Si NMR,
they observed that an intermediate calcium silicate phase containing
hydrated silicate monomers forms very early during hydration, a
result that is consistent with earlier research on C3S [50,52-54]. Their
data demonstrate that, at least for nanoparticulate CsS, hydration
proceeds in two stages: formation of an intermediate silicate hydrate
phase followed by conversion of this phase into C-S-H once the
solution becomes sufficiently concentrated with calcium.

With greater direct evidence of the existence of an early hydrate
phase, the challenge still remains to demonstrate that the phase has
the necessary passivating influence on CsS to explain the transition to
the slow reaction period. NRRA data have been interpreted as
indicating a thin surface hydrate that is permeable to calcium and
water but not to silicates, although this latter idea is a conjecture
because NRRA does not measure either calcium or silicate species.
Moreover, the length of the slow reaction period has been correlated
with the time required to achieve a critical hydrogen depth in NRRA
experiments. For example, increasing temperature both shortens the
slow reaction period and increases the rate of penetration of hydrogen
below the surface (Fig. 3). And when sucrose, known to be a strong
retarder, is added to the solution, the penetration rate of hydrogen
below the surface occurs much more slowly than without sucrose
[49]. All of these studies therefore provide strong evidence of a direct
correlation between the length of the slow reaction period and the
rate of development of the surface hydrate. A remaining challenge is
to determine if the development of that surface hydrate controls the
rate of hydration or if the rate of hydration controls the development
of the surface hydrate.

If the metastable barrier hypothesis is correct, the layer must cover
the great majority of the C3S surfaces and be fairly dense if it is to
effectively block the diffusion of one or more dissolved components.
There are examples of nanoscale metal oxides such as alumina being
able to passivate aluminum surfaces and limit further oxidation, but in
those instances the layer is extremely stable thermodynamically
and mechanically and has a close crystallographic relationship with
the underlying metal, in contrast with the metastable C-S-H phase.
Both atomic force microscopy conducted on flat C3S surfaces under
water [55] and high-resolution electron microscopy on dried samples
[56] have been used to search for evidence of a continuous film of
this kind. However, although patches of some kind of precipitate are
often observed on the surfaces at very early times, evidence for a
continuous layer has not been found using these direct methods of
surface examination.

3.1.2. Slow dissolution step hypothesis

The metastable barrier hypothesis discussed in the last section
assumes either explicitly or implicitly that the rate of C3S dissolution
in the period of intial reaction would continue to be rapid up to
much higher solution concentrations of calcium and silicates if not for
the formation of the passivating hydrate layer. However, other
researchers have assumed that C3S dissolution rates decrease rapidly
for some other reason. Barret et al. [35,36] originally proposed that a
“superficially hydroxylated layer” forms on C3S surfaces in contact
with water, and that the dissociation of ions from this layer occurs
much more slowly than would be otherwise expected for a mineral in
highly undersaturated solutions. Nonat et al. [27,39,47,55,57] have
adopted this explanation for slow dissolution of C3S and subsequently
developed an alternative mechanistic explanation for the initial
reactions that is based on a steady state balance between slow
dissolution of C3S and initially slow growth of C-S-H. According to
these authors, the apparent solubility of the superficially hydroxyl-
ated C3S is much lower than the one calculated for CsS, and the
dissolution rate decreases very rapidly when the calcium hydroxide
concentration increases due to dissolution. When the solution
exceeds a maximum supersaturation with respect to C-S-H, C-S-H
nucleates very rapidly on Cs3S surfaces and begins to grow slowly
because of its initially low surface area. Growth of C-S-H causes the
silicate concentration in solution to decrease and the Ca:Si molar ratio
in solution to increase. Within minutes, a steady state condition is set
up in which the solution is supersaturated with respect to C-S-H but
undersaturated with respect to C3S. Fig. 5 shows this behavior by
superimposing the changes in solution concentration on a cross-
section of a solubilty diagram in the system CaO-SiO,-H,0, with
curves for both C3S and C-S-H indicated in the figure. The dashed
arrow in the figure indicates the trajectory of the solution concentra-
tion for pure congruent dissolution, which continues until a maximum
supersaturation is reached with respect to C-S-H (point A in the
figure). Nucleation of C-S-H causes the silicate concentration to
decrease (bold arrow in the figure) as the solution composition
approaches the solubility curve for C-S-H.

Evidence supporting this view comes from studies of dissolution
rates of CsS in stirred suspensions [58]. Increases in Ca and Si
concentrations in solution were monitored continuously in suspen-
sions of C3S so dilute (w/s =50,000) that, theoretically, the solution
should never become supersaturated with respect to C-S-H. Without
the complicating factor of C-S-H nucleation and growth, congruent
dissolution caused the concentrations of Ca and Si to increase
continuously in a 3:1 ratio. With this technique, initial C3S dissolution

5
c,s
4+ C-S-H
= 3F
[
=
@)
o, 2
A
1 -
o LA —

0 10 20 30 40
[Ca0] mM

Fig. 5. Cross-section of a solubility diagram in the system CaO-SiO,-H,0. The arrow
shows the path followed by the concentrations in solution during the congruent
dissolution of C3S. The concentration increases beyond the solubility of C-S-H until the
maximum supersaturation from which C-S-H precipitates immediately is reached
(point A). From [35,126].
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rates were measured as approximately 10 umolm~2s~! and the
steady-state ion activity product (IAP) was estimated to be log IAP =
— 17 when referenced to Reaction (1), nearly 17 orders of magnitude
less than the solubility product calculated from the Gibbs free energy
of the reaction.

Along the same lines, the dissolution rates of many natural
minerals in aqueous solutions do not follow a smooth relationship
with respect to the saturation state of the solution [10,11,20]. Briefly,
different mechanisms of dissolution are rate controlling depending on
the saturation state of the solution. Far from equilibrium, high rates of
dissolution are enabled by etch pit opening at surface defects, whereas
closer to equilibrium but still significantly undersaturated, the driving
force is insufficient to activate the etch pit opening and dissolution
occurs primarily by a retreating step mechanism that is much slower.

This approach for low-solubility minerals has been applied to alite.
Many experimental observations have shown that the rate of C3S and
alite dissolution is affected by the initial concentration of the solution
[27,39,47,57]. Scanning electron microscope (SEM) observations of
unground alite surfaces hydrated in different dilute solutions have
further confirmed the importance of the initial saturation state.
Samples hydrated in deionised water showed significant corrosion of
the surface with the presence of small pits (hundreds of nanometers
in diameter) whereas samples hydrated in saturated lime solution
preserved a smooth planar surface [56]. Other studies performed on
alite or cement pastes have also revealed the presence of pits at early
times of hydration [59-61]. This mechanism of etch pit activation
or deactivation, depending on driving force, implies that dissolution is
a rate controlling mechanism and provides a satisfying way to make
low dissolution rates of alite consistent with the considerable
undersaturations at the end of the intial reaction period.

