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1. Introduction

Thermodynamics is essential to our understanding of chemical
reactions. With knowledge of just three so-called intensive variables,
typically temperature, pressure and composition, we can predict if a
reaction will take place and the final state once reaction is completed.
The general laws governing thermodynamics are long known and
were first applied to cement chemistry at the end of the 19th century
by Le Chatelier [1] in order to demonstrate that cement hydration
proceeds through the dissolution of solid cement clinker phases,
leading initially to a supersaturated aqueous phase with respect to
hydrates that subsequently precipitate from solution. These finally
reach an equilibrium state with the remaining liquid phase contained
in the porous network of the cement paste. Since then numerous
studies have been reported in past ICCC's to experimentally or
numerically define equilibrium conditions of hydrates and the
composition of the aqueous phase in relation to the solids dissolved
and precipitated [2–9].

In the meantime, thermodynamics have been applied to cement
manufacturing. Indeed in the course of pyroprocessing, cement raw
materials are reconstituted both chemically, by loss of structural
water and carbon dioxide from the precursor minerals, and
physically, as the complex but characteristic assemblage of minerals
and microstructures develops in the course of processing. The tools
used to quantify these reactions did not develop spontaneously but
rely on applied thermodynamic approaches developed in several
branches of science. For example, metallurgists have long sought to
understand in a holistic way the complex relationships between
alloy composition and thermal treatment, including the origin of
microstructures and development of physical properties. In the
natural sciences, petrologists have sought to understand these
relationships amongst naturally-occurring systems mainly compris-
ing oxides. In geology, clinkering corresponds closely to the
formation of igneous rocks whilst cement hydration, with the
important role of water, corresponds most closely to alteration and
low-grade metamorphism.

Since the 1940s the pace of research in applied thermodynamics
has gradually speeded up. Several factors are responsible for this
acceleration, including advances in fundamental science and meth-
odology. For example, significant advances have been made of our
understanding of the role of highly disordered phases, including
glasses, melts and gels and of their thermodynamic properties.
Thus knowledge of the structure and composition of C–S–H gel
structures was achieved first by chromatographic methods and, more
recently and in greater depth, by NMR [10,11]. The structural models
of C–S–H thereby developed supplement solubility measurements
and enable a consistent thermodynamic approach to defining the
C–S–H phase and its properties, despite its variable Ca/Si ratio and
uncertain bound water contents. Other notable advances have
occurred in developing thermodynamic treatments of concentrated
aqueous solutions and in establishing links between kinetics and
equilibrium.

Arguably, the greatest stimulus to the application of thermody-
namics has arisen from the advent of electronic computational
methods with which to undertake calculations. Inputs actually
began in the pre-computer age: for example, the work of Hillert and
colleagues [12] and of Kaufman and colleagues [13] on metals, and of
Mchedlov-Petrossyan and colleagues on oxides, especially calcium
aluminates and silicates [14]. However these pioneers had to work
with hand computations, perhaps assisted by mechanical tabulators,
and were additionally handicapped by access to inadequate data-
bases. Thus, the importance of reliable databases was well-recognised
and has resulted in gradual database improvements, particularly for
refractory oxides and metals. Cements share some of these data,
particularly for oxide substances such as CaO, MgO, Al2O3, SiO2, etc.
But significant advances in thermodynamic data for substances
unique to cement have also been made, as will be described
subsequently.

The development of computer-based codes for theminimisation of
free energy began with, for example, the publication by the United
States Geological Survey (USGS) of an open source code, and with the
formation of the CALPHAD consortium [15]. Both are important
starting points for modern methodologies. These codes work by
minimisation of the free energy of a user-defined system and employ
well-established mathematical shortcuts to facilitate convergence on
a unique solution. In modern versions of these routines, the user also
gains a number of freedoms: for example, the ability to specify
composition or temperature, as well as the freedom to include, if
desired, metastable states in the scope of calculation. This enables the
metastable equilibrium between C–S–H and other, more stable,
crystalline phases to be calculated. Different routines, some free,
some commercial, all work in identical ways, although differing in
user-friendliness, but will give essentially identical solutions using the
same input data.

The following sections give examples of relevant applications to
cement. Studies to date have generally shown that computer-based
methods, coupled with adequate database support, can reliably
predict the mineralogical composition of cement paste in terms of
the relative content and composition of phases. Thus the metastable-
equilibrium between C–S–H and other phases can in principle be
predicted. One of the most interesting aspects of applying thermo-
dynamics has been the discovery that the constitution of the minor
phases, AFm and AFt, is very sensitive to temperature and the content
of anions, especially carbonate, sulphate and hydroxide, and that the
resulting phase distribution can change significantly, even over short
ranges of temperatures, 0–40 °C [16,17]. Experimental verifications
have shown that, in response to changing temperature, the equilib-
rium distribution of hydrate phases, amount and composition, does
indeed shift rapidly, oftenwithinweeks ormonths, to reflect changing
compositions and temperatures. Thus calculation and experiment are
not competitive but instead support each other, with calculation
enabling interpretation from limited sets of experimental data and
identifying the key experiments that need to be performed to verify
results of calculations. In addition, experiments are necessary to
enrich and refine the accuracy of the database and to confirm the
validity of predictions and identify kinetic barriers to equilibration, if
any.

Finally, thermodynamics is also an invaluable tool assessing the
durability of a cement paste in a given environment. Once equilibrium
codes have been coupledwith transport of matter, it becomes possible
to predict the degradation rate of a cement paste and the evolution of
its mineralogy in degraded zones [18]. When the timescale for
reaction becomes too long to perform experiments, modelling
becomes the only possible means of estimating the durability of
cementitious materials in some very critical applications such as
stabilisation and solidification of radioactive wastes.

This paper does not present a complete review of the work done
on thermodynamic modelling applied to cement hydration over the
past decades. It is, however, intended to demonstrate what can be
achieved using thermodynamics in order to better understand and to
model cement hydration both for academic and industrial studies;
selected examples are cited. Moreover great care has been taken to
present the actual limitations and also assist beginners in the field to
avoid making common mistakes, as more and more people could be
tempted to use thermodynamics owing to the availability of codes and
databases. The relevance of using a thermodynamic approach rests
largely on the need for precise numerical data on the thermodynamics
of constituent phases. As a consequence, the first part of this paper
mainly explains how to obtain the best possible thermodynamic data
with respect to the solids involved in cement hydration. Then three
examples of the application of thermodynamics applied to cement
hydration are presented.
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The calculation of saturation indexes from the composition of the
aqueous phase recovered during hydration enables us to distinguish
between the undersaturated phases which will dissolve and the
supersaturated phases that may precipitate. The presentation of data
as phase diagrams helps us to envisage the evolution of the stable
phase assemblages of a given chemical system and its dependence on
composition, temperature and pressure. Knowledge of the amount of
the solids contained in the stable phase assemblages at complete
hydration also enables us to evaluate the effect of reactive additions
such as limestone or fly ash on phase compositions. Finally, with a few
assumptions, these data can be linked to other material characteri-
sation parameters such as porosity and the space-filling achieved by
the solids.

2. Solubility data for cement hydrates

Thermodynamic equilibriummodelling is based on the knowledge
of the thermodynamic data (e.g. solubility products and complex
formation constants) of all the solids, aqueous and gaseous species
that can form in the system. The quality of the results of
thermodynamic modelling depends directly on the quality and the
completeness of the underlying thermodynamic database. Nowadays
geochemical software necessary for calculations is readily available
but very often not directly useable for cement hydration mainly
because thermodynamic data for relevant solids are lacking in the
associated thermodynamic database. Thus the database has to be
tailored by adding data for the missing solids and sometimes by also
adding data for missing aqueous species e.g. complexes such as
Ca(OH)+. Three major sources can be used; the data can be
determined experimentally, or found in the literature, or calculated
from first principles or from analogous structures.

2.1. Available data

Thermodynamic data for complexes and solids generally present
in geochemical systems, including gypsum and calcite, have been
critically reviewed and reported in compilations (e.g. [19–24]).
Specific thermodynamic data for other cementitious substances,
such as the solubility products of ettringite or hydrogarnet, are
usually not included in general databases but have been compiled
separately in specific “cement databases”. Cement-specific databases
thus complement existing general databases but need to be
harmonised with that particular general database.

