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A B S T R A C T   

This article focuses on the study of the self-reactivity of a 800 ◦C calcined palygorskite-bearing marlstone which 
is a complex multi-phase system (including CaO and MgO) whose reactivity in water must be studied before 
being used as Supplementary Cementitious Material (SCM). The sample was hydrated (w/s = 0.8) for 7, 14, 28 
and 180 days and then investigated using X-ray diffraction (XRD), Solid State Nuclear Magnetic Resonance (MAS 
NMR), and Scanning Electron Microscope (SEM). Crossing the results of XRD and MAS NMR analyses (in 
particular the phase quantification by spectral integration of 29Si MAS NMR spectra) have revealed the reactivity 
of the calcined clay phases with the portlandite which leads to the formation of C-(A)-S-H. It also highlighted the 
reactivity of C2S (neoformed during calcination) within 7 days of hydration. Hydration of this sample showed 
high self-reactivity (mostly pozzolanic) making it a promising sample for use as SCM.   

1. Introduction 

The cement demand has been increasing over the past few decades 
(Amran et al., 2020), mainly as a result of the population and economic 
growth (Mikulčić et al., 2016). Countries and especially developing 
countries are rapidly building up industrial and transport infrastructures 
to cope with their economic development. It is estimated that the cement 
industry is responsible for 5 to 8% of the total anthropogenic CO2 
emissions (Huntzinger and Eatmon, 2009) and 95% of this CO2 is 
emitted during the manufacturing process (Cancio Díaz et al., 2017). In 
recent years, environmental legislation has become more drastic in 
order to reduce the amount of CO2 emission of cement production, and 
the cement industries have turned to research and development of new 
innovations that can reduce the environmental footprint of cement. 

The use of Supplementary Cementitious Materials (SCMs) as a sub-
stitute for clinker is one of the emerging technology that could signifi-
cantly reduce the environmental footprint of cement manufacturing. 
Among the widely used SCMs there are industrial wastes which have 
hydraulic properties, and in the presence of water react to form hydrates 
responsible for setting and hardening (e.g. blast furnace slag (Behim 
et al., 2002; Yazıcı et al., 2010) and fly ash (Yao et al., 2015; Hu et al., 

2019)). However, blast furnace slag resources are not abundant enough 
to be used on a sustainable basis and the energetic transition rightly 
limits the availability of fly ash resources from coal combustion (Scriv-
ener et al., 2018). 

For several years now, the use of calcined clays as SCMs has been 
increasing. Indeed, the reserves of clays with potential for calcination 
are considerable and globally homogeneously distributed (Scrivener 
et al., 2018), making it a first choice resource for use as a SCM. 
Numerous studies have been carried out in recent years on the reactivity 
of different types of calcined clays in cementitious system and meta-
kaolin resulting from the calcination of kaolin appeared the most 
promising (Alujas et al., 2015; Almenares et al., 2017; El-Diadamony 
et al., 2018; Zhao and Khoshnazar, 2020), whereas the calcined smec-
tites (Brown et al., 1987; Garg and Skibsted, 2014; Kaminskas et al., 
2020) and illites (Fernandez et al., 2011; Taylor-Lange et al., 2014; Garg 
and Skibsted, 2016) show much less encouraging results. However, it is 
important to remember that clays are not limited to the kaolinite, 
smectite and illite families. Many mining wastes contain clay phases, 
particularly unconventional clays whose use as SCM has never been 
studied. 

The present study takes place in a project targeting the valorization 
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of secondary resources (mining waste) as SCM. The thermal reactivity of 
the sample has already been studied and a temperature of 800 ◦C has 
been determined as an optimum (Poussardin et al., 2020). Upon calci-
nation, the initial composition of this natural sample leads to the for-
mation of reactive phases such as calcined clays, lime, periclase and C2S. 
This composition is therefore very different from that of the classical 
SCMs currently in use. The presence of lime and periclase can be prob-
lematic factor for the use of this sample as SCM and should be consid-
ered. It is a very complex system whose reactivity cannot be directly 
studied in a cementitious system as usual. 

