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Abstract This review paper aims at giving an

overview of the different applications of thermody-

namic equilibrium calculations in cementitious sys-

tems. They can help us to understand on a chemical

level the consequences of different factors such as

cement composition, hydration, leaching, or tempera-

ture on the composition and the properties of a hydrated

cementitious system. Equilibrium calculations have

been used successfully to compute the stable phase

assemblages based on the solution composition as well

as to model the stable phase assemblage in completely

hydrated cements and thus to asses the influence of the

chemical composition on the hydrate assemblage.

Thermodynamic calculations can also, in combination

with a dissolutionmodel, be used to follow the changes

during hydration or, in combination with transport

models, to calculate the interactions of cementitious

systems with the environment. In all these quite

different applications, thermodynamic equilibrium

calculations have been a valuable addition to experi-

mental studies deepening our understanding of the

processes that govern cementitious systems and inter-

preting experimental observations. It should be carried

inmind that precipitation and dissolution processes can

be slow so that thermodynamic equilibriummay not be

reached; an approach that couples thermodynamics

and kinetics would be preferable. However, as many of

the kinetic data are not (yet) available, it is important to

verify the results of thermodynamic calculations with

appropriate experiments. Thermodynamic equilibrium

calculations in its different forms have been applied

mainly to Portland cement systems. The approach,

however, is equally valid for blended systems or for

cementitious systems based on supplementary cemen-

titious materials and is expected to further the devel-

opment of new cementitious materials and blends.
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1 Introduction

When Portland cement is brought into contact with

water, its constituents start to react and various

hydration products such as C-S-H (calcium silicate

hydrate) gel, portlandite, ettringite, monosulfate or

monocarbonate form. The composition of the cement,

the interacting solution and the reaction time deter-

mine which solids (hydrates) will form, as the solid

hydrates can precipitate only if the solutions are

saturated or oversaturated with respect to the respec-

tive solid.
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The composition of hydrated cementitious systems

can be quite complex. Thermodynamic modeling of

such multicomponent–multiphase systems can pro-

mote our understanding of the impact of different

factors such as composition, hydration, leaching, or

temperature. In addition, adequate thermodynamic

models allow easy and fast parameter variations and

make it possible to predict the composition of hydrate

assemblages under different conditions and to extrap-

olate it to longer time scales, possibly reducing the

amount of long and costly experimentation.

Thermodynamic equilibrium calculations predict,

based on generic data such as solubility products KS0

and complex formation constants of aqueous com-

plexes, which complexes and solids are stable under

the specific conditions of the experiment. Thermo-

dynamic modeling is thus based on the knowledge of

the thermodynamic data (e.g., solubility or complex

formation) of all the solids, aqueous and gaseous

species that can form in the system. These thermo-

dynamic data are valid for all geochemical systems

and compiled in different thermodynamic databases.

Geochemical modeling codes (e.g., PHREEQC [1],

MINEQL [2], EQ3/6 [3], CHESS [4], or GEMS [5,

6]) compute the equilibrium phase assemblage and

speciation in a complex system from its total bulk

elemental composition. Chemical interactions involv-

ing solids, solid solutions, gaseous phase and aqueous

electrolytes are considered simultaneously.

Thermodynamic modeling can be used in cemen-

titious systems to calculate the stable phase assem-

blages based on the solution composition [7–10], to

model the influence of the composition of the stable

phase assemblage [11–14], to model hydration [9,

15–18] or, often in combination with transport

models, to calculate the interactions with the envi-

ronment [19–24]. Since the early 1990s, thermody-

namic modeling has been used to calculate the

composition of hydrated Portland cements and to

predict the composition of the solution in equilibria

[25–35]. Thermodynamic calculations using the

measured composition of the pore solution can also

be used to identify which phase cannot form and

which are potentially stable. The detailed knowledge

of the composition of the pore solution can be used to

predict the (potentially) stable solid as well as an

instrument to verify thermodynamic modeling.

Even though the approach of thermodynamic

modeling has not changed fundamentally, significant

progress has been made. More sophisticated geochem-

ical softwares have been developed, the formation of

solid solutionmodels for various phases has been taken

into account and, most importantly, the thermody-

namic databases used became more adequate as the

solubility products of more and more minerals present

in cementitious systems were determined. While the

use of different modeling software leads to very minor

differences in the results [36], provided that the same

database is used, the development of more adequate

thermodynamic databases leads to more and more

reliable thermodynamic calculations.

In some cases, however, thermodynamically stable

phases may not form spontaneously or only very

slowly. The formation of such phases (e.g., siliceous

hydrogarnet, thaumasite) is generally suppressed in

thermodynamic calculations to conform the observa-

tions. This introduces an element of expert knowledge

or empirics into the else generic approach of thermo-

dynamic modeling. Preferable would be an approach

where thermodynamics and kinetics are considered

simultaneously. Unfortunately many of the data which

would enable us to couple thermodynamic with

kinetics are still missing or incomplete.

This review paper gives short introduction to

equilibrium calculations, an overview about the

different thermodynamic databases available specif-

ically for cementitious systems and about the changes

in the pore solution during hydration. On these

foundations, an overview of the different applications

of thermodynamic modeling in cementitious systems

and its possible uses in the investigation of cemen-

titious materials is presented.

2 Thermodynamic equilibrium calculations

2.1 Approach

Thermodynamic equilibrium calculations predict the

composition in a system composed of aqueous, solid

and gaseous phases at the temperature and pressure of

interest. Thermodynamic calculations, however, are

more than just an easy tool for calculations. It allows

testing different concepts and prevents us to make

assumptions which violate mass conservations. The

comparison with experimental data enables us to

validate the calculations as well as the underlying

assumptions.
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Two basic approaches to solve the geochemical

equilibrium problem are used in geochemical mod-

elling codes: (i) solving the law of mass action

(LAM) equations, or (ii) minimizing the Gibbs free

energy of the system. The first approach is common

and available in many speciation codes such as

PHREEQC [1], MINEQL [2], EQ3/6 [3] or CHESS

[4] and extensively described in textbooks [37]. It

requires log K values (see below) for the aqueous

complexes, solids or gases at the temperature and

pressure of interest. To calculate the composition of a

system, mass and charge balances equations are

solved iteratively using Newton–Raphson iterations.

The mass action constant of a reaction describes

the equilibrium between different species. For the

solubility product of gypsum, CaSO4
. 2H2O, we might

write:

KS0 ¼
SO2�

4

� �

Ca2þ
� �

H2Of g2

CaSO4 � 2H2Of g
¼ SO2�

4

� �

Ca2þ
� �

H2Of g2 ð1Þ

where K is the equilibrium constant and {} denotes

the activity of the species. The activity of a pure solid

phase such as gypsum in Eq. 1 is equal to one by

definition. Activities of dissolved species (dimen-

sionless) are related to molal concentrations [] (in

mol/kg H2O) by a correction term, the (dimension-

less) activity coefficient, c : Ca2þ
� �

¼ ci

Ca2þ½ �
Ca

2þ 0
� �;

Ca2þ 0
� �

is the molal concentration in the standard

state and equals 1 mol/kg H2O.