The first compilation of thermodynamic data for cement minerals
was published as early as 1965 by Babushkin et al. [25]. Several
databases focusing on the solubility of cementitious materials based
on the latest experimental data at the time of publication have
appeared in the meantime, e.g. [26–34], including the two excellent
datasets published in 1992 by Reardon [29] and by Bennet et al. [30].
Recently, two new specific cement databases have been published:
the cemdata07 database [35–39] and the cement database by Blanc et
al. [40,41]:

i) The cemdata07 database [35–39] is based on the Nagra/PSI
geochemical database [24,42] and contains thermodynamic data for a
number of cement phases (solubility product, Gibbs free energy,
enthalpy, entropy, heat capacity and molar volume). Solubility data
Table 1
Comparison of solubility products for ettringite, monosulphate and hydrogarnet at 25 °C an

Reaction

Ca6Al2(SO4)3(OH)12·26H2O ⇔ 6Ca2++2AlO2
−+3SO4

2−+4OH−+30H2O
Ca4Al2(SO4)(OH)12·6H2O ⇔ 4Ca2++2AlO2

−+SO4
2−+4OH−+10H2O

Ca3Al2(OH)12 ⇔ 3Ca2++2AlO2
−+4OH−+4H2O
have been generally calculated following a critical review of the
available experimental data and from additional experiments made
either to obtain missing data or to verify existing data. Where
necessary, additional solubility data weremeasured and compiled in a
range of temperatures between 0 and 100 °C [35–37]. The resulting
cemdata2007 database covers hydrates commonly encountered in
Portland cement systems in the temperature range 0–100 °C,
including C–S–H, hydrogarnet, hydrotalcite, AFm and AFt phases
and their solid solutions. In 2010–2011, new data were reported for
Friedel's and Kuzel's salt [43], for chromate-containing AFm and AFt
phases [44,45], for hydrotalcite-like phases [46], for iron-containing
calcium hemi- and monocarbonate hydrates [47] as well as for C–S–H
[48]. Further publications of the solubility products of hydrotalcite-
like solids [49], of iodide containing AFm phases [50] and of further
Fe-containing AFm phases and hydrogarnet [51] are known to be in
preparation.

In 2010 a cement database was published by Blanc et al. [40,41],
which is consistent with the BRGM general database “Thermochi-
mie6” and “Thermoddem” [52,53]. Blanc et al. [40,41] selected their
data basically on the samemeasured dataset as cemdata07, but used a
different selection procedure: all data with a charge imbalance of N5%
(including all data where nomeasured pH values have been reported)
were excluded. From the remaining data, the solubility measurements
after the longest equilibration time were generally selected [41]. In
most cases the differences between the Blanc et al. dataset and
cemdata07 are relatively small with two important exceptions; the
solubility constants selected for hydrogarnet and calcium monosul-
phaluminate hydrate, the latter commonly abbreviated as mono-
sulphate (see Table 1).

Table 1 shows that due to the different selection procedures, the
solubility of monosulphate is 0.6 log units higher whilst the solubility
product of hydrogarnet is 0.6 log units lower in the database of Blanc
et al. [40] compared to the cemdata07 database [35,36]. Both values
are, however, well within the reported literature data range where
reported solubility products for monosulphate range from −27.62
[28] to −29.43 [54–58], and for hydrogarnet, from −19.95 [28] to
−23.13 [29,57]. However, even the relatively small differences
between cemdata07 and the Blanc database lead to different
calculated stable phase assemblages in hydrated Portland cement.
For example, the cemdata07 database calculates C–S–H to coexist
with solid portlandite, ettringite and (in the absence of calcite)
monosulphate. However the database of Blanc et al. [41] predicts that
hydrogarnet rather than monosulphate should be formed under the
same conditions. This relatively small difference results in apparently
different stable hydrate assemblages and underlines the importance
of including sensitivity analysis in thermodynamic modelling studies.
As the difference between the solubility products derived in the two
databases is within experimental error, it is not a trivial task to assess
which values are correct. However, there is evidence that even upon
prolonged hydration up to 450 days monosulphate rather than
hydrogarnet is stable in the presence of sulphate [36] and that
hydrogarnet does not appear in hydrated Portland cements except at
higher temperatures (N55 °C) [35,59].

The two sets of predictions are not necessarily contradictory as
other parameters such as the existence of solid solutions amongst
AFm phases and the size of the crystals can modify equilibrium
d 1 bar.

log KS0 Cemdata07 Blanc
[35,36] [41]

−44.90 −44.77
−29.26 −28.67
−20.84 −21.42
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conditions. Indeed, the role of hydrogarnet in cement systems has
puzzled scientists for decades. The C4AHx series of hydrates was
reported to be metastable with respect to assemblages containing
hydrogarnet. However hydrogarnet does not appear in Portland
cements except perhaps in the course of high temperature (N55 °C)
treatment. On the other hand, C3A hydration leads to a rapid
formation of hydrogarnet even at room temperature. The persis-
tence of AFm has been variously explained and is often attributed to
kinetic factors, namely the difficulty of nucleating hydrogarnet.
However recent work has contributed two relevant discoveries (i)
revision of the thermodynamic values of the AFm phases shows that
C4AH19 has a field of stability in the C–A–H system but its stability
has an upper limit of ~8 °C, above which hydrogarnet becomes
stable and (ii) the sulphate content of Portland cement forms AFm
solid solutions with OH–AFm; partial replacement of OH by
sulphate, as occurs spontaneously in Portland cement, stabilises
AFm to progressively higher temperatures with respect to hydro-
garnet. Thus in cement hydrated at ~25 °C, the non-appearance of
hydrogarnet is expected and conforms to theoretical expectations
[16]. This illustrates the importance of (i) using a reliable database
and (ii) of using saturation indexes to search for other phase
assemblages which might be stable and, given limits of data
accuracy, consideration of both stable and persistent metastable
assemblages especially when the calculated energetics are within
limits of experimental error.

2.2. Determination of solubility data

2.2.1. Solubility data at standard conditions 25 °C, 1 bar
The thermodynamic properties of reaction or of a single species

depend on temperature and pressure. Generally, tabulated thermo-
dynamic data refer to the standard temperature and pressure of
T0=298.15 K (25 °C) and P=1 bar (0.1 MPa), respectively. Solubility
data might be (i) determined experimentally or (ii) calculated from
basic thermodynamic properties of the constituents of the reaction, as
illustrated below for the solubility product of gypsum.

i) experimental determination
The solubility of gypsum CaSO4·2H2O can be calculated directly from
measured solubility data. Lilley and Briggs [60] determined the
solubility of gypsum as 0.01518 mol/kg H2O at 25 °C. To calculate the
solubility, the formationof dissolvedaqueous complexesneedsalso to
be included. If gypsum is dissolved in H2O, besides the aqueous Ca2+

and SO4
2− also CaSO4

0 will form:
CaSO0

4

� �
Ca2+f g SO2−

4

� � = 102:3. Combining

that with the mass balance equations mCatot= mCa2++mCaSO4° and
mSO4 tot=mSO4

2− +mCaSO4° one obtains, as mCatot = mSO4 tot and

mCa2+ = mSO42− ;mCaSO0
4
=

102:3m2
Ca2+

γCa2+ γSO2−
4

γCaSO0
4

where {i}=γi⁎mi is the activity, γi the activity coefficient andmi the
concentration in mol/kg H2O. The activity coefficients γi

can be calculated based on the ionic strength I using several

published methods. For example, using the Davies equation:

log γ = −Az2
ffiffi
I

p

1 +
ffiffi
I

p
 !

−0:3I = −0:5z2
ffiffi
I

p

1 +
ffiffi
I

p
 !

−0:3I one ob-

tains γCa
2+=γSO4

2− =0.42 and γCaSO4°=1.04 at I=0.06072 and thus:

mCatot
= mCa2+ +

102:3 × 0:422 × m2
Ca2+

1:04

= mCa2+ + 33:7 × m2
Ca2+ = 0:01518:

Solving the quadratic equation we obtain mCa
2+=0.01106 and

mCaSO4°=0.00412. As one third of the aqueous calcium and
sulphate are bound in CaSO4
0, one must recalculate the ionic

strength and after a few iterations obtain mCa
2+=0.01047 and

mCaSO4°=0.0047 and γCa
2+=γSO4

2− =0.47 and finally the following
solubility constant, assuming an activity of 1 for H2O:

CaSO4 ⋅ 2H2Of g
Ca2+
� �

SO2−
4

� �
H2Of g2 =

1
mCa2+ γCa2+ mSO2−

4
γSO2−

4
H2Of g2

=
1

0:010472 × 0:472 × 12 = 104:61
:

If a still greater number of species are involved, geochemical software
will usually have to be used to calculate the numerical values of the
relevant constants. Applying a different model to calculate the
activity corrections will lead to a slightly different solubility product,
so the same activity correction model should be used consistently to
derive solubility data and carry out calculations.

ii) calculation from basic thermodynamic properties
The Gibbs free energy of reaction is related to the Gibbs free energy
of formation of the constituents according to:

ΔrG∘∘ = ∑
i
νiΔf G∘ = −RT ln K ð1Þ

where νi is the stoichiometric reaction coefficients, R=8.31451 J/
mol/K and T the temperature in K. Using the ΔfG° values of
gypsum (−1797.238 kJ/mol), Ca2+ (−552.806 kJ/mol), SO4

2−

(−744.004 kJ/mol) and H2O (−237.14 kJ/mol) as given in [30]
results for {Ca2+}⁎ {SO4

2−}⁎{H2O}2=CaSO4 2H2O (gypsum) in a
Gibbs free energy of reaction of−26.148 kJ/mol. And according to

KS0 = e
−Δr G

∘
RT ð2Þ

CaSO4 ⋅ 2H2Of g
Ca2+
� �

SO2−
4

� �
H2Of g2 = 104:58 ð3Þ

is obtained.