This paper focuses on the reactivity of a mining waste from a phos-
phate mine initially composed of 17% of palygorskite and 16% of 
smectite (Poussardin et al., 2020). The particularity of this material is 
that it contains palygorskite - a particular TOT clay whose pozzolanic 
reactivity after calcination has not yet been studied – as well as reactive 
free lime and C2S neoformed (Poussardin et al., 2020). 

The first step is to study its self-reactivity in presence of water in 
order to understand the contribution of each phases composing it, their 
evolution and the possible presence of synergies. In order to be able to 
accurately characterize the self-reactivity of this sample, different 
characterization techniques have been used, such as X-ray Diffraction, 
Nuclear Magnetic Resonance and Scanning Electron Microscopy. 

2. Materials and experimental methods 

2.1. Materials 

The material used is a natural marlstone considered as waste by the 
mining industry which is looking for new ways of recovery. Table 1 
shows the chemical analysis of the raw sample carried out by X-Ray 
Fluorescence (XRF), the proportions are given in oxides (expressed in 
weight %). 

The physicochemical properties and the optimal calcination of this 
material have been investigated in a previous article (Poussardin et al., 
2020). 

The raw material is composed of a mixture of dolomite (54 wt%), 
palygorskite (17 wt%), Ca-smectite (16 wt%), quartz (8 wt%), hydrox-
ylapatite (3 wt%), and biotite (2 wt%). A calcination temperature of 
800 ◦C has been selected to allow an important dehydroxylation of the 
clay phases while avoiding recrystallization phenomena. During the 
calcination process, different reactive phases were formed, such as: lime 
(19 wt%), periclase (17 wt%) and C2S (4 wt%)”. 

2.2. Materials hydration 

The raw natural sample has a high proportion of dolomite (CaMg 
(CO3)2) which, during calcination, led to the formation of lime (CaO). 
Therefore this sample is not suitable for the classical pozzolanic activity 
tests such as the R3 screening (Avet et al., 2016), Frattini test or satu-
rated lime test (Tironi et al., 2013) since they all assume that the test 
sample does not contain free calcium. It was therefore decided to 
characterize the reactivity of the sample by a different approach: the 
reaction of the sample in water. During the hydration of this calcined 
material, the lime is hydrated into portlandite which becomes available 
to react pozzolanically with the calcined clay phases (palygorskite, 
smectite and biotite). In addition, hydration allows testing whether the 
C2S neoformed during calcination is reactive. 

One gram of marlstone calcined at 800 ◦C was manually mixed with 
water according to the selected water-to-solid ratios (w/s = 0.8, 1, 2 and 
4) until a homogeneous paste was obtained. The vials where then closed 

and left to react during 7, 14, 28 and 180 days at room temperature in 
sealed conditions (without atmosphere control). At the end of each 
curing time the samples were freeze-dried for 48 h in order to stop hy-
dration. Within 2 days, the dry samples were crushed and analyzed by 
XRD, MAS NMR, and SEM. Since the results are similar across all w/s 
ratios tested with respect to all ages, only the results for w/s = 0.8 are 
presented in this article. 

2.3. Phases analyses 

2.3.1. X-ray diffraction 
The diffractograms were acquired on a Bruker D8 diffractometer 

based on a Bragg-Brentano geometry. The X-ray source consists of a 
copper anode tube (40 kV/40 mA) that emits Cu Kα radiation. The X-ray 
diffractograms of disoriented powdered sample were acquired between 
5◦ and 60◦ 2θ with a step size of 0.017◦ 2θ and a measurement time of 1 s 
per step. The identification of XRD peaks was done with the PROFEX 
software database (BGMN PROGRAM) (Doebelin and Kleeberg, 2015). 

2.3.2. Nuclear magnetic resonance 
The 27Al MAS NMR spectra were acquired on a Bruker Avance III 

500 MHz spectrometer using a 2.5 mm MAS probe. The excitation pulse 
length used was π/13 for a radio frequency field of 11 kHz. The repe-
tition time was 1 s and the MAS frequency was 30 kHz. 