In addition to the effect of activity, the reactivity

of ions in solution is reduced by the formation of

aqueous complexes, e.g., CaOH?, CaSO4
0. The cor-

responding mass action constant is termed stability

constant:

KCaSO0
4
¼ CaSO0

4

� �

SO2�
4

� �

Ca2þ
� � ð2Þ

The Gibbs free energy minimisation approach is

represented, e.g., by GEMS [5]. Thermodynamic

equilibrium in a system is obtained when there is no

spontaneous tendency for change anymore, i.e., at

equilibrium the Gibbs free energy of the system is at

a minimum. The Gibbs free energy of a system is

defined as G ¼P
i

nili; where ni is the number of

moles of the respective component and li the partial

molal Gibbs free energy. The GEM approach is based

on a mass and charge balance of the whole system.

The equilibrium composition is calculated automat-

ically from the stoichiometrically possible phases.

Activity coefficients are calculated for each phase

separately; several variable liquid and/or solid solu-

tions might be considered.

The Gibbs free energy of reaction DrG
� is related

to the mass action constant according to:

DrG
o ¼

X

i

miDfG
o ¼ �RT lnK ð3Þ

where mi. are the stoichiometric coefficients of the

reaction,DfG
o the Gibbs free energy of formation of

the individual compound, R = 8.31451 J/mol/K is

the universal gas constant and T the temperature in

Kelvin. For more detailed reading on thermodynam-

ics and thermodynamic modeling of aqueous systems

see geochemical text books [37–39].

Both approaches, the law of mass action (LMA)

approach and the Gibbs free energy minimization

approach, give comparable results [40]. While in

many cases the LMA might be slightly faster with

regard to calculation times, the Gibbs free energy

minimization approach has the advantage that no

a priori assumptions have to be made about the

phases present, the compositions of solid solutions,

pH, redox potential and the fugacity of gases but that

these parameters are obtained as output parameters.

3 Influence of temperature and pressure

The thermodynamic properties both of a single

species as well as of reactions depend on the

temperature as well as on the pressure. Generally,

tabulated thermodynamic data refer to the reference

temperature T0 of 298.15 K (25�C) and to the

pressure of 1 bar (0.1 MPa).

Temperature corrections of reaction constants are

often expressed with an equation of the form [38, 41]:

logKT ¼ A0 þ A1T þ A2

T
þ A3 ln T þ A4

T2
þ A5T

2

þ A6

ffiffiffiffi

T
p

;

ð4Þ

where A0,…, A6 are constants. If the entropy (S�), the

enthalpy (DfH�) as well all the coefficients (a0, a1,…)

of the heat capacity equation (C�p = a0 ? a1-
T ? a2T

-2
? a3T

-0.5
? ���) of the species are
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available, the constants A0,…,A6 can be calculated

directly (see [38, 41]), otherwise they can be fitted if

sufficient experimental data are available.

Often the heat capacity of the reaction, DrCp
0, is

only known at reference temperature and is thus

assumed to be constant in the considered temperature

range. Then Eq. 4 can be reduced to the so called

three-term approximation of the temperature

dependence:

logKT ¼ A0 þ
A2

T
þ A3 ln T ð5Þ

which gives a suitable approximation also for non-

isoelectric reactions up to 150�C. The two-term

extrapolation (Van’t Hoff equation)

logKT ¼ A0 þ
A2

T
¼ 0:4343

R
DS0T0 �

DH0
T0

T

 !

ð6Þ

assumes that heat capacity of the reaction, DrCp
0,

equals zero and should be used only for isoelectric1 or

isocoulombic reactions. Examples for the influence of

temperature on the solubility of different solids

important for cementitious materials can be found,

e.g., in [10, 42, 43].

Pressure corrections require that at least the

change of volume DV0
T0

of the reaction is known

logKT ;P ¼ logKT � 0:4343

RT
DV0

T0
P� P0ð Þ ð7Þ

3.1 Activity corrections for aqueous species

The activity coefficients of dissolved ions or com-

plexes account for the electrostatic shielding that

occurs in the presence of a charged electrolyte and

influences the reactivity of the ions. A number of

different equations can be used to account for this

effect. The most common equations used for ther-

modynamic modeling in cementitious systems are the

Davies equation, which is considered to be valid for

an ionic strength between 0.1 and 0.5 molal and the

extended Debye–Hückel equation in the Truesdell–

Jones form which is thought to be applicable up to

1–2 molal ionic strength [41].

Davies : log ci ¼ �Acz
2
i

ffiffiffiffiffi

Im
p

1þ
ffiffiffiffiffi

Im
p � 0:3Im

� �

ð8Þ

ExtendedDebye� H€uckel : log ci

¼ �Acz
2
i

ffiffiffiffiffi

Im
p

1þ _aBc

ffiffiffiffiffi

Im
p þ bcIm

ð9Þ

where Im is the effective molal ionic strength Im ¼
1
2

P

i

miz
2
i in mol/kg H2O, zi the charge of the ion i, Ac

equals 0.51 and Bc = 0.33 at 25�C and atmospheric

pressure. _a and bc are parameters that have been

individually evaluated for each ion by fitting the

equation to measured activities of pure salt solutions

[44] (both type of equations are used, e.g., in

PHREEQC and GEMS). bc is a semi empirical

coefficient, either individual for a given electrolyte

[44] or common for all minor species in the predom-

inant electrolyte (i.e. bc = 0.064 in NaCl electrolyte

[45]). At ionic strength [1 molal the use of SIT

(specific ion interaction term [46]) or the Pitzer

approach [47] is required.

3.2 Uptake of ions

Many ions may become also sorbed on the surfaces of

solids built into the structure of solids. One may

distinguish surface complexation reactions (the for-

mation of coordinative bonds at the surface) and ion

exchange reactions based on electric interactions,

which extend over larger distances. Formally this

kind of reaction constants are treated like other mass

action constants (see above). The uptake of different

cations and anions by C-S-H has been described as

surface complexation reaction [48–53] or based on

surface charge [54].

The structural incorporation of ions in solid phases

may be described in terms of solid solutions. Solid

solutions are frequently encountered in cementitious

systems [43, 55–58]. A solid solution is a homoge-

neous crystalline structure in which one or more types

of atoms or molecules are partly substituted without

changing the structure, although the lattice parame-

ters may vary [59]. If the size and crystal lattice

between host and substituting ion are similar, the

formation of an ideal solid solution is probable. The

larger the difference, the stronger is the tendency to

non-ideality [59, 60] and thus the tendency for the

presence of miscibility gaps. The presence of ideal or

1 An isoelectric reaction exhibits equal charges on both sides

such as Ca2þ þ H2O $ CaOHþ þ OHþ, while an isocoulom-

bic reaction is a reaction with identically charged species on

either side (e.g., Cl� þ H2O $ HClþ OH�).
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non-ideal solid solutions can stabilize the formation

of these solids and may result in a significant

deviation of dissolved ion concentrations. Details on

the thermodynamics of solid solutions can be found

in the excellent books of Bruno et al. [59] or

Anderson and Crerar [38].