The result is in good agreement with the solubility data from the
first method. However, data obtained from the first method is
nevertheless preferred as it allows a more direct determination of
gypsum solubility product than the secondmethod and it can account
for the effect of the size of the crystals as well as some impurities
contained in the crystal structure.

2.2.2. Solubility at other temperatures
Different approaches may also be used to obtain thermody-

namic data valid at different temperatures. Either the solubility
can be measured at different temperatures and the solubility at
other temperatures within this range interpolated or, alternative-
ly, the temperature dependence can be measured or estimated
from heat capacity, enthalpy or entropy data. Thus the Gibbs free
energy and solubility as a function of temperature can be obtained.
In any case, the data are only valid within the temperature range
investigated.

2.2.2.1. Extrapolation based on measured solubility data. Measured
solubility data for ettringite are available at different temperatures as
shown in Fig. 1 for the reaction

Ca6 Al OHð Þ6
� �

2 SO4ð Þ3 ⋅ 26H2O⇔ 6Ca2+ + 2Al OHð Þ−4 + 3SO2−
4

+ 4OH− + 26H2O:

The dependence of the solubility upon temperature can be
expressed as:

log KT = A0 + A1T +
A2

T
+ A3 lnT +

A4

T2 + A5T
2 + A6

ffiffiffi
T

p
ð4Þ
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[61,62], where A0,… A6 are constants. If the entropy (S°), the enthalpy
(ΔfH°) as well all the coefficients (a0, a1, …) of the heat capacity
equation (C°p=a0+a1T+a2T

−2+a3T
−0.5+a4T

2) of the species are
available, the constants A0, … A6 can be calculated directly (see
[63,64]), otherwise the constants can be fitted to experimental data, if
available.

The value of ΔrCp
0 in the temperature range 0–100 °C has little

influence on the calculated log K value in Eq. (4), which makes it
insensitive to the fitting procedure. Thus, the heat capacity of reaction
is generally not fitted; instead, measured (or calculated) heat
capacities of the solids are used [35,36,40,43,45,46]. For ettringite,
Ederova and Satava [67] determined a heat capacity, Cp, of 2174.36 J/
mol/K (=1939+0.789 T; T: temperature in K).

Using the experimentally-determined solubility products at
different temperatures shown in Fig. 1, an enthalpy of reaction ΔrH°
of 200.2 kJ/mol and an entropy ΔrS° of −187.99 J/mol/K were fitted,
corresponding to an enthalpy of formation ΔfH°=−17,535 kJ/mol
and entropy S° of 1900 J/K/mol for ettringite. Only the enthalpy or the
entropy values are fitted as they are interdependent via the Gibbs free
energyΔfG°: ΔG=ΔH−TΔS. This approach yields results correspond-
ing to the curve labelled “7-term” (according to Eq. (4)) in Fig. 1.

The heat capacity of the reaction,ΔrCp
0, is often only known

at standard temperature and is thus assumed to be constant in
the considered temperature range (for ettringite ΔrCpT0

0 equals
−1541 kJ/mol at 25 °C). If ΔrCpT0

0 is constant (ΔrCpT0
0 =ΔrCpT

0=
−1541), Eq. (4) can be reduced to the so called 3-term approximation
of the temperature dependence:

log KT = A0 +
A2

T
+ A3 ln T ð5Þ

A
0
=

0:4343
R ⋅ ΔrS

0
T0−ΔrCp

0
T0 1 + ln T0ð Þ

h i
ð6Þ

A2 =
0:4343

R ⋅ ΔrH
0
T0−ΔrCp

0
T0
T0

� �
ð7Þ

A3 =
0:4343

R ⋅ΔrCp
0
T0
: ð8Þ

The three term approximation is also suitable for non-isoelectric1

reactions up to ~150 °C (see “3-term” in Fig. 1). Generally, the
1 An isoelectric reaction exhibits equal charges on both sides such as Ca2++
H2O↔CaOH++OH−, while an isocoulombic reaction is a reaction with identically
charged species on either side (e.g. Cl-+H2O↔HCl+OH-).
difference between the 7-termmethod and the 3-term approximation
is small over the temperature interval 0–100 °C.

The two-term extrapolation (Van't Hoff equation)

log KT = A0 +
A2

T
=

0:4343
R

ΔrS
0
T0
−

ΔrH
0
T0

T

 !
ð9Þ

assumes that heat capacity of the reaction, ΔrCp
0=0. Over a narrow

temperature interval (±20 °C), good agreement is observed be-
tween the Van't Hoff equation and the 3-term approximation but at
higher temperatures, ~100 °C, the difference increases (for example,
up to 2 log units at 100 °C for ettringite). Thus the Van't Hoff
equation is valid only for isoelectric or isocoulombic reactions
(e.g. Ca6Al2(SO4)3(OH)12·26H2O(s)+Fe2O3⇔Ca6Fe2(SO4)3(OH)12·
26H2O(s)+Al2O3) but not for solubility reactions such as Ca6Al2
(SO4)3(OH)12·26H2O(s)⇔6Ca2++2Al(OH)4−+3SO4

2−+4OH−+
26H2O.

2.2.2.2. Extrapolation based on heat capacity, enthalpy or entropy data.
If solubility data at different temperatures are not available, measured
enthalpy and heat capacity data of the solid can be used to derive
these data. As discussed above, Ederova and Satava [67] determined
the heat capacity, Cp, of ettringite as 2174.36 J/mol/K. The enthalpy
of formation ΔfH° has been determined as −17,548 kJ/mol
(−4194 kcal/mol) by Berman and Newman [68] and as −17,493 kJ/
mol by Satava [67]. Using these data and the solubility determined at
25 °C, the apparent Gibbs free energy of formation ΔaG° of ettringite
between 0 and 100 °C can be calculated [61]:

ΔaG
o
T = Δf G

o
T0
−SoT0 T−T0ð Þ−∫

T

T0

∫
T

T0

Co
p

T
dTdT

= Δf G
o
T0
−SoT0 T−T0ð Þ−a0 T ln

T
T0

−T + T0

	 


−0:5a1 T−T0ð Þ2−a2
T−T0ð Þ2
2T ⋅ T2

0

−a3
2

ffiffiffi
T

p
−

ffiffiffiffiffi
T0

p� �2
ffiffiffiffiffi
T0

p
ð10Þ

where a0, a1, a2, and a3 are the empirical coefficients of the heat
capacity equation C°p=a0+a1T+a2T−2+a3T−0.5. The apparent
Gibbs free energy of formation, ΔaG°T, refers to the free energies of
the elements at 298 K. A more detailed description of the derivation of
the dependence of the Gibbs free energy on temperature is given in
[61,69,70]. The use of the enthalpy value measured by Berman and
Newman [68], resulted in good agreement with the measured data, as
indicated in Fig. 1, whilst the enthalpy data of Satava underestimated
the solubility of ettringite especially at higher temperatures. If
available, it is generally preferable to use measured solubility data
at different temperatures.

In cases where neither measured enthalpy and heat capacity,
nor solubility data at different temperatures are available, the
entropy and heat capacity can be estimated using reference reactions
based on structurally-similar solids with known S° and C°p. If
such reference reactions involve only solids and no “free” water,
the change in heat capacity and the entropy are approximately
zero [61,71,72]. For example, to estimate S° and C°p of thaumasite the
following reference reaction has been used [72]: 3CaO·Al2O3·
3CaSO4·32H2O(ettringite)+2CaCO3(calcite)+2SiO2(am)−0.5CaSO4·
2H2O(gypsum)−0.5CaSO4(anhydrite)−Al2O3(s)−Ca(OH)2(portlan-
dite)⇔(CaSiO3)2(CaSO4)2(CaCO3)2·30H2O(thaumasite) resulting in
entropy S° of 1900+2⁎93+2⁎41−0.5⁎194−0.5⁎107−51−83⇔
1833). For thaumasite a good agreement between calculated solubility
based on the estimated S° and C°p values [72] and measured solubility
data at 5, 15 and 30 °C has been observed [73], (Fig. 2).
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Fig. 2. Calculated solubility product of thaumasite as a function of temperature (from
[39]) according to the reaction (CaSiO3)2(CaSO4)2(CaCO3)2·30H2O(s)⇔6Ca2++
2H3SiO4

−+2SO4
2−+2CO3

2−+2OH−+26H2O compared to solubility products derived
from experimental data ([16,65,73] and new measurements) for synthesized and
natural samples. Dotted lines indicate a 0.5 log unit variation of the calculated solubility
product.
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Further examples for the influence of temperature on the solubility
of different solids important for cementitious materials are discussed
in [35,36,40,41,43,47,64,66].