The slow dissolution step hypothesis for the onset of the period of
slow reaction is supported by the observed roles of crystallographic
defects in the early hydration processes of cementitious material,
which have been studied by several researchers [62-64]. Maycock
et al. [64] as well as Odler and Schiippstuhl [63] studied the effect
of quenching rate on the reactions of alite and found that faster
quenching, likely to induce more crystal defects, resulted in shorter
induction periods. Fierens and Verhaegen [62] cooled CsS at different
rates from 1600 °C to 1300 °C before quenching, and similarly found
that the duration of the induction period was related to the length of
the thermal treatment. More recently, Juilland et al. [61]. performed a
post-thermal annealing treatment at 650 °C on alite of narrow particle
size distribution as a way to decrease the defect density. A change of
polymorphism from monoclinic M3 to triclinic T1 occurred without
any significant change of the particle size distribution. Isothermal
calorimetry data for the annealed samples show the presence of a very
long induction period for the thermally treated samples (Fig. 6),
supporting the hypothesis that surface defects control the rate of
dissolution and thereby influence the length of the induction period.

A difficulty with this slow dissolution step hypothesis is in
reconciling the dissolution rates with the observed time dependence
of silicate concentrations in the first minutes of hydration. Most
experiments show a sharp peak in silicate concentration in the first
minutes after wetting, which decreases almost as rapidly and is
followed by a longer period of very slowly decreasing concentrations
during the period of slow reaction. Before the peak, increases in silicate
concentration can be interpreted as pure CsS dissolution. The sharp
decrease has been interpreted as the consumption of silicates due to
nucleation of C-S-H [27]. Within 20 min, the silicate concentration
decreases to about half its original value and continues to decrease
much more slowly for the next 20 min. Therefore, one should expect
the C3S dissolution rates after 20 min to be comparable to the rates
on the left side of the peak at the same silicate concentration in
experiments where the calcium concentration is held fixed at
11 mmol/L, because at both those times the solution has basically
the same composition and, therefore, the same driving force for
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Fig. 6. Heat evolution of alite untreated (reference, dashed line) and treated at 650 °C
for 6h (plain lines) of narrow particle size distribution. All measurements were
performed at 20 °C and the w/s ratio was kept at 0.4.

dissolution [27,47]. However, such rapid C3S dissolution rates are not
experimentally observed after the initially sharp decrease in silicate
concentration until the acceleration period begins. One possible
explanation is that the C3S surfaces on the right side of the silicate
peak are already significantly covered with C-S-H precipitates, so
that the dissolution rate per unit area may be rapid but the overall
dissolution rate low.

3.2. Acceleration period

In unretarded, unannealed CsS and alite systems, the delay period
is just the minimum in the hydration rate that is reached after the
initial reaction but before the beginning of accelerated growth of
hydration products [4]. A true induction period appears to exist as a
distinct stage only when chemical retarders are added or materials
have been annealed. Furthermore, this delay seems to be just the
consequence of the slow reaction (due to one of the mechanisms
described previously) until a critical point is reached when the rate
of nucleation and growth starts to accelerate. Therefore, we have
made the unconventional choice of omitting a separate section for
the period of slow reaction, preferring instead to consider its aspects
only in terms of the consequences for the onset of the acceleration
period, which is generally agreed to be related to a nucleation and
growth (N4 G) mechanism.

Throughout this N+ G period of hydration of C3S and alite, the
hydration rate, expressed as the time derivative of the degree of
hydration,? day/dt, increases as o, where 2/3<r<1 [4]. By analogy to
autocatalytic chemical reactions, this behavior implies that the rate of
hydration in this stage depends on the amount of some hydration
product, presumably C-S-H. Supporting this idea, a large and growing
body of experimental and modeling evidence [4,27,30,35,37,55,65-
68] indicates that the rate-controlling step of hydration during
this period is related to the heterogeneous nucleation and growth
of C-S-H on alite and perhaps on other mineral surfaces as well.
The evidence for this comes from a number of sources. C-S-H is
observed to be formed primarily on surfaces of CsS or alite [4,69,70]
when observed by scanning, atomic force, or transmission electron
microscopy. In addition, Zajac [71] has reported experimental
measurements showing that the hydration rate of C3S is proportional
to the surface area of C-S-H as measured by nuclear magnetic

2 We define the degree of hydration as the mass of C5S consumed divided by its
initial mass.
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resonance (NMR) spectroscopy. If growth of C-S-H is rate-controlling,
the hydration rate is expected to be proportional to the number of
active growth sites for C-S-H (i.e., its surface area). Another paper in
this issue [72] describes the application of various modeling and
simulation methods that strongly support the underlying mechanism
as being one of nucleation and growth and discusses in detail various
hypotheses regarding the nucleation process (initial or ongoing);
growth (isotropic, anisotropic or diffuse) and other mechanisms.

3.2.1. Timing of C-S-H nucleation

As already discussed, earlier reviews of cement hydration have
concluded that the nucleation of a stable form of C-S-H occurs some
time after the formation of a metastable hydrate layer on alite surfaces,
and that the growth of the stable C-S-H precipitates happens by
conversion of the metastable layer, whether directly or by a through-
solution mechanism. Experimental and modeling studies over the past
10 years, described in Section 3.1, have cast some doubt on the
necessity of this conclusion and indicate that nucleation and growth of
C-S-H can occur at very early times and may not require a pre-existing
hydrate phase.

Direct observations of the first C-S-H nucleation events in C3S or
alite systems are difficult to make. Conclusions drawn in the recent
literature are mostly based on inferences from model interpretations
of experimental data. For example, Garrault and Nonat [27] use the
slow dissolution hypothesis and interpret the decrease in silicate
concentrations in the opening seconds or minutes of hydration as
the result of C-S-H nucleation, setting up the subsequent balance
between CsS dissolution and C-S-H growth. Application of the Avrami
model to isothermal calorimetry or QENS data requires assuming
an induction period of at least 1 h prior to any C-S-H nucleation to
obtain good fits [73,74]. But both Thomas' application of a boundary
nucleation and growth (BNG) model to fit isothermal calorimetry data
[65] and its application by Scherer et al. to fit chemical shrinkage data
[75,76] indicate that initial C-S-H nucleation occurs close to the time
of mixing. The interested reader is referred to the companion paper
[72] for more detail on the use of the BNG model for fitting these kinds
of experimental data.

