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Abstract

Limestone, mainly consisting of calcite, is a permitted additive to Portland cements often up to a 5 wt.% limit. It is shown by experiment and
calculation that much, if not all, of this calcite is reactive and affects the distribution of lime, alumina and sulfate and thereby alters the mineralogy
of hydrated cement pastes. Calcite affects the mineralogical variant of the AFm phase(s). Calcite additions affect the amount of free calcium
hydroxide as well as the balance between AFm and AFt phases, although C—S—H is unaffected in much of the range of compositions. Generic data
are shown in graphical form to quantify these mineralogical changes as functions of cement composition and amount of added calcite.
Calculations of the specific volume of solids as a function of calcite addition suggest that the space-filling ability of the paste is optimised when
the calcite content is adjusted to maximise the AFt content. However, before the calculated data can be used uncritically, certain kinetic constraints
on reactivity also need to be assessed. Progress towards the quantification of paste mineralogy suggests that (i) elucidation of the mineralogy of
pastes, particularly blended cement pastes, is facilitated by using both theoretical and experimental approaches and (ii) that the ultimate goal, of

calculating paste mineralogy from the bulk chemistry, is attainable.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Portland cement consists of a fine-grained assemblage of
minerals many of which have low crystallinity and are difficult
to quantify by existing methods. Nevertheless, the materials
science of other structural solids has advanced through control
of the mineralogy and microstructure. At present we are unable
to develop quantitative structure-property relationships for
cement pastes because the basic first step, phase characterisa-
tion, is incomplete. We know in broad outline the nature of the
constituent phases, their composition and coexistence. But
many important details, necessary for quantification, are often
either incompletely known or unknown.

The relationship between composition and mineralogy was
essentially solved for Portland cement clinkers by Bogue some
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80 years ago. Bogue utilised the known phase equilibrium
relationships in the four component system of lime—alumina—
ferric oxide—silica to obtain a series of equations to calculate
mineral content. Since Bogue’s time the calculation has been
refined [1-3] but remains unaltered in principle. It is often
argued that, because of the extensive metastability in hydrated
cement paste systems, it is not possible to use the same approach
for pastes. However brief thought is sufficient to demonstrate
that this objection has only limited validity. In the original Bogue
calculation, provision was made for corrections for non-
equilibrium to be applied, for example to correct for the amount
ofunreacted lime. Bogue was also well aware that the alite phase
was thermodynamically unstable at low temperatures and that its
persistence to ambient conditions in the course of clinker cooling
was entirely metastable. Nevertheless, because the amount of
alite developed at elevated temperatures persisted during cooling
in a reproducible and consistent manner, its metastability was
not relevant to a successful calculation. We assert that the same
logic applies to the calculation of cement hydration: phases
develop, albeit sometimes metastably, but in a reproducible and
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consistent manner. Hence their amounts are amenable, in
principle, to calculation. Of course hydration is a more complex
process than clinkering; whereas an adequate description of
clinkering can be accomplished by considering only four
components, hydration requires that we add at least two more;
water and sulfate (or sulfur trioxide; the two are interchangeable
if molar units are used) and, if alkalies are included, two more
components, Na,O and K,O. However the present treatment will
not include alkalies. If the impacts of added calcium carbonate
are also taken into account, the system complexity is further
increased by addition of another component, carbonate. A
system of simultaneous equations can in principle be developed
to relate chemistry to paste mineralogy but require much more
data for their solution than for clinkers.

In the course of developing compatibility relationships in
Portland cements we have initially concentrated on plain
cements. A sensitivity analysis disclosed that we had sufficient
information on the C—S—H phase to sustain the calculations
made here but that the constitution of the minor phases was
likely to be very sensitive to clinker sulfate, carbonate and
alumina contents. An analysis of the physical chemistry of
cement hydration disclosed that this supposition was essentially
correct [4]. This reference gives details of the calculations,
which were performed using standard computer protocols for the
minimisation of free energies of defined systems. Data not in
standard compilations but essential for the calculation were
obtained and are tabulated in [4]. It was also shown, both by
calculation and experiment, that cement pastes were likely to
contain several coexisting AFm phases but that normal cements,
i.e., those not containing high contents of alkali, had an AFt
phase close in stoichiometry to that of ideal ettringite. Hence
ettringite could be treated as a phase having essentially constant
composition and thermodynamic properties but treatment of
AFm was complicated by the need to consider several phases.
Other complications emerge but will be dealt with in due course.