2.2.3. Effect of pressure and crystal size on solubility
The variation of Gibbs free energy varies with temperature,

pressure and the composition of the phase, as stated by the Gibbs–
Duhem relationship:

dG = −SdT + vdP + ∑
i
μidni: ð11Þ

Thus the chemical potential and the solubility product also vary as
a function of temperature, pressure as well as the composition of the
phase. Temperature impacts can be well handled if care is taken, as
described in the previous paragraph. Pressure is not often considered
due to the lack of data but may be of importance in conditions such as
oil well cementing, which corresponds to isobaric conditions (both
liquid and solid at the same pressure). For example Seewald et al. [74]
have noted that at both 1 and 500 bar, the solubility of portlandite
decreases with increasing temperatures in the range from 100 to
350 °C and that portlandite solubility at 100 °C is 15 mmol·kg−1 at
500 bar compared with only 9.29 mmol·kg−1 at 1 bar. Thus pressure
increases the solubility of portlandite. For a constant temperature,
the following equations can be used to assess the effect of pressure
when the equilibrium constant is known at atmospheric pressure
(1 bar):
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where ΔVr
0 is the volume change of the reaction and dP the change

in pressure. If we consider the standard partial molar compressibility,

C0
i =

∂V
∂P

	 

T
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ln
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K0

� �
r
=

ΔV0
r P−1ð Þ
RT

+
ΔC0

i P−1ð Þ2
2RT

: ð13Þ
With respect to most of the hydrates of cementitious systems,
the effect of pressure associated with temperature appears to be
experimentally quite well understood for crystallised calcium silicate
hydrates synthesised under hydrothermal conditions. A good sum-
mary of the phase equilibrium for the CaO–Al2O3–SiO2–H2O system at
200 °C has been recently reported [75].

All the thermodynamic calculations reported in this paper have
been obtained in an excess of water and thus only water-saturated
solid phases occur. However, cement paste is generally unsaturated
and, as a consequence, the liquid phase may be under a negative
pressure whilst the solid is still at atmospheric pressure (anisobaric
conditions). This is expected to markedly change solubilities,
especially for low relative humidity where there is meniscus
formation in very small pores — an occurrence not often considered
in modelling of cement paste. However, this state has been recently
modelled for unsaturated soils using a physicochemical model of
capillary water in which the chemical potential of the capillary water
is explicitly calculated, as well as its consequences to the thermody-
namics of the capillary water–mineral–soil atmosphere system [76–
78]. The effect of capillarity on the aqueous speciation and the
solubility of minerals and gases in capillary solutions have been
defined in general terms [79]. For example, under negative pressure
conditions, the equilibrium constant of gypsum decreases leading to
solubility that decreases from 14.4 mmol·kgw−1 at P=0.1 MPa
(atmospheric pressure) to 6.13 mmol·kgw−1 at P=−100 MPa [78].
Thus the effect of negative pressure may have to be considered to
better simulate the thermodynamics of unsaturated cement pastes.

Returning to the Gibbs–Duhem equation, the term related to the
composition of a phase, such as the molar fractions ni of its
components, is generally not taken into account in solubility
calculations. However it is known that the solubility depends on
crystal size: for spherical crystals, the solubility of smaller crystal
sizes, the notion of “phase”, as defined by thermodynamics, is not so
obvious and one has to consider the effect of the surface and its
curvature in addition to the volume. The following simplified
relationship can be used as a first approximation to calculate the
solubility for spherical particle having a radius r where r is b50 nm:

CS rð Þ = CS exp
2γ ⋅ V
RTr

ð14Þ

where Cs is the solubility for large crystals and γ is the solid particle
surface tension, V the molar volume of the solid, and R the universal
gas constant.

When determining solubility experimentally, it is important to
check the size of the crystals, knowing that the crystal size increases
with time in order to reach more stable equilibrium conditions, i.e.,
lower solubility. This growth process, so-called Ostwald ripening,
operates for cement hydration with coarsening of the microstructure,
especially at long ages.

2.3. Maintenance of the thermodynamic database

As reported above, several authors propose their own cement
thermodynamic databases tailored for use with a specific geochemical
code and cautionmust be takenwhen trying to transfer these data to a
different thermodynamic database, especially if the geochemical code
differs. Indeed, even if a solubility product is a constant, its
value differs slightly depending on the geochemical code used. This
is partly due to differences in the method used to estimate the activity
of aqueous species but also to the nature of the aqueous species
included in the thermodynamic database; these factors are often
not explicit. A simple demonstration compares the dissolution of
portlandite (Ca(OH)2):

CaðOHÞ2⇔Ca
2þ þ 2OH

−
:
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The solubility product is defined by the following equation
considering that the activity of water is equal to 1:

KCH ¼ ðCa2þÞ · ðOH−Þ2:
If we consider two databases in which the first database (db1)

contains Ca2+ and CaOH+ as the Ca-containing aqueous species
whilst the second database (db2) contains only Ca2+, the value of log
K for portlandite at 25 °C differs slightly between the two databases;
log K CHdb1=22.815 and logK CHdb2=23.07, respectively. However, in
practice, the use of KCHdb1 associated with the second database or of
KCHdb2 with the first database leads to very poor results concerning
the calculation of the solubility of portlandite (Table 2).

Another possible source of error arises if the value of the solubility
product is given without defining a chemical equation for the
dissolution of the solid. Indeed, the master aqueous species used to
code the chemical equations may differ between codes; different
master species lead to different values of the solubility product for the
same solid. Consider the case of ettringite. The chemical equation
relative to ettringite dissolution can be written as:

3CaO ·Al2O3 · 3CaSO4 · 32H2O⇔6Ca
2þ þ 2AlðOHÞ�4 þ 3SO

2−
4 þ 4OH

−

þ26H2O:

As a consequence, its solubility product would be defined by the
following equation assuming that the activity of water is equal to 1:

Ksp1 ¼ ðCa2þÞ6 · ðAlðOHÞ−4 Þ2 · ðSO2−
4 Þ3 · ðOH−Þ4:

However if Al3+ and H+ are instead used as master species, the
defining chemical equation for ettringite dissolution would be written
as:

3CaO ·Al2O3 · 3CaSO4 · 32H2O⇔6Ca
2þ þ 2Al

3þ þ 3SO
2−
4 −12H

þ

þ38H2O

and the solubility product as:

Ksp2 ¼ ðCa2þÞ6 · ðAl3þÞ2 · ðSO2−
4 Þ3 · ðHþÞ−12

:

It is however possible to relate Ksp1 and Ksp2 using the two
following equations concerning the aqueous species:

– for water dissociation;

Kw = Hþ� �
⋅ OH−ð Þ

– and Al(OH)4− dissociation;

Kz ¼ ðAlðOHÞ−4 Þ
ðAl3þÞ·ðHþÞ−4 :

Thus we can write:

Ksp2 =
Ca2+
� �6⋅ Al OHð Þ−4


 �2⋅ SO2−
4

� �3⋅ OH−ð Þ4

Kz2⋅Kw4 =
Ksp1

Kz2 ⋅ Kw4 :

As a consequence:

log Ksp2 ¼ log Ksp1–2:log Kz–4:log Kw:
Table 2
Solubility of portlandite at 25 °C in mM depending on the database used and the value
of the solubility product of portlandite. The expected value is 22.02 mM.

Log KCHdb1 Log KCHdb2

Solubility with database 1 (mM) 22.02 28.67
Solubility with database 2 (mM) 17.51 22.02
The composition of the aqueous phase in equilibrium with the
solid should be given in order to enable the calculation of a well-
defined solubility product; in this case the procedure to add the solid
to the database would be identical to the situation where the
solubility is determined experimentally as reported previously.
Consequently if a numerical value of the solubility product is only
given this could be ambiguous.

On the other hand, the accuracy of the thermodynamic database
can be easily assessed from the calculation of the aqueous phase
composition of known invariant points of selected chemical systems at
given T and P and comparison with experiment. The use of invariant
points of complex systems such as the CaO–Al2O3–SiO2–CaSO4–

CaCO3–H2O system [80] is thus an efficientmethod to test the accuracy
of the database, assuming experiments actually attain equilibrium.
This test can be applied automatically using specific codes in order to
build the input files for the geochemical software and also to analyse
the results. As a consequence, a specific method can be developed to
verify the database each time it is modified. This methodology can be
used to compare existing geochemical codes associated with a specific
thermodynamic database. From this point of view one notes a general
lack of thermodynamic database benchmarking in the literature and
the absence of international validation of the results given by
geochemical codes associatedwith specific thermodynamic databases.