4 Thermodynamic databases

Thermodynamic equilibrium modeling is based on

the knowledge of the thermodynamic data (e.g.,

solubility products, complex formation constants) of

all the solids, aqueous and gaseous species that can

form in the system. The quality of the results of

thermodynamic modeling depends directly on the

quality and the completeness of the underlying

thermodynamic database.

Thermodynamic data for complexes and solids

generally present in geochemical systems, such as

gypsum or calcite, have been critically reviewed and

can be found in a number of compilations (e.g.,

[61–67]). Specific thermodynamic data for cementi-

tious systems, such as the solubility products of

ettringite or hydrogarnet, are generally not included

in such generic databases but are compiled separately

in ‘‘specific’’ databases for cementitious systems. It

should be noticed that such specific databases have

been always developed as supplemental to an existing

database and thus can be used only together with the

respective database.

4.1 Databases for cementitious systems

Several thermodynamic databases for cement miner-

als have been compiled and published. The first

compilation was published as early as 1965 by

Babushkin et al. [62, 68]. A number of other

databases focusing on the solubility of cementitious

materials based on the latest experimental data (at the

time of publishing), have appeared in the meantime,

e.g., [15, 17, 27, 31, 33, 34, 69–71]. The most recent

cement specific cement database [10, 43] was pub-

lished in 2007/2008 and contains thermodynamic

data (solubility product, Gibbs free energy, enthalpy,

entropy, heat capacity and molecular volume) for a

number of cement phases. Solubility data have been

generally calculated based on a critical review of

the available experimental data and on additional

experiments to derive missing data or to verify the

existing data. In addition, some data were estimated

based on structural analogues. The data collection

and selection is documented in different papers

[10, 17, 43, 72]. Where necessary, additional solu-

bility data were measured in a range of temperatures

between 0 and 100�C [43, 58, 73]. The resulting data

base Cemdata 2007 (see Table 1) 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.

Alkalis are taken up by the C-S-H phase. Low

Ca/Si ratios as well as the presence of aluminum

increase the uptake of alkalis [74–76]. Often empir-

ical relations between the total amount of alkalis, the

quantity of C-S-H and of the pore solution have been

used to model the uptake of alkali by C-S-H [75–78].

The uptake of different cations and anions has also

been described in terms of surface complexation

[48–53], surface charge [54] or in the framework of a

solid solution between C-S-H and alkali silicate

hydrates [79].

4.2 Gaps in existing cement databases

Even though more and more thermodynamic data

have become available in the last few years, several

important gaps still exist in the different thermody-

namic databases covering cementitious systems:

• Not only potassium and sodium, but also many

other ions including aluminum, iron, chloride,

sulfate or carbonate can be taken up by the C-S-H

phase. Low Ca/Si, as present in blended or alkali

activated slag or fly ash systems, increase the

uptake of Al in C-S-H [80] and decrease the

uptake of sulfate [81]. Further systematic exper-

imental data on the uptake of different cations and

anions as well as on their reciprocal influence are

needed to improve our knowledge on the fate of

these ions in hydrated cements

• The Al-containing phases ettringite, monosulfate

and monocarbonate, together with hydrotalcite,

determine the fate of aluminium in Portland

cements. The fate of Fe during hydration, however,

is controversial. The formation of Fe-ettringite,

Fe-monosulfate, Fe-monocarbonate, Fe(OH)3 or

Fe-containing siliceous hydrogarnet from their
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constitutive components have been observed [73,

82]. In cementitious systems, however, the situa-

tion seems to be more complex. For example, the

formation of Fe-containing siliceous hydrogarnet

in cementitious systems was reported in several

studies [83–85], while others indicated the forma-

tion of amorphous Fe-hydroxides or of mixed

Al–Fe-hydrates (cf. Taylor [86] and references

therein). Recently, the solubility of Fe-ettringite,

Fe-monosulfate and Fe-monocarbonate was deter-

mined experimentally [73]. For other hydrates

such as Fe-containing hydrotalcites, siliceous

hydrogarnets and hydrogarnets, however, only

rough estimates of the solubility data are presently

available [10, 62]. These estimates require verifi-

cation of the solubility of the above solids under

well-controlled experimental conditions.

• Hydrotalcites have a variable composition of

the general formula Mg1-x(Al,Fe)x(OH)2�[An-]x/n�
mH2O, and a structure composed of positively

charged brucite-like layers intercalated with

anions [An-] and water molecules. The structure

can accommodate a number of cations including

Mn, Mg, Ni, Zn, Al, Fe, interlayer anions such as

Table 1 Solubility constants used for the equilibrium calculations

Mineral log KS0 Dissolution reactions used to calculate solubility products log KS0

Ettringite -44.9 Ca6Al2(SO4)3(OH)12�26H2O $ 6Ca2? ? 2Al(OH)4
-
? 3SO4

2-
? 4OH-

? 26H2O

Tricarboaluminate -46.5 Ca6Al2(CO3)3(OH)12�26H2O $ 6Ca2? ? 2Al(OH)4
-
? 3CO3

2-
? 4OH-

? 26H2O

Fe-ettringite -44.0 Ca6Fe2(SO4)3(OH)12�26H2O $ 6Ca2? ? 2Fe(OH)4
-
? 3SO4

2-
? 4OH-

? 26H2O

Thaumasite -49.4 Ca6(SiO3)2(SO4)2(CO3)2�30H2O $ 6Ca2? ? 2H3SiO4
-
? 2SO4

2-
?2CO3

2-
? 2OH-

? 26H2O

C3AH6 -20.84 Ca3Al2(OH)12 $ 3Ca2? ? 2Al(OH)4
-
? 4OH-

Siliceous hydrogarnet -29.87 Ca3Al2(SiO4)0.8(OH)8.8 $ 3Ca2? ? 2Al(OH)4
-
? 0.8 SiO(OH)3

-
? 3.2OH-

- 2.4H2O

C3FH6 -25.16 Ca3Fe2(OH)12 $ 3Ca2? ? 2Fe(OH)4
-
? 4OH-

C4AH13 -25.40 Ca4Al2(OH)14�6H2O $ 4Ca2? ? 2Al(OH)4
-
? 6OH-

? 6H2O

C2AH8 -13.56 Ca2Al2(OH)10�3H2O $ 2Ca2? ? 2Al(OH)4
-
? 2OH-

? 3H2O

Monosulfoaluminate -29.26 Ca4Al2(SO4)(OH)12�6H2O $ 4Ca2? ? 2Al(OH)4
-
? SO4

2-
? 4OH-

? 6H2O

Monocarboaluminate -31.47 Ca4Al2(CO3)(OH)12�5H2O $ 4Ca2? ? 2Al(OH)4
-
? CO3

2-
? 4OH-

? 5H2O

Hemicarboaluminate -29.13 Ca4Al2(CO3)0.5(OH)13�5.5H2O $ 4Ca2? ? 2Al(OH)4
-
? 0.5CO3