The present study, including AFt—-AFm phase relations,
concentrates on the impacts of calcite on paste mineralogy.
Many codes governing the constitution of ”Portland cement”
now permit adding up to 5 wt.%. limestone: Portland composite
cements may of course contain more than 5 wt.%. Specifications
require a minimum calcite composition in limestone: for
example, in EN 197, >70 wt.% calcite: in subsequent
calculations, we use calcite as a surrogate for limestone. The
role of calcite, as inert “filler” or as a reactive admixture (or
both), has been much studied [5—12]. Many studies use high

Table 1

levels of calcite, such that most of the calcite acts as a filler.
Studies using lower additions, 1-10 wt.%, confirm that
mineralogical changes result but are not readily comparable
with the approach developed here. An analysis and interpretation
of the literature will be presented in a subsequent paper [13].

An unexpected result of the experiments, and of related
calculations on the stability of AFm, was to provide new insight
into the role of added calcite in cement hydration. We believe
this marks an important milestone in understanding the
quantitative aspects of cement hydration and report the results
here.

2. Results
2.1. “reactive” vs. ‘filler” calcite

Table 1 lists the composition of mainly AFm phases likely to
occur in Portland cement and used in the title paper. The
particular phase (or phases) of AFm is sensitive to the nature of
the characteristic anion — hydroxide, sulfate, or carbonate, or
mixtures thereof. It can be seen from the data that low weight
percentages of carbonate are sufficient to form hemi- or
monocarboaluminate: these phases require only 3.9 and
7.7 wt.% carbonate respectively.

The stability relations as presently understood are shown in
Fig. 1, taken from [4] and experimentally proven by Kuzel, et al.
[14]. It is important to note that stability relationships were
calculated assuming an excess of portlandite: reasons for this
will become apparent in the subsequent exposition. Also, that
the relations shown in Fig. 1 are unaffected by the presence of
“normal” C—S—H; that is, C—S—H having a Ca/Si molar ratio
> 1.7, the exact value probably lies in the range 1.7 to 2.0, such
that it also coexists with portlandite, calcium hydroxide.
Regions I-1II (Fig. 1) involve possibly metastable phases and
are delineated by dotted lines. Assemblage III is not only
metastable but is also labile in respect of its C4AH, content: that
is, it is prone to decomposition, especially at high water/solid
ratios, over a time scale of days to a few years, depending on
temperature.

The diagram, Fig. 1, is constructed for lower temperatures,
~25 °C, such that monosulfoaluminate tends to be persistent,
although perhaps not actually stable [4]. The impact of adding
calcite on the paste mineralogy can be predicted as follows:
select a horizontal line corresponding to the effective sulfur
trioxide/alumina ratio, termed the “sulfate ratio”, of the cement.

Composition and densities of minerals relevant to Portland cement used in current model

Mineral Formula CO;, [wt.%] SO; [wt.%] CaO [wt.%] AL O3 [wt.%] Density * [g/cm?]
gypsum CaS0,4-2H,0 - 46.5 32.6 - 2.31
ettringite CagAly(SO4)3(0OH),,26H,0 - 19.1 26.8 8.1 1.77
monosulfoaluminate CayAlL(SO4)(OH),,-6H,0 - 12.9 36.0 16.4 2.01
calcite CaCO; 44.0 - 56.0 - 2.71
monocarboaluminate CayAl(CO3)(OH) 5 5H,0 7.7 - 39.5 17.9 2.17
hemicarboaluminate CayAly(CO3)0.5(OH)13°5.5H,0 3.9 - 39.7 18.1 1.98
hydroxy-AFm CayAly(OH),,7H,O - - 40.0 18.2 2.05
portlandite Ca(OH), - - 75.7 - 2.24

* Values taken from Taylor [2].
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Fig. 1. Calculated phase assemblages of a hydrated mixture consisting of C;A, portlandite and varying initial sulfate (SO5/Al,03) and carbonate ratios (CO,/Al,05) at

25 °C (molar units).