Bullard [45,48] used a kinetic cellular automaton model to simulate
the microstructural development and solution chemistry during C3S
hydration using either the metastable layer hypothesis or the
slow dissolution step hypothesis for the initial reaction and delay
period, and found that only heterogeneous nucleation of C-S-H on C3S
surfaces could account for experimental observations of the evolution
of the solution composition and degree of hydration. Those simula-
tions also differentiated between heterogeneous nucleation and
growth of C-S-H, and indicated that nucleation occurs in a fairly
short burst over only a few minutes, either at the end of the initial
reaction when assuming the slow dissolution step hypothesis or near
the onset of the N+ G period when assuming the metastable layer
hypothesis. The narrow window of C-S-H nucleation occurs in the
simulations because nucleation consumes calcium and especially
silicates from solution, thus lowering the saturation index of C-S-H
enough that the thermodynamic driving force for growth of existing
precipitates is less than the energetic barrier to nucleation.

The importance of (stable) C-S-H nucleation as a controlling
factor in early-age hydration of C3S is underscored by experiments
reported by Thomas et al. [67] in which C5S pastes were seeded by
adding a reactive form of C-S-H at the time of mixing. In those
experiments, the induction period was essentially eliminated and
hydration progressed to N+ G kinetics immediately and at a higher
rate than in an unseeded paste. Earlier, Wu and Young [77] attributed
the accelerated rates of hydration of C5S by colloidal silica to C-S-H
nucleating on the surface of the silica particles. These results show
that the timing of the onset of accelerated rates characterized by the
N + G period depends primarily on having enough growing regions of
C-S-H to give an appreciable hydration rate. Without seeding, more

time is needed for the natural nucleation and growth process to
provide enough C-S-H surface area for appreciable growth rates to be
observed. Since the definition of an induction period is a time prior to
initial nucleation, the slow early hydration period of unretarded paste
should not be so labeled if slow growth of stable C-S-H is indeed
occurring during that time.

NMR data earlier from Clayden et al. [52] and more recently from
Bellmann et al. [51] suggest that dimeric species of silicate only start
to be detected at the end of the slow reaction period. This suggests
that the polymerization of silicate may be an important mechanism in
the transition to nucleation and growth kinetics.

3.2.2. C-S-H growth mechanism and morphology

It seems well established that growth of C-S-H controls hydration
kinetics from the delay period until some time after the rate
maximum. The growth mechanism must be closely related to the
observed development of C-S-H structure either as the aggregation of
nanoscale particles [78-82], or as large but defective sheets of silicate
layers [83]. Gartner [83] proposed a mechanism of growth for
branching sheets, which would be consistent with observed kinetics
of hydration. This mechanism involves the attachment of silicate
tetrahedra at growing silicate chains all along the perimeter of 2D
silicate sheets and the incorporation of calcium and hydroxyls in the
layers between these sheets to form a tobermorite-like or jennite-like
structure. Each existing embryo after nucleation grows in this fashion,
and as growth continues the layers form regions of well-ordered,
crystalline structure on a length scale of about 5 nm. However, as the
sheets grow in 2D, the probability of building a defect into the layer
increases with the number of growth sites. The lattice strain caused by
a growth defect can cause the sheets to buckle and diverge away from
each other, thus causing a disordering of the crystalline structure. This
mechanism is generally compatible with the observed kinetics, and
the concept that nanograins of C-S-H may actually be domains of
bonded but defective calcium silicate layers could explain the high
cohesive strength of C-S-H and the observation that the nanograins
do not coarsen appreciably despite having exceedingly high surface
area.

An alternative theory of C-S-H growth is based on the aggregation
of C-S-H nanoparticles to form an interpenetrating fractal structure. In
this scenario, C-S-H solid particles grow only to a certain characteristic
size, on the order of a few nanometers, at which point they stop
growing and remain stable for extended periods of time. However,
existing C-S-H nanoparticles either can stimulate the heterogenous
nucleation of new particles on their surfaces or the aggregation of
previously nucleated C-S-H nanoparticles from the solution [67].
A difficulty with this idea is that both heterogeneous nucleation on
existing surfaces and homogeneous nucleation of nanoparticles in
solution requires a higher driving force (i.e. supersaturation of the
solution) than continued growth on the existing C-S-H surfaces.
However, chemical models and experimental observations indicate
that the supersaturation is high enough to cause C-S-H nucleation
from solution only in the first minutes of hydration [27,54,68]. Unless
C-S-H formation is controlled by nucleation of a stable C-S-H by in-
place transformation of a metastable C-S-H [2], nucleation is likely
confined to very early times.

For mature pastes, the Jennings colloid model [79,81,82] envisions
two stable morphologies of C-S-H with different packing densities,
known as high density (HD) and low density (LD) C-S-H, which is
supported by experimental observations such as nanoindentation
[84,85]. Moreover, the packing density might be signficantly lower
during the early hydration period and then increase with time. Since
the observed hydration kinetics during the N+ G period depend in
part on the rate at which the available space is filled, this becomes an
important kinetic variable, which was considered in the mechanisms
proposed by Bishnoi and Scrivener [86] to explain the effect of
particle size on the early kinetics, and by Thomas et al. [30] to explain
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the greater amount of early hydration of C3S observed with CaCl,
acceleration.

3.2.3. What triggers the onset of N +G?

Gartner et al. [4] list four proposed mechanisms for the beginning
of noticeably accelerating hydration rate after the delay period, shown
in Table 1. Each hypothesis has received substantial support in the
literature, and experimental data have been produced that argue for
or against each one. The topic is still controversial, and we will try only
to bring the debate up to the present day with the most recent
experiments and models.

It should be noted that N 4+ G models assume that both the rate of
growth of individual regions of product in any linear direction are
constant with time, as are the rate of nucleation of new product
regions (per unit of untransformed volume or boundary area) Thus
these models imply that the variation in the overall hydration rate
with time occurs only due to changes in the total amount of interface
between product regions and the solution. This assumption also
requires that the driving force for nucleation and for growth be
relatively constant with time, at least during the period around the
main hydration peak when the nucleation and growth models fit
the data closely. It further implies that the rate of C3S dissolution is
controlled by the rate of nucleation and growth, and not the other
way around. Both the metastable barrier hypothesis and the slow
dissolution step hypothesis can explain this dependence of dissolu-
tion rates on C-S-H nucleation and growth. The metastable barrier
hypothesis proposes that the metastable layer around the CsS
particles has a higher solubility than stable C-S-H and controls the
solution concentrations of calcium and silicate ions. As stable
hydration product precipitates from the pore solution, the metastable
layer continuously dissolves at its outer surface to replenish ions to
the solution, while simultaneously reforming at its inner surface by
C3S dissolution, a process that continues at least until all of the particle
surfaces are covered with hydration product (i.e. after the main
rate peak). According to the slow dissolution step hypothesis, the
delay period is caused by low dissolution rates when the solution
composition is not sufficiently undersaturated with respect to CsS.
During the acceleration period, both C-S-H and CH are present and
their increasing rates of growth continuously remove ions from
solution which must be replenished by further dissolution of CsS.