The 29Si MAS NMR spectra were acquired on a Bruker NEO 300 MHz 
spectrometer using a 7 mm MAS probe. A π/2 excitation pulse length 
was used, and the MAS frequency was 5 kHz. After several tests of 
different repetition times the choice was made to use a time of 10s in 
order to ensure quantitative results except for quartz. However, it has no 
consequences as quartz is non-reactive. 

1H decoupling was performed during all the acquisitions. 27Al 
spectra were referenced against an aqueous solution of Al(NO3)3 and 
29Si spectra against TMS (Tetramethylsilane). The spectral de-
compositions have been done using the dmfit software (Massiot et al., 
2002). 

2.3.3. Scanning electron microscope 
The morphological changes during the hydration were examined by 

scanning electron microscopy (SEM). The analysis was carried out using 
a Hitachi SU5000 microscope. The samples were subjected to a platine 
coating before SEM observations. 

3. Results and discussion 

3.1. X-ray diffraction analysis 

Fig. 1 displays the evolution of the diffractograms of the marlstone 
(labelled AC) calcined at 800 ◦C (AC-800) and hydrated during 7 days 
(AC-800-7d), 14 days (AC-800-14d), 28 days (AC-800-28d), and 180 
days (AC-800-180d). 

The XRD pattern of the sample calcined at 800 ◦C (AC-800) displays 
different peaks. The peaks associated with dehydrated smectite (Sm 
dehy) and biotite (Bio) are still detectable. In contrast, the peaks of 
palygorskite are no longer observable after the 800 ◦C thermal treatment 
(Poussardin et al., 2020). There are also peaks from quartz (Qz), lime 
(Li), periclase (Pe), hydroxylapatite (Hy) and C2S. 

Above 7 days of hydration (AC-800-7d) there is a significant decrease 
in the intensity of the peaks associated with lime and periclase. This 
decrease is correlated with the appearance of new peaks corresponding 
to portlandite (Po), hydrotalcite (Ht), brucite (Br) and calcite (C). The 

Table 1 
Chemical analysis of the raw material.  

Oxide FeO CaO SiO2 Al2O3 K2O TiO2 Na2O V2O5 P2O5 MgO LOI (1000 ◦C) 
wt% 1.99 19.83 33.3 8.94 1.24 0.34 0.32 0.16 1.49 9.91 35.0  

V. Poussardin et al.                                                                                                                                                                                                                             
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formation of portlandite comes from the hydration of lime. The 
remaining signal of periclase in the hydrated sample could be explained 
by pockets of anhydrous periclase locked in a dense matrix of hydrates 
preventing water movement. The formation of calcite is due to the 
partial carbonation of the lime/portlandite (Van Balen and Van Gemert, 
1994). The magnesium from periclase is incorporated into two new 
phases, brucite and hydrotalcite. However, the low intensity of the 
characteristic hydrotalcite peaks may suggests that most of the magne-
sium has been incorporated into brucite. 27Al MAS NMR analysis will 
allow to characterize more precisely hydrotalcite formation during 
hydration. 

The weak signals associated with the remaining clay phases (Sm 
dehy + bio) and C2S remains present up to 180 days, demonstrating 
their non-reactivity. 

As the hydration time is increasing, the main change observed is the 
decrease in the intensity of the peaks associated with portlandite until 
they are no longer detectable after 180 days of hydration. The remaining 
signal associated with periclase does not evolve. On the other hand, the 
intensity of the peak associated with calcite is increasing. The dif-
fractogram evolution as a function of the hydration time allowed to 
highlight a decrease in the intensity of the peaks associated with por-
tlandite, which reflects a portlandite consumption. However, it is diffi-
cult to attribute this consumption to the pozzolanic reaction because C- 
S-H cannot be characterized by XRD, it was therefore decided to use 
solid state NMR to characterize them. 

3.2. 29Si and 27Al MAS NMR analysis 

Fig. 2 displays the evolution of the 29Si MAS NMR spectra of the 
calcined marlstone hydrated for 7, 14, 28 and 180 days. 