The intersection of this line with a vertical construction line
corresponding to the appropriate ratio of carbon dioxide (or
carbonate/alumina, termed the “carbonate ratio”, will enable the
phase assemblage to be calculated with respect to the AFm
portion and associated phases, as necessary to preserve mass
balances. As can be seen from the slopes of the relevant
boundaries, the appearance of hemicarboaluminate and of
monocarboaluminate are functions of cement sulfate, carbonate
and alumina contents, expressed here as ratios. Calcite totally
reacts in regions I, I, IIT and IV, appearing in excess only in
regions V and VI. Since the carbonate content of AFm phases is
low and the total content of the phases containing alumina, AFm
and AFt is low, not much calcite is required to attain regions V
and VI; we calculate this quantity subsequently. Aged hydrated
cements are normally undersaturated with respect to gypsum so
the phase assemblage corresponding to region VI is not likely to
be encountered in practice (altered cements are excepted from
this presentation). The boundary between regions IV and V is
shown in bold to indicate its special significance as a dividing
line between compositions that are either undersaturated or
oversaturated with respect to calcite. Compositions to the left of
this line are undersaturated: that is, calcite behaves as a reactive
admixture and is totally consumed, while those compositions to
the right of this line will contain a permanent excess of free
calcite; in these regions excess calcite behaves as a filler. Of
course the amount of any excess will be less than the total added
because some calcite will have reacted. The position of the
saturation line (bold) enables the numerical calcite saturation
value to be determined in terms of sulfate and carbonate ratios
for a given cement composition. Although the figure does not
depict the composition of the pore fluid coexisting with solids,
we note that an insignificant proportion of the total solids are
dissolved in the aqueous phase, assuming realistic water:

cement ratios are used: for this reason we do not recommend
that the determinative graphs be applied to the very high w/s
ratios, > 1, sometimes used in laboratory simulations.

2.2. Quantification of phases

A disadvantage of Fig. 1 is that it does not enable the
amounts of phases to be calculated. Fig. 2 has been constructed
to enable this calculation. We present the calculation initially for
one ratio, at sulfate/alumina=1.0. For calculation purposes, a
definite amount of portlandite has to be added although the
amount in excess is not critical provided an excess is always
present. Thus the amount of portlandite can be scaled up or
down, as required, without affecting the relative ratios of the
other phases except by dilution. It is instructive to begin the
explanation with a calcite-free cement by projecting a vertical
line at a carbonate ratio equal to zero and subsequently adding
carbonate, the impact of which can be visualised by moving the
vertical line to the right in small increments, i.e., allowing the
calcite ratio to increase. It can be seen that at the outset of calcite
addition, very small changes in the calcite ratio result in the
rapid consumption and decrease in amount of monosulfoalu-
minate, while at the same time, the amount of hemicarboalu-
minate increases rapidly. However sulfate released from
monosulfoaluminate does not stay in solution and, because
the cement is undersaturated with respect to gypsum, sulfate
thus displaced from monosulfoaluminate forms ettringite. This
reaction, in turn, requires alumina and consumes portlandite
with the result that portlandite contents decrease sharply from
the original amount. This is why the calculation needs to be
commenced with an excess of portlandite, to avoid its total
depletion and thus violate a condition of the calculation. In this
specimen calculation, ettringite formation reaction reaches a
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Fig. 2. Relative amount of hydrate phases of a hydrated model mixture consisting of C3A, portlandite and with fixed sulfate ratio (SO3/Al,O3;=1) in dependence of
changing carbonate ratios (CO,/Al,03) at 25 °C (constant total amount of solids, C3A+CaSO,+CH+Cc=3.25 mol, reacted with 500 g water; data are expressed in

molar units).

maximum at a carbonate ratio equal to about 0.33. Thereafter,
upon continued addition of calcite, hemicarboaluminate is
progressively replaced by monocarboaluminate: the trend of
portlandite consumption is reversed and it is now liberated by
calcite additions at carbonate ratios in the range between 0.33
and 0.66, approximately. At carbonate ratios at or above 0.66,
calcite saturation is achieved and increasing amounts of free
calcite will appear as the calcite ratio is increased. This calcite
effectively dilutes the other solids and their amounts gradually
but slowly decrease as calcite amounts increase. However,
because of the scale of the Figure, the dilution effect is only just
perceptible.