As already described, a preponderance of experimental evidence
indicates that some form of C-S-H exists prior to the end of the slow
reaction period, likely being formed near the beginning of that
period. Therefore, it is difficult to see how nucleation of C-S-H, by
itself, could be the trigger for the acceleration period. In this
connection, it is worthwhile recalling that 2°Si NMR detects silicate
dimers only at the end of the slow reaction period [51]. Although the

Table 1
Possible causes of the onset of the N -+ G period, reproduced from [4].

Hypothesis/mechanism Brief description

Nucleation and growth of
C-S-H

Nucleation and growth of a stable C-S-H happen at
the end of the slow reaction period and are rate-
controlling during the acceleration period as a
metastable protective layer of hydrate becomes
chemically unstable and exposes the high-solubility
CsS.
Nuclei of stable C-S-H, already formed during initial
reaction, grow at a nearly exponential rate. C-S-H
growth is rate controlling. No metastable hydrate
barrier layer is invoked.
Metastable C-S-H barrier layer is semipermeable.
Solution inside is close to saturation with respect to
C3S. Osmotic pressure leads to its rupture
Nucleation of portlandite  Nucleation and growth of portlandite become rate-
(CH) controlling (and thus indirectly control the rate of
growth of C-S-H)

Growth of stable C-S-H

Rupture of initial barrier

technique is not very sensitive to small quantities, the dimerization
of silicates indicates a possible change in the structure of C-S-H at the
end of the slow reaction period. Therefore, the view that continuous
nucleation and growth of C-S-H alone causes the transition from
slow reaction to acceleration should be revisited to see if a change
in the structure of existing C-S-H embryos could further enhance
accelerated growth beyond that caused by the increase in surface
area of the product.

Of the four mechanisms listed in Table 1, mechanical rupture of a
surface barrier has been argued to be most consistent with the NRRA
results described in Section 3.1.1 [48]. If the barrier layer is permeable
to Ca®>* and water but impermeable to silicate ions, the accumulation
of a silicate-rich gel, less dense than CsS, could exert a swelling
pressure against the surface barrier. By this hypothesis, a critical
volume of gel is eventually reached at which the barrier ruptures,
allowing the trapped silicate ions to react with the calcium-rich
solution. This enables the rapid development of outer product C-S-H
throughout the N+ G period. If a protective surface layer is indeed
ruptured due to pressure exerted by an underlying silica gel, the
critical volume of the gel needed for rupture has not yet been
determined. However, the critical volume should depend only on the
physico-chemical properties of the surface layer and the substrate,
and therefore in particular should be independent of the w/s ratio of
the paste.

A fourth proposed mechanism for the end of the induction period,
the delayed nucleation and precipitation of CH, was suggested by
Young et al. [87]. This hypothesis does not invoke a surface barrier
layer, but instead is based on the observation that during the
induction period the solution is supersaturated with respect to CH,
and after the induction period the Ca?" concentration drops rapidly.
The maximum supersaturation of the solution with respect to CH
(i.e. ratio of the ion activity product to the solubility product of CH)
at the onset of the N+ G period is often observed to be about 4.5 to
5 for pastes with w/s~1 when proper care is taken to calculate the
activities corresponding to the measured concentrations of Ca>™ and
OH™ and to account for the presence of the CaOH™ complex.

Since 1989, the CH nucleation hypothesis has become less
popular in light of experimental data that were thought to contradict
it. For example, seeding a C3S paste with small particles of CH
produced no accelerating effect [88] and may even retard C3S
hydration [89]. Similarly, hydration of C5S in lime water is retarded
at early ages relative to hydration in initially pure water [90].
Furthermore, when dilute suspensions of C3S are hydrated in an
aqueous solution in which the calcium concentration is maintained
just below the saturation point of CH [27,47], the hydration kinetics
followed the typical trends shown in Fig. 1 despite the fact that
portlandite could not nucleate in the suspensions. The same is true
of the NRRA experiments discussed earlier [48,49] in which the
specimens were in contact with a lime water solution from the
beginning.

More recent experimental research [56] and modeling studies [68]
have shown how the CH nucleation hypothesis can be reconciled
to these seemingly contradictory experimental results. If slow C3S
hydration during the delay period is due to the slow dissolution step
hypothesis, instead of the metastable barrier hypothesis, then
the higher concentration of calcium and hydroxyl ions, caused by
the presence of CH seeds or by the use of lime water, will lower the
driving force for dissolution of CsS. This will slow the dissolution rate
of C3S and consequently increase the delay time. However, if very high
supersaturations with respect to portlandite could be produced
initially, then portlandite nucleation and C-S-H nucleation and
growth can occur without the need to dissolve as much CsS. The
greater quantity of C-S-H could lead to acceleration at these higher
lime concentrations even though retardation is observed at lower
lime concentrations. In fact, this phenomenon has been observed
experimentally [91].
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In closing this section, we note that almost ten years ago, Gartner
et al. [4] stated that the four hypotheses listed in Table 1 have
“coexisted somewhat uneasily” in the literature, awaiting more
definitive experimental tests. In the intervening years the experi-
mental investigations and advances in modeling we have described
have allowed much more quantitative and detailed analysis of the
phenomena occurring in the periods of slow reaction and accelera-
tion. Unfortunately, even this more advanced scrutiny has not settled
the issue decisively. Aspects of more than one have been demon-
strated to be plausibly consistent with observed changes in rate and
chemical composition of the pore solution. This is an area where
progress will depend on continued advances in the characterization
of the structural and kinetic properties, both in terms of new
experimental methods and more sophisticated multi-scale computer
modeling techniques.

3.3. Deceleration period

Even though the period of “post-peak” decelerating hydration
progress (Fig. 1) is important in concrete technology because of the
slower strength development, there have been comparatively few
quantitative studies of this later period. It is widely considered that at
later ages the rate of hydration is controlled by a diffusion process.
However, several other factors may also be important, namely:

1. consumption of small particles, leaving only large particles to react;
2. lack of space, or
3. lack of water.

The third factor is particularly important in practice. The total
volume of hydrates is slightly less than the combined volume of the
reacting cement plus water (by about 5% to 10%). This decrease in
total volume, known as chemical or le Chatelier shrinkage, leads to the
formation of gas-filled porosity after setting and a decrease in internal
relative humidity, which will decrease the hydration rate. Therefore,
the analysis of kinetic data in this period must consider whether
the system was in contact with a water reservoir or was sealed from
external sources of water.