Finally, the minerals contained in the clinker of the cements are
often not found in thermodynamic databases because an experimen-
tal determination of their solubility is generally not possible due to the
precipitation of hydrates of uncertain composition and crystallinity.
However solubility constants may be estimated using the Gibbs free
energy of reaction as reported before. The impact of impurities,
leading to different crystallographic polymorphs or significant
concentrations of chemically-induced crystal defects could best be
assessed by experiment, or by molecular modelling or a combination.
Moreover the application of thermodynamics to the first stages of
hydration of clinker phases [81] has shown anomalies. For example,
the expected solubility of tricalcium silicate is very high when
calculated using the Gibbs free energy of reaction but is found
experimentally to be quite low. Of course, it is long known that the
dissolution is apparently incongruent and restricted due to both the
formation of an intermediate phase slightly differing in composition
from tricalcium silicate on its surface and precipitation of C–S–H [81].
It has been hypothesised that this intermediate phase very rapidly
covers the surfaces of tricalcium silicate and thus controls the aqueous
phase composition. As a consequence the solubility of the interme-
diate phase should be entered in the thermodynamic database in
order to better model hydration of tricalcium silicate.

3. Use of the thermodynamic approach

3.1. Saturation indexes

When the aqueous phase composition is determined during
cement hydration, by extraction of the aqueous phase in contact
with cement paste, or sampling using a stirred cement suspension,
some important insights of the mechanism of hydration can be
obtained by calculation of the saturation index of the solids in contact
with the aqueous phase. The saturation index, β, is defined for a solid
A in contact with the aqueous phase by considering the variation of
Gibbs free energy:

As →mM + nN + …

ΔGr = ΔG0
r + RT ln

amMa
n
N…

aAs

	 

:

At equilibrium ΔGr
0=−RT ln K, thus

ΔGr = RT ln
IAP
K

= RT ln β ð15Þ
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where the ion activity product, IAP, refers to the product calculated
from the measured aqueous concentrations and K to the respective
solubility product.

If, for a given solid, βb1, the aqueous phase is undersaturated with
respect to the solid. The solid will then dissolve in order to reach
equilibrium i.e., an aqueous phase composition corresponding to its
solubility will be attained. On the other hand, if the solid is not
present, it will not precipitate.

If βN1 the aqueous phase is supersaturated with respect to that
solid. If the solid is present, it is stable but a larger quantity of the solid
will be formed by precipitation until equilibrium with the aqueous
phase is reached (an aqueous phase composition corresponding to its
solubility will be attained). On the other hand, if the solid is not
present, it should precipitate, perhaps after an induction period
whose duration will depend on several factors, β being one of them: β
increasingly N1 progressively reduces the duration of the induction
period. If the aqueous phase is supersaturated with respect to several
solids, the first to precipitate will generally have the shortest
induction period so these solids may precipitate at different times.

As a consequence, the knowledge of saturation indexes during the
course of cement hydration enables us to calculate which solids
dissolve andwhichmay precipitate. The data are thus complementary
to the mineralogical determination of the solids formed during the
course of hydration. Also, the determination of β corresponding to
extremely short induction periods induces a quasi-immediate
precipitation of a given solid, termed βc, and it is very important to
understand the mechanism of early cement hydration. The specific
conditions leading to immediate precipitation that relies on kinetics,
can however be calculated using a biased thermodynamic approach
by considering a hypothetical critically supersaturated solid having an
apparent solubility constant that varies with the aqueous phase
composition:

Ln Kcritically supersaturared solidðparametersÞ ¼ Ln Ksolid þ Ln β ðparametersÞ:
ð16Þ

The relation of Ln β (parameters) to precipitation can only be
derived from experiment. For example, the critically supersaturated
domain of ettringite can be determined from thermodynamic
calculation by considering a critically supersaturated ettringite having
a variable value of its ion activity product, βE, considered as an
apparent solubility product and calculated using the following
equation [82]:

Ln βE Al½ �; SO4½ �ð Þ = 7:74635 + 4:331082 ln Al½ �ð Þ + 2:205813 ln SO4½ �ð Þ:

As an example, the critically supersaturated domain of C2AH8 has
been used to explain the difference between the hydration of C12A7

and C3A at room temperature [83]. Howeverwhen gypsum is added to
C3A, C2AH8 is no longer the first hydrate to form. Instead ettringite
forms even though these two hydrates both become rapidly
supersaturated: indeed the critically supersaturated domain of
ettringite is reached before that of C2AH8 [82].

3.2. Phase diagrams

Knowledge of the phase diagram of a chemical system relevant to
the chemistry of cement hydration is very helpful to correlate
experimental results. Firstly, it enables us to determine the phase
assemblages of minerals that are stable as a function of the evolution
of some parameters, such as the concentration of a component, or
changing temperature. The great strength of phase diagram is that the
stable phase assemblages of a given chemical system remain stable in
chemical systems of greater complexity. So it is possible to explore
step by step chemical systems of increasing complexity. Secondly,
from knowledge of the phase diagram, it is possible to determine if a
phase assemblage found experimentally is stable or not. A weakness
of phase diagrams is their limited dimensionality: it becomes
progressively more difficult to represent systems with more than
three components without simplifications. However phase diagrams
of multicomponent systems and calculation are complimentary.

In actual applications we need to distinguish between open and
closed systems. Closed systems are, as the term implies, closed to
transfer of mass in and out of the defined system — some part of the
material universe that can be isolated for separate study. Energy is,
however, allowed to transport beyond the system boundary. Open
systems, on the other hand, are open to transport of energy as well as
to a limited and defined extent, of mass. The system concept is almost
universally employed in the design of experiments on cements, even if
not specifically identified. For example, the process of cement
carbonation by atmospheric CO2 involved open system behaviour
but the system is nominally open only to gain of carbon dioxide and
loss of water. Thus, in determining the resistance of cement to
aggressive agents involving loss or gain of matter, the processes are
first identified and studied one at a time before attempting to couple
processes.

Not surprisingly, the fastest progress has been made in the
thermodynamic analysis of closed or nearly closed systems, i.e., where
mass either remains constant in the course of reaction, or changes in a
well-defined way. An example is in delayed ettringite formation
where sulphate remains constant but is redistributed amongst phases
as a consequence of changing temperature. Open systems present
greater challenges not only to theoreticians but also to experimen-
talists, as it is necessary to define mass fluxes and transport kinetics.

By the start of the 20th century, efforts were being made to
calculate phase equilibria. For example, van Laar [84] devised a series
of algebraic equations which, from knowledge of the thermodynamic
properties of the substances involved, could be used to predict binary
(two component) systems. The method was not immediately
successful mainly because of lack of knowledge concerning the
number of phases in “unknown” systems, of phase compositions, of
the thermodynamic properties of the solids and of concentrated
aqueous solutions.

Numerous experimental works were thus done to determine the
equilibrium conditions of hydrates and construct phase diagrams [85–
102]. However once a phase diagram contains more than ~10 stable
phases and 4 components other than water, the phase diagram
becomes very complex and is difficult to explore experimentally.
Similar difficulties are found for phase diagrams relative to high
temperature processes such as those involved in the clinkering of
cement. Thus the most complex cement-related systems were
quinary, studied by Jones in 1944 [90,91]. On the other hand,
thermodynamics enable rapid calculation of the equilibrium state of
a given chemical system at given T and P. Their calculation became
practical during the early 1980s thanks to the occurrence of
computers and codes devoted to geochemistry. Nowadays these
codes such as PHREEQC are readily available although the same
cautions have to be raised about thermodynamic databases associated
to these codes as were discussed previously.

The reliability of constructing a phase diagram for a given chemical
system depends on two steps: the first is to define all the stable
invariant points and the second, to deduce from the stable invariant
points all the stable phase assemblages having fewer phases than the
phase assemblages corresponding to the stable invariant points.

In order to determine all the stable invariant points for a chemical
system relevant to cement hydration, the phase rule is applied to
define themaximumnumber of solids that are in equilibriumwith the
aqueous phase at invariant points (no degrees of freedom). For
example, in a system having C components, one of them being water,
it is necessary to have C-1 solids in equilibrium with the aqueous
phase at T and P fixed to define an invariant point. As a consequence, if
Y solids exist containing one or several of the C constituents of the
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chemical system, one can determine all the phase assemblages of C-1
solids. The number of phase assemblages of C-1 solids corresponds to
the linear combinations for C-1 solids amongst Y. Once all the
combinations of C-1 solids have been defined, one can calculate the
aqueous phase in equilibrium with these solids with geochemical
codes and thus determine if the phase assemblage is stable: this will
be assured if no other solids are supersaturated with respect to the
aqueous phase. Of course additional codes can be specifically
developed to make the input files and to check the output file
automatically and thus speed the calculation process. Once again, it
has to be recalled that the accuracy of the results will depend on the
accuracy of the thermodynamic database and on the fact that all stable
solids have been included.

The number of combinations can also be reduced by removing the
combinations of solids that are not stable from the knowledge of
chemical systems having less than the C constituents. For example, if
the combination of AH3 and CAH10 is not a stable solid assemblage in
the CaO–Al2O3–H2O system, no combinations of these phases will be
stable in the CaO–Al2O3–CaSO4–H2O system. This method very
efficiently reduces the number of combinations that have to be
calculated. For example, if we consider the CaO–Al2O3–CaSO4–CaCO3–

CaCl2–H2O system at T=25 °C and P=1 bar, the number of
combinations of 5 solids to be calculated reduces from 792 to 19 if
the metastable assemblages are not considered [103].