The AC-800 spectrum exhibits a resonance at − 71 ppm which can be 
associated with monomeric Q0 of C2S (Skibsted et al., 1995) and a 
resonance at − 108 ppm (Q4) characteristic of quartz (Lippmaa et al., 
1980). The broad signal of silicon in Q3 configuration is composed of 
broad resonances of silicon in Q3 configurations reflecting a distribution 
of their local environments and is characteristic of calcined palygorskite, 
and not fully calcined smectite and biotite (Poussardin et al., 2020). As it 
is not possible to distinguish the respective contributions of calcined 
palygorskite and incompletely calcined smectite and biotite in this 
signal, the term “calcined clay phases” has been used to designate them 

hereafter. 
After 7 days of hydration, the intensities of the broad resonances 

associated with the Q3 of the calcined clays decrease. The consumption 
of the calcined clay phases is correlated with the appearance of two new 
resonances at − 78 and − 85 ppm which correspond to silicon in Q1 and 
Q2 configuration, respectively (Magi et al., 1984). Silicon in Q1 config-
uration can be associated with pairs of linked silicate tetrahedral (di-
mers) or with terminal silicate tetrahedral groups of C-S-H. Silicon in Q2 

configuration can be associated with silicate tetrahedral groups in-
termediates (Q2-P) and/or bridging (Q2-B) of C-S-H (Andersen et al., 
2004). 

The C2S resonance at − 71 ppm decreases considerably and leaves a 
resonance at − 73 ppm which can either be associated with Q0 of non- 
reactive C2S or Q1 of akermanite/gehlenite phase. The weak but non 
zero XRD signal of C2S is remaining with increasing hydration time (see 
Fig. 1), this observation supports the hypothesis that the resonance at 
− 71 ppm can be associated with Q0 of non-reactive C2S. On the other 
hand, the study of calcination has demonstrated recrystallization phe-
nomena in the form of akermanite from 900 ◦C. This signal at − 71 ppm, 
or a part of it, can therefore be associated with low-crystalline aker-
manite which is not yet observable by XRD at 800 ◦C. Finally, numerous 
studies have also demonstrated the formation of gehlenite during 
calcination of a marlstone (Shoval, 1988; Hughes et al., 2009; Verga-
nelaki et al., n.d.), this − 71 ppm signal could therefore also be associ-
ated with gehlenite. 

At 14 days the consumption of the calcined clay phases progresses 
while the intensities of the Q1 and Q2 resonances characteristics of C-S-H 
are increasing. There is appearance of a new resonance at − 81 ppm 
corresponding to Q2(1Al) (Andersen et al., 2003) configuration in C-(A)- 
S-H (Gao et al., 2017). The apparition of Q2(1Al) shows the incorpora-
tion of aluminium into the C-(A)-S-H structure. 

The trend goes on with the hydration time until 180 days. The 
remaining resonance centered at − 89 ppm corresponds to remaining 
calcined clay phases that did not react. The consumption of the calcined 
clay phases associated with the formation of C-(A)-S-H confirms the 
intrinsic pozzolanic reactivity of this calcined marlstone. It is important 
to note that the neoformed brucite could have reacted with SiO2 to form 
M-S-H. However, the 29Si MAS NMR signature of M-S-H is clearly 
different from the one observed which is characteristic of C-S-H (Ber-
nard et al., 2017). 

Fig. 3 gives the evolution of the relative proportions (from the 

Fig. 1. Evolution of the diffractogram of the marlstone calcined at 800 ◦C and 
hydrated for 7, 14, 28 and 180 days, Sm = smectite; Bio = biotite; Ht =
hydrotalcite; Po = portlandite; C = calcite; Qz = quartz; Hy = hydroxylapatite; 
Br = brucite; Li = lime; Pe = periclase; C2S = dicalcium silicate. 

Fig. 2. Evolution of 29Si MAS NMR spectra of the calcined marlstone as func-
tion of the hydration time. 

V. Poussardin et al.                                                                                                                                                                                                                             
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perspective of silicon content) of Qn associated with C-(A)-S-H and Q3 

associated with calcined clay phases as function of the hydration time. 
This quantification was done by spectral integration of the 29Si NMR 
spectra (details in supporting information). As the signal of Q4 associ-
ated with quartz is not quantitative and the relative proportion of Q0/Q1 

associated with C2S and/or akermanite/gehlenite is constant with the 
increase in hydration time it was decided to display the relative evolu-
tion between Q3 associated with calcined clay phases and Qn associated 
with C-(A)-S-H only. 