The effect of particle size distribution is not only important during
the main hydration peak, but after it as well. In a typical cement, the
size of the initial particles ranges from around 50 um to 60 um down
to smaller than 1 um. Particles less than about 3 um are completely
consumed by about 10h and particles below 7 um by 24 h [92].
Knudsen argued in 1980 [93] that the simultaneous hydration of
different particle sizes obscures the rate controlling mechanism. His
argument is probably applicable only at later times, because the
mechanisms of nucleation and unobstructed growth of C-S-H depend
only on the total surface area and are therefore not obscured by a
range of particle sizes. Nevertheless, to eliminate complications due
to broad particle size distributions, Costoya [26] and Bishnoi and
Scrivener [86] adopted the practice of studying alite divided into
different particle size fractions.

The time dependence of the cumulative amount of reaction
sometimes has a distinct “knee”, as shown by a plot of the bound
water index (BWI) inferred from QENS measurements in Fig. 7. This
knee, when observed, is often assumed to correspond to the onset of
diffusion. Supporting this idea, mathematical fits of BWI versus time
often indicate a transition to a parabolic time dependence at the knee.
On the other hand, the transition is not always as obvious as in Fig. 7.
Even in QENS studies, the knee is not as exaggerated as in Fig. 7 when
three populations of bound water are considered [74,82,94] when
calculating BWI instead of only two [31]. The transition is even less
evident from cumulative data. In fact, neutron scattering data track
calorimetry data closely until shortly after the main peak, but the two
curves sometimes diverge afterward [29,31,74]. One reason may be
that calorimetry primarily measures the exothermic dissolution of
Cs3S, while neutron scattering tracks microstructural features of

1.0 K 4
0.9 r —=—30°C
08

P

05 “T J - ]

04 C
0.3 r
02 f ey £ 4
sl ,4{/ i ]
0.0 wﬂ‘ AN ]
0.1 1.0 10.0

TIME (days)

BOUNDWATER INDEX

100.0

Fig. 7. Plots of bound water index (BWI) versus time for CsS hydration measured by
quasi-elastic neutron scattering [31].

the hydration products (e.g. states of water) as a proxy for reaction
progress. This difference in the way changes are measured may mean
that the knee observed in QENS data may reflect the onset of some
change in the hydrated microstructure rather than a transition in
the rate of reaction. But it is important to note that the knee does
not coincide with the maximum observed rate of hydration, doy/dt.
The day/dt maximum is in fact the inflexion point in the cumulative
curve, where there is no indication of a change in rate controlling
mechanism.

From this and other evidence, it now seems very unlikely that a
transition to diffusion rate control is responsible for the first period
of deceleration immediately after the main peak, although diffusion
may becom rate controlling at later ages. The inevitable impingement
of different domains of the growing hydration product, which is
a fundamental feature of nucleation and growth transformations,
reduces the surface available for growth and readily explains the shift
from accelerating to decelerating hydration rate (see full discussion
in [72]). Based on hydration simulations conducted according to
boundary nucleation and growth conditions [65], Bishnoi and
Scrivener [85] recently proposed that the shape of the main hydration
peak results from the fast outward growth of a diffuse, highly porous
C-S-H product.

The transition to diffusion controlled kinetics, if it occurs at all,
likely happens well after this period of initial impingement and when
heat release rates decrease to nearly zero. Such a transition in rate
control would occur due to the formation of thick product layers that
hinder the transport of reactants. Because this is a microstructural
effect, it is useful to look at the overall development of micro- and
nanostructure for clues. Allen et al. [30,95,96] have shown using SANS
that there are surface fractal and volume fractal length scale regimes
associated with the deposition of nanoscale C-S-H onto the hydrating
particles, and Mori et al. [97] have inferred a gradual change in fractal
dimension of C-S-H gel from a surface fractal at early ages to a volume
fractal at the transition point, which they associate with thickening of
the layer of hydration products around the hydrating CsS. In addition,
examination of microstructures by scanning electron or scanning-
transmission electron microscopy often indicate either gaps or
regions of low-density product adjacent to the reacting grain surfaces
[98-100], while hydration products evidently deposit further away
from the grains. These kinds of microstructural features imply that
there may not always be a significant barrier to the transport of
chemical species to and from the reacting grains. Other indirect
evidence against the hypothesis of pure diffusion control can be found
in the work of Peterson and Juenger [74], who used QENS to examine
the hydration of C3S in water and in solutions of CaCl, or sucrose. They
analyzed the cumulative progress of reaction characterized by the
bound water index (BWI) and fit the curves with an empirical model,
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in the spirit of the Avrami model, that divided hydration kinetics into
three stages: (1) an induction period at early times, (2) a nucleation
and growth period at intermediate times, and (3) a diffusion-
controlled period at later times. In this case, the later time period
extended only to about 48 h after mixing, which is still relatively early
in the hydration process. Their fits indicated that the diffusion
coefficient for C-S-H must vary by more than an order of magnitude
depending only on whether triclinic or monoclinic CsS is used as the
starting powder. A similar point was made by Bishnoi and Scrivener
[86]. They found that, to model the kinetic data for alite powder with
different particle sizes, it was necessary to assume that the diffusion
constant varied considerably with particle size. Since C-S-H grows by
a through-solution process, it is difficult to explain how the source of
the solute species or the particle size distribution could influence the
properties of C-S-H so strongly. This suggests instead that the pure
diffusion model used to fit the data is incorrect.

Other QENS data seem to indicate that filling of the capillary pore
space cannot entirely account for the later age kinetics of C3S
hydration. The available pore space in cement paste is essentially
defined by the initial amount of water in the mix [50]. The reaction
progress variable (3(t) described by Livingston et al. [101] is the ratio
of water consumed to the initial water in the mix, so this variable
should reach unity when the pores are finally all filled, assuming that
the cement mix has the ideal molar H/C3S ratio of 3.1 which provides
just enough capillary pore volume to accommodate the hydration
products at complete hydration. However, the experimental evidence
contradicts this; for example, the value of B(tp) for the curves
presented in Fig. 7 never exceeds about 0.51. Thus the asymptotic
kinetic behavior apparently cannot be explained by complete filling of
the capillary pore space with hydration product. Livingston et al. used
QENS to further investigate the effect on the asymptotic behavior of
varying the w/s ratio. They found that the transition time, tp, was
independent of the wy/s ratio and, in fact, that the individual curves
could be collapsed into a single master curve by a simple vertical
scaling that has a linear correlation with the w/s ratio. They concluded
that the pore-filling mechanism could not be solely responsible for the
transition to parabolic kinetics at later times. These same authors
went on to propose an alternative mechanism for the transition point
based on the hypothesis of rapid surface layer development that is
complete at the end of the initial reaction period. If this interpretation
were correct, the degree of reaction progress achieved at later times
would be largely determined by the extent of the reaction during the
delay period.

4. C3A, aluminate phase and portland cements

In portland cements, which are the basis of well over 99% of
cement used, the phase other than alite that most affects the
hydration kinetics in the first few days is C3A. The reaction of C3A in
the absence of calcium sulfate is very fast. Unlike alite, there is no
period of slow reaction and setting is almost instantaneous. The
first hydrates formed have been reported to be poorly crystallized
aluminum hydroxide or AFm® phases, generally described as C,AHg
and C4AHq3 [50,102-104], although solid solutions or intercalated
mixtures of these phases probably occur. With time, these metastable
phases transform to the stable product — hydrogarnet, C3AHg. This
transformation begins within 25 min near room temperature [102]
and the rate of transformation increases with temperature. This
quick setting behavior is undesirable in concrete, where a period of
workability is needed before setting to allow the concrete to be
placed. For this reason a source of calcium sulfate is added to cements
to control the reaction of the aluminate phase, and this latter system

3 AFm phases (Al,03-Fe,03-mono) have the general formula [Ca,(Al,Fe)(OH)g|®
X~xH,0, where X represents a formula unit of a singly charged anion or a half unit
of a doubly charged anion [100].

will be the main focus in this section. The calcium sulfate added is
generally in the form of gypsum (CaSO4-2H,0), but anhydrite (CaSO,4)
is often also present in most natural sources of gypsum. The
hemihydrate form (CaSO4-0.5H,0, mineral name bassanite) may
also be present due to partial dehydration of gypsum during grinding.

In the presence of a source of calcium sulfate the pattern of
reaction of C3A is dramatically changed, as shown in Fig. 8 [105]. There
is an initial period of rapid reaction, after which the rate decreases
rapidly within a few minutes. During the intital reaction, ettringite
(C3A-3CaS0,4-32H,0) is the main hydrate phase formed. This initial
period of rapid reaction quickly gives way to a period of low heat
output, the length of which depends on the quantity of calcium
sulfate in the system. When the added calcium sulfate has all been
consumed, the rate of reaction rapidly increases again, with calcium
monosulfoaluminate as the main product phase. In cements, the
period of slow reaction of C3A should persist until well after the main
rate peak of alite to ensure correct setting and hardening.

The main question regarding the hydration mechanisms of C3A in
the presence of calcium sulfate is the reason for the rapid slow down
of the intitial reaction. There are three possible explanations:

1. The product phase ettringite slows the reaction by forming a
diffusion barrier at the C3A surfaces

2. Some other phases, for example AFm, slows the reaction in the
same way

3. The reaction is slowed down directly by adsorption of some solute
species provided by dissolution of calcium sulfate.

Most textbooks, following the early literature [3,50,106], attribute
the decelerating rate to the formation and thickening of a barrier
of ettringite crystals. However, as pointed out by Scrivener and Pratt
[107], the morphology of ettringite as hexagonal rods is unlikely
to provide a substantial barrier to ion transport. Direct observation
of the early reaction of C3A with sulfate in a transmission electron
microscope wet cell shows a few scattered rods in the solution (Fig. 9).
When samples are dried for examination in the SEM, the rods collapse
onto the surface, but even in this configuration, the packing of rods is
highly porous.

Scrivener and Pratt [107] earlier observed a disorganized layer
directly on the surface of the reacting C3A grain; they conjectured
that this “gel like” layer could be responsible for slowing down the
reaction. However the study of Minard et al. [105] clearly showed that
this product is an AFm type phase, which also forms when CsA is
hydrated in the absence of calcium sulfate, where there is no
retardation of CzA dissolution. Furthermore, they found that there
was more formation of this AFm phase when C3A was hydrated with
gypsum, compared to hydration with hemihydrate, where hardly any
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Fig. 8. Heat evolution rate curves during the hydration of C3A (L1) in solutions saturated
with respect to portlandite (liquid-to-solid mass ratio = 25) carried out with increasing
quantities of gypsum, from [105].
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Fig. 9. Grain of C3A in the presence of calium sulfate after 10 min hydration in
environmental cell at high accelerating voltage [92].

AFm phase was formed. In contrast, the deceleration in reaction was
more rapid with hemihydrate than with gypsum.

By process of elimination - the first two possibilities having been
discredited — Minard et al. [105] attributed the early deceleration of CzA
reaction to the adsorption of sulfate ions on the surface of C3A. This can
also explain why the reaction slows down more quickly with rapidly
soluble hemihydrate than with more slowly dissolving gypsum. For the
reaction of C3S, the slowing down of the reaction due to the build up of
ions in solution has been discussed already in Section 3, and the
important role of defects has been indicated there as well. A similar
process could occur in the reaction of C3A with calcium sulfate, whereby
sulfate ions adsorb at defect sites and inhibit the formation of etch pits,
so slowing down the rate of dissolution.

The length of the slow reaction period for the C3A + sulfate system
has been reported to increase approximately as the square of the initial
sulfate/aluminate ratio of the system [3,106]. In contrast, Minard et al.
[105] showed that the length of the period of slow reaction varies
roughly linearly with the amount of calcium sulfate, although the
situation is complicated by the dispersion of particle sizes. A linear
relationship implies that ettringite formation and sulfate consumption
during this period occur at a roughly constant rate that is controlled by
dissolution of C3A. A linear dependence would further support the
conclusion that the reduction in rate is due to a change in dissolution
rate and not to a barrier layer in which case the rate would be expected
to decrease as the amount of hydration products increase.

When all the added calcium sulfate is consumed, the depletion of
sulfate ions in solution causes a net desorption of the sulfate ions from
the C3A surface in an attempt to re-establish dynamic equilibrium
between the adsorbed species and the solution. Therefore, a rapid
increase in the dissolution rate is observed. This explanation also is
more logical than the hypothesis that a barrier layer of ettringite is
responsible for slow C3A reaction because experiments show that the
reaction rate increases before the ettringite starts to be consumed by
the ongoing reaction. Furthermore, the amount of ettringite declines
quite gradually in favor of the more stable monosulfate phase after
sulfates are consumed from solution, whereas the large increase in
reaction rate of CzA happens over a much narrower time interval.

The period of renewed dissolution of C3A, following the consump-
tion of sulfates, leads to the formation of calcium alumino mono-
sulfate according to the reaction:

2C,A + C3A -3CaSO0, -32H,0 + 4H,0—3(C;A - CaSO, - 12H,0)

The shape of the calorimetry peak for this reaction is quite
different from that of the main hydration peak for alite, the former

having an almost vertical acceleration part followed by an exponen-
tially decaying shoulder. Interestingly, the shape of this peak is similar
to that observed in the hydration of calcium aluminate (CA) cements,
which is another system where crystalline hydration products form.