2-
? 5OH-

? 5.5H2O

Strätlingite -19.70 Ca2Al2SiO2(OH)10�3H2O $ 2Ca2? ? 2Al(OH)4
-
? 1SiO(OH)3

-
? OH-

? 2H2O

C4FH13 -29.4* Ca4Fe2(OH)14�6H2O $ 4Ca2? ? 2Fe(OH)4
-
? 6OH-

? 6H2O

C2FH8 -17.6* Ca2Fe2(OH)10�3H2O $ 2Ca2? ? 2Fe(OH)4
-
? 2OH-

? 3H2O

Fe-monosulfate -33.2 Ca4Fe2(SO4)(OH)12�6H2O $ 4Ca2? ? 2Fe(OH)4
-
? SO4

2-
? 4OH-

? 6H2O

Fe-monocarbonate -35.5* Ca4Fe2(CO3)(OH)12�5H2O $ 4Ca2? ? 2Fe(OH)4
-
? CO3

2-
? 4OH-

? 5H2O

Fe-hemicarbonate -33.1* Ca4Fe2(CO3)0.5(OH)13�5.5H2O $ 4Ca2? ? 2Fe(OH)4
-
? 0.5CO3

2-
? 5OH-

? 5.5H2O

Fe-strätlingite -23.7* Ca2Fe2SiO2(OH)10�3H2O $ 2Ca2? ? 2Fe(OH)4
-
? 1SiO(OH)3

-
? OH-

?2H2O

CAH10 -7.5 CaAl2(OH)8�6H2O $ Ca2? ? 2Al(OH)4
-
? 6H2O

M4AH10 -56.02* M4Al2(OH)14�3H2O $ 4 Mg2? ? 2Al(OH)4
-
? 6OH-

? 3H2O

M4A�CH9 -51.14* M4Al2(OH)12 CO3�3H2O $ 4 Mg2? ? 2Al(OH)4
-
? CO3

2-
? 4OH-

? 3H2O

M4FH10 -60.0* M4Fe2(OH)14�3H2O $ 4 Mg2? ? 2Fe(OH)4
-
? 6OH-

? 3H2O

Jennite-type C-S-H -13.17 (CaO)1.6667(SiO2)(H2O)2.1 $ 1.6667Ca2? ? SiO(OH)3
-
? 2.3333OH-

- 0.5667 H2O

Tobermorite-type

C-S-H

-8.0 (CaO)0.8333 (SiO2)(H2O)1.3333 $ 0.8333Ca2? ? SiO(OH)3
-
? 0.6667OH-

- 0.5H2O

SiO2,am 1.476 SiO2,am $ SiO(OH)3
-
- 1OH-

- 1H2O

Syngenite -7.2 K2Ca(SO4)2 H2O $ 2 K?
? 1Ca2? ? 2SO4

2-
? 1H2O

Al(OH)3,am 0.24 Al(OH)3,am $ Al(OH)4
-
- 1OH-

Fe(OH)3,mic -4.60 Fe(OH)3,am $ Fe(OH)4
-
- 1OH-

All data were critically evaluated and compiled in [10, 43, 72]

* Tentative values
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OH-, Cl-, CO3
2- and SO4

2- and a varying amount of

water. Thermodynamic data for hydrotalcite are

scarce due to its wide compositional variation,

even though some thermodynamic data have been

determined [30, 31, 87, 88]. The elemental

composition of hydrotalcites does affect the

distribution of aluminum and iron in cements

and thus the quantity of AFm and AFt formed.

4.3 Kinetic restrictions

By applying thermodynamic modeling to cementi-

tious systems, one implicitly assumes that a con-

strained thermodynamic equilibrium is present, i.e.,

that the liquid (pore solution) and the solid phase

(hydrates) are in equilibrium. Most precipitation and

dissolution processes are sufficiently fast so that the

assumption of a thermodynamic equilibrium can be

justified. Prominent exceptions are the dissolution of

the clinker phases, which depends on the composition

of the solution and can be slow under the conditions

present in Portland cements, and the precipitation of

some phases, e.g., hydrogarnets.

It has been observed that a number of factors

influence the dissolution kinetics of the clinker

phases; C3S dissolution is strongly affected by the

presence of pH and the Ca concentration (e.g., [89–

92]) while high sulfate concentrations slow down

C3A dissolution [93]. Further factors influencing the

dissolution of clinkers are impurities and the presence

of defects in its structure [94]. Even though the

influence of some parameters has been studied, there

are still many parameters missing which are needed

to develop a reliable model for the dissolution of

Portland cements taking fully into account the

composition of the surrounding solution. Thus, often

alternative approaches are used which describe the

dissolution of clinker phases using microstructural

models [95] or purely empirical models [9, 77, 96],

which up to now still neglect the influence of

chemistry on the dissolution kinetics.

Even though pore solutions are generally slightly

oversaturated with respect to the hydrates forming

(Fig. 2), the system is close to thermodynamic

equilibrium so that the assumption of equilibrium

conditions seems to be a valid approach. In some

cases, however, thermodynamically stable phases

may not form spontaneously or only very slowly.

C-S-H is metastable with respect to crystalline phases

but this condition is generally suspended in thermo-

dynamic calculations to conform the observations.

Hydrogarnets (C3AH6) have been observed to form

only after weeks to months in solutions containing Al

and Ca [97, 98]. Siliceous hydrogarnets (C3ASxH6-2x;

x B 1) have been synthesized around 100�C [43, 99],

but do seem to form at ambient temperatures

only very slowly. Hydrothermally prepared siliceous

hydrogarnets are thermodynamically more stable than

monosulfates or monocarbonates at ambient temper-

ature and should thus replace AFm phases in

cementitious systems. Numerous studies, however,

reported the presence of monosulfate or monocar-

bonate in hydrated Portland cement systems, while no

or only traces of siliceous hydrogarnets, which can

contain aluminum and/or iron, have been detected in

Portland cements hydrated at ambient temperatures

[9, 100]. On the other hand, in Portland cements

hydrated at 80�C or higher, significant quantities of

siliceous hydrogarnets have been observed [10, 84].

Thus, even though siliceous hydrogarnets are ther-

modynamically stable at ambient temperatures, their

presence is hardly observed probably due to their

slow kinetics of formation. Therefore, in thermody-

namic calculations the formation of siliceous hydro-

garnets is often suppressed.

