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Abstract

The influence of the presence of limestone on the hydration of Portland cement was investigated. Blending of Portland cement with limestone
was found to influence the hydrate assemblage of the hydrated cement. Thermodynamic calculations as well as experimental observations
indicated that in the presence of limestone, monocarbonate instead of monosulfate was stable. Thermodynamic modelling showed that the
stabilisation of monocarbonate in the presence of limestone indirectly stabilised ettringite leading to a corresponding increase of the total volume
of the hydrate phase and a decrease of porosity. The measured difference in porosity between the “limestone-free” cement, which contained less
than 0.3% CO,, and a cement containing 4% limestone, however, was much smaller than calculated.

Coupling of thermodynamic modelling with a set of kinetic equations which described the dissolution of the clinker, predicted quantitatively
the amount of hydrates. The quantities of ettringite, portlandite and amorphous phase as determined by TGA and XRD agreed well with the
calculated amounts of these phases after different periods of time. The findings in this paper show that changes in the bulk composition of
hydrating cements can be followed by coupled thermodynamic models. Comparison between experimental and modelled data helps to understand

in more detail the dominating processes during cement hydration.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Portland—limestone cements are the most widely used ce-
ments in Europe. Two classes exist in EN 197-1 designated as
CEM II/A-L and CEM II/B-L in which the maximum contents
of limestone are 20 and 35% respectively. Besides these special
classes, limestone is widely used in all other European common
cement types as 0—5% minor additional constituents. The use of
up to 5% ground limestone in Portland cement is also permitted
by the Canadian cement standard since the early 1980s (CSA
1998 - CAN/CSA-AS) and in more than 25 other countries.

From the point of view of the hardened concrete, up to 5%
limestone per mass of cement seems to have little effect on the
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short and long term macroscopic performance. Regarding me-
chanical properties, several studies have shown that the com-
pressive strength is more or less the same, or slightly increased,
this effect is usually attributed to the fine particle size distri-
bution of the limestone, enhancing the hydration of the clinker
by the filler effect, rather than its influence on the chemistry or
the packing. The same trend is observed with the flexural
strength and the drying shrinkage. As for durability issues, the
behaviour of the material with respect to all major aggressive
species (sulfates, chlorides, carbonation) and main pathologies
(freezing-thawing, ASR, corrosion...) is the same as for lime-
stone free concrete. Neither are the diffusion processes signifi-
cantly modified: measured oxygen permeability and water
sorption are more or less unchanged. Negative effects on the
properties discussed above start to be observed when the
amount of limestone per mass of cement exceeds 10-15%, such
that the drop in the reactive clinker component results in sig-
nificant physical modifications of the material. A good review
on all these aspects can be found in Hawkins et al. [1].
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At the low addition level of <5%, some modification of the
heat of hydration at early ages may be observed depending on
the fineness of the limestone, and the long term heat flow is a bit
lower than without limestone due to the smaller fraction of
hydrating clinker.

The chemistry associated with the hydration process seems to
be the area where the effects of limestone are observed, even at
such low levels. Early in the 1990s, several studies showed that
limestone seems to favour crystallization of monocarbonate rather
than monosulfate [2—4], with the consequence of increasing the
amount of ettringite [2]. The high affinity between calcium alu-
minate and carbonate phases to form monocarbonate had pre-
viously been reported by Feldman et al. [5] and Bensted [6]. Some
studies therefore looked at the possible substitution of calcium
sulfate with limestone. It has been shown that depending on the
fineness of the ground clinker and the level of sulfate in the system,
calcium sulfate can be replaced up to 25% by calcium carbonate
without any modification of the properties of the system [6—8].

In this paper the hydration of two cements was investigated,
an OPC containing <0.3% CO, intermixed with 0 and 4% of
limestone (equivalent to 1.7% CO,). Thermodynamic model-
ling has been used to predict the composition of the liquid and
solid phase in a hydrating Portland cement in the absence and
presence of limestone in the cement.

2. Materials and methods

All experiments were carried out using the same Portland
cement with and without limestone. Laboratory ground clinker
was homogenized with gypsum (Fluka purum p.a.; previously
ground in isopropanol to a mean particle size of 4um). A part of
the cement was blended with 4% of ground natural limestone
(mean particle size: 4pm): PC4, while the other part was used
without limestone addition (PC). The chemical compositions of
the materials as given in Table 1 were determined by X-ray
fluorescence (XRF), sulfur and carbonate with a LECO C/S
analyzer, and free lime according to Franke [9]. The mineral-
ogical composition was calculated by X-ray Diffraction (XRD)/
Rietveld analysis.

The distribution of the alkalis between sulfates and oxides in
the unhydrated cement was determined based on the measured
concentration of the readily soluble alkalis in bi-distilled water
at w/c of 10 after an equilibration time of Smin. These readily
soluble alkalis are assumed to correspond to the alkali sulfates
present in the clinker, while the remaining K, Na, Mg and S are
considered to be associated as minor constituents in solid solu-
tion with the major clinker phases [10,11] (cf. Table 1).

A series of cement pastes was prepared at a w/c of 0.4.
Calorimetric measurements (Thermometric TAM Air) were
carried out with 5g of fresh paste. For the short-term hydration
experiments, i.e. up to 6h, small samples of ~ 100g were
prepared in the glove box under a Nj-atmosphere. The pore
solutions were collected by vacuum filtration using 0.45pm
nylon filters. For longer hydration times, larger samples con-
sisting of 1kg cement and 0.4kg water were mixed twice for 90s
according to EN 196-3, again prepared in the glove box under a
N,-atmosphere. The pastes were cast in 0.51 PE-bottles, sealed

Table 1
Composition of the cement and the limestone used

PC Limestone
Chemical analysis [g/100 g] *
CaO 63.9 55.0
Si0, 20.2 0.8
ALO; 4.9 0.3
F6203 32 0.3
CaO (free) 0.93 <0.01
MgO 1.8 1.8
K,0 0.78 <0.01
Na,O 0.42 <0.01
CO, 0.26 425
SO; 2.29 0.05
K2Osoluble” 0.72 nd.
Na»Osoruple 0.09 n.d.
Ignition loss 0.37 43.4

PC PC4
Normative phase composition [g/100 g]
Alite© 66.5 64.6
Belite 10.3 9.3
Aluminate © 7.5 7.4
Ferrite© 8.5 7.8
MgO(periclase) © 0.9 0.9
CaO (free)? 0.93 0.89
CaCO0;*¢ 0.6 4.6
CaS0,-2H,0! 3.1 3.0
K,S0,° 1.3 1.3
Na,SO,° 0.21 0.20
Present as solid solution in the clinker phases
K,04 0.054 0.052
Na,0¢ 0.33 0.31
MgO ¢ 0.94 0.87
S04 0.11 0.11
Blaine surface area [m?/kg] 413 429
Porosity after 28 days (MIP)
vol.% (mortar) 11.99+0.11 11.87+0.01

PC: Portland cement without limestone; PC4: Portland cement blended with 4%
limestone.

* XRF data corrected for ignition loss.

® Readily soluble alkalis calculated from the concentrations of alkalis mea-
sured in the solution after 5 min agitation at a w/c of 10; present as alkali sulfates.

¢ From Rietveld analysis, expected errors: phases less than 10 wt.%: +/
—0.4%; phases 10-20 wt.%: +/—1%: phases 30 wt.% and more: +/—2%.

4 Calculated from the chemical analysis.

(to exclude the ingress of CO,) and stored at 20°C. Pore fluids
of the hardened samples were extracted using the steel die
method and pressures up to 530N/mm?. The solutions were
immediately filtered using 0.45um nylon filters; after filtration
one part was diluted by a factor of 10 with HNOj3 (6.5%) to
prevent the precipitation of solid phases, while the rest was used
for pH measurements. The pH electrode had been calibrated
against KOH solutions of known concentrations. The total
concentrations of the elements analyzed were determined using
inductively plasma optical emission spectroscopy (ICP—OES).

For TGA analysis, the solid fractions of the samples were
crushed, washed in acetone, and dried at 40°C. TGA/DTG was
carried out in open vessels in helium on about 10mg of pow-
dered cement paste at 20°C/min up to 980°C. The amount of
pore solution in the hardened samples was estimated from the
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water loss after exchange with acetone and drying at 40°C; the
amount portlandite from the weight loss between 400—520°C.
In the presence of no or little C—S—H, i.e. during the first
hours of hydration, the weight losses between 50—110°C and
110—140°C were used, respectively, to estimate the amounts of
ettringite and gypsum present.

For XRD experiments, cement paste was cast into cylindrical
vials. After setting, the paste was kept saturated with water. At
the ages 1, 2, 3, 7, 14, 28, 91, 198 and 365days, slices (diameter
3.5cm) were sawn from the cylinder and placed in the
diffractometer for XRD pattern acquisition. XRD data were
collected using a PANalytical X Pert Pro MPD diffractometer in
a 0—0- configuration employing CuKa radiation (A= 1.54”/&).
The samples were scanned between 7° and 75° with the
X’Celerator detector. All Rietveld refinements were done using
the X’Pert High Score Plus program from PANalytical. The
Rietveld refinement strategy has been previously described in
detail by Le Saout et al. [12].

The 2’ Al NMR spectra were carried out on a Bruker ASX
400 spectrometer (9.4T) at 104.2MHz. *’Al spectra were
recorded at 25kHz spinning rate in 2.5mm ZrO, rotors. All
experiments employed single pulse (7/12) excitation width
pulse of 1us without 'H decoupling and a 0.2s relaxation delay.
The ?’Al chemical shifts were referenced relative to a 1.0M
AICl;—6H,0 solution at Oppm.

Mortar prisms were prepared according to EN 196-1. Mortar
samples hydrated for 28days were immersed in isopropanol, dried
at 50°C and 2—4mm particles were used for the determination of
the porosity by mercury intrusion porosimetry (Thermo Fisher
Scientific Pascal 440) applying pressures up to 400MPa.

3. Thermodynamic modelling
3.1. Modelling approach

When cement is brought into contact with water, rapidly
soluble solids such as gypsum dissolve and come close to
equilibrium with the pore solution. 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. The dissolution rates of the
clinker phases may be considered to determine the amount of
Ca, Al Fe, Si, and hydroxide released into solution and thus to
control the precipitation rates of C—S—H, ettringite, and the
other hydrates. By combining an empirical model that describes
the dissolution of the clinker phases as a function of time [13]
with a thermodynamic equilibrium model that assumes equi-
librium between the solution and the hydrates, the hydrates
formed can be described as a function of time [14]. The model
used in this study is described in detail elsewhere [14] and
accounts for all the reactions described above. The composition
of the solid and liquid phase as a function of time and tem-
perature is calculated based on

i) the composition of the cement paste as given in Table 1,
ii) the calculated degree of the dissolution of the clinkers
(see below) and

iii) thermodynamic calculations using a consistent thermo-
dynamic dataset.

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 phases. To
model the uptake of alkali by C—S—H the same distribution ratio
Ry of 0.42ml/g [14,15] was used for both Na and K.

Thermodynamic modelling was carried out using the Gibbs
free energy minimization program GEMS [16]. GEMS is a
broad-purpose geochemical modelling code which computes
equilibrium phase assemblage and speciation in a complex
chemical system from its total bulk elemental composition.
Chemical interactions involving solids, solid solutions, and
aqueous electrolyte are considered simultaneously. The specia-
tion of the dissolved species as well as the kind and amount of
solids precipitated are calculated.

The thermodynamic data for aqueous species as well as for
many solids were taken from the PSI-GEMS thermodynamic

Table 2
Standard thermodynamic properties at 25 °C

log Kgq® A¢G® [kJ/mol] 7° [em®/mol]
(Al-)ettringite —44.9 —15205.94 707
tricarboaluminate —46.5 —14565.64 650
Fe—ettringite —44.0 —14282.36 717
C3AHq -20.84 =5010.09 150
C;FHg —25.16 —4116.29 155
C,AH, 5 ~25.40 ~7326.56 274
C,AHg —13.56 —4812.76 184
C,ASH,, -29.26 ~7778.50 309
C,ACH, —31.47 —7337.46 262
C4AC o 5H —29.13 —7335.97 285
C,ASHg —19.70 —5705.15 216
C,FH,3 -29.4 —6430.94 286
C,FHg -17.6 —3917.38 194
C,FSH, -33.2 —6882.55 322
C,FCHy, -355 —6679.20 290
C4FC osHi, -33.1 —6440.19 296
C,FSHg -23.7 —4809.53 227
M,AH,, ~56.02 ~6394.56 220
MyAcH, —51.14 —6580.15 220
M4FH,, -60.0 —5498.84° 232
C1.67SH, 1(jen.) -13.17 —2480.81 78
Co.53SH, 5(tob.) -8.0 ~1744.36 59
Portlandite -5.20 —897.01 33
SiO2.am 1.476 —848.90 29
H,0 —14.00 —237.18 18
Gypsum —4.58 -1797.76 75
Anhydrite -4.36 —1322.12 46
Calcite —8.48 —1129.18 37
Brucite —11.16 —832.23 25
Al(OH);(am) 0.24 -1143.21 32
Fe(OH);(mic) —4.60 -711.61 34
CsS —2784.33 73
C,S —2193.21 52
C;A —3382.35 89
C4AF —4786.50 130

Thermodynamic data for cements “cemdata2007” taken from Lothenbach et al.
[19].

?All solubility products refer to the solubility with respect to the species AI(OH)y,
Fe(OH)3, SiO(OH);, OH ™, H,0, Ca**, Mg**, CO3™ or SOF .
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database [17,18]. Solubility products for cement minerals were
taken from the recent compilations of Lothenbach et al. [19]
and Matschei et al. [20] and are reproduced in Table 2. For
modelling the formation of ideal solid solution between Al- and
Fe-containing analogues has been assumed [19]. Thus, the
expressions ettringite, monocarbonate, monosulfate, hemicar-
bonate or hydrotalcite in this paper all refer to the solid solution
between the Al- and Fe-containing analogues. In should be
noted that the recent revision of the thermodynamic database
[19,20] indicates that monosulfate is in fact stable with respect
to ettringite and hydrogarnet at room temperature and in the
presence of water. Thus, whether ettringite or monosulfate is
formed just depends on the actual chemical conditions in the
respective cement.

3.2. Reactivity of cement clinkers

The hydration of cements can be assumed to take place via a
dissolution and precipitation process. The approach of Parrot
and Killoh [13], which uses a set of empirical expressions to
estimate the degree of dissolution of each clinker mineral as a
function of time was used in this paper. This approach describes
the rate R of the hydration of the individual clinker phases by a
set of equations, where the lowest value of R at time t is
considered as the rate-controlling step:

R, =— (1 —o)(—In(1 — oc,))(lfN‘) or
Ny

Nucleation and growth

Ko(1 — o)

diffusion Ro— 2 %)
(-

or (2)

Formation of hydration shell R, = K3(1 — cxt)N3. (3)

The degree of hydration o at time ¢ (days) is expressed as
a,=o, — 1 + AR, _ 1. In this paper, the empirical expressions
(Egs. (1)—(3)) as given by Parrot and Killoh [13] are used
together with their values of K, Ny, K,, K5 and N5 as compiled
in Table 3. The influence of the surface area on the initial
hydration are included using the data given in Parrot and Killoh
[13] as well as the influence of w/c according to flw/c)=(1+
3.333 * (H * w/c — a,))*; for o, > H * w/c. For the critical degree
of hydration H, values of 1.8, 1.35, 1.6, and 1.45 were used for

Table 3
Parameters used to calculate the hydration of the individual clinker phases as a
function of time

Parameter® Alite Belite Aluminate Ferrite
K, 1.5 0.5 1.0 0.37
N, 0.7 1.0 0.85 0.7
K, 0.05 0.02° 0.04 0.015
K5 1.1 0.7¢% 1.0 0.4
N3 33 5.0 32 3.7
H? 1.8% 1.35% 1.6% 1.45%

* All parameters from Parrot and Killoh [13] for OPC except the values K, and
K; for belite and the critical degree of hydration H which were adapted to obtain
a better agreement with the measured dissolution of the clinker minerals.
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Fig. 1. Amount of alite deduced by XRD/Rietveld analysis as a function of
hydration time. Lines are calculated using the adapted cement hydration model
of Parrott and Killoh [13].

alite, belite, aluminate and ferrite, respectively, to obtain a better
fit of the data (Figs. 1 and 2).

The Rietveld analysis and TGA give the sum of the phases
normalized to 100wt.%. However, the total mass of solids
increases with time as hydration products containing water are
formed. In the graphs XRD and TGA data are given as mea-
sured, and the modelled data were adapted accordingly.

3.3. Changes in solid phases

The modelling indicates that, as the clinkers slowly dissolve
as a function of time, different hydrates are formed; initially
mainly C—S—H, portlandite and ettringite (Fig. 3). The gypsum
present is calculated to be completely depleted within the first
7h of cement hydration. During the first day the calculated
hydrate phase concentrations are essentially identical in the
systems with and without added limestone.

After a hydration time of 1week or longer, the calculated
stable phase assemblages differ strongly in the absence and
presence of limestone. In the cement without added limestone,
C—S—H, portlandite, monosulfate as well as smaller quantities
of hydrotalcite, hemicarbonate and ettringite are predicted to be

P PC  PC4
Belite . < Belite (XRD)
. . ©  Aluminate
104 . o Ferrite
<-> Fe -=-- Maodelling
8 -
®
QL
=
4

0 0.01 0.1 1 10 100 100G
Hydration time (days)

Fig. 2. Amounts of belite, aluminate and ferrite deduced by XRD/Rietveld
analysis as a function of hydration time. Lines are calculated using the adapted
cement hydration model of Parrott and Killoh [13].
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Fig. 3. Modelled changes during the hydration of a) PC, without additional limestone and b) PC4, with 4 wt.% limestone. Volume expressed as cm’>/100 g unhydrated

cement.

present. Some hemicarbonate is calculated to form from the
small quantity of carbonate present in the clinker. The amount
of ettringite is modelled to decrease with time as more and more
monosulfate is precipitated. After lyear of hydration approx.
80% less ettringite is predicted for the PC than for the PC4
cement. In PC4, besides C—S—H, portlandite and hydrotalcite,
the presence of ettringite, monocarbonate and traces of calcite is
predicted. In the presence of limestone significantly more et-
tringite is calculated as in the presence of limestone monocar-
bonate and not monosulfate is stable.

The presence or absence of limestone is calculated to affect
not only the composition of the hydrate assemblage but also the
total volume of the hydrating cement (cf. Fig. 3a and b). The
replacement of 4% of the cement by limestone leads to a slightly
higher calculated volume after 1week and longer and thus to a
slightly lower total porosity. Small amounts of limestone addi-
tions (<5%) increase the calculated volume of the solids in
hydrated cements at normal hydration temperatures as demon-
strated by Matschei et al. [21,22].

3.4. Liquid phase

During the first 6h, the modelled composition of the pore
solution is dominated by potassium and sulfate as shown in
Fig. 4. Dissolved calcium, hydroxide and sulfate concentrations
are determined by the presence of gypsum and portlandite,
aluminium concentrations by ettringite and silicate by C—S—H.
After the depletion of gypsum, modelled calcium and sulfate
concentrations decrease drastically as the calculated pore solu-
tions equilibrate first with C—S—H, portlandite and ettringite,
then in addition with hydrotalcite and finally after 1day also
with monocarbonate (cf. Fig. 4).

During the first day the calculated composition of the pore
solution evolves similarly in the samples with and without
additional limestone. Only after more than lday do the pre-
dicted sulfate and aluminium concentrations start to differ sig-
nificantly from each other. In the presence of additional
limestone, ettringite and monocarbonate are calculated to be
present which results in lower aluminium and higher sulfate and
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Fig. 4. Modelled concentrations in the pore solution during the hydration of
Portland cement without additional limestone (black lines) and blended with
4 wt.% limestone (grey lines).

carbonate concentrations. In the absence of additional limestone
the presence of monosulfate instead of monocarbonate leads to
higher modelled aluminium and lower sulfate and carbonate
concentrations. The calculated concentrations of other ions are
not affected by the presence or absence of additional limestone.
The concentrations of alkali metal ions in solution, and thus also
the pH, are dominated by the dissolution of the clinker phases
and the amount C—S—H formed: Ca and Si concentrations are
buffered by the presence of portlandite and C—S—H.

4. Experimental results
4.1. Heat evolution

Isothermal conduction calorimetry (Fig. 5) indicates the
onset of the acceleration period at approx. 3h in both PC and
PC4. The maximal heat evolution was observed for PC4 after
10h and for PC after 11h, indicating a slight acceleration of the
cement hydration in the presence of finely ground calcite. This
is due to the additional surface provided for the nucleation and
growth of hydration products [23,24]. Accordingly, the cu-
mulative heat after 72h expressed per g clinker, is higher for

heat flow rate [J/g/h]

0 8 16 24 32 40 48 56 64 72
time [h]
Fig. 5. Isothermal calorimetry of Portland cement without additional limestone

PC (black lines) and blended with 4 wt.% limestone PC4 (grey lines) expressed
as J/h/g unhydrated cement.

the limestone cement (276J/g¢jinker) than for the PC cement
(266J/gc1inker), again illustrating the accelerating effect of
limestone. The total heat flows after 72h, however, were similar
(275J/g in the cement sample containing no calcite and 274J/g
in the sample with calcite), due to the effect of clinker dilution.

4.2. Solid phases

4.2.1. X-ray diffraction

Fig. 6 shows the XRD pattern of samples PC and PC4 cured
for lyear. Anhydrous phases (mainly belite and ferrite) are
found in the samples and the presence of calcite in PC4 is still
observed after lyear. The main hydration products common to
all samples are portlandite, ettringite and ill crystallized C—S—H
characterized by the diffuse peak at 2.7-3.3A (28-33°). The
katoite phase was clearly seen as minor phase by XRD after
extraction of silicates using salicylic acid in methanol (figure
not shown). The term katoite is applied to a solid solution series
CazAl,Si304, (grossular) and Cas;Al,(OH),, (synthetic phase)
with a SiO4 < (OH),4 isomorphous replacement and a grossular
content of less than 50%. The value of the cell parameter a of the
katoite phase (¢=1.25nm) seems to indicate a composition
close to synthetic phase C3;AHg with a possible substitution of
Al by Fe [20]. No clear difference in the patterns of katoite in
PC and PC4 was found. The main difference between the two
XRD patterns at 1year was found in the AFm phases (vertical
dotted lines).

In PC, a weak broad peak centred at about 8.5A (10.4°)
appears after 7days (see Fig. 7). This peak decreases in intensity
with time and is no longer detected after 91days by which time
the monosulfate peak at about 8.97A is clearly present in the
sample. The broad peak at 8.5A may be assigned to a mono-
sulfoaluminate or hydroxyl-AFm type solid solution [25].

For the blended cement PC4, hemicarbonate (8.2A) appears
at 2days. The peak intensity increases until 14days and then
decreases. The characteristic peak of monocarbonate at 7.6A is
detected at 7days and increases with time. As previously noticed

+ calcite

x portlandite

v eltringite

* monosulfate

o monocarbonate
A Katoite

10 15 20 25 30 35
Angles 20 (degrees) CuKo.

Fig. 6. Observed diffraction pattern for a 1 year hydrated Portland cement
without additional limestone (PC) and blended with 4 wt.% limestone (PC4).
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Fig. 7. Observed diffraction pattern between 8 and 13° 26 degrees (CuKa) for 1,
7 days and 1 year hydrated Portland cement without additional limestone (PC,
full line) and blended with 4 wt.% limestone (PC4, dotted line). H: Hydroxy-
AFm type solid solution, M: Monosulfate type solid solution.

[25], AFm phases have generally low crystallinity and varia-
tions in composition that lead to changes in position and inten-
sity reflections in the XRD patterns. Their quantification by
Rietveld analysis is therefore not reliable. Furthermore, the lack
of structural data for hemicarbonate impedes its quantification
using Rietveld analysis. For this reason, ’Al NMR was also
used to investigate the AFt and AFm phases [26] (see section
4.2.3).

4.2.2. Thermogravimetric analysis

The TGA/DTG spectra of the samples hydrated for 400days
show similar amounts of hydration products (ettringite, C—S—H,
and portlandite) for both PC and the limestone-blended PC4
(Fig. 8). The weight loss at 680°C in PC4 indicates the presence
of CaCOs. In addition, a weight loss at approx. 150°C is ob-
served, indicating the presence of monocarbonate. In PC mono-
sulfate (weight loss at approx. 180°C) has formed.

4.2.3. 77 Al nuclear magnetic resonance

The ?’Al NMR spectra of PC are displayed on Fig. 9. A
comparison between PC and PC4 hydrated for about lyear is
presented in the upper left corner. The spectra yield signal in the
Al(IV) range (100- 40ppm). At 30h, two peaks at about
+70 ppm and +82 ppm are observed and attributed to Al for Si
substitution in C—S—H and in alite, belite phases, respectively
[26]. For hydration times higher than 30h only, the peak at
+70 ppm is visible. Upon reaction with water, anhydrous
cement forms ettringite and AFm phases which both contain
exclusively octahedrally coordinated Al and lead to peaks in the
27Al NMR spectra respectively near +13 and +10ppm.
Unfortunately, different AFm phases have almost equal
chemical shift and relative strong quadrupolar interactions in
comparison with ettringite thus the distinction between the
monosulfate, hemicarbonate and monocarbonate is not possible
(see [26,27] for *’Al quadrupole coupling and isotropic
chemical shift parameters of some AFt and AFm phases).

However, NMR spectra clearly show that the AFm content in
PC is in the same range of order as the ettringite content whereas
the XRD pattern reveals little or no signal of the AFm phase due
to its low crystallinity. The resonance at about Sppm has been
attributed by Andersen et al. to an as yet unidentified “Third
Aluminate Hydrate” (TAH) [28]. Their work shows that this Al
resonance originates from an amorphous or disordered
nanoscale aluminate hydrate which is formed either as a
separate phase or as a surface precipitate on the C—S—H but not,
as previously tentatively assigned, to Al substituting for Ca in
the C—S—H layer or interlayer.

4.3. Pore solution

During the first 6h the composition of the pore solutions is
dominated by K, S, OH", Na, and Ca (cf. Table 4). The con-
centrations of Ca and sulfate are initially limited by the presence
of portlandite (Ca(OH),) and gypsum (CaSO4-2H,0) in the
hydrating cements. The concentration of Al, Si and Fe (they
represent beside Ca the major constituents in cement) are
always very low. A significant change in the composition of the
pore solution takes place between 6 and 24h (Table 4). Ca and
sulfate concentrations decrease after the gypsum is depleted due
to the formation of ettringite. Hydroxide concentrations increase
at the same time in order to maintain charge balance. Al and Si
concentrations increase slightly as the pH increases. After the
first day, alkali concentrations increase as alkalis continue to be
released during the hydration of clinkers and as the volume of
the liquid phase present decreases. This steady increase of
alkalis leads to a continued increase in pH and thus to a decrease
of Ca and an increase of Al, Si and sulfate concentrations (cf.
Table 4). The observed trends are consistent with those reported
in other studies, e.g. [14,29,30].

Generally, similar concentrations were observed in PC and
PC4, with exception of sulfate and aluminium for which re-
spectively higher and lower concentrations were observed in the
presence of limestone (cf. Table 4). During the first day, slightly
lower concentrations of Na, K, and also of some minor elements
such as Li, Cr or Mo are observed in PC4 (vs. PC), presumably
because these elements originate from the clinker (of which
there is 4% less).

100 —
_ N, [ ]
® 95 ~ I 1
3 . 1 JR——
¥ PC4
z
:8s
<] —
= 80
z
7 . 000 ¥
C-5-H A T S
TS 7 - T = ‘ = Taco, 003 =
LT \ z
1 r~ 006
- monocarbonate — 2
1 009 2
eltringite \ =
i /] 012 B
|Cacom =
i 0.15 &

- E
50 150 250 350 450 550 650 750 850 950
temperature [°C]

Fig. 8. TGA data of Portland cement without additional limestone samples (PC)
and with 4 wt.% limestone (PC4, dotted line) hydrated for 400 days.
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.. AFm
Ettringite

in many cases as both the measurements of alkali with ICP—
OES as well as the determination of the hydroxide concentra-
tions by pH measurements can be associated with considerable

323 days
---.PC4 \ TAH errors due to inaccuracy of the measurements and possible
—PC carbonation in the case of pH measurements. The reason for the

20 10 0 (ppm)

Anhydrous ;C-S-H PG 2B5dayn
cement

PC_30 hours

100 80 60 40 20 0 -20 (ppm)

Fig. 9. ”’ A1 MAS NMR spectra of hydrated Portland cement without additional
limestone samples (PC) hydrated for 30 h, 8 and 323 days. In the upper left
corner, Al MAS NMR spectra of hydrated Portland cement without additional
limestone samples (PC) and blended with 4 wt.% limestone (PC4, dotted line)
hydrated for 323 days.

The charge balance calculated from the measured concentra-
tions indicates an accurate measurement of the composition of
the pore solutions during the first 28days (cf. Table 4). After 197
and 400days, however, a surplus of cations of 16% on average is
observed. It can be expected that the charge balance is not exact

relatively large surplus of cations found after 197 and 400days
in our samples is not clear, but most probable associated with
these inaccuracies. Theoretically the presence of an additional,
unaccounted anions could also be the reason. However, no
organic admixture has been used in the experiments, measured
chloride concentrations are generally in the range of a few
mmol/l or lower. Carbonate concentrations are limited by the
presence of calcite to a few mmol/l and lower; measured car-
bonate concentrations have been found to be in the expected
range (unpublished data). These concentrations are too low to
account for the observed differences. Similarly, the presence
of significant concentrations of other anions or cations is not
probable [31], as they are present as very minor elements in the
cement matrix. The analysis of the pore solutions results often
in a minor charge imbalance of a few percent for both short and
long hydration times [14,32—35], in some case a higher charge
imbalance was observed after longer hydration times [36].
The solutions are slightly oversaturated with respect to
portlandite at all times (Fig. 10) and are initially saturated or
slightly oversaturated with respect to gypsum. After the first few
hours, the gypsum is depleted and the solutions become very
undersaturated with respect to gypsum. The saturation index

Table 4

Measured total concentration in the pore solutions gained from Portland cement without limestone (PC) and from Portland cement blended with 4% limestone (PC4)
Time Na K Li Ca Sr Ba Al Si S Cr Mo OH™* pH CBP
[days] [mmol/1] [%]
PC

0.04 76 395 0.50 21 0.07 0.006 0.009 0.11 168 0.93 0.028 170 132 -2
0.08 77 404 0.52 21 0.08 0.005 0.004 0.13 175 0.98 0.027 160 132 -1
0.17 78 401 0.55 21 0.09 0.005 0.015 0.13 176 0.94 0.023 160 132 -2
0.25 83 408 0.59 19 0.12 0.006 0.032 0.17 180 0.81 0.016 160 13.2 -2
1 106 447 0.46 2.5 0.02 0.003 0.22 0.31 2.6 0.12 0.003 470 13.6 3
7 173 556 0.82 1.5 0.02 0.002 0.62 0.31 34 0.04 0.001 590 13.7 8
28 189 595 0.91 1.4 0.02 0.002 0.38 0.33 10 0.10 0.002 650 13.8 4
197 333 645 1.1 1.3 0.02 0.003 0.37 0.20 21 0.21 0.002 680 13.8 18
400 396 665 1.2 1.2 0.02 0.003 0.33 0.43 22 0.21 0.001 730 13.8 19
PC4, with limestone

0.04 68 359 0.45 21 0.07 0.005 0.029 0.19 151 0.83 0.025 160 13.2 -2
0.08 71 373 0.47 21 0.07 0.005 0.039 0.21 159 0.86 0.025 160 132 -1
0.17 84 433 0.58 16 0.09 0.004 0.015 0.11 191 0.96 0.022 160 13.2 -2
0.25 83 407 0.60 17 0.12 0.006 0.023 0.14 179 0.75 0.014 160 132 -2
1 100 404 0.43 2.4 0.02 0.003 0.22 0.27 1.9 0.12 0.003 450 13.6 -2
7 148 483 0.71 1.6 0.02 0.002 0.24 0.26 5.8 0.15 0.002 540 13.7 1
28 172 532 0.84 1.4 0.02 0.002 0.18 0.25 14 0.18 0.001 600 13.8 0
197 297 570 0.98 1.3 0.02 0.003 0.14 0.14 41 0.29 0.001 600 13.7 12
400 331 563 1.0 1.0 0.02 0.001 0.22 0.53 34 0.25 0.001 610 13.8 15
Detection limits

0.9 0.03 0.03 0.02 0.002 0.0002 0.0003 0.004 0.2 0.001 0.0003 - -

The values for OH™ refer to the free concentrations.

The measured concentrations of Fe are below the detection limit of 0.001 mM. “The free concentrations of OH" are calculated from the measured pH values. "The
charge balance error C.B. is calculated considering that at this high pH approx. 10% of the hydroxide is complexed by dissolved Na and K and thus not captured by pH
measurements. The percentages given refer to the surplus of cations (cations-anions), relative to the total charge caused theoretically by cations (i.e. Na“+K"+2Ca*").
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with respect to a solid is given by log(IAP/Kg), where the ion
activity product IAP is calculated from activities derived from
the concentrations determined in the solution and Kgq signifies
the solubility product of the respective solid. A positive satu-
ration index implies oversaturation, a negative value undersatu-
ration with regard to the respective solid. As the use of
saturation indices can be misleading when comparing phases
which dissociate into a different number of ions, “effective”
saturation indices were calculated by dividing the saturation
indices by the number of ions participating in the reactions to
form the solids. The formation from the dominant ions OH ",
Ca**, SO3 ", or AI(OH); in the solution was considered but not
the influence of H,O; the values for gypsum, portlandite,
ettringite or monosulfate were divided by 2, 3, 15 or 11,
respectively.

Calculated effective saturation indices with respect to Al—
ettringite are initially relatively high (Fig. 10), but decrease after
several hours when all gypsum is consumed. The pore solutions
are also oversaturated with respect to monosulfoaluminate.
Similarly to ettringite, the oversaturation with respect to mono-
sulfoaluminate decreases with time. The oversaturation with
respect to gypsum, portlandite and ettringite is identical in both
systems. Only the oversaturation with respect to monosulfoa-
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luminate is slightly higher in the limestone-poor PC than in the
PC4 which contains 4% calcite (Fig. 10), indicating that the
formation of monosulfate is more probable in the absence of
calcite.

The observed saturation indices for portlandite, gypsum,
ettringite and monosulfate are similar to the values found in
other studies [14,29,37]. Although it has often been observed
that the pore solutions of aged Portland cement pastes are
oversaturated with respect to portlandite, monosulfate and et-
tringite, e.g. [14,29,36,37], the source of this apparent over-
saturation is unknown. In “pure” system, i.e. in synthetic
solutions which just contain aluminium, calcium, alkalis, sul-
fate, and hydroxide, saturation with respect to ettringite is
reached within a few days [38]. In the pore solutions of Portland
cement systems with a high w/c, where filtration instead of high
pressures have been used to gain the pore solutions, the
saturation index of portlandite has been observed to approach
zero [39,40], indicating saturation, while it remained constantly
over saturated in systems with a lower w/c [14,29,36,37].
Whether the apparent oversaturation observed is due to changes
caused by the high pressures used to squeeze out the pore
solutions or whether kinetic barriers (e.g. caused by high ionic
strength [36,41,42]) are responsible is still unclear.
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Fig. 10. Effective saturation indices of gypsum, portlandite, ettringite and monosulfate calculated as a function of hydration time. A saturation index of 0 indicates

equilibrium between liquid and solid.



B. Lothenbach et al. / Cement and Concrete Research 38 (2008) 848-860 857

5. Discussion
5.1. Modelling and experimental results

Thermodynamic modelling of hydrated limestone blended
cement PC4 predicts the presence of C—S—H, portlandite, traces
of hydrotalcite, calcite, ettringite and monocarbonate (Fig. 3). In
agreement with the calculations, experimentally C—S—H, port-
landite, calcite, monocarbonate and ettringite could be identi-
fied by XRD and TGA in the hydrated samples.

The amounts of portlandite deduced by XRD and TGA agree
well with the calculated quantities (Fig. 11). As previously
noticed by comparing NMR and XRD data, the amount of AFm
phases deduced by XRD is certainly underestimated due to its
low crystallinity and variations in composition which lead to the
difference observed in Fig. 12 between measured and calculated
AFm phases. Thus it is more appropriate to compare the to-
tal amount of amorphous (C—S—H and “amorphous” AFm)
and AFm deduced by XRD with the sum C—S—H + AFm of
the model as shown in Fig. 13. Besides, a moderate uptake of Al
in C-S-H would result in the formation of less AFm and
relatively more amorphous C-S-H. In the calculations no uptake
of Alin C-S-H has been considered due to the lack of systematic
data. The calculated and measured quantities agreed generally
very well (Figs. 11 and 12), indicating both the validity of the
dissolution model for OPC (cf. Figs. 1 and 2) as well as the
ability of thermodynamic equilibrium models to account for the
composition of hydrated cement pastes.

In addition, the XRD measurements indicated that initially
hemicarbonate has formed, which transformed only very slowly
to monocarbonate (cf. Fig. 7). Similarly, Kuzel and Péllmann
[43] observed the early formation of hemicarbonate which later
slowly transformed to monocarbonate in a C5A, lime, gypsum
and calcite system. In aqueous systems, hemicarbonate has been
found to be unstable in the presence of calcite [44]. Thermo-
dynamic calculations indicate that this should be the same in
Portland cement systems. However, the difference in the solu-
bility of hemi- and monocarbonate within the pore solution is
rather small. The pore solutions are saturated to a similar degree
with respect to both hemi- and monocarbonate and a moderate
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Fig. 11. Amounts of portlandite deduced by XRD/Rietveld analysis and
thermal analysis as a function of hydration time. Lines refer to the results of
thermodynamic modelling.
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Fig. 12. Amounts of hydrated crystalline products deduced by XRD/ Rietveld
analysis as a function of hydration time. Lines refer to the results of thermo-
dynamic modelling.

under saturation with respect to calcite could thus lead to the
precipitation of hemicarbonate. No significant difference in the
precipitation kinetics between hemi- and monocarboaluminate
has been reported [20,45]. While the dissolution of calcite is
relatively fast under neutral to moderately alkaline conditions, it
slows down significantly above pH 9 [46,47]. Thus, the inter-
mediate formation of hemicarbonate is probably caused by
the relatively slow dissolution of limestone, so that initially
not sufficient dissolved carbonate is available. However, with
time, as more calcite dissolves, hemicarbonate turns into
monocarbonate.

For the hydrated PC cement to which no limestone has been
added, thermodynamic modelling predicts the formation of C—
S—H, portlandite, ettringite, monosulfate and traces of hydro-
talcite and hemicarbonate (Fig. 3). In agreement with the
calculations, the presence of C—S—H, portlandite and mono-
sulfate could be confirmed by XRD, TGA and NMR measure-
ments. The XRD measurements indicate significantly more
ettringite than predicted (Fig. 12). The modelled hydration of
PC shows that considerable quantities of ettringite precipitate
during the first day, which later should dissolve again and react
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Fig. 13. Amounts of amorphous hydrated products deduced by XRD/ Rietveld
analysis as a function of hydration time. Lines refer to the results of thermo-
dynamic modelling.



858 B. Lothenbach et al. / Cement and Concrete Research 38 (2008) 848-860

to form monosulfate. Experimental results confirmed the forma-
tion of ettringite during the first day, but most of the ettringite
persisted and only a minor fraction dissolved and precipitated as
monosulfate. Similar to our observations, Kuzel [48] observed
for a cement containing 0.4% CO, a slight decrease of ettringite
and the formation of some monosulfate after the first day. In
contrast, for a cement containing less than 0.1% CO, they
observed complete disappearance of ettringite within 2 days.
The consideration of a moderate uptake of Al in C-S-H in the
thermodynamic calculations would lead to less calculated
monosulfate and more ettringite which would account better
for the observed experimental data.

In addition the pore solutions of the two cements
investigated are basically saturated with respect to ettringite
(Fig. 10), ettringite has no strong driving force to dissolve
rapidly, and thus the formation of monosulfate is expected to be

slow. Baur et al. [49] found that, under near equilibrium
conditions, ettringite and monosulfate would need between 1 to
4years to re-crystallize completely. Besides, concentrations
gradients on a microscopic level, which are not visible in the
bulk analysis of pore solutions, could locally influence the
stable hydrate assemblage.

Both the modelled and the measured concentration in the
pore solutions show consistent trends, as illustrated for PC4 in
Fig. 14. The calculations and the measurements showed no
significant differences in the composition of the pore solution
between PC and the limestone blended PC4 were observed
except for the aluminium and sulfate concentrations. The mod-
elling and the measurements indicated consistently a higher
sulfate concentration in the presence of calcite and a lower
aluminium concentration, even though the trends in the mea-
sured data were less explicit than in the modelled data (Fig. 14b).
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Fig. 14. Modelled concentrations in the liquid phase compared to the experimentally determined concentrations. a) Hydration of PC4 cement, b) aluminium and sulfate
concentration in the pore solution of hydrated Portland cement without additional limestone samples (PC) and blended with 4 wt.% limestone (PC4).
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5.2. Influence of limestone

The presence of limestone is found to enable the formation
of monocarbonate and thus to stabilise indirectly ettringite
at the expense of monosulfate. This agrees with other
experimental findings: the stabilizing effect of calcite on
ettringite has been observed in C5A, CaO, gypsum and calcite
systems [43,50] as well as in calcite-containing Portland
cements [48,51,52].

This stabilisation of ettringite in the presence of calcite
should lead to an increase of the total volume of the solid
phases, as ettringite has a low density and thus a relatively large
volume per formula unit (cf. Table 2). In contrast, a reduction in
the volume of the hydrated phases should be observed in the
absence of limestone. These differences in volume, as illustrated
in Fig. 3, should lead to a differences in porosity and thus result
in corresponding changes in compressive strength. For the
cement investigated, the absence of limestone led after 28days
to a calculated lower volume of the hydrate assemblage of
approx. 3%. This translates into a relatively moderate calculated
difference of the porosity in mortar samples of approx. 0.5vol.
%. The measured differences in porosity (see Table 1) were
even smaller (< 0.1 vol.%). In the investigated “limestone-free”
cement much less transformation of ettringite into monosulfate
was observed (Fig. 11) than calculated, which accounts for the
much smaller difference in porosity. Similar to our observations,
different authors reported a small decrease of the porosity if
only a few percent (< 5%) of the cement was replaced by
limestone [52—54]. At higher additions of limestone the dilution
effect of the limestone dominates. A small increase in the 28-
day compressive strength was observed by some authors
[21,53,55], while for other cements [54,56] a small decrease
was observed even if only < 5% of the cement was replaced by
limestone. Higher additions of limestone led always to a
decrease of compressive strength and an increase of porosity,
e.g. [53,54,56].

Another effect of the replacement of a fraction of the cement
by finely ground limestone is the acceleration of the hydration
reaction as shown by calorimetry (Fig. 5). Finely ground lime-
stone accelerates cement hydration as it provides additional
surface for the nucleation and growth of hydration products
[23,24].

6. Conclusions

Blending of Portland cement with limestone was found to
not only accelerate the initial hydration reaction but also to
influence the hydrate assemblage of the hydrating cement
pastes. Both thermodynamic calculations and experimental ob-
servations indicate that in presence of limestone monocarbonate
instead of monosulfate is stable at room temperatures.

hermodynamic modelling shows that the stabilisation of
monocarbonate indirectly also stabilises ettringite. This is cal-
culated to lead to a corresponding decrease of the total volume
of the hydrate phase and an increase of porosity. However, the
measured difference in porosity between the “limestone-free”
cement, which contained <0.3% CO,, and the cement contain-

ing 4% limestone, was much smaller than calculated. This could
be due to an overestimation of the amount of AFm phases in the
calculations as no uptake of Al in C-S-H has been considered
and/or due to the slow reactivity of ettringite. These findings
indicate that Al-uptake in C-S-H could play an important role in
Portland cement systems.

The coupling of thermodynamic modelling with a set of
kinetic equations which describe the dissolution of the clinker
predicts quantitatively the amount of hydrates formed as a
function of hydration time. Apart from the minor discrepancies
discussed above, the quantities of ettringite, portlandite and
amorphous phase as determined by TGA and XRD agreed
reasonably well with the calculated quantities of these phases
after different periods of time. This illustrates that for the
prediction of the bulk evolution of hydrating cements the use of
such coupled models can be a valuable tool.
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