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Portland metakaolin cement containing dolomite or limestone –
Similarities and differences in phase assemblage and compressive
strength
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h i g h l i g h t s

� Dolomite can replace up to 10% of cement without impairing strength at 20 �C or 38 �C.
� Carbonates delivered by either dolomite or limestone additions stabilize ettringite.
� The reactivity of dolomite can be increased by elevating the curing temperature.
� Limestone and dolomite additions yield similar compressive strength at 20 �C or 38 �C.
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a b s t r a c t

The scarceness of high-quality limestone obliges the cement industry to consider alternative supplemen-
tary cementitious materials (SCMs) for the production of blended cements. This study investigated the
potential usage of dolomite instead of limestone as an addition to Portland metakaolin cement by mea-
suring the development of the compressive strength and phase assemblages at 5 �C, 20 �C or 38 �C.
Laboratory grade materials were used to identify potential differences in the impact of the carbonate
on the phase assemblages. As with limestone, a strength increase was observed when dolomite is added
at temperatures >5 �C due to the formation of additional carbonate AFm phases and the stabilization of
ettringite. Differences were observed in the amount and type of the carbonate AFm and AFt phases
formed. Thermodynamic modelling in combination with the experimental results indicate that the dolo-
mite and limestone affect Portland metakaolin cement in a similar way, with the reactivity being the
major difference between the two carbonate sources. This indicates that with regard to the strength
development up to 90 days dolomite can be used instead of limestone to replace parts of a Portland
metakaolin cement.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

There are several ways to minimize the effect of cement pro-
duction on our climate, one of which is to use supplementary
cementitious materials (SCMs) [1]. Limestone is widely used as
an SCM. According to the European standard EN197-1, it can
replace up to 5%wt clinker in CEM I Portland cements and up to
35%wt in CEM II Portland-limestone cements [2].

The addition of finely ground limestone to Portland cement
affects the hydration in two ways. First, there is the physical effect
of finely ground limestone, which is also often called the filler
effect. The addition of fine materials to Portland cement provides
additional nucleation sites, which facilitate the formation of
hydrates during the hydration of the cement. Moreover, in systems
where parts of the cement are replaced by another material, the
water-to-cement ratio increases when the water-to-solid ratio is
kept constant. This increases the reaction degree of the cement.
The addition of finely-ground limestone is known to enhance the
reaction of alite and therefore of Portland cement [3,4], and can
also shorten the time necessary to nucleate the first C-S-H phase

https://doi.org/10.1016/j.conbuildmat.2017.09.056
0950-0618/� 2017 Elsevier Ltd. All rights reserved.
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[5], which accelerates the hydration of the cement. However, the
filler effect is also always connected with a dilution effect, because
the most reactive part of the system is replaced with a less-reactive
material.

Second, and contrary to earlier understanding that limestone is
an inert material, several authors have reported a reaction of lime-
stone when added to Portland cement [6,7]. Carbonate AFm
phases, such as hemicarbonate and monocarbonate, are formed
during the reaction of limestone with pure C3A or C3A in Portland
cement [8–12]. In the presence of carbonates, these AFm phases
are more stable than monosulphate [13]. Consequently, the ettrin-
gite does not transform to monosulphate after the sulphate source,
e.g. gypsum, is depleted. This chemical effect is called ettringite
stabilization and results in a relative increase in the volume of
hydrates and leads to an increase in compressive strength at low
replacement levels [6,7]. A comprehensive overview of the effect
of limestone addition to Portland cement on compressive strength
and phase assemblage can be found in [14].

The high-grade limestone required by EN197-1 [2] is not suffi-
ciently available in all parts of the world, so various other carbon-
ate sources are in the focus of ongoing research, with dolomite rock
being one promising alternative. Schöne et al. [15] observed similar
compressive strength results from cements where 23%wt was
replaced with either limestone or dolomite. Moreover, Zajac et al.
were able to demonstrate that the effect of ettringite stabilization
upon carbonate addition, which has been known for cements con-
taining limestone, is also valid for cements containing ground
dolomite rock [16].

The mineral dolomite, which is petrogenetic for dolomite rock,
is not stable in the high-alkaline environment of a cement and has
been reported to undergo what is known as the dedolomitization
reaction [17,18]. In this reaction, dolomite reacts with calcium
hydroxide (portlandite) to form calcium carbonate (calcite) and
magnesium hydroxide (brucite). However, it has been shown that,
in cementitious systems where other ions (Al, Si) are present, the
reaction of dolomite produces products similar to those of hydrat-
ing Portland limestone cement and hydrotalcite [16,19].

The dissolution of dolomite and calcite in various conditions has
been studied before [20]. Pokrovsky et al. were able to show that
the dissolution rate of dolomite is significantly smaller than that
of limestone at both 25 �C and 60 �C [21]. Moreover, the dissolution
rates of both decrease with increasing pH [22] and increase with
increasing temperatures from 25 �C to 60 �C [21]. This accords with
other authors, who have reported a higher degree of reaction of
dolomite with increasing temperatures [19,23].

The positive effect of adding carbonate to ordinary Portland
cements is limited because the amount of alumina available is lim-
ited in these cements. However, the effect can be amplified by

increasing the aluminium content of the cement by using various
aluminium-containing SCMs. This synergetic effect has previously
been demonstrated for samples containing limestone and fly ash
[24,25] and for combinations of limestone and metakaolin [26–28].

In the present study, we used a calcined clay-containing Port-
land composite cement with a cement-to-metakaolin ratio of 6:1
to ensure an aluminium-rich cement, referred to in the following
as Portland metakaolin cement (CM). We investigated the phase
assemblage development of this Portland metakaolin cement with
various levels of carbonate addition, either pure dolomite or lime-
stone, in pastes over hydration periods of up to 90 days. We also
measured the compressive strength of mortar samples with the
same compositions. To investigate the effect of curing at different
temperatures, samples were cured at 5 �C and 38 �C as well as
the usual 20 �C.

2. Experimental

2.1. Materials

The materials used for this study were Portland cement clinker (C, from Nor-
cem), and laboratory-grade dolomite (D, Magnesia 4179 from Brenntag), limestone
(L, Magnesia 4491 from Brenntag) metakaolin (M, Metastar501 from Imerys) and
gypsum ($, CaSO4�2H2O, from Merck). The cement clinker was ground in a labora-
tory ball mill until a Blaine surface area of approx. 400 m2/kg was achieved. The
other materials were used as received. All materials were characterized by means
of XRF (Table 1), QXRD (Tables 2and 3), Blaine specific surface area (Table 1), and
laser diffraction (Fig. 1). Laboratory-grade materials were used to make it possible
to investigate the effect of dolomite without calcite impurities. The dolomite used
was synthesized by precipitation, which is why it has a much finer particle size dis-
tribution than the limestone used.

The experimental matrix is given in Table 4. The reference 100CM represents a
model composite cement consisting of Portland cement clinker and metakaolin
with the mass ratio of 6:1. Levels of 5, 10 or 20%wt of the composite cement were
replaced by either limestone or dolomite. To ensure a sufficient sulphate content in
the samples, 2.85%wt of laboratory-grade gypsum was added to all mixes.

The paste samples were prepared in the laboratory at 20 �C by mixing binder
and water with a w/b ratio = 0.55 (due to the high fineness of the materials used)
in a Braun MR5550CA high shear mixer. The mixing procedure was: mixing for
30 s, resting for 5 min, and mixing again for 60 s. The pastes were then cast in
12 ml plastic tubes (diameter 23 mm), which were sealed and stored at the various
temperatures over water for up to 90 days.

The mortar samples were prepared in accordance with EN 196-1 [29], except
that the w/b ratio had to be increased to 0.55 due to the high fineness of the mate-
rials used. After 1 day in a climate chamber (20 �C, >90% RH) the prisms
(40 � 40 � 160 mm) were demoulded and stored in big tanks immersed in lime
water together with other samples at 20 �C until measurement. Additional samples
for the other temperatures (5 �C and 38 �C) were prepared in a similar way, except
that they were not stored in a climate chamber for the first day, but in their moulds
in a closed box over water at their respective temperatures. After 1 day, they were
demoulded and stored immersed in lime water at their respective curing tempera-
tures. The samples cured at 38 �C were stored in 20-litre plastic boxes filled with
lime water and not in the big tanks as the other samples. The mortar and paste sam-
ples were investigated after 1, 28 and 90 days of hydration at 20 �C. The samples
cured at 5 �C and 38 �C were investigated after 28 and 90 days.

Table 1
XRF results [%wt] and Blaine specific surface area of the clinker, dolomite, limestone, metakaolin and gypsum used.

Oxide Clinker Dolomite Limestone Metakaolin Gypsum

SiO2 20.6 0.01 0.00 52.18 0.02
Al2O3 5.6 0.02 0.00 44.92 0.09
TiO2 0.29 0.00 0.00 1.14 0.00
MnO 0.05 0.00 0.00 0.00 0.00
Fe2O3 3.12 0.00 0.00 0.62 0.00
CaO 63.26 30.32 55.87 0.12 32.66
MgO 2.66 21.59 0.21 0.04 0.06
K2O 1.23 0.00 0.00 0.18 0.01
Na2O 0.51 0.00 0.00 0.17 0.02
SO3 1.37 0.00 0.00 0.14 46.47
P2O5 0.09 0.00 0.01 0.07 0.00
LOI – 47.53 43.73 0.29 20.39
Blaine surface area [m2/kg] 404 1056 482 897 214

Sum (1050 �C) 98.78 99.52 99.82 99.87 99.72
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2.2. Methods

2.2.1. Double solvent exchange
After 1 day (only for samples stored at 20 �C), 28 days, and 90 days, the hydra-

tion was stopped by means of double solvent exchange. First, a 6 mm thick slice
(diameter: 23 mm) was cut off the cured cement paste sample. The paste was
crushed in a porcelain mortar until the whole sample had passed through a
1 mm sieve. The coarsely crushed cement paste was then immersed in 50 ml iso-
propanol, shaken for 30 seconds, and left to rest for 5 min before the isopropanol
was poured off. This isopropanol treatment was performed twice before the sample
was transferred to a filtration unit where the isopropanol was filtrated out and the
paste was immersed in 10 ml petroleum ether. After 30 s of stirring, the suspension

was left to rest for 5 minutes. The sample was then vacuum-filtrated and subse-
quently dried overnight in a desiccator under a slight vacuum (�0.2 bar) applied
using a water pump. All the samples were stored in a desiccator over silica gel
and soda lime until measurement. The grinding of the samples to fine powder
(<63 mm) was generally performed on the day of measurement.

2.2.2. TGA
Thermogravimetric analysis (TGA) was performed on all the pastes after the

double solvent exchange treatment, drying and grinding. For the TGA measure-
ments, the powders were poured into 600 ml corundum crucibles and stored in a
sample changer until measurement (max. 8 h). The weight loss was measured from
40 to 900 �C with a heating rate of 10 �C/min in a Mettler Toledo TGA/DSC3+ device.
During the measurement, the measurement cell was purged with 50 ml/min of
nitrogen gas. TGA was used to quantify the mass loss due to the loss of bound water
(H) and the decomposition of portlandite (CH). The weight loss of the portlandite
between approx. 400 �C and 550 �C was determined with a tangential step. The
bound water was determined by the difference between the sample weight at
50 �C and approx. 550 �C using a horizontal step. The sample weight at approx.
550 �C was assumed to be the dry binder weight, which would remain constant
during the cement hydration. At higher temperatures, the carbonates present in
the composite cements would decompose and cause additional mass loss. The
equations for the quantification of bound water (H) and portlandite (CH) relative
to the dry mass or clinker content (c.f. [30]) are given in Eqs. (1)–(4)

Hdry ¼ w50 �w550

w550
ð1Þ

CHdry ¼ w400 �w550

w550
� 74
18

ð2Þ

Hclinker ¼ w50 �w550

w550
� 100
% clinker

ð3Þ

CHclinker ¼ w400 �w550

w550
� 74
18

� 100
% clinker

ð4Þ

The standard deviations of these quantifications were calculated based on three
independent measurements of the 100CM sample. For the portlandite quantifica-
tion, the standard deviation was 0.8%wt and for the bound water content 1.2%wt.
This is illustrated as error bars in the figures.

Table 2
Mineral composition of the dolomite, limestone, metakaolin and gypsum, determined by Rietveld analysis [%wt]. Amounts given in italics are below the limits of quantification
(1%wt). The quantification of mullite is questionable due to its low crystallinity.

Mineral name Mineral formula Dolomite Limestone Metakaolin Gypsum

Hydromagnesite Mg3(CO3)4(OH)2�4H2O – – – –
Calcite CaCO3 – 100 – –
Dolomite CaMg(CO3)2 100 – – –
Gypsum CaSO4�2H2O – – – 93.7
Bassanite CaSO4�0.5H2O – – – 6.3
Anatase TiO2 – – 1.2 –
Mullite Al6Si2O13 – – 6.1 –
Muscovite KAl2Si3AlO10(OH)2 – – 0.4 –
Quartz SiO2 – – 0.7 –
Amorphous content – – – 91.6 –

Table 3
Mineralogical composition of the clinker used determined by
Rietveld analysis [%wt].

Mineral %wt

Alite 59.5
a-Belite 1.4
b-Belite 13.9
R Belite 15.3
Aluminate (cub.) 5.3
Aluminate (or.) 3.5
R Aluminate 8.8
Ferrite 10.0
Periclase 1.5
Free Lime 0.9
Portlandite 1.2
Aphthitalite 2.4
Arcanite 0.5

Fig. 1. Particle size distributions of the materials used, determined by laser
diffraction.

Table 4
Overview of the experimental matrix. To all mixes, 2.85%wt of laboratory-grade
gypsum was added.

No. Name of the mix CM
(OPC:MK = 6:1)

L D

1 100CM 100
2 95CM5L 95 5
3 90CM10L 90 10
4 80CM20L 80 20
5 95CM5D 95 5
6 90CM10D 90 10
7 80CM20D 80 20
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2.2.3. XRD
X-ray diffraction (XRD) analyses were performed on the same pastes as those

used for TGA. For the XRD analyses, the powder was loaded into the sample holders
by means of front loading and queued in a sample changer until measurement
(max. 5 h). A D8 Focus diffractometer from Bruker was used for the measurements
with a Bragg-Brentano h–2h geometry and a goniometer radius of 200.5 mm. The
samples were measured between 5 �2h and 55 �2h with a step size of 0.01 �2h
and a sampling time per step of 0.5 s. Cu-Ka radiation with a wavelength of approx.
1.54 Å was used as the X-ray source. The divergence slit was fixed at 0.2 mm and
the Soller slits were set to 2.5�. The XRD plots were qualitatively evaluated using
DIFFRAC.EVA V4.0 software from Bruker. All observations regarding peak height
and shape are only used as an indication, and is used together with the TGA results.

2.2.4. Mercury intrusion porosimetry
To make it possible to study the threshold pore diameter and total porosity of

the paste samples with mercury intrusion porosimetry (MIP), a 7 mm slice of the
cured cement paste was cut off each sample and coarsely crushed in a porcelain
mortar. The crushed samples were then immersed in isopropanol for at least 24 h
and then dried in an aerated oven overnight at 40 �C to remove the isopropanol.
A Pascal 140/440 porosimeter from Thermo Scientific was used to get the MIP mea-
surements. The first intrusion curve reported from the measurements was used to
determine the threshold pore diameter and the pore volume, which equals the total
porosity measurable with MIP.

2.2.5. Compressive strength testing
After 1, 28 and 90 days of hydration, the compressive strength of the mortar

prisms was determined in accordance with EN 196-1 [29]. For every testing time,
two mortar prisms were split in two and the compressive strength of all four result-
ing specimens was measured. The average and standard deviations of all four
results were calculated and plotted in the figures.

2.2.6. Thermodynamic modelling
The Gibbs free energy minimization program GEMS [31,32] was used to model

how the hydrate phase assemblages and their volumes depend on the degree of
reaction of either dolomite or limestone. The thermodynamic data used from the
PSI-GEMS database was supplemented with a cement specific database (CEM-
DATA14 database) [33–35], which includes solubility products of the solids relevant
for cementitious materials. For the C-S-H phase, the CSHQ model proposed by Kulik
was used [36]. In the case of hydrogarnets, the solid solution model for Al-Fe silic-
eous hydrogarnets was used [37]. The effect of the degree of reaction of dolomite or
limestone on phase assemblage was investigated. The samples 95CM5D and
95CM5L were used for the geochemical modelling at 20 �C. The composition of
the Portland metakaolin cement used as an input for the model was calculated from
the XRF results given in Table 1. In this work, we used the same modelling approach
as in [38]. However, we assumed the constant hydration degree of clinker and
metakaolin to be 100%.

3. Results & general discussion

3.1. Compressive strength

Fig. 2a–c shows the development of the compressive strength of
the various compositions investigated for the various curing times
and curing temperatures tested.

After 1 day of curing at 20 �C, increasing replacement of CM by
either of the carbonates led to slightly decreasing compressive

strengths (Fig. 2b). Moreover, there were no notable differences
between the samples containing limestone and dolomite. This
indicates that any strength increase observed for minor carbonate
replacements after 28 or 90 days of curing cannot be caused only
by physical filler effects because this should already be visible after
1 day of curing.

Fig. 2b shows that, after 28 and 90 days of curing at 20 �C, the
compressive strength increased compared to the 100CM mortar
with limestone additions of up to 5%wt and with dolomite addi-
tions of up to 10%wt, and decreased again at higher replacement
levels. For the 28 d and 90 d samples at 20 �C, the highest overall
compressive strength was shown by the 95CM5L sample. It should
be noted that at a replacement level of 20%wt the 80CM20D sam-
ple showed slightly higher compressive strength than the
80CM20L sample when cured at 20 �C.

The development of the compressive strength changed at the
other curing temperatures. At 5 �C (Fig. 2a), the positive effect of
limestone addition on compressive strength could be observed
for a replacement level of 5%wt. At higher replacement levels,
the compressive strength values decreased. The replacement of
CM by dolomite resulted in the reduction of the compressive
strength at all replacement levels. Moreover, for replacement
levels <20%wt, all the samples containing limestone showed higher
compressive strength values than the samples containing dolo-
mite. The positive effect of carbonate addition on compressive
strength was generally less pronounced and the total compressive
strength values were lower for samples cured at 5 �C than for the
samples cured at 20 �C.

Fig. 2c shows that, after 28 and 90 days of curing at 38 �C, the
compressive strength levels were similar or even lower for samples
containing limestone than for samples containing dolomite. At
38 �C, the positive effect of carbonate addition on the compressive
strength was only visible for the samples containing dolomite. The
samples containing limestone showed no increased compressive
strength for any replacement level. However, we cannot report
on a possible increase in compressive strength at lower replace-
ment levels than 5%wt. It should be noted, that the differences
between samples containing limestone and dolomite were rela-
tively small at 38 �C compared to the differences observed at lower
temperatures. The highest compressive strength values were
achieved in samples containing 5%wt of dolomite.

3.2. Mercury intrusion porosimetry

Fig. 3a–c shows the development of the threshold diameter and
the porosity for the various replacement levels of either dolomite
or limestone at the various curing temperatures after 90 days of
hydration.

Fig. 2. Development of compressive strength for the different carbonate additions and the reference, for samples cured for up to 90 days at a) 5 �C, b) 20 �C, c) 38 �C.
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The results for the samples containing dolomite and limestone
are generally very similar. Differences in the particle size
distribution of the two carbonate sources seem to have no signifi-
cant influence on the microstructure of the paste samples.

At 5 �C, the porosity of the samples increased for all replace-
ment levels of dolomite compared to the CM sample. The sample
containing 5%wt limestone showed a slightly decreased porosity.
At higher replacement levels than 5%wt of limestone, the porosity
increased again. The threshold pore diameter decreased for all
replacement levels of either dolomite or limestone. The samples
containing limestone showed a higher threshold diameter for the
20%wt replacement level than the samples containing dolomite.
The reason for this is unclear.

At 20 �C, the trends with increasing replacement levels of either
dolomite or limestone are very similar. In both cases, the addition
of 5%wt of a carbonate source reduced the porosity slightly. At
higher replacement levels, the porosity increased. The threshold
diameter increased with every replacement level from 5%wt and
upwards compared to the CM sample.

At 38 �C, the results for the threshold diameter are similar to the
samples cured at 20 �C, but the porosity of the samples was slightly
higher. Moreover, at a replacement level of 5%wt, the porosity
decreased for the 95CM5D sample but stayed almost constant for
the 95CM5L sample. At higher replacement levels, the porosity of
the samples containing dolomite increased. The porosity decreased
slightly for the sample containing 10%wt limestone and increased
at a replacement level of 20%wt of limestone.

Generally, the MIP results for the samples containing dolomite
and limestone correlate well with the compressive strength results
(Fig. 2). Samples in which a compressive strength increase was
observed for either dolomite or limestone addition compared to
the 100CM samples also showed a reduction in the porosity.

3.3. AFm and AFt

3.3.1. XRD
Fig. 4 shows the XRD patterns for the various samples cured at

20 �C after 1, 28 and 90 days.
After 28 and 90 days, the ettringite stabilization effect could be

observed in all samples containing carbonates when compared
with the 100CM sample regardless of the curing temperature,
though 95CM5D did show a minor ettringite peak at 38 �C. The
addition of a carbonate source to the system increased the CO2/
SO3 ratio and this meant the carbonate AFm phases, either mono-
carbonate (11.7 �2h) or hemicarbonate (10.8 �2h), were the stable
AFm phases instead of monosulphate (9.9 �2h). Consequently,
ettringite (9.1 �2h) did not transform to monosulphate after the
sulphate depletion.

After 1 day, this effect was less obvious because the ettringite
peak in the 100 CM sample was still present. However, samples
containing carbonates, especially limestone, showed higher and
sharper ettringite peaks than samples without. In addition to the
sulphate-containing phases, after 1 day, the limestone samples
showed small traces of monocarbonate peaks and samples con-
taining dolomite showed humps of hemicarbonate.

The trends observed for samples cured at 20 �C after 28 and
90 days were similar to each other, and are therefore described
together here. The type of carbonate AFm phase changed with
the various replacement levels and the different carbonates used.
All samples containing limestone showed clear monocarbonate
peaks. At replacement levels of 5%wt, broad peaks of hemicarbon-
ate were also detected, but these disappeared at higher replace-
ment levels. The amount of carbonate AFm phases formed at
lower replacement levels seemed to be smaller in samples contain-
ing dolomite than in samples containing limestone. In the samples
containing dolomite, the types of carbonate AFm and their amount
changed more gradually with the level of replacement. In samples
containing 5%wt of dolomite, broad humps of both hemi- and
monocarbonate were detectable. The monocarbonate peak
increased in height and became sharper with higher dolomite
additions, while the hemicarbonate peak decreased until it disap-
peared at 20%wt dolomite addition.

The ettringite peak developed in a similar way to the monocar-
bonate peak in the samples cured at 20 �C. Samples containing
limestone generally showed slightly higher and sharper peaks of
ettringite than samples containing dolomite. However, the ettrin-
gite peaks increased in samples containing dolomite with increas-
ing replacement levels.

The phase assemblages detected for the various binder compo-
sitions also varied with the curing temperatures. Fig. 5 shows the
XRD plots for the samples cured for 90 days at the various curing
temperatures.

At 5 �C the AFm phases detected were the same as at 20 �C, but
their peaks seemed slightly higher and sharper at 20 �C than at
5 �C.

At the highest curing temperature (38 �C), the type of carbonate
AFm phases detected in samples containing limestone differed
from the samples cured at 5 �C and 20 �C. In the 38 �C samples,
the monocarbonate peak decreased and hemicarbonate was
detected. In the samples containing dolomite, however, hemicar-
bonate could already be detected at lower curing temperatures,
and differences in the phase assemblage are less obvious than in
samples containing limestone.

The very sharp and high peak at 9.9 �2h in the 90CM10D sample
cured at 20 �C for 28 days could be due to monosulphate-12H in
the light of the peak position. However, in view of the peak shape

Fig. 3. Development of the threshold pore diameter (diamonds) and the total intruded volume (dots) for samples containing dolomite (black filled) or limestone (grey hollow)
stored at a) 5 �C, b) 20 �C and c) 38 �C at 90 days.
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and the appearance of carbonate AFm phases in the same sample,
it seems more likely to be an artefact of the measurement device.
This was confirmed by a second measurement of the sample,
which did not show this peak. The origin of this artefact is
unknown.

3.3.2. TGA
Figs. 6 and 7 show the derivate curves of the TG signal (DTG

curves) for the 100 CM reference and samples where 5%wt or
20%wt of the CM are replaced by a carbonate source at the various
curing temperatures.

The DTG graphs can be divided into several sections, in which
the decomposition of specific phases can be detected as weight
loss. The first peak at around 100 �C is related to the ettringite
decomposition and the beginning of C-H-S dehydroxylation. The
C-S-H phase decomposes gradually between 40 �C and 600 �C
[39] and appears as a polynomial baseline under other peaks in
the same temperature range. The region between approx. 150 �C
and 400 �C represents the stepwise dehydroxylation of the AFm
phases and other lamellar phases, such as hydrotalcite (Ht) [39].
The subsequent sharp peak between approx. 400 �C and 550 �C is
related to the decomposition of portlandite (CH). Above 550 �C,
carbonates decompose by emitting CO2 [39].

Fig. 4. XRD patterns between 8 �2h and 12 �2h for the samples investigated after 1 day, 28 days and 90 days of hydration at 20 �C.

Fig. 5. XRD patterns between 8 �2h and 12 �2h for the samples investigated after 90 days of hydration, cured at a) 5 �C, b) 20 �C, c) 38 �C.
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Monosulphate is distinguishable from carbonate AFm peaks by
its slightly higher decomposition temperature [39]. The trends
observed in the XRD results are generally confirmed by TGA. The
samples containing limestone show significantly higher carbonate
AFm peaks than samples containing dolomite, especially at lower
replacement levels. The TGA signal does not enable differentiation
between hemicarbonate and monocarbonate. All samples show a
weight loss in the temperature region of hydrotalcite (Ht). This
weight loss does not increase in samples containing dolomite com-
pared to the equivalent limestone-containing samples or the
100 CM reference. It can potentially be caused by magnesium-
containing hydrates formed due to the high magnesium content
of the clinker (Table 1). However, no hydrotalcite could be
observed with XRD (Figs. 4 and 5), probably due to its poor crys-
tallinity and the small amounts present. A weight loss in this tem-
perature region could also be caused by hydrogarnet or brucite.
However, we did not observe any peaks of hydrogarnet nor brucite
in our samples with XRD, which are normally quite crystalline and
should therefore be visible.

At a replacement level of 5%wt (Fig. 6), the samples containing
dolomite and limestone show noticeable differences in the rela-
tive quantities of AFm and Aft phases. The samples containing
5%wt of limestone show a higher decomposition peak for the

ettringite and carbonate AFm phases than samples containing
5%wt of dolomite. Although this difference is observable at all
curing temperatures, its magnitude decreases with increasing
curing temperatures.

When 20%wt of the composite cement was replaced with either
dolomite or limestone, the DTG curves observed are more alike
(Fig. 7) than at the replacement level of 5%wt. The samples contain-
ing 20%wt of limestone show only slightly higher decomposition
peaks for the carbonate AFm phases and AFt than the samples con-
taining 20%wt of dolomitewhen cured at 5 �C (Fig. 7a). At the curing
temperature of 38 �C, there are no differences between the samples
containing 20%wt of dolomite or limestone (Fig. 7c).

3.4. Bound water and portlandite content

The amount of bound water and portlandite content for sam-
ples with various replacement levels of either dolomite or lime-
stone and the various curing temperatures are plotted in Figs. 8a)
and 9a) relative to the dry binder weight. In Figs. 8b) and 9b) these
results are plotted relative to the clinker content.

First, we describe and discuss the results for the samples cured
at 20 �C. Any differences in the results for the other curing temper-
atures are discussed afterwards.

Fig. 6. Differential thermogravimetric (DTG) curves for samples cured for 90 d with a replacement level of 5%wt cured at a) 5 �C, b) 20 �C and c) 38 �C.

Fig. 7. Differential thermogravimetric (DTG) curves for samples cured for 90 d with a replacement level of 20%wt cured at a) 5 �C, b) 20 �C and c) 38 �C.
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In the case of limestone at 5%wt replacement level, the amount
of bound water per dry binder weight was higher than the 100CM
sample. At higher replacement levels, the amount of bound water
decreased again. This is in line with findings reported for the addi-
tion of limestone to Portland cement containing fly ash [24,25]. At
a replacement level of 5%wt, the amount of bound water increased
compared to samples without limestone addition due to the for-
mation of carbonate AFm phases and the stabilization of ettringite,
as explained in the introduction. At higher replacement levels, the
dilution effect of replacing the most reactive part with a less-
reactive material resulted in a decrease in the amount of bound
water.

In the case of dolomite addition, the increase in bound water
normalized to the dry binder weight shifted to higher replacement
levels (10%wt) and was less pronounced than with limestone
addition.

When the bound water is normalized to the clinker content,
dilution effects are erased. The amount of bound water normalized
to the clinker content increases for all replacement levels of either
dolomite or limestone. This way of plotting depicts the enhance-
ment of the clinker reaction due to the filler effect when carbonates
are added, as described in the introduction.

The portlandite content normalized to the dry binder weight
decreased for all replacement levels of either dolomite or lime-
stone. This can be explained by the dilution effect of adding a

less-reactive material to the system as explained in the
introduction.

When the portlandite content is normalized to the clinker con-
tent at 5%wt replacement with either dolomite or limestone, a drop
in the values is observed. This drop can probably be explained by
the formation of hemicarbonate which consumes portlandite
[7,8,13,24,40] and an increased reaction of metakaolin when dolo-
mite or limestone is added [41]. At higher replacement levels than
5%wt, the values slightly increase again in the case of limestone,
and again this can be explained by the filler effect of adding carbon-
ates to cementitious materials. The enhancement of the clinker
reaction produces more portlandite, whereas the enhancement of
the metakaolin reaction reduces the portlandite content. Therefore,
the observed increase in the portlandite content is only minor,
while the increase in bound water is significantly higher.

In the case of dolomite addition, however, the portlandite con-
tent normalized to the clinker content continues to decrease even
at higher replacement levels. Samples containing dolomite also
show an increase in the bound water normalized to the clinker
content, so this drop cannot be explained by the dolomite failing
to promote the clinker reaction. Moreover, the replacement levels
are the same for samples containing dolomite as for samples
containing limestone, where a slight increase in the portlandite
content is observed. Therefore, the decrease in portlandite content
normalized to the clinker content observed in samples containing

Fig. 8. Amount of the bound water for samples containing dolomite (filled diamonds) or limestone (hollow squares) and the reference (0%wt carbonate addition) cured for
90 days at 5 �C, 20 �C and 38 �C. The results are normalized to the dry binder weight (a) and the clinker content (b).

Fig. 9. Amount of portlandite for samples containing dolomite (filled diamonds) or limestone (hollow squares) and the reference (0%wt carbonate addition) cured for 90 days at
5 �C, 20 �C and 38 �C. The results are normalized to the dry binder weight (a) and the clinker content (b).
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dolomite should be due to the reaction of dolomite itself, which is
reported to consume portlandite in model systems [17,23]. How-
ever, further research on the reaction of dolomite in cementitious
systems, where no brucite but carbonate AFm phases or hydrotal-
cite are formed, is needed to verify this.

The effect of the various curing temperatures is similar in all
plots of either bound water or portlandite content. Samples cured
at 5 �C show the highest bound water and portlandite content and
with increasing curing temperatures, the values decrease. For the
portlandite content, this trend can be explained by the enhanced
pozzolanic reaction of the metakaolin, which consumes port-
landite. This is why the samples cured at the highest temperatures
(38 �C) show the lowest portlandite content. The effect on decreas-
ing bound water with increasing curing temperatures has been

ascribed to the densification of the C-S-H phase at higher temper-
atures, which is connected with a decrease in its structural water
[42,43]. This decrease in the water content of the C-S-H phase in
the samples cured at elevated temperatures affects the bound
water content more than a possible enhancement of the clinker
hydration.

For the samples containing dolomite or limestone, the results
for bound water content and portlandite content were generally
quite similar for replacement levels >10%wt. However, when only
5%wt of the Portland metakaolin cement is replaced by dolomite,
the bound water content is significantly reduced. This is visible
both at the various curing temperatures shown in Fig. 8 and for
the various curing times shown in Fig. 10 for 20 �C. Moreover, this
difference in bound water content is most obvious in samples
cured at low temperatures (5 �C) and decreases with increasing
curing temperatures. This correlates with the compressive strength
results and the observed phase assemblages, indicating that dolo-
mite has a lower reactivity than limestone.

3.5. Thermodynamic modelling

Thermodynamic modelling was used to confirm the hydrate
phase assemblages observed by XRD and TGA and to relate them
to the degree of reaction of dolomite or limestone. The effect of
the addition of 5%wt of dolomite or limestone was therefore mod-
elled to find the degree of reaction of the two carbonate sources at
complete hydration of the clinker and metakaolin.

Fig. 11 shows the modelled phase assemblage for 5%wt of dolo-
mite and limestone addition depending on the degree of reaction
of the carbonate source. The figure shows that the addition of 5%
wt of either carbonate source results in a similar phase assemblage.

When the carbonate source has not dissolved at all, hydrogar-
net, C-S-(A)-H phase, monosulphate, portlandite and hydrotalcite
are the stable hydration products. As soon as the carbonate source
reacts, hemicarbonate becomes stable and increases in volume as
the degree of reaction increases in both cases. Simultaneously with
the increase in hemicarbonate, monosulphate decreases and, after
approx. 7% of reaction, ettringite becomes stable. At a certain
degree of reaction, monocarbonate becomes the stable carbonate

Fig. 10. Amount of bound water for samples with various additions of dolomite
(black diamonds) or limestone (grey squares) and the reference (0%wt carbonate
addition) cured for 1 day, 28 days and 90 days at 20 �C normalized to the clinker
content.

Fig. 11. Effect of the degree of reaction of dolomite or limestone on the phase assemblage of a hydrated Portland metakaolin cement containing 5%wt of one of the carbonate
sources. A composition of Portland cement clinker and metakaolin (Table 1) in the ratio 6:1 was used as input for the modelling. The modelled phases dolomite,
hydrogrossular (Hg), C-S-(A)-H phase, monosulphate (Ms), hemicarbonate (Hc), monocarbonate (Mc), ettringite (Et), portlandite (CH), hydrotalcite (Ht) and secondary calcite
are indicated. The dotted rectangles represent the area of the observed phase assemblage in the 5%wt samples of either dolomite or limestone after 90 days when cured at
20 �C.
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AFm phase. Its volume increases simultaneously with the decrease
in the volume of hemicarbonate that started the moment monocar-
bonate became stable.

Differences between dolomite and limestone are only visible in
the volume of specific hydrates. In the simulation with dolomite
more hydrotalcite is predicted, whereas in the limestone simula-
tion more monocarbonate is predicted. The higher volume for the
secondary calcite in the sample containing dolomite than in the
sample containing limestone is expected because calcite is a pro-
duct of the dedolomitization reaction.

4. Discussion of the effect of dolomite addition

4.1. The effect of dolomite addition at 20 �C

The addition of limestone leads to the stabilization of ettringite
and the formation of additional carbonate AFm phases [6,7]. The
effects on the phase assemblage reported for limestone addition
to aluminium-rich cements [24–28] can also be shown for dolo-
mite addition to Portland metakaolin cement. This suggests that
the two carbonate sources affect the system in a similar way.

However, the phase assemblage in the samples containing dolo-
mite differed over the various replacement levels from those con-
taining limestone. At a low replacement level (5%wt), there was a
difference in the type of carbonate-AFm phases formed. In samples
containing dolomite, both hemi- and monocarbonate were formed,
while the carbonate-AFm phase formed in samples containing
limestone was almost entirely monocarbonate. However, at higher
replacement levels, this difference disappeared. In all samples con-
taining 20%wt of either carbonate source, monocarbonate was the
main carbonate AFm phase formed.

This could be due to the different rates of reaction of dolomite
and limestone. Since limestone is more reactive than dolomite
[21], it provides CO2 to the system faster. After 28 days, sufficient
limestone was able to react with the aluminium and form mono-
carbonate. The lower reactivity of dolomite reduces the CO2/
Al2O3 ratio present in the system, which promotes the formation
of hemicarbonate over monocarbonate [13]. It should be noted,
that the differences in the type of the AFm phase formed are ampli-
fied due to the metakaolin content in the composite cement, which
is decreasing the CO2/Al2O3 ratio in the system. Moreover, dolo-
mite contains more CO2 than limestone on a weight basis (Table 1),
a slightly smaller amount of dolomite has to react to deliver the
same amount of CO2 to the system and consequently form similar
carbonate AFm phases.

The difference in reactivity is indicated by comparing results
from the thermodynamic modelling and experimental results for
the 95CM5D and 95CM5L samples at 20 �C. Both dolomite and
limestone result in the same hydrate phase assemblage at high
degrees of reaction with only minor differences in their relative
quantity. Consequently, the differences in the phase assemblage
observed at low replacement levels must be due to the difference
in the degree of reaction present in dolomite and limestone at 28
and 90 days. The areas highlighted in both plots (dotted rectangles)
represent the experimentally observed phase assemblage, i.e. the
area of hemicarbonate transformation to monocarbonate in these
samples. They show that for limestone there is a larger area of
influence compared to dolomite, probably indicating a higher
degree of reaction. A direct comparison is, however, not possible,
due to the similar solubilities of hemi- and monocarbonate [7].

It should be noted that the modelling assumed complete reac-
tion of the clinker and the metakaolin. This is unlikely after 90 days
in the experimentally investigated samples, especially in case of
the clinker. The impact of this assumption on the results is proba-
bly an overestimation of the amount of hydrates formed, this is vis-
ible in the high amounts of hydrogarnet predicted by the

thermodynamic model, which could not be observed experimen-
tally. The relative stabilities between hemi- and monocarbonate
should not be affected because they depend on the degree of reac-
tion of the carbonate source. Moreover, the purpose of these sim-
ulations is to compare samples containing dolomite and
limestone, and the same assumptions were made in both samples.

Furthermore, it should be noted that the differences in the reac-
tivity of these twomaterials would probably have been enhanced if
dolomite and limestone of the same fineness had been used.

At higher replacement levels of dolomite, more carbonate is
available in the system, which increases the CO2/Al2O3 ratio. The
higher CO2/Al2O3 ratio led to the formation of monocarbonate in
samples containing dolomite at high replacement levels [13]. Con-
sequently, at replacement levels of 20%wt, the carbonate AFmphase
assemblages were generally quite similar for samples containing
dolomite and limestone, as previously reported by Zajac et al. [19].

At low replacement levels of limestone, only monocarbonate
formed despite the considerable metakaolin content of the sam-
ples. This suggests fast kinetics of the limestone reaction. We do
not think that carbonation due to sample preparation could explain
the monocarbonate stabilization because hemicarbonate peaks
were observed in the samples containing dolomite.

The addition of dolomite and limestone to calcined-clay con-
taining Portland composite cement affects not only the phase
assemblages in a similar way but also the compressive strength
development. The addition of dolomite increased the compressive
strength up to a replacement level of 10%wt. This effect can be
attributed to the above-mentioned effect of ettringite stabilization
and the formation of carbonate AFm phases. Ettringite requires
more space than monosulphate, so it reduces the porosity of the
resulting hydrated cement and increases its compressive strength
[6,7]. Because these effects are amplified when sufficient amounts
of aluminium are provided to the system [24–28], we used a Port-
land metakaolin cement instead of a plain Portland cement.

However, there are differences between samples containing
dolomite and those containing limestone.

The strength increase due to the carbonate addition was less
pronounced for samples containing dolomite than for samples con-
taining limestone. The optimum replacement level with the high-
est compressive strength was also different for samples
containing dolomite and limestone. According to the results
reported by De Weerdt et al. [24,25], the optimum addition of
limestone to the composite cement is around 5%wt. For the sam-
ples containing dolomite, the maximum compressive strength
was achieved by 5%wt addition after 28 days and for 10%wt addi-
tion after 90 days of hydration.

Moreover, at lower replacement levels, samples containing
dolomite showed a lower compressive strength than samples con-
taining limestone. This effect might also be explained by the slower
rate of reaction of dolomite. It delivers fewer carbonate ions to the
system, so the total amount of carbonate AFm phases and ettrin-
gite that can be formed at early ages is smaller. This was confirmed
by TGA, which showed that the amount of ettringite and carbonate
AFm phases formed at a replacement level of 5%wt was signifi-
cantly lower in samples containing dolomite than in samples con-
taining limestone. Moreover, the bound water content of samples
containing 5%wt of dolomite was lower than in samples containing
5%wt of limestone.

However, these differences were levelled out at higher replace-
ment levels (10%wt). For the highest addition levels tested, dolo-
mite samples showed similar or slightly higher compressive
strength values. Such higher compressive strength values for
higher replacement levels of dolomite have been reported before
[44,45]. The amount of carbonate AFm phases formed and the
bound water content were also similar at the high replacement
level of 20%wt. It seems, therefore, that adding sufficient amounts
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of dolomite to the system can overcome the effect of the lower rate
of reaction of dolomite and the accompanying dilution effect of
replacing cement with a less reactive material.

The compressive strength results show that relatively high
amounts of CM can be replaced by the carbonates without impair-
ing compressive strength. However, in the case of OPC, the addition
of >5%wt of carbonates normally results in a drop in compressive
strength [24,25]. This can be explained by the fact, that the reac-
tion of metakaolin tends to refine the microstructure of the cement
paste [46,47], and therefore might limit itself from further reaction
[41]. The addition of either dolomite or limestone provides addi-
tional space [16,45] and water, which might allow the metakaolin
to react further [41]. This is also visible in our results of the port-
landite and bound water content (Figs. 8 and 9). Consequently,
more pore space will be filled with additional C-S-H. This effect
might be counteracting a strength decrease due to dilution par-
tially and allow relatively high replacement levels without impair-
ing the compressive strength.

It should be noted that the dolomite used was very fine com-
pared to the limestone used. This should be kept in mind when
the rate of reaction of the two carbonate sources is discussed on
the basis of the present investigation. Differences resulting from
the reactivity of dolomite being lower than that of limestone might
be greater with natural and coarser dolomite rock [48]. Moreover,
the smaller particle size distribution of the dolomite used com-
pared to the limestone used might have affected the compressive
strength results due to improved particle packing. However, De
Weerdt et al. showed that varying the fineness of limestone addi-
tions between 362 m2/kg and 812 m2/kg did not significantly affect
the compressive strength of Portland fly-ash cements [30]. So
although the dolomite used in this study had a fineness of approx.
1056 m2/kg, we think this would have no significant effect. Lawr-
ence et al. concluded that a compressive strength increase with
the addition of fine limestone was due to the enabling of heteroge-
neous nucleation (filler effect) rather than any particle packing
effect [49]. We think this effect is also likely to apply for both dolo-
mite and for the metakaolin [50,51], which was already present in
the CM before any carbonate addition.

It can be concluded that the reactions that affect the system
when dolomite or limestone is added to Portland metakaolin
cement are similar. An apparent strength increase due to the addi-
tion of carbonates can only be observed when the carbonates have
reacted (28 and 90 days). In these samples, the fine dolomite inves-
tigated appears to be able to replace approx. 10%wt of calcined
clay-containing composite cement without impairing its compres-
sive strength.

4.2. The effect of dolomite addition at various curing temperatures

The various curing temperatures tested had different effects on
the compressive strength development of the composite cement
with dolomite addition as opposed to limestone.

At low curing temperatures (5 �C), the dolomite samples show
consistently lower compressive strength values than the samples
containing limestone at replacement levels <20%wt. This can also
be explained by the different rates of reaction of dolomite and
limestone, and their differing ability to provide CO2 to the system.
The XRD results show a different phase assemblage, and TGA
results show the formation of a smaller amount of AFt and carbon-
ate AFm phases, as described for the 20 �C samples at low replace-
ment levels. These observed differences might explain the overall
lower compressive strength of samples containing dolomite com-
pared to those containing limestone.

At each higher level of curing temperature from 5 �C to 38 �C,
the differences between samples containing dolomite or limestone
decrease. As a result, at 38 �C, and with the exception of the 5%wt

replacement level, the dolomite and limestone samples ended up
showing similar results in compressive strength for all replace-
ment levels. The increase in strength of dolomite samples at ele-
vated temperatures has been reported previously [19,45] and
indicates an enhanced rate of reaction of the dolomite at these
temperatures [19,23,45]. So, the lower compressive strength of
the samples containing dolomite at some replacement levels
seems to be counteracted by increasing the curing temperature.

The phase assemblages of samples containing dolomite and
limestone also develop differently with increased curing tempera-
tures. XRD analysis showed that more hemicarbonate was formed
at higher temperatures in samples containing limestone. Enhanced
metakaolin reaction at higher temperatures reduced the CO2/Al2O3,
which favours the formation of hemicarbonate [13]. This increased
aluminium content in the pore solution at higher curing tempera-
tures was shown by Deschner et al. for cement containing fly ash
[52].

However, the samples containing dolomite did not show signif-
icant changes in the hemicarbonate-to-monocarbonate ratio at ele-
vated temperatures (38 �C) compared to the samples cured at
20 �C, because hemicarbonate is already detected at low tempera-
tures. The lower reactivity of dolomite compared to limestone pro-
vides a low CO2/Al2O3 ratio at all temperatures, and no phase
changes occur when the ratio is lowered even further.

As a result, the phase assemblages for samples containing dolo-
mite and limestone are very similar at elevated temperatures. This
was confirmed using TGA, where samples containing dolomite and
limestone also showed similar weight losses in the AFt and carbon-
ate AFm temperature range for higher curing temperatures (38 �C).

We can summarize that dolomite and limestone additions to
Portland metakaolin cement result in similar compressive strength
and similar phase assemblages as long as similar degrees of reac-
tion are achieved. The lower reactivity of dolomite can be counter-
acted by using increased curing temperatures.

Long-term compressive strength development and questions of
durability are possible topics for further research on dolomite as a
valid SCM. Moreover, the dolomite used in this study is only one
example of a reactive carbonate not covered by EN 197-1 [2]. There
are many other carbonate sources which could prove useful as a
replacement for pure limestone.

5. Conclusion

Portland metakaolin cement with various replacement levels of
up to 20%wt with either dolomite or limestone were investigated
with regard to their compressive strength and phase assemblage
when cured at 5 �C, 20 �C and 38 �C for up to 90 days.

� Dolomite addition affects Portland metakaolin cement in a sim-
ilar way to limestone addition. Both result in the formation of
additional carbonate AFm phases and ettringite stabilization
and either can be used to replace part of the Portland metakao-
lin cement without impairing its compressive strength at
90 days. At low levels of addition, they can even enhance this
strength. In the case of the dolomite, the positive effect was
not visible after 90 days of reaction at 5 �C but seemed to be
amplified when cured at 38 �C.

� Thermodynamic modelling in combination with experimental
determination of phase assemblages indicate a lower degree
of reaction for dolomite addition than for limestone when cured
at 20 �C for 90 days. This results in a lower ability to deliver CO2

to the system at 90 days. This was confirmed experimentally by
the slight differences in the type and amount of AFm and Aft
phases observed at low replacement levels between samples
containing dolomite and limestone.
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� A similar degree of reaction of dolomite and limestone can be
achieved, however, by increasing the curing temperature. At
38 �C the similar phase assemblage and compressive strength
indicate a similar degree of reaction.
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A B S T R A C T

This study focuses on the reaction of dolomite powder in combination with metakaolin in Portland composite
cement pastes. We studied paste samples cured at 20 °C, 38 °C, and 60 °C for up to 1 year. In these systems, the
only magnesium-containing hydration phase of dolomite observed was hydrotalcite. Dolomite reacted notably
already after 90 days when cured at 60 °C, whereas at lower curing temperatures the reaction was limited. The
increased availability of aluminium due to the addition of metakaolin did not contribute to the formation of
hydrotalcite. The refined pore space due to the metakaolin addition did not inhibit the hydrotalcite formation.
However, the almost total absence of portlandite due to the pozzolanic reaction of the metakaolin inhibited the
dolomite reaction, even in pastes with high porosity. Portlandite seems to be the driving force for the reaction as
its absence is inhibiting the reaction to take place.

1. Introduction

Supplementary cementitious materials (SCMs) are frequently used
as a partial substitute for cement clinker to reduce the emissions caused
by cement manufacturing. However, some of the SCMs traditionally
used have limited availability when compared to the global increase of
cement demand [1]. Therefore, alternative SCMs need to be found that
are available in sufficient quantity and show similar or even improved
interaction with cement clinker hydration.

Limestone is commonly used as an SCM and, according to the
European cement standard EN 197-1, it can replace up to 5 wt% clinker
in CEM I Portland cements and up to 35 wt% in CEM II Portland-
limestone cements [2]. Due to the additional carbonates, the stable
AFm phases which form are hemi- and monocarbonate and not mono-
sulphate. This change in phase stabilities results in the so-called “et-
tringite stabilization”, because the sulphate-containing hydration phase
ettringite does not transform to monosulphate when the sulphate
sources (e.g. gypsum) are depleted. This stabilization of ettringite be-
yond sulphate depletion results in a relative increase in the volume of
hydrates, a corresponding decrease in porosity, and an increase in
compressive strength [3,4].

The limited aluminium content in Portland cements means this ef-
fect is somewhat limited [4], but it can be amplified if additional

aluminium is provided to the system by adding aluminium-delivering
SCMs [5–8]. In this study, we used metakaolin as a model material for
industrially available calcined clays supplying silicates and alumina to
the system. Metakaolin is also known to be a pozzolanic material.
During its pozzolanic reaction, the silicates provided by the metakaolin
react with the portlandite formed during the hydration of the Portland
cement to produce additional C-S-H [9], and the aluminium provided
by the metakaolin reacts with the portlandite to form additional AFm
phases [5–8]. Moreover, the aluminium is also partly taken up by the C-
S-H [10] and can lead to the formation of calcium aluminate silicate
hydrate phases (C-A-S-H phases), as observed in composite cements
containing slag, fly ash or metakaolin [11,12].

Because high-grade limestone required by EN 197-1 [2] is not suf-
ficiently available in all parts of the world, various other carbonate
sources are in the focus of ongoing research. One possible alternative
carbonate source that has been studied is dolomite [13]. This is a
double salt consisting of calcium, magnesium and carbonate ions with
the formula CaMg(CO3)2 and can function as a source of CO2 and
magnesium. In the alkaline environment of cement paste, dolomite can
undergo a so-called “dedolomitization reaction” [14–16]. In this reac-
tion, dolomite reacts with portlandite to form brucite and calcite.
However, Zajac et al. have recently shown that the reaction of dolomite
in Portland cement paste results in the formation of a similar phase
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assemblage to that of limestone addition [17,18]. They further show
that the magnesium originating from the dolomite reaction results in
the formation of hydrotalcite [17,18] (in the present study given as
Mg6Al2(OH)18·3(H2O), according to [19]), which can lead to an in-
crease in the compressive strength [17,20].

The present study focuses on the reaction of dolomite powders in
combination with metakaolin used as SCM in Portland cement-based
pastes. Metakaolin is used as a model material for SCMs that provide Al
and Si. The aim was to determine whether dolomite reacts in these Al-
rich systems, and what the reaction products are. We also wanted to
understand more about the rate-limiting factors of the dolomite reac-
tion in these systems.

We investigated the phase assemblage and microstructure of hy-
drated cement pastes, in which 40 wt% of Portland cement was re-
placed by various combinations of dolomite and metakaolin. The pastes
were sealed-cured at 20 °C, 38 °C and 60 °C for up to 360 days. Elevated
curing temperatures were applied to accelerate the reaction of the do-
lomite and to be able to study its reaction products. The following
techniques were used to characterize phase assemblage and micro-
structure: XRD, TGA, SEM-EDS and MIP. The phase assemblage was
compared with those of a plain Portland cement paste and systems
containing limestone so that we could identify the effect of dolomite on
the phase assemblage. In addition, a paste with a high w/b ratio, and
well-hydrated samples exposed to additional portlandite and or water
were prepared to study the impact of increased porosity or additional
portlandite on the dolomite reaction.

2. Experimental

2.1. Materials

The mixes investigated in this study were prepared using a Portland
cement clinker (C) supplied by Norcem AS, natural dolomite (D) and
limestone (L) supplied by Miljøkalk AS, and laboratory-grade meta-
kaolin (M) supplied by Imerys (Metastar501) and gypsum supplied by
Merck. The cement clinker was ground in a laboratory ball mill until a
Blaine surface area of approx. 400 m2/kg was achieved. The other
materials were used as received. The chemical and mineralogical
compositions of all materials were investigated with XRF (Table 1) and
QXRD (Table 2 and Table 3). It should be noted that the Portland ce-
ment clinker used shows a relatively high alkali content. The particle
size distributions of the materials used were determined from the
average of 3 independent measurements with laser diffraction (Malvern
Mastersizer 2000E) (Fig. 1).

The experimental matrix is given in Table 4. Taking into account the
sulphate content of the clinker as determined by XRF, laboratory grade
gypsum was added when preparing the mixes to achieve a sulphate
content of 2.5 wt%/g of binder in all mixes. This sulphate level was
determined by isothermal calorimetry at 20 °C on the sample with the

highest metakaolin content. At a sulphate content of 2.5 wt%, the
secondary aluminate peak appeared after the silicate peak and thereby
the system is assumed to contain sufficient amounts of sulphates. The
sulphatation was, however, not checked at the elevated curing tem-
peratures (38 °C and 60 °C). It should be noted that the values in Table 4
do not reflect the actual amounts in the mixes, as they do not include
the amount of gypsum added to the system. A pure Portland cement
(100C = ground Portland cement clinker + gypsum) was used as a
reference. In the other mixes, 40 wt% of the Portland cement clinker
was replaced with metakaolin and or dolomite, or limestone. Paste
samples were prepared in the laboratory at 20 °C with a w/b ratio of
0.45 for all mixes, and in the case of 60C20D20M, an additional paste
sample was also prepared with a w/b ratio of 0.93. The pastes were
mixed in a BRAUN MR550CA high-shear mixer (speed 6) and cast in
12 ml plastic tubes (mixing procedure: mixing for 30 s, waiting for
5 min, mixing for 1 min again). The sealed tubes were cured at 100%
RH in a sealed box at 20 °C, 38 °C and 60 °C for up to 360 days and up to
400 days in the case of the samples prepared with the various w/b ratio
samples. The curing at elevated temperatures (especially 60 °C) was
used to accelerate the reaction of dolomite and to be able to study its
reaction products.

Additionally, two tubes of the samples with the highest metakaolin
content (20 wt%) and the w/b ratio of 0.45 were exposed to additional
portlandite and or water after a curing time of 1 year and 9 months
(approx. 630 days) at 60 °C. We crushed the samples to a particle size
between 1 mm and 0.25 mm and filled them into 45 ml centrifuge
tubes. To both samples 30 wt% of deionized water and to one of them
additional 30 wt% of portlandite were added. These samples were
stored again sealed at 60 °C at 100% RH and investigated after 28 and
90 days.

2.2. Methods

Prior to the investigation of the phase assemblage of the cement
pastes using thermogravimetric analysis (TGA) and X-ray diffraction
(XRD), the hydration was stopped by double solvent exchange after 28,
90, 208 and 360 days of curing. The samples prepared with the dif-
ferent w/b ratio were stopped after 400 days of curing. For this, a 6 mm
thick slice (diameter: 23 mm) was cut off each cured cement paste
sample. This slice was crushed in a porcelain mortar until the whole
sample had passed through a 1 mm sieve. The coarsely crushed cement
paste was then immersed in 50 ml isopropanol, shaken for 30 s, and left
to rest for 5 min before the isopropanol was decanted. This isopropanol
treatment was performed twice before the sample was transferred to a
filtration unit where the isopropanol was filtrated out and the paste was
immersed in 10 ml petroleum ether. After 30 s of stirring, the suspen-
sion was left to rest for 5 min. The sample was then vacuum-filtrated
and subsequently dried. The 28-day-old samples were dried for 15 min
in an aerated oven at 40 °C. All other samples were dried overnight in a
desiccator under a slight vacuum (−0.2 bar) applied using a water
pump. After drying, the samples were crushed in a porcelain mortar
until the whole sample passed through a 63 μm sieve. All samples were
stored in a desiccator over silica gel and soda lime until measurement.
The well-hydrated samples exposed to additional water and or por-
tlandite were treated similarly with the difference that they have al-
ready been crushed at exposure and, due to the additional water, the
amounts of isopropanol and petroleum ether were increased to 100 ml
and 20 ml respectively. These samples were stopped after 28 and
90 days of exposure and directly prior exposure.

For the TGA measurements, the resulting dry powders were poured
into 600 μl corundum crucibles and stored in a sample changer until
measurement. The weight loss was measured from 40 °C to 900 °C with
a heating rate of 10 °C/min in Mettler Toledo TGA/SDTA851 and TGA/
DSC3+ devices. During the measurement, the measurement cell was
purged with 50 ml/min of nitrogen gas. Both devices used a similar
measurement principle and were operated with the same parameters.

Table 1
XRF results [wt%] of the clinker, dolomite, limestone, metakaolin, and gypsum used.

Oxide Clinker Dolomite Limestone Metakaolin Gypsum

SiO2 20.6 0.52 0.12 52.18 0.02
Al2O3 5.6 0.01 0.06 44.92 0.09
TiO2 0.29 0.00 0.00 1.14 0.00
MnO 0.05 0.00 0.00 0.00 0.00
Fe2O3 3.12 0.04 0.03 0.62 0.00
CaO 63.26 31.52 55.12 0.12 32.66
MgO 2.66 20.14 0.41 0.04 0.06
K2O 1.23 0.00 0.01 0.18 0.01
Na2O 0.51 0.00 0.00 0.17 0.02
SO3 1.37 0.00 0.02 0.14 46.47
P2O5 0.09 0.01 0.00 0.07 0.00
LOI – 46.79 43.57 0.29 20.39
Sum (1050 °C) 98.78 99.03 99.34 99.87 99.72
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We therefore assume no significant differences between the results
obtained from the two devices.

The derivate curves of the TG signal, the DTG curves, were used to
detect phase changes. The DTG curves can be divided into several
sections, in which the decomposition of specific phases can be detected
as a weight loss. The first peak at around 100 °C is related to the et-
tringite decomposition and the beginning of the dehydroxylation of the
C-S-H phase. C-S-H decomposes gradually between 40 °C and 600 °C
[21] and appears as a polynomial baseline under the other peaks. The
region between approx. 150 °C and 400 °C represents the stepwise de-
hydroxylation of the AFm phases (monosulphate, hemi- and mono-
carbonate) and other lamellar phases, including hydrotalcite (Ht).
Consequently, there are several mass loss peaks visible in this

temperature range. Hydrotalcite shows two mass loss events, the first at
approx. 270 °C and the second at around 400 °C [21]. The subsequent
sharp peak between approx. 400 °C and 550 °C is related to the de-
composition of portlandite (CH). Above 550 °C carbonates decompose
by emitting CO2.

TGA was used to quantify the mass losses of various hydration
phases, such as portlandite and hydrotalcite. The mass loss of a phase in
a specific temperature interval can be determined by integration of the
derivative curve with subtraction of the background by a linear baseline
as described by Lothenbach et al. [21]. The calculated weight losses
were then normalized to the sample weight at approx. 550 °C, which
was assumed to be the dry binder weight, and remained constant during
the cement hydration, or to the original percentage of clinker in the
sample (100 wt% or 60 wt%).

For the XRD analyses, the powder was loaded into the sample
holders by means of front-loading and stored in a sample changer until
measurement. For the measurements, we used a D8 Focus dif-
fractometer from Bruker with a Bragg-Brentano θ–2θ geometry and a
goniometer radius of 200.5 mm. The samples were measured between
5°2θ and 55°2θ with a step size of 0.01°2θ and a sampling time of 0.5 s
per step. We used Cu-Kα radiation with a wavelength of approx. 1.54 Å
as the X-ray source. The XRD plots were qualitatively evaluated with
the DIFFRAC.EVA V4.0 software from Bruker by using the PDF4+
database from ICDD and the COD database. For the quantification of the
dolomite content in the samples (QXRD), the TOPAS 5 software from
Bruker was used combined with the G-Factor Method [22,23], which
was applied by using an external quartzite standard. The quartzite was
calibrated against a silicon powder from NIST (Standard Reference
Material 640d). For the C-S-H phase, the model described by Bergold
et al. was used in the refinement [24].

To investigate the phase assemblage and microstructure of the
samples with scanning electron microscopy (SEM), a 3 mm slice was cut
off the cured cement paste and immersed in isopropanol for min.
1 week. Then the slice was dried, cast in epoxy and polished. In case of
the well-hydrated samples exposed to additional water and portlandite,
parts of the samples from the double solvent exchange as described
above before grinding were used for polishing. We analysed polished
and carbon-coated sections of selected paste samples with the SEM.
Elemental mapping and point analyses were carried out using a Hitachi
S-3400N microscope equipped with an energy dispersive spectrometer
(EDS) from Oxford Instruments.

To study the threshold pore entry diameter and total porosity of the
paste samples with mercury intrusion porosimetry (MIP), a 7 mm slice
was cut off the cured cement paste and coarsely crushed in a porcelain
mortar. The crushed samples were then immersed in isopropanol for at
least 24 h and then dried in an aerated oven overnight at 40 °C to re-
move the isopropanol. For the MIP measurements, we used a Pascal
140/440 porosimeter from ThermoFisher Scientific and defined a
contact angle of 140°. The first intrusion curve reported from the
measurements was used to determine the threshold pore entry diameter
and the porosity of the samples. The threshold pore entry diameter was

Table 2
Mineral composition of the dolomite, limestone, metakaolin, and gypsum, determined by Rietveld analysis [wt%]. Amounts given in italics are below the limits of quantification (1 wt%).
Due to the low crystallinity of mullite, its quantification is questionable.

Mineral name Mineral formula Dolomite Limestone Metakaolin Gypsum

Calcite CaCO3 5.8 100 – –
Dolomite CaMg(CO3)2 89.9 – – –
Gypsum CaSO4·2H2O – – – 93.7
Bassanite CaSO4·0.5H2O – – – 6.3
Anatase TiO2 – – 1.2 –
Mullite Al6Si2O13 – – 6.1 –
Muscovite KAl2Si3AlO10(OH)2 – – 0.4 –
Quartz SiO2 0.4 – 0.7 –
Amorphous content – 3.9 – 91.6 –

Table 3
Mineralogical composition of the clinker used determined by Rietveld analysis [wt%].
Amounts given in italics are below or close to the limits of detection.

Mineral name Formula wt%

Alite Ca3SiO5 59.5
Belite Ca2SiO4 15.3
Aluminate Ca3Al2O6 8.8
Ferrite Ca2(Al,Fe)2O5 10.0
Periclase MgO 1.5
Free lime CaO 0.9
Portlandite Ca(OH)2 1.2
Aphthitalite K3Na(SO4)2 2.4
Arcanite K2SO4 0.5

Fig. 1. Particle size distributions of the materials used, determined by laser diffraction.
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defined as the intersection of two tangents on the intrusion curve as
described in [25]. The porosity as percentage of the sample volume
equals the total porosity measurable with MIP and is determined by the
maximum of the intrusion curve.

3. Results

3.1. Quantification of the dolomite reaction

3.1.1. QXRD
QXRD was used to quantify the amount of unreacted dolomite in the

hydrated cement paste samples. However, the hardness of the dolomite
used in this study resulted in coarse dolomite particles in the powder
even after grinding and therefore in the vertical exaggeration of one
reflex of dolomite in the XRD-patterns (commonly called spottiness-
effect). This effect resulted in a relatively large error in the quantifi-
cation (estimated at approx. 10 %). The results are given as the amount
of dolomite determined by QXRD compared to the original amount of
dolomite added. The theoretical amount of dolomite added equals the
amounts given in Table 4. However, this is not the actual amount of
dolomite added, because we also added gypsum to all the samples and
the dolomite used contains approx. 90 wt% of dolomite (Table 2).

After 360 days, the amount of dolomite was determined for all the
mixes investigated. Fig. 2 shows that the samples cured at 20 °C and
38 °C still contained a high amount of dolomite, close to the actual
amount of dolomite added, independently of the sample composition.
However, when cured at 60 °C, the samples with low metakaolin con-
tents, especially the sample 60C40D, showed a notable decrease in the
amount of dolomite. For samples with a higher metakaolin content, the
determined amounts of dolomite were again close to the actual amount
of dolomite added.

Fig. 3 shows the amount of dolomite in sample 60C40D over a
period of one year. Samples cured at 20 °C and 38 °C showed a similar
amount of dolomite, which was close to the actual amount of dolomite
added. There is only a slightly increasing trend in the degree of reaction
with curing time. For the samples cured at 60 °C, however, the amount
of dolomite decreases significantly between 90 and 208 days and stayed
rather constant afterwards.

Based on the QXRD results, the degree of dolomite reaction,
therefore, seems to depend on the curing temperature, the curing time
and the metakaolin addition.

3.1.2. SEM-EDS
Figs. 4 and 5 show the BSE images for the 60C40D and 60C35D5M

samples, which showed the lowest amount of dolomite and therefore

the highest degree of dolomite reaction with QXRD, cured at 60 °C for
1 year. Fig. 6 shows the BSE image for the 60C20C20M sample, which
showed limited dolomite reaction, cured under the same conditions.
Alongside the BSE images, the figures show the corresponding ele-
mental maps of magnesium, aluminium, oxygen, calcium and silicon for
each sample.

The BSE images show large, uniformly grey particles, which the
elemental maps show are rich in Mg and Ca, but poor in Al and Si.
These particles are unreacted dolomite grains (up to approx. 70 μm in
length). In the samples where dolomite has reacted, a clear reaction rim
filled with Mg-rich reaction products can be observed around these
grains (Figs. 4 and 5). The shape of the original dolomite grains is still
visible in the BSE images, because it is marked with a thin layer of C-S-
H precipitated around them, presumably at early ages, which then
persisted even after the dolomite started to react at later ages. In ad-
dition to the larger, partially reacted dolomite grains in these samples,
small fully-reacted dolomite grains can also be observed (some

Table 4
Overview of the experimental matrix, including the original composition, addition of water or portlandite, w/b ratio and curing time of all samples. The times given in brackets represents
the time of the samples exposed to portlandite and or water. The sulphate content per gram of binder was set to 2.5 wt% for all mixes [wt%]. It should be noted that the dolomite contains
approx. 90% of dolomite (see Table 2).

Name of the mix C
Portland cement clinker

D
Dolomite

L
Limestone

M
Metakaolin

Add. water Add. CH w/b ratio Curing time

100C 100 – – – – – 0.45 28–360 days
60C40D 60 40 – – – – 0.45 28–360 days
60C35D5M 60 35 – 5 – – 0.45 28–360 days
60C30D10M 60 30 – 10 – – 0.45 28–360 days
60C25D15M 60 25 – 15 – – 0.45 28–360 days
60C20D20M 60 20 – 20 – – 0.45 28–360 days
60C40L 60 – 40 – – – 0.45 28–360 days
60C35L5M 60 – 35 5 – – 0.45 28–360 days
60C30L10M 60 – 30 10 – – 0.45 28–360 days
60C25L15M 60 – 25 15 – – 0.45 28–360 days
60C20L20M 60 – 20 20 – – 0.45 28–360 days
60C20D20M w/b 0.45 60 20 – 20 – – 0.45 400 days
60C20D20M w/b 0.93 60 20 – 20 – – 0.93 400 days
60C20D20M + H2O 60 20 – 20 +30% – 0.45 630 days (+28/90 days)
60C20D20M + CH 60 20 – 20 +30% +30% 0.45 630 days (+28/90 days)

Fig. 2. Amount of dolomite for the various compositions, in wt% compared to the original
content of dolomite (theoretical and actual) for samples cured at 20 °C, 38 °C and 60 °C
after 360 days.
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indicated with arrows). They are completely filled with the Mg-rich
reaction product and are surrounded by the C-S-H rim, which indicates
the original dolomite grain boundary.

Fig. 7 gives the BSE images for the samples 60C20D20M, which
showed limited dolomite reaction under QXRD examination. Here we
prepared two samples with the same binder, one with a w/b ratio of
0.45 and the other with a higher w/b ratio, namely 0.93. We did this to
investigate the impact of increased porosity on the reaction of dolomite.

As expected, the sample with the high w/b ratio shows considerably
more porous microstructure than the sample with the lower w/b ratio
(0.45). Moreover, significantly fewer unreacted clinker grains are
visible in the high w/b sample than in the low w/b sample. However,
the dolomite grains do not show any significant reaction in either case.
So we conclude that the higher w/b ratio enhanced the clinker reaction,
but was not able to enhance the dolomite reaction.

3.2. Phase assemblage

3.2.1. SEM-EDS
The elemental maps for the 60C40D and 60C35D5M samples cured

at 60 °C for 1 year (see Figs. 4 and 5) show that the reaction rims inside
the former dolomite grains are rich in magnesium, aluminium and
oxygen, but that they do not contain calcium or silicon. This indicates
that the product of the dolomite reaction contains magnesium and
aluminium and its increased oxygen level indicates that it is a hydrate.
Outside the former grain boundaries of the dolomite, no significant
amount of magnesium could be detected by elemental mapping. This
indicates that the magnesium-containing product of the dolomite re-
action formed only within the former grain boundaries, indicating a low
mobility of magnesium in the cement matrix, as reported in the lit-
erature [1]. Point analyses were performed to further identify the re-
action product of the rim inside the former dolomite grains. When the
results are plotted as the Mg/Si ration over the Al/Si ratio, the data
points describe a linear line for both samples (Fig. 8). This indicates that
the reaction product has a fixed Mg/Al ratio (the slope of the line). The
small amount of Si present in the analysis originates probably from
intermixing with other phases in the analysed volume. The reaction
product can therefore be identified as hydrotalcite
(Mg6Al2(OH)18·3(H2O)) [26]. The Mg/Al ratio of the hydrotalcite was
approx. 3.2 in sample 60C40D and 2.4 in sample 60C35D5M. In ce-
mentitious systems, Mg/Al ratios of approx. 2 are reported [17,26–30].
However, higher Mg/Al ratios are possible as well, as the natural mi-
neral hydrotalcite has a Mg/Al ratio of 3 [31].

Fig. 3. Amount of dolomite reacted over time, in wt% compared to the original content of
dolomite (theoretical and actual) for the sample 60C40D cured at 20 °C, 38 °C and 60 °C.

60C40D 60 °C 360d

BSE image

Fig. 4. BSE image and elemental maps of magnesium, aluminium, oxygen, calcium and silicon for the sample 60C40D cured at 60 °C for 360 days. The arrows in the BSE image indicate
small fully-reacted dolomite grains.
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SEM-EDS point analyses also allow us to investigate changes in the
C-S-H, e.g. aluminium uptake and changes in the Si/Ca ratio. The dot
plots for C-S-H phase of the samples 60C40D, 60C35D5M and
60C20D20M cured at 60 °C are given in Fig. 9. The Al/Si ratio can be
determined from the slope of the lower lines, which are framing the C-
S-H data clouds. While the addition of 5 wt% metakaolin does not seem
to change the C-S-H composition significantly (60C35D5M, Al/Si: 0.04)
compared to the 60C40D sample (60C40D, Al/Si = 0), the addition of

20 wt% metakaolin shifted the C-S-H composition to a considerably
higher aluminium content (60C20D20M, Al/Si: 0.32). Simultaneously,
the Si/Ca ratio is increased as well in this sample.

3.2.2. XRD
The XRD-patterns in the range of 8 to 12°2θ for samples cured for

90, 208 and 360 days at 20 °C are given in Fig. 10, for samples cured at
38 °C in Fig. 11, and for samples cured at 60 °C in Fig. 12. The figures

60C35D5M 60 °C 360d

BSE image

Fig. 5. BSE image and elemental maps of magnesium, aluminium, oxygen, calcium and silicon for the sample 60C35D5M cured at 60 °C for 360 days. The arrows in the BSE image
indicate small fully-reacted dolomite grains.

60C20D20M 60 °C 360d
BSE image

Fig. 6. BSE image and elemental maps of magnesium, aluminium, oxygen, calcium and silicon for the sample 60C20D20M cured at 60 °C for 360 days.
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indicate the main reflections of ettringite (Et, 9.1°2θ), monosulphate-
12H (Ms12, 9.9°2θ), hemicarbonate (Hc, 10.8°2θ), hydrotalcite (Ht,
11.4°2θ) and monocarbonate (Mc, 11.7°2θ). Strätlingite (7.1°2θ) was
not detected in any of the samples, irrespective of curing temperature.

For the samples cured at 20 °C, dolomite seems to stabilize the et-
tringite (Fig. 10), because all the dolomite-containing samples show a
clear ettringite peak, but the 100C sample, which contains no dolomite,
does not. This is in line with the findings from Zajac et al. [17]. For the
100C sample, the phases observed are monosulphate and some hemi-
carbonate, the latter possibly formed by carbonation during queuing in
the diffractometer. In the 60C40D sample, monocarbonate is the main
AFm phase. The sample containing 5 wt% metakaolin (60C35D5M) has
a phase composition similar to the 60C40D sample. When the meta-
kaolin content is increased, e.g. from 5 to 20% (60C35D5M to
60C20D20M), small peaks of hemicarbonate are detected as well. This
can be explained by the increased aluminium provided by the meta-
kaolin, which lowers the CO2/Al2O3 ratio and leads to the formation of
hemicarbonate [32]. However, the hemicarbonate peaks decrease over
time due to the slow reaction of the dolomite, which slowly increases
the CO2/Al2O3 ratio in the sample which stabilizes monocarbonate over
hemicarbonate. Additionally, there is a decrease in the intensity of the
AFm peaks in the XRD-pattern. This could be due to increased uptake of
Al by C-S-H with increased metakaolin content, as shown by SEM-EDS

in Fig. 9, which would leave less aluminium to form AFm phases. Hy-
drotalcite showed a shoulder on the low-angle side of the mono-
carbonate peaks at 20 °C but no clear peaks.

The samples cured at 38 °C (Fig. 11) show similar phase assem-
blages to those of the samples cured at 20 °C. In the 60C40D sample, the
monocarbonate observed is partially replaced by hydrotalcite over
time. The sample containing 5 wt% metakaolin (60C35D5M) has a si-
milar phase composition to that of the 60C40D sample, but the hy-
drotalcite appears not as a clear peak, but rather as a shoulder on the
monocarbonate peak.

At 60 °C (Fig. 12), the stable phases differ significantly from those at
20 °C and 38 °C. The ettringite peak is not observed because this phase
is not stable at 60 °C [33]. The 100C sample does show small peaks of
hemicarbonate. The main diffraction peak observed for the 60C40D
sample is hydrotalcite, already present from 90 days of hydration on,
and no monocarbonate is detected. When 5 wt% of metakaolin is added
(60C35D5M), hemicarbonate is observed in addition to the hydrotalcite
after 90 days, but it transforms to hydrotalcite at later ages. With me-
takaolin additions of 10 wt%, monosulphate is detected together with
monocarbonate, and only a small hydrotalcite shoulder is observed
after 1 year of curing. At higher metakaolin levels, the monocarbonate
is replaced by hemicarbonate. Again, this could be due to the additional
metakaolin, which provides more Al2O3 and reduces the CO2/Al2O3

ratio [32].
Clear peaks of hydrotalcite can only be observed with XRD in

samples containing dolomite with a relatively low metakaolin content
(< 10 wt%) cured at elevated temperatures (38 °C and especially at
60 °C). When metakaolin additions are high, or when the samples are
cued at 20 °C, hydrotalcite was not observable as a peak but as a small
shoulder at the low-angle side of the monocarbonate peak.

The hydrotalcite observed using XRD originates from the dolomite
reaction because analogue samples containing limestone do not show
hydrotalcite-related reflections even after curing for 1 year at 60 °C
(Fig. 13). The XRD plots in Fig. 13 also do not show clear peaks of
carbonate AFm phases. This can either be explained by the fact that
they are not stable, or that they are less crystalline and therefore X-ray
amorphous at such a high curing temperature.

Fig. 14 shows the XRD-patterns for 60C20D20M samples prepared
with the two different w/b ratios. No hydrotalcite peaks were detected
after 400 days of curing. This is in line with the observations from SEM-
EDS that a high w/b ratio was not able to enhance the dolomite reaction
of the 60C20D20M sample.

3.2.3. TGA
Fig. 15 shows the DTG curves for samples 60C40D and 60C40L after

curing for 1 year at 60 °C. Based on the XRD and SEM analysis, we
would expect a considerable amount of hydrotalcite to have formed in
60C40D, but not in 60C40L. Hydrotalcite is reported to decompose in
two steps during a TGA measurement. The first weight loss related to
hydrotalcite is observed at approx. 220 °C and the second weight loss at

Fig. 7. BSE images of the sample 60C20D20M
with w/b ratios of 0.45 and 0.93 cured at 60 °C
for 400 days.

Fig. 8. Mg/Si ratio over the Al/Si ratio for the point analyses of the reaction rims around
the dolomite grains of samples cured at 60 °C for 360 days.
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approx. 380 °C [21]. These two steps appear as peaks in the DTG curves
for the sample 60C40D and are shown in Fig. 15. Moreover, it should be
noted that small peaks of AFm phases are detected in the DTG curves of
the samples 100C and 60C40L. This confirms the findings with XRD,
which indicated that the AFm phases in the samples cured at 60 °C are

probably X-ray amorphous.
In Fig. 16 the differences between the samples containing dolomite

and limestone with regard to the summed hydrotalcite weight losses of
both of its weight loss steps are plotted for the various compositions and
curing temperatures. This is done to eliminate the potential impact
from Portland cement. The Portland cement used contains significant
amounts of magnesium (Table 1) and might also cause a weight loss in
the temperature range of hydrotalcite decomposition, as shown in
Fig. 15 for the sample 60C40L. So, positive values indicate a higher
weight loss in the hydrotalcite temperature range for samples con-
taining dolomite than for those containing limestone. It should be noted
that, due to the probability of overlapping weight losses in this tem-
perature interval, the signal recorded might not exclusively originate
from the decomposition of hydrotalcite. Taking into account an esti-
mated error of 0.1 wt%, it seems that considerable hydrotalcite for-
mation starts quite late. As Fig. 16 shows, there are no significant dif-
ferences in the weight losses after 28 days and only a small difference
after 90 days between samples containing dolomite and limestone. Only
in the 208-day-old and the 360-day-old samples are significantly higher
hydrotalcite weight losses detected for samples containing dolomite
than for those containing limestone when cured at 60 °C. The highest
value is shown by the sample 60C40D after 360 days of hydration. With
the addition of metakaolin, the hydrotalcite weight losses decrease.
These observed trends are in good agreement with the XRD results,
where the formation of hydrotalcite can be detected after 90 days and
especially after 208 and 360 days in samples with low metakaolin ad-
ditions (< 10 wt%), with the sample 60C40D showing the highest
hydrotalcite peaks when cured at elevated temperatures (especially
60 °C).

Portlandite dehydrates between approx. 400 °C and 550 °C, and a
clear weight loss can be observed in the DTG signal (Fig. 15). Fig. 17
shows the portlandite content of sample mixes containing various
amounts of dolomite or limestone at the temperatures investigated. A

Fig. 9. Al/Ca ratio over the Si/Ca ratio for the point analyses of the matrix of samples
cured at 60 °C for 360 days.

Fig. 10. XRD-patterns of samples containing dolomite and the reference (100C) cured at 20 °C for a) 90 days, b) 208 days and c) 360 days.
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Fig. 11. XRD-patterns of samples containing dolomite and the reference (100C) cured at 38 °C for a) 90 days, b) 208 days and c) 360 days.

Fig. 12. XRD-patterns of samples containing dolomite and the reference (100C) cured at 60 °C for a) 90 days, b) 208 days and c) 360 days.
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clear reduction can be seen in portlandite with increasing metakaolin
content. This is due to the pozzolanic reaction of metakaolin. This re-
action is enhanced when the curing temperature is increased. It should
be noted that the portlandite content for the samples containing 15 wt%
and 20 wt% of metakaolin is similar. This indicates that at metakaolin
contents> 10 wt%, its reaction is limited.

Fig. 18 plots the differences in the portlandite content between the
samples containing dolomite and limestone (estimated error: 0.5 wt%).
Therefore, negative values indicate a lower portlandite content in
samples containing dolomite than in those containing limestone. These
differences are only visible for compositions where there are also dif-
ferences in the hydrotalcite weight loss. The sample 60C40D shows
significantly lower portlandite content than its limestone equivalent
(60C40L) after 208 and 360 days, when cured at 60 °C. This observation
indicates that portlandite is consumed during the formation of hydro-
talcite from dolomite. This is in-line with descriptions of the reaction of
dolomite in the literature [14–16], where the dolomite reaction re-
quires the presence of portlandite.

Fig. 19 shows the portlandite content of the samples 60C20D20M
with a w/b ratio of 0.45 and 0.93, both cured at 20 °C, 38 °C and 60 °C
for 400 days. In samples with the low w/b ratio, the portlandite content
is consumed almost completely when cured at 60 °C, but at lower
curing temperatures more portlandite remains. In the samples with the
high w/b ratio, the portlandite is completely consumed at all curing
temperatures. These results indicate that in the range tested, increasing
the w/b ratio enhances the metakaolin reaction.

3.3. MIP

The threshold pore entry diameter and the porosity were estimated
from the intrusion curves of the first intrusion cycle of the mercury and
are plotted for the various compositions in Fig. 20. Fig. 20 a) shows the
results for samples cured at 38 °C for 208 days, Fig. 20 b) for samples
cured at 60 °C for 208 days and in Fig. 20 c) for the samples cured at
60 °C for 360 days. The precision of the MIP results was estimated to
20% for the threshold diameter and 1.5% for the porosity according to
[34].

Fig. 13. XRD-patterns of samples containing limestone and the reference (100C) cured at
60 °C for 360 days.

Fig. 14. XRD-patterns of the 60C20D20M samples with a w/b ratio of 0.45 and 0.93,
cured at 38 °C and 60 °C for 400 days.

Fig. 15. Differential thermogravimetric (DTG) curves for samples 60C40D, 60C40L and
the reference 100C cured at 60 °C for 360 days.
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Generally, the samples containing dolomite or limestone show si-
milar results. In Fig. 20 b) however, there is a significant difference
between the samples containing either 5 wt% of dolomite or limestone,
which were cured at 60 °C. In order to elucidate whether this is an effect
of hydration or sample preparation, a set of samples cured as well at
60 °C but for 360 days was investigated as well (Fig. 20 c)). After
360 days the samples containing dolomite or limestone show again very
similar results. This indicates that the differences observed in Fig. 20 b)
are due to sample preparation effects.

If we compare the two curing temperatures (Fig. 20 a & b)), a
coarsening effect can be observed at the higher curing temperature.
This effect is related to the transformation of ettringite to monosulphate
above 48 °C and a densification of the C-S-H phase at elevated tem-
peratures, both resulting in a coarsening of the pore structure [33].
Moreover, an increase in the porosity and the threshold diameter can be
observed if we compare the reference 100C with the sample containing
40 wt% of dolomite or limestone at both temperatures. This is in
agreement with previous findings [20]. This coarsening effect of added
carbonates can be counteracted by the addition of metakaolin, which
reduces the threshold diameter as described in the literature [9]. At
high metakaolin additions, the threshold pore entry diameter decreases
down to values of approx. 0.04 μm for both curing temperatures. The
addition of 5 wt% of metakaolin decreases also the porosity compared
to the samples only containing dolomite or limestone. However, with
additions > 5 wt% metakaolin, there is no further reduction in the
porosity.

Fig. 21 shows the threshold pore entry diameter and porosity of the
samples prepared with the different w/b ratio of 0.93 or 0.45 cured at
38 °C or 60 °C for 400 days. The threshold diameter and the porosity are

Fig. 16. Development of the difference in Mg-
hydrate weight losses between samples con-
taining dolomite and samples containing lime-
stone for the various carbonate additions, cured
at 20 °C, 38 °C, and 60 °C for a) 28 days, b)
90 days, c) 208 days, and d) 360 days. It is im-
portant to note that, due the broad shape of the
peaks and the possible overlapping of weight loss
peaks, these weight losses give only an indication
about magnesium-containing hydrates decom-
posing in this temperature region, not necessarily
only hydrotalcite.

Fig. 17. Development of the portlandite content for the samples containing various
amounts of dolomite or limestone in combination with metakaolin and the reference
100C cured at 20 °C, 38 °C and 60 °C for 360 days. Black diamonds indicate the samples
containing dolomite and grey squares indicate the samples containing limestone.
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increased for the samples prepared with the high w/b ratio compared to
the samples with the low w/b ratio. This coarsening effect of the in-
creased w/b ratio is expected and in good agreement with the micro-
structural changes between samples with a high or low w/b ratio as
observed in the BSE images (Fig. 7). While the threshold diameter is

increased for the samples cured at 60 °C compared to 38 °C for both w/b
ratios, the porosity is rather similar for the samples cured at 60 °C or
38 °C for both w/b ratios and no considerable increase in porosity can
be observed.

3.4. Well-hydrated samples exposed to additional water and or portlandite

Fig. 22 shows the DTG curves of the sample 60C20D20M + H2O,
which was exposed to 30 wt% additional water after 28 and 90 days of
exposure at 60 °C, compared to the same sample prior exposure. The
sample 60C20D20M + H2O was used as a reference to the sample
60C20D20M + CH, which was exposed to additional 30 wt% water and
30 wt% portlandite. As the reference samples after 28 and 90 days of
exposure show almost completely the same curves as the sample prior
exposure, we assume that they were stable during the whole exposure
time. Consequently, any phase changes observed in the sample
60C20D20M + CH are due to the addition of portlandite and not due to
the addition of water.

Fig. 23 shows the DTG curves of the sample 60C20D20M + CH
cured for 28 and 90 days at 60 °C compared to the sample prior ex-
posure. At low temperatures (40–300 °C), the samples exposed to por-
tlandite are shifted upwards compared to the sample prior exposure and
show as well a decreased peak in the temperature range of the dolomite
decomposition. This can be explained by the dilution effect of the hy-
drates and the dolomite in the samples where 30 wt% of portlandite
was added. Because of this addition, these samples also show a clear
peak in the temperature interval of the portlandite decomposition. The
two peaks related to the decomposition of hydrotalcite increased with
exposure time in the samples exposed to portlandite compared to the

Fig. 18. Development of the difference in the
portlandite content between samples containing
dolomite and limestone for the various carbonate
additions, cured at 20 °C, 38 °C, and 60 °C for a)
28 days, b) 90 days, c) 208 days, and d) 360 days.

Fig. 19. Portlandite content of samples with a w/b ratio of 0.45 and 0.93 cured at 20 °C,
38 °C and 60 °C for 400 days.
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sample prior exposure. This indicates the formation of hydrotalcite in
these samples. The samples exposed to portlandite also show an addi-
tional peak in the AFm-temperature region, probably due to the for-
mation of monosulphate. This peak seems to decrease with the exposure
time. The increase in the hydrotalcite peak simultaneously with the
decrease in the monosulphate peak indicates that due to the reaction of
dolomite over time in the samples exposed to portlandite, the mono-
sulphate transforms to hydrotalcite as it is thermodynamically more
stable [35].

Fig. 24 shows the XRD-patterns of the samples 60C20D20M + CH
and 60C20D20M + H2O after 90 days of exposure compared to the
sample prior exposure. While the sample prior exposure and the re-
ference sample show the same phase assemblage, the sample
60C20D20M + CH shows additional peaks. In this sample, besides the
portlandite peak due to the exposure, clear peaks of monosulphate and
hydrotalcite are visible. These results are in good correlation with the
observations made in the DTG curves of these samples.

4. Discussion

The results of this study show that dolomite can react significantly
when added to Portland cement, depending on the curing age, tem-
perature and the metakaolin content of the samples. The reaction
products and the limitations of this reaction are discussed in the fol-
lowing.

4.1. What are the products of the dolomite reaction?

The elemental maps obtained from SEM-EDS analysis show that
when dolomite reacts magnesium does not move outside the former
grain boundary of the dolomite, probably due to a limited mobility of
magnesium in high pH environments [1]. So, the magnesium-con-
taining reaction products of dolomite form a reaction rim within the
former dolomite grain boundaries. The products in the reaction rim
contain magnesium, aluminium and show a higher oxygen content. The
high oxygen content indicates that the reaction products are hydrates.
No silicon can be found in the rims and the calcium content is less than
in the original dolomite grain. The lack of silicon in the rims excludes
M-S-H as a reaction product.

EDS point analysis of the reaction rims indicates the presence of
hydrotalcite, with a Mg/Al ratio of approx. 2.4–3.2 depending on the
metakaolin content of the binder. The formation of hydrotalcite was
confirmed by XRD, where peaks of hydrotalcite could be found in
samples where significant amounts of dolomite have reacted. XRD did
not detect clear peaks of brucite in any samples. TGA analysis seems to
indicate that the weight losses in the temperature range of hydrotalcite
correlate to the amount of dolomite reacted.

We conclude that hydrotalcite is the only magnesium-containing
product of the dolomite reaction and it forms in reaction rims within
the former dolomite grains in samples cured at elevated temperatures
(60 °C).

TGA and XRD also showed that the addition of dolomite results in
the formation of carbonate AFm phases and therefore ettringite

Fig. 20. Development of the threshold pore entry diameter (diamonds) and porosity (dots) for samples containing dolomite (black filled) or limestone (grey hollow) cured for a) 208 days
at 38 °C, b) 208 days at 60 °C and c) 360 days at 60 °C.

Fig. 21. The threshold pore entry diameter (a) and the
porosity (b) for the sample 60C20D20M prepared with a
high (0.93) or low (0.45) w/b ratio cured at 38 °C or 60 °C
for 400 days.
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stabilization. This means that the dolomite delivers carbonates to the
system, which can form carbonate AFm phases. This is only observable
in samples where ettringite is stable, hence in samples cured at 20 °C or
38 °C. Calcite might also be formed due to the reaction of dolomite.
XRD detected calcite in the samples, but we could not confirm whether
this calcite was formed during the dedolomitization reaction. This is
because the dolomite used already contains approx. 6 wt% of calcite,
which might partially also participate in the formation of carbonate
AFm phases. SEM-EDS cannot differentiate between portlandite and
calcite, so the potential replacement of portlandite with calcite during
the dolomite reaction cannot be identified.

These findings are in agreement with Zajac et al., who showed that
in the presence of other ions dolomite reaction results in the formation
of hydrotalcite and carbonate AFm phases, which lead to the stabili-
zation of ettringite [17].

4.2. What limits the hydrotalcite formation?

As described above, hydrotalcite forms slowly over time in samples
containing dolomite which have been cured at 60 °C, if they con-
tain< 10 wt% of metakaolin.

To elucidate the possible limitations of the hydrotalcite formation,
Eq. (1) gives an idealized reaction based on the observations in this
study. In this reaction, dolomite reacts with a source of aluminium, here
given as Al(OH)3, and portlandite to form hydrotalcite and calcite. This
reaction inside the reaction rims around the dolomite grains is illu-
strated in Fig. 25. The calcite formed might then precipitate in the
matrix or in finely intermixed with the C-S-H in the rim, which in-
dicates the original grain boundary of the dolomite. It might also par-
tially contribute to the formation of hemi- or monocarbonate. The hy-
drotalcite formation could be chemically limited by any of the reactants
given in Eq. (1). Taking into account the refinement of the pore
structure due to the metakaolin addition, there might be a physical
limitation as well.

+ + + →

+

6CaMg(CO ) 2Al(OH) 6Ca(OH) 9H O Mg Al (OH) ·3(H O)

12CaCO (Hc/Mc)
3 2 3 2 2 6 2 18 2

3 (1)

In the following, we discuss the various possible limitations in de-
tail.

4.2.1. Pore space as a physical limitation
The MIP results for the samples cured at 60 °C (Fig. 20) show that

while the porosity is not decreased, the threshold diameter is

Fig. 23. Differential thermogravimetric (DTG) curves for well-hydrated samples
60C20D20M exposed to 30 wt% additional water and 30 wt% portlandite for 28 or
90 days at 60 °C and the sample prior exposure.

Fig. 24. XRD-patterns of the well-hydrated samples 60C20D20M exposed to 30 wt% of
additional portlandite and or water for 90 days at 60 °C and the sample prior exposure.

Fig. 22. Differential thermogravimetric (DTG) curves for well-hydrated samples
60C20D20M exposed to 30 wt% additional water for 28 or 90 days at 60 °C and the
sample prior exposure.
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significantly refined with the addition of metakaolin. The threshold
pore diameter, which is an important parameter for transport in the
pore system [36], is reduced from 0.4 μm, for the samples only con-
taining dolomite but no metakaolin, to 0.04 μm, for the samples with
the highest metakaolin content. Durdzinski reported the refinement of
the pore structure due to the additions of fine and reactive SCMs to be
the major factor for a decreased degree of reaction. This observation
was explained with the restricted transport and the hindered crystal-
lization in fine pores compared to coarse pores [34]. This is in agree-
ment with the TGA results, which show a limited further reaction of
metakaolin for additions of metakaolin higher than 10 wt% (see
Fig. 17). This possible hindrance of further reactions in dense systems
has been reported for metakaolin or other SCMs and UHPC previously
[34,37,38].

The MIP results also show that curing at 60 °C considerably coarsens
the pore structure. So, in addition to the higher reactivity of dolomite at
60 °C than at 38 °C reported before [14–17], the coarser pore structure
might also facilitate the ongoing reactions due to the facilitation of
transport and crystallization.

To elucidate the effect of the pore space, we prepared samples with
high amounts of metakaolin (20 wt%) and a high w/b ratio (0.93). The
XRD plots (Fig. 14) show that, despite the coarse pore structure of these
samples, no hydrotalcite was formed, and the BSE images also showed
that the dolomite did not react (Fig. 7). We, therefore, conclude that the
limited pore space in metakaolin-rich samples does not act as a major
limitation on the dolomite reaction in the investigated systems.

4.2.2. Aluminium availability
Fig. 25 shows a schematic illustration of the hydrotalcite formation

inside the former dolomite grain boundary including the necessary
transport of ions. Aluminium is needed for hydrotalcite to form, see Eq.
(1) and Fig. 25. The addition of metakaolin to the system provides
additional aluminium. Besides the formation of hydrotalcite, this ad-
ditional aluminium can result in the increased formation of AFm phases
shown in XRD (see Fig. 11), and the uptake of aluminium in the C-S-H
shown in SEM-EDS (see Fig. 9). Hydrotalcite will win the competition
for the aluminium over AFm phases because it is thermodynamically
more stable [35], but we cannot reach a conclusion on the competition
with the Al-uptake in the C-S-H, due to limited thermodynamic data.
When comparing the Al/Si ratios of the C-S-H (Fig. 9) to the Al/Si ratios
reported in the literature, we can see that for low metakaolin additions
(5 wt%), our values are somewhat lower, and for high metakaolin ad-
ditions, they are higher than reported in the literature [12]. Our data
does therefore not fit the proposed fitting equation by Dai et al. [12].

This might be explained by the formation of hydrotalcite in the samples
containing lower amounts of metakaolin, which was shown to reduce
the aluminium content of the C-S-H [17]. If aluminium does act as a
limiting factor in the hydrotalcite formation reaction, the addition of
aluminium through the addition of metakaolin should increase the
amount of hydrotalcite formed. A similar effect of additional aluminium
has been reported on the formation of carbonate AFm phases [5–8].

However, it was shown that with the addition of 5 wt% of meta-
kaolin there is no increase in the amount of hydrotalcite formed.
Consequently, we can conclude that any possible positive effect from
the additional aluminium is unable to compensate for the negative ef-
fects of metakaolin addition on hydrotalcite formation. We, therefore,
conclude that the availability of aluminium does not act as a major
limitation on the dolomite reaction in the investigated systems.

4.2.3. Dolomite dissolution
Hydrotalcite is a magnesium-containing hydrate. The availability of

magnesium and hence the dissolution of dolomite are required for hy-
drotalcite to form. This is illustrated in Fig. 25, where the formation of a
reaction rim is indicated, which contains the magnesium from the do-
lomite dissolution. The dissolution of dolomite has been reported to be
slow. However, it was shown to be accelerated by increasing the curing
temperature from 25 °C to 60 °C [14–17]. This is in good agreement
with our results, as we observed an increased reaction degree of dolo-
mite when cured at 60 °C compared to 38 °C or 20 °C. In samples cured
at 60 °C with low or no metakaolin content, QXRD showed that sig-
nificant amounts of dolomite have reacted after 360 days of curing. This
also explains the observed hydrotalcite formation only in samples cured
at elevated temperatures.

However, only samples with low or no metakaolin addition show
significant dolomite reaction and hydrotalcite formation when cured at
60 °C. This indicates that the dissolution of dolomite is additionally
limited by another factor besides temperature.

Eq. (1) gives portlandite as one of the reactants for the hydrotalcite
formation. Even though hydrotalcite (Mg6Al2(OH)18·3(H2O)) does not
contain calcium, the formation of hydrotalcite is associated with the
consumption of portlandite (Fig. 18) to form calcite (as indicated in
Fig. 25), similarly to the reported dedolomitization reaction, where
brucite is formed [14–16]. To illustrate the consumption of portlandite
due to the reaction of dolomite, we plotted the difference in portlandite
weight loss between samples containing dolomite and samples con-
taining limestone in Fig. 18. Samples containing dolomite show sig-
nificantly lower portlandite content than samples containing limestone.
This is especially visible at the elevated curing temperatures and low

Fig. 25. Schematic illustration of the hydrotalcite
formation in the reaction rims around the dolo-
mite grains.
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metakaolin additions, which cause significant dolomite reaction (Fig. 2)
and consequent hydrotalcite formation (Fig. 16). The need for por-
tlandite by the reaction of dolomite can be explained by the difference
between dolomite, which contains 2 mol CO3

2−/mol dolomite, and
calcite, which contains 1 mol of CO3

2−/mol of calcite. Therefore, to
make the magnesium available for reaction to hydrotalcite, calcium is
needed to compensate for the other carbonate ion from the dolomite,
similar as for the dedolomitization reaction in which brucite is formed.
The experimental techniques in this study did not allow the differ-
entiation between carbonate-containing hydrotalcite and a carbonate-
free hydrotalcite. However, as long as the hydrotalcite contains< 1
mol of CO3

2−/mol of hydrotalcite [19,39–42], additional calcium is
needed in the reaction to compensate for the rest of the carbonate ions.
This is also indicated in Fig. 25 by the transport of CO3

2– ions out of the
reaction rims.

The portlandite availability varies with the metakaolin content. A
higher metakaolin content leads to an increased consumption of por-
tlandite due to its pozzolanic reaction, as TGA shows in Fig. 17. As
portlandite is also consumed in the reaction of dolomite and the for-
mation of hydrotalcite, it is therefore a possible limitation to this re-
action in samples where most or all of the portlandite has already been
consumed in the fast pozzolanic reaction of metakaolin.

It was shown from the results of the samples prepared with the
various w/b ratios that the higher w/b ratio enhances not only the
Portland cement reaction but also the metakaolin reaction. This led to
the complete consumption of the portlandite in the system (Fig. 19).
Because metakaolin addition refines the pore structure and consumes
Portlandite at the same time, these two factors are not completely
distinguishable. Because of this, a part of the samples 60C20D20M
cured at 60 °C for 1 year and 9 months, were exposed to 30 wt% por-
tlandite and or 30 wt% of additional water for up to 90 days. While the
samples, which were exposed only to water, did not change during
exposure, the samples exposed to water and portlandite showed the
formation of hydrotalcite over time. It can be concluded that in sam-
ples, which contain high amounts of metakaolin (20 wt%) and therefore
have a refined pore structure, the formation of hydrotalcite can be
observed as long as sufficient portlandite is available. This confirms the
lack of portlandite as a limiting factor due to the correlation between
portlandite consumption and hydrotalcite formation, independently of
the pore structure. The refined pore structure in the samples containing
high amounts of metakaolin might slow down the reactions but is not
inhibiting the formation of hydrotalcite.

5. Conclusion

Cement pastes, in which 40 wt% of Portland cement clinker was
replaced by either dolomite or limestone in combination with 0–20 wt
% metakaolin, were investigated with regard to their phase assemblage
and microstructure. The samples were cured at 20 °C, 38 °C and 60 °C
up to 360 days. Additionally, samples with a high w/b ratio (0.93) were
prepared and investigated after 400 days of curing and parts of the
samples containing 20 wt% of metakaolin were exposed to additional
portlandite and or water for up to 90 days. The following conclusions
are made based on the investigations:

Within 360 days, significant amounts of the added dolomite react at
low metakaolin additions (< 10%) and an elevated curing temperature
(60 °C). As a result of the reaction, magnesium and carbonates are
supplied to the system. The carbonates originating from the dolomite
stabilize ettringite due to the formation of carbonate AFm phases.
During the dolomite reaction, portlandite is consumed and hydrotalcite
is formed. Hydrotalcite (Mg6Al2(OH)18·3(H2O)) is the only magnesium-
containing reaction product from the dolomite reaction. Neither M-S-H
nor brucite were detected in any samples investigated.

To check whether additional aluminium results in additional hy-
drotalcite formation, up to 20 wt% of metakaolin was added to the
system. However, instead of promoting the hydrotalcite formation, the

addition of> 5 wt% metakaolin inhibited the dolomite reaction and
therefore also the hydrotalcite formation. Thus, aluminium availability
is no major limitation for hydrotalcite formation.

The addition of metakaolin influenced the system in more ways than
solely providing aluminium. It also consumes portlandite during its
pozzolanic reaction and simultaneously refines the pore structure. From
the results of the samples containing 20 wt% metakaolin which were
exposed to additional portlandite and or water, we can conclude that
the pore structure refinement is not inhibiting the formation of hy-
drotalcite, but might slow reactions down. By investigating the samples
with the high w/b ratios, the absence of portlandite in high-metakaolin
samples could be confirmed to inhibit the reaction of dolomite and the
formation of hydrotalcite independently of any impact from the pore
structure.
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ABSTRACT 
 
The formation of potentially deleterious reaction products from the reaction of dolomite fines in 
Portland cement pastes was investigated. It was shown that the reaction of dolomite fines did not 
follow the commonly accepted dedolomitization reaction. Instead, similar hydration phases as 
reported for the Portland cement containing limestone are observed, with the exception that also 
hydrotalcite is formed. It was shown with SEM-EDS and XRD that hydrotalcite is the only 
magnesium containing hydration product of the dolomite reaction, as no brucite or M-S-H were 
detected. In the next step of this study this reaction will be investigated in Al-rich systems. 
 
Keywords: Supplementary cementitious materials (SCM) 
 
1. INTRODUCTION 
 
Due to the scarceness of high-quality limestone as required for CEM II Portland-limestone 
cements, other carbonate sources, like dolomite (CaMg(CO3)2), are in the focus as alternative 
mineral replacement for cement clinker. However, dolomite is assumed to undergo the so-called 
dedolomitization reaction in high-pH environments. In this reaction, dolomite reacts with 
calcium hydroxide (portlandite) to form calcium carbonate (calcite) and magnesium hydroxide 
(brucite) [1-3], as shown in equation 1.  
 

CaMg(CO3)2 + Ca(OH)2  2CaCO3 + Mg(OH)2      (1) 
 
There is still an ongoing discussion whether this reaction is harmful to concrete made with 
dolomitic aggregates. It was recently shown, that in cementitious systems, where other ions are 
present (Al, Si), the reaction of dolomite results in products similar to those of hydrating 
Portland-limestone cement with the exception of additional hydrotalcite [4]. The aim of this 
study was to investigate the influence of replacement of Portland cement clinker by dolomite on 
the phase assemblage. This was done with focus on whether other magnesium-containing and 
potentially harmful phases are formed during the reaction of dolomite i.e. brucite (expansive) or 
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M-S-H (low cementing properties). In a next step of this study the influence of additional 
aluminium by the addition of metakaolin on the dolomite reaction will be investigated. 
 
2. EXPERIMENTAL 
 
The cement pastes investigated in this study were prepared by replacing 40 %wt of a Portland 
cement clinker by natural dolomite. Precipitated gypsum was added, when mixing, in order to 
achieve a sulphate content of 2.5 %wt per gram of binder. The cement clinker was ground in a 
laboratory ball mill until a Blaine surface of approx. 400 m2/kg was achieved. The dolomite was 
used as received (Blaine surface: 340 m2/kg). The chemical compositions of the major elements 
of the materials used are given in Table 1. The paste samples were prepared with a w/b ratio of 
0.45 and were stored under sealed conditions at a relative humidity of 100% at 38 °C or 60 °C 
for 360 days. 
 
Table 1  Chemical composition of the clinker and dolomite used. 
 SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 LOI 
Clinker 20.6 5.6 3.12 63.26 2.66 1.23 0.51 1.37 - 
Dolomite 0.52 0.01 0.04 31.52 20.14 0.00 0.00 0.00 46.79 
 
In order to investigate the phase assemblage and microstructure of the samples with scanning 
electron microscopy (SEM), a 3 mm slice was cut off the cured cement paste and immersed in 
isopropanol for min. 1 week. Polished and carbon coated sections of the paste samples were 
prepared for SEM analysis. Elemental mapping and spot analyses were carried out using a 
Hitachi S-3400N microscope equipped with an energy dispersive spectrometer (EDS) from 
Oxford. Prior to X-ray diffraction (XRD) analyses, the hydration of the cement pastes was 
stopped by double solvent exchange using isopropanol and petroleum ether. For the XRD 
analyses a D8 Focus diffractometer from Bruker was used for the measurements with a Bragg-

 and Cu- (approx. 1.54 Å).  
 
3. RESULTS AND DISCUSSION 
 
Figure 1 shows the BSE images and the elemental maps of magnesium, aluminium, oxygen, 
calcium and silicon for the investigated sample cured at 38 °C and 60 °C. The large uniform 
grains (length up to 70 m) in both images contain magnesium and calcium and are poor in 
silicon and aluminium. These particles are unreacted dolomite grains. For the sample cured at 
60 °C (Figure 1  upper row) a darker reaction rim can be observed within the original grain 
boundaries of the dolomite grains. These rims appear to be enriched in magnesium compared to 
the original dolomite grains. Additionally they contain high amounts of aluminium but are poor 
in silicon and calcium. High oxygen levels were measured in these rims, indicating that the 
products formed in them are hydrates. The original grain boundaries of the dolomite grains are 
still visible because a bright thin layer of C-S-H phase has precipitated around them at early 
ages. This layer then persisted even after the dolomite started to react at later ages. The dark 
thick reaction rims within the former dolomite grain boundaries indicate a high reaction degree 
of the dolomite at 60 °C, which results in complete reaction of the smaller dolomite particles. 
The sample cured at 38 °C shows almost no reaction of the dolomite (Figure 2  lower row). 
Only around small cracks in the dolomite particles and directly at the surface, aluminium and 
oxygen are slightly increased. This is in-line with the findings of Zajac et al. [4], who reported a 
notably higher reaction degree for dolomite in a composite cement when cured at 60 °C 
compared to 38 °C. Also other authors reported an increased dissolution rate of dolomite at 
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elevated curing temperatures [2,3]. From the elemental map of magnesium it can be seen, that 
magnesium is present only inside the former dolomite grain boundaries. This is probably due to 
the low mobility of magnesium in high pH environment. The results of the SEM-EDS point 
analyses of the reaction rims are plotted in Figure 2 as the Mg/Si over the Al/Si ratio. The data 
points for the sample cured at 38 °C coincide with the y-axis. This is probably due to the limited 
rim thickness, which results in the measurement of the unreacted dolomite rather than an actual 
reaction product. In the case of the sample cured at 60 °C, the data points describe a linear line. 
This indicates that the reaction product has a fixed Mg/Al ratio and does not contain silicon. It 
can therefore be concluded, that no M-S-H has formed during the reaction of dolomite. The 
reaction product can be identified as hydrotalcite (Mg4+xAl2(CO3)y(OH)16·4(H2O)) [5]. The 
Mg/Al ratio of the hydrotalcite formed was 3.2 in this study. Zajac et al [4] measured a lower 
Mg/Al ratio of approx. 2 in their samples, probably due to the lower dolomite addition they used 
in their mixes as they used a similar clinker. 
 

60 °C - BSE Mg Al Ca Si 

    
38 °C - BSE Mg Al Ca Si 

    
Figure 1  BSE image and elemental maps of Mg, Al, O, Ca and Si of the sample 60C40D cured 
at 60 °C (upper row) and 38 °C (lower row) for 360 days. The scales (white bars) represent a 
length of 50 m. 

  
Figure 2  Mg/Si over Al/Si ratio of the 
reaction rim in the samples cured at 60 °C or 
38 °C. 

Figure 3  XRD plots of the samples cured at 
60 °C or 38 °C for 360 days. (* indicates a 
peak of unknown origin) 

 
Figure 3 shows the XRD plots for the samples cured at 38 °C and 60 °C in the range of 8 to 
20 ),  

, portlandite (CH) (18.1 ) and brucite (Br) (18.6 ) are 
indicated. The sample cured at 38 °C, shows a clear ettringite peak and small peaks of 
hydrotalcite and monocarbonate. The reaction of dolomite delivers CO2 to the system, which 

ggggg
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can stabilize ettringite by the formation of monocarbonate at 38 °C. This is in agreement with 
the findings of Zajac et al. [4]. At 60 °C, the stable phases differ significantly from those at 
38 °C. The ettringite peak is not observed as this phase is not stable at 60 °C [6]. Moreover, 
monocarbonate is not detected. The main diffraction peak observed is hydrotalcite, which shows 
a notably higher and sharper peak at 60 °C compared to the sample cured at 38 °C. This is in 
good agreement with the observations made by SEM-EDS, which showed a notably higher 
reaction degree of dolomite at 60 °C compared to 38 °C. In both samples no clear brucite peaks 
could be observed by XRD. Hydrotalcite is therefore assumed to be the only magnesium-
containing reaction product of the dolomite reaction. The proposed reaction based on our 
observations of dolomite in a cementitious system is given in equation 2. 
 

CaMg(CO3)2+Ca(OH)2+[Al(OH)4]- Mg4+xAl2(CO3)y(OH)16·4(H2O) + CaCO3+ CO3
2-  (2) 

 
The dolomite will react with portlandite and alumina in the pore solution to form hydrotalcite 
and provides carbonate ions to the system which might partially react further to calcite or 
carbonate AFm. No potentially harmful phases such as brucite or M-S-H were observed. 
 
4. CONCLUSION 
 
It has been shown that the reaction of dolomite fines, when used as replacement for Portland 
cement clinker, results in the formation of hydrotalcite, especially at 60 °C. Additionally, at 
38 °C the stabilization of ettringite due to the formation of monocarbonate can be observed. 
Contrary to the commonly assumed reaction of dolomite in high-pH environments no brucite 
was detected. Hydrotalcite was the only magnesium containing product of the dolomite reaction. 
The reaction of dolomite fines in cementitious systems is therefore not assumed to form any 
deleterious hydration products. In a next step of this study we will investigate the influence of 
additional aluminium by the addition of metakaolin on the dolomite reaction. 
 
5.  ACKNOWLEDGEMENTS 
 
We acknowledge the industrial Ph.D. programme (project-nr: 241637) of the Norwegian 
Research Council and the Heidelberg Technology Center for their financial support. 
 
REFERENCES 
1. E. Garcia, P. Alfonso, M. Labrador, S. Galí, Dedolomitization in different alkaline media: 

Application to Portland cement paste, Cem Concr Res 33 (2003) 1443 1448. 
2.  S. Galí, C. Ayora, P. Alfonso, E. Tauler, M. Labrador, Kinetics of dolomite-portlandite 

reaction - Application to Portland cement concrete, Cem Concr Res 31 (2001) 933 939. 
3. X. Zhang, F.P. Glasser, K.L. Scrivener, Reaction kinetics of dolomite and portlandite, Cem 

Concr Res 66 (2014) 11 18. 
4. M. Zajac, S.K. Bremseth, M. Whitehead, M. Ben Haha, Effect of CaMg(CO3)2 on hydrate 

assemblages and mechanical properties of hydrated cement pastes at 40 °C and 60 °C., Cem 
Concr Res 65 (2014) 21 29. 

5. M. Ben Haha, B. Lothenbach, G. Le Saout, F. Winnefeld, Influence of slag chemistry on 
the hydration of alkali-activated blast-furnace slag  Part I: Effect of MgO, Cem Concr 
Res 41 (2011) 955 963. 

6. B. Lothenbach, F. Winnefeld, C. Alder, E. Wieland, P. Lunk, Effect of temperature on the 
pore solution, microstructure and hydration products of Portland cement pastes, Cem Concr 
Res 37 (2007) 483 491. 







BYGGEINDUSTRIEN NR. 16 - 201776

NYTT FRA NTNU

Alisa Machner, Mette R. Geiker 
og Klaartje De Weerdt
Institutt for konstruksjonsteknikk

Knut O. Kjellsen
Norcem HeidelbergCement

Bruk av dolomitt som et alternativ 
til kalkstein som substituttmateria-
le til Portland klinker, gir sement- 
industrien bedre mulighet til å ut-
nytte lokale råstoffer. Dette vil ofte 
medføre lavere kostnader og lave-
re CO2 utslipp pga. redusert trans-
port. Også bruk av kalsinert leire 
kan være interessant for sementin-
dustrien i framtiden for å redusere 
CO2 utslipp. Enten fordi alternative 
pozzolaniske materialer ikke finnes 
lokalt, eller fordi tilgangen til de go-
de pozzolaniske materialene som 
i dag brukes av sementindustrien 
i stor skala (flygeaske fra kullfyrte 
kraftverk og granulert jernovnsslag), 
blir dårligere.

Dolomitt og kalsinert leire som 
supplerende sementmaterialer
I DOLCEM-prosjektet har vi foku-
sert på komposittsementer som 
inneholder både kalsinert leire og 
dolomitt som substituttmaterialer. 
Omfattende forskning innenfor 
blant annet COIN-prosjektet har 
vist at kalsinert leire er en veldig 
lovende pozzolan for sementpro-
duksjon. Utfordringen er at dolomitt 
ikke kan brukes i følge regelverket 
som kun tillater ren kalkstein. Men 
ren kalkstein, slik det kreves i den 
europeiske standarden, er ikke til-
gjengelig i alle deler av verden i til-
strekkelige mengder. Vi har derfor 
fokusert på dolomitt som et alter-
nativ til konvensjonelt anvendt kalk-
stein for komposittsementer med 
kalsinert leire. 

Effekt av dolomitt på sement- 
reaksjonen
Vi har vist at det er mulig å erstatte 
tilsvarende mengde komposittse-
ment med enten dolomitt eller 
kalkstein uten å redusere trykkfast-

heten. Ved bruk av dolomitt eller 
kalsinert leire dannes det andre 
typer hydratasjonsfaser enn i ren 
Portland sement. Karbonatene fra 
dolomitt reagerer på lignende måte 
som karbonatene fra kalkstein, og 
stabiliserer ettringitt ved dannelse 
av karbonat-AFm-fasene. De ekstra 
magnesiumionene som introduse-
res med dolomitt i systemet, fø-
rer til dannelse av en ny fase kalt 
hydrotalkitt.

Forholdet mellom dolomitt og 
kalsinert leire er viktig
PhD kandidat Alisa Machner har 
i sitt doktorarbeid testet forskjel-
lige kombinasjoner av dolomitt 
og kalsinert leire som suppleren-
de sementmaterialer for sement. 
Forskningen viser at for å få do-
lomitt til å reagere, bør man bru-
ke begrensede mengder kalsinert 
leire. Dette fordi kalsinert leire vil 
vinne kampen om Portlanditt som 

både dolomitt og kalsinert leire 
trenger for å kunne reagere.

Økt bestandighet av sementen 
Hydrotalkitt, hovedhydratasjonsfa-
sen til dolomitt, viser seg å være 
veldig stabil i aggressive miljøer 
som karbonatisering, utluting eller 
kloridholdige løsninger. Hydrotalkitt 
viser seg å kunne binde klorider. 
Høyere kloridbinding av betongen 
resulterer i en mindre andel frie klo-
rider, og dermed forsinket kloridinn-
trenging og utsatt armeringskorro-
sjon. Dolomitt i komposittsement 
kan altså være en fordel for betong 
som skal være i kontakt med sjø-
vann eller tinesalter. 

Komposittsementer kan ha tilsvarende eller til og med bedre egenskaper enn ren Portland sement. På grunn av 
den økende etterspørselen etter betong, og dermed sement, er tradisjonelle supplerende sementmaterialer en 
mangelvare. Alternative sementmaterialer har derfor fokus i dagens forskning. Resultatene fra DOLCEM-prosjektet 
viser at bruk av dolomitt kan gi økt bestandighet til betong.

Forskningen innenfor DOLCEM-prosjektet er utført av Alisa Machner. Hun job-
ber som nærings-PhD ved NTNU, og er ansatt ved Norcem. På grunn av det 
tette samarbeidet med eksperter fra HeidelbergCement Technology Center 
i Tyskland, vil resultatene fra prosjektet påvirke sementproduksjonen også 
utenfor Norges grenser.  Foto: Giedrius Zirgulis.

Bedre egenskaper med 
dolomitt i sement

Lav CO2 utslippsement produseres ved å bruke lokale substituttmaterialer som dolomitt og kalsinerte leire.  
Foto: Norcem
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