The suppression of certain phases, which do not

form at ambient temperatures, by the user of thermo-

dynamic models, introduces an element of expert

knowledge or empirics into the otherwise generic

approach of thermodynamic modeling. This can

potentially lead to biased results. An approach that

couples thermodynamics with kinetics would be

preferable. The kinetic of precipitation (or dissolution)

of a solid depends on number of parameters such as the

degree of over- (or under-)saturation, the presence of

surface defects such as kink, steps or pits, the

composition of the solution, diffusion phenomena,

the presence of other ions which hinder the reaction,

pH and temperature [37, 39, 101, 102]. For a number

of minerals, e.g., calcite [101, 103, 104] or gypsum

[105, 106] many of the parameters influencing the

dissolution/precipitation processes have been investi-

gated and corresponding models have been formulated

to couple thermodynamic with kinetic. Unfortunately,

generally such data are not available for the high pH

conditions relevant for cement systems. A very few

authors also investigated under conditions relevant for

cementitious systems the influence of the composition
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of the aqueous phase on the precipitation kinetics;

such studies are available for ettringite and calcium

aluminate hydrates [107–110].

5 Pore solutions

The composition of the aqueous phase of hydrating

cement can give important insights into the chemical

processes and the interactions between solid and

liquid phases. The composition of the liquid phase

determines which hydrate phases are stable and can

thus (potentially) precipitate. The measured compo-

sition of the pore solution and its changes during

hydration can be considered in many cases as a

prerequisite for a good thermodynamic model.

The following extensive discussion on how pore

solutions can be obtained, on the composition of the

pore solutions in different cementitious systems as

well as on the question whether the expression with

the pressure device will significantly change its

composition, is the basis for many applications of

thermodynamic equilibrium calculations. The find-

ings of the composition of the pore solutions will be

used in Sect. 6.1 to discuss the different uses of

thermodynamic modeling.

Pore solutions can be collected during the first

hours of hydration by vacuum filtration or centrifu-

gation [111–113]. After hardening, pore solution can

either be gained from samples where extremely high

w/c ratio were employed [114–118] or by using a

high pressure device to extract the pore solutions.

Longuet et al. [119] were the first to describe such a

high pressure device to extract pore solutions from

hardened cement pastes. After the publications of

Barneyback and Diamond [120, 121], who modified

the device to be suitable also for mortars, the

expression of liquids from cement pore solutions

became quite popular. In a number of different

studies [7–9, 17, 100, 111, 114, 117, 119, 121–126]

the basic behavior of Al, Ca, K, Na, Si, sulfate and

hydroxide concentrations during the hydration of

Portland cement has been established.

5.1 Pore solution during the hydration of Portland

cement

During the first hours the composition of pore

solution of Portland cement is dominated by

potassium, sodium, sulfate, hydroxide and calcium

(cf. Fig. 1). The high concentrations of potassium,

sodium and sulfate observed after only a few minutes

are due to the fast dissolution of alkali sulfate phases.

The concentrations of calcium sulfate and hydroxide

remain more or less constant during the first hours as

their concentrations are limited by the presence of

gypsum (CaSO4�2H2O) or anhydrite (CaSO4) and

portlandite (Ca(OH)2). The concentrations of Al, Fe

and Si (the oxides of these elements constitute

together approx. 30 wt% of an ordinary Portland

cement) in the pore solution are always very low.

A significant change in the composition of the pore

solution is observed between 6 and 24 h (Fig. 1);

calcium and sulfate concentrations decrease as solid

gypsum and anhydrite are depleted due to the

formation of ettringite, while hydroxide concentra-

tions increase at the same time.

The observed trends in K, Na, Ca, S, Si, Al and

OH- concentrations as given in Fig. 1 are consistent

with those reported in different studies [7, 9, 100, 114,

119, 122, 125, 127]. In general, the early Ca and Si

concentrations reported in these investigations are

similar, while the K, Na, initial S and OH- concen-

trations strongly depend on the composition of the

cement and the w/c ratio used in the different studies.

After a hydration of one day and longer, the pore

solution of Portland cements with high alkali contents

exhibit high K and Na concentrations, thus also

high OH- and relatively low Ca concentrations. The

Ca concentration in Portland cement systems is
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Fig. 1 Evolution of the pore solution during the hydration of

OPC. Symbols refer to measured concentrations, lines to

modeled concentrations. Adapted from [17]
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determined by the solubility of portlandite and

increases with decreasing pH or OH- concentration.

In addition, higher pH values also give rise to higher

sulfate, Si, Al and Fe concentrations [7–9, 17, 100,

118, 123, 124].

5.2 Influence of temperature

The temperature during hydration influences not only

the kinetics of hydration but also the composition of

the pore solutions [125, 126, 128]. In the temperature

range 5–50�C, the same changes in the composition

of the pore solution are observed, but these changes

occur much faster at 50�C than at 5�C as at higher

temperatures the reactions are accelerated. After

7 days and longer, most elements in the pore solution

show similar concentrations between 5 and 50�C with

the exception of sulfate, aluminum and iron [125,

126, 128]. Sulfate concentrations are increased at

50�C, while the Al and Fe concentrations are lower.

Higher temperatures result in more rapid reactions

and temperature influences also the solubility prod-

ucts. The solubility of ettringite increases strongly

with increasing temperature [42], while the increase

of solubility of monosulfate is much less distinct [43].

Thus, the sulfate concentrations increase with tem-

perature, until around 48�C ettringite becomes less

stable than monosulfate [10, 129] in OPC systems. In

contrast to sulfate, the concentrations of calcium and

aluminum, which are restricted also by portlandite

and monocarbonate, remain relatively constant in

OPC systems.

5.3 Other systems

The blending of OPC with supplementary cementi-

tious materials rich in silicon and poor in alkalis leads

to a reduction of the pH and the alkali concentrations

in the pore solutions as (i) the Portland cement is

diluted and (ii) as C-S-H with a lower C/S ratio leads

to an increase in alkali uptake by C-S-H [75, 76].

The blending of Portland cement with low calcium

fly ash lowers the alkali and hydroxide concentrations

in the pore solution significantly [121, 124, 130–133].

The same effect can also be observed for Portland

systems blended with silica fume [133–135]. In

contrast, the addition of metakaolin was observed to

increase the pH of the pore solution [136]. High

calcium fly-ash systems have been observed to

exhibit pH values in the range of 12–13, relatively

low alkali concentration but higher aluminum con-

centrations than Portland cement systems [137].

In Portland cements blended with slags, lower pH

values have been observed as well as the presence of

reducing conditions [116, 119, 130, 135, 138], which is

mirrored in high concentrations of reduced sulfur

species such as sulfide (HS-), sulfite (SO3
2-) and

thiosulfate (S2O3
2-) in the pore solutions. In slag-

containing systems, the pH values are not only

determined by the amount of dissolved alkalis, but

also by the presence of high concentrations of nega-

tively charged soluble sulfur species, which lower the

hydroxide concentrations in the pore solution

significantly.