4.1. Interaction between silicates and aluminates

In a properly sulfated portland cement, the second aluminate peak
in a calorimetry scan should occur after the main alite hydration peak
(at around 10 h). This was discussed by Lerch as early as 1946 [108]
(Fig. 10). It is important to note that he studied a cement with a high
C3A content (around 14% by Bogue). With a low SOs; addition of
1.3% by mass, a large and sharp peak, corresponding to the reaction of
the aluminate phase to form calcium monosulfoaluminate, occurs
early and the reaction of alite is both delayed and suppressed.
With 2.4% SOs addition, which he claimed corresponds to proper
sulfation, the typical alite reaction peak occurred first and was
followed shortly thereafter by a large and sharp peak corresponding
to the C3A— monsulfoaluminate reaction. However, for a cement
with 3.5% SOs, which is a C3A to sulfate ratio more typical of modern
cements, calcium monosulfoaluminate was not detected until 50 h.
(We note, however, that Blaine finenesses of modern cements are also
often significantly higher than in Lerch's time, and finer cements tend
to have higher “optimum” SOs3 requirements.) The large and sharp
calorimetry peak associated with monosulfoaluminate formation in
the cement with 2.4% SO3 addition is often confused with a shoulder
peak seen after the main silicate peak (Fig. 11). Although this shoulder
peak corresponds to the point of exhaustion of solid gypsum, at which
point aluminate phase hydration accelerates significantly, the main
aluminate hydration product at this time still appears to be ettringite,
perhaps formed from sulfate previously absorbed in the C-S-H phase
[100]. In Fig. 11 a subsequent low broad peak can be seen between
about 20 h and 30 h, which appears to correlate with the formation of
AFm phase(s). The mineral chemistry can become quite complex at
this stage because any of several AFm phases can form, depending on
temperature and the availability of carbonate ions or other anions
such as chlorides. Even with only sulfate present, one assumes that
monosulfoaluminate forms first but this can ultimately convert to a
solid solution with hydroxyaluminate.

These observations indicate the apparent complexity of the
interactions between the alite and aluminate phases during hydra-
tion. Such complexity highlights the need for simulation tools that can
deal with the interactions among phases through the ions in the pore
solution and the occupation of space by the hydrated phases.
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Fig. 10. Calorimetry of portland cement with different addition of gypsum. Reprinted,
with permission, from theASTM Proceedings (1946), copyright ASTM International, 100
Barr Harbor Drive, West Conshohocken, PA 19428 [108].
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Fig. 11. Calorimetry curve of modern portland cement, showing typical shoulder
peak where a secondary formation of ettringite occurs and subsequent broad peak
corresponding to the formation of AFm phase.

5. Perspectives for future research
5.1. Motivation

As discussed in this review, cement hydration kinetics has been the
subject of extensive investigation and yet the controlling mechanisms
remain controversial. It is worth reviewing a couple of reasons for
the importance of studying and understanding kinetics, apart from
simple intellectual curiosity, as this helps motivate specific questions
and research directions. Because the study of kinetics is a tool for
elucidating mechanisms, it complements microstructure analysis by
indicating which processes are predominant when structural changes
occur. There are at least two broad areas of practical impact: 1) defining
ways of controlling the rate of reaction, and therefore the rates of
hardening and heat generation, and 2) finding ways of controlling
and monitoring the structure and distribution of products; in short,
controlling the microstructure and therefore all the material properties
as a function of time. The first impact is related to controlling the length
of time concrete remains fluid before it begins to gain strength and then
the rate of subsequent strength development. The second has a more
subtle, and potentially equally important, impact in the quest to control
properties by manipulation of the micro- and nanostructure of concrete.

As for the rate of reaction, it is often stated that an ideal concrete
should stay fluid during transport and placing and then very rapidly
gain strength and other engineering properties. Both the mineralogy
of cement and the addition of admixtures are used to control the
kinetics of setting and hardening, but there is little consensus on the
mechanisms, and chemicals are tested largely by trial and error. A
mechanistic understanding would provide a powerful tool in the
quest for new chemicals that are inexpensive, effective, noncorrosive
toward steel reinforcing bars, and able to control equally the length of
time before hardening starts and the rate of property development
afterward.

Control of the microstructure of concrete has advanced remark-
ably in recent years, with the development of ultra-high strength
products, such as Ductal®* where the particle size distribution has
been optimized on the basis of theoretical models. In contrast, the
ability to control the microstructure of C-S-H has received relatively

4 Certain commercial equipment and/or materials are identified in this report in
order to adequately specify the experimental procedure. In no case does such
identification imply recommendation or endorsement by the National Institute of
Standards and Technology, nor does it imply that the equipment and/or materials used
are necessarily the best available for the purpose.

little direct attention, with a few exceptions [67,109]. Thus the
morphology and spatial distribution of the products formed during
the hardening of cement paste cannot yet be controlled with the
same precision as for metals and other materials, but a mechanistic
understanding should provide new strategies for predicting the
evolution of microstructure and properties, and ultimately designing
microstructure and properties.

While the control of microstructure has not been investigated
very much, a few studies have correlated morphology with time of
formation, i.e. the stage during which the product seems to form.
During the 1980s, several papers [110-115] reported that specific
morphological features seem to form during each stage of reaction.
The C-S-H needle morphology that typically forms preferentially
during the early stages was once seen as a clue to the reaction
mechanism [110,113], but this has not stood the test of time. Gartner
[83] and others [69,100] have analyzed morphology and established
plausible relationships between kinetics and atomic structure.

An important aspect of recent progress on hydration kinetics is
that the proposed mechanisms have been described in increasingly
quantitative terms, which enables better comparisons to data.
However, some very important questions remain almost completely
unanswered. For example, with a few isolated exceptions [30],
knowledge of the mechanisms that control the rate of reaction have
not been applied to explain the sometimes dramatically altered rate of
reaction, as well as altered microstructure and properties, which often
accompany the use of admixtures. This includes accelerators and
retarders, mineral admixtures of all kinds and variation in cement
composition.

This review has identified several rate phenomena that can control
hydration kinetics at different times:

1. Dissolution of cement

2. Diffusion of reactants to site of chemical reaction

3. Nucleation of first product

4. Growth of product, perhaps by “autocatalytic” formation of grains
of product and which may be limited by chemical reaction or by
diffusion of reactants to reaction site

The fact that more than one step can control the rate of reaction,
depending on the stage of the reaction and perhaps on the presence
of admixtures, in itself makes the mapping of the overall hydration
process more complex than it would be if the rate were controlled by
one step with a single activation energy. This suggests that the
reaction kinetics might be best analyzed using a flow chart type of
approach, an example of which is shown in Fig. 12, where the rate
controlling step can be identified from among several candidates by
evaluating several “if-then” type of statements. For example, the
presence of seed clearly removes the nucleation step as being rate
controlling, and also stimulates growth of product in the volume
of water filled as opposed to just on the surface (at least this is one
interpretation of the kinetic data). Neither dissolution of cement nor
diffusion of reactants appears to be rate controlling throughout most
of hydration, but rather the rate of product growth appears to control
the rate at least until the product becomes congested in the capillary
pore space at later ages.

