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1. Introduction and scope

Hydration is absolutely central to cementitious materials. It is the,
almost magical, process by which a fluid suspension is transformed into
a rigid solid, at room temperature, without the need for heat or other
external processing agents and with minimal bulk volume change. We
take it for granted, but just think if we had no previous experience of
hydration and someone invented it how sensational that would be!
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Because it is so central to the formation and property development of
cementitious systems it is critical to understand the underlying
mechanisms in order to progress; particularly on the most burning
challenge facing the world today—the need to continually lower
environmental impact, to do more with less. More specifically, better
knowledge of the mechanisms governing hydration can, for example,
lead the way to the incorporation of higher amounts of supplementary
cementitious materials or to the development of new clinkers. For this
reason we try in this paper not only to give a perspective on the current
knowledge on the hydration of Portland cement, but of that of other
reactive phases and, in addition, to discuss our knowledge of the impact
of supplementary cementitious materials on hydration.
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A companion paper for this conference and some other recent
reviews, have exhaustively covered the latest publications in this field
so we try to avoid covering the same ground. Rather we have chosen
to discuss a few generic aspects of the hydration process and highlight
progress and outstanding questions relating to the underlying
mechanisms.

1.1. Overview on routes to improving sustainability of cementitious
materials

The range of practical hydraulic materials is not that large. It is
quite surprising to realise that the 8 most common elements in the
earth's crust—oxygen (49.4%), silicon (25.8%), aluminium (7.57%),
iron (4.7%), calcium (3.39%), sodium (2.64%), potassium (2.4%) and
magnesium (1.94%), constitute around 98% of this crust. For materials
which are used in such enormous quantities as cement, there is little
point in ranging outside this list (with the exception of hydrogen (as
water); carbon (in calcites) and possibly sulphur (as sulphate)).
Under the highly alkaline conditions found in cements, and critical to
the protection of reinforcing steel, iron and magnesium have very low
mobility and the alkali metals are highly soluble so largely remain in
solution.

Within these oxides the most well known reactive phases are the
calcium silicate phases—C3S and C,S. In addition to these, Portland
cement also contains the aluminate phase CsA and the ferrite phase
C,(AF). Apart from these phases, there is really only one other group
of hydraulic phases in the system of the most abundant earth oxides—
the more alumina rich calcium aluminate which includes CA and
C12A; found in calcium aluminate cements; and C4A3$ (equivalent to
3CA+C$) found in calcium sulfo aluminate cements and Cy;A;-CF,
found in various rapid setting cements. In the context of reducing CO,
emissions it is interesting to consider the weight percentage of
calcium oxide in these phases, as shown in Table 1. In cementitious
materials nearly all sources of lime (CaO) come directly or indirectly
from limestone CaCO5 and so the lime content has a direct bearing on
the associated emission of CO,. It can be seen from Table 1 that the
difference in CaO content between C3S and G,S is relatively modest,
about 10%. Considering the much slower hydration rate of C,S, which
as will be discussed later, seems to be inhibited in the presence of C3S,
even more reactive forms of belite are unlikely to reach 90% of the
performance of alite at reasonable hydration times. On the other hand
it is clear that the calcium aluminate group of phases can provide a
significant reduction in CO, emissions. We can take this analysis
further by considering the amount of CO, emitted per volume of
hydrate produced (which is a rough estimate of the capacity to fill
porosity and develop strength), as shown in Table 1.

Increasingly the relatively energy intensive and high CO, emitting
cementitious phases are now replaced by a range of supplementary
cementitious materials. With the exception of fine limestone, these
are silico-aluminate materials with lower calcium contents than
Portland cement, extending along a silica to alumina ratio of about 2
as shown in Fig. 1 (from [1]). Even the best known of these—blast
furnace slag and fly ash are in fact available in much smaller quantities
than the amount of Portland cement produced and are not available in
all locations. Consequently higher levels of replacement can only be
achieved on a widespread basis if a much wider range of SCMs, such as

Table 1
wt% Ca0 Anhydrous Hydrates
(CO, g/g) (€O, g/em®)
CsS 74 0.58 0.86
S 65 0.51 0.77
CA 35 0.28 0.48
C4A3$ 37 0.217 0.39

2 Assuming 1 mol CaO comes from anhydrite (CaSOy,, rather than CaCOs3).
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Fig. 1. a) Ca0-Al,03-Si0, ternary diagram of cementitious materials, b) hydrate phases
in the Ca0-Al,05-Si0, system. Note that in the absence of carbonate or sulphate, C3AHg
will be more stable than the AFm phases.

natural pozzolans and activated clays, are used. Fine limestone is a
particularly interesting SCM, due to its very low cost and near zero
associated CO, emissions. It is now clear that this can react with
calcium aluminates to give space filling calcium carbo-aluminates
[2,3].

The relative cost of transport for such a voluminous, cheap
material as cement, means that sustainability will necessitate the
use of locally available materials. The variability of local materials,
particularly SCMs is a major challenge. For these reasons sustainability
can only be achieved through an ability to use a wide range of
different cementitious combinations adapted to the materials locally
available and the application. In the future we need to see:

* increasing use of known SCMs
* development and use of new SCMs
» development and use of different clinker types.

This requires a science based approach to understanding the
reactions and performance of such material combinations. However,
most developments of cementitious materials have been more or less
empirical and incremental. The reasons are probably multiple; the
complexity of cementitious materials with many reacting species is
certainly an obstacle, but look at the incredible detailed knowledge that
has been obtained in living organisms, which are certainly much, much
more complex (and of more interest to most people). Therefore, we
must also admit that it has been difficult to attract scientists to study
these low cost materials and this is not helped by the conservative
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nature of the industry, where structures are expected to last in the order
of one hundred years with little or no maintenance.

Today, the tide is beginning to turn. With the pressure to reduce
greenhouse gas emissions, the industry has realised that more
fundamental understanding is needed. Furthermore, with the knowledge
of the well established basic concepts of physics and chemistry and the
progress of recent years in analytical techniques and modelling, we
probably have most of what we need to face these challenges.

Coming back to the theme of this paper, hydration corresponds to
the formation of new compounds from the interaction of a
cementitious material with water. Improving or developing new
cementitious systems requires answers to the following questions:

» What compounds are formed? This is dictated by thermodynamics.

* At what rate? Kinetics depend both on thermodynamics and the
specific properties of the anhydrous and hydrated materials (size,
morphology, crystallography, defects....).

* How do the hydration products fill in the available space between
the anhydrous grains? This determines the final microstructure and
then the properties.