Super sulfated slag cements exhibit, similar to

slags blended with Portland cement, somewhat lower

pH values than Portland cements [139, 140], while

alkali activated slag systems are characterized by

their high pH values [141–143]. An increase of the

amount of alkaline activator increases not only the

alkali concentrations and pH values but also Al and

Si concentrations and decreases the Ca concentrations

[141, 142, 144].

In calcium aluminate cements, the dissolved

calcium and aluminum concentrations in the pore

solutions increase quickly to a maximum with a Ca/

Al molar ratio around 1.1. Eventually solids start to

precipitate and the concentrations fall rapidly [70,

107–109, 145]. The pore solution of calcium sulfoa-

luminate cements exhibit relatively high aluminum

concentrations of approx. 10 mM and initially a pH

of 10–11, which increases once the calcium sulfate is

consumed to 12.5–13 [146, 147].

5.4 Representativity of pore solutions obtained

at high pressures

It has been argued that the solution expressed using a

pressure device may not represent the real pore

solution present in the hydrating cements [148]. Even

tough relatively high w/c ratios (0.4–0.6) are gener-

ally used in pore solution experiments (to ensure that

some pore solution can be squeezed out), high

pressures might need to be applied to the solid

samples. In that case, an increase of pressure could

affect the composition of the solution pressed out. For

pore solutions gained from OPC and OPC blended

with slag or fly ash prepared with a w/c of 0.5 [149]
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and 0.6 [150], no significant influence of the pressure

used (up to 560 and 350 MPa, respectively) on the

alkali, hydroxide and chloride concentrations was

observed. Pore solutions from OPC samples (w/c

0.42) expelled at pressures up to 1,000 MPa, how-

ever, showed at higher pressures an increase in alkali

concentrations of 20–30% [151], while pore solutions

using pressures between 60 and 330 MPa (OPC,

w/c = 0.4) showed a slight increase in Na, K, Na and

OH- concentration in the range of 4–9% (Table 2); a

difference that is in the range of the variability of

pore solution extraction data [150]. For silicon a

slight increase of the concentrations with pressure is

observed. For sulfate, however, a clear increase of the

measured concentrations with increasing pressure is

found.

These data (Table 2; [149–151]) indicate that the

concentrations expelled with pressures up to approx.

500 MPa are comparable to each other, even though

concentrations increase somewhat with the pressure

applied. At higher pressures, however, the composi-

tion will start to differ significantly. The high

pressures applied to expel the pore solutions could

be the cause of this concentration increase, as high

pressures could increase the solubility of solids.

6 Thermodynamic modeling

The thermodynamic modeling of cement systems can

enable us to understand on a chemical level the

consequences of different factors such as cement

composition, hydration, leaching, or temperature on

the composition and the properties of a hydrated

cementitious system. Thermodynamic modeling has

been used in cementitious systems (i) for the calcula-

tion of the stable phase assemblages based on the

solution composition, (ii) to model the influence of the

initial composition on the finally resulting stable phase

assemblage, (iii) to model the changes associated with

hydration or (iv), often in combination with transport

models, to calculate the interactions with the

environment.

6.1 Calculation of hydrate assemblage based

on the composition of the pore solution

During the hydration solid hydrates are formed in

contact with the surrounding pore solution. The

composition of the pore solution can thus provide

information about the stability of hydration products.

Comparing the ion activity product (IAP) of a solid

with its equilibrium solubility product (KS0) gives the

degree of over- or undersaturation and thus informa-

tion whether a solid can potentially form or not.

The saturation index with respect to a solid can be

expressed as log(IAP/KS0). The ion activity product

IAP is calculated from activities derived from the

concentrations determined in the solution. A positive

saturation index implies oversaturation and thus the

possibility that this phase can precipitate. A negative

value means undersaturation with regard to the

respective solid indicating that this solid is not stable

in equilibrium with such a solution. As the use of

saturation indices can be misleading when comparing

phases which dissociate into a different number of

ions, ‘‘effective’’ saturation indices can be calculated

by dividing the saturation indices by the number of

ions participating in the reactions to form the solids;

i.e., the saturation indices for gypsum, portlandite,

Table 2 Measured concentrations in the pore solutions of an ordinary Portland cement (w/c = 0.4) hydrated for 69 days

Pressure

(MPa)

Li

(mmol/l)

Na

(mmol/l)

K

(mmol/l)

Ca

(mmol/l)

Sr

(mmol/l)

Al

(mmol/l)

Si

(mmol/l)

S

(mmol/l)

OH

(mmol/l)a
pH C.B.b

(%)

60–120 0.69 46 450 1.8 0.046 0.09 0.21 8.2 490 13.6 0

120–150 0.69 49 480 2.0 0.050 0.09 0.21 9.2 490 13.6 5

150–180 0.69 49 480 2.0 0.050 0.09 0.23 10 490 13.6 5

180–270 0.69 50 490 2.0 0.050 0.09 0.24 12 490 13.6 7

270–330 0.63 50 480 1.9 0.050 0.09 0.26 13 500 13.6 1

Details on the extraction procedure and the composition of the cement given in [17, 152]
a The values for OH- refer to free concentrations, all other values represent total concentrations
b The charge balance error C.B. gives the surplus of cations (cations–anions), relative to the total charge caused theoretically by

cations (i.e., [Na?] ? [K?] ? 2[Ca2?])
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ettringite or monosulfate are divided by 2, 3, 15 or 11,

respectively.

During the first hours of the hydration of Portland

cements, the pore solutions are oversaturated with

respect to gypsum, portlandite, ettringite, monosul-

fate and C-S-H ([7–10, 15, 100, 111, 124, 125, 153],

Fig. 2). In cements containing relatively high frac-

tions of potassium, also saturation with respect to

syngenite has been observed [8, 111]. The agreement

between the solid hydrate assemblage predicted by

thermodynamic calculation based on the measured

composition of the pore solution and the experimen-

tally observed hydrate assemblage [8–10, 100, 154] is

very good and emphasizes the relevance of the pore

solution analysis for the processes observed in the

solid phases.

The effective saturation indices for portlandite,

gypsum, ettringite and monosulfate as given in Fig. 2

are similar to the values found in different studies

[7–9, 17, 100, 125]. The kinetic of the precipitation of

solids depends on the degree of oversaturation with

respect to these phases but also on a number of other

factors like the presence of surface defects, the

composition of the solution, the presence of ions

which hinder the reaction, and temperature [37, 39,

101, 102]. In highly oversaturated solutions, precip-

itation can be relatively fast; the precipitation rate

decreases as the degree of oversaturation decreases

until thermodynamic equilibrium is reached [37, 39,

155]. During the first hours of hydration many

solids—i.e., alkali and calcium sulfates, free lime

and, more slowly, also the clinker phases—dissolve

and release ions into the pore solution. Thus, a certain

degree of oversaturation with respect to precipitating

solids is expected during the first day of cement

hydration, which is in agreement with the experi-

mental data. Some authors [7, 8, 100, 124, 156]

observed that low-alkali cements exhibit a slightly

lower degree of oversaturation with respect to

portlandite and ettringite than Portland cements

containing high alkali concentrations. As the growth

rate of different solids decreases with increasing ionic

strength [157, 158], such a slower precipitation rate at

higher ionic strength would be consistent with a

higher degree of oversaturation at higher alkali

concentrations.