Of course not all cements will have a sulfate/alumina ratio
equal to 1.0. Figs. 3 and 4 are presented to enable the boundary
between “reactive” and “filler” calcite to be determined for other
ratios; that is, to make the calculation generic. Because the
industry tends to work in terms of wt.%, the alumina and sulfate

ratios of Figs. 3 and 4 are shown in weight units. Fig. 3 shows
how the maximum reactive wt.% of calcite varies with amount
of alumina and the sulfate ratio.

It can be seen that for a fixed alumina content, the amount of
reactive calcite increases with the amount of sulfate present.
Fig. 4 shows a similar plot, of reactive calcite shown as
functions of the sulfate ratio and amount of sulfate, as sulfur
trioxide. The discussion contains further guidance to appropri-
ate applications of these diagrams to cement proportioning.

2.3. Space filling by cement paste solids

It is instructive to compare the space-filling ability of the
solids arising in the course of hydration and the chemical bound
water demand of the hydration products. In the example
calculation, results of which are shown in Fig. 5, the volume
contribution of C—S—H remains essentially constant throughout

10
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Fig. 3. Calculated amount of reactive CaCOj; in dependence of the initial amount of initial solid Al,O; content and bulk SO;/Al,O5-ratio of the paste (data are

expressed in weight units).
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Fig. 4. Calculated amount of reactive CaCOj; in dependence of the initial amount of initial solid SO5 content and bulk SO3/Al,O5-ratio of the paste (data are expressed

in weight units).

(except in regions where calcite is present in excess, where
slight dilution occurs). Because of this constancy, or near
constancy, the volume occupied by C—S—H is not shown.
Moreover, while the numbers selected for the calculations will
be affected by the exact composition of the cement as well as the
water:cement ratio. But changing the water:solid ratio affects
the calculation only in the sense that the amount of free water
changes. However the solid phase ratios remain essentially
unaffected by the excess water content, up to w/s ~1 and the
calculated trends are therefore of general applicability for all
practical formulations. The calculation, like that of Fig. 2,
depicts changes in mineralogical balances as a function of the
carbonate ratio. Data for the densities of phases have been

650

compiled from the literature and are given in Table 1. Results of
the calculation show that, commencing with a calcite-free
cement (carbonate ratio=0.0), addition of calcite and its
subsequent reaction initially increases the molar volume of
the solids and consumes water. Because calcite has a greater
density than most cement hydrates, this trend, of increasing the
volume of solids by diluting the cement with calcite, seems
counterintuitive. But low calcite additions are reactive; free
calcite is consumed and, as carboaluminates form, sulfate
displaced from the AFm phase forms ettringite. Both AFm and
ettringite have lower physical densities than calcite, although
the low physical density and high water demand of the ettringite
product are mainly responsible for the increase in the volume of
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Fig. 5. Volume changes of hydrate phases of a hydrated model mixture consisting of C;A, portlandite and with fixed sulfate ratio (SO3/Al,O;=1) in dependence of
changing carbonate ratios (CO3/Al,03) at 25 °C (constant total amount of solids, C3A+CaSO4+CH+Cc=3.25 mol, reacted with 500 g water).
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the solids. The bound water content is also increased because
calcite, essentially anhydrous, is converted to hydrated phases,
thereby binding more water. In this example, the maximum
solid phase volume is achieved at a carbonate ratio approxi-
mately 0.33, i.e., considerably less than the maximum amount
of reactive calcite; the latter occurs at a carbonate ratio
approximately 0.66. Thus the point of maximum volume is
sensitive to composition and does not necessarily coincide with
the maximum amount of reactive calcite. Note also that the
volume of portlandite also changes because it is either
consumed or produced in the course of reactions, as was
explained previously. In commercial cements, where C—S—H
develops, C—S—H dilutes the volume change effects arising
from calcite reactions but its presence as a diluent does not
affect the general conclusions or trends of numerical values
described above. Other limitations to the applicability of the
data are described in the discussion.