As the modern drive for more sustainable concrete pushes the
formulation of cement toward increased use of supplementary
cementitious materials (SCMs) like fly ash and slag, concrete
producers are faced with an ever more complex chemical and
structural design space within which to formulate binders. Respond-
ing to the demand to replace greater volumes of portland cement with
SCMs, producers are increasingly faced with “incompatibility” in the
mixes, that is, unexpected and unexplained acceleration or retarda-
tion in the kinetics, combined with undesirable strength gain,
shrinkage, and cracking. The impact of SCMs on hydration and
kinetics is considered in more detail in another paper in this issue
[116]. However, it is worth noting that scientific understanding of the
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Fig. 12. Flowchart for organizing thinking about hydration kinetics and mechanisms.

influence of SCMs on cement hydration is still in its infancy, even
though some general engineering principles, such as the importance
of sulfate balance, are developing. Even so, with concrete technology
steadily moving toward these more complex mix designs, it is critical
that an engineering/scientific basis be established for understanding
and ameliorating compatibility issues.

5.2. Specific research needs

We close this review by enumerating specific research that is
needed to make progress in fundamental understanding of, and
improved capability to predict, cement hydration kinetics and
corresponding development of properties that dictate performance
and service life of concrete. These research needs are primarily focused
on securing a better understanding of the chemistry and physics
of hydration kinetics. However, this kind of scientific progress will not,
by itself, translate to real-world impact unless it can be translated
into research tools that can be used by cement manufacturers, ready-
mixed concrete suppliers, and admixture developers to improve the
quality, delivery, and sustainability of their product. Ideally, such tools
must enable the materials engineer to predict concrete properties
from characteristics of the starting materials that are readily available,
such as a “mill sheet” of the composition and the cement particle size
distribution.

5.2.1. What are the correct rate-controlling steps and corresponding rate
parameters that characterize hydration?

We have tried to conduct this review in terms of basic mechanisms
to the extent possible. Nevertheless, it is obvious that a precise,
quantitative description of the chemical kinetics is still lacking. As in
the introduction of this review, we contend that major progress in
understanding hydration kinetics will be best enabled by placing it on
the same fundamental ground that gas-phase reactions and certain
geochemical processes now enjoy. Perhaps the biggest obstacle
preventing this is that the individual reactions have not been isolated
to analyze their mechanisms and rates. Significant progress has been
made in measuring the kinetics of alite dissolution [27,47,56], C-S-H
nucleation [27,47] and, to a lesser extent, of C3A 4+ gypsum hydration
[105]. Further knowledge is needed of the actual or apparent
equilibrium constants and absolute rate constants (i.e., moles per
unit time per unit surface area) of the rate-controlling step in the
dissolution of each clinker phase and the nucleation and growth
of each hydration product phase. A complete description would also
include the temperature dependence of these parameters and,
especially for applications such as oil-well cementing, the pressure
dependence. This kind of information will likely require the use
of novel experimental techniques, such as the use of flow-through
reactors for controlling solution chemistry combined with in situ
vertical-scanning interferometry [21], and will likely require
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integration with ab initio modeling [117], molecular modeling
methods such as molecular dynamics [118], or kinetic Monte Carlo
approaches [10,21,119].

When an SCM like fly ash or blast furnace slag is included, this
same kind of information for the SCM will be required. Knowledge of
these admixtures is still in its infancy, and to make progress, it will
first be necessary to adequately characterize SCMs to improve our
understanding of the important chemical factors (aluminate content,
heavy metal and other impurities) and structural factors (glassy
versus crystalline phases, particle size distribution) that govern the
intrinsic reactivity of an SCM. With this characterization, the reaction
mechanisms and corresponding rate constants of glassy phases in
aqueous solutions - leaching of ions and dissociation of the silicate
network - also will be required.

To further complicate the problem, modern concrete formula-
tions invariably contain numerous chemical admixtures (e.g.,
polycarboxylates and amines) to control workability, setting time,
air void content, and shrinkage behavior. More progress likely can be
made by systematically examining how hydration rates, and
particularly the rates of formation of different hydration products,
is influenced by the addition of chemical admixtures. Examples of
this approach have already been given in this review [67,68], but
much more can be done to characterize the mechanistic influences of
admixtures. Interactions of organic molecules with ions in solution
(e.g., chelation) and with the inorganic surfaces of cement particles
(e.g., adsorption) are not well understood. In some cases it may
be permissible to assume that these kinds of interactions occur at
rates that are fast compared to other cement hydration reactions,
thereby allowing one to assume equilibrium conditions for them.
Even so, quantitative modeling will require the knowledge of the
equilibrium constants or adsorption isotherms for each important
kind of interaction.

Needless to say, obtaining these kinds of fundamental, compre-
hensive kinetic data is a challenging long-term research proposition
that will undoubtedly involve advances in measurement science and
technology, including the introduction of new experimental methods
and greater integration with fundamental multi-scale computational
modeling. But the understanding it will generate might be considered
to be the cement equivalent of mapping the human genome. It will
allow the understanding and avoidance of compatibility problems
that often plague blended cements, as well as the rational control of
setting and strength development in the field. Ideally, we envision the
development of a shared database containing this kind of information,
that could be accessed by researchers worldwide and even updated
with more accurate information as it becomes available.

5.2.2. Can chemical kinetics be linked more rigorously to the structure
and distribution of hydration products?

Early hydration rates can be modified with temperature or the
addition of nucleating agents [67] or other chemical additives
[74,90,110,120]. Increased rates of hydration, however, do not neces-
sarily lead to improvements in strength or transport properties at
later ages. Controlling both the kinetics and the engineering properties
of concrete is a great challenge and will require an understanding of
how the amount, spatial distribution, and morphology of hydration
products are influenced by curing conditions and chemical additives
(see Ref. [70] for a thorough visual tour of how morphology of hydration
products are influenced by temperature and chemical composition).
Progress will undoubtedly be made by combining relevant experimental
techniques, such as QENS, SANS, and electron microscopy with
advanced multi-scale simulation methods that couple molecular
dynamics, Kinetic Monte Carlo, and microstructural models of the rate
processes.

Another area of incomplete understanding is the way in which
C-S-H growth at the nanoscale, either by aggregation of nanocrys-
tals or frustrated growth of sheets, can result in the wide variety

of C-S-H morphologies observed at the microstructural scale
[26,49,70,109,121-123], which range from “lamellar” or “fibrillar”
to “crumpled foil” to the “Williamson” morphology first reported
in Ref. [124], which is a spherulitic type resembling a sheaf of
wheat. Recent progress in understanding similar ranges of growth
morphologies of solids from polymer melts in terms of fundamental
growth mechanisms and the roles of impurities and defects [125],
are likely to shed light on larger-scale morphological development
of C-S-H.
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