Although initially the calculated effective satura-

tion indices with respect to ettringite in the pore

solution of Portland cements are relatively high

(Fig. 2), they decrease after several hours when all

gypsum and/or anhydrite is consumed. It has often

been observed that the pore solutions of aged

Portland cement pastes remain slightly oversaturated

with respect to portlandite and ettringite [7–9, 17,

100, 125], but the source of this apparent oversatu-

ration is unclear. Oversaturation can result from

kinetic restraint for the formation of a solid. At higher

temperature such kinetic restraint are more easily

overcome. The decreasing levels of ettringite over-

saturation with increasing temperatures (Fig. 2; [10,

125]) would be consistent with a kinetic restraint on

ettringite formation.

6.2 Modeling of hydrated systems

Thermodynamic modeling may also be used to

calculate the stable phase assemblage assuming

complete hydration of the starting materials. Changes

in the overall chemical composition of a system or a

different temperature do affect the amount as well as

the kind of solid phases present. The simplest way to

calculate the composition of a hydrated cement is to

do simple mass balance calculations based on the

chemical composition of the unhydrated cement

[12, 14]. These calculations have the advantage that

they can be carried out simply with a calculator, but

also the disadvantage that the possible stable phase

assemblage has to be known a priori. In well-defined

systems as, e.g., ordinary Portland cements hydrated

at ambient temperatures, a good agreement between

these simple calculations and experimental results

has been found [12, 14].

The use of thermodynamic calculations allows

easy and fast parameter variations and thus the

systematic study of the effects of changes in the

composition of the starting materials or in tempera-

ture. Some examples of studies involving parameter

variations are summarized in the following:

• In the presence of calcite, the stable phase

assemblage in hydrated Portland cement includes,

besides C-S-H, portlandite, ettringite, and hydro-

talcite, also monocarbonate [9, 12, 13, 159–161]. It

has been shown, both experimentally as well as by

thermodynamic modeling that the presence of up

to 5% of calcite reduces the porosity of hydrated

cements and can increase the compressive

strength [162]. In the presence of excess calcite,
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monocarbonate instead of monosulfate is stable

which leads also to a stabilization of ettringite

and thus to higher volume of the hydrated cement

[9, 13].

• In the temperature range 0–47�C, thermodynamic

modeling predicts for the Portland cement con-

taining calcite, as main hydration products C-S-H,

portlandite, monocarbonate and ettringite (see

Fig. 3, [10, 57]). Above 48�C, ettringite and

monocarbonate are predicted to be less stable

than monosulfate: Ca6Al2(SO4)3(OH)12�26H2O ?

2[3CaO�Al2O3�CaCO3�11H2O] , 3[3CaO�Al2O3�
CaSO4�12H2O] ? 2CaCO3 ? 18H2O. The observed

changes in the composition around 48�C agree

well with experimental observations [126, 129].

• Thermodynamic calculations indicate that thaum-

asite can form already at relatively low dissolved

sulfate concentrations but only after the available

aluminum has precipitated as ettringite [12, 72,

163]. Bellmann and Stark [164] calculated that

the presence of low C/S C-S-H and the absence

of portlandite can prevent thaumasite formation.

These findings could also be confirmed experi-

mentally [165].

6.3 Coupling of thermodynamic modeling

with hydration

Thermodynamic modeling can also be used to predict

quantitatively the amount of hydrates formed during

the hydration of Portland cement. When cement is

brought into contact with water, rapidly soluble solids

such as alkali sulfates or gypsum dissolve until

equilibrium with the pore solution is reached. The

clinker phases hydrate at various rates, continuously

releasing Ca, Si, Al, Fe and hydroxide into the

solution, which then precipitate as C-S-H, ettringite

and other hydrate phases. Dissolution rates of the

clinker phases can be used to determine the amount

of Ca, Al, Fe, Si, and hydroxide into solution released

and thus to control the precipitation rates of C-S-H,

ettringite, and the other hydrates. By combining an

empirical description of the dissolution of the clinker

phases as a function of time with a thermodynamic

model that assumes equilibrium between the solution

and the hydrates, the amount of hydrates formed can

be described as a function of time [9, 10, 15–18, 57,

100]. The changes in capillary porosity, composition

of the solid and liquid phase [9, 10, 15–18, 57, 100]
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as a function of time, relative humidity, water/cement

ratio and temperature are calculated based on

(i) the composition of the cement paste,

(ii) the calculated degree of dissolution of the

clinkers and

(iii) thermodynamic calculations using a consistent

thermodynamic dataset.

Thermodynamic modeling, in combination with the

calculated hydration rates, is able to predict the

depletion of gypsum and/or anhydrite within the first

day of hydration (Fig. 4). After a hydration time of

approx. 1 day or less the precipitation of ettringite

ceases as gypsum and/or anhydrite are exhausted; the

calcium and sulfate concentrations in the pore solu-

tions decrease strongly (Fig. 1). In calcite-containing

cements, monocarbonate starts forming. Calcite is

slowly consumed due to the formation of monocar-

bonate (Fig. 4). After hydration for half a year, it is

predicted that the solid phases are C-S-H, portlandite,

ettringite, monocarbonate, unhydrated clinker, hydro-

talcite and calcite. With the exception of ettringite, the

amount of each hydration product continues to slowly

increase with time. At the same time the amount of

pore solution and the capillary porosity decreases [10,

16, 18]. The total of the volume of the solid and liquid

phase decreases during hydration (Fig. 4) as the water

incorporated into the hydrates has a higher density

than ‘‘free’’ water, leading to chemical shrinkage. The

modeled changes of the composition of the solids and

liquid phase, of the enthalpy, of the porosity and

the amount of pore solution during hydration have

been found to agree well with the experimental data

determined as a function of time (see e.g., Fig. 1;

[9, 10, 15–18, 100]). The good agreement between

experimental and modeled results indicates that the

quasi equilibrium approach used in thermodynamic

equilibrium calculations is valid for Portland cement

systems.

The kind of solids predicted to precipitate in the

different hydration studies depends on the original

composition of the cement as well as on the

completeness of the thermodynamic database used.

For calcite-containing Portland cements the forma-

tion of C-S-H, portlandite, hydrotalcite, ettringite and

monocarbonate is predicted, while in the absence of

calcite the formation of monosulfate instead of

monocarbonate and the presence of less ettringite is

predicted [12, 13, 72, 154]. In past studies, generally

calcite-free or calcite-poor cements were used [15,

16, 100]. Only recently, a critical evaluation of

different experimental data combined with a set of

new solubility measurements [43], could show that

monosulfate is more stable than hydrogarnet in OPC

systems, which agrees also with the experimental

observations reported in the literature [9, 126, 160,

161, 166–168]. The continuing refinement of the

available thermodynamic databases made and will

continue to make thermodynamic predictions more

and more precise.
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The alkalis originating from the dissolution of the

alkali sulfates and of the clinker phases distribute

between the aqueous solution and the precipitating

C-S-H. As K and Na are the principal cations in the

pore solution, their concentration controls the pH.

Since the solubility of the cement minerals depend on

pH, the modeling of alkali uptake by cementitious

phases is of fundamental importance. In many cases

empirical relations between the total amount of

alkalis, the quantity of C-S-H and of pore solution

have been used to estimate the uptake of alkali by C-S-

H in hydrating cements [9, 15–17, 57, 75, 76, 78, 100].

Thermodynamic modeling of the hydration can also

help to visualize the changes that happen during the

hydration of cements as well as their effect on the

volume of the solids during hydration. This can be

done by considering component ratios. In Fig. 5, the

stable hydrate assemblage in an OPC system as a

function of the fraction of carbonate and sulfate in the

presence of excess C-S-H and portlandite is given. The

stable hydrate assemblage depends on the molar

fraction of carbonate and sulfate to aluminum (and

iron). In hydrated, carbonate-poor systems, the for-

mation of monosulfate and hemicarbonate can be

expected. In many modern Portland cements, how-

ever, which contain calcite, the stable phase assem-

blage includes ettringite, monocarbonate and calcite

[9, 12, 13, 159]. The fraction of carbonate and sulfate

to aluminum (and iron) can change greatly during

cement hydration, as the sulfate and carbonate

containing phases, such as alkali sulfates, gypsum or

calcite, equilibrate relatively fast with the solution,

while aluminum and iron are bound in the clinker

phases and become available only very slowly. Thus,

in a hydrating OPC initially a relatively high ratio of

carbonate and sulfate to aluminum and iron is present

(Fig. 5). During hydration, as the clinkers react, the

effective molar ratio will decline as indicated in Fig. 5.

6.4 Coupled transport models

The same fundamental physical and chemical mech-

anisms apply to degradation and transport processes

and they can be described using (quasi-)equilibrium

calculations to describe the changes imposed by the

environment as boundary conditions. Concrete inter-

acting with its environment can undergo significant

changes in its composition and in its microstructure.

The transport of ions, gases or moisture in cemen-

titious systems is affected by material properties such

as porosity, tortuosity or the saturation state of the

pores. These properties may also change during

hydration due to chemical reactions. In addition the

transport of ions is strongly affected by their inter-

action with cementitious systems, the precipitation of

solids or the sorption of these ions on existing

surfaces. Transport codes coupled with thermody-

namic modeling are used to predict which hydrates

are formed under which conditions, to asses their

influence on the retention of different ions as well as

Fig. 4 Calculated

composition of a hydrating

Portland cement as a

function of time. Adapted

from [9]
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to take into account the influence of the formation of

additional solids on the local porosity and thus on

transport properties. Coupled transport can be used

for the predictions of the long-term behavior and their

durability in different environments [19–24]. A

recent review of Glasser et al. [170] discusses in

detail the mechanisms that govern transport in

cementitious systems and different chemical degra-

dation phenomena including chloride ingress, car-

bonation, decalcification and sulfate attack.

7 Concluding remarks and future challenges

Thermodynamic modeling in its different forms has

been applied mainly to Portland cement systems. The

approach, however, is equally valid for blended

systems [29–31, 171] or for cementitious systems

based on slags [139–141, 144]. The investigations of

the processes and the composition of the hydrate

assemblage in modern alternative cementing systems

[172] will be a considerable challenge in the near

future. The use of thermodynamic models, together

with experimental investigations, is expected to

further the development of new cementitious mate-

rials and blends significantly.

Thermodynamic modeling helps to deepen our

understanding of the processes that govern cementi-

tious systems, to interpret experimental observations

and also to interpolate between investigated systems.

Thermodynamic modeling, however, cannot replace

the experiments, as in many cases kinetic limitations

cannot yet be predicted adequately and as for non

Portland cement systems and blended systems impor-

tant thermodynamic data are still missing. Thus, the

results of thermodynamic modeling should, if possi-

ble, be verified against experimental data.

Thermodynamic modeling assumes a thermody-

namic equilibrium. With regard to some solids,

however, a metastable equilibriumwill persist in many

cementitious systems. Amorphous C-S-H is thermo-

dynamically metastable with respect to crystalline

phases. Similarly, AFm phases seem to be metastable

with respect to siliceous hydrogarnets in the presence

of silicate. Based on the experimental observations at

room temperatures, these solids are generally not

allowed to precipitate in thermodynamic calculations.

Alternatively to suppressing the formation of

solids one might include both dissolution as well as

precipitation kinetics in the thermodynamic calcula-

tions [89, 91, 155]. In such an approach the influence

of the composition of the surrounding solution on

both the kinetics of precipitation and dissolution can

be taken into account individually. While for some

pure systems, e.g. the C3S–C-S-H–portlandite sys-

tem, studies of dissolution and precipitation kinetics

and the influence of some parameters are available

[89, 91–93], these data are still missing for many

parameters and most solids. Thus, at the moment the

systematic application of kinetic models, which

include the influence of the solution composition on

both dissolution and precipitation kinetics, do not
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seem to yet feasible. Such models would help greatly

to improve our insight of the processes that govern

cement hydration and might point towards options to

optimize them.

In some systems, however, calculations are ham-

pered by the lack of knowledge of thermodynamic

properties, especially the ability of C-S-H at low C/S

ratio to take up other ions such as aluminum, alkalis

or sulfate is not well investigated. As the results of

thermodynamic calculations can only be as reliable

and complete as the underlying thermodynamic

database, the measurement, collection as well as the

critical assessment of thermodynamic data will have

to be continued.

Not only reliable data for some solids are still

missing, but also the influence of different parameters

has not been included up to now in thermodynamic

calculations. While thermodynamic data in the range

of 0–100�C are available for many solids in cemen-

titious systems, data on the combination of pressure

and high temperature on the solubility of the different

hydrates are not yet available.

Experimental determinations of the solubility of

solids are carried out in the presence of excess water,

while the relative humidity in hydrating cement can

be reduced significantly, especially if low w/c ratios

are employed or if the system is exposed to drying

conditions. The reduction of the water content in

many hydrates such as in ettringite, monosulfate,

C4AH19 or C-S-H at lower relative humidity is

generally not taken into account in thermodynamic

calculations. In addition, a low relative humidity can

also stabilize other solids; anhydrite becomes more

stable than gypsum at low relative humidity and also

monosulfate seems to become stabilized with regard

to ettringite at lower relative humidities [173].
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