3. Discussion
3.1. Hydration kinetics

The foregoing calculations are based on the simplistic
assumption that the chemical components of the cement, as
revealed by a bulk chemical analysis, are available for reaction.
This is probably not true for real cements. Clinker grains have a
range of sizes and complex internal microstructures, with the
result that different clinker phases hydrate at different rates and
may be partly protected from hydration, perhaps by occlusion
within phases with low reactivity. Thus, for example, alumina in
tricalcium aluminate may become available at an earlier stage of
hydration than alumina in ferrite. Sulfate, nominally in the form
of added calcium sulfate and alkali sulfates, is typically
available for reaction at an early stage of hydration, although
it is not unknown for sulfates to be physically occluded within
clinker grains only becoming available for hydration at longer
ages [15]. Thus key components, including alumina, sulfate and
carbonate are present in clinker in a range of forms and while
these range in dissolution rates, with few exceptions, all sulfate
becomes available early (hours, days) in the hydration process:
typically most of the gypsum interground with clinker is
consumed within the first few days of hydration whereas some
of the alumina becomes available only over much longer time
scales. Therefore detailed and realistic calculations would have
to make use of the reactive fraction of these phases: the
“composition” that determines the hydrate mineralogy is not
necessarily the bulk composition as determined from a total
chemical analysis but is instead the sum of the time-dependent
reactive fractions of each component liberated from the clinker
solid phases. To quantify these amounts requires a series of
“snapshots” on the state or condition of the system with
changing time. While the relevant hydration kinetics are not
sufficiently well known— and indeed almost certainly vary with
non-chemical factors such as clinker granulometry and
microstructure of the individual grains— we know in general
that sulfate ratios tend to be high at the outset of hydration
owing to the ready solubility of gypsum, and to decrease as

hydration progresses. We do not know how carbonate ratios are
affected by these practical considerations and an important task
for those who determine reaction kinetics is to quantify how
reactive fractions change as a function of time, as well as with
changing bulk composition and formulation. In summary, the
foregoing calculations assume that the bulk chemistry is
relevant but, almost certainly, kinetic controls operate some-
what to modify the picture presented here. Typically the
effective sulfate ratio will be somewhat higher during early
hydration than is assumed in the calculations. Reference to the
Figures shows that, other factors remaining unchanged,
increasing the sulfate ratio decreases the potential for
consuming calcite. Thus calcite will initially react in response
to the effective sulfate ratio, leaving potential for slower
secondary reactions to occur. These slow reactions will result in
continuing calcite consumption with time as clinker hydration
approaches completion.

3.2. Volume changes

We calculate volume changes attending calcite additions in
the expectation that these calculations, or very similar
calculations, will eventually be used to develop property-
composition correlations for hardened cement pastes. The
calculations implicitly assume that the volume changes
attending reaction of calcite with cement components occur
after the paste has hardened but do not lead to changes in
external dimensions of a paste monolith i.e., they are not
expansive. If this supposition is correct, calcite addition can be
used creatively, to improve space filling by solid hydration
products and thereby lower product porosity. Because the
relationships between porosity and permeability are complex,
lowering porosity will not necessarily reduce permeability, but a
literature survey [5—12] suggests that calcite does affect both the
porosity and permeability of Portland cement pastes, although
no consistent patterns seem to emerge. Nevertheless the
property-composition correlations developed here should give
fresh direction and focus to these studies leading, for example,
to focus investigations on the impact of calcite additions in the
lower concentration range, perhaps up to a maximum 5-10%
replacement, and of optimising the % of calcite from knowledge
of the cement composition.