Between 7 and 180 days the relative proportion of silicon in Q3 

configuration associated with the calcined clay phases decreases from 
58% to 30%. In parallel, the relative proportion of silicon associated 
with the C-(A)-S-H (Q1 + Q2(1Al) + Q2) increases from 30% to 58%. 

The mean chain length (MCL) of aluminosilicate chains, the mean 
chain length of pure silicate units (MCLSi) and the Al/Si ratio of the 
formed C-(A)-S-H can be calculated from 29Si MAS NMR spectral 
deconvolutions by using the substituted general model (SGM) of 
Richardson and Groves (Richardson and Groves, 1993): 

MCL =

2
[

Q1 + Q2 +

(
3
2

)

Q2 (1Al)
]

Q1  

MCLSi =
2
[
Q1 + Q2 + Q2 (1Al)

]

Q1 + Q2 (1Al)

(
Al
Si

)

=

(
1
2

)

Q2(1Al)

Q1 + Q2 + Q2(1Al)

Table 2 displays the evolution of these 3 values as function of the 
hydration time. 

The MCL, MCLSi and Al/Si values are increasing with the hydration 

time between 7 and 14 days of hydration. After 14 days, the MCLSi value 
does not evolve anymore. However, the MCL and Al/Si value still in-
crease. This shows that the chains are lengthening by connecting silicate 
chains through AlO4 units. Finally, the C-(A)-S-H structure remains 
stable after 28 days of hydration. It was not possible to find literature 
dealing with Al/Si, MCL and MCLSi values in hydrated Metakaolin / CaO 
systems to undertake a comparative study. However, the Al/Si, MCL and 
MCLSi values obtained are similar to those for C-(A)-S-H phases formed 
in hydrated white Portland cement-Metakaolin blends (Dai et al., 2014). 
This demonstrates that the C-(A)-S-H formed in this system are similar to 
those of Metakaolin-based blended cements. Knowing that Metakaolin 
blended cements are the most promising in terms of mechanical per-
formance, this observation bodes well for the future use of this calcined 
marlstone as SCM. 

It is important to note that the − 89 ppm signal previously associated 
with remaining Q3 of the calcined clay phases (Fig. 2) could also be 
associated with silicon in Q3(1Al) configuration related to cross-linking 
within the C-(A)-S-H structure (Gao et al., 2017). In this case, another 
model can be used to calculate MCL and Al/Si: a full cross-linked 
tobermorite model (Myers et al., 2013). Using this model, higher 
values were obtained for MCL and Al/Si (see supporting information). 
However, the evolution over the hydration time is similar to the one 
obtained from the SGM model. That clearly confirms that the C-(A)-S-H 
structure does not strongly depend on the hydration time. 

Fig. 4 displays the evolution of the 27Al MAS NMR spectra of the 
800 ◦C calcined argillaceous carbonate hydrated for 7, 14, 28 and 180 
days. 

It was previously shown (Poussardin et al., 2020) that the AC-800 
27Al MAS NMR spectrum is composed of 5 lines at 3.8, 6.5, 35, 61 and 
69 ppm. The two former lines are associated with 6-fold aluminium 
whereas the 35 ppm line is associated with 5-fold aluminium. Finally, 
the 4-fold aluminium resonances at 61 and 69 ppm was attributed q4 to 
q3, respectively. 4-fold aluminium in q4 configuration and 5-fold 
aluminium are associated with the calcined clay phases. On the other 
hand, 4-fold aluminium in q3 configuration is close to what can be found 
in the gehlenite structure (Florian et al., 2012), which supports the 
hypothetical attribution of a part of the 29Si NMR signal at − 73 ppm to 
gehlenite-like Q1 configuration. 

After 7 days of hydration, an intense and narrow resonance appears 
at 10 ppm, which can be associated with aluminium found within the 
hydrotalcite previously detected by XRD (Prikhod'ko et al., 2001). The 
detection of this characteristic hydrotalcite NMR signal confirms the 
hypothesis that part of the magnesium from periclase is incorporated 

Fig. