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Abstract

Considerable amounts of CO; are emitted during the production of cement. One way to reduce
these CO; emissions is to replace some of the cement clinker with supplementary cementitious
materials (SCMs). A cement containing SCMs is called a composite cement. The use of composite
cements has considerably increased over the last few decades and is predicted to continue to
do so as the global demand for concrete increases in the future. This will lead to a high demand
for SCMs, which in the case of some of the traditionally used SCMs could exceed supply. There

is therefore a need to identify potential new SCMs.

The PhD project investigated the possibility of using dolomite in combination with calcined
clays as SCMs in Portland composite cements. In this project, metakaolin was used as a model
material for industrially available calcined clays. The main objectives of the PhD project were
to understand the hydration of Portland composite cements containing dolomite and
metakaolin, the resulting phase assemblage, and its stability during carbonation, leaching and
chloride exposure. Special focus was put on the hydrate hydrotalcite that was shown to form in
composite cements containing dolomite. The compressive strength, phase assemblage, and
microstructure of samples, in which various amounts of Portland cement clinker were replaced

with either dolomite or with a combination of dolomite and metakaolin, were investigated.

In the first part of the project, the hydration study, two experimental approaches were applied.
In the first one, dolomite or limestone were used to replace 0-20%wt of a Portland metakaolin
cement. The Portland metakaolin cement represented a mix of Portland cement clinker and
metakaolin in the ratio 6:1. It was shown that approximately 10%wt of a Portland metakaolin
cement could be replaced with either dolomite or limestone without impairing its compressive
strength after curing at temperatures of 20 °C and 38 °C for 28 days and 90 days. The phase
assemblages in samples containing limestone or dolomite were generally quite similar, though
dolomite was shown to be slightly less reactive than limestone, especially at lower curing
temperatures. This lower reactivity resulted in less carbonates delivered from dolomite to form

carbonate AFm phases.



In the second experimental approach, various combinations of dolomite and metakaolin were
used to replace 40%wt of a Portland cement clinker. After curing for 360 days, especially at
elevated temperatures (38 °C and 60 °C), the dolomite in samples with little or no metakaolin
content had reacted significantly. The dolomite reaction was shown to consume portlandite and

resulted in the formation of hydrotalcite (MgsAl2(OH)1s-3(H20)) and calcite:

6CaMg(C0s), + 2A1(OH)s + 6Ca(OH); + 3H,0 — MgeAl,(OH)15-3(H0) + 12CaC0s

This reaction was shown to depend on the availability of portlandite in the system. In samples
with high metakaolin content, the reactive metakaolin consumed the portlandite before the less
reactive dolomite started to react, which limited the dolomite reaction. The pore space and the

availability of aluminium were found to play minor roles in limiting the dolomite reaction.

The durability part of the PhD project investigated the stability of the hydrotalcite formed in
composite cements containing dolomite. Samples with little or no metakaolin content were
selected because they formed the greatest amount of hydrotalcite in the hydration study. It was
shown that hydrotalcite can withstand high degrees of leaching and carbonation. After chloride
exposure, the formation of a chloride-containing hydrotalcite was observed, which increased
the chloride binding of the cement paste samples investigated. With mass balance calculations,
it was shown that the chloride-containing hydrotalcite in samples containing dolomite can
contribute to the chloride binding of the cement paste to an extent comparable to Friedel’s salt

in samples containing limestone.

It could be concluded that dolomite performs in a similar way to limestone in cementitious
systems with regard to compressive strength and phase stability. The phase assemblages in
composite cements containing dolomite and limestone are similar. The reaction of dolomite in
systems containing little or no metakaolin was shown to result in the additional formation of
hydrotalcite, a stable reaction product in the aggressive environments tested, which is able to

take up a significant amount of chloride.
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Structure of the doctoral thesis

The thesis consists of two parts. Part I contains a short literature review on the research topics
investigated, the objectives and limitations of the thesis, and an overview of the experimental

approach. Finally, the main findings and conclusions are summarized.

Part Il presents the scientific journal papers, which represent the detailed outcome of the

various research questions formulated in Part I.
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List of symbols and abbreviations

Cement chemistry shorthand notation used in this thesis:

C=Ca0
M = MgO

S=Si0;
H=H0

A= A1203 F = Fe 03
C=C0; S=503

Shorthand notation of anhydrous phases and hydrates in cementitious systems:

Name Shorthand notation Stoichiometric or general formula
/ abbreviation
Alite* CsS CaszSiOs
Belite* CzS CazSi0q
Aluminate* C3A CazAl20¢
Ferrite2 C4AF 4Ca0-Al;03-Fe,03
Calcium silicate C-S-H xCa0-Si0,-yH,0 (variable composition)
hydrate
Portlandite CH Ca(OH)2
Monocarbonate C4ACH11 (Mc) 3Ca0-Al;03:-CaC03-11H,0
Hemicarbonate C4ACosHi1s (Ho) 3Ca0-Al;03-0.5Ca(0H),-0.5CaC03-11.5H,0
Monosulphate C4ASH1, (Ms) 3Ca0-Alz03-CaS04-12H20
Friedel’s salt Fs 3Ca0-Al;03-CaCl,-10H-0
Ettringite C6AS3Hs; (Et) 3Ca0-Al203-3CaS04-32H20
Hydrotalcitet Ht MgeAlz(OH)1s-3(H20)
Brucite MH Mg(OH):
Hydrogarnet Hg Caz (Al Fe1+)2(Si04)y(OH)az-y)
(Si and Fe substituted)
Gypsum CSH: (Gyp) CaS04:2H;0

* These names refer to impure phases, which contain small quantities of foreign ions to stabilize their

crystal structure

A The ferrite phase in Portland cement has a variable composition and is a part of the incomplete solid
solution between C2A and CzF. C:/AF (Brownmillerite) is one possible phase within this solid solution.

t The name hydrotalcite refers to a hydrotalcite-like phase within the group of layered double hydroxides
with the general formula [M?*1-x M3*«(OH)2]** [A™ ]x/m nH20.
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Part1
Extended Summary







1. Introduction

Concrete, which consists of cement, water, and aggregates, is the most used material in the world
besides water and is known to be inexpensive and durable. However, a significant amount of CO; is
emitted during the production of cement for two main reasons. Firstly, CO> is emitted when heating
the kiln to a temperature of approx. 1450 °C. This high temperature is needed to form the clinker
phases, such as alite, belite, and aluminate, which can react with water and cause the cement paste
to set and develop its strength. Secondly, limestone, which is the main raw material for cement
production and consists mainly of CaCOs, releases 44%wt of its mass as CO; when heated above

approx. 800 °C (Damtoft et al., 2008; Huntzinger & Eatmon, 2009; Sonebi et al,, 2016).

One way to reduce the CO; emissions during cement production is to reduce the clinker factor of the
resulting product, which means replacing some of the cement clinker with supplementary
cementitious materials (SCMs) (Lothenbach et al., 2011). Cements that include SCMs are called

composite cements and are widely used today.

Commonly used SCMs include ground granulated blast furnace slag (GGBFS), fly ash, limestone, or
natural pozzolans (e.g. EN 197-1, 2011). However, some of the SCMs traditionally used have limited
availability when compared to the global increase in cement demand (Scrivener et al, 2016).
Alternative SCMs that are available in sufficient quality and quantity need therefore to be found.
These new SCMs should yield a similar or even improved compressive strength and durability of the
resulting concrete products compared to the SCMs traditionally used. This project focused on
dolomite in combination with calcined clays as new SCMs. In this study, metakaolin was used as a

model material for industrially available calcined clays.



2. Objectives and limitations

2.1. Objectives

The main objectives of the PhD project were to understand the hydration mechanisms of composite
cements that contain a combination of dolomite and metakaolin and the durability of the phase
assemblage formed. The PhD project was divided into two sub-studies, the hydration study and the

durability study.

Consequently, the following research questions were formulated:

Within the hydration study:

1 How does the addition of dolomite to a Portland metakaolin cement affect the compressive
strength and phase assemblage in comparison to the commonly used limestone?

2 What is the effect of metakaolin on the reaction of dolomite and thereby on the formation

of hydrotalcite in composite cements?

Within the durability study:

3 How stable is the hydrotalcite formed in composite cements that contain dolomite during
chloride exposure, leaching and carbonation?

4 What is the contribution of the hydrotalcite formed in composite cements that contain
dolomite to the chloride binding of the cement paste?



2.2. Limitations

This study used one type of Portland cement clinker (“Standard clinker” produced by Norcem AS at
the Brevik plant), which is the most commonly used Portland cement clinker in Norway and is
representative for commonly used Portland cement clinkers. Moreover, laboratory-grade metakaolin
with a known composition (Metastar501, from Imerys) was used as a model material for industrially
available calcined clay. The carbonates used (dolomite and limestone) were either laboratory-grade
(from Brenntag) or relatively pure natural carbonates (from Miljgkalk AS). Pure materials were used

to isolate their effect on phase assemblage and phase composition.

To accelerate the normally very slow reaction of dolomite, the samples investigated in the PhD
project were cured at elevated temperatures of 38 °C or 60 °C, as well as at the commonly used 20 °C.
Curing at 38 °C accelerates the reactions in cementitious systems, but does not have a significant
effect on the phase stabilities (Lothenbach et al,, 2007). However, curing at 60 °C changes the phase
stabilities of the hydration phases formed, because phases such as ettringite and monocarbonate are
no longer stable (Lothenbach et al,, 2007). This introduces limitations on the transferability of the

results of the phase assemblage and phase composition at 60 °C to 20 °C.

The quantification of the dolomite reaction by quantitative X-ray diffraction (QXRD) had a relatively
high margin of error (approx. 10%), which was caused by the spottiness effects of the dolomite peaks
in the diffractograms due to the hardness of the dolomite used. The formation of calcium carbonate
during the reaction of dolomite was observed qualitatively, but was not evaluated quantitatively

because of the limitations of quantifications with TGA and XRD.

The focus of the PhD project was on understanding the hydration reactions, the resulting phase
assemblage, and the durability of Portland composite cements containing dolomite and metakaolin.
Optimization of the replacement level and the optimization of the combined replacement of dolomite
and metakaolin were beyond the scope of the PhD project. The durability study in the PhD project
was limited to the samples with little or no metakaolin present, in which the highest amount of
hydrotalcite was detected. Moreover, the durability study experiments were limited to chloride
exposure (NaCl, CaClz), leaching with deionized water, and carbonation. Other aggressive
environments, such as sulphate-containing solutions were not investigated. No performance tests
were carried out within the PhD project, which limits the discussion on the durability of composite

cements containing dolomite and metakaolin to phase stability.



3. Background
3.1. Dolomite and limestone as supplementary cementitious materials

The addition of finely ground limestone to Portland cement has been reported to affect the hydration
in several ways. A comprehensive overview of the effect of limestone addition to Portland cement on
compressive strength and phase assemblage can be found in (Hawkins et al., 2003). First, there is the
physical effect of finely ground limestone, which is also often called the filler effect. The addition of
fine limestone to Portland cement provides additional nucleation sites, which facilitate the
precipitation of hydrates during the hydration of the cement (Lothenbach et al., 2011). Moreover, in
systems where some of the cement clinker is replaced with another material, the water-to-clinker
ratio increases when the water-to-solid ratio is kept constant. This increases the degree of cement
clinker reaction (Lothenbach et al, 2011). The addition of finely-ground limestone is known to
enhance the reaction of alite and therefore of Portland cement (Soroka & Stern, 1976; Péra et al.,
1999), and can also shorten the time to nucleate the first C-S-H phase (Nicoleau, 2011; Berodier et
al,, 2014), and thus accelerates the hydration of the cement. On the other hand, the filler effect is
always connected with a dilution effect, because the most reactive part of the system is partially

replaced with a less-reactive material (Lothenbach etal., 2011).

Second, and contrary to the earlier understanding that limestone is an inert material, several authors
have reported a reaction of limestone added to Portland cement (Matschei et al., 2007b; Lothenbach
etal, 2008; Barker & Cory, 1991; Bensted, 1980; Bonavetti etal., 2001; Feldmann et al,, 1965; Ingram
etal,, 1990). Carbonate AFm phases, such as hemicarbonate and monocarbonate, are formed during
the reaction of limestone with pure C3A or C3A in Portland cement (Bonavetti et al.,, 2001; Feldmann
etal,, 1965; Bensted, 1980; Barker & Cory, 1991; Ingram et al., 1990). In the presence of carbonates,
these AFm phases are more stable than monosulphate (Matschei et al.,, 2007a) and as a consequence,
the ettringite 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 (Matschei et

al,, 2007b; Lothenbach et al,, 2008).

The scarceness of high-quality limestone in some parts of the world obliges the cement industry to
consider alternative supplementary cementitious materials (SCMs) for the production of composite
cements. Various other carbonate sources are therefore in the focus of ongoing research, with

dolomite rock being one promising alternative. Zajac & Ben Haha observed a similar compressive



strength of samples where 20%wt of the cement clinker was replaced with either limestone or
dolomite (Zajac & Ben Haha, 2015). Moreover, Zajac et al. have been able to demonstrate that the
effect of ettringite stabilization upon carbonate addition, which has been reported for cements

containing limestone, is also valid for cements containing ground dolomite rock (Zajac et al., 2014).

The mineral dolomite is a double salt containing calcium and magnesium with the chemical formula
CaMg(CO03)2and can, therefore, function as a source of calcium, magnesium, and CO;. Dolomite is the
rock-forming mineral for dolomite rock, and it is not stable in the high-alkaline environment of a
cement, where it has been reported to undergo what is known as the dedolomitization reaction (Gali
et al,, 2001; Garcia et al.,, 2003; Zhang et al.,, 2014). In this reaction, dolomite reacts with calcium
hydroxide (portlandite) to form calcium carbonate (calcite) and magnesium hydroxide (brucite), see

Eq. 1 (Gali etal, 2001; Garcia et al., 2003; Zhang et al.,, 2014):

CaMg(CO03)2 + Ca(OH), = Mg(OH)2 + 2CaCO03 Eq.1

It has been shown that in cementitious systems the reaction of dolomite forms products similar to
those of hydrated Portland limestone cement, and that the magnesium originating from the dolomite
resulted in the formation of a hydrotalcite-like phase (Zajac et al., 2011; Zajac et al,, 2014), in the
following referred to as hydrotalcite (MgsAl,(OH)1s-3(H20) (Myers et al., 2015)).

The dissolution of dolomite and calcite in various conditions has been studied before (Morse &
Arvidson, 2002). Pokrovsky et al. were able to show that the dissolution rate of dolomite is
significantly lower than that of limestone at both 25 °C and 60 °C (Pokrovsky et al.,, 2009). Moreover,
the dissolution rates of both decrease with increasing pH (Chou et al., 1989) and increase with
increasing temperatures from 25°C to 60 °C (Pokrovsky et al., 2009). This accords with other
authors, who have reported a higher degree of dolomite reaction with increasing temperatures (Gali

etal, 2001; Zhang et al,, 2014; Zajac et al,, 2014).

3.2. Metakaolin as supplementary cementitious material

Intense research on the use of calcined clays as SCMs has been conducted in recent years, due to the
scarceness of fly ash and ground granulated blast furnace slag as SCMs in some parts of the world.
Clays belong to the mineral group of phyllosilicates (sheet silicates). When they are calcined between

600-900 °C, they lose their interlayer water and their ordered crystal structure. The amorphous



calcination products are called calcined clays and react as pozzolans with the portlandite formed
during the cement clinker hydration to form additional C-S-H (Jones, 2002). Among various clays
tested, kaolinitic calcined clay, known as metakaolin, showed the highest pozzolanic reactivity

(Fernandez et al,, 2011).

Some of the alumina provided by the reaction of metakaolin leads to the formation of additional AFm
phases (Antoni et al.,, 2012; Nied et al., 2015; Puerta-Falla et al,, 2015) in the same way as shown for
the addition of fly ash (De Weerdt et al., 2011; De Weerdt et al,, 2010), and some is taken up by the
C-S-H phase (L'Hopital et al., 2015; Dai et al,, 2014). Aluminium incorporation in the C-S-H phase can
lead to the formation of calcium aluminate silicate hydrate (C-A-S-H) phases, as observed in
composite cements containing slag, fly ash or metakaolin (Richardson, 1999; Dai et al., 2014). The
addition of large amounts of metakaolin increases not only the aluminium content, but also the
silicate chain length in the C-S-H phase (Love et al., 2007). The effect on the chain length has also been
reported for other SCMs containing silicon, e.g. silica fume, and is accompanied by a decrease in the
Ca/Siratio of the C-S-H (Gaitero et al., 2008; Justnes, 1998; Rossen et al.,, 2015). Sevelsted & Skibsted
have also demonstrated this effect of increasing silicate chain lengths with decreasing Ca/Si ratios

for synthetic C-S-H samples (Sevelsted & Skibsted, 2015).

3.3. The synergetic effect

The positive effect of the “ettringite stabilization” on the compressive strength when carbonates are
added to Portland cements (see 3.1) is limited because the amount of alumina available is limited in
these cements. However, the effect can be amplified by increasing the aluminium content of the
cement, e.g. by using various aluminium-containing SCMs. This effect has previously been
demonstrated for samples containing limestone and fly ash (De Weerdt et al,, 2010; De Weerdt et al,,
2011) and for combinations of limestone and metakaolin (Antoni et al, 2012; Nied et al,, 2015;
Puerta-Falla et al,, 2015). The additional alumina provided by the reaction of metakaolin has been
reported to lead to the formation of additional AFm phases and therefore to an increased
compressive strength at low replacement levels of limestone. This effect is called the “synergetic
effect” and allows a higher replacement level of the cement clinker by combining an aluminium-

delivering SCM (metakaolin or fly ash) with a carbonate, without impairing compressive strength.



3.4. Effect on SCMs on the durability of composite cements

The durability of concrete is defined as its ability to withstand weathering action, chemical attack,
abrasion, or any other deteriorative process during its service life (ACI CT-16, 2016). The durability
of concrete may partly depend on the phase assemblage and composition of the phases present in
the hydrated cement. Changes in the chemistry of composite cements containing SCMs may also
change their resistance to various exposures. In the following, the deteriorative mechanisms of
leaching and carbonation, and the response of the cement paste to exposure to chloride-containing

solutions will be described in detail.

3.4.1. Leaching

Leaching is the congruent dissolution (e.g. portlandite) or incongruent dissolution (e.g. C-S-H phase)
of hydration phases when they are in long-term contact with water, and it represents one type of
possible attack on concrete. Leaching of concrete or cement paste results in a decrease in its pH and
alower concentration of ions in the pore solution. This leads to the decalcification of the system, and

therefore to the decomposition of hydrates (Taylor, 1997).

During leaching, the portlandite dissolves and the C-S-H gradually decalcifies until it completely
decomposes. The increased average silicate chain lengths of the C-S-H phase (due to the addition of
SCMs containing silicon) typically improves resistance to the leaching of calcium (Gaitero etal., 2008;

Jain & Neithalath, 2009; Matte V. & Moranville M., 1999).

Hydrotalcite displayed good resistance against leaching in MgO-activated slag binder systems (Jin &
Al-Tabbaa, 2014; Jin et al,, 2016). Thermodynamic modelling for leaching has also predicted that
phases, like hydrotalcite or ettringite, withstand harsh leaching conditions without changes in

volume and start decomposing only when the C-S-H has completely decomposed (Feng et al., 2014).

3.4.2. Carbonation

The corrosion of the steel rebars is one of the main deterioration mechanisms of reinforced concrete.
It can be initiated by the depassivation of the rebar surface due to a drop in the pH caused by
carbonation of the cement paste in concrete. The carbonation of concrete is the reaction of CO2, which
dissolves in the pore solution, with the calcium in the hydrated cement paste to form calcium

carbonate (CaCO3) (ACI CT-16, 2016; Taylor, 1997). This reaction causes a drop in the pH of the pore



solution once the portlandite is depleted, a decalcification of the system, and consequently the
decomposition of the hydrates. During carbonation, portlandite (Ca(OH)z) reacts with the CO2 to form

CaCO0s. Afterwards, the C-S-H phase decalcifies, which leads to an increase in its silicate chain length.

The reduced Ca/Si ratio of the C-S-H phase, as observed in samples containing metakaolin (see 3.2),
may increase the resistance to carbonation of these samples. The extent of decalcification has been
reported to decrease with decreasing Ca/Si ratios, and was observed to be most pronounced in
samples of synthesized C-S-H with a high Ca/Si ratio (Black et al., 2007; Black et al.,, 2008). Sevelsted
& Skibsted confirmed these findings in their study, where they observed an increased amount of
calcium carbonate in samples with higher Ca/Si ratios (Sevelsted & Skibsted, 2015). During
carbonation, ettringite and AFm phases also decompose to CaCO3, hydrous alumina and, in the case

of sulphate-containing hydrates, gypsum (Taylor, 1997).

Hydrotalcite has been reported to be a promising material for application in CO,-capture technology
because of its high CO, adsorption capacity (Wang et al, 2011). However, pure synthesised
hydrotalcite may differ in composition from hydrotalcite formed in Portland cement-based
cementitious systems. This study, therefore, focuses on the stability of hydrotalcite formed by the

reaction of dolomite in a Portland composite cement during leaching and carbonation.

3.4.3. Chloride exposure

Another way for the corrosion of the steel rebars in reinforced concrete to initiate is through the
presence of chlorides in the vicinity of the steel. The most common sources for chlorides are external,
e.g. de-icing salts or seawater. When chlorides penetrate the concrete, some will be free in the pore
solution and some will interact with the solids. Understanding chloride binding is therefore of major
importance for understanding chloride ingress in concrete and predicting the service life of chloride-

exposed reinforced concrete structures.

In Portland cement, chloride ions are bound by physical adsorption to the C-S-H phase or by the
formation of chloride-containing AFm phases, e.g. Friedel’s salt or Kuzel’s salt. The use of SCMs can
change the phase assemblage of the hydrated cement paste and thereby its chloride-binding capacity
(Aryaetal, 1990).



The addition of metakaolin has been shown to improve the chloride-binding capacity of cement
paste. This has been explained with reference to the additional alumina provided by the reaction of
metakaolin, which results in the formation of additional Friedel’s salt (Thomas et al., 2012; Shi et al,,
2017). Similar results have been reported for other alumina-delivering SCMs, such as fly ash or
ground granulated blast-furnace slags (Arya et al., 1990; Arya & Xu, 1995; Dhir et al,, 1997; Ipavec et
al,, 2013; Ogirigbo & Black, 2017). Moreover, the reaction of metakaolin results in the formation of

additional C-S-H, which may also bind additional chlorides.

Hydrotalcite is a mineral in the group of layered double hydroxides (LDHs) containing magnesium
and aluminium, with the general formula [Me2+;(Me3+,(OH),]** [Am],/m'nH0. Its crystal structure
can be derived from that of brucite. The main layer consists of metals (here abbreviated with Me),
specifically magnesium (Me2*) and aluminium (Me3+) hydroxide octahedra. The substitution of
aluminium for magnesium in the main layer charges this layer positively. To maintain electrical
neutrality, the interlayer incorporates monovalent or divalent anions (here abbreviated with A) like
OH-, Cl, CO3% or SO42-. Several authors have ascribed the excellent chloride-binding capacity of
hydrotalcite to the positive charge of its main layer, which is compensated by the incorporation of
anions in its interlayer (Miyata, 1975, 1983; Chatelet et al., 1996; Kayali et al., 2012). In cementitious
systems containing slag, hydrotalcite has been predicted to bind even more chlorides than Friedel’s
salt (Ye etal., 2016). However, divalent ions, like CO32- are more easily incorporated than monovalent
ions, like Cl- (Miyata, 1983; Chatelet et al., 1996), so CO32 ions are seldom exchanged with chloride
ions in synthesized hydrotalcite-like phases, and the presence of carbonate ions consequently
reduces the chloride-binding capacity (Chatelet et al., 1996; Ke et al,, 2017). A greater amount of
aluminium available in the system reduces the Mg/Al ratio of the hydrotalcite (Ben Haha etal., 2012).
A higher degree of aluminium substitution increases the positive charge of the main layer. Because
the interlayer seeks electrical neutrality, more chlorides are incorporated in the interlayer of

hydrotalcite with a lower Mg/Al ratio (Miyata, 1975).

The chloride-binding capacity of cements also depends strongly on the cation associated with the
chloride anion. Several authors have reported significantly greater chloride binding when samples
were exposed to solutions of CaCl; or MgCl, rather than NaCl (Arya etal., 1990; Delagrave et al., 1997;
Wowra & Setzer, 1997; Zhu et al.,, 2012; De Weerdt et al., 2014; De Weerdt et al., 2015; Shi et al.,
2017). This can be explained by the deprotonation of the surface silanol groups of C-S-H, which gives

the C-S-H a negative surface charge. This negative surface charge causes the adsorption of positively



charged ions (counterions) in the Stern layer of its surface (Wowra & Setzer, 1997). Labbez et al.
showed that the adsorption of divalent Ca2+ ions on C-S-H in model systems can even reverse the
surface charge to positive values (overcompensation) (Labbez et al., 2007). This can lead to an
accumulation of negatively charged ions (coions), like Cl- or OH-, in the diffuse layer of the C-S-H
(Plusquellec & Nonat, 2016). The reversal in the surface charge leading to the accumulation of coions

in the diffuse layer has not been observed with monovalent ions, like Na* (Wowra & Setzer, 1997).

The drop in the pH observed when CaCl; is added to cement pastes can be partly explained by the
substitution of calcium for hydrogen in the silanol groups, which releases H+ ions in the pore solution
(Wowra & Setzer, 1997; Shi et al,, 2017), and partly by the common ion effect of calcium (calcium
hydroxide) when increasing amounts of CaCl; are added to the system (De Weerdt et al,, 2015).
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4. Experimental approach
Overview of the various materials used:

Table 4-1 gives an overview of the materials used for the various papers of the PhD project. The
Portland cement clinker (C;) was a “Standard” clinker supplied by Norcem AS, ground in a laboratory
ball mill until a Blaine specific surface of approx. 400 m2/kg was reached. No gypsum or other calcium
sulphate was added to the clinker (C)) during grinding (cf. Papers I-II). The neat Portland cement (C;)
supplied by Norcem AS was produced by grinding “Standard” clinker in one of the cement mills of
Norcem AS with gypsum added until a Blaine specific surface of approx. 400 m2/kg was achieved (cf.

Papers III-1V). No limestone was added after clinkering to C; or C;.

Two different carbonate qualities were used. The laboratory-grade carbonates (L and Di) were
supplied by Brenntag (cf. Paper I) and the natural carbonates (L, and D,) were supplied by Miljgkalk
AS (cf. Papers 1I-1V). Laboratory-grade metakaolin (M) supplied by Imerys (Metastar501) was used
throughout the project.

Table 4-1: Overview of the materials used in this PhD project.
Material Abbr. Supplier Paper I PaperIl Paperlll PaperlIV

Portland cement clinker G Norcem AS X X

(no gypsum and no limestone added)

Portland cement Gi Norcem AS X X
(gypsum added, no limestone added)

Laboratory-grade carbonates Dy, Li Brenntag X
Natural carbonates Dn, Ln Miljgkalk AS
Laboratory-grade metakaolin M Imerys X

Experimental matrix used for Paper I:

Table 4-2 gives the experimental matrix used for Paper I. The clinker (C) and the metakaolin (M)
were pre-mixed to a ratio 6:1. Afterwards, 5-20%wt of this Portland metakaolin cement (CM) was
replaced with either laboratory-grade dolomite (D;) or limestone (L;). A Portland metakaolin cement
sample without carbonate addition was used as a reference (100CM). The sulphate content of the
binders was adjusted by the addition of 2.85%wt laboratory-grade gypsum to all compositions (not
included in Table 4-2). The pastes and mortars were prepared with a w/b ratio of 0.55 and cured

sealed at 5 °C, 20 °C, or 38 °C for up to 90 days at 100% RH.
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Table 4-2: Experimental matrix for Paper 1.

No. Name CM Li Di
of the mix (C:M =6:1)
1 100CM 100
20 TosemsL T 95 T 5 T
3 90CM10L 90 10
4 80CM20L 80 20
5 95¢MsD 95 5
6 90CM10D 90 10
7 80CM20D 80 20

Experimental matrix used for Paper II:

Table 4-3 shows the experimental matrix for Paper II. In this study, 40%wt of the Portland cement
clinker (Ci) was replaced by either natural dolomite (D.) or a combination of dolomite and metakaolin
(M). Equivalent samples containing natural limestone (L,) and a pure Portland cement sample were
prepared as references. Laboratory-grade gypsum was added to all compositions to achieve a
sulphate content of 2.5%wt per gram of binder (notincluded in Table 4-3). The pastes were prepared
with a w/b ratio of 0.45 and were cured sealed at 20 °C, 38 °C, and 60 °C for up to 360 days at 100%
RH. Samples containing 20%wt metakaolin were also prepared with a high w/b ratio of 0.93 or with

additional portlandite and/or water.

Table 4-3: Experimental matrix for Paper II.

Name C Dn Ln M Add. Add. w/b
of the mix water CH ratio
100C* 100 - - - - - 0.45
“s0c40D* T Te0 T 490 T ST ST ST 045
60C35D5M* 60 35 - 5 - - 0.45
60C30D10M 60 30 - 10 - - 0.45
60C25D15M 60 25 - 15 - - 0.45
60C20D20M 60 20 - 20 - - 0.45
‘e0C40L* 60 - 40 - - 045
60C35L5M* 60 - 35 5 - - 0.45
60C30L10M 60 - 30 10 - - 0.45
60C25L15M 60 - 25 15 - - 0.45
60C20L20M 60 - 20 20 - - 0.45
60C20D20Mw/b 0.45 60 20 - 20 - - - 045
60C20D20M w/b 0.93 60 20 - 20 - - 0.93
"60C20D20M +H.0 60 200 T ST 20 TE30%wt - 045
60C20D20M + CH 60 20 - 20 +30%wt  +30%wt  0.45

* Binder compositions also used for Papers Il and IV
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Experimental matrix used for Papers IIl and IV:

For Papers III and IV, the compositions in Table 4-3 marked with * were used, except that these
samples were prepared using the Portland cement C; with a w/b ratio of 0.5. The sulphate content of
this cement was adjusted to 3.2%wt, so no additional gypsum was added. Figure 1 gives an overview
of the steps taken in the preparation of the samples for Papers III and IV. The pastes were cured
sealed immersed in water at 38 °C (only Paper 1V) and 60 °C (Papers III and IV) for 3 months. To
ensure a high degree of reaction in the samples, they were ground and rehydrated after the first 3
months of the curing time. The samples were first crushed in a jaw crusher and passed through a
1 mm sieve. The particles that did not pass through the sieve after the crushing, were then ground in
arotating disc mill until they also passed through the 1 mm sieve. Finally, 30%wt of additional water
was added to the ground pastes. The rehydrated samples were then stored for another 4 months at
the respective temperatures (38 °C or 60 °C). After a total of 7 months of curing, the samples were
transferred to 20 °C for 2 weeks prior to exposure, which was also carried out at 20 °C. Reference
samples, which were not carbonated, leached, or exposed to chloride solutions, were stored for a
similar time and were also analysed at the end of the exposure time. It should be noted that the
exposed samples were compared with these reference samples, which were kept at 20 °C and either
stored sealed (for comparison with the carbonated or leached samples) or exposed to water (for

comparison with the samples exposed to a chloride solution).

analysis
05‘)(

o o ) o o 20°C ek
paste | 38°C/60°C | Crushing 38°C/60°C | |

l
cving | I'rehydrating | )
Tmixing 3 months y 8" 4months 2weeks Te €ren lysi
ce~» analysis

Figure 1: Timeline of the sample preparation for Papers Il and IV.

Methods:

Table 4-4 gives an overview of the techniques used for the characterization of the materials in the
PhD project. The XRF and QXRD investigations of the clinker C, the carbonates, and the metakaolin
were carried out by the HeidelbergCement Technology Center laboratory. The Blaine and laser
diffraction measurements of these materials were carried out by Alisa Machner at the Norcem AS
laboratories. The XRF, Blaine, and laser diffraction measurements of the clinker C; were carried out

by the Norcem AS laboratories.
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Table 4-4: Overview of the material characterization methods.

Characterization Method Performed

Chemical composition XRF HeidelbergCement Technology Center / Norcem AS
Mineralogical composition QXRD HeidelbergCement Technology Center

(For clinker only in Papers I and II)

Specific surface area Blaine method Alisa Machner / Norcem AS

Particle size distribution Laser diffraction Alisa Machner / Norcem AS

An overview of the measurement techniques used for the various papers is given in Table 4-5. The
papers aimed to answer the research questions listed in 2.1. A detailed description of the method
parameters and steps taken in sample preparation for the investigations can be found in the papers

appended.

Table 4-5: Overview of the measurement techniques applied for the various papers.

Paper Title Techniques used Research
question
I Portland metakaolin cement Compressive strength testing in accordance 1
containing dolomite or limestone - with EN 196-1, MIP, TGA, XRD, and

Similarities and differences in phase =~ Thermodynamic modelling
assemblage and compressive
strength

II Limitations of the hydrotalcite TGA, XRD, QXRD, SEM-EDS, and MIP 2
formation in Portland composite
cement pastes containing dolomite
and metakaolin

111 Stability of the hydrate phase TGA, XRD, SEM-EDS, XRF, TGA-MS, and 3
assemblage in Portland composite Thermodynamic modelling
cements containing dolomite and
metakaolin after leaching,
carbonation, and chloride exposure

v Chloride-binding capacity of Potentiometric chloride titration, pH 4
hydrotalcite in cement pastes measurements, TGA, XRD, SEM-EDS, mass
containing dolomite and metakaolin balance calculations, and TGA-MS
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5. Main findings

Dolomite as an SCM for Portland metakaolin cement - effect on phase assemblage and
compressive strength
(Research question 1 - Paper I)

Up to 20%wt of a Portland metakaolin cement was replaced with either dolomite or limestone.
Compressive strength, phase assemblage and microstructure were studied on mortar or paste

samples prepared with a w/b ratio of 0.55 and cured at 5 °C, 20 °C, or 38 °C for up to 90 days.

It was shown that, for the given hydration time, the addition of dolomite resulted in a phase
assemblage similar to the addition of limestone. In both cases, ettringite was stabilized beyond the
sulphate depletion point due to the formation of carbonate AFm phases. This shows that either
dolomite or limestone can be used to replace up to 10%wt of a Portland metakaolin cement without
impairing its compressive strength at 90 days. A strength increase at low replacement levels of
dolomite was only visible at 20 °C or 38 °C. This could be explained by dolomite having a lower
reactivity than limestone at lower curing temperatures, as indicated by thermodynamic modelling,
even though a very fine dolomite was used. However, increasing the curing temperature from 5 °C to

38 °C was shown to increase the reactivity of the dolomite.

The effect of metakaolin on the reaction of dolomite in Portland composite cements
(Research question 2 - Paper II)

40%wt of a Portland cement clinker was replaced by dolomite or a combination of dolomite and
metakaolin. Equivalent samples containing limestone instead of dolomite and a pure Portland
cement sample were used as references. The paste samples investigated were prepared with a w/b
ratio of 0.45 and cured at 20 °C, 38 °C and 60 °C for up to 360 days. Additionally, to investigate the
effect of the pore structure, the samples containing 20%wt of dolomite and 20%wt of metakaolin
were also prepared with a higher w/b ratio (0.93). To investigate the impact of the availability of
portlandite, 30%wt of additional portlandite and or deionized water were added to these
metakaolin-rich samples (w/b ratio of 0.45), after a curing time of 1 year and 9 months. The phase
assemblage, microstructure and the composition of the hydrotalcite and the C-S-H phase were

investigated.
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It was shown that significant amounts of dolomite reacted from 90 days on only in samples, which

were cured at elevated temperatures and contained little or no metakaolin.

Hydrotalcite was observed in the reaction rims around the dolomite grains, as illustrated in Figure 2.
The uniformly grey particles in the SEM-BSE image are unreacted dolomite grains. Around these
particles, there is a darker reaction rim filled with hydrotalcite. The shape of the original dolomite
grains is still visible, 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.
The reaction of dolomite requires the transport of aluminium into the reaction rims and the transport
of calcium and COs? out of the reaction rims. The magnesium from the dolomite stays within the

original dolomite grain boundaries.

dolomite grain

Ca*

2C0;*
a%t
2Ca* +2C0,> —2CaCo;
dense layer of C-S-H/Cc matrix

fi—1
matrix dense layer of C-S-H/Cc

Figure 2: BSE image of a partially reacted dolomite particle in the cement paste and a schematic illustration of the
hydrotalcite formation in the reaction rims around the dolomite grains.

Eq. 2 gives the reaction equation of the hydrotalcite formation based on the findings in this study. In
this reaction, dolomite reacts with a source of aluminium, here given as Al(OH)s3, and portlandite to

form hydrotalcite and calcite. Even though hydrotalcite (MgsAl2(OH)1s-3(H20)) does not contain
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calcium, the formation of hydrotalcite is associated with the consumption of portlandite to form
calcite in a way similar to the reported dedolomitization reaction (Eq. 1). The amount of calcite
formed was not directly quantified, but is reflected in the formation of carbonate AFm phases
(hemicarbonate or monocarbonate). From the XRD and SEM-EDS results, it could be concluded that
neither brucite nor M-S-H have formed in significant amounts, and hydrotalcite was assumed to be

the main magnesium-containing reaction product.

6CaMg(CO03); + 2A1(OH)3 + 6Ca(OH); + 3H,0 — MgeAl,(OH)15-3(H20) + 12CaC05 Eq.2

The limiting factors of hydrotalcite formation were investigated in more detail. It was shown that
significant amounts of hydrotalcite only formed in samples containing little or no metakaolin. It
seems the supply of aluminium to the system through the reaction of metakaolin did not promote the

formation of hydrotalcite, in contrast to what has previously been found for AFm phases.

The addition of metakaolin also influences the system in other ways than solely by providing
aluminium. During its pozzolanic reaction, metakaolin consumes portlandite and simultaneously
refines the pore structure. The samples prepared with a high w/b ratio did not show a greater degree
of dolomite reaction than the samples prepared with the normal w/b ratio. It was concluded that the
pore structure refinement does not inhibit the formation of hydrotalcite. In the samples containing
20%wt of metakaolin to which additional portlandite was added, further dolomite reaction was
observed. This suggests that the absence of portlandite in high-metakaolin samples is an inhibiting
factor for the reaction of dolomite and therefore for the formation of hydrotalcite. Because
metakaolin is a very reactive pozzolanic material, it consumes the portlandite in the system before
the more slowly reacting dolomite starts to react significantly. This competition between dolomite
and metakaolin for portlandite is illustrated in Figure 3. The need for portlandite, and the calcium it
contains, can be explained by the difference between dolomite, which contains 2 mol of CO32 per mol
of dolomite, and calcite, which contains 1 mol of CO32- per mol of calcite. To make the magnesium
available for the reaction to form hydrotalcite, calcium is needed to accommodate the other
carbonate ion from the dolomite, as in the dedolomitization reaction (Eq. 1) in which brucite is
formed. The experimental techniques in this study did not enable the determination of the carbonate
content of the hydrotalcite. However, provided the hydrotalcite contains less than 1 mol of CO32- per
mol of hydrotalcite (Miyata, 1975; Rozov et al,, 2010; Rozov et al,, 2011; Mills et al., 2012; Myers et

al,, 2015), calcium is needed to accommodate the remaining carbonate ions.
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dolomite Ht+Cc

metakaolin C-S-H + AFm

Figure 3: Schematic illustration of the competition for portlandite (CH) between the reaction of dolomite to form
hydrotalcite and calcite and the reaction of metakaolin to form additional C-S-H and AFm phases.

Stability of hydrotalcite after carbonation, leaching, and exposure to a chloride-rich solution
(Research question 3 - Paper III)

Well-hydrated cement paste samples were investigated, in which 40%wt of the Portland cement has
been replaced with dolomite or a combination of dolomite and metakaolin. Equivalent samples
containing limestone were used as references. The paste samples cured at 60 °C were ground and
rehydrated after the first 3 months of curing. After a total of 7 months of curing, the samples were
transferred to 20 °C for two weeks before being carbonated, leached, or exposed to a NaCl solution.
The phase assemblage and composition of the hydrotalcite and the C-S-H phase were investigated
after exposure. The exposed samples were compared with unexposed reference samples for the
carbonated or leached samples, and with samples exposed to water for the samples exposed to a

chloride solution.

As expected, it was shown that leaching caused severe decalcification of the C-S-H, and the
portlandite and ettringite decomposed. Carbonation resulted in an almost complete decomposition
of the C-S-H phase and the consumption of the portlandite as expected. Exposure of the samples to a
2 mol/L chloride solution resulted in the formation of a chloride-containing hydrotalcite. The
chloride uptake of the hydrotalcite could also be identified from its chemical composition determined
with SEM-EDS and by changes in the peak positions in TGA and XRD. Hydrotalcite seemed to resist
both leaching and carbonation, and no change was observed in its Mg/Al ratio. The Mg/Al ratio of the

chloride-containing hydrotalcite was similar to the hydrotalcite formed in the reference samples.
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Chloride-binding capacity of hydrotalcite in Portland composite cements containing
dolomite and metakaolin
(Research question 4 - Paper IV)

Well-hydrated cement paste samples were investigated in which 40%wt of the Portland cement was
replaced with dolomite or a combination of dolomite and metakaolin. Equivalent samples containing
limestone and a Portland cement sample were used as references. The pastes were originally cured
at 38 °C or 60 °C before being transferred to 20 °C for two weeks before exposure to solutions of NaCl
or CaCly, or deionized water. The chloride binding, pH, phase assemblage, and phase composition

were investigated.

As shown in Papers I and 1], the degree of dolomite reaction and the resulting formation of
hydrotalcite can be increased by increasing the curing temperature. The hydrotalcite formed in
samples containing dolomite contributed considerably to the chloride binding of these samples.
Hydrotalcite in samples exposed to CaCl, showed a higher chloride uptake than hydrotalcite in
samples exposed to NaCl. This might be explained by a decrease in carbonate ion activity when
samples are exposed to CaClz, which might favour the uptake of chlorides over carbonates in the
interlayer of hydrotalcite. Mass balance calculations lead to the conclusion that the hydrotalcite
formed by the dolomite reaction can contribute to the chloride binding of the cement paste to an

extent similar to the Friedel’s salt formed in samples containing limestone.
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6. Conclusions

The goal of the PhD project was to investigate the possibility of using dolomite instead of limestone
as an SCM in combination with an aluminium-delivering SCM, such as metakaolin. In the first part of
the PhD project, the reaction of dolomite in a cementitious system was investigated with regard to
the compressive strength development, phase assemblage, the composition of the various hydration
phases, and the microstructure. In the second part of the PhD project, the durability of the phase
assemblage of the composite cements containing metakaolin and/or dolomite was investigated.
Special focus was put on the stability of the hydration phases after various aggressive exposures and

on the chloride-binding capacity of hydrotalcite.

It was shown that, as a replacement for Portland metakaolin cements, dolomite has similar effects to
limestone on the compressive strength and phase assemblage at curing temperatures of 20 °C or
38 °C. Ettringite was stabilized beyond the sulphate depletion point due to the formation of carbonate
AFm phases at all curing temperatures and replacement levels of dolomite. However, dolomite was
shown to react slowly at low curing temperatures resulting in the formation of hemicarbonate rather

than monocarbonate.

In samples where little or no metakaolin was present, dolomite reacted significantly when cured at
elevated curing temperatures (38 °C and especially 60 °C) and the formation of hydrotalcite could be
observed with XRD, TGA, and SEM-EDS from 90 days on. The significant degree of dolomite reaction
in these samples caused the formation of hydrotalcite (MgeAl2(OH)1s-3(H20)), which was identified
as the main magnesium-containing hydration product. The dolomite reaction was shown to consume

portlandite.

The increased availability of aluminium in the system and the refinement of the pore structure due
to the addition of metakaolin were found to play minor roles in enhancing or limiting the formation
of hydrotalcite. The main limiting factor for the dolomite reaction, and therefore for the formation of
hydrotalcite, was found to be the availability of portlandite in the system. This was explained by the
competition between dolomite and metakaolin for portlandite. Because metakaolin is a very reactive
pozzolanic material, it consumes the portlandite in the system before the more slowly reacting

dolomite starts to react significantly.
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The hydrotalcite formed in the composite cements was shown to be a stable hydration product,
because it did not decompose during leaching or carbonation and it did not change its composition.
In the leached or carbonated samples, portlandite could no longer be detected, and the C-S-H had
partially decomposed, whereas hydrotalcite could still be observed with TGA, XRD and SEM-EDS after
exposure. The results obtained experimentally agreed well with the thermodynamic modelling of the
effect of leaching or carbonation on the phase assemblage. Moreover, the exposure to a chloride
solution resulted in the formation of a chloride-containing hydrotalcite. The chloride-binding
capacity of the hydrotalcite was greater in samples exposed to CaCl; than in samples exposed to NaCl,
probably due to lower carbonate ion activity during CaCl, exposure. It was shown that the
hydrotalcite formed in samples containing dolomite can contribute to the chloride binding of the

cement paste to an extent similar to the Friedel’s salt formed in samples containing limestone.

It can be concluded that dolomite performs in a similar way to limestone as an SCM in Portland
cement-based binder systems with regard to the development of compressive strength and phase
assemblage. The main reaction product, hydrotalcite, was shown to remain stable during leaching

and carbonation, and to be able to take up significant amounts of chloride.
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7. Future research

Optimization of the combined replacement level of Portland cement clinker with dolomite
and metakaolin

Investigation of the optimal combination of dolomite and metakaolin as replacement for cement
clinker was beyond the scope of this PhD project. However, it has been shown that the addition of
metakaolin has an impact on the reaction of dolomite and can even hinder it. Hydrotalcite has been
shown to be a stable hydrate and might have a beneficial effect on durability. Consequently,
optimization of the partial replacement of cement clinker by dolomite and metakaolin is relevant for

the development of any commercial composite cement containing dolomite and metakaolin.

Combination of dolomite with latent hydraulic SCMs or less-reactive calcined clays

Because metakaolin and dolomite compete for portlandite, latent hydraulic SCMs that do not
consume portlandite, such as ground granulated blast furnace slag, should be investigated as
alternatives to using metakaolin. Another possibility might be the use of less-reactive calcined clays
in combination with dolomite. Such blended cements might achieve a higher degree of dolomite

reaction even at higher SCM contents.

Other natural carbonate sources

In this study, only relatively pure carbonates were used. Both dolomite and limestone stabilize
ettringite in a cementitious system due to the formation of carbonate AFm phases, but they have
different rates of reaction and different compositions. Both the higher reactivity of limestone and the
hydrotalcite formation from the dolomite reaction can be advantageous for the performance of
concrete. Combinations of dolomite and limestone, such as dolomitic limestone or limy dolomite,
might therefore be relevant for further research projects to evaluate if their respective advantages

can be coupled in a synergetic way.

Stability of chloride-containing hydrotalcite
The hydrotalcite formed in composite cements containing dolomite showed a high chloride-binding
capacity. However, the stability of this chloride-containing hydrotalcite should be investigated with

regard to its ability to retain the chlorides in its crystal structure, e.g. during leaching or carbonation.
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Stability of dolomite in metakaolin-rich samples

The durability study in this PhD project focused on the stability of the hydration products formed in
Portland composite cements containing dolomite and metakaolin. It was therefore limited to the
samples in which the highest degree of dolomite reaction and consequently the most hydrotalcite
were detected. Dolomite did not react in the samples with large amounts of added metakaolin.
However, the addition of portlandite and water to these samples triggered the dolomite reaction and
the formation of hydrotalcite. This indicates that the exposure of a metakaolin-rich cement to
aggressive environments might potentially lead to further dolomite reaction. A durability study on
samples containing large amounts of metakaolin should therefore be conducted to elucidate the
stability of the phase assemblage in the metakaolin-rich samples under various other exposure

conditions.

Performance testing
This PhD project investigated the stability of hydrotalcite and its ability to bind chlorides. However,
to document how composite cements containing dolomite and metakaolin perform in concrete

exposed to various aggressive environments, suitable performance tests should be carried out.
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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.
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1. Introduction The addition of finely ground limestone to Portland cement

affects the hydration in two ways. First, there is the physical effect

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 Il Portland-limestone cements [2].

* Corresponding author at: NTNU Department of Structural Engineering, Richard
Birkelandsvei 1A, Trondheim 7491, Norway.
E-mail address: alisa.machner@ntnu.no (A. Machner).
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0950-0618/© 2017 Elsevier Ltd. All rights reserved.

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
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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 C5A 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. Schone 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 °Cas 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 ($, CaS04-2H,0, from Merck). The cement clinker was ground in a labora-
tory ball mill until a Blaine surface area of approx. 400 m?/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, 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 1day in a climate chamber (20°C, >90% RH) the prisms
(40 x 40 x 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
Si0, 20.6 0.01 0.00 52.18 0.02
Al,03 5.6 0.02 0.00 44.92 0.09
TiO, 0.29 0.00 0.00 1.14 0.00
MnO 0.05 0.00 0.00 0.00 0.00
Fe,05 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
K>0 1.23 0.00 0.00 0.18 0.01
Na,O 0.51 0.00 0.00 0.17 0.02
SO3 137 0.00 0.00 0.14 46.47
P,0s5 0.09 0.00 0.01 0.07 0.00
LOI - 47.53 43.73 0.29 2039
Blaine surface area [m?/kg] 404 1056 482 897 214
Sum (1050 °C) 98.78 99.52 99.82 99.87 99.72
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Table 2

A. Machner et al./Construction and Building Materials 157 (2017) 214-225

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 Mgs(C03)4(OH),-4H,0 - - - -
Calcite CaCO3 - 100 - -
Dolomite CaMg(C0O3), 100 - - -
Gypsum CaS04-2H,0 - - - 93.7
Bassanite CaS04-0.5H,0 - - - 6.3
Anatase TiO, - - 1.2 -
Mullite AlgSi;015 - - 6.1 -
Muscovite KAIL,Si3Al019(OH), - - 0.4 -
Quartz Si0y - - 0.7 -
Amorphous content - - - 91.6 -
Table 3 Table 4

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

Mineral Bwt
Alite 59.5
o-Belite 14
B-Belite 139
X Belite 153
Aluminate (cub.) 53
Aluminate (or.) 35
X Aluminate 8.8
Ferrite 10.0
Periclase 15
Free Lime 0.9
Portlandite 1.2
Aphthitalite 24
Arcanite 0.5
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Fig. 1. Particle size distributions of the materials used, determined by laser
diffraction.

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

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

No. Name of the mix ™M L D
(OPC:MK = 6:1)

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

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 um) was generally performed on the day of measurement.

2.22.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 ul 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 Egs. (1)-(4)

_ Wsp — Wss50

Hay Wsso "
CHay = % x % ?
Hetinker = % < %I}“% 7
CHupge, — 0~ Wso 74 100 @

Wsso 18 % clinker

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.
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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 0-20 geometry and a goniometer radius of 200.5 mm. The
samples were measured between 5°20 and 55 °20 with a step size of 0.01°20
and a sampling time per step of 0.5 s. Cu-Ko radiation with a wavelength of approx.
1.54 A 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
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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.
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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 CO,/
SOs ratio and this meant the carbonate AFm phases, either mono-
carbonate (11.7 °20) or hemicarbonate (10.8 °26), were the stable
AFm phases instead of monosulphate (9.9°260). Consequently,
ettringite (9.1 °26) 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 1day, 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 °26 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
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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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Fig. 5. XRD patterns between 8 °20 and 12 °26 for the samples investigated after 90 days of hydration, cured at a) 5 °C, b) 20 °C, c) 38 °C.

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.

332.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 CO, [39].
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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 dolomite when 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.
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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
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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
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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.
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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

OPC-MK - 5 % Limestone - 95CM5L
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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 CO; 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 CO,/
Al,O3 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 CO,/Al,03 ratio in the system. Moreover, dolo-
mite contains more CO, than limestone on a weight basis (Table 1),
a slightly smaller amount of dolomite has to react to deliver the
same amount of CO, 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 two materials 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 CO,/Al,05 ratio. The
higher CO,/Al,05 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 AFm phase
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 m?/kg and 812 m?/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 m?/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 CO, 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 CO,/Al,0s,
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 CO,/Al,03 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.

e 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.

e 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 CO,
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.



A. Machner et al./Construction and Building Materials 157 (2017) 214-225 225

o 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.

Acknowledgements

The authors would like to acknowledge the industrial PhD pro-
gramme of the Norwegian Research Council (Project: 241637) and
the Heidelberg Technology Center for their financial support. We
are also grateful for the help and assistance of the Norcem AS con-
crete laboratory with the compressive strength tests.

References

[1] B. Lothenbach, K.L. Scrivener, R.D. Hooton, Supplementary cementitious
materials, Cem. Concr. Res 41 (12) (2011) 1244-1256.

[2] EN 197-1, Cement, Part I: Composition, Specifications and Conformity Criteria
for Common Cements, European committee for standardization, Brussels,
2011.

[3] J. Péra, S. Husson, B. Guilhot, Influence of finely ground limestone on cement
hydration, Cem. Concr. Compos. 21 (2) (1999) 99-105.

[4] 1. Soroka, N. Stern, Calcareous fillers and the compressive strength of Portland
cement, Cem Concr Res 6 (3) (1976) 367-376.

[5] L. Nicoleau, Accelerated growth of calcium silicate hydrates: Experiments and
simulations, Cem. Concr. Res. 41 (12) (2011) 1339-1348.

[6] T. Matschei, B. Lothenbach, F.P. Glasser, The role of calcium carbonate in
cement hydration, Cem. Concr. Res. 37 (4) (2007) 551-558.

[7] B. Lothenbach, G. Le Saout, E. Gallucci, K.L. Scrivener, Influence of limestone on
the hydration of Portland cements, Cem. Concr. Res. 38 (6) (2008) 848-860.

[8] V.L. Bonavetti, V.F. Rahhal, E.F. Irassar, Studies on the carboaluminate
formation in limestone filler-blended cements, Cem. Concr. Res. 31 (6)
(2001) 853-859.

[9] RF. Feldmann, V.S. Ramachandran, PJ. Sereda, Influence of CaCO; on the
Hydration of 3Ca0-Al,05, J. Am. Ceram. Soc. 48 (1) (1965) 25-30.

[10] J. Bensted, Some hydration investigations involving Portland cement - effect of
calcium carbonate substitution of gypsum, World Cem. Technol. 11 (8) (1980)
395-406.

[11] A.P. Barker, H.P. Cory, The early hydration of limestone-filled cements, in: R.N.
Swamy (Ed.), Blended Cements in Construction, Taylor & Francis, Sheffield, UK,
1991, pp. 107-124.

[12] K. Ingram, M. Polusny, K. Daugherty, W. Rowe, Carboaluminate reactions as
influenced by limestone additions, in: P. Klieger, R.D. Hooton (Eds.), Carbonate
Additions to Cement: ASTM STP 1064, American Society for Testing and
Materials, Philadelphia, PA, 1990, pp. 14-23.

[13] T. Matschei, B. Lothenbach, F.P. Glasser, The AFm phase in Portland cement,
Cem Concr Res 37 (2) (2007) 118-130.

[14] P. Hawkins, P.D. Tennis, RJ. Detwiler, The Use of Limestone in Portland
Cement: A State-of-the-Art Review, Portland Cement Association, 2003.

[15] S. Schéne, W. Dienemann, E. Wagner, Portland Dolomite Cements as
Alternative to Portland Limestone Cements, in: Proceedings of the 13th
International Congress on the Chemistry of Cement, Madrid, Madrid, 2011.

[16] M. Zajac, W. Dienemann, G. Bolte, Comparative experimental and virtual
investigations of the influence of calcium and magnesium carbonates on
reacting cement, in: Proceedings of the 13th International Congress on the
Chemistry of Cement, Madrid, Madrid, 2011.

[17] S. Gali, C. Ayora, P. Alfonso, E. Tauler, M. Labrador, Kinetics of dolomite-
portlandite reaction: Application to Portland cement concrete, Cem. Concr.
Res. 31 (6) (2001) 933-939.

[18] E. Garcia, P. Alfonso, M. Labrador, S. Gali, Dedolomitization in different alkaline
media: Application to Portland cement paste, Cem. Concr. Res. 33 (9) (2003)
1443-1448.

[19] M. Zajac, S.K. Bremseth, M. Whitehead, M. Ben, Haha, Effect of CaMg(CO5), on
hydrate assemblages and mechanical properties of hydrated cement pastes at
40 °C and 60 °C, Cem. Concr. Res. 65 (2014) 21-29.

[20] J.W. Morse, R.S. Arvidson, The dissolution kinetics of major sedimentary
carbonate minerals, Earth Sci. Rev. 58 (1-2) (2002) 51-84.

[21] O.S. Pokrovsky, S.V. Golubev, ]. Schott, A. Castillo, Calcite, dolomite and
magnesite dissolution kinetics in aqueous solutions at acid to circumneutral
pH, 25 to 150 °C and 1 to 55 atm pCO,: new constraints on CO, sequestration
in sedimentary basins, Chem. Geol. 265 (1-2) (2009) 20-32.

[22] L. Chou, R.M. Garrels, R. Wollast, Comparative study of the kinetics and
mechanisms of dissolution of carbonate minerals, Chem. Geol. 78 (3-4) (1989)
269-282.

[23] X. Zhang, F.P. Glasser, K.L. Scrivener, Reaction kinetics of dolomite and
portlandite, Cem. Concr. Res. 66 (2014) 11-18.

[24] K. De Weerdt, H. Justnes, K.O. Kjellsen, E. Sellevold, Fly ash-limestone ternary
composite cements: synergetic effect at 28 days, Nordic Concr. Res. 42 (2)
(2010) 51-70.

[25] K. De Weerdt, K.O. Kjellsen, E. Sellevold, H. Justnes, Synergy between fly ash
and limestone powder in ternary cements, Cem. Concr. Compos. 33 (1) (2011)
30-38.

[26] M. Antoni, ]. Rossen, F. Martirena, K.L. Scrivener, Cement substitution by a
combination of metakaolin and limestone, Cem. Concr. Res. 42 (12) (2012)
1579-1589.

[27] G. Puerta-Falla, M. Balonis, G. Le Saout, N. Neithalath, G. Sant, The Influence of
Metakaolin on Limestone Reactivity in Cementitious Materials, in: Calcined
Clays for Sustainable Concrete: Proceedings of the 1st International
Conference on Calcined Clays for Sustainable Concrete, Lausanne,
Switzerland, 2015, pp. 11-19.

[28] D. Nied, C. Stabler, M. Zajac, Assessing the synergistic effect of limestone and
metakaolin, in: Calcined Clays for Sustainable Concrete: Proceedings of the 1st
International Conference on Calcined Clays for Sustainable Concrete, Lausanne,
Switzerland, 2015, pp. 245-251.

[29] EN 196-1, Methods of Testing Cement, Partl: Determination of Strength,
European committee for standardization, Brussels, 2005.

[30] K. De Weerdt, E. Sellevold, K.O. Kjellsen, H. Justnes, Fly ash-limestone ternary
cements: effect of component fineness, Adv. Cem. Res. 23 (4) (2011) 203-214.

[31] B. Lothenbach, F. Winnefeld, Thermodynamic modelling of the hydration of
Portland cement, Cem Concr Res 36 (2) (2006) 209-226.

[32] http://gems.web.psi.ch/.

[33] D.A. Kulik, T. Wagner, S.V. Dmytrieva, G. Kosakowski, F.F. Hingerl, K.V.
Chudnenko, U.R. Berner, GEM-Selektor geochemical modeling package:
Revised algorithm and GEMS3K numerical kernel for coupled simulation
codes, Comput. Geosci. 17 (1) (2012) 1-24.

[34] T. Wagner, D.A. Kulik, F.F. Hingerl, S.V. Dmytrieva, GEM-Selektor geochemical
modeling package: TSolMod library and data interface for multicomponent
phase models, Can. Mineralogist 50 (5) (2012) 1173-1195.

[35] https://www.empa.ch/de/web/s308/thermodynamic-data.

[36] D.A. Kulik, Improving the structural consistency of C-S-H solid solution
thermodynamic models, Cem. Concr. Res. 41 (5) (2011) 477-495.

[37] B.Z. Dilnesa, B. Lothenbach, G. Renaudin, A. Wichser, D. Kulik, Synthesis and
characterization of hydrogarnet Cas(AlFe;_y);(Si04),(OH)43_y), Cem. Concr.
Res. 59 (2014) 96-111.

[38] B. Lothenbach, T. Matschei, G. Mdoschner, F.P. Glasser, Thermodynamic
modelling of the effect of temperature on the hydration and porosity of
Portland cement, Cem. Concr. Res. 38 (1) (2008) 1-18.

[39] B. Lothenbach, P. Durdzinski, K. De Weerdt, Thermogravimetric Analysis, in: K.
L. Scrivener, R. Snellings, B. Lothenbach (Eds.), A Practical Guide to
Microstructural Analysis of Cementitious Materials, CRC Press Taylor &
Francis Group, Boca Raton, 2015, pp. 177-211.

[40] H. Hirao, K. Yamada, S. Hoshino, H. Yamashita, The Effect of Limestone Powder
Addition on the Optimum Sulfate Levels of Cement Having Various Al203
Contents, in: Proceedings of the 12th International Congress on the Chemistry
of Cement, Montreal, Montreal, 2007.

[41] W. Kunther, Z. Dai, J. Skibsted, Thermodynamic modeling of hydrated white
Portland cement-metakaolin-limestone blends utilizing hydration kinetics
from 29Si MAS NMR spectroscopy, Cem. Concr. Res. 86 (2016) 29-41.

[42] E. Gallucci, X. Zhang, K.L. Scrivener, Effect of temperature on the
microstructure of calcium silicate hydrate C-S-H, Cem. Concr. Res. 53 (2013)
185-195.

[43] 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 (4) (2007) 483-491.

[44] O. Mikhailova, G. Yakovlev, I. Maeva, S. Senkov, Effect of Dolomite Limestone
Powder on the Compressive Strength of Concrete, Procedia Engineering 57
(2013) 775-780.

[45] J. Xu, D. Lu, S. Zhang, K. Ling, Z. Xu, Pore structures of mortars with dolomite
and limestone powders cured at various temperatures, J. Chin. Ceramic Soc. 45
(2) (2017) 268-273.

[46] B. Akcay, M.A. Tasdemir, Investigation of Microstructure Properties and Early
Age Behavior of Cementitious Materials Containing Metakaolin, in: CONCREEP
10: Mechanics and Physics of Creep, Shrinkage, and Durability of Concrete and
Concrete Structures, Vienna, Austria, American Society of Civil Engineers,
Reston, VA, 2015, pp. 1468-1475.

[47] M. Frias, ]. Cabrera, Pore size distribution and degree of hydration of
metakaolin-cement pastes, Cem. Concr. Res. 30 (4) (2000) 561-569.

[48] T. Knudsen, The dispersion model for hydration of Portland cement - I. General
concepts, Cem. Concr. Res. 14 (5) (1984) 622-630.

[49] P. Lawrence, M. Cyr, E. Ringot, Mineral admixtures in mortars effect of type,
amount and fineness of fine constituents on compressive strength, Cem. Concr.
Res. 35 (6) (2005) 1092-1105.

[50] G. Marchetti, V.F. Rahhal, E.F. Irassar, Influence of packing density and water
film thickness on early-age properties of cement pastes with limestone filler
and metakaolin, Mater. Struct. 50 (2) (2017). Article: 111.

[51] B.1li¢, V. Radonjanin, M. Male3ev, M. Zduji¢, A. Mitrovic, Study on the addition
effect of metakaolin and mechanically activated kaolin on cement strength
and microstructure under different curing conditions, Constr. Build Mater. 133
(2017) 243-252.

[52] F. Deschner, B. Lothenbach, F. Winnefeld, J. Neubauer, Effect of temperature on
the hydration of Portland cement blended with siliceous fly ash, Cem. Concr.
Res. 52 (2013) 169-181.



Paper II

Limitations of the hydrotalcite formation in Portland composite cement pastes
containing dolomite and metakaolin

Machner, A, Zajac, M., Ben Haha, M,, Kjellsen, K.O., Geiker, M.R., De Weerdt, K.
Accepted for publication in Cement and Concrete Research
DOI: 10.1016/j.cemconres.2017.11.007







Cement and Concrete Research xxx (XXXX) XXX-XXX

journal homepage: www.elsevier.com/locate/cemconres

Contents lists available at ScienceDirect

Cement and Concrete Research

Cement and
Concrete
Research

Limitations of the hydrotalcite formation in Portland composite cement

pastes containing dolomite and metakaolin

Alisa Machner®"", Maciej Zajac®, Mohsen Ben Haha®, Knut O. Kjellsen®, Mette R. Geiker”,

Klaartje De Weerdt”

2 Norcem AS, R&D Department, Setreveien 2, P.O. Box 38, 3991 Brevik, Norway

® NTNU Department of Structural Engineering, Richard Birkelandsvei 1A, 7491 Trondheim, Norway

© Heidelberg Technology Center GmbH, Oberklammweg 2-4, 69181 Leimen, Germany

ARTICLE INFO ABSTRACT

Keywords:

Thermal analysis (B)
X-ray diffraction (B)
Ca(OH), (D)

Blended cement (D)
Dedolomitization reaction

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(COs), and can function as a source of CO, 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
MgeAl(OH),5'3(H0), 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 Miljgkalk 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 m?/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

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

Oxide Clinker Dolomite Limestone Metakaolin Gypsum
Si0, 20.6 0.52 0.12 52.18 0.02
AlO5 5.6 0.01 0.06 44.92 0.09
TiOy 0.29 0.00 0.00 1.14 0.00
MnO 0.05 0.00 0.00 0.00 0.00
Fe,03 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
K;0 1.23 0.00 0.01 0.18 0.01
Na,O 0.51 0.00 0.00 0.17 0.02
SO3 1.37 0.00 0.02 0.14 46.47
P,0s 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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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 30s, 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 45ml 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 pm 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 pl 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.
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Table 2
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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 CaCOs3 5.8 100 - -
Dolomite CaMg(CO3)> 89.9 - - -
Gypsum CaS042H,0 - - - 93.7
Bassanite CaS040.5H,0 - - - 6.3
Anatase TiO, - - 12 -
Mullite AlgSiz013 - - 6.1 -
Muscovite KAI,Si3A10,4(0H), = - 0.4 -
Quartz Si0y 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 GaSiOs 59.5
Belite Ca,Si04 15.3
Aluminate CazAl;,0¢ 8.8
Ferrite Cay(ALFe),05 10.0
Periclase MgO 1.5
Free lime CaO 0.9
Portlandite Ca(OH), 1.2
Aphthitalite K3Na(S04)2 2.4
Arcanite K804 0.5
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Fig. 1. Particle size distributions of the materials used, determined by laser diffraction.

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 CO,.

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 6-26 geometry and a
goniometer radius of 200.5 mm. The samples were measured between
5°26 and 55°26 with a step size of 0.01°26 and a sampling time of 0.5 s
per step. We used Cu-Ka radiation with a wavelength of approx. 1.54 A
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
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Table 4
Overview of the experimental matrix, il

the original c
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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 D L M Add. water Add. CH w/b ratio Curing time
Portland cement clinker Dolomite Limestone Metakaolin
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
60C20120M 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 + H,0 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)
defined as the intersection of two tangents on the intrusion curve as 50
described in [25]. The porosity as percentage of the sample volume 360d
equals the total porosity measurable with MIP and is determined by the 45
maximum of the intrusion curve. theoretical amount of dolomite added
vy 40 actual amount of dolomite added
3. Results 2 35
X
3.1. Quantification of the dolomite reaction —
8 30 A
=
—
3.1.1. QXRD £ 5
QXRD was used to quantify the amount of unreacted dolomite in the ° 25 1
hydrated cement paste samples. However, the hardness of the dolomite _g 20
used in this study resulted in coarse dolomite particles in the powder —
even after grinding and therefore in the vertical exaggeration of one S 15
reflex of dolomite in the XRD-patterns (commonly called spottiness- =
effect). This effect resulted in a relatively large error in the quantifi- g 10
cation (estimated at approx. 10 %). The results are given as the amount £ —®— 20 °C
of dolomite determined by QXRD compared to the original amount of < 5 - ®-38°C
dolomite added. The theoretical amount of dolomite added equals the o
amounts given in Table 4. However, this is not the actual amount of 0 @ 60 °C
T 1 T 1

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

40 35 30 25 20

Original dolomite content [%wt]

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.

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 pm 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
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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.

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.

60C40D 60 °C 360d

BSE image

O Kal

o

50pum

50pum

Fig. 4. BSE image and el 1 maps of
small fully-reacted dolomite grains.

Mg Kal_2
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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
(MgeAl(OH),5'3(H,0)) [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].

Al Kal

| T w— |
50pm

oxygen, calcium and silicon for the sample 60C40D cured at 60 °C for 360 days. The arrows in the BSE image indicate
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Al Kal

lumini: oxygen, calcium and silicon for the sample 60C35D5M cured at 60 °C for 360 days. The arrows in the BSE image
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Fig. 6. BSE image and el 1 maps of

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

—
50pm

oxygen, calcium and silicon for the sample 60C20D20M cured at 60 °C for 360 days.

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°20 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
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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.

indicate the main reflections of ettringite (Et, 9.1°26), monosulphate-
12H (Msi2, 9.9°20), hemicarbonate (Hc, 10.8°20), hydrotalcite (Ht,
11.4°26) and monocarbonate (Mc, 11.7°26). Strétlingite (7.1°26) 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 CO,/Al,0; 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 CO,/Al,03 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
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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.

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 Al,O3 and reduces the CO,/Al;03
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 1year 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
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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.

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

a) Et Ms;, Hc H_t|IMc b) Et Ms;,
20 °C | » | 20 °C |
90d 1 208d

ot
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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
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Fig. 10. XRD-patterns of samples dol and the (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 ¢) 360 days.
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Fig. 15. Differential thermogravimetric (DTG) curves for samples 60C40D, 60C40L and
the reference 100C cured at 60 °C for 360 days.

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].
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Fig. 16. Development of the difference in Mg-
hydrate weight losses between samples con-
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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 um 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
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3 g which was exposed to 30 wt% additional water after 28 and 90 days of
T ® 15 exposure at 60 °C, compared to the same sample prior exposure. The
g E : sample 60C20D20M + H,O was used as a reference to the sample
E = 60C20D20M + CH, which was exposed to additional 30 wt% water and
o — 10 30 wt% portlandite. As the reference samples after 28 and 90 days of
A L2 exposure show almost completely the same curves as the sample prior
=3
—_— 05 - 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
0.0 T —— the addition of water.
20°C 38°C 60°C Fig. 23 shows the DTG curves of the sample 60C20D20M + CH
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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.

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

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
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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 ¢) 360 days at 60 °C.

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 + H,O 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.
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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. 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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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.

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.
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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.
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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.
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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
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Fig. 25. Schematic illustration of the hydrotalcite
formation in the reaction rims around the dolo-
mite grains.
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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 pm, for the samples only con-
taining dolomite but no metakaolin, to 0.04 um, 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 (MgsAl,(OH);g-3(H>0)) 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
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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 COs*~/mol dolomite, and
calcite, which contains 1 mol of CO5> ~/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%~ /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 CO52 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 (MgsAl>(OH),g3(H,0)) 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
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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

To reduce CO; emissions during the production of cement and to cope with increasing demands for
concrete, and thereby cement, the cement industry needs to identify new supplementary
cementitious materials. These new composite cements should provide, among others, a similar or
improved durability of the concrete structures. This study investigated the hydrate phase assemblage
in Portland cement pastes containing dolomite or a combination of dolomite and metakaolin after
leaching, carbonation, and chloride exposure. The phase assemblage and phase compositions of the
exposed samples and the unexposed reference samples were investigated using TGA, XRD, and SEM-
EDS. The reaction of dolomite in the cement paste resulted in the formation of hydrotalcite. It was
found that, unlike most other hydration phases, hydrotalcite can withstand high degrees of leaching
and carbonation. When the samples were exposed to a chloride solution, the formation of a chloride-

containing hydrotalcite was observed.
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1. Introduction

There is a need to identify potential new supplementary cementitious materials (SCMs) both to
reduce CO; emissions during cement production and to cope with increasing demand for concrete
and thereby cement. These new composite cements should provide, among others, a similar or
improved strength development and durability compared to today’s commercial cements. The use of
new SCMs might change the chemistry of the cementitious system and therefore change its phase
assemblage and its resistance to deterioration. Typical deterioration mechanisms for reinforced

concrete include carbonation-induced or chloride-induced corrosion of the reinforcement.

During carbonation, portlandite reacts with the CO; dissolved in the pore solution to form CaCOs.
Carbonation decomposes ettringite and AFm phases and leads to the formation of CaCOs, hydrous
alumina and, in the case of hydrates containing sulphate, gypsum. The C-S-H phase decalcifies
gradually and decomposes to amorphous silica and CaCOs [1]. The decalcification of the C-S-H phase
results in an increase in the average silicate chain length and a higher Si/Ca ratio. An increased
amount of calcium carbonate has been reported to form in samples with lower Si/Ca ratios and very
little change in the average silicate chain length has been reported during the carbonation of the C-S-

H with a high initial Si/Ca ratio [2].

When cement paste is exposed to chloride solutions, some of the chlorides will be taken up by the
hydrates, while the rest will be freely available for transport in the pore solution. When Portland
cement pastes are exposed to NaCl solutions, chlorides will be bound chemically in chloride-
containing AFm phases like Friedel’s salt or Kuzel’s salt. Unlike the exposure to CaCl; solutions,
exposure to NaCl solutions has been reported to result in little or no chloride being physically bound

by adsorption on the C-S-H [3-7].

In addition, leaching of the cement paste, another possible deterioration mechanism, causes a drop
in the pH of the pore solution and can thereby cause a change in the stability of the phase assemblage.
During the leaching of a cement paste, portlandite dissolves and the C-S-H gradually decalcifies until
italso decomposes together with ettringite and AFm phases, leaving only hydrous silica, alumina and
iron oxide detectable in the residue [1]. However, C-S-H with a higher average silicate chain length
due to the addition of SCMs containing silicon typically shows improved resistance to the leaching of

calcium [8-10].



The effect on the phase assemblage of replacing 40 wt% clinker with a combination of metakaolin
and dolomite or limestone has been reported in an earlier study [11]. It was shown that, depending
on curing time and curing temperature, the addition of dolomite in combination with small quantities
of metakaolin can lead to the formation of carbonate AFm phases and ettringite as well as a
hydrotalcite-like phase (member of the hydrotalcite supergroup [12], in the following simply
referred to as hydrotalcite), . The formation of hydrotalcite in Portland composite cements, especially
at elevated temperatures (60 °C), has also been reported for other replacement levels of dolomite

[13-15].

Hydrotalcite has shown good resistance to leaching in MgO-activated slag binder systems [16,17]. It
is also reported to be a promising material for CO2-capture technology because of its high CO;
adsorption capacity [18]. Moreover, thermodynamic modelling of leaching has predicted that
hydrotalcite will withstand harsher leaching conditions and will decompose only when the C-S-H has

completely decomposed [19].

When exposed to a chloride-containing solution, hydrotalcite has been reported to show a high
chloride-binding capacity due to its excellent ion exchange properties [20-22]. In cementitious
systems containing slag, it has been predicted to bind more chlorides than Friedel’s salt [23]. The
minerals of the hydrotalcite supergroup belong to the layered double hydroxides, which are defined
by the general formula [Me2+;.\Me3*,(OH)]** [A™]x/m'nH20. The crystal structure of hydrotalcite can
be derived from that of brucite. The main layer consists of metals (here abbreviated with Me),
specifically magnesium (Me?*) and aluminium (Me3+) hydroxide octahedra. The substitution of
aluminium for magnesium in the main layer charges this layer positively. To maintain electrical
neutrality, the interlayer incorporates monovalent or divalent anions (here abbreviated with A), such

as OH-, ClI-, CO32- or SO42-.

Previous studies reporting on the stability of hydrotalcite or its chloride-binding capacity focused on
pure synthesized hydrotalcite or on hydrotalcite formed in alkali-activated slag binder systems or
slag-containing cements. These systems may deviate in pH and composition from Portland-cement-
based systems, which will affect the composition and stability of the hydrotalcite formed. Moreover,
the chloride-binding capacity of hydrotalcite depends strongly on the presence of carbonate ions in
the pore solution [24], because divalent ions, such as carbonates, are favoured in the interlayer of

hydrotalcite compared to monovalent ions, such as chlorides [20,21]. The chloride-binding capacity



of hydrotalcite could therefore be reduced for the binder systems investigated in this study, where

significant amounts of dolomite are used.

In this study, we investigated the stability of the hydrate phase assemblage formed in dolomite-
containing cementitious systems after leaching, carbonation, and chloride exposure with special
focus on hydrotalcite. The sample preparation and curing were adapted to ensure the formation of
hydrotalcite in the samples investigated [11,13]. Equivalent samples containing limestone instead of
dolomite were used as references. The stability of the various hydration phases and their
compositions were investigated after exposure using TGA, XRD and SEM-EDS. The results were
compared to non-exposed reference samples of the same compositions and to the results of the

thermodynamic modelling of one sample composition in this study.

2. Materials & Methods

2.1. Materials and cement paste preparation
For the preparation of the various binder compositions, we used a Portland cement (C) supplied by
Norcem AS, to which only gypsum was added during grinding, natural dolomite (D, dolomite content:
approx. 90 wt%, for more detailed information see [11]) supplied by Miljgkalk AS, natural limestone
(L) supplied by Miljgkalk AS, and laboratory-grade metakaolin (M) supplied by Imerys
(Metastar501). Table 1 gives the chemical composition of the materials, determined with X-ray
fluorescence (XRF) and their specific surface areas determined using the Blaine method. Figure 1
shows the particle size distributions of the materials, determined using laser diffraction with a

Malvern Mastersizer 2000E.

In the samples investigated, 40 wt% of the cement was replaced with dolomite (60C40D) or a
combination of dolomite and metakaolin (60C35D5M). Equivalent samples containing limestone
instead of dolomite (60C40L, 60C35L5M) were prepared as references. Table 2 gives an overview of

the samples investigated in this study.

The pastes were prepared in batches of 540 g with a w/b ratio of 0.5 using a Braun MR 5550CA high-
shear mixer (mixing procedure: mixing for 30 s, resting for 5 min, mixing for 60 s). The resulting
pastes were poured into 125 mL plastic bottles, which were sealed and stored immersed up to their

bottle-necks in water at 60 °C. After 3 months of curing, to ensure a high degree of reaction in the



samples, they were crushed in a jaw crusher and subsequently ground in a rotating disc mill to a
particle size < 1 mm. Afterwards, 30 wt% of water was added to the ground pastes, which were then
poured into tight and sealed polypropylene bottles (1 L) and stored for another 4 months at 60 °C.
After a total of 7 months of curing, the samples were transferred to 20 °C for 2 weeks prior to
exposure, which was also carried out at 20 °C. An overview of the sample preparation and curing is
given in Table 3. The samples were cured at 60 °C, to accelerate the dolomite reaction and
consequently achieve a sufficient reaction degree of dolomite within the curing time, because in a
previous study the reaction of dolomite was shown to be very slow at curing temperatures of 20 °C

or 38 °C [11].

2.2.  Exposure conditions and reference samples

2.2.1. Leaching
50 g of each of the prepared well-hydrated ground cement pastes were poured into a cellulose
extraction thimble and loaded into a Soxhlet extraction chamber in a temperature-controlled room
at 20 °C. A large volume of deionized water compared to the sample size was slowly dripped onto
these samples over time. When the extraction chamber was full (250 mL), it was automatically
emptied again. A total of 100 L deionized water was dripped onto the sample (over approx. 6 weeks).

The experimental setup was adapted from De Weerdt and Justnes [25].

2.2.2. Carbonation
Approx. 10 g of each of the prepared well-hydrated cement pastes was spread on an evaporating dish

(diameter approx. 6 cm) and placed in a carbonation chamber (20 °C, 60% RH, 1% CO;) for 34 days.

2.2.3. Exposure to chloride solutions
30 g of each of the well-hydrated cement pastes was poured into 45 mL centrifuge tubes. To these
samples, 15 mL of a 2 mol/L NaCl solution was added using a volumetric pipette. The solution was
prepared with laboratory-grade NaCl supplied by Merck. The samples were stored at 20 °C for at
least one month to reach equilibrium. The experimental approach for the chloride exposure of the

samples was the same as in [5,6].



2.2.4. Reference samples

Reference samples were prepared for all three types of exposures. The unexposed reference samples
for the leached and carbonated samples were stored sealed in a temperature-controlled room at
20 °C. The reference samples for the chloride-exposed samples were prepared by adding 15 mL of
deionized water to 30 g of the samples instead of a chloride solution. The XRD and TGA results of the
exposed samples were compared with their reference samples, which had been stored for a similar
time at 20 °C. As reference samples for the SEM-EDS analyses for all types of exposure, we used the
results from an earlier study [11]. In that study, the samples were prepared with a similar cement
clinker and the same SCMs, and they were cured sealed at 100% RH for 360 days at 60 °C and were
prepared for SEM-EDS in a similar way.

2.3.  Analyses after exposure
The samples were analysed before and after leaching, carbonation, or chloride exposure using
thermogravimetric analysis (TGA), X-ray diffraction (XRD), and scanning electron microscopy (SEM).
Prior to the investigation of the cement pastes, the hydration was stopped by double solvent
exchange. For this, approx. 6 g of the coarsely crushed moist cement paste (whether exposed sample
or reference sample) was immersed in 100 mL isopropanol, shaken for 30 seconds, and left to rest
for 5 min before the isopropanol was decanted. This isopropanol treatment was performed twice,
and then the sample was transferred to a filtration unit where the isopropanol was filtrated out and
the paste was immersed in 20 mL petroleum ether. After 30 seconds of stirring, the suspension was
left to rest for 5 minutes. The sample was then vacuum-filtrated and subsequently dried overnight in
a desiccator under a slight vacuum (-0.2 bar) applied using a aspirator pump. For the TGA and XRD
analyses, parts of each dried sample were crushed in a porcelain mortar until the whole sample
passed through a 63 pum sieve. All samples were stored in a desiccator over silica gel and soda lime

until measurement.

The TGA investigations were carried out using a Mettler Toledo TGA/DSC 3+. The 600 pL alumina
crucibles were filled with approx. 150 mg of the prepared powder samples. The analysis was
performed over the range of 40-900 °C with a heating rate of 10 °C/min. During the analysis, the
measurement cell was purged with 50 mL/min N; gas. 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 as
suggested by Lothenbach et al. [26], 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 ettringite (Et) decomposition and



the beginning of the dehydroxylation of the C-S-H phase. C-S-H decomposes gradually between 40 °C
and 600 °C and appears as a polynomial baseline under the other peaks. Hydrotalcite (Ht) shows two
weight loss events: the first atapprox. 220 °C and the second at around 400 °C. The subsequent sharp
peak between approx. 400 °C and 550 °C is related to the decomposition of portlandite (CH). Above

550 °C, carbonates decompose and emit COx.

TGA was also used to quantify the weight losses caused by the decomposition of the hydrotalcite (w,
see Eq. 1). This was done by integrating the DTG curve in the specific temperature intervals for
hydrotalcite and subtraction of a linear baseline. The resulting area represents the Wytmeasured in
[wt%]. By applying this method the additional weight loss from the decomposition of the C-S-H

phase, which appears as a baseline in this temperature region, is excluded as described in [26].

For the leaching experiments, the calculated weight losses from TGA had to be corrected for the loss
of material during the leaching (AWieachea in [Wt%]) as shown in Eq. 2. The AWjeachea Was determined
by using XRF to quantify the amount of Fe;03 in the well-hydrated cement pastes before (Fereference)
and after leaching (Fejeached), assuming that iron was not leached from the sample during exposure.
When a certain percentage of the material is lost due to the leaching, the iron is relatively enriched
in the leached sample compared to reference sample. From the quantifications of the iron content
(see Appendix Table A.1) the loss of material during leaching was calculated to be approx. 30 wt%
+5% relative to the ignited sample weight at 900 °C. This calculation was also done for titanium oxide

and led to similar results (see Appendix Table A.1).

The weight loss due to the decomposition of the hydrotalcite was normalized to the ignited weight at
approx. 900 °C, which was corrected for the theoretical amount of CO; that is lost due to the
decomposition of the carbonates (dolomite or limestone) included in the binder (w9oo = Wearbonate)-
Wearbonate Was determined from the theoretical amount of dolomite or limestone in the samples
(Xdolomite/limestone, Which was either 40 wt% or 35 wt%), the molar mass of CO, (M(COz), and the molar
masses of dolomite (M(CaMg(CO3)2) or limestone (M(CaC03)), as shown in Eq 3a) and b). In the case
of the samples containing dolomite, the calculated values had to be multiplied by two prior to the
normalization to the bound water content (BW) (Eq. 3a) because dolomite contains 2 mol of CO32-.
An overview of the values for Wt-measured, Wooo, and BW for the various samples can be found in the

Appendix (Table A.2).



w — WHt—measured 100 - (1 _ AWleu.ched) Eq. 1
e Wooo + Wearbonate 100

fe Eq. 2
AWieqchea = 100 — (100 . %) q
eache
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Wcearbonate,D = Xdolomite * 100 + BW ' M(CaMg(C03)2)
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Wcarbonate,L = Xlimestone ) 100 + BW M(C(IC03)

For the carbonation experiments, the calculated weight losses for hydrotalcite were also normalized
to the sample weight at approx. 900 °C, which was assumed to be the ignited binder weight,
eliminating any increased sample weight due to carbonation [27] (Eq. 1). The weight loss originating
from the carbonates already present in the binder when the samples were prepared (Wearbonate) Was

taken into account (see Eq. 3).

The XRD analyses were carried out using a Bruker AXS D8 focus diffractometer. The diffractometer
operates with CuKa radiation in a Bragg-Brentano 0-20 geometry with a goniometer radius of
200.5 mm and is equipped with a LynxEye detector. The powder samples were front-loaded into the
sample holders and queued in the sample changer until measurement. The scans ranged from 5-

55 °26, with a step size of 0.01 °26 and a sampling time of 0.5 s per step.

Scanning electron microscopy (SEM) was carried out using a Hitachi S-3400N microscope equipped
with energy dispersive X-ray spectroscopy (EDS) from Oxford Instruments. Polished and carbon-
coated sections of stopped but not ground samples were investigated. The acceleration voltage was

set to 15 keV.

2.4. Thermodynamic modelling
The Gibbs free energy minimization program GEMS [28-31] was used to model changes in the
hydrate phase assemblages and their volumes for sample 60C40D during leaching and carbonation
exposure. The thermodynamic data from the PSI-GEMS database was supplemented with a cement-
specific database (CEMDATA14 database) [32], 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 [33]. The modelling of sample 60C40D was carried out for an exposure temperature of 20 °C.
The composition of the Portland cement used as an input for the model was calculated from the XRF
results (Table 1) by excluding TiO2, MnO, MgO and P;0s from the results and normalizing the
remaining oxides to 100%. The degree of reaction of the Portland cement was assumed to be 90%,
and the reaction degree of the dolomite added was assumed to be 10%. Increasing amounts of water
for modelling the leaching and increasing amounts of CO; for modelling the carbonation were added
to the hydrated binder in the model. The formation of the following phases was blocked in the
modelling: CA, CA;, hematite, magnetite, goethite, pyrite, troilite, iron, kaolinite, quartz, zeolites
(chabazite), and thaumasite. This was done to prevent the formation of phases, whose formation is
kinetically impossible at the conditions (temperature, pressure) of the exposure. For most of the
blocked phases, 20 °C and/or the ambient pressure are too low for them to form. For thaumasite,
however, this temperature is too high, because its formation has only been reported at temperatures

below 20 °C [1].

3. Results

3.1. Phase changes due to sample preparation
Phase changes due to the various stages of sample preparation were monitored. An unexposed
reference sample (60C35D5M) was investigated with XRD and TGA after regrinding and rehydration
(a-samples), after 2 weeks at 20 °C (3-samples), and after the exposure time (y-samples). Table 3

gives an overview of the various sample preparation stages and phase assemblage investigations.

Figure 2 shows the DTG curves of sample 60C35D5M at the various stages of sample preparation (¢,
B,v). The a and B preparation stages seem only to differ in the weight loss temperature range of the
carbonate decomposition. This means that the samples carbonated slightly during preparation and
storage. However, a significant increase in the first weight loss interval is observed for both sample
compositions between the 3 and y preparation stages. Originally, the samples were stored at 60 °C,
but the subsequent exposure was at 20 °C. This means that the prolonged curing of the samples at
20 °C caused the formation of additional ettringite, which was not stable at 60 °C. It is therefore
important to compare the exposed samples with the y-references, because they have been stored at
20 °C for the same time (including the exposure time). Phase changes observed between the exposed
samples and the y-reference samples should therefore be due solely to the exposure and not due to
changes in phase stabilities caused by the change in curing temperature from 60 °C to 20 °C. In the

following, the graphs of the various samples after leaching or carbonation are always compared with



their y-reference samples for the TGA and XRD results. It should be noted that, for the samples
exposed to 2 mol/L NaCl solution, the reference samples were exposed to deionized water for a
similar time. The SEM-EDS results (BSE images, elemental maps, and point analyses) are compared

with samples from an earlier study, as explained in 2.2.4.

3.2. Phase assemblage of the exposed samples

3.2.1. BSE images and elemental maps
Figure 3 shows the BSE images and elemental maps of magnesium, aluminium, calcium, silicon,
oxygen, and chlorine for samples 60C40Deference, 60C40D1eached, 60C40Dco2, and 60C40Dyac. Sample
60C40D eference is from an earlier study and was used as the reference of an unexposed sample. The

BSE images and elemental maps for the mix 60C35D5M can be found in the Appendix (Figure A.1).

Figure 3a shows the BSE image and the elemental maps for the unexposed reference sample
(60C40Dreference)- The large uniformly grey particles, which are rich in magnesium and calcium, are
partially reacted dolomite particles. The shape of the original grain boundaries of the dolomite
particles before reaction is still visible due to the thin layer of C-S-H that precipitated around them at
early hydration ages, and in the magnesium map. The reaction rims between the unreacted parts of
the dolomite particles and their former grain boundaries are filled with hydrates, visible due to the
increased oxygen counts in that area. The hydrates inside the reaction rims are rich in aluminium
and magnesium, but poor in calcium and silicon, which might indicate that they are filled with
hydrotalcite. This will be checked later (see 3.3.1) by SEM-EDS dot plots from measurement points

taken inside these reaction rims.

Figure 3b shows that these reaction rims are still visible after leaching this sample, which indicates
that hydrotalcite persisted through the leaching procedure applied. Moreover, the portlandite, which

is visible due to high calcium counts in the unexposed sample, has vanished in the leached sample.

In contrast to the leached samples, the carbonated samples show relatively large uniformly bright
areas within the matrix, which are rich in calcium (Figure 3c). These areas probably consist of calcium
carbonate precipitated during carbonation of the calcium-containing phases in the cement paste,
such as portlandite or C-S-H. The reaction rims around dolomite probably containing hydrotalcite

are also visible in the carbonated samples.
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In the samples exposed to a NaCl solution (Figure 3d), the chlorine map shows generally higher
counts than in the other samples. Moreover, the reaction rims inside the original grain boundaries of
dolomite are also rich in chlorine. This indicates that the hydrotalcite formed in these reaction rims

has taken up significant amounts of chlorine.

3.2.2. TGA
Figure 4(a-c) shows the DTG curves of samples 60C40D and 60C35D5M after leaching, carbonation
and chloride exposure, and their unexposed reference samples. The two binder compositions show

a similar trend and are described together in the following.

The weight losses in the temperature regions of C-S-H and ettringite are significantly lower in the
leached samples than in their reference samples (Figure 4a). The peak related to the decomposition
of the portlandite has completely disappeared in the leached samples, but the peaks related to the

decomposition of the hydrotalcite seem to be higher in the leached samples than in their references.

A significant decrease in the first weight loss interval (up to approx. 200 °C) can also be observed in
the carbonated samples compared to their reference samples (Figure 4b), indicating the
decomposition of ettringite and C-S-H during carbonation. The small peak in the first temperature
interval of the carbonated samples might indicate the dehydration of gypsum. The decomposition of
the C-S-H phase is also visible where the whole curve shifts upwards between 40-400 °C. The
portlandite peak completely disappears in the carbonated samples. The two peaks related to the
decomposition of hydrotalcite seem to be slightly smaller in the carbonated samples than in the

reference samples.

Figure 4c shows the DTG curves of samples 60C40Dy.ci and 60C35D5Myac;, and their reference
samples which were exposed to deionized water. The first weight loss peak related to the
decomposition of ettringite and the beginning dehydroxylation of C-S-H is higher in the chloride-
exposed sample 60C40D than in its reference. In sample 60C35D5M, the weight loss in this
temperature region seems to be unaffected by the chloride exposure. In both samples (60C40D and
60C35D5M), the two peaks related to the decomposition of hydrotalcite were changed by the
exposure. The first peak (approx. 220°C) is smaller in sample 60C35D5M, and it has completely
vanished in sample 60C40D. The second peak of hydrotalcite (approx. 400 °C) appears at lower

temperatures. The portlandite peak is slightly smaller in samples exposed to the NaCl solution than
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in their reference samples. In both exposed samples, there are several peaks in the weight loss

temperature region of the carbonates, all of which can be related to the emission of CO; [34].

To investigate whether the amount of hydrotalcite in the samples changed during leaching or
carbonation, we quantified the weight loss related to the decomposition of hydrotalcite. However,
small weight losses were also observed in the hydrotalcite temperature regions for the samples
containing limestone (see Appendix Figure A.2 and Figure A.3). This indicates that weight losses
observed in the samples containing dolomite might not be caused solely by the decomposition of
hydrotalcite formed by the reacted of dolomite. We therefore subtracted the weight losses in the
samples containing limestone from those containing dolomite, so that we could quantify the hydrate

weight loss in these temperature regions due solely to the reaction of dolomite.

Figure 5a shows the quantifications for the two leached samples compared to their unexposed
references. The quantifications were normalized to the sample weight loss due to leaching as
described in 2.2.4 (Eq. 1-2). Assuming an error of 0.1 wt%, we can see a slight increase in the weight

loss of the hydrotalcite in the leached samples compared to their reference samples.

The DTG curves of the carbonated samples (Figure 4b) shifted upwards compared to those of their
reference samples, because their initial mass at 40 °C increased during carbonation due to CO;
binding, so the hydrotalcite weight loss peaks seemed lower in the carbonated samples than in the
reference samples. Figure 5b shows the results of these quantifications for the carbonated samples
compared to their unexposed references normalized as described in 2.2.4 (Eq. 1), to eliminate the
effect of increased sample weight due to carbonation. The results of the hydrotalcite quantification
for the carbonated and reference samples of 60C35D5M are very similar and within the assumed
error of 0.1%. However, sample 60C40D shows a lower hydrotalcite weight loss in the carbonated

sample than the reference.

3.2.3. XRD
Figure 4(d-f) shows the XRD patterns of samples 60C40D and 60C35D5M after leaching, carbonation,
and chloride exposure, and their unexposed reference samples. The peak positions of ettringite (Et -
9.1°20), Friedel’s salt (Fs - 11.2°20), Ferrite (C4AF - 12.2 °20), hydrogarnet (Htg - 17.4 °26),
hydrotalcite (Ht - approx. 11.4 °20), portlandite (CH - 18.1 °20), and brucite (Bru - 18.6 °20) are

indicated.
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Both leached samples show a higher hydrotalcite peak than their reference samples (Figure 4d). This
is in good agreement with the results obtained from TGA, where a slightly increased weight loss for
the hydrotalcite was measured in the leached samples than in their reference samples. Moreover, no
ettringite or portlandite was detected with XRD in either of the leached samples. In sample
60C40Djcached, brucite was detected, and a siliceous hydrogarnet was detected in both samples
(60C40Djeached and 60C35D5Mieached)- These phases seem not to be affected by leaching, because they

are visible in both the leached and the reference samples.

No portlandite or ettringite peaks are observed in the carbonated samples (Figure 4e). The brucite
peak observed in the reference sample 60C40D has disappeared in the carbonated sample. This
might be explained by the carbonation of Mg(OH) probably to MgCO3. However, no peaks of MgCOs
were observed with XRD. Generally, the XRD results agree fairly well with the results from TGA. There
are no clear changes in the hydrotalcite peak between the carbonated and reference samples of

60C40D and 60C35D5M. In summary, this indicates that hydrotalcite can withstand carbonation.

The XRD patterns of the samples 60C40Dyaci and 60C35D5Mnac are shown in Figure 4f alongside
their reference samples, which were exposed to deionized water. It can be seen that the phase
assemblage was not affected by the exposure to a 2 mol/L NaCl solution. No clear peaks of Friedel’s

salt can be seen in the samples exposed to NaCl.

Figure 6 shows the XRD patterns of the samples 60C40Dnaci and 60C35D5Mnaci and their reference
samples just in the range of the first hydrotalcite peak (10-12 °260). The peak positions of Friedel’s
salt, hydrotalcite and chloride-containing hydrotalcite (Htq - approx. 11.1-11.3 °260) are indicated
together with the exact angle of their reflections. The peaks of the hydrotalcite in samples exposed
to NaCl have shifted to lower angles compared to those of the hydrotalcite in the reference samples

exposed to deionized water.

3.3. Phase composition

3.3.1. Composition of the hydrotalcite
Figure 7 shows the results of the point analyses of the reaction rims around the unreacted dolomite
grains in samples 60C40D and 60C35D5M after a) leaching, b) carbonation, and c) chloride exposure.

The results of these analyses are plotted as the Mg/Si ratio over the Al/Si ratio.
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Most of the points for sample 60C35D5M, and some of the points for sample 60C40D plot along linear
lines, which are indicated by dotted lines. This suggests the presence of a reaction product with a
fixed Mg/Al ratio, which does not contain significant amounts of silicon. It can, therefore, be identified
as hydrotalcite [35,36]. The Mg/Al ratios of the hydrotalcite for the exposed samples and their

references are shown by the slope of the dotted lines and are summarized in Table 4.

The Mg/Al ratio is higher for sample 60C40D than for sample 60C35D5M, regardless of the exposure.
This difference can be explained by the 5 wt% of metakaolin in sample 60C35D5M, which acts as a
source for aluminium and therefore lowers the Mg/Al ratio of the hydrotalcite. This effect has been
described for similar binder compositions [11] and for cements containing ground granulated blast

furnace slag either in various amounts or with various aluminium contents [37,38].

For the mix 60C40D, there is a bigger spread in the EDS-points of the leached or chloride-exposed
samples than in the carbonated sample. In leached or chloride-exposed samples, some of the points
spread towards a higher magnesium content. This is due to intermixing with brucite, which is shown
by a peak in XRD, both in the reference and in the leached and chloride-exposed 60C40D samples.
Intermixing with brucite was not observed for sample 60C40Dco2, probably because brucite was not

stable after carbonation.

Figure 8 shows the results of the point analyses for the samples 60C40Dnaci and 60C35D5Mnaci and
the unexposed reference sample plotted as the Cl/Ca ratio over the Al/Ca ratio. The plots confirm the
findings from TGA and XRD that the hydrotalcite in the samples exposed to NaCl contains chlorides,
whereas the results from the unexposed reference sample show no chloride uptake in the

hydrotalcite.

3.3.2. Composition of the C-S-H phase
We also investigated the composition of the C-S-H in the exposed samples. All graphs show the results

from an earlier study [11] as unexposed reference samples with a similar binder composition.

In Figure 9, the results of the point analyses for the leached samples are plotted as the Al/Ca ratio
over the Si/Ca ratio. In this graph, the composition of the C-S-H can be determined as shown by the

dashed ovals [1]. The C-S-H phase in mature Portland cement pastes usually has a Si/Ca ratio of
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approx. 0.5, as shown by the reference samples. This value is significantly lower than the Si/Ca ratio
determined in the leached samples in this study, which have a Si/Ca ratio in the range of approx. 1.5-
2.0. Moreover, the leached samples showed a less defined C-S-H composition than the reference
samples. This is probably due to the decalcification of the C-S-H phase, which causes a significant
spread in the results when they are normalized to calcium. It should also be mentioned that the setup
applied in this study did not leach the samples homogenously. This inhomogeneity might also cause

a spread in the results, as shown previously where the same setup was used [25].

Figure 10 shows the C-S-H composition as the Mg/Si ratio over the Al/Si ratio for the samples
60C40D)eachea and 60C35D5Mieached compared to their reference samples with similar compositions.
This graph shows the Al/Si ratio of the C-S-H as the intersection between the X-axis and the lines
described by the data points. The leached samples show similar results to the reference samples,
which indicates that the Al/Si ratio of the C-S-H was not affected by the leaching and that the
aluminium uptake in the C-S-H was similar in both samples. The slope of the lines in Figure 10
represents the Mg/Al ratio of the matrix. The Mg/Al ratios of the C-S-H are very similar to those of
the hydrotalcite listed in Table 4, which indicates that hydrotalcite can also be found finely

intermixed with the C-S-H in the matrix.

The C-S-H compositions in the carbonated samples were also measured with SEM-EDS, as shown in
Figure 11. Unlike the results for the leached samples, the results of these point analyses do not show
a clear composition of the C-S-H phase. Instead, the results spread in two directions: towards lower

and higher Si/Ca ratios.

Figure 12 shows the Mg/Si ratio over the Al/Si ratio of the C-S-H of the carbonated samples 60C40D
and 60C35D5M compared to the non-carbonated reference samples. Before carbonation, sample
60C35D5M showed a higher Al/Si ratio of the C-S-H due to the metakaolin added in this sample. In
contrast to the results from the leached samples (Figure 10), the Al/Si ratio decreased in the
carbonated sample 60C35D5M to approximately the same value as for sample 60C40D. Similarly to
the leached samples, the Mg/Al ratios of the matrix show very similar results compared to the Mg/Al
ratios of the hydrotalcite listed in Table 4, which indicates that hydrotalcite is finely intermixed with

the C-S-H in the matrix.
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Figure 13 shows the Al/Ca ratio over the Si/Ca ratio of the samples 60C40Dyaci and 60C35D5Mnaci
alongside the results of the unexposed reference samples. The C-S-H in sample 60C35D5M shows a

higher Si/Ca ratio than sample 60C40D.

Figure 14 shows the Cl/Al ratio over the Si/Ca ratio for these samples and illustrates the chloride
uptake of the C-S-H. The results of the unexposed reference samples plot almost completely on the
X-axis, indicating little or no chloride content in these samples, whereas the samples exposed to NaCl
show a higher chloride content. This confirms the observations made with the elemental maps in
3.2.1, where sample 60C40Dnaci showed generally higher counts of chlorine also in the matrix. This
also agrees well with the observations made from Figure 10 and Figure 12, which indicated that

hydrotalcite is also finely intermixed with the C-S-H in the matrix.

3.4. Thermodynamic modelling of the phase assemblage during leaching and
carbonation

Figure 15 shows the phase assemblage modelled for sample 60C40D in contact with an increasing
amount of water. First, the portlandite, and then the ettringite, monocarbonate and C-S-H all
decompose. The calcite predicted by the thermodynamic modelling originated from the reaction of
dolomite, which we assumed to have a reaction degree of 10%. Ferrihydrite (Fe;03:-0.5H,0) is
predicted due to the decomposition of AFm and AFt phases, which were modelled to contain a certain
amount of iron due to the high degree of reaction we assumed for the Portland cement (90%), but it
was not observed experimentally. Hydrotalcite seemed to be stable until approx. 28000 L of
deionized water had been added. Hydrous silica and aluminium have also been reported in the
residue of an extremely leached cement sample [1], but were not predicted by the thermodynamic
model. This difference can probably be explained by the modelling, which represents an idealized

case leading to the full dissolution of these phases.

Figure 16 shows the phase assemblage modelled for sample 60C40D with increasing amounts of CO;
added (in grams). First, the portlandite, and then the C-S-H, ettringite and monocarbonate all
decompose, and an increasing amount of calcite is formed. As with the leaching model, ferrihydrite
is predicted due to the decomposition of the iron-containing AFm and AFt phases. Stratlingite forms
as an intermediate state between C-S-H and amorphous silica. The stable phases predicted at high
levels of added CO; are calcite, ferrihydrite, gypsum, magnesite, natrolite, and gibbsite, but some of

these were not observed experimentally. This can be explained either by the small quantities of some
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of these phases, which make their identification difficult, or by the fact that our system had not

reached equilibrium.

4. Discussion
4.1. Comparison of the results of the thermodynamic modelling with the phase

assemblage experimentally observed
In the following, we compare the thermodynamic modelling of the leaching (Figure 15) and
carbonation (Figure 16) of sample 60C40D with the phase assemblages experimentally observed
(Figure 4). The dashed rectangles drawn in Figure 15 and Figure 16 indicate the areas of the
experimentally observed phase assemblages in the thermodynamic modelling. Within the rectangles,
all the portlandite has decomposed, and C-S-H and ettringite have started to decompose, while the

hydrotalcite is still stable.

The thermodynamic modelling predicted the decomposition of portlandite with increasing amounts
of water or CO, added to the system. This is in agreement with the phase assemblage experimentally
observed in this study, because portlandite was not observed with TGA or XRD after carbonation or
leaching. The decomposition of portlandite is caused, in the case of leaching, by its dissolution in the
leachate, and, in the case of carbonation, by its reaction with the CO; dissolved in the pore solution

to form CaCOs [1].

During carbonation, ettringite is reported to decompose, while hydrous alumina, calcite, and gypsum
form instead [1]. This is only partially in agreement with our results. No ettringite peak was observed
in the carbonated samples with XRD, but no peak of gypsum was detected either with XRD, and only
a small peak of gypsum was observed with TGA. The reason why gypsum was not detected with XRD
might be that the gypsum (11.6°26) and hydrotalcite (11.4°20) peak positions overlapped slightly,
or that too little gypsum was formed. During leaching, the thermodynamic model also predicts the
dissolution of ettringite. This was confirmed by the experimental results, where no peak of ettringite
was observed with XRD and the weight loss of ettringite in TGA was significantly lower in the samples

after leaching.

The general shift upwards of the DTG curves after carbonation or leaching indicates the reduced

amount of C-S-H, as predicted by the thermodynamic modelling. The thermodynamic modelling
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predicted the decomposition of the C-S-H starting when the portlandite has decomposed during the

carbonation or leaching of the samples, which is also according to the literature [1].

Hydrotalcite was observed experimentally with XRD and TGA and predicted by the thermodynamic
modelling before and after leaching. This confirms the findings of Feng et al. [19]. Hydrotalcite was
also observed experimentally in the samples after carbonation. It should be noted that in the
thermodynamic model magnesite (MgCO3) is predicted for high amounts of added CO but
hydrotalcite has been reported to be able to take up significant amounts of CO; and therefore to
withstand a high degree of carbonation [18]. The reason for different results in the thermodynamic
modelling might be that the hydrotalcite used for the modelling is a hydroxide-hydrotalcite that is
not stable at high partial pressures of CO, or it might be due to kinetic effects of the transformation

of hydrotalcite to MgCOs.

It should be noted that the dashed rectangles in Figure 15 indicate a greater amount of water in the
modelling compared to the experimental 100 L. This can be explained by the use of a Soxhlet
extractor in our experimental setup. The samples were immersed in a small amount of deionized
water for a short time, and then the Soxhlet extractor emptied itself automatically and was slowly
filled again. This meant that the samples were not able to reach equilibrium with the total amount of
water added. In the modelling, however, increasing amounts of water were added, which were in
equilibrium with the solids present. The presence of monocarbonate in the modelling, which was not
observed experimentally, can be explained by the sample preparation. The thermodynamic
modelling was performed at 20 °C, while the samples were cured at 60 °C for approx. 7 months prior
to the exposure at 20 °C. This indicates that due to this high-temperature curing the monocarbonate
was not stable in our experimental samples. This is in accordance with the findings from Lothenbach
et al, who reported a decreasing amount of monocarbonate in samples cured at such high

temperatures [39].

Taking into account the limitations described above, the thermodynamic modelling agreed fairly well
with the phase assemblage experimentally observed with XRD and TGA. The thermodynamic model
confirms that the hydrotalcite formed by the reaction of dolomite in a cementitious system is a stable

hydration product, which can withstand leaching, or carbonation within the range tested.
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4.2. Composition of the C-S-H
Because the exposure to a 2 mol/L chloride solution did not change the phase assemblage or the
Si/Ca ratio of the C-S-H, these samples can be used to elucidate the effect of metakaolin addition on
the composition of the C-S-H. We measured a higher Si/Ca ratio of the C-S-H in samples containing
5 wt% metakaolin than in sample 60C40D. This can be explained by the pozzolanic reaction of
metakaolin in sample 60C35D5M, which increases the Si/Ca ratio and the silicate chain length of the
C-S-H [40,41]. This has also been reported previously for other silicon-containing SCMs, e.g. silica

fume [9,42,43].

Sample 60C35D5Mnaci shows a higher Si/Ca ratio of the C-S-H than the unexposed reference sample
from an earlier study [11]. This can be explained by the sample preparation in this study, which
resulted in a higher degree of reaction of the cement and metakaolin. The reference samples from an
earlier study were cured in sealed tubes for 360 days and probably show a less mature C-S-H phase

than the C-S-H in this study.

The increased Si/Ca ratio in the C-S-H in the leached samples indicates a severe decalcification of the
C-S-H phase due to the leaching. This effect of leaching on the Si/Ca ratio of the C-S-H is in agreement

with previous findings [1,44].

The SEM-EDS point analyses of the C-S-H after carbonation show a spread in the results towards
higher and lower Si/Ca ratios (Figure 11). This indicates the presence of calcium carbonate and a
silicon-rich phase. A similar observation is reported by Leemann et al. [45]. It can be explained by the
gradual decalcification of the C-S-H until it finally decomposes to amorphous silica and CaCO3z [1]. In
contrast, Belda Revert et al,, who used a similar cement, observed only a decrease in the Si/Ca ratio
of the C-S-H due to the fine intermixing of decalcified C-S-H and calcium carbonate [27]. In this study,
however, the calcium carbonate precipitated in large lumps, rather than finely intermixed with the
C-S-H. The lumps of calcium carbonate can be seen, for example, in a larger picture of the carbonated
sample 60C35D5M (see Appendix Figure A.4), where the calcium carbonate (Cc) is indicated with
arrows. The large lumps are probably due to the sample preparation in our study. We crushed the
samples after 3 months of curing to a grain size <1 mm and added 30 wt% of additional water. These
actions were taken in order to maximize the hydration degree of the samples, but they also
significantly coarsened the microstructure. This method of sample preparation also changed the

transport of CO2 and H>0 in the samples during exposure.
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Moreover, we observed a decrease in the aluminium uptake of the C-S-H for carbonated samples
compared to the reference samples, which is in agreement with the results of Belda Revert et al., who
observed a decrease in the Al/Ca ratio for C-S-H in carbonated mortar samples containing 30 wt%

fly-ash after carbonation [27].

4.3. Quantification of the amount of hydrotalcite in the samples after leaching

and carbonation
The fact that sample 60C40D shows a higher weight loss in the temperature region of hydrotalcite in
the reference than in the carbonated sample (Figure 5b) might be due to the presence of brucite in
the reference sample, which can also result in a weight loss in the temperature region of hydrotalcite.
In the carbonated samples, brucite (Mg(OH),) was not observed with XRD because it probably had
reacted to MgCO3 and therefore did not contribute to the weight losses in this temperature region.
Brucite and calcite have been reported to be the reaction products of the dedolomitization reaction

of dolomite and portlandite [46-48], as shown in Eq. 4.

CaMg(CO03)2 + Ca(OH)2 —» Mg(OH), + 2CaCO03 Eq. 4

However, in cementitious systems, where other ions are present (e.g. Al), hydrotalcite has been

reported to form [11,13-15], as shown in Eq. 5.

6CaMg(C03); + 2A1(OH)3 + 6Ca(OH); + 3H,0 — MgeAl,(OH)15-3(H0) + 12CaC05 Eq.5

In an earlier study focusing on a similar binder composition, no clear peaks of brucite could be
detected [11]. The formation of brucite solely in sample 60C40D in this study might be explained by
the sample preparation including the crushing and rehydrating of the samples, which considerably
increased the reaction degree of the system and probably also the reaction degree of the dolomite.
This would increase the magnesium available in the system. There was no metakaolin in sample
60C40D, so the amount of aluminium in the system is relatively low, which together with the high
magnesium content in the sample led to the formation of brucite. No brucite was detected in sample

60C35D5M, because sufficient aluminium was available in this sample containing 5 wt% metakaolin.
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In the leached samples, the amount of hydrotalcite quantified with TGA was slightly higher than in
the unleached reference samples (Figure 5 a). This could have been an artefact of the low sample
weight of the leached samples compared to their references, but the quantifications with TGA were
normalized by the XRF results, which would eliminate this effect. Another possible explanation could
be the increased dissolution rate of dolomite in solutions at a lower pH [49-52]. Leaching with 100 L
of deionized water lowered the pH of the samples to approx. 10.7 according to the modelling results.
However, this drop in pH due to leaching is probably not big enough to increase the dissolution rate
of dolomite, because significant changes is the dolomite dissolution rate were reported only for pH

values <9 [52].

4.4. Composition of the hydrotalcite

Mg/Al ratios of approx. 2 are commonly reported for hydrotalcite-like phases in cementitious
systems [13,35,38,53-56]. However, higher Mg/Al ratios are also possible because the natural
mineral hydrotalcite has a Mg/Al ratio of 3 [57]. The high Mg/Al ratios in our study (60C40D:3.2,
60C35D5M: 2.4) might be explained by the relatively pure dolomite (dolomite content approx. 90

wt%) and small metakaolin additions used in our study.

The values of the Mg/Al ratios of the hydrotalcite after the various exposures were similar to the
Mg/Al ratios of hydrotalcite formed in unexposed samples of an earlier study [11]. This indicates that
the hydrotalcite formed was not only stable during leaching, carbonation, and chloride exposure, but

also did not change its composition with regard to its Mg/Al ratio.

The phase assemblage seemed to be only slightly affected by the exposure to a 2 mol/L NaCl solution
and was therefore not discussed in detail above. For the hydrotalcite, however, a shift in the peak
position was observed with XRD when the samples were exposed to NaCl. This shift to lower angles
has been reported previously and can be related to the formation of a chloride-containing
hydrotalcite (Htc) [24]. A possible intermixing with Friedel’s salt cannot be excluded, because the
peaks of the chloride-containing hydrotalcite are slightly asymmetric, which could indicate the
presence of small amounts of Friedel’s salt. The TGA signal of the hydrotalcite also changed during
chloride exposure. These changes in the TGA signal have previously been reported for pure
synthesized hydrotalcite [24], but the temperatures of these peaks in the present study differ from
those reported by Ke et al. [24], probably because the hydrotalcite in this study was formed in a
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cementitious system rather than as a pure phase. The chloride-uptake of the hydrotalcite was

confirmed qualitatively by the SEM-EDS investigations (Figure 8).

4.5. Outlook

This study represents a first step in investigating composite cements containing dolomite and
metakaolin with regard to durability. The stability in various environments of hydrotalcite, one of
the main reaction products of dolomite in Portland cement-based pastes, indicates that its formation
can potentially be beneficial for the durability of the resulting concrete. A next step for evaluating the
durability would be to conduct suitable performance tests on concrete with this new composite

cement compared with today’s commercial cements.
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5. Conclusions

This study presents a screening of the stability of the hydrate phase assemblage after selected
exposures. Well-hydrated cement paste samples in which 40 wt% of the cement was replaced by
dolomite or by a combination of dolomite and metakaolin were investigated after carbonation,
leaching, and chloride exposure. The exposed samples were compared to unexposed reference

samples. From the results obtained, the following conclusions can be drawn:

e Leaching caused severe decalcification of the C-S-H and decomposition of the portlandite and
ettringite. The Mg/Al ratio of the hydrotalcite did not change during leaching.

e Carbonation resulted in an almost complete decomposition of the C-S-H phase and ettringite,
and the consumption of the portlandite. Hydrotalcite seemed to resist carbonation without
changes in its Mg/Al ratio.

e The exposure to a 2 mol/L NaCl solution resulted in the formation of a chloride-containing

hydrotalcite. The Mg/Al ratio of the hydrotalcite did not change during exposure to NaCl.

It can be concluded that the hydrotalcite formed in the reaction of dolomite in a Portland composite

cement is a stable hydration product in the environments tested.
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8. Tables

Table 1: Chemical composition of the Portland cement, dolomite, limestone and metakaolin used, determined with XRF [
wt%] and their Blaine specific surface areas [m2/kg].

Oxide C D L M
Portland Dolomite Limestone  Metakaolin
cement
SiO2 19.91 0.52 0.12 52.18
Al203 5.15 0.01 0.06 4492
TiO2 0.282 0.00 0.00 1.14
MnO 0.062 0.00 0.00 0.00
Fe203 3.42 0.04 0.03 0.62
Ca0 62.73 31.52 55.12 0.12
MgO 2.34 20.14 0.41 0.04
K20 1.09 0.00 0.01 0.18
Naz0 0.48 0.00 0.00 0.17
SO3 3.16 0.00 0.02 0.14
P20s 0.109 0.01 0.00 0.07
LOI 1.07 46.79 43.57 0.29
Sum (1050°C) 99.80 99.03 99.34 99.87
‘Blaine [m?/kg] - 416 340 370 987

Table 2: Overview of the various binder compositions investigated [ wt%]. The sulphate content of the cement was set to
3.2 wt%.

Name C D L M
Portland Dolomite Limestone Metakaolin
cement
60C40D 60 40 - -
60C35D5M 60 35 - 5
60C40L 60 - 40 -
60C35L5M 60 - 35 5

Table 3: Overview of the various sample preparation stages and phase assemblage investigations with XRD and TGA.
Sample preparation stage XRD & TGA

investigation

Paste mixing
1st curing at 60°C for 3 months
Grinding & re-hydration

2nd curing at 60°C for 4 months
Transferring samples (20°C, 2 weeks)

End of exposure Y
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Table 4: Mg/Al ratios of the hydrotalcite formed in the samples 60C40D and 60C35D5M after leaching, carbonation, or
chloride exposure. As reference, the Mg/Al ratios of the hydrotalcite in samples from an earlier study are given [11].

Mg/Al
Exposure 60C40D 60C35D5M
Reference 3.2 2.4
Leaching 3.0 2.6
Carbonation 3.1 2.4
NaCl 3.2 2.4
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9. Figures
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Figure 1: Particle size distributions of the materials
used, determined using laser diffraction.
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a) 60C40Dreference b) 60C40Dieached C) 60C40Dcoz d] 60C40Dnac1

Figure 3: BSE image and elemental maps of magnesium, aluminium, calcium, silicon, oxygen, and chlorine
for the samples 60C40Dreference, 60C40Dieached, 60C40Dcoz, and 60C40Dnaci. The unexposed reference sample
is from an earlier study [11].
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Figure 4: Phase assemblage of the samples 60C40D and 60C35D5M after leaching, carbonation, or chloride exposure

determined with TGA (from 40-900 °C) and XRD (shown from 5-19.5 °26). The results of unexposed reference samples
are also shown. The following abbreviations are used: ettringite (Et), hydrotalcite (Ht), chloride-containing hydrotalcite
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analyses of the matrix of the leached samples 60C40D and
60C35D5M. The results of the C-S-H point analyses from
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have not been leached [11].
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Figure 11: Al/Ca ratio over the Si/Ca ratio for the point
analyses of the matrix of the carbonated samples 60C40D
and 60C35D5M. The results of the C-S-H point analyses
from an earlier study are shown as a reference for samples
that have not been carbonated [11].
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60C35D5M. The results of the C-S-H point analyses from
an earlier study are shown as a reference for samples that
have not been leached [11].
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Figure 12: Mg/Si ratio over the Al/Si ratio for the point
analyses of the matrix of the carbonated samples 60C40D
and 60C35D5M. The results of the C-S-H point analyses
from an earlier study are shown as a reference for
samples that have not been carbonated [11].
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60C35D5M exposed to NaCl. The results of the C-S-H point
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Figure 14: Cl/Ca ratio over the Al/Ca ratio for the point
analyses of the matrix of the samples 60C40D and
60C35D5M exposed to NaCl. The results of the C-S-H point
analyses from an earlier study are shown as a reference for
unexposed samples [11]
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Figure 16: Results of the thermodynamic modelling of the effect
of carbonation on the phase assemblage in sample 60C40D. The
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Figure 15: Results of the thermodynamic modelling of the effect
of leaching on the phase assemblage in sample 60C40D. The
dashed rectangle indicates the phase assemblage
experimentally observed with TGA and XRD.
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10. Appendix

Table A.1: Ti and Fe contents [ wt%] on the ignited weight basis of the various samples determined with XRF and the weight
losses of the samples after leaching (Awieached) calculated with Eq. 2 [ wt%].

60C40D 60C35D5M 60C40L 60C35L5M Average

Ti Tireference 0.14 0.19 0.14 0.19
Titeached 0.19 0.29 0.22 0.26
Tireference/ Tileached 0.74 0.65 0.66 0.72
AWieached 26 35 34 28 30:4
Fe Fereference w70 177 7t w4
Feleached 227 2.83 238 245
Fereference/Feleached 0.75 0.63 0.72 0.71
AWieached 25 37 28 29 3015

Table A.2: Overview of the Wit-measured, Wooo, and BW values of the various samples used for the calculations in Eq. 1 and
Eq.3.

Sample Exposure WHt-measured W900 BW
[wt%] [wt%] [wt%]
60C40D reference 1.5 67.3 14.2
leached 2.5 67.8 12.8
,,,,,,,,,,,,,,,,,, o 10 66 91
60C35D5M reference 1.4 68.3 15.8
leached 2.7 65.6 13.7
,,,,,,,,,,,,,,,,,, o 13 634 97
60C40L reference 0.3 68.3 13.7
leached 0.3 66.9 10.2
,,,,,,,,,,,,,,,,,, O 01 61 62
60C35L5M reference 0.3 69.7 13.9
leached 0.4 69.2 11.4
CO2 0.1 64.0 7.1
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Figure A.1: BSE image and elemental maps of magnesium, aluminium, calcium, silicon, oxygen, and chlorine
for the samples 60C35D5Mreference, 60C35D5Mieached, 60C35D5Mcoz, and 60C35D5Mnaci. The unexposed
reference sample is from an earlier study [11].
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Figure A.2: DTG curves of the samples 60C40L and
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6035D5Mcoz

Figure A.4: BSE image and elemental maps of calcium and silicon for sample 60C35D5M COz2. Areas of
dolomite (D), calcite (Cc) and hydrotalcite (Ht) are indicated.
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ABSTRACT

In this study, we investigated well-hydrated cement pastes containing dolomite and metakaolin
cured at 38 °C or 60 °C, which were exposed to NaCl or CaCl; solutions of various concentrations.
We determined the chloride-binding capacity, the phase assemblage and the composition of
hydration phases formed. The dolomite reaction led to the formation of hydrotalcite, which
contributed considerably to the chloride binding of the pastes. When the samples were exposed
to CaCly, significantly more chlorides were bound in the hydrotalcite than when the samples were
exposed to NaCl. It was shown that hydrotalcite contained a similar amount of chloride per mol
compared to Friedel’s salt when exposed to CaClz. By mass balance calculations, it was shown that
the hydrotalcite formed in the samples containing dolomite can contribute to the chloride binding
of the cement pastes to a similar extent as the Friedel’s salt formed in the samples containing

limestone.
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1 INTRODUCTION

One of the main deterioration mechanisms for reinforced concrete structures is steel
reinforcement corrosion. Reinforcement steel in sound concrete is passivated, i.e. does not
corrode, due to the high pH of the concrete pore solution. However, in the presence of a sufficient
level of chlorides, the steel is de-passivated and corrosion can occur. During the exposure to e.g.
sea water or de-icing salts, chlorides ingress through the concrete cover towards the steel. Some
chlorides will be free in the pore solution and some will interact with the hydrates in cement paste.
In order to estimate the service life of reinforced concrete structures exposed to chlorides, we

need to understand the interaction between concrete and chlorides.

Due to the increasing demand for cements and the need to reduce CO; emissions during
production, new composite cements containing supplementary cementitious materials (SCMs)
are being developed. In order to use these cements in reinforced concrete structures exposed to
harsh environments such as marine exposure, there is a need to understand how these new
binders interact with chlorides. In this study, we used dolomite and a combination of dolomite
and metakaolin as SCMs to replace 40%wt of a Portland cement. We investigated the chloride-

binding capacity of the hydrate phase assemblage for these new cements.

In an ordinary Portland cement, chloride ions have been reported to be physically adsorbed on
the C-S-H phase or chemically bound by the formation of chloride-containing AFm phases, e.g.
Friedel’s salt (3Ca0-Al;03-CaCl;-10H20). The use of SCMs can change the phase assemblage of the
hydrated cement paste and thereby its chloride-binding capacity [1].

The addition of metakaolin has been shown to improve the chloride-binding capacity of cement
paste. This has been explained with reference to the additional alumina provided by the reaction
of metakaolin, which results in the formation of additional Friedel’s salt [2,3]. Similar results have
been reported for other alumina-delivering SCMs, such as fly ash or ground granulated blast-
furnace slags (GGBFS) [1,4-7]. Moreover, the reaction of metakaolin results in the formation of

additional C-S-H, which may adsorb additional chlorides [8].

The addition of dolomite has been shown, depending on curing temperature, curing time, and
metakaolin content, to result in the formation of significant amounts of a hydrotalcite-like phase
(in the following referred to simply as hydrotalcite) [9,10]. Hydrotalcite is a mineral in the group
of layered double hydroxides (LDHs) containing magnesium and aluminium, with the general
formula [Me?+*1.\Me3+(OH).]** [Am]/m'nH20. Its crystal structure can be derived from that of

brucite. The main layer consists of metals (here abbreviated with Me), specifically magnesium



(Me2?+) and aluminium (Me3+) hydroxide octahedra. The substitution of aluminium for magnesium
in the main layer charges this layer positively. To maintain electrical neutrality, the interlayer
incorporates monovalent or divalent anions (here abbreviated with A), such as OH-, Cl-, CO32 or

SO042%.

Several authors observed considerable chloride binding of hydrotalcite, either synthesized as a
pure phase [11-13] or formed in GGBFS cement pastes [14,15]. We will investigate chloride
binding of hydrotalcite originating from dolomite reaction in composite cements. In this system,
the composition of the hydrotalcite differs from the before named studies both by the presence of
carbonates or by the Mg/Al ratio of the hydrotalcite. Both factors influence the chloride-binding
capacity of hydrotalcite.

Divalent ions, like CO3%- are more easily incorporated than monovalent ions, like Cl- [11,12], so
COs32- ions are seldom exchanged with chloride ions in synthesized hydrotalcite-like phases, and

the presence of carbonate ions consequently reduces the chloride-binding capacity [12,13].

A higher degree of aluminium substitution in the main layer, leading to a lower Mg/Al ratio of the
hydrotalcite, increases the positive charge of the main layer. Because the interlayer seeks
electrical neutrality, more anions, e.g. chlorides, are incorporated in the interlayer of hydrotalcite
with a lower Mg/Al ratio [16]. The reduction of the Mg/Al ratio of the hydrotalcite can be caused

by the presence of an aluminium-delivering SCM [10,17,18].

Moreover, it was reported that chlorides are also physically adsorbed on the surface of

hydrotalcite adsorption [13,15].

The chloride-binding capacity of cements depends strongly on the cation associated with the
chloride anion. Several authors have reported significantly greater chloride binding when
samples were exposed to solutions of CaCl; or MgCl; rather than NaCl [1,3,19-23]. This difference
has been largely attributed to the difference in the adsorption of chlorides onto the C-S-H and
larger amount Friedel’s salt. We will investigate whether the cation also influences the binding
capacity of the hydrotalcite.

This study focuses on the impact of the hydrotalcite formed by the reaction of dolomite fines in
the cement paste on the chloride binding of composite cement pastes. For this, cement paste
samples in which 40%wt of the Portland cement was replaced by dolomite or by a combination
of dolomite and metakaolin were investigated. Cement paste samples containing limestone

instead of dolomite and a pure Portland cement sample were used as references. In order to be



able to study the effect of hydrotalcite, we needed samples containing sufficient amounts of
hydrotalcite. Therefore, we investigates binder compositions containing dolomite and little or no
metakaolin and cured at elevated temperatures, which according to an earlier study yielded
considerable hydrotalcite formation [10]. Chloride-binding isotherms were experimentally
obtained and related to the phase assemblage and phase composition of the solids obtained with
XRD, TGA, and SEM-EDS. Additionally, the contribution of hydrotalcite, Friedel’s salt, and C-S-H to

the chloride binding of the cement pastes was evaluated using a mass balance approach.

2 EXPERIMENTAL

2.1 MATERIALS & SAMPLE PREPARATION

The materials used in this study were Portland cement (C) supplied by Norcem, to which gypsum
but no limestone was added during grinding, natural dolomite (D), and natural limestone (L)
supplied by Miljgkalk AS, and laboratory-grade metakaolin (M) supplied by Imerys
(Metastar501). Table 1 shows the chemical composition, determined by X-ray fluorescence (XRF),
of the materials used and their Blaine specific surface area. The particle size distributions of the
materials used, determined by laser diffraction (Malvern Mastersizer 2000E), are shown in Figure
1. Table 2 gives an overview of the various sample compositions prepared. We replaced 40%wt
of the Portland cement with either dolomite (60C40D) or a combination of 35%wt dolomite and
5%wt metakaolin (60C35D5M). The equivalent samples containing limestone (60C40L and
60C35L5M) and the Portland cement sample (100C) were used as references. Cement pastes were
prepared with a w/b ratio of 0.5 for all binder compositions in a high-shear mixer (Braun
MR5550CA). The mixing procedure was mixing for 30 s, resting for 5 min and mixing again for
60 s. The resting time of 5 min was chosen to check for false set of the paste. The resulting pastes
were cast in 125 mL polyethylene screw-lid bottles, which were sealed with parafilm and stored,
immersed up to their bottleneck, in water at 38 °C or 60 °C. After three months of curing, the
hydrated cement pastes were removed from the bottles, crushed in a jaw-crusher and then ground
in a rotating disc mill to a particle size <1 mm. The crushed cement paste was poured into 1 L
screw-lid polypropylene bottles and 30%wt of deionized water relative to the crushed cement
paste weight was added. The bottles were sealed with parafilm and cured for another four months
at the respective temperatures. After a total of seven months of curing, the bottles were stored at
20 °C for two weeks before starting exposure at 20 °C. This sample preparation led to moist-sand
like cement pastes. We chose this way of preparing the samples to maximize the degree of
hydration of the binder before exposure and thus minimize any continued hydration during

exposure.



2.2 CHLORIDE EXPOSURE

For the exposure, 30 g of the moist-sand-like cement paste was poured into 45 mL centrifuge
tubes, to which 15 mL of exposure solution was added using a volumetric pipette. The exposure
solutions were solutions of NaCl or CaCl; with chloride concentrations ranging from 0.25 to
3 mol/L, prepared with deionized water and laboratory-grade salts of NaCl or CaCl-2H;0
(supplied by Merck). The reference samples of all mixes were exposed to 15 mL of deionized
water. The closed centrifuge tubes were shaken weekly and stored at 20 °C for at least one month

to reach equilibrium prior to the investigation.

2.3 METHODS

2.3.1 Investigation of the supernatant

The chloride concentration in the supernatant was determined by potentiometric titration. The
samples were centrifuged at 4000 rpm for 2.5 min. A known volume (0.2-0.8 mL, depending on
the chloride concentration of the exposure solution) of the supernatant was pipetted into a
measurement beaker, to which 1 mL of HNO3 (65% supplied by Merck, and diluted 1:10), 2.5 mL
of 0.2% polyvinyl alcohol (supplied by Merck, 2 g was dissolved in 1 L deionized water), and
approx. 20 mL of deionized water were added. The chloride content was measured with a
Titrando 905 titrator from Metrohm against a 0.1 mol/L AgNOs3 solution (Titrisol, supplied by
Merck).

During the exposure of the cement paste, chlorides from the solution are taken up by the hydrates
of the cement paste. The chloride concentration in the solution will therefore decrease. The

amount of bound chlorides (N¢jsound) can be calculated as g/g cement paste using Eq. (1) [21].

N _ (Cevfree = Cereq) - Viyo + Veraddea)/1000 - Mg D
Chbound Msampte — MH,0

where Ceifee is the actual concentration of free chlorides present at the beginning of the exposure,
which can be calculated using Eq. (2); Cceq is the chloride concentration of the supernatant
measured at equilibrium; Vo is the volume of free water in 30 g of the moist-sand-like hydrated
cement paste before exposure; Vijaddeq is the volume of exposure solution added (15 mL); M is
the molar mass of chlorine (35.453 g/mol); Msampie is the mass of the sample added to the

centrifuge tube (30 g); and muzo is the mass of free water in this 30 g of hydrated cement paste.
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where Ccjqdded is the concentration of chlorides in the exposure solution, which was measured with
potentiometric titration prior to exposure. Vi was assumed to be equal to muzo and was
determined by the weight loss of the moist-sand-like hydrated cement pastes after drying at 40 °C
in a TGA until constant weight (Table 3).

A selection of samples was analysed in triplets. The average standard deviation obtained for the
titrations of samples exposed to NaCl was approx. 10%. For samples exposed to CaCly, the average
standard deviation of the titration experiments was approx. 5%. The standard deviations are

indicated with by the error bars in the respective figures.

The experimental data obtained from the titration experiments with chloride concentrations from

0-3 mol/L were fitted with a Langmuir isotherm as shown in Eq. (3) [24].

a-Cg free
N, = - "
Clbound (1 + ﬂ K CCl,free) (3)

where N¢ipouna are the amount of bound chlorides, Ceife. the concentration of free chlorides before
exposure, as described above, and a and S are fitting parameters, which depend on the binder

composition [24].

After centrifuging, the pH of the supernatant was measured as well. This was done using a
6.0255.100 Profitrode from Metrohm. The measurements of the pH were performed in the
laboratory at 20 °C. The electrode was calibrated on every measurement day with buffer solutions

of pH 7,10 and 13.

2.3.2 Investigation of the solids

The solid fraction was investigated on all samples exposed to a chloride concentration of 2 mol/L
for NaCl and CaCl. The reference samples exposed to deionized water were also investigated.
Approx. 6 g of the 30 g of each hydrated cement paste sample was taken out of the centrifuge tube
after all the investigations of the liquids had been performed. To stop the hydration and remove
the water or chloride solution, the wet hydrated cement paste was immersed in 100 mL
isopropanol, shaken for 30 s, and left to rest for 5 min before the isopropanol was decanted. The
isopropanol treatment was then repeated. After that, the sample was immersed in 20 mL

petroleum ether, stirred for 30 sec, and left to rest again for 5 min. The petroleum ether was
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filtrated off using a vacuum filtration unit, and the samples were dried in a desiccator overnight
under a slight vacuum (-0.2 bar) applied using a water pump. The dried samples were ground to

a particle size <63 um and then analysed with TGA or XRD.

For the thermogravimetric analysis (TGA), approx. 150 mg of each ground sample was poured
into a 600 pl corundum crucible. The weight loss was measured from 40-900 °C, with a heating
rate of 10°C/min in a Mettler Toledo TGA/DSC3+ device. During the experiments, the
measurement cell was purged with 50 mL/min N gas. TGA was used to identify changes in the
phase assemblage and to quantify the amount of bound water and portlandite in each of the mixes

investigated.

The derivate curves of the TG signal, the DTG curves, were used to detect phase changes. The DTG
curves can be divided into several temperature intervals, in which the decomposition of specific
phases can be detected as a weightloss. These temperature intervals were used to identify various
hydration phases as suggested by Lothenbach et al. [25]. The first weight loss peak at around
100 °C is related to the ettringite (Et) decomposition and the beginning of the dehydroxylation of
the C-S-H phase. C-S-H decomposes gradually between 40 °C and 600 °C and appears as a
polynomial baseline under the other peaks. Hydrotalcite (Ht) shows two mass loss events, the first
at approx. 220 °C and the second at around 400 °C. 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 CO,. To make it possible to quantify the amount of bound water (Hary binder
weight) using Eq. (4) [26], the weight loss between 50 °C and approx. 550 °C was determined with a
horizontal step. The weight loss related to the amount of portlandite was measured by integrating
the DTG curve between approx. 400 °C and 550 °C with a linear baseline. This method is assumed
to give similar results as using a tangential step and excludes the weight loss from the C-S-H
decomposition still ongoing in this temperature region [25]. The portlandite content (CHary binder
weight) can be calculated using Eq. (5) [26], where M(Ca(OH):)=74 g/mol and M(H20)=18 g/mol.
Both quantifications in Eq. (4) and Eq. (5) are normalized to the dry binder weight, which is the
sample weight at 550 °C and assumed to remain constant during hydration [26].
W50 — Wsso

Hdry binder weight = 4)
Wsso

W00 — Wsso M (Ca(OH),)

CHdry binder weight = Wsso M(H,0) (5)

The error for the Hary pinderweight aNd CHary pinder weighe 1S €stimated to be 1% wt. The errors are indicated
y ig y g

with the error bars in the respective figures.



To identify the gasses leaving the samples at a certain temperature interval, another TGA device
(STA 449 C Jupiter from Netzsch) coupled with a quadrupole mass spectrometer unit (QMS 403 C
Aéolos from Netzsch) was used. For these measurements, approx. 20 mg of selected samples were
poured into corundum crucibles. The samples were analysed from 40-900 °C with a heating rate

of 10 °C/min. During the measurement, the measurement cell was purged with 30 mL/min N;, gas.

The X-ray diffraction (XRD) analyses were carried out using a D8 Focus from Bruker built with a
Bragg-Brentano 6-26 geometry, a LynxEye detector, and a goniometer radius of 200.5 mm. The
samples were measured between 5 °26 and 55 °26 using Cu-Ka radiation with a wavelength of
approx. 1.54 A as X-ray source, a step size of 0.01°26, and a sampling time per step of 0.5 s. The
ground samples were front-loaded into the sample holders and queued in a sample changer until
measurement (max. 4.5 h). The XRD plots were qualitatively evaluated using DIFFRAC.EVA V4.0

software from Bruker.

For the investigation of the hydrate phase assemblage with scanning electron microscopy (SEM),
some of the hydration-stopped and dried but not ground samples were cast in epoxy, polished
and carbon-coated. The investigated samples included all samples containing dolomite (60C40D
and 60C35D5M) and the samples 60C35L5M exposed to NaCl or CaCl,. Elemental mapping and
point analyses were carried out using a Hitachi S-3400N electron microscope equipped with an
energy dispersive spectrometer (EDS) from Oxford Instruments. The SEM was operated at an
accelerating voltage of 15 keV, a working distance of 5 mm for taking the BSE images, and a
working distance of 10 mm for operating the EDS. As reference samples, the results from a
previous study [10] were used. In that study, the samples had similar binder compositions and
were cured sealed at 100% RH for 360 days at 60 °C or 38 °C and prepared for SEM-EDS analysis

in a similar way.

2.3.3 Thermodynamic modelling

The Gibbs free energy minimization program GEMS [27,28] was used to model the activity of CO32-
ions in the pore solution of a model system with increasing additions of NaCl or CaCl,. The model
system used consisted of 100 H,O and 20 g CaCO3. Because 0.03 g NaOH and 0.06 g KOH were
included in the model, the pH at the starting point of the modelling was high (pH 13.9), which is

similar to the pH in cementitious systems.

2.3.4 Mass balance calculations

The contribution of the various hydration phases to the chloride binding of the cement pastes was
estimated with mass balance calculations for the samples 60C40D (60 °C) and 60C40L (38 °C)

exposed to NaCl or CaCl,. We used mass balance calculations instead of the thermodynamic
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modelling software GEMS for this due to a lack of thermodynamic data for the chloride-containing
hydrotalcite or the chloride uptake of the C-S-H. In a first step, the amount or volume of the various

phases present in the system was calculated based on the following assumptions:

e For the cement, the QXRD results of a similar cement clinker and gypsum [10] were used
as input for the calculations. The reaction degree of belite was set to 90% and the ferrite
and periclase were assumed to not have reacted. All other components of the cement
clinker and the gypsum were assumed to have reacted fully. For the dolomite
(CaMg(CO03)2) a reaction degree of 30% was assumed when cured at 60 °C, and for the
limestone (CaCO3)a reaction degree of 5% was assumed when cured at 38 °C. The ideal
stoichiometric compositions of dolomite and limestone were used as input for the
calculations.

e The amount of calcium, aluminium, and sulphur in the C-S-H phase was calculated from
the SEM-EDS point analysis results (Table 5), assuming 1 mol of C-S-H contains 1 mol of
silicon.

e Allthe magnesium from the reaction of dolomite is bound in hydrotalcite. The hydrotalcite
formula used for the calculations (MgsAl,(OH)1s-3(H20)) was taken from [29], because
thermodynamic modelling of the reaction of dolomite in cement paste predicted the
formation of a hydrotalcite, which does not contain carbonates [30], and the Mg/Al ratio
of the hydrotalcite formed in the sample 60C40D was shown to be approx. 3 (Table 6).

e The amount of ettringite formed was calculated by subtracting the amount of sulphate in
the C-S-H phase from the total amount of sulphates available in the system.

e The amount of AFm phases was calculated by subtracting the amount of aluminium
incorporated in the C-S-H, ettringite, and hydrotalcite from the total amount of aluminium
available in the system. The AFm phases taken into account for the calculations were
monocarbonate and Friedel’s salt. Several mass balance calculations were performed, in
which the aluminium available for the formation of AFm phases was distributed in varying
ratios to these two AFm phases (from 100% to 0% Friedel’s salt and consequently 0% to
100% monocarbonate).

e The amount of secondary calcite, formed by the reaction of dolomite, was calculated by
subtracting the amount of carbonates included in the monocarbonate from the total
amount of carbonates available in the system.

e The amount of portlandite was calculated by the amount of calcium left in the system after
subtracting the calcium incorporated in the C-S-H phase, secondary calcite, ettringite,
monocarbonate, and Friedel’s salt from the total amount of calcium available in the

system.



Subsequently, the amount of chloride bound in the hydrotalcite, Friedel’s salt, and C-S-H were

calculated with the following steps:

e The amount of chloride in hydrotalcite! was calculated by the Mg/Al and Cl/Al ratio of the
hydrotalcite determined with SEM-EDS (see Table 6).

e The amount of chloride in the Friedel’s salt was calculated with its stoichiometric formula
(3Ca0-Al;03-CaCl;-10H20), by taking into account the various amounts of Friedel’s salt
calculated, as described above.

e The amount of chloride in the C-S-H was determined by subtracting the amount of bound
chlorides in hydrotalcite and Friedel’s salt from the total amount of bound chlorides, as
determined by potentiometric titration for the samples exposed to a 2 mol/L chloride
solution (NaCl or CaCl;) (see Figure 1). With this, the Cl/Si ratio of the C-S-H was calculated
and compared to the Cl/Si ratio measured experimentally with SEM-EDS.

3 RESULTS
3.1 Chloride-binding isotherms
The results for the chloride-binding isotherms were plotted as the data points obtained

experimentally by chloride titration and their corresponding fitted chloride-binding isotherms.

3.1.1 Chloride-binding isotherms of samples containing dolomite or limestone

Figure 2 shows the chloride-binding isotherms for samples 60C40D and 60C40L cured at 38 °C or
60 °C and exposed to NaCl. When cured at 38 °C, the sample containing limestone shows a similar
chloride binding as the sample containing dolomite. However, when cured at 60 °C, the chloride

binding of sample 60C40L drops slightly while sample 60C40D shows an increase.

3.1.2 Chloride-binding isotherms of samples containing a combination of dolomite
or limestone with metakaolin

Figure 3 shows the chloride-binding isotherms for the samples cured at a) 38 °C and b) 60 °C

exposed to NaCl. All samples cured at 38 °C and containing metakaolin, whether in combination

with dolomite or limestone, showed a higher chloride binding than the 100C reference sample.

Samples containing no metakaolin (60C40D and 60C40L) showed a lower chloride binding than

the 100C reference. Moreover, the samples containing a combination of metakaolin and carbonate

1Due to the lack of an exact chemical formula for the chloride-containing hydrotalcite, we calculated its
molar mass from the formula: MgeAl2(OH)1s-3H:0.
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(dolomite or limestone) did not seem to reach a plateau when they were exposed to chloride
solutions with high concentrations, whereas the reference 100C and the samples 60C40D and

60C40L did.

When cured at 60 °C, the chloride binding of sample 60C40D was higher compared to 38 °C.
Whereas for all other samples the chloride binding was lower at 60 °C compared to 38 °C. Sample
60C40D showed the highest chloride binding of the samples cured at 60 °C. Sample 60C35D5M

showed a significantly lower chloride binding than sample 60C40D when cured at 60 °C.

3.1.3 Chloride-binding isotherms of samples exposed to CaCl:
Figure 4 shows the chloride-binding isotherms for the samples exposed to various concentrations
of CaCl; solution. The chloride-binding capacities were considerably higher for all samples

exposed to CaCl; than for those exposed to NaCl (by a factor of 5-10).

Samples cured at 38 °C (Figure 4a) showed trends similar to those of the samples exposed to NaCl.
Samples containing a combination of metakaolin and either dolomite or limestone showed a
higher chloride binding than the 100C reference and gave the overall highest chloride binding of
all samples investigated. Samples 60C40D and 60C40L showed a similar and low chloride binding.

For the samples cured at 60 °C (Figure 4b), however, the trends observed for the CaCl; exposure
were different from those for NaCl. With CaCl; exposure, the samples containing dolomite, with or
without metakaolin, showed very similar and the highest chloride binding of all samples cured at
60 °C. The reference sample 100C showed, as for NaCl exposure, a lower chloride binding than
when cured at 38 °C. The samples containing limestone (60C40L, 60C35L5M) cured at 60 °C
showed similar chloride binding and the lowest chloride binding of all the samples exposed to

CaClz.

3.2 pH measurements

Figure 5 shows the results of the pH measurements of the supernatant of the various binder
compositions cured at 38 °C and 60 °C and exposed to NaCl (Figure 5 a and b) and to CaCl; (Figure
5 c and d). The results of the pH measurements of the reference samples exposed to deionized

water are plotted as the points for 0 mol/L added chloride concentration in all graphs.

All the samples containing SCMs that were exposed to NaCl showed a lower pH than the Portland
cement sample 100C. This effect of SCMs on the pH of the pore solution has been described

previously [31]. All samples containing SCMs and cured at 38 °C showed a very similar pH at all
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concentrations of added chloride solution. The pH seemed to decrease only slightly with
increasing chloride concentrations. The samples containing dolomite (60C40D and 60C35D5M)
and cured at 60 °C, showed a lower pH than the samples containing limestone. This might be
explained by the enhanced dolomite reaction at 60 °C, which has been shown to reduce the pH in

a model system [32].

For CaCl, exposure, the 100C sample again showed a higher pH for all added chloride
concentrations added than for the samples, in which 40%wt of the Portland cement was replaced
with SCMs. The drop in the pH with increasing chloride concentrations was much greater than in
the samples exposed to NaCl. This is attributed partly to the adsorption of calcium on silanol
groups, which releases H*-ions in the pore solution, and the common ion effect of portlandite
(calcium hydroxide), as reported in the literature [3,20,22,23,33]. The decrease in the pH upon
CaCl; addition results in a partial dissolution of the portlandite as experimentally observed in

Figure 9.

There were no differences in the pH between the samples containing dolomite or limestone at
either curing temperature when exposed to CaCly. This indicates that in the case of CaCl; exposure,
the Ca2* jons dominate the pH in contrast to the NaCl exposure, where the reaction of dolomite

dominates the pH.

3.3 Thermodynamic modelling

Figure 6 shows the development of the activity of COs2- ions in the solution and the amount of
CaCO;3 present in the system with increasing additions of NaCl and CaCl; to the model system H0-
CaCO3 at a high pH. It can be seen that the activity of the carbonate ions is decreasing with
increasing amounts of CaCl, added. First, the activity drops very rapidly and at free chloride
concentrations higher than approx. 1.2 mol/L, the activity decreases with a smaller slope. The
decrease in the carbonate ion activity is due to higher calcium concentration in the solution and
the common ion effect, which is visible by the precipitation of small amounts of CaCO3z in Figure 6.
In the model system exposed to NaCl, however, there is no drop in the activity of carbonate ions

within the range of the free chloride concentration modelled.

3.4 Hydrate phase assemblage of exposed samples determined with TGA and XRD
Table 4 gives a qualitative comparison of the phase assemblages observed with TGA or XRD in the
various binder compositions cured at 38 °C or 60 °C and exposed to H,0, NaCl or CaCl,. In general,
the results for TGA and XRD correlate well. In samples where we could only identify a phase with

TGA but not with XRD, we assumed the phases to be poorly crystallized or amorphous. A detailed
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description of the phase assemblages of the various samples and their associated TGA and XRD

plots are given in the Appendix.

In the reference samples exposed to water, hydrotalcite formed in samples containing dolomite
as detected with TGA and XRD. The weight loss peak of hydrotalcite increased with the curing
temperature from 38 °C to 60 °C, for the samples containing dolomite. The samples containing
limestone also showed a small weight loss in the temperature region of hydrotalcite. This weight
loss in the samples could be associated with the decomposition of a siliceous hydrogarnet, because
small peaks of this phase were observed with XRD in all the samples cured at 60 °C (not shown

here). Monocarbonate was observed in all samples cured at 38 °C except 60C40D.

In samples exposed to NaCl or CaCly, chloride-containing phases were observed instead of
monocarbonate or normal hydrotalcite. In samples containing dolomite, chloride-containing
hydrotalcite, and in samples containing limestone, Friedel’s salt was common. The chloride-
containing hydrotalcite can be identified with XRD, as reported by Ke et al., by its the shift in the
peak position to lower angles, as shown in Figure 7 [13]. Moreover, the signal in TGA also changed.
The first peak of hydrotalcite (approx. 220 °C) decreased or completely disappeared and the
second peak (approx. 400 °C) shifted to lower temperatures (approx. 370 °C) (Figure A1). The
chloride-containing hydrotalcite was observed in chloride-exposed samples containing dolomite
cured at both curing temperatures. A possible intermixing with Friedel’s salt cannot be excluded,
as the peaks of the chloride-containing hydrotalcite show a slightly asymmetric peak, which could
indicate the presence of small amounts of Friedel’s salt. Clear peaks of Friedel’s salt were only
visible in samples cured at 38 °C in the XRD and TGA graphs, though there was a small peak of
Friedel’s salt in sample 60C35L5M cured at 60 °C. In all samples exposed to CaCly, except sample
60C40D cured at 60 °C, a small hump of what was probably monosulphate-14H was observed. We
could not identify this phase with TGA, probably due to its very small amounts and the overlapping
of AFm decomposition peaks in the DTH curve. This indicates that the presence of calcium ions is
also influencing the balance between monosulphate and ettringite, and not only the S032/Al,03
ratio of the pore solution. Sample 60C40D cured at 60 °C showed a monocarbonate peak instead

of the monosulphate peak when exposed to CaCl,.

Itis important to note that, even though the TGA and XRD results correlate qualitatively very well,
the ettringite peak in XRD seemed to be higher for the samples cured at 60 °C than for the samples
cured at 38 °C. This increase was not observed with TGA. The reason for this is not clear, but it

could be due to the sample preparation, in which the ettringite might have been severely
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decomposed during the curing at 60 °C and re-crystallized later at 20 °C, potentially resulting in a

higher degree of crystallinity.

There were several peaks observed in the carbonate weight loss region of samples exposed to
either NaCl or CaCl,. TGA-MS investigations of the sample 60C35D5M cured at 38 °C and exposed
to CaCly, showed that these peaks are related to the release of CO; (Figure 8). We expect the degree
of carbonation due to sample preparation to be similar in all samples, because they were all
prepared in the same way. The evaporation of chlorine, as reported for chloride-containing
hydrotalcite [13], is indicated by the increasing ion current for the chlorine (H-35Cl, H-37Cl, 35Cl) at

temperatures >800 °C.

3.5 Portlandite and bound water content

Figure 9 shows the portlandite content normalized to the dry binder weight of the various mixes
investigated. The portlandite content was lower in samples containing a combination of
metakaolin and carbonate (whether dolomite or limestone) than in samples containing only
carbonates as SCMs. Moreover, all samples containing dolomite and/or metakaolin showed a
lower portlandite content when cured at 60 °C than when cured at 38 °C. This can be explained by
the pozzolanic reaction of metakaolin to form additional C-S-H, and the reaction of dolomite to
form hydrotalcite and calcite, which both consume portlandite and are accelerated at elevated
curing temperatures. Only sample 60C40L exposed to CaCl; showed a higher portlandite content

when cured at 60 °C than when cured at 38 °C.

All samples exposed to chloride solutions showed a lower portlandite content than their reference
samples exposed to deionized water. This difference was greater for the exposure to CaCl; than to

NaCl. This was also experimentally observed in [22].

Figure 10 shows the amount of bound water in the various mixes investigated. The samples
containing dolomite or limestone show very similar results. The samples containing metakaolin
had a higher or similar bound water content compared to the 100C reference for both curing
temperatures. This indicates that the pozzolanic reaction of metakaolin, which forms additional
C-S-H and AFm phases, is able to compensate for the smaller amount of Portland cement in these
samples. The samples cured at 60 °C showed a lower bound water content than the samples cured
at 38°C, even though, the clinker hydration and the pozzolanic reaction of metakaolin are
accelerated at elevated curing temperatures, and should thus lead to an increase in the bound

water content. The lower bound water content in samples cured at 60 °C compared to samples

14



cured at 38 °C might, however, be explained by the densification of the C-S-H at such high

temperatures, which is associated with a loss of its structural water [34,35].

The bound water content changes for the various exposures. Samples exposed to NaCl showed a
lower bound water content than their reference samples exposed to deionized water. Samples
exposed to CaCl; showed a higher bound water content than samples exposed to NaCl, and in some

cases a higher bound water content than samples exposed to deionized water.

Samples exposed to CaCl; show a lower portlandite and higher bound water content, than samples
with the same composition exposed to NaCl. We, therefore, assume that the CaCl; reacted with the
cementitious system to form additional phases. One possible reaction is the formation of calcium
oxychloride phases from the reaction of CaCl; with water and portlandite [36-42]. However, we
did not observe peaks of calcium oxychloride with XRD. This might be explained by the complexity
of these salts, which were reported to decompose or carbonate easily during sample preparation

[37,43].

3.6 Composition of the C-S-H and hydrotalcite in exposed samples measured with
SEM-EDS

3.6.1 BSE imaging and elemental mapping

As an example of back-scattered electron (BSE) imaging, Figure 11 shows the BSE image and
elemental maps of magnesium, aluminium, calcium, silicon and chlorine for sample 60C40D cured
at 60 °C and exposed to NaCl. We chose this composition, because it showed the highest degree of
dolomite reaction in a previous study [10]. The samples exposed to CaCl,, as well as the samples
60C35D5M showed similar results. The up to 60 um large uniformly grey particles are the
unreacted parts of the dolomite particles. This is confirmed by the elemental maps, which show
that these particles contain only magnesium and calcium. Around these particles, the original
grain boundaries of the dolomite particles are still visible due to a thin layer of C-S-H that probably
precipitated at early ages and persisted after the dolomite started to react. Between the original
grain boundaries of dolomite and the boundary of the still unreacted dolomite particles, dark
reaction rims are visible (highlighted with small arrows). These rims are rich in magnesium and
aluminium but poor in calcium and silicon. Moreover, the rims seem to show a slightly higher
chloride content than the matrix. The matrix shows a generally homogeneous chloride content.
The small points of very high chlorine content in the last map are most probably crystals of NaCl
that precipitated during drying in the samples. Point analyses of the samples exposed to NaCl or
CaCl; were taken in the matrix of the samples and inside the reaction rims around the dolomite

particles.
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3.6.2 Effect of curing temperature, metakaolin addition and exposure solution on
the composition of the C-S-H

Table 5 shows the results for the SEM-EDS point analyses of the matrix of selected samples

exposed to NaCl or CaClz. The results given in Table 5 were determined by plotting the atomic

ratios (e.g. Al/Ca over Si/Ca), in 2D diagrams. Tangents framing the C-S-H data cloud were used

to discriminate the intermixed phases and determine the atomic ratios of the C-S-H phase.

The results for samples 60C40D exposed to NaCl show that the Si/Ca ratio and the Al/Si ratio of
the C-S-H were lower in samples cured at 60 °C than in samples cured at 38 °C. This might be
explained by the enhanced reaction of clinker and dolomite at 60 °C. Zajac et al. reported a lower
aluminium content of the C-S-H in samples where dolomite reacted to hydrotalcite, which

incorporates the aluminium instead [9].

In most of the samples containing metakaolin (60C35D5M and 60C35L5M) that were exposed to
NaCl, the Al/Si and the Si/Ca ratio of the C-S-H is higher than in the samples containing no
metakaolin (60C40D). This effect of the addition of metakaolin on the Si/Ca ratio of the C-S-H is
qualitatively in agreement with literature [44,45]. However, it should be noted that the Si/Ca ratio
of 0.9 for the sample 60C35L5M cured at 38 °C and exposed to NaCl is much higher than reported
for the addition of 5%wt metakaolin [45]. The Si/Ca ratios of the other samples containing
limestone and metakaolin are relatively similar. The reason for the high values for the sample
60C35L5M 38 °C NaCl are unclear. In samples exposed to CaCl,, the Si/Ca ratio of the C-S-H was

lower than in the samples exposed to NaCl for all samples except the sample 60C40D 38 °C.

To illustrate the chloride uptake of the C-S-H in these samples, Table 5 also shows the Cl/Si ratio
of the point analyses of the matrix. For most of the samples, the Cl/Si ratio of the C-S-H is higher
at 60 °C than at 38 °C. Exposure to CaCl; also increased the chloride content in the C-S-H compared

to NaCl.

Table 5 also shows the S/Si ratio of the C-S-H in the various samples investigated. It can be seen
that contradictive to the commonly observed higher sulphate content of C-S-H at higher curing
temperatures, the S/Si ratio of the C-S-H in the samples cured at 60 °C was similar or lower than
in the samples cured at 38 °C. This can be explained by the sample preparation, where the samples
were cured at 60 °C or 38 °C, but exposed at 20 °C. This indicates that the C-S-H in the samples

cured at 60 °C released a considerable amount of sulphate during the exposure at 20 °C, and can
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explain the formation of ettringite or monosulphate in samples cured at 60 °C, as observed in with

XRD.

3.6.3 Effect of metakaolin addition and exposure solution on the composition of

hydrotalcite
The results for the point analyses taken in the reaction rims inside the original dolomite grains
are shown in Figure 12 as the Mg/Ca ratio over the Al/Ca ratio. The results follow two linear lines,
one for the hydrotalcite formed in samples containing dolomite (60C40D), and the other for the
hydrotalcite formed in samples containing a combination of dolomite and metakaolin
(60C35D5M). This indicates that no other aluminium-containing hydration products, such as
Friedel’s salt, were present in the reaction rims, as they would cause a spread of the result towards
lower Mg/Al ratios. The different slopes of these lines indicate a decrease in the Mg/Al ratio of the
hydrotalcite formed from approx. 3.2 in sample 60C40D to approx. 2.4 in sample 60C35D5M. The
Mg/Al ratio does not seem to be affected by the exposure solution, but only by the presence of

metakaolin.

Figure 13 shows the Cl/Ca over the Al/Ca ratio of the point analysis results in rims around the
dolomite grains, which are filled with hydrotalcite. The slope of the lines indicated in Figure 13,
presents the Cl/Al ratio of the hydrotalcite in the various samples, which is summarized for the
various samples in Table 6. Hydrotalcite is reported to contain a constant amount of aluminium,
but varying amounts of magnesium [46]. In this study we assumed hydrotalcite to always contain
2 mol of aluminium. Therefore, the results of the calculation of the amount of chloride ions in
1 mol of hydrotalcite show a lower chloride content in the hydrotalcite formed in samples

containing metakaolin (Table 6).

3.7 Mass balance calculations

The amount of chloride bound in the C-S-H phase, Friedel’s salt, and hydrotalcite per gram of
cement paste in the samples 60C40D (60 °C) and 60C40L (38 °C) was calculated by a mass balance
approach for exposure to either NaCl or CaCly. It is reported that with increasing concentrations
of chlorides in the pore solution, monocarbonate transforms gradually to Friedel’s salt [47]. With
TGA and XRD it is not possible to distinguish Friedel’s salt, hydrotalcite and monocarbonate
completely. Especially, if little amounts of one of them are present in the samples. Due to the
asymmetric peak of the chloride-containing hydrotalcite, the presence of Friedel’s salt in samples
containing dolomite cannot be excluded. Therefore, the aluminium available for the formation of
AFm phases from the mass balance calculation was distributed in various ratios between

monocarbonate and Friedel’s salt (from 100% to 0% Friedel’s salt and consequently 0% to 100%
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monocarbonate). Figure 14 shows the amount of chloride bound in the various hydrates

calculated by mass balance for the various combinations of monocarbonate and Friedel’s salt.

For the high amounts of Friedel’s salt assumed to be present, the calculated chloride content in
the C-S-H phase shows negative values in case of exposure to NaCl. This is because the Cl/Si ratio
of the C-S-H was calculated by subtracting the calculated amount of chloride bound in Friedel’s
salt and hydrotalcite from the total amount of chloride bound in the system measured. At high
amounts of Friedel’s salt present, more chlorides are calculated to be bound in the Friedel’s salt
than measured for the samples exposed to NaCl. We, therefore, assume these high Friedel’s salt
amounts to be an overestimation and concentrate in the following on the calculations where the
aluminium available for the formation of AFm phases was distributed max. 30% to Friedel’s salt
(asindicated by the dashed rectangles). Because the hydrotalcite formed contains aluminium, less
aluminium is available for the formation of AFm phases in the samples containing dolomite than
in the sample containing limestone. This results in a smaller variation in the amount of chloride

bound in the C-S-H or in the Friedel’s salt in the sample 60C40D than in the sample 60C40L.

For the sample 60C40D, it was calculated that approx. 0.003 g of chlorides/g hydrated binder for
NaCl exposure and approx. 0.006 g chlorides/g hydrated binder for CaCl; exposure were bound
in hydrotalcite. For the sample 60C40L, where no hydrotalcite was formed, the maximum amount
of chloride bound by Friedel’s salt were approx. 0.003 g chlorides/g hydrated binder for NaCl
exposure and approx. 0.002 g chlorides/g hydrated binder for CaCl; exposure.

We also used mass balance to calculate the Cl/Si ratio of the C-S-H, as described in 2.3.4. The
highest Cl/Si ratios calculated for the C-S-H phase in sample 60C40D for NaCl or CaCl; exposure
were approx. 0.03 and 0.15 respectively, which is considerably lower than the measured Cl/Si
ratios of 0.1 and 0.24 for sample 60C40D cured at 60 °C (Table 5). This difference between
measured and calculated Cl/Si ratios might be explained by the inability of the used solvents
(isopropanol and petroleum ether) to penetrate the gel porosity of the C-S-H phase during the
solvent exchange and replace the pore solution between the C-S-H sheets. This was explained by
the big molecular size of alcohols compared to water, which inhibits the replacement of the water
in very small pores [48]. Similarly, Plusquellec et al. showed that even methanol, which has a
smaller molecular size than isopropanol, is unable to replace all the pore solution in ground
concrete samples, leading to a lower amount of alkalis extracted from these samples [49]. In the
present study, consequently, some of the chloride-rich solution would be trapped in the gel

porosity and create an artificially high Cl/Si ratio in the point measurements with SEM-EDS.
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Another possible explanation might be that the solubility of e.g. NaCl is much smaller in solvents
than in water. Therefore, chloride salts, which might have precipitated in the sample during the

solvent exchange, cannot be dissolved by the solvents.

The differences between the measured and calculated Cl/Si ratios of the C-S-H indicate that the
solvent exchange treatment applied in this study is not a reliable method for sample preparation
for SEM-EDS when the chloride content of the C-S-H needs to be measured. This is also indicated
by the small points of very high chlorine content in the elemental map of chlorine (Figure 11),

which are most probably crystals of NaCl that precipitated during the sample preparation.

The sample 60C40L was not investigated with SEM-EDS, and we can therefore not discuss on

possible differences between the measured and calculated Cl/Si ratios in this samples.

We also calculated the portlandite content normalized to the dry binder weight of the samples
60C40D (60C40D-NaCl: 12 %wt, 60C40D-CaClz: 10 %wt) and 60C40L (60C40L-NaCl: 14 %wt,
60C40L-CaClz: 9 %wt) with the mass balance approach. We compared these values with the
portlandite content normalized to the dry binder weight obtained experimentally with TGA (see
Figure 9). Except for the sample 60C40L-CaCl,, the portlandite content calculated with mass
balance is larger than calculated with TGA. This indicates the formation of a calcium-containing
phase in the samples exposed to the chloride solutions, which we did not account for in mass

balance.

4 DISCUSSION

4.1 Chloride-binding isotherms for the samples containing limestone and
metakaolin

The chloride binding of the samples containing limestone (60C40L and 60C35L5M) and the

reference sample 100C was lower for the samples cured at 60 °C than of those cured at 38 °C

(Figure 3 & Figure 4). This confirms the observations of other authors [50,51]. The increase in

curing temperature from 38 °C to 60 °C changed the stability of some phases. This is visible in the

XRD and TGA plots (results summarized in Table 4), where no or only small amounts of Friedel’s

salt can be observed with XRD and TGA in the samples cured at 60 °C. We, therefore, conclude that

the lower chloride binding of samples containing limestone cured at 60 °C is due to the lower

amount of chloride-containing hydrates in these samples.
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When cured at 38 °C, where phases like Friedel’s salt are observed with XRD and TGA, samples
containing metakaolin show a higher chloride binding than samples without metakaolin (Figure
3a & Figure 4a). This effect has been explained by the additional aluminium delivered by the
metakaolin [2,3]. The addition of aluminium enables the formation of more Friedel’s salt and
thereby increases the chloride-binding capacity of cement pastes. This is confirmed by our results,
because we also observe an increase in the Friedel’s salt with TGA in samples containing

metakaolin (e.g. Figure A3).

4.2 Effect of hydrotalcite on the chloride binding in samples containing dolomite
without metakaolin addition
Figure 2 shows the chloride-binding isotherms for the samples 60C40D and 60C40L cured at
38°C, and 60°C exposed to NaCl solutions. The sample 60C40D cured at 60 °C showed
considerably greater chloride binding compared to the other samples. Assuming that the chloride
content of the C-S-H is similar for the sample 60C40D and 60C40L, the increased chloride binding
of the sample 60C40D cured at 60 °C will be due to the chloride binding in other hydrates than C-
S-H. When cured at 60 °C, the dolomite in the samples has been shown to react significantly more

than when cured at 38 °C and to form more hydrotalcite [9,10].

In the samples containing dolomite exposed to deionized water hydrotalcite formed, and in the
samples exposed to a chloride solution a chloride-containing hydrotalcite was observed. This can
be seen by the shift in the peak position of the hydrotalcite in XRD between the samples exposed
to deionized water and those exposed to NaCl (Figure 7). A similar shift was observed previously
by Ke et al. [13]. The peak position in XRD strongly depends on the c-parameter of the crystal
lattice [52]. With the incorporation of chloride ions in the interlayer of the hydrotalcite the
interlayer spacing is increased, because chloride ions have a larger ionic radius than hydroxide
ions [11,13,16,53]. An increase in the c-parameter results in a lower angle for the diffraction peak
of the phases. Moreover, the signal in TGA also changed, because the first peak of hydrotalcite
(approx. 220 °C) decreased or completely disappeared and the second peak (approx. 400 °C)
shifted to lower temperatures (approx. 370 °C) (Figure Al). Similar changes in the TGA signal
upon the formation of a chloride-containing hydrotalcite were reported by Ke et al. [13]. However,
the temperatures of these peaks in the present study vary from the temperatures reported by Ke
et al. [13], probably because the hydrotalcite in this study was formed in a cementitious system
rather than synthesised as a pure phase. The SEM-EDS point analyses (Figure 13) also showed a
chloride uptake of the hydrotalcite in the samples exposed to NaCl. It should be noted that the
amount of chloride in the hydrotalcite will be discussed in the following. Moreover, we do not

observe clear peaks of Friedel’s salt in sample 60C40D exposed to NaCl (Table 4). We, therefore,
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conclude that the samples containing dolomite cured at 60 °C showed an increased chloride
binding due to the formation of hydrotalcite, which is able to bind significant amounts of chloride.
To which extent these chlorides are bound in the interlayer of the hydrotalcite or adsorbed on its

surface could not be evaluated in with the experimental set-up in this study.

It should be noted that amongst the samples cured at 38 °C and exposed to NaCl, the reference
sample 100C shows the highest chloride binding in the concentration range of a classic ponding
test (0.5 mol/L). However, when cured at 60 °C, the sample 60C40D shows the highest chloride
binding, also in this concentration range. As the curing at 60 °C was applied to accelerate the
dolomite reaction, we assume the chloride binding of the sample 60C40D cured at 38 °C to

increase with the increasing reaction degree of dolomite over time.

4.3 Effect of additional metakaolin on the composition and chloride-binding
capacity of hydrotalcite
The Mg/Al ratio of hydrotalcite is known to be dependent on the availability of aluminium [17,18],
and therefore on the addition of metakaolin [10]. The samples containing metakaolin cured at
60 °C showed a lower Mg/Al ratio of the hydrotalcite than in samples without metakaolin (Figure
12). The change in the Mg/Al ratio is also indirectly visible with XRD, where the hydrotalcite
formed showed a peak at slightly higher angles in sample 60C35D5M than the sample 60C40D
(Figure 7). This can be explained by the lower Mg/Al ratio of the hydrotalcite in the sample
60C35D5M, which increases the positive charge of the main layer [16]. Therefore, more anions
are needed in the interlayer to compensate for the higher charge in the main layer, which reduced

the c-parameter because of a shortening in the hydrogen bonds [54].

The calculations of the amount of chloride in 1 mol of hydrotalcite based on the SEM-EDS show a
lower chloride content of the hydrotalcite in the samples 60C35D5M than in the samples 60C40D
(Table 6). This is not in agreement with the literature, where it was reported that a lower Mg/Al
ratio results in an increased uptake of chloride ions in the interlayer of hydrotalcite [16]. This was
explained by the increased positive charge of the main layer due to aluminium having a higher
charge than magnesium. Because the interlayer seeks electrical neutrality, more anions, in this
case chlorides, should be taken up by the interlayer in the case of a decreased Mg/Al ratio [16].

The reason for the contradictive results in the present study are unknown.

The chloride-binding isotherms showed a lower chloride binding for the sample 60C35D5M cured
at 60 °C and exposed to NaCl than for the sample 60C40D (Figure 3). Assuming that the apparent

lower chloride-content of the hydrotalcite in the samples containing metakaolin is an artefact, one
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possible explanation for this could be the lower amount of hydrotalcite in the sample 60C35D5M
compared to 60C40D. In a previous study, we showed that the amount of hydrotalcite formed
strongly depends on the availability of portlandite in the system, which decreased with the

amount of metakaolin added [10].

4.4 Effect of the exposure solution on the chloride binding of the cement paste
4.4.1 Effect of the exposure solution on the chloride-binding capacity of C-S-H
Samples exposed to CaCl, show a greater chloride binding than samples exposed to NaCl (Figure
3 and Figure 4). Several authors have described increased chloride binding when samples are
exposed to CaCl; rather than NaCl [1,3,19-23]. The difference might be due to the ability of
samples to accumulate chloride ions in the diffuse layer of the C-S-H in the case of CaCl; exposure
(Table 5). This has previously been explained by the overcompensation of the originally negative
surface charge of the C-S-H by the adsorption of divalent calcium ions in the Stern layer of the C-
S-H [55]. This overcompensation reverses the surface charge and turns it positive [55], which
means negatively charged chloride ions can accumulate in the diffuse layer of the C-S-H [8,23].
This is qualitatively in accordance with our results, as a higher Cl/Si ratio of the C-S-H phase was

measured in samples exposed to CaCl, compared to NaCl (see Table 5).

4.4.2 Effect of the exposure solution on the chloride-binding capacity of
hydrotalcite

A higher chloride uptake in hydrotalcite was observed in the case of CaCl; exposure compared to
NaCl (Table 6). This could be explained using thermodynamic modelling, which showed that the
activity of the carbonate ions in the pore solution of a model system is decreased for CaCl
exposure, while it was not affected by NaCl exposure (Figure 6). Generally, divalent ions, such as
€032, are more preferably incorporated in the interlayer of hydrotalcite than monovalent ions,
e.g. Cl.. Due to the decrease of the activity of carbonate ions when exposed to CaCly, less carbonate
and more chloride ions might be accommodated in the interlayer of hydrotalcite in the case of
CaCl; exposure than in the case of NaCl exposure. The Mg/Al ratio of the hydrotalcite did not seem
to be affected by the exposure solution (Figure 12).

An additional explanation for the increased chloride uptake of hydrotalcite upon exposure to CaCl,
compared to NaCl, is the decrease in the pH of the pore solution for CaCl; exposure, as shown in
Figure 5. Ke et al. highlighted the importance of the [Cl-]/[OH-] ratio in the pore solution, which
can have a significant effect on the adsorption of chlorides on hydrotalcite. At a lower pH, the

concentration of OH-ions is decreased, which mightlead to the adsorption of chlorides rather than
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hydroxides on the hydrotalcite [13]. In this study, we did however not differentiate between

surface adsorption and incorporation of chlorides in the interlayer of hydrotalcite.

4.5 Comparison of the contribution of hydrotalcite and Friedel’s salt to the
chloride binding of the cement pastes

The amount of chloride bound in the C-S-H phase, Friedel’s salt, and hydrotalcite per gram of

cement paste in the samples 60C40D (60 °C) and 60C40L (38 °C) exposed to either NaCl or CaCl;

was calculated by a mass balance approach. The two different temperatures for the samples were

chosen, because considerable amounts of hydrotalcite were detected only in the samples

containing dolomite cured at 60 °C, whereas clear peaks of Friedel’s salt were detected only in the

samples containing limestone cured at 38 °C.

The contribution of hydrotalcite, Friedel’s salt and the C-S-H to the chloride binding of the cement
pastes exposed to a 2 mol/L chloride solution was estimated from the results of the mass balance
calculations shown in Figure 14. For the calculations where more than 30% of the aluminium
available for the formation of AFm phases is distributed to Friedel’s salt, the Cl/Si ratio of the C-S-
H, and therefore its contribution to the chloride binding, is negative for the samples 60C40D and
60C40L exposed to NaCl, as described in 3.7. Negative values for the Cl/Si ratios are impossible,
and these calculations were not considered further. For the comparison between the contribution
of the chloride-containing hydrotalcite and the Friedel’s salt to the chloride binding of the cement
paste, we chose the calculations were 25% of the aluminium is distributed to the formation of
Friedel’s salt, as shown in Figure 15. This was done because the calculated Cl/Si ratio of the C-S-H
was similar between samples 60C40D an 60C40L in these calculations. The amount of chloride
bound in the hydrotalcite is unaffected by the combination of monocarbonate and Friedel’s salt,
because the amount of hydrotalcite formed was assumed to depend solely on the reaction degree

of the dolomite.

The results of the mass balance calculations shown in Figure 15 indicate that the contribution of
hydrotalcite to the chloride binding of the sample 60C40D (60 °C) is in the range of Friedel’s salt
in the sample 60C40L (38 °C) for both exposures.

However, the results of the mass balance calculations in this study are dependent on the amount
of hydrotalcite present, and therefore on the reaction degree of dolomite, which in this case is
assumed. Therefore, we also calculated the amount of chloride (N¢i) in 1 mol of hydrotalcite (Table
6). We assumed hydrotalcite to contain always 2 mol of aluminium and varying amounts of

magnesium in the main layer. The Mg/Al and Cl/Al ratio of the hydrotalcite in sample 60C40D
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were determined with SEM-EDS point analyses (Table 6). In case of NaCl exposure, 1 mol of the
hydrotalcite formed contained approx. 0.8 moles of chlorides and in case of CaCl, exposure,
approx. 1.8 mol of chlorides. For Friedel’s salt, this value equals 2 according to its stoichiometric
formula (3Ca0-Al;03-CaCl;-10H;0). This indicates that the hydrotalcite formed due to the reaction
of dolomite is able to bind similar amounts of chlorides compared to Friedel’s salt when exposed
to CaCl,, and can, depending on the amount of hydrotalcite formed, contribute considerably to the

chloride binding of the cement paste.

5 CONCLUSIONS

We investigated well-hydrated cement pastes in which 40%wt of the Portland cement was
replaced with dolomite or a combination of dolomite and metakaolin cured at 38 °C or 60 °C. The
pastes were exposed to NaCl, CaCl, or deionized water and the chloride binding, pH, phase
assemblage and phase composition were determined. From the results the following conclusions

can be drawn:

e The hydrotalcite that formed in samples containing dolomite contributed considerably to
the chloride binding of these samples. This is especially visible in the samples containing
dolomite cured at 60 °C, because higher curing temperatures resulted in an acceleration
of the dolomite and reaction.

e Insamples exposed to CaCl;, hydrotalcite showed a higher chloride binding capacity than
in samples exposed to NaCl. This can probably be explained by the decrease in the
carbonate ion activity when the samples are exposed to CaCl,, which might increase the
uptake of chlorides instead of carbonates in the interlayer of hydrotalcite.

e With mass balance calculations, it was shown that the hydrotalcite in samples containing
dolomite can contribute to the chloride binding of the cement pastes to a similar extent

as the Friedel’s salt formed in samples containing limestone.
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Tables

Table 1: Chemical composition of the Portland cement, dolomite, limestone and metakaolin used, as determined by XRF
[%wt] and their Blaine surface areas [m2/kg].

Oxide Portland Dolomite Limestone Metakaolin
cement

Si02 19.91 0.52 0.12 52.18
Al203 5.15 0.01 0.06 44.92
TiO2 0.282 0.00 0.00 1.14
MnO 0.062 0.00 0.00 0.00
Fe203 3.42 0.04 0.03 0.62
Ca0 62.73 31.52 55.12 0.12
MgO 2.34 20.14 0.41 0.04
K20 1.09 0.00 0.01 0.18
Naz0 0.48 0.00 0.00 0.17
SO3 3.16 0.00 0.02 0.14
P20s 0.109 0.01 0.00 0.07
LOI 1.07 46.79 43.57 0.29
Sum (1050 °C) 99.80 99.03 99.34 99.87
‘Blaine [m?/kg] 416 340 370 987

Table 2: Matrix for the mixes [%wt]. The sulphate content of the Portland cement was set to 3.2%wt.

Name C D L M
Portland Dolomite Limestone Metakaolin
cement

100C 100 - - -

60C40D 60 40 - -

60C35D5M 60 35 - 5

60C40L 60 - 40 -

60C35L5M 60 - 35 5

Table 3: Overview of the weight losses of the various well-hydrated samples before exposure during drying at 40 °C
until constant weight [%wt]. The accuracy was estimated to 1%wt.

Sample Curing Weight loss
name temperature drying at 40 °C
[°C] [Yowt]
100C 38°C 33
60C40D 38°C 35
60C35D5M 38°C 35
60C40L 38°C 39
60C3SLSM.__ 38°C 37 .
100C 60 °C 32
60C40D 60 °C 35
60C35D5M 60 °C 35
60C40L 60 °C 37
60C35L5M 60 °C 38
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Table 4: Phase assemblage of ettringite (Et), monosulphate-14H (Ms), monocarbonate (Mc), Friedel’s salt (Fs), chloride-containing
hydrotalcite (Hta), and hydrotalcite (Ht) observed with TGA or XRD in the various mixes for various curing temperatures (38 °C, 60 °C)
and exposures (H20, NaCl, CaClz). The text in brackets indicates a low signal of that phase or an overlap with another peak so that its
presence could not be confirmed nor excluded.

Sample Exposure Temp. Et Ms-14 Mc Fs Hta Ht
60C40D H20 38°C TGA|XRD TGA|XRD
60 °C TGA|XRD
60C35D5M H:0 38 °C TGA|XRD TGA|XRD TGA|(XRD)
R 60°C  (TGA)XRD . TGAIXRD _
60C40L H20 38°C TGA|XRD TGA|XRD (TGA)
60 °C TGA|XRD (TGA)
60C35L5M  H20 38°C TGA|XRD TGA|XRD (TGA)
60 °C TGA|XRD (TGA)
60C40D NaCl 38°C TGA (XRD) TGA|XRD
60 °C (XRD) TGA|XRD
60C35D5M  NaCl 38°C TGA (TGA) (TGA)|XRD  TGA|(XRD)
60 °C (TGA)|XRD (XRD) TGA|XRD (TGA)
60C40L NaCl 38°C TGA (TGA) TGA|XRD (TGA)
60 °C TGA|XRD (TGA) (TGA)
60C35L5M  NaCl 38°C TGA TGA TGA|XRD (TGA)
60 °C (TGA) (TGA)|XRD (TGA)
60C40D CaCl2 38 °C TGA (XRD) TGA|(XRD) TGA|XRD
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 60°c . TGAXRD _  (XRD)  TGAIXRD
60C35D5M  CaClz 38°C TGA (XRD) TGA|XRD TGA
60 °C TGA (XRD) (XRD) TGA|XRD
60C40L CaClz 38°C TGA (XRD) TGA|XRD (TGA)
60 °C TGA|XRD (XRD) (TGA)
60C35L5M  CaCl: 38°C TGA (XRD) TGA|XRD (TGA)
60 °C TGA (XRD) TGA|XRD (TGA)

Table 5: Overview of the C-S-H composition of the samples 60C40D, 60C35D5M, and 60C35L5M cured at 38 °C or 60 °C
and exposed to NaCl or CaClz.

Sample Si/Ca Al/Si Cl/Si  S/Si
60C40D 38° NaCl 068  0.03 0.05 0.03
CaCl. 078 004 024 003

60° NaCl 058 0 0.1 0.04

CaCl. 055 0 024 004

60C35L5M 38° NaCl 0.9 0.08 0.05 0.04

Table 6: Overview of the Mg/Al and Cl/Al ratio of the hydrotalcite in the various samples, and the amount of chloride
calculated [mol] per 1 mol of hydrotalcite (Na).

Sample Mg/Al Cl/Al Na
Hydrotalcite 60C40D NaCl 3.2 0.4 0.8
CaClz 3.2 0.9 1.8

60C35D5M NaCl 2.4 0.2 0.4

CaClz 2.4 0.7 1.4
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Figure 1: Particle size distribution of the materials used
determined by laser diffraction.
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Figure 2: Experimental data and fitted curves of the
chloride-binding isotherms for the samples 60C40D (black
squares) and 60C40L (grey spheres) cured at 38 °C (filled
icons, dotted lines) or 60 °C (hollow icons, dashed lines) and
exposed to NaCl.
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Figure 3: Experimental data and fitted curves of the chloride-binding isotherms for all the mixes investigated that were
cured ata) 38 °C or b) 60 °C and exposed to NaCl.
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Figure 4: Experimental data and fitted curves of the chloride-binding isotherms for all the mixes investigated that were
cured at a) 38 °C or b) 60 °C and exposed to CaClz. Note that the scale of the y-axis is different compared to Figure 2 and
Figure 3.
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Figure 5: pH measurements of the supernatant of the various binder compositions cured at 38 °C or 60 °C and exposed
to various concentrations of NaCl or CaClz. The measurements were performed at 20 °C. The points at 0 mol/L refer to
the pH measurements of the reference samples exposed to deionized water.
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Figure 7: Zoomed in XRD patterns between 10 and 12 °26 of the
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deionized water.
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Figure 9: Portlandite content normalized to the dry binder weight for the various samples cured at 38 °C or 60 °C
that were exposed to H20, NaCl or CaClz.
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Figure 10: Bound water content normalized to the dry binder weight for the various samples cured at 38 °C or 60 °C
that were exposed to Hz20, NaCl or CaClz.
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cured at 60 °C and exposed to a 2 mol/L NaCl solution.
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Figure 12: Mg/Ca ratio over the Al/Ca ratio for the point
analyses of the reaction rims around the dolomite grains
in samples 60C40D and 60C35D5M, which were cured at
60 °C and exposed to NaCl or CaCla.
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Figure 13: Cl/Ca ratio over the Al/Ca ratio for the point
analyses of the reaction rims around the dolomite grains
in samples 60C40D and 60C35D5M, which were cured at
60 °C and exposed to NaCl or CaClz. In addition, the
results for the point analyses in such reaction rims from
a previous study [10] are shown as a reference for not-
exposed samples.
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Figure 14: Calculated Cl/Si ratio of the C-S-H and amount of chloride bound in C-S-H, Friedel’s salt, and hydrotalcite
calculated for the samples 60C40D (60 °C) and 60C40L (38 °C) exposed to NaCl or CaClz depending on the distribution of
the aluminium between Friedel’s salt and monocarbonate. The dotted lines in a) and b) indicate the amount of bound
chlorides determined with potentiometric titration (see Figure 3).
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8 Appendix
8.1 Hydrate phase assemblage in the exposed samples

8.1.1 XRD

Figure Al a), b) and Figure A2 a), b) show the XRD patterns between 8 and 13 °26 for the samples
containing dolomite exposed to NaCl or CaCl; and their reference samples exposed to deionized
water. The peak positions of ettringite (Et - 9.1 °20), monosulphate (Ms - 9.9 °20), Friedel’s salt
(Fs - 11.2 °20), monocarbonate (Mc - 11.7 °28), hydrotalcite (Ht - approx. 11.4 °28) and the
chloride-containing hydrotalcite (Htc - approx. 11.1-11.3 °26) are also indicated.

Whether exposed to NaCl or CaCly, the samples show very similar qualitative phase assemblages,

so they are described together in the following, with differences highlighted.

Sample 60C40D shows a qualitatively similar phase assemblage whether cured at 38 °C or 60 °C.
In both cases, hydrotalcite was observed in the reference samples exposed to water and, with
chloride exposure, this peak shifted to lower angles. This shift was reported to be due to the
formation of a chloride-containing hydrotalcite-like phase [13]. The peaks of hydrotalcite and
chloride-containing hydrotalcite were both higher in samples cured at 60 °C than in samples cured
at 38°C. In samples with metakaolin added in combination with dolomite (60C35D5M),
monocarbonate was observed as well as a small peak of hydrotalcite in the reference samples
cured at 38 °C. In the samples exposed to chloride solutions, the monocarbonate transformed to
Friedel’s salt. The Friedel’s salt and chloride-containing hydrotalcite peaks overlap, so no
conclusion on the presence of small amounts of chloride-containing hydrotalcite can be drawn for
this sample with XRD. Cured at 60 °C, sample 60C35D5M showed no peaks of monocarbonate or
Friedel’s salt. As with sample 60C40D only hydrotalcite, in the case of water exposure, or the
chloride-containing hydrotalcite, in the case of chloride exposure, were observed. The ettringite
observed in the reference samples seemed to be reduced by the exposure to chloride solutions or
to disappear completely. The only exception was sample 60C35D5M, which also showed an
increase in the ettringite peak when originally cured at 60 °C as opposed to 38 °C. For the
compositions for which ettringite could be observed when exposed to deionized water, a

monosulphate-14H peak was observed instead of ettringite when exposed to CaCl,.

Figure A3 a), b) and Figure A4 a), b) show the XRD patterns of the samples containing limestone
exposed to NaCl or CaCl; and their reference samples exposed to deionized water. In samples
containing limestone cured at 38 °C, the AFm phase observed in water-exposed samples was

monocarbonate, while in chloride-exposed samples the AFm phase was mainly Friedel’s salt. No
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monocarbonate peak was observed in any of the samples cured at 60 °C, and only a small hump
of Friedel’s salt was detected in sample 60C35L5M (60 °C) exposed to NaCl. As with the samples
containing dolomite, the ettringite peak seemed to be reduced by exposure to chloride solutions
and a monosulphate-14H peak was observed in the samples exposed to CaCl,. Sample 60C40L

showed an especially high ettringite peak in the samples cured at 60 °C compared to 38 °C.

8.1.2 TGA
The TGA results for the samples exposed to NaCl or CaCl; were generally quite similar so they are

described together in the following, with differences highlighted.

Figure A1 c), d) and Figure A2 c), d) show the DTG curves of the samples containing dolomite
exposed to NaCl or CaCl; and their reference samples, which were exposed to deionized water.
Samples containing dolomite and cured at 38 °C showed a clear ettringite peak in samples exposed
to deionized water, and to a lesser degree in the samples exposed to NaCl or CaCl,. The samples
containing a combination of metakaolin and dolomite showed a clear peak of monocarbonate
where exposed to water, and of Friedel’s salt were exposed to chloride solution. Neither
monocarbonate nor Friedel’s salt were observed with TGA in samples containing dolomite that
did not contain metakaolin, indicating that most of the aluminium is bound in the hydrotalcite.
The only exception to this was sample 60C40D exposed to CaClz, which showed a small peak of
Friedel’s salt. Due to the overlap of the second peak of Friedel’s salt (approx. 370 °C) with the
decomposition temperature of chloride-containing hydrotalcite, the appearance of the first peak
(approx. 150 °C) was used to identify Friedel’s salt in the sample. This first Friedel’s salt peak was
more pronounced in samples exposed to CaCl; than in samples exposed to NaCl. This observation
confirms the findings of Shi et al., who reported additional formation of Friedel’s salt in samples
exposed to CaCl; due to the increased availability of calcium ions [3]. Hydrotalcite also showed
two peaks in TGA, the first of which (approx. 220 °C) was significantly reduced or completely
vanished in the samples exposed to chloride solutions instead of deionized water. The second
peak of hydrotalcite (approx. 400 °C) shifted to lower temperatures (approx. 370 °C) in samples
exposed to chloride solutions. On this peak, the shoulder of a Friedel’s salt peak at even lower
temperatures was observed in samples that also showed the first Friedel’s salt peak. The
portlandite peak seemed little affected by exposure to NaCl, but it was significantly lower in

samples containing metakaolin or exposed to CaCl,.

In samples containing dolomite cured at 60 °C, the ettringite peak was significantly lower
compared to 38°C, especially in samples containing no metakaolin. AFm phases like

monocarbonate or Friedel’s salt were no longer observed. Only sample 60C40D cured at 60 °C and
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exposed to CaCl; showed a peak of monocarbonate. The peaks related to hydrotalcite or chloride-
containing hydrotalcite were higher than in samples cured at 38 °C. In both cases, the chloride-
containing hydrotalcite could be distinguished by the significantly lower or missing first peak and
the shift to lower temperatures of the second peak compared to the normal hydrotalcite. This was
observed in all samples except sample 60C35D5M cured at 60 °C exposed to NaCl, which showed
only a slight decrease in the first peak and no shift for the second peak. In samples cured at 60 °C,
the portlandite content seemed lower in samples with NaCl exposure, metakaolin addition and

especially with CaCl; exposure.

The DTG curves for the samples containing limestone exposed to NaCl or CaCl; and their reference
samples exposed to deionized water are shown in Figure A3 c), d) and Figure A4 c), d). Like the
samples containing dolomite, the samples containing limestone cured at 38 °C, showed a clear
ettringite peak at low temperatures that seemed to decrease when exposed to NaCl or CaCl;
compared to the references exposed to water. In the latter case, there was a clear peak of
monocarbonate, which was even greater for samples containing metakaolin. In samples exposed
to CaCly, a clear Friedel’s salt peak was observed instead of monocarbonate. This was also the case
in samples exposed to NaCl, but it was less clear and combined with a monocarbonate peak. The
reference samples containing limestone exposed to deionized water also showed very small peaks
in the temperature region of hydrotalcite. This weight loss might be caused by hydrotalcite formed
due to the large amount of magnesium present in the cement (Table 1). In the samples containing
limestone exposed to NaCl or CaCly, a clear peak of Friedel’s salt and what was probably a small
peak of chloride-containing hydrotalcite was observed. As with the samples containing dolomite,

the portlandite peak was only affected by the presence of metakaolin or the exposure to CaCl,.

In samples containing limestone cured at 60 °C, the ettringite peak was again lower than in those
cured at 38 °C, though the decrease was not as great as in the samples containing dolomite. No
AFm phases were observed with TGA, except for a small peak of Friedel’s salt in sample 60C35L5M
exposed to CaCly. As in the samples containing dolomite, the peaks related to hydrotalcite were
higher in samples cured at 60 °C than in samples cured at 38 °C. The Friedel’s salt peak in the
chloride-exposed samples showed a clear asymmetry or a double peak, indicating also an increase
in the amount of chloride-containing hydrotalcite. The portlandite peak was reduced by both

chloride exposures, but especially by exposure to CaCl,, and in samples with metakaolin.
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Figure Al: Phase assemblage of the samples containing dolomite cured at 38 °C or 60 °C that were exposed to 2 mol/L
NaCl compared with their reference samples exposed to deionized water. a) and b) show the XRD patterns of these
samples between 8 and 13 °26, and c) and d) show the DTG curves of these samples from 40-900 °C.
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Figure A2: Phase assemblage of the samples containing dolomite cured at 38 °C or 60 °C that were exposed to 2 mol/L
CaClz compared with their reference samples exposed to deionized water. a) and b) show the XRD patterns of these
samples between 8 and 13 °26, c¢) and d) show the DTG curves of these samples from 40-900 °C.
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Figure A3: Phase assemblage of the samples containing limestone cured at 38 °C or 60 °C that were exposed to 2 mol/L
NaCl compared with their reference samples exposed to deionized water. a) and b) show the XRD patterns of these
samples between 8 and 13 °28, c¢) and d) show the DTG curves of these samples from 40-900 °C.
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Figure A4: Phase assemblage of the samples containing limestone cured at 38 °C or 60 °C that were exposed to 2 mol/L
CaClz compared with their reference samples exposed to deionized water. a) and b) show the XRD patterns of these
samples between 8 and 13 °26, c¢) and d) show the DTG curves of these samples from 40-900 °C.
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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(COs), + Ca(OH), — 2CaCO;3 + Mg(OH), (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



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 m*/kg was achieved. The dolomite was
used as received (Blaine surface: 340 m?/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 ALOs3;  Fe:03  CaO  MgO K:0O Nax:O SOs 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 3152 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-
Brentano 0 — 0 geometry and Cu-Ko radiation (approx. 1.54 A).

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 pm) 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



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 (Mgs+xAl(CO3)y(OH)16:4(H20)) [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.

Figure 1 — BSE iage and elemental maps of Mg, Al, O, Ca and Si f 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 um.
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Figure 2 — Mg/Si over Al/Si ratio of the Figure 3 — XRD plots of the samples cured at
reaction rim in the samples cured at 60 °C or 60 °C or 38 °C for 360 days. (* indicates a
38 °C. 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 °20. The main reflections of ettringite (Et) (9.1 ©°20), hydrotalcite (Ht) (11.4 °26),
monocarbonate (Mc) (11.7 °20), portlandite (CH) (18.1 °20) and brucite (Br) (18.6 °20) 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 CO> to the system, which



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),+Ca(OH)2+[AI(OH)s ] —Mgsr AL(CO3),(OH)16-4(H20) + CaCOs+ COs> (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.
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Bedre egenskaper med
dolomitt i sement

Komposittsementer kan ha tilsvarende eller til og med bedre egenskaper enn ren Portland sement. Pd grunn av
den pkende ettersporselen 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 okt bestandighet til betong.

Alisa Machner, Mette R. Geiker
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Bruk av dolomitt som et alternativ
til kalkstein som substituttmateria-
le til Portland klinker, gir sement-
industrien bedre mulighet til & ut-
nytte lokale réstoffer. Dette vil ofte
medfere lavere kostnader og lave-
re CO2 utslipp pga. redusert trans-
port. Ogsd bruk av kalsinert leire
kan veere interessant for sementin-
dustrien i framtiden for & 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 dérligere.

Dolomitt og kalsinert leire som
supplerende sementmaterialer

| DOLCEM-prosjektet har vi foku-
sert pd komposittsementer som
inneholder bade 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 felge 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 p& dolomitt som et alter-
nativ til konvensjonelt anvendt kalk-
stein for komposittsementer med
kalsinert leire.

Effekt av dolomitt pd sement-
reaksjonen

Vi har vist at det er mulig & erstatte
tilsvarende mengde komposittse-
ment med enten dolomitt eller
kalkstein uten & redusere trykkfast-

heten. Ved bruk av dolomitt eller
kalsinert leire dannes det andre
typer hydratasjonsfaser enn i ren
Portland sement. Karbonatene fra
dolomitt reagerer pd lignende méte
som karbonatene fra kalkstein, og
stabiliserer ettringitt ved dannelse
av karbonat-AFm-fasene. De ekstra
magnesiumionene som introduse-
res med dolomitt i systemet, fo-
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 & fd do-
lomitt til & reagere, ber man bru-
ke begrensede mengder kalsinert
leire. Dette fordi kalsinert leire vil
vinne kampen om Portlanditt som

N

Lav CO2 utslippsement produseres ve

N I
d & bruke lokale substituttmaterialer som dolomitt og kalsinerte leire.
Foto: Norcem

bade dolomitt og kalsinert leire
trenger for & kunne reagere.

Okt bestandighet av sementen
Hydrotalkitt, hovedhydratasjonsfa-
sen til dolomitt, viser seg & veere
veldig stabil i aggressive miljger
som karbonatisering, utluting eller
kloridholdige lesninger. Hydrotalkitt
viser seg & kunne binde klorider.
Hoyere kloridbinding av betongen
resulterer i en mindre andel frie klo-
rider, og dermed forsinket kloridinn-
trenging og utsatt armeringskorro-
sjon. Dolomitt i komposittsement
kan altsd vaere en fordel for betong
som skal vaere i kontakt med sje-
vann eller tinesalter.

Forskningen innenfor DOLCEM-prosjektet er utfert av Alisa Machner. Hun job-
ber som ncerings-PhD ved NTNU, og er ansatt ved Norcem. Pd grunn av det
tette sumarbeidet med eksperter fra HeidelbergCement Technology Center

i Tyskland, vil resultatene fra prosjektet pdvirke sementproduksjonen ogsa
utenfor Norges grenser. Foto: Giedrius Zirgulis.
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