3.3. Thermal factors and relevant databases

At present, data are only sufficient to sustain calculations at
about 25 °C. Nevertheless, cements experience a wide range of
service temperatures and may encounter strong self-heating
early in their life cycle, as the heat of hydration is not always
readily dissipated. The temperature dependence of the thermo-
dynamic properties of AFm phases are known to impact
significantly on phase development: for example hydroxy AFm
is unstable but persistent at low temperatures, less than 20 °C
but is increasingly decomposed at elevated temperatures. More
data on the stability of carboaluminates, especially for
hemicarboaluminate, are needed before the calculation of
paste properties can usefully be extended across the range of
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temperatures relevant to normal civil engineering applications,
0-50 °C. Finally, just as the Bogue calculation has been
modified as more knowledge of phase compositions accrues, so
the database used in this study will need periodic assessment
which, in turn, will enhance the accuracy of calculations. For
example, in the Bogue calculation, including the actual
compositions of alite, belite, etc, rather than ideal formulae,
has been found to improve agreement with other methods for
the determination of clinker mineralogy [1,2]. Thus the present
set of calculations will eventually require modification to take
into account factors such as sorption by C—S—H of sulfate,
alumina and possibly carbonate. In anticipation of these needs
studies of sulfate sorption by C—S—H have been commenced
and will be reported in due course.

Data obtained in the course of this study also apply to the
reactivity of coarse limestone aggregate. In theory, limestone
aggregate is predicted to be reactive with cement in the same
way as high specific surface limestone. The same conditions
apply to aggregate; except that for coarse aggregate, the kinetics
of reaction with cement are likely to be appreciably slower: not
only is the surface area available for reaction much reduced but
diffusion paths for other species, e.g., alumina, tend to lengthen
as reaction progresses. When clinker is interground with
limestone, the many observations in the literature showing
rapid formation of monocarboaluminate in hydrating pastes
suggests that reaction is rapid. It is also likely that the potential
of coarse limestone aggregate to react with cement can be
reduced or even eliminated by saturating the cement matrix in
carbonate, as may occur when sufficient fine-grained reactive
calcite is included in the cement formulation. Thus if the matrix
is calcite saturated, the potential for subsequent reaction of
cement with limestone aggregate can be reduced to zero, with
consequences for the development of bonding between
aggregate and paste.

We do not treat carbonation from external sources in this
presentation. All the processes described here occur at low
carbonate activities, many orders of magnitude less than typically
obtain in the course of atmospheric carbonation. Nevertheless
cements undergoing carbonation develop gradients in carbonate
and, even if not made with carbonate admixtures, may experience
the mineralogical changes described here. Spatially low
carbonate mineralogical zones are most likely to develop ahead
of the main carbonation front. The mineralogical zonation
developed in the course of atmospheric carbonation has also been
calculated and will be presented in [16].

It is also noteworthy that adding carbonate in the form of
calcium carbonate to cement slightly reduces its buffering
capacity towards subsequent carbonation, for example in
atmospheric carbonation. If protection of embedded steel is
important, it is desirable that improvements in cement
performance, for example reduced permeability arising from
calcite addition, should outweigh the loss in buffering capacity.

4. Conclusions

Phase relations amongst AFm phases in Portland paste
cement are complex: depending on activities of the principal

substituent anions, carbonate, hydroxide and sulfate, several
AFm phases may coexist. Although not all the AFm phases are
stable, most are persistent in pastes. However carbonate AFm
phases are thermodynamically more stable than hydroxy or
sulfate phases and it is not surprising that hydroxide and sulfate
anions are released from AFm even at the low carbonate activ-
ities conditioned by the presence of added calcite (or other
calcium carbonate form). With the prevalence of “filled”
cements made using up to 5% calcite, it is important to accept
that much, perhaps all, of the added calcite will be reactive with
cement. Thus calcite has two functions, one as an active parti-
cipant in the hydration process, the other as an inert filler. The
boundary between “active” and “inert” calcite can be calculated
on a generic basis: graphical solutions and specimen calculations
are presented. The calculations also disclose that sulfate,
liberated from sulfoaluminate in the course of carbonation,
reacts with water, calcium hydroxide, etc., with formation of
ettringite. The additional ettringite formation increases the
molar volume of paste solids and it is proposed that this mech-
anism can be deployed to enhance the space-filling properties of
paste, possibly leading to reduction of porosity and permeability
of hardened cement pastes. The space-filling reactions occur
rapidly, within a few days, using calcite-containing rocks (e.g.
limestone) interground with clinker to cement fineness but may
be much slower with limestone aggregates.
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