From the knowledge of the stable invariant points, it is therefore
possible to draw some graphical representations of the phase
diagram, totally or partly, depending on the number of components.
These representations are helpful to visualise the evolution of the
system with a selected parameter, such as a change in the con-
centration of one component. Simplified phase diagrams can be
drawn by just linking the invariant points with straight lines. Fig. 3
presents the differences between the “real” drawing of the phase
diagram of the CaO–Al2O3–CaSO4–H2O system at T=25 °C and
P=1 bar (right) and the simplified phase diagram, plotted by joining
the relevant invariant points with straight lines (left). The complete
conditions of the calculation of the phase diagram have to be stated:
for example, acidic conditions are not represented in Fig. 3 because all
solid combinations self-generate an aqueous pHN7. Also, the
numerical values of the solubility products used in this example did
not admit monosulphate as a stable phase.

It is also of interest to deduce from the stable invariant points all
the stable phase assemblages having fewer solids than the phase
assemblages corresponding to stable invariant points. This is quite
straightforward for chemical systems having less than 5 components.
For example, let us consider an invariant point ABCD. The phase
assemblages and the phases derived from this invariant point are:
ABC, ACD, BCD, AB, AC, BC, AD, CD, A, B, C and D. For more complex
Fig. 3. Calculated phase diagram of the CaO–Al2O3–CaSO4–H2O system at T=25 °C and P=
connecting the invariant points (left) [103].
chemical systems, it is easier to use a code that can provide a list of
results and also results of an automatic search for stable phase
assemblages. For example, the phase diagram of the CaO–Al2O3–SiO2–

CaSO4–CaCO3–H2O system at 25 °C and 1 bar pressure consists of 15
solid phases defining 331 stable phase assemblages in equilibrium
with the aqueous phase amongst with 30 invariant points [80]. This
phase diagram is the most complex which has been completely
calculated for cementitious systems, yet one must be aware that,
because of the influence of minor components on phase formation,
major portions of the CaO–Al2O3–SiO2–Fe2O3–MgO–CaSO4–CaCO3–

Na2O–K2O–H2O system have to be known to obtain a complete
overview of the different phase assemblages that may form during
cement hydration. Thus considerable challenges remain.

Most of the calculations consider that water is in excess and that
the activity of water is 1 or close to 1. This is true during early
hydration, when water is in excess and the total of dissolved matter is
low; however at later ages, when the porous network of the cement
paste is not completely filled with water and the remaining “water”
contains much dissolved alkali, one has to consider the impact of
changes to the chemical potential of “water”. A first attempt has been
made to consider the reduced activity of water in the CaO–Al2O3–

CaSO4–H2O system at T=25 °C and P=1 bar [104] but without
considering the possible effect of the negative pressure of the pore
fluid solution. It shows that monosulphate could become a
stable phase at relative humidity less than 66%. Nevertheless, this
threshold value of relative humidity has to be taken with caution as
the calculations did not take into account the loss of water molecules
from other hydrates, especially ettringite, as functions of relative
humidity.

3.3. Stable hydrate assemblages

Thermodynamic modelling can be used to calculate the stable
phase assemblage after long hydration times assuming partial or
complete hydration of the starting materials. However changes in the
overall chemical composition of a system or a different temperature
affect the amount as well as the identity of the solid phases. These
calculations can be used to predict the changes in total volume and in
porosity, in the post-hardened state. Mass balance calculations based
on the chemical composition of the unhydrated cement are the easiest
way to calculate the phase composition of a hydrated cement
[105,106]. Such calculations can be carried out with a calculator, but
with the disadvantage that the phase assemblage has to be known
beforehand. For less well-characterised systems, thermodynamic
modelling enables us to predict the nature of the hydrates as well as
the composition of the aqueous phase. Thermodynamic calculations
permit parametric variations and thus the systematic study of the
1 bar (right) and the same phase diagram simplified by plotting with straight lines



Fig. 4. Calculated volume changes as a function of the amount of limestone in hydrated
A) Portland cement, B) PC+35% fly ash (50% reacted); fly ash: CaO 6.3, SiO2 50, Al2O3

24 wt.% [111], C) 90 PC — 10% metakaolin.
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effects of changes in the composition of the starting materials, or of
temperature, or both can be assessed rapidly.

In recent years, the number of publications based on the
application of thermodynamic methods in cement science has
increased showing the increasing acceptance of thermodynamics as
a tool to complement, or even replace, experiment. The use of
thermodynamic calculations allows the influence of a large number of
variables to be taken into account, e.g. the impact of changes in the
composition of the starting materials [58,107–109] or of temperature
[16,35] on the phase assemblage of cement systems. Combined with
numerical values for the density of the relevant solids [35,36,110],
thermodynamic modelling also allows calculation of the volume of
the different phases and thus total porosity [58,108,111]. Porosity is a
major parameter affecting mechanical strength of cement pastes as
well as the permeability and diffusion of ions within the matrix [112–
114]. Studies involving parameter variations have been carried out,
e.g. on the influence blending of Portland cements with limestone
[58,108], with additional sulphate [105,115], with slag [107,116,117],
with fly ash [111,117,118] or with silica fume [117] and some of them
are reported thereafter as examples.

One of the most striking findings arising from the application of
thermodynamics to cement hydration has been the extent to which
the hydrate phase equilibrium, with one conspicuous exception,
achieves equilibrium. The exception is of course the persistence of an
amorphous C–S–H which is metastable with respect to crystalline
calcium silicate hydrates. However computational routines can
accept a metastable phase and, given thermodynamic data for
C–S–H, readily reproduce experimental results of the metastable
equilibration of C–S–H with crystalline phases. In examples thus far
studied experimentally the crystalline phases (CH, AFm, AFt …)
readily equilibrate with each other as well as with C–S–H: in this
context, “readily” implies days or weeks, possibly months where
decreasing temperature drives reaction.

3.3.1. Influence of limestone
The addition of limestone fillers to clinker is increasingly common

as it reduces the carbon footprint of cement systems. Limestone,
rather than being inert, takes part in the hydration reaction. The
addition of limestone to C3A clinker or to Portland cements stabilises
calcium monocarboaluminate hydrate, C4ACH11 (monocarboalumi-
nate), and ettringite, C6AS3H32, whilst monosulphate, C4AS3H12, is
destabilised [58,119–121]:

C3A + CC + 11 H ⇔ C4ACH11 ð10Þ

3C4ASH12 + 2 CC + 18 H ⇔ C6AS3H32 + 2C4ACH11

3⁎309 + 2⁎37 ⇔ 707 + 2⁎262cm3
=mol

� �

1001 ⇔ 1231cm3
=mol

� �
:

ð11Þ

In addition, ettringite can incorporate up to 9% of carbonate at
25 °C [16], which would further enhance the space-filling properties
of the solids.

Thermodynamic modelling [58,108,111] supports these observa-
tions and illustrates that the presence of limestone stabilises
ettringite; the presence of small amounts of limestone (up to approx.
5%) increases the total volume of hydrated solids and thus lowers the
total porosity, as shown in Fig. 4A. But calcite in excess of that required
to saturate the solids dilutes the other hydrates and the total volume
of the hydrates decreases. The presence of more Al2O3 (and possibly
Fe2O3) increases the scope for calcite reaction by (i) destabilising
monosulphate in favour of monocarboaluminate, and (ii) combining
displaced sulphate, together with a certain amount of carbonate (not
shown in the above formulae), as ettringite. The total amount of
(reacted) Al2O3 increases from 5.3 wt.% in Portland cement (Fig. 4A)
to 6.7 wt.% in the PC-fly ash (4B) and to 9.4 wt.% in a PC-metakaolin
blend (4 C), although the amount of SO3 remains nearly constant,
~3.8 wt.%. More Al2O3 should therefore result in more ettringite in the
presence of limestone, increasing the total volume and decreasing the
volume of the residual porosity compared to the PC used as the basis
for calculation of Fig. 4A.

Experimental observations in Portland cements confirm the
calculated reduction in porosity and concomitant increase in
compressive strength in the presence of small amounts of limestone

image of Fig.�4
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([58,111,122–124] and Fig. 5A). The significance of the effect of
limestone additions on Portland cements depends on cement com-
position and hydration time. At higher quantities of added limestone,
limestone acts principally as a filler whilst the reduction of the
amount of reactive clinker increases the porosity in the hydrated
pastes and reduces the compressive strength (Fig. 5A). In a Portland
cement blended with 35% fly ash (which contains 24 wt.% Al2O3

[111,124]) a similar increase in compressive strength was observed as
in unmodified Portland cement mortar (5.4 wt.% Al2O3) (Fig. 5A).
Detailed investigation indicated that only 35 to 40% of the fly ash had
reacted [111,124], and thus a similar amount of Al2O3 was available
for AFt formation (approx. 5.6 wt.%) as in the OPC paste.

Thus for each cement composition, an optimum limestone addition
exists. This optimum is a complex function of cement sulphate and
alumina contents. The same principle applies to blended cements but it
is necessary also to take into account the slow release of alumina from
substances suchafly ash. The combined addition ofmetakaolin (46 wt.%
Al2O3) and limestone was observed to have a very pronounced positive
effect on the compressive strength up to 28 days [126], in agreement
with the thermodynamic calculations shown in Fig. 4C.

As discussed above, the influence of limestone is amplified by high
Al2O3 (and possibly Fe2O3) contents. But the amount of SO3 defined in
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Fig. 5. Influence of the addition of small amounts of limestone on the compressive
strength of A) hydrated Portland cement mortar after 28 days (PC 1, PC 2, PC3 (cement
composition in [125]) and De Weerdt [123]) and 90 days (De Weerdt [124], [114]) and
B) hydrated 65 Portland cement — 35% fly ash mortars. The lines are intended as eye
guides only.
terms of the SO3/Al2O3 ratio also plays an important role. A high SO3/
Al2O3 ratio results in relativelymore ettringite and lessmonosulphate,
so the influence of limestone is less pronounced, as shown in Fig. 6
for calcium sulphoaluminate (C$A) cements. Calcium sulphoalumi-
nate cements contain ye'elimite (C4A3S) as a major constituent which
reacts together with calcium sulphate to form ettringite, monosul-
phate and Al(OH)3, depending on the CaSO4 to C4A3S ratio. Depending
on the clinker composition, additional hydration products such as
strätlingite (C2ASH8), C–S–H or CAH10 precipitates [127–134].
Thermodynamic modelling of C$A systems has been applied
[109,127–133]. In agreement with experimental data, thermodynam-
ic modelling of C$A systems predicts mainly the formation of
monosulphate and Al(OH)3 if less than ~10 wt.% of CaSO4 is used; in
the presence of more of CaSO4 more ettringite is formed (cf. Fig. 6,
[109,129–131]). The presence of belite [128,131] or OPC [129] is
calculated to reduce the amount of AH3 whilst C–S–H and strätlingite
[128,129] or C–S–H and siliceous hydrogarnet [131] are calculated to
form. Blending with limestone leads, as discussed above, to the
formation of monocarbonate and ettringite from monosulphate and
calcite ([129,133], Fig. 6). In practice, the addition of limestone has
been observed to increase the 28 day compressive strength of mortar
samples by 10–15% at 20 °C and by 25–35% at 5 °C [133].

3.3.2. PC blended with SiO2 rich materials
The main processes taking place during the hydration of Portland

cements (PC) are well known (see Taylor [134]). The anhydrous
Fig. 6. Calculated volume changes as a function of the amount of limestone (CaCO3) in a
fully hydrated calcium sulfoaluminate (C$A) cement. A) 80 wt.% ye'elimite (C4A3$), 20%
anhydrite (C$), B) 90 wt.% ye'elimite (C4A3$), 10% anhydrite (C$)).
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clinker phases hydrate at various rates and the main hydrates formed
are C–S–H, portlandite, ettringite and AFm phases. The blending of
SCMs with Portland cement leads to a more complicated system
where the hydration of the Portland cement and the reaction of the
SCM occur simultaneously and influence the reactivity of each other.
The reaction of most SCMs is slower than the reaction of the clinker
phases and is influenced strongly by the pH of the aqueous phase
[135–137] and by temperature [138–141]. The use of silica-rich SCMs
influences the amount and kind of hydrates formed and thus the
volume, porosity, strength and ultimately the durability. At the levels
of substitution normally used, major changes are (i) a decrease in
portlandite content and (ii) a lowering of the Ca/Si ratio in the C–S–H
phase [140–145]. Alumina-rich SCMs increase the Al-uptake in C–S–H
and the amount of aluminate hydrates. In general, the changes in the
phase assemblages observed experimentally are well captured by
thermodynamic modelling (e.g. [107,111,116–118] and Fig. 7) as
detailed in a recent review on PC blended with supplementary
cementitious materials [117].

3.4. Practical applications of thermodynamics applied to cement
hydration

The composition and performance of Portland cements placed on
themarket are driven by a number of factors. These include the design
and performance of the plant, the raw materials and fuel for clinker
production, and the availability of SCMs for cement production. The
cement producer must balance the need to minimise unit costs and
maximise output at product quality requirements set by the market,
and as specified in the relevant cement and application standards.

Nowadays most clinkers are produced in a fairly standardised
plant (vertical raw mill, precalciner kiln, ball or even vertical cement
mill with high efficiency separator). This produces a fairly standar-
dised clinker with about 60% C3S, 20% C2S, 8% C3A, and 10% C4AF, as
calculated by the Bogue equation [146], and a fairly standardised
Portland cement with a fineness in the region 400 m2/kg and low
45 μm residue. The C3S content in the clinker ensures a sufficient
content of alite for early strength. The relatively narrow size
distribution of the cement resulting from the power-efficient grinding
process contributes to acceptable 28 day strengths, but at the cost of a
moderately high water demand. Probably the main differences that
are found between modern clinkers today result from differences in
the alkali content in the rawmaterials, and the sulphur content in the
fuel. This variability results in wide ranging SO3/alkali ratios,
commonly referred to as the sulphatisation degree. Low SO3/alkali
ratios result in low contents of water soluble alkalis where much of
the K2O is incorporated into the belite phase and Na2O is incorporated
Fig. 7. Modelled changes in hydrated blended Portland cement with fly ash, assuming
complete reaction of the Portland cement and 50% reaction of a low Ca fly ash (CaO 4.4,
SiO2 54, Al2O3 31 wt.%).
From [117].
into the C3A phase. At high SO3/alkali ratios most of the alkalis are
present in a soluble form, mainly as aphthitalite and calcium–

langbeinite, although the concentration of SO3 in belite also increases.
This can lead to higher belite reactivity but, because the SO3

thermodynamically stabilises belite, mineralisers are often needed
to enhance alite formation.

3.4.1. The sulpho-aluminate reactions
The performance of a Portland cement in terms of setting

behaviour and hydration is highly dependent on the above factors.
As a consequence a better understanding of the hydration reactions
and the underlying thermodynamics is important to achieve the
correct addition of sulphate to the cement mill. The aqueous phase
composition at the very beginning of cement hydration depends on
the rates of dissolution of clinker and calcium sulphate phases. Thus
depending on these rates of dissolution, the aqueous phase compo-
sition can be more or less supersaturated with respect to the hydrates
that are likely to precipitate. If, for example, the C3A is highly reactive
(e.g. as occurs in low sulphate clinker with a high concentration of Na
incorporated in the C3A), sufficient readily soluble sulphate is needed
to reach high enough sulphate concentrations in order to form early
ettringite rather than the hydroxyl-AFm or monosulphate-AFm, i.e.
where hydration takes place at invariant point “a” rather than “b” in
Fig. 8. This diagram is constructed in the same way as Fig. 3 but using
the thermodynamic data for SO3-AFm and OH-AFm rather than
hydrogarnet (C3AH6) [103]. This is a more accurate representation of
the aluminate reactions in Portland cement where hydrogarnet is not
observed to form as an early hydration product, as discussed
previously. The concentration of calcium sulphate will remain
constant at the invariant point (for our purposes we can assume
that the alkali concentration is constant so we can treat the conditions
as essentially invariant) until the gypsum is consumed, generally
within a few hours. At this stage the concentration of sulphate falls,
and the aqueous phase composition moving along the univariant
curve connecting the invariant points “a” and “b” as ettringite
continues to form. When the sulphate concentration decreases to
invariant point “b”, the composition of the pore solution is once again
fixed and the SO3-AFm phase forms whilst ettringite is consumed.
This reaction continues for several days or evenmonths until all of the
available alumina from the clinker phases (and SCM such as fly ash)
are exhausted. The point at which ettringite formation ceases
(invariant point “b”) is usually reached between 12 and 24 h. The
optimum sulphate content for 1 day strength usually corresponds to
this point being reached at closer to 12 than 24 h and may be related
to local expansion in the hardening paste [147]. Higher aluminate
contents in the Portland cement generally require more attention to
sulphate optimisation because more ettringite can potentially form.
At C3A contents higher than 10%, optimum SO3 contents for maximum
strength often exceed the limits set by cement standards (e.g. 3.5% in
ASTM C150, and 4.0% in EN-196-1).

3.4.2. The carbo-aluminate reactions
As described previously, carbonates will replace the sulphate in

the AFm phase, but this reaction may take place after several days or
weeks, and therefore cannot be used to optimise setting and early
strengths. However, it can be used to optimise late strengths, as
shown in Figs. 4A and 5A. The optimum strength appears to
correspond to about 2 to 3% limestone at normal C3A contents. From
this, it would be reasonable to assume that optimum late strengths
can be achieved at higher limestone contents if the aluminate content
could be increased. Unfortunately, higher clinker C3A contents in the
clinker cannot be targeted for this because this would require
excessive sulphate contents for optimum early hydration, as de-
scribed in the previous section. The additional alumina should
therefore only become available during medium to long term
hydration. One method of achieving this is to increase the amount

image of Fig.�7


Fig. 8. Phase diagram of the CaO–Al2O3–CaSO4–H2O system at T 25 °C modified from Fig. 3 showing the possibly metastable AFm phases that form instead of hydrogarnet.