Considering potential cementitious materials, we now know the
phases which will be produced on reaction with water—Fig. 1.
Furthermore, reliable geochemical codes and databases are now
available to predict quantitatively the thermodynamically stable
phase assemblages which will form for any degree of hydration of
any combination of materials and it has been shown that the
experimentally found assemblages agree well with these predictions
[1,4]. Extensive knowledge exists on the limits of solid solution of the
various hydrates although some further work is needed to reliably
predict the extent of aluminate substitution in C-S-H. (The topic of
thermodynamic modelling is well reviewed in a companion paper for
this conference [5]). The area where knowledge is really lacking is in
our knowledge of the mechanisms governing the kinetics of reaction
of these materials with water.

2. Thermodynamic principles of hydration

It is now absolutely clear that hydration is fundamentally a
dissolution-precipitation process. One hundred years ago at the first
Chemistry of Cement Conference in London [6] the debate raged
between the advocates of a “through solution” mechanism, cham-
pioned by Le Chatelier, and the solid state theory proposed by others.
Since that time, our knowledge of the crystal structures of the
anhydrous and hydrate phases make it clear that one cannot
transform to the other without the passage of ions through solution.
Similarly the dissolution of all the anhydrous phases we consider here
must be globally congruent as charge balance and crystal structure
would prevent the extensive dissolution of certain species without
others. In addition, analysis of the solution during hydration shows
unambiguously that this is the path taken in systems which have been
studied in detail. (A possible exception to these statements is free
lime, which can “hydrate”—react chemically with water at very low
relative humidities.)

As a consequence, for hydration to proceed the potential hydration
product(s) must have a lower solubility than the anhydrous phase(s). It
is clearly illustrated in the simple case of calcium silicates by considering
the projection on the [SiO,] [CaO] plane of the CaO-SiO,-H,0 phase
diagram (Fig. 2).

When the concentration of calcium hydroxide is between 0 and
36 mmol/L (which corresponds to the maximum of supersaturation with
respect to portlandite), C-S-H is always less soluble than tricalcium
silicate—so C3S always hydrates. This is also true for silica (amorphous or
crystallised) if the calcium hydroxide is greater than 4 mmol/L. On the
contrary wollastonite is always less soluble than C-S-H and never
hydrates. In the case of C,S, C-S-H is less soluble at low lime concen-

1
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[SiO,] mol/L

T ———

Wollastonite(CS)

2x102 3x102 4x102
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Fig. 2. The solubility curves of silica (amorphous and quartz) and anhydrous calcium
silicates (wollastonite, beta dicalcium silicate, and tricalcium silicate) are compared to
the solubility of C-S-H.

tration but could be more soluble at high lime concentration (above
about 30 mmol/1). Then G,S should not dissolve to precipitate C-S-H.

The case of the CaO-Al,03-H,0 system is also interesting to
consider because of the existence of several hydrates less soluble than
the anhydrous phases. According to the solubility diagram presented
in Fig. 3[7], the least soluble phase is C3AHg. But the formation of
C3AH; is slower than those of C,AHg or C4AH;3 which are more
soluble, so the latter two are formed first. Increasing temperature
accelerates the formation of C3AHg (see for example a recent
publication [8]). This is a good example of the necessary combination
of thermodynamics and kinetics to predict the formation of phases.

This kind of approach could be applied to SCMs as well, but is a bit
more difficult to visualise easily because there are more than 2
independent variables: Ca, Si, Al, pH and possibly sulphate and
carbonate. Reliable geochemical codes are available to calculate the
stable phase assemblages. However, the databases need to be
completed. The first step should be to determine the solubility of
these materials in the relevant solutions if not known. The other point
is to improve the modelling of the incorporation of Al in C-S-H in such
systems. These are the object of ongoing studies.

However it is useful to keep in mind that the above condition
stating the difference of solubility between the anhydrous and the
hydrated phase is necessary but not enough in a multiphase system:
the best example is the mix of C5S and C,S. Both are more soluble than
C-S-H, so, in a well mixed system, without local variations, C,S cannot
dissolve as long as C3S hydrates, because the solution concentrations
maintained during the hydration of C3S are higher than the solubility
of C,S (Fig. 4) [9].
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Fig. 3. Solubility curves of the hydrated phases in the CaO-Al,03-H,0 system. The
solubility of C3A is arbitrary plotted, the solubility product is not well known.
From [7].
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2.1. Rate of hydration

Hydration is a heterogeneous process: there are at least two solid
phases concerned (but most of the time there are more); the initial
(anhydrous) and final (hydrated) phases, and one liquid phase. The
initial phase dissolves with a dissolution rate Ry, and the final phase
precipitates with a precipitation rate Ry Such heterogeneous
reactions are interfacial reactions. Also the rate depends on S, the
area of the interface between the solid and the solution.

From a thermodynamic point of view, the greater the departure
from equilibrium i.e. the higher AG in absolute value, the higher the
rates of dissolution and precipitation. Moreover some ions in solution
might have a specific effect on the surface reactions. In the case of an
isotropic material, the rate of dissolution or precipitation may be
written as

R() = Tinterface (AG(£), [i073]....)S(t) (mol.s_l)

where Tipterface 1S the interfacial rate of dissolution or precipitation
(mol.m™2s™1).5(t) is the area of the dissolving or growing surface
(m?).

Both ringerface and S vary with time. Obviously, during the dissolution,
the surface decreases because the material is consumed and during
precipitation the surface increases. The interfacial rates, rinerfaces Of
dissolution and precipitation also vary during the hydration process.
Indeed, during most of the hydration process, the rate of precipitation is
roughly equal to the rate of dissolution because the latter gives the
material for the former: Rprec = Ryiss. Because at the beginning Sprec=0
and at the end Sg;ss = 0, to satisfy Rprec = Ryiss, Tdiss/Tprec MUst continuously
increase. This is achieved by the evolution of the concentration of
constitutive ions in solution: at the beginning the concentration
approaches the solubility of the initial phase, AGgiss — AGo dgiss» Taiss— 0
and AGpye is maximum; at the end the concentration is close to the
solubility of the final phase AGprec— AGo prec, Tpree— 0 and AGg;ss is
maximum. This process is illustrated in the simplest case in Fig. 5. The
path followed by the concentrations in solution was named kinetic path
by Barret [10].

The beginning of the hydration is always peculiar because, except in
the case of seeding, the hydrated phase is not yet present. Consequently
there is always a period during which the anhydrous phase dissolves
alone to produce enough material into solution to induce the apparition
of the new less soluble phase, the precipitate. Indeed, if the formation of

0.2

0.15

0.1

[SiO,] mol/L

0.05

40

[CaO] mmol/L

Fig. 4. Relative positions of the solubility curves of C3S, C;S and C-S-H in the CaO-SiO,
system. Because of the stoichiometry difference between C3S and C-S-H, during
hydration of C3S, the concentrations in solution follow the dotted curve (kinetic path
according to Barret [10]). During most of the process these concentrations are higher
than the solubility of C,S which cannot dissolve in these conditions.

fdiSSim erface(ﬁdiss( t) . ) Sdiss( t) = rpreqmeme (ﬂprec(t) . .)Sprec( t)
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Fig. 5. This picture illustrates the dissolution-precipitation process in an ideal case; a
spherical anhydrous particle dissolves to produce a hydrated spherical particle in the
bulk solution. The surface of the dissolving particle decreases continuously and
the surface of the hydrated particle increases continuously with the same law. For the
equation to be satisfied, the dissolution interfacial rate must decrease and
the interfacial precipitation rate must increase. This is achieved by the variations of
the under and supersaturation respectively. The macroscopic hydration rate is at the
maximum when the dissolving and precipitating surfaces are equal.

a less soluble phase decreases the free energy and is favourable, it
requires the creation of an interface between the new solid and the
solution which requires energy, Sy, where S is the extent of the interface
and vy is the crystal-solution interfacial energy. The excess of energy
needed to form the interface comes from the supersaturation of the
solution with respect to the precipitating phase. According to the
classical nucleation theory, the induction time (t;,4) needed to have
stable nuclei able to grow depends on the supersaturation 3 (=(ionic
activity product)/(equilibrium solubility product, K,)) and the crystal-
solution interfacial energy y:

[’y

Ity = —I2Y
Mhind = 4T (T2 In2p

— InkK,

where f is a form factor, ) the molar volume, k the Boltzmann
constant, T the temperature and Ky a kinetic constant.

The higher the supersaturation, the shorter the induction time. A
high supersaturation will be reached more rapidly if the rate of
dissolution of the anhydrous phase is high and if it is much more
soluble than the hydrated one. This is the case of the nucleation of C-S-H
from the hydration of pure CsS: the nucleation time is so short it cannot
be measured [11]. On the contrary, in the case of hydration of C;S in lime
solution, a nucleation time of several tens of minutes is required to
observe the nucleation of C-S-H [4,5]. This time can be even longer in
the case of the nucleation of CAH;( during the hydration of CA[12,13].

The second parameter, the crystal-solution interfacial energy, y
may also be important. This is the case, for example, during the
hydration of a C3A-CaSO,4 mix. The dissolution of this mix gives a
solution supersaturated with respect to different phases, ettringite,
hydroxy-AFm and monosulphate. Even if ettringite is the most stable
phase in these conditions (the least soluble), hydroxy-AFm pre-
cipitates before ettringite if CaSO,4 is added as gypsum because the
interfacial energy of hydroxyl-AFm is extremely small. Increasing the
CaS0,4 concentration by using calcium sulphate hemi-hydrate which is
4 times more soluble than gypsum (respectively 60 mM and 15.6 mM
at 25 °C) significantly increases the supersaturation with respect to
ettringite and less with respect to hydroxy-AFm and leads directly to
the nucleation of ettringite [14].

In light of these general principles, it is possible to identify what
must be taken into account to understand and predict the time
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evolution of new and more and more complex cementitious systems.
This is the object of modelling. In most of the cases, approximations
must be made, but at least the 1st order parameters must not be
neglected.

As stated above, during most of the hydration process the
following equation is satisfied:

R(t) = Tinteface diss(t)sdiss(t) = rintefuce prec(t)sprec<t)'

All the terms of this equation are time dependent; Tinserface (£)
depends on the “chemistry”, S(t) depends on “geometry”. The
evolution of both surfaces, the dissolving phase and the growing
phase, over time must be taken into account properly in models.
Concerning dissolution, the relative surface of small particles is much
greater than coarse ones. In cements, the range of particle sizes is very
large (>~10%), and must be explicitly taken into account in a relevant
model. It is still more critical and complicated in the case of
precipitation; the ideal case presented in Fig. 5 is far from what
occurs during hydration of cements: a spherical growth of the
hydrates far from the surface of the anhydrous grains is not realistic.
Most hydration products grow in an anisotropic way, the anisotropy
depending on the crystal structure and chemistry of solution. This is
the case of ettringite and C-S-H. It is also well known that C-S-H
grows mostly from the surface of the anhydrous grains, into the space
between the grains (outer product) and in the space made free by the
dissolution (inner product). This also obviously impacts the dissolu-
tion interface. Furthermore, we have to keep in mind that a hydrating
cement paste, especially in the case of blended cements, is very
heterogeneous: the chemistry at the interfaces between the solution
and an alite grain or a silica fume particle is very different, and of
course, the laws governing the growth rate of hydrates will be
different.

It clearly appears, even in a simple case, that a model must take
into account a lot of parameters and to be predictive these parameters
must be related to the physics and chemistry of the system rather than
simply fitting empirical data. Until now most of the proposed models
are limited to the case of the hydration of C3S. None of them is perfect
probably because, depending on the type of algorithmic chosen, it is
not possible to take into account all the aspects.

3. Initial dissolution and nucleation
3.1. Hydration of C3S

As it is the major phase in Portland cement, research has focused
on the mechanisms governing the hydration of this phase. This phase
was also the major subject of a recent summit on cement hydration'
leading to two significant reviews (one on mechanisms [15] and one
on modelling [16]) which discuss in detail studies since the
publication of the chapter of Gartner et al. [17] in 2002. The overall
pattern of reaction is extremely well known (Fig. 6). One of the most
important characteristics is the rapid slow down in reaction after the
addition of water leading to a period of slow reaction, before the rate
increases again rapidly. This, so called induction or dormant period, is
of great practical importance as it provides a time in which concrete
can be transported and placed before setting. However, it usually
appears just as a minimum in the rate of reaction curve, as in Fig. 6
(taken from real results), rather than a distinct flat period as often
shown in texts. This “induction period” has been the subject of much
debate and we will not reiterate all the various theories put forward
here. For a long while the most widely accepted theory has been that

1 The International Summit on Cement Hydration Kinetics and Modeling was held
on July 27, 28 and 29, 2009 at Laval University, Quebec, Quebec City, Canada. A
selection of articles from this conference will be published as a special issue of CCR in
2011.

on the addition of water a thin layer of hydrate forms on the surface of
the grains, which inhibits their further reaction. Despite the fact that
this seems to give an intuitively reasonable explanation for the
observations, there are several important problems with it:

* Despite the very sophisticated imaging techniques now available,
there are no direct observations of such a layer. On the contrary, as
reviewed in [18], many images show etch pits formed on the surface
of cement grains, whose sharp edges make the presence of a barrier
layer unlikely (even on wet specimens by AFM [19] (shown as
Fig. 17 in [18]).

It is widely agreed that that first precipitate is a calcium silicate
hydrate. However, it is clear that the atomic structure of C-S-H
differs radically from that of C3S and it is very difficult to imagine
how such a material could form a virtually impermeable barrier over
the surface. C-S-H does precipitate very early on, but appears as
isolated clumps on an otherwise smooth or pitted surface(Fig. 7)
[20].

Both authors of this paper share the opinion that the initial product
formed does not provide a barrier which causes the slowdown of the
rate of reaction. Instead, it can be explained according to the basic
principles outlined above. Examination of recent literature from the
field of geochemistry shows that a slow dissolution period after an
initial rapid reaction with water is the norm, rather than the exception
for complex iono-covalent minerals. Most of us are familiar with the
idea that a liquid does not solidify exactly at its equilibrium melting
point or precipitate exactly at equilibrium saturation. There always
occurs a degree of undercooling or oversaturation to provide the extra
energy to form the surface of the first nucleus, as discussed above. In
an analogous way dissolution from an atomically smooth surface
requires extra energy to form the first pit. This explains the typical
dissolution behaviour for minerals, shown in Fig. 8a[21], in which the
rate of dissolution (plotted on the negative y axis as the inverse of
growth) increases downwards on the vertical axis and the degree of
undersaturation decreases toward the equilibrium solubility going
left to right on the horizontal axis. At high undersaturation, such as
occurs on addition of water, the rate of dissolution is high, as the
undersaturation provides the extra energy to form etch pits on the
surface. Above a certain threshold the rate of dissolution slows
dramatically as there is no longer enough energy available to form
etch pits and dissolution can only take place by step retreat from
existing defects. The energy for etch pit formation is related to the
Burger's vector of defects in the crystal. Although the nature of defects
in cementitious phases has not been well characterised, the complex
nature of the crystal structure and large unit cell means that this will
be large. In a recent publication, Juilland et al.[18] show how this
dissolution approach can provide a reasonable explanation for the
large amount of data available in the literature. The theory is also
supported by experimental results of Nicoleau and Nonat [22] (Fig. 9)
which shows a similar curve to that derived from the interpretation of
calorimetry results by Kumar and Scrivener [23] (Fig. 8b). As soon as
C3S is in contact with water it dissolves, calcium, silicate and
hydroxide concentrations increase in solution, decreasing the degree
of undersaturation and so the rate. Knowing the evolution of these
concentrations with time, it is possible to calculate the evolution of
the undersaturation with time and then the rate (Fig. 10). Fig. 10b
shows a quasi instantaneous strong decrease of the rate which
corresponds to the first peak measured by calorimetry (this is
broadened by the time delay of most calorimeters).

This theory can also explain the annealing experiments on alite
leading to a much longer induction period [18]. The role of
crystallographic defects was already studied during the 70s princi-
pally by Fierens and Verhaegen [24], but the role of dissolution on the
early hydration process was not put forward at this stage.

Maybe not all details of the dissolution theory are yet clear. For
example, in a discussion of the paper by Juilland et al., Gartner [25]
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Heat Flow
Stage 1
Stage 2
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Stage 5

Time

Fig. 6. Rate of heat evolution during hydration of alite, (w/c = 0.4). Stages 1 and 2, slow down in dissolution and induction period; stage 3 acceleration period, stage 4 deceleration

period, stage 5 slow ongoing hydration.

questioned the very large difference between the concentration of the
solution when the dissolution rate slows down and the equilibrium
solubility of C3S calculated from bulk thermodynamics, compared to
the difference seen in other minerals. A partial explanation for this
may be that the true solubility of alite (which cannot be measured due
to the rapid precipitation of products), is determined by its surface,
which in water has a structure markedly different from the bulk, or
that in vacuum. It is a semantic question, whether a hydrolysed
surface should be considered as a separate phase or not.

3.2. Early reactions of aluminate phases

Without sulphate the aluminate (and ferrite) phase reacts rapidly
leading to flash set. For this reason calcium sulphate is always added to
Portland cement clinkers during grinding. The reaction is slowed down
and the essential period of workability is regained. In fact the overall
pattern for reaction of C3A with gypsum is similar to that of C3S; with an
initial rapid reaction quickly slowing down followed by a period of slow
reaction, before the rate again increases. Many text books attribute the
slowdown in reaction in the presence of calcium sulphate to the
formation of a barrier of ettringite around the grains. If we consider the
morphology of ettringite crystals it is apparent that the idea of these
forming a barrier is even more absurd than for C-S-H—imagine trying to
construct a water tight layer with sticks. Over 25 years ago Scrivener

Fig. 7. Morphology Portland cement hydrated for 360 min as observed in the cryo SEM.
The sample has fractured through an alite grain. Hydration products, C-S-H and
ettringite can be seen deposited on the surface of the grain, but not covering it and
many areas of the surface are free of products. The fracture through the grain clearly
reveals the etch pits formed on the alite grain surface.

Image from Luc Nicoleau of BASF [20].

[26] showed pictures of C3A hydration where it was clear that the
ettringite crystals form out in solution and in no sense form a barrier
around the grains. The layer of product directly in contact with the grain
(at the time, proposed to be amorphous) was more recently shown to be
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Fig. 9. Rate of dissolution of C5S (triclinic modification) in function of Log (I'T) measured in
stirred diluted suspensions. The water/CsS ratio is chosen in a way that the solution
remains undersaturated with respect to C-S-H (W/C=10,000 and 50,000).
I1 = (Ca® * )? (HSi04)(OH™ ) is the activity product. Since AgsG = AgiesG® + RT InI1,
the intercept with the x axis could be considerate as Ink where k is the solubility constant of
C3S superficially hydroxylated; it is difficult to extrapolate here. On the contrary, the
intercept of the slope of the decreasing part of the rate would be the free energy of the
formation of the first pit.

From [21].

a hydroxyl AFm phase by Minard et al. [27], who also showed it was
present in systems with calcium sulphate as well as those without. For
this reason this AFm phase cannot be the cause of the slowdown of the
reaction either and furthermore, there is less of the AFm phase formed
when C3A is hydrated with hemihydrate instead of gypsum, whereas the
reaction slows down faster. Another argument, is that the reaction
becomes faster (the second peak) when ettringite is still present, but
when all the sulphate ions in solution are consumed.

Taking this evidence into consideration, it is clear that, as proposed
by Minard et al. [27], the reaction of C3A must be slowed down
directly by absorption of sulphate ions on reactive sites. This effect of
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Fig. 10. (a) Evolution of the degree of undersaturation with respect CsS during the
beginning of hydration according to the strong increase of the calcium hydroxide
concentration. (b) Calculated rate of dissolution of C3S according to the variation of
undersaturation represented in (a).

ions on the dissolution of mineral is not unique to C3A, it is also a
general behaviour. In the same manner that some ions can inhibit the
growth of crystals, some can slow down the dissolution; it is for
example the case of phosphates on the dissolution of C5S [28]. It is also
interesting to note that this hypothesis is similar to the theory of
solution controlled dissolution for alite described above.

Throughout the first stage of the reaction, ettringite continues to
form at a slow rate. Detailed analysis of the kinetics show that the rate
is linear with time if the changes in surface area according to the
particle size distribution are taken into account [27,29]. This, and the
rather high activation energy of the process [29], again supports the
idea of dissolution control.

A further example of a reacting phase showing an induction period
without the formation of a barrier layer is Calcium Aluminate Cement,
CAC [12]. In this case the concentrations of calcium and alumina in
solution both increase to quite high levels and again the rate of
dissolution drops to a low rate.

In the light of the clear evidence that most reactive cementitious
phases do not produce barrier layers, the question is why alite should
be the only exception to this. The success of the solution controlled
dissolution theory in allowing the impact of various parameters on
the induction period of alite to be quantitatively modelled [23]
provides further support to this theory.

3.3. Onset of acceleration of C3S hydration

The mechanism causing the acceleration of hydration is still not
agreed. This is because at this point two events occur almost
simultaneously for the hydration of C3S in a small amount of solution
(in paste):

« precipitation of calcium hydroxide (Portlandite)
* rapid growth of C-S-H.

Many theories have been proposed based on both these occur-
rences and have been considered in detail in recent reviews [15,17].
For a long time the role of the precipitation of portlandite was
dismissed as the key mechanism, due to the fact that the addition of
this phase can retard hydration. However, in the light of the theory of
solution controlled dissolution of alite described above, such
experiments can be reassessed: small additions of calcium hydroxide
do not act as seeds since they quickly dissolve upon initial contact
with water, so the solution undersaturation is decreased with respect
to the anhydrous phases. As a result, the rate of dissolution of the
anhydrous silicate phases will decrease. Therefore, even though the
system is rapidly saturated with lime early on, the slow dissolution
rate imposed by the reduction in the undersaturation will lead to a
delay before the acceleration period.

When the volume of the solution is increased (higher w/c),
because the portlandite is much more soluble than C-S-H, a greater
amount of C3S must dissolve to precipitate CH. In these conditions,
calcium hydroxide always precipitates after the acceleration and so, is
not its origin (Fig. 11). It is also possible to fully hydrate CsS without
any calcium hydroxide precipitation by maintaining the lime
concentration below the critical supersaturation [30].

However, the portlandite precipitation decreases the calcium
hydroxide concentration and increases the undersaturation with
respect to C3S and so contributes to increasing the rate of reaction
(Fig. 11[31]).

The hydration accelerates for the reasons explained above (Fig. 5).
The initial dissolution of CsS leads to a solution supersaturated with
respect to C-S-H which precipitates. The number of nuclei formed in
the first minutes depends on the rate of dissolution, the volume of the
solution and the initial concentration of the solution. As these nuclei
grow, the surface of precipitation defined above, Sy increases and so
does the rate. It has been shown that the higher the number of nuclei,
the faster the hydration [32]. It is also known that seeding the mix
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Fig. 11. Heat evolution rate curves for the C5S hydration in lime saturated solutions with
a different solution to Cs3S ratios. The portlandite precipitation revealed by an
endothermal peak in the curve, occurs later and later when the w/c increases.

From [31].

with C-S-H accelerates the reaction. This principle has been recently
used to develop new accelerators [33]. A seeding experiment
performed by Thomas et al. [34] also shows that the acceleration
period occurs much earlier in the presence of C-S-H seeds. Such
experiments clearly indicate that the onset of the acceleration period
corresponds to the onset of rapid growth of C-S-H. It seems that a
certain extent of dissolution is needed in order to provide the stable
nuclei that will trigger the acceleration period. From this perspective,
the dissolution mechanisms would be the rate limiting factor that
could explain the presence of an apparent induction period when no
stable seed is present initially.

As discussed in the next section, the growth of C-S-H, is a
significant rate limiting factor during the acceleration period, which is
more gradual and prolonged than in other cementitious systems (for
example, calcium aluminate cements and ettringite forming systems,
including calcium sulpho aluminate cements and CAC plus gypsum).

There is some evidence that the length of the “induction” period,
maybe linked to the presence of Al in solution coming from the
dissolution of alite, but also from the aluminate phases in the case of
Portland cement [35,36]. An explanation could be that Al ions poison
the growth of the C-S-H nuclei formed initially. Because the solution
is still supersaturated with respect to C-S-H, C-S-H continues to
nucleate but does not grow as long as some Al is available in solution.
Once all the Al are adsorbed on C-S-H nuclei, the new Al free C-S-H
nuclei can grow and the hydration accelerates in the same way as in
the case of pure CsS. The same behaviour is seen when C3S is hydrated
in a solution containing some Al ions [37].

4. Main hydration peak (acceleration and deceleration periods)

The onset of the acceleration period leads to the main hydration
reaction of alite, characterised by a period in which the reaction
accelerates to a peak, followed by a period of deceleration. Again it is
interesting to note that this pattern of a main reaction peak is
followed by most cementitious systems, for example C3A plus
gypsum, calcium aluminate cements and calcium sulfo aluminate
cements and plaster. This pattern of reaction is also typical of many
metallurgical reactions as considered by Avrami in the 1930s. The well
known Avrami equation was derived for the case of homogeneous
nucleation of a phase in a finite volume. The rate of reaction is
proportional to the surface of the growing phase, which initially
increases and then decreases, when the growing regions start to
impinge and the free surface area decreases, as shown in Fig. 12.

Experimental evidence indicates that in the hydration of alite the
rate of reaction is also proportional to the surface area of the product
(Fig. 13 from [38,39]). However, in alite the nucleation of C-S-H
seems to occur mainly close to the surface of the alite grains rather
than homogeneously as captured by the Avrami equation. A boundary
nucleation and growth (BNG) equation may better capture such a
situation and was recently shown by Thomas to fit well for the
reaction of C5S [40]. However, although both the Avrami and BNG
equations can be fitted to reaction curves of alite and C3S, the physical
meaning of the fit parameters should be closely considered. For
example a tremendous range of fit parameters for the Avrami
equation can be found in the literature. This comes partly from the
fact that the range of particle sizes of the reacting materials is rarely
considered in detail. Most ground cementitious phases have a wide
range of particle sizes, from less than tenths of a micron to 70 um or
more. Considering typical reaction rates, particles below 1um are
consumed by about 10 h. As small particles make up a high proportion
of the overall surface area of a powder, the consumption of the small
particles, will have a major effect on slowing down the rate of the
reaction. This factor was the rationale for the coupled experimental/
modelling study of hydration made at the EPFL and Dijon in recent
years described below. In these and other studies, the acceleration
part of the peak, can be captured by modelling the nucleation and
growth process. More difficult to identify, and controversial are the
mechanisms responsible for the deceleration period.

4.2. Diffusion control

It is useful to consider the evidence for a switch to diffusion control
as being the cause of the onset of the deceleration period. Throughout
the acceleration period, C-S-H continues to grow around the alite
grains, building up a layer around 1 pm in thickness. It is often thought
that when this layer of hydration product around the alite grains
reaches a certain thickness, the reaction slows down due to the time
needed for diffusion through the layer. Another possibility is that the
layer of hydrates establishes a concentration gradient and decreases
the undersaturation adjacent to the alite grains, which slows down
the rate of reaction as discussed before. In either case, one would
expect to see similar hydrate layer thicknesses at the peak around
alite grains of all sizes, even when these sizes are hydrated separately.
This is not the case as shown in Fig. 14, taken from the work of Costoya
[41]. The thickness of the hydration layer around small grains is much
greater than that around large grains. Because of this if one tries to fit
the deceleration period with diffusion control [42] one finds it
necessary to change the parameter related to the diffusion coefficient
of C-S-H by an order of magnitude across the range of particle sizes
studies (6-80 pm). As it is formed through solution, the C-S-H is the
same in each case (as confirmed by electron microscopical observa-
tion) so it cannot be presumed to have such a widely varying diffusion
coefficient.

Further qualitative evidence comes from the fact that in Portland
cement, regions of very low density product persist between the
hydrating grain and the “shell” of hydrates (so called Hadley grains
see for example the recent publication [43]). If diffusion through the
shell was limited, these regions would be expected to fill in sooner.

Ultimately the rate of hydration will decrease due to the reduction
in surface area of the hydrating particles as illustrated in Fig. 5. An
example of this is the case of plaster for which gypsum crystals grow
into the solution and do not cover at all the hemi hydrate crystals;
however the rate passes by a maximum and decreases only because
the amount of remaining hemihydrate is not enough to produce
calcium sulphate at the same rate as at the beginning. The case of C3S
is a bit more complicated by the fact that C-S-H precipitates onto the
surface of C3S. It is clear in Fig. 3 that the decrease of the rate after the
maximum is linked to a decrease of the surface of C-S-H.
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Fig. 12. Homogeneous nucleation and growth as described by the Avrami equation, initially the rate of growth increase as the surface of the precipitates increase. When precipitates

start to impinge the rate of growth slows down as the available surface decreases.

4.3. Space filling (hydrate growth) as a rate controlling mechanism

Having eliminated a switch to diffusion control as the cause of the
deceleration period, space filling or how hydrate growth fills in the
available space—as in the original Avrami case—has to be considered
in more detail. Two models have been developed on this idea with
different approaches:

The model developed in Dijon is close to the physical process
experimentally observed, initial nucleation onto the C3S surface and
anisotropic growth. It works with different particle sizes accounting for
the particle size distribution of alite but only with parts of grains and is
not able to generate a microstructure. The grains are approximated by
spheres constituted by cubic particles of the same size. The CsS grain
surface can be then described by a squared network. The heterogeneous
nucleation is modelled by a random distribution of cubic particles
[30,32,44,45] on the anhydrous surface. The C-S-H growth is then
described by aggregation of new cubic particles around the first ones.
This growth or aggregation is anisotropic as suggested by AFM
observations [11] and occurs at two different rates parallel and
perpendicularly to the grain surface. At each iteration, each cluster on
the surface matrix grows parallel to the surface according to the Vx and
Vy rates and perpendicularly to the surface according to the perpen-
dicular growth rate Vz. This process increases the surface of C-S-H and
then the rate until the growth clusters start to meet which induces a
decrease of the C-S-H surface and then of the rate. At this stage, it is
considered that the rate of dissolution of C3S reduces as a concentration
gradient builds up through the hydrate layer. The growth continues
until complete coverage of the surface. Then, the growth only continues
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Fig. 13. Correlation with the evolution of the surface of C-S-H in contact with free
water and the heat evolution during the hydration of C5S. The surface is measured from
the relaxation time of water by Nuclear Magnetic Relaxation Dispersion.

From [38,39].

perpendicularly to the surface until the full C3S grain consumption and
the rate is completely controlled by the rate of dissolution which
continuously decreases because of the consumption of the grains as
presented in Fig. 5. The input data are the size of the grains which
determine the surface of the growth; the parameters are fixed by the
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Fig. 14. Images of two sizes of alite particles, hydrates separately, taken near the peak in
reaction rate: a) original particle size 38 um; b) original particle size 6 um.
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chemistry; they are the number of initial nuclei, the parallel growth rate,
the perpendicular growth rate and a coefficient describing the
permeability of the C-S-H layer formed around the grain. The output
data are the degree of hydration over the time, the surface area
developed by C-S-H, and the thickness of the C-S-H layer over the time.

The model developed by Bishnoi at EPFL—pic—can consider a large
number of particles and their overlaps explicitly to produce a 3D micro-
structure [42,46]. Particles are represented as spheres, which allows the
complete range of particle sizes to be considered—this is typically
2 million particles in a 100 um box. Kinetics and the arrangement of
products can be input by the user to test different hypotheses. When
reasonable values for the density of C-S-H are used it is found that the
volume of C-S-H at the peak rate of reaction is insufficient to cause
impingement with C-S-H growing on neighbouring alite particles and
hence a deceleration. However microstructural observations such as in
Fig. 15 from Richardson [47], suggest that the effective packing of C-S-H
is very far from uniform and the packing density decreases as one moves
further from the grain surface. Consequently, it was proposed that,
during the early hours of hydration, C-S-H grows in a loosely packed
manner and then densifies at later times. Implementation of this
hypothesis with pic gave good fits to the experimental data across a
range of particle sizes [42]. When integrated with the mechanism
whereby the rate of dissolution depends on the undersaturation of the
solution (as described in Section 3.1) up to the start of the acceleration
period excellent fits to the calorimetric data can be obtained across a
wide range of particle sizes for the same parameters Fig. 16[23].

Having seen how a mechanism of space filling can explain the
reaction maximum seen in alite, it is interesting to consider other
cementitious reactions. A recent study of Gosselin [8] showed that
space filling appeared to explain the shape of the main hydration peak
in calcium aluminate cements (Fig. 17). In this case the hydration
products are crystalline and the rate of growth seems to be very fast.
Very steep acceleration periods appear to be generally the case for
crystalline hydrates. This suggests that the rate of growth of C-S-H is
still very much rate controlling during the acceleration period, leading
to the dramatic difference between Fig. 17 and 6.

4.4. Hydration beyond 24 h

In typical cements, without admixtures, the main heat evolution
peak is over by 24 h. Typically a normal Portland cement is about 50%
hydrated at one day. Up to 28 days the degree of hydration typically
increases to around 80% and most of the unhydrated material is the slow
reacting belite phase. Over the same time period from 24 h to 28 days
the strength of a typical concrete will increase two to four times. Despite
the practical importance of this longer term hydration the mechanisms
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Fig. 15. Transmission electron micrograph showing outer C-S-H with variable “packing
density”, generally decreasing with the distance from the grain surface.
From [45].

which operate have been much less studied. In 1984 Parrott and Killoh
[48] put forward an empirical equation, for the long term reaction.

R = K;(1—-D)™

Where R is the rate or reaction, D the degree of hydration and K3
and N fitted constants. In their paper they say “preliminary trials
suggested that the diffusion equation could not predict the later
stages of hydration. Other standard equations were worse than this
diffusion equation so the following equation was tried and found to be
successful with a range of hydrating materials”. They go on to suggest
that this equation is an empirical representation of the formation of
a coating around the grains which creates a barrier that slows down
the transport of dissolved species. This equation merely captures the
fact that the rate goes down as the degree of reaction increases. As
discussed above, there are several explanations for such a behaviour,
ranging from the reduction in the surface area of reactive phase
available (Fig. 5 and exacerbated by the wide PSD), to space filling,
so one should be careful in deducing a mechanism from such a
general fitted equation. It is clear that there is a need for further
study of this reaction period, which includes consideration of all the
effects of particle size distribution, product overlap, etc. Experiments
performed in diluted suspensions with different size fractions of C3S
by Garrault et al [29] are going in this way. The results after the
decelerated period reveal a linear relationship between the rate and
S/E where S is the surface area of the grain and E is the thickness of
the C-S-H layer formed in agreement with the first Fick law.

5. Rates of reaction of the different clinker minerals

Of course it is well known, that the different clinker phases react at
different rates. Studies have generally focussed on the alite and alumi-
nate phases as the most reactive phases. Figs. 18 and 19 present data
on the degree of reaction from several literature studies [49-52], and
from the work of Kocaba [53] for 4 different cements respectively. The
data of Kocaba uses the recent methodology of Rietveld analysis.
Despite the variability in the data, as would be expected from different
studies on different materials, several general features stand out. Alite
and aluminate are confirmed to be the most reactive phases with
degrees of reaction of between 40 and 60% for alite and 20-80% for
aluminate at 1 day. The data of Kocaba, where the same method is used
for all the cements, illustrates that the rate of reaction of aluminate
varies significantly between cements, probably due to differences in
the microstructure of the interstitial phases and sulphate content.

Perhaps the most striking feature is the data for belite, which
clearly shows little reaction (less than 20%) up to 7-10 days. As
discussed at the beginning of the paper it seems that the solution
concentrations produced by hydrating alite inhibit the dissolution of
belite. Such effects are underlined by data on the degree of reaction of
belite in slag blends from Kocaba [53], Fig. 20, which shows that the
low reaction of belite is prolonged, up to 100 days or more in these
systems, probably due to the solution conditions produced by the
reacting slag. These results indicate the interest of minimising the
belite content in cement to be used with SCMs.

Also of interest are the data for the reactivity of the ferrite phase,
this is generally regarded as slowly reacting, but the degree of reaction
may not be that much less than the aluminate phase, with around 40%
reaction at 1 day in the data of Kocaba. In contrast to belite, it was
found by Kocaba that the reaction of ferrite was much enhanced in the
presence of slags (Fig. 21), with almost complete reaction after a few
weeks. These findings are apparently at odds with microstructural
observations, that ferrite regions may be observed even in concrete
hydrated for many years (Fig. 22 and [54]). It appears that while the
iron oxide constituents remain virtually in the same place, the calcium
and alumina contents may be incorporated into hydration products.
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Fig. 16. Experimental and simulated calorimetry curves for a range of particle size distributions of alite, incorporating the mechanisms of solution controlled dissolution (Section 3.1)

and nucleation with densifying growth from [23].

6. Reaction rates of supplementary cementitious materials

In the light of the routes towards more sustainable cementitious
materials discussed at the beginning of this paper, an understanding
of the mechanisms controlling the rate of reaction of SCMs, their
interaction with the clinker phases, and the parameters affecting
these is clearly of great importance. However our understanding of
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Fig. 17. Effect of w/c on hydration of CAC, indicating space filling as the dominant
mechanism for the deceleration part of the reaction.
From [8].

these aspects is very much in its infancy and has not yet extended
beyond broad generalities. For example it is well accepted that
amorphous materials tend to be more reactive than crystalline ones,
but even here there are exceptions. Crystalline zeolites (with high
internal porosity) react faster than the dense glasses found in slags
and fly ashes. It is also well accepted that alkalis increase the rate of
reaction of glasses, but such effects are complicated by the negative
influence of alkalis on long term strengths.

Within the wide range of amorphous compounds seen in slags and
fly ashes, it is generally considered that reactivity increases with
increasing calcium content, but again the picture is complicated, due
to the fact that fly ashes may contain glasses of several different
compositions [55] and that high lime materials, may contain clinker
phases such as CsA.

There are two major obstacles to a better understanding of SCM
reactivity:

» Complete characterisation, including reactive surface area and
particle size distribution.

* Practical analytical techniques to measure the degree of reaction of
the SCMs in blended systems independently of the degree of
reaction of cement.

The second point was studied for slags in the recent work of Kocaba
[53,56] and is discussed in more detail in [1]. In this study it was found
that the most reliable method was the quantification of unreacted slag
by image analysis and mapping in the SEM. It was found that the
evolution of the degree of reaction of the slags was quite different for the
two slags studied, but that the type of Portland cement used seemed to
have little impact on the reaction of the slag. It was also found that there
was no simple correlation between the degree of reaction of the
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Fig. 18. Degree of reaction of major clinker phases, from literature: 1: Asaga ICCC 92 [46]; 2: Hoshino JAdvConcr06 [47]; 3: Gutteridge CCRI0 [48]; 4-7: Taylor, Cement Chemistry [49].

materials and the gain in strength. As strength gain is the most widely
reported measure in the literature this underlines the difficulties in
understanding the reactivity of SCMs.

Furthermore, a recent NMR study of the hydration of a CEM V
tends to show that the silicate and the aluminate parts of the slag do
not react at the same rate, the aluminate part reacting much more
rapidly [57].

1004 fe)
: [ ]
H -
80 g o8 g =
Y 1
[ ] i
= Z AQ 1
05 601 o = E
~ = A
£ 401 - i oB
) !
: A C
20 ; oD
0 . :
1 10 100
1001 !
i A
80 . g
El a -
2 % | A
o e
= I
£ 40 i =
o H
° g 10
20 g 0 HANPN
- e N
.
0 T Tt T
1 10 100
Time (d)

7. Perspectives on microstructure: structure of C-S-H

The basic elements of the microstructural development of cement
paste and concrete have been well described previously (e.g. [26,58]).
The biggest challenge for the future is to be able to predict properties
directly from the microstructure. Despite some promising studies [e.g.
59,60], progress in deriving properties from microstructure has been
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Fig. 19. Degree of reaction of the major clinker phases, from Kocaba [50] for 4 different Portland cements.
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Fig. 20. Reaction of belite in pure Portland cement and in slag cement blends.
From [50].

slow, especially at the cement paste level. This is mainly due to the
problems of bridging length scales. The representative volume
element (RVE), is generally regarded as being 3-5 multiples of the
largest feature, so for cement paste this would be around 200-300 pm.
At the same time the smallest important features are well below
0.1 pum in size.

This challenge is made more difficult by the complex and variable
nature of C-S-H. The potential impact of C-S-H is highlighted by the
apparent anomalies in the relation of properties to porosity seen in
blends with SCMs. As illustrated by the thermodynamic calculations
in [1], additions of SCM result in a lower overall total of hydrate
volume at full hydration. In spite of this it is well accepted, and
demonstrated by hundreds of studies, that the long term strength and
transport properties of such blends are usually superior to those of
plain Portland cement. This is usually explained by a “refinement” of
the pore structure as measured by Mercury Intrusion Porosimetry.
Recent publications from Richardson and co-workers [61,62] have
highlighted the very significant differences between C-S-H formed in
plain Portland cements and that formed in blends with SCMs, such as
slag. While the former has a “fibrillar” appearance (Fig. 15), the latter
appears more “foil” like (Fig. 23). These differences in morphology
may partially explain such “refinement” and improved properties in
blended materials.

The micrographs of Richardson also highlight the ongoing debate
about the “meso” structure of C-S-H (in the 1-500 nm range). These
fibrillar and foil-like morphologies result from the difference of C-S-H
growth depending on the conditions (rate of precipitation, ionic

14—,
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Ferrite content normalised
by weight of cement (%)

Time (days)

Fig. 21. Impact of slag on the reaction of the ferrite phase.
From [50].

Fig. 22. Microstructure of concrete from building, approximately 30 years old. The
original cement is almost completely reacted. The cores of some belite grains remain
and the regions originally of ferrite phase can still be identified by their white colour.
However, as discussed in the text, these regions are almost certainly reacted to leave
the iron oxide component in place.

concentrations, available space....). Despite the general agreement that
C-S-H is nanocrystalline in the sense that small local regions (5-30 nm
in size), have a layer structure based on a defective tobermorite, the way
in which these regions are arranged together to give a more or less dense
material and the reasons why;, is not understood yet. Some experimental
work suggest a granular nature of C-S-H [e.g. 63-68]. The question at
issue is whether such region are discrete as suggested by Allen et al. [69],
or linked by layers which continue from one nanocrystalline region to
another, as in semicrystalline polymers. From a mechanical point of
view, both models may show “granular” behaviour, if the links between
the nanocrystalline regions are much weaker than the regions
themselves.

Other interesting information has come from the use of proton
NMR to study the water movement and porosity in cementitious
materials. One of the most important aspects of this technique is that
it can probe porosity in completely saturated materials, which have
never been dried. A series of publications by McDonald and co-

Fig. 23. Foil like C-S-H.
From [59].


image of Fig.�22
image of Fig.�23

664 K.L. Scrivener, A. Nonat / Cement and Concrete Research 41 (2011) 651-665

workers [70-73] indicates that there are two distinct populations
of pores (roughly 2-5 and 14-30 nm in size), both of which seem to
be associated with the C-S-H, Fig. 24 [74]. It is currently suggested
[73] that the smaller size is associated with water between the layers
of C-S-H and the larger size with “pore” between the noncrystalline
regions.

In the coming years atomistic scale modelling will have a major
role to play in advancing our understanding of cementitious materials.
A recent publication by Pellenq et al. [75] makes a major contribution
to understanding the nanocrystalline regions of C-S-H. Despite some
controversy about the distribution of silicate polymers in this model,
the approach seems very promising.

8. Concluding remarks

In this paper we have tried to emphasise that hydration obeys well
established principles of chemical thermodynamics and kinetics and
how our quantitative understanding of the underlying mechanisms is
now starting to advance rapidly. This is an example of the type of
science based approach which is essential if we are to master the
increasingly diverse range of cementitious materials needed to
improve sustainability.

In particular we emphasise the following points:

* The slowdown in the initial reaction of C3S/alite can be explained
simply by the changes in concentration in solution, without the
need to invoke the presence inhibiting layers blocking reaction. In
this respect it behaves like other minerals and other cementitious
phases. (However, from a thermodynamic standpoint the surface of
alite and other phases in contact with water may be quite different
from their bulk structures).

The growth of C-S-H controls the acceleration period and the
growth of this phase appears to be slower compared to crystalline
hydrates, which form in other cementitious materials. There may be
possibilities to manipulate this growth and accelerate strength
development.

10°F----
10'F----
e H
o 0%
'—
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10%F -4
1075 5 4 3 2 1 0
10 10 10 10 10 10
T, (s)

Fig. 24. Results from a 'H NMR experiment [75]; white cement at 1 day. The different
regions (peaks, with intensity shown in colour) along the diagonal indicate two distinct
populations of pores in C-S-H. The regions with the shortest T2 relaxation time (=~10~%)
are the smallest pores in size (2-5 nm) thought to be water within C-S-H nanocrystalline
regions. The next population (T2~ 10~3-10"2) are pores. The off diagonal area indicates
the exchange of water between these peaks.

* The reasons for the slowdown in reaction after about 10 h are still
not totally clear, but we need to think beyond the simplistic idea of a
layer of hydrate slowing reaction. Reduction in the available surface
area and local changes in concentration at the surface of the grain,
may play a role. Also in pastes it seems that space filling plays an
important role.

* The mechanisms governing on-going hydration beyond the first day

are not yet well clarified, despite their importance for long term

properties.

Studies of the rates of reaction of the different clinker phases

indicate a delay in the reaction of belite due to the presence of alite,

which is further exacerbated by the presence of slag.

* An important area for future study is a better understanding of the

factors controlling the rate of reaction of SCMs. Such studies are

opened up by new analytical techniques to quantify the reaction of

SCMs independently of the clinker phases.

Another important feature related to SCMs is the understanding of

the changes which occur in C-S-H and the influence of this and

other microstructural changes on properties of these materials.

We are optimistic that the next 4 years until the following ICCC,
will be very rich in progress in quantitative and predictive
understanding of hydration and microstructural development.
Models at all levels will play an important role, from those at a
microstructural level, to those at the atomistic scale.
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