Fig. 9. EN 196 mortar strengths for Portland blended cement predicted from the
thermodynamic model showing the synergetic effect of limestone and calcined clay.
Fig. 9A and B shows the 28 day and 90 day mortar strengths respectively.
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of available alumina from the ferrite phase for example by increasing
the solubility of iron with a complexing agent such as TIPA (tri
isopropanol amine) which is finding increasing use as a grinding aid
for cement milling [148]. Not surprisingly, this type of grinding aid
seems to be most effective in limestone cements. Other sources of
alumina for medium to long term hydration include the aluminosil-
icate SCMs and blast furnace slag; the higher the amount of available
alumina, the higher the content of limestone for optimum strength as
shown in Fig. 4B and C. This fact has not been lost to the industry: one
of the most common types of cement in Europe is CEM II M, which in
most cases contains mixtures of limestone and fly ash or limestone
and slag. In many parts of the world, including Europe, where good
quality fly ash and slag are already fully utilised this synergetic effect
can effectively lower the clinker content in blended cements for the
same performance, at least in terms of 28 day strengths, which
remains the most important property (for good or bad) used to rank
the competitive value of a cement. One of the most effective
aluminosilicates for this reaction is metakaolin, not just because it is
highly reactive in its own right, but because being a 1:1 clay it contains
twice as much alumina as the more common 2:1 clays. Calcined 2:1
clays (SiO2/Al2O3) normally have similar performance to fly ashwhich
itself originates from 2:1 clays typically present in hard coals. The
effect on strengths is illustrated in Fig. 9A and B. Although the
calculations show that significantly less than 10% limestone reacts,
optimum limestone contents for optimum strengths are in the region
of 15% in the 1:1 clay (metakaolin) blend and 10% in the 2:1 clay
(calcined smectite) blend (Fig. 10).

3.4.3. The pozzolanic reaction
Fly ash is clearly the most abundant pozzolan used today, but is a

limited resource in most parts of the world, with the US and China as
notable exceptions. Natural pozzolans, including calcined clays, can be
increasingly used to address this, but the fact remains, as discussed
below, that the pozzolanic reaction is limited to clinker replacement
levels of about 25%. Whilst thermodynamics does not necessarily
provide a solution to this it does go a long way to explaining the
underlying cause. The relationship between the hydrate phase
assemblages and the content of a typical siliceous fly ash of up to
50% (Fig. 11) offers some insight into the performance of Portland fly
ash cements. Unpublished results showed Danish fly ashes to have
28 day activity indexes (defined in the European standard for fly ash,
EN 450–1) in the region of 85 to 90% with the best practice
relationship shown in Fig. 11 for EN 196 strengths as fly ash replaces
up to 40% Portland cement in laboratory-prepared Portland fly ash
cements. Some of the highest activities were reported for Australian
fly ashes by Douglas and Pouskouleli [149] giving the relationship
shown in Fig. 11. The relationship for the Danish ashes agrees with the
28 day concrete results reported by Ravina and Mehta [150]. The
relationship for ashes with zero activity is also shown (inert filler,
reported in [151]). At first glance these results are not in good
agreement with the theoretical volumes of the hydrate assemblages
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Fig. 10. Calculated volume changes as a function of limestone and calcined clay
A) Portland cement +30% (metakaolin+limestone), B) Portland cement +30%
(calcined smectite+limestone). 50% of clay reacted.
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shown in Fig. 7, which assume 50% reaction of the fly ash, i.e. not an
unrealistic degree of reaction at 28 days for a good quality siliceous fly
ash. The theoretical volumes would indicate more or less constant
porosity and strength at least up to 50% replacement, but the trends
shown in Fig. 11 indicate that the fly ash has little more than a filler
effect at replacement levels above about 25%. This more or less
corresponds with the predicted formation of strätlingite indicating
either that strätlingite does not make a significant contribution to
strength or that its formation is kinetically sluggish. An alternative
explanation is that the fly ash becomes less reactive as the pH of
the pore solution drops as the concentration of calcium hydroxide
and alkalis decline. Whatever the explanation, it is clear that the
Fig. 11. Relationship between mortar strengths and fly ash contents at constant ratio of
water to cementitious material, and constant content by weight of cementitious
material.
thermodynamic predictions are insufficient on their own, and kinetic
factors are largely responsible for the lack of performance of fly ash at
replacement levels higher than 25%. Of course, fly ashes are known to
provide better performance at later ages than 28 days with 50% fly ash
providing equal strengths (i.e. corresponding to an activity index of
100%) at ages of 6 to 12 months, as reported for example in [150], but
this is of little value to the cement or concrete producer when 28 day
concrete strengths are commonly specified (and where the concrete
needs to be brought into service at this age). The cement industry is
therefore faced with the challenge of maximising the use of fly ash
which in many parts of the world is a limited resource. In Europe for
example the production of Portland cement clinker outstrips the
production of fly ash by a ratio of 10 to 1 [152], however a large
volume of this fly ash is used in cement types that allow contents well
over 25% (CEM II/B V,W and CEM IV cements in the European cement
standard EN 197–1). This makes little sense where the performance of
the fly ash in terms of the pozzolanic reactions and strength provides
little value at contents higher than 25%. It would therefore make most
sense to limit the contents of fly ash in cements to 25% (as the
concrete standards already do in several European countries).

4. Conclusion

Thermodynamics applied to cement science and especially to
cement hydration is very successful and valuable if used with caution.
Thus it would be very important to benchmark thermodynamic
databases associated to their geochemical codes in order to have an
international validation of their relevance. Indeed thermodynamic
calculations have shown the sensitivity of mineral assemblages to
temperature. Even relatively small temperature changes, in the
range 0–40 °C, lead to substantial redistribution of anions such as
OH−, SO4

2− and CO3
2− amongst phases. Examples include the

stabilisation of OH− in AFm phases at lower temperatures with
C4AH13 becoming stable at b8 °C, the great stability of carbonate
substitution in AFt (ettringite) phase at lower temperatures and the
absolute destabilisation of hydrogarnet, C3AH6, in the presence of
sulphate. Never again will we be able to think of the mineral
composition of hydrated Portland cement as constant in a non-
isothermal service environment. Moreover we see from a comparison
of calculation and experiment that “kinetics” is not necessarily an
insuperable barrier to engineering the phase composition of a hydrated
Portland cement. This knowledge gives a powerful incentive to the
development of links between themineralogy andengineeringproperties
of hydrated cement paste. Moreover, despite more than a century of
research on this field, this paper demonstrated that some major
improvements are still to come, such as a better understanding and
treatment of solid solutions and of taking into account the water-
unsaturated stateofmostof thecementpaste contained in concrete. It also
should not be forgotten that thermodynamics can also supply important
parameters used to assess the kinetics of reactions. On the other hand, it
must be remembered that thefinal statedefinedby thermodynamics is, in
reality, often dependent on the kinetics of the chemical reactions, which,
in turn, are influenced by the availability of reactants.

Looking ahead it can be said that the closed system behaviour of
cements, particularly their mineralogical evolution with time as more
blending agents such as fly ash and slag react, will be the focus of
attention. The mineralogical evolution will be related to the evolution
of porosity and permeability, as well as strength. Of course some of
these parameters are not an intrinsic part of thermodynamics but are
nevertheless important to engineering applications. These and other
studies of closed system performance will serve to benchmark studies
of cement performance in open systems.

We also have to remember that cement paste is thermodynamically
unstable in most if not all service environments. The ensuing reactions
are driven by free energy differences but the detailed expression of
changing equilibrium is often moderated by the porosity, permeability
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and microstructure of the paste as well as the macrostructure of the
paste-aggregate system. Thus it is necessary to couple transport with
reaction, as was described in a previous ICCC paper [153].

At the very least, the introduction of non-thermodynamic
parameters is clearly essential to describe the engineering properties
such as compressive and flexural strength but, at the same time,
melding different types of data creates problems in developing
correlations between the different types of data. It should be noted
that our quantitative understanding of howmany features, events and
processes affect the future performance of cement and concrete is
limited. If modelling does nothing more than force a more
quantitative understanding of these features, processes and events,
it will signal a considerable advance. Indeed, the nuclear industry has
made and is making considerable strides in this direction. Computer
routines are being used to predict performance lifetimes for cement
and concrete used in nuclear structures. The goals of the nuclear
industry do not always coincide with those of more conventional
construction but considerable technology transfer is possible. In more
conventional construction, goals for the immediate future must
include optimisation of cement performance, so that the cost and
environmental impact of cement production and use are reduced,
whilst at the same time, the performance lifetime of blended cements
is enhanced, thus reducing environmental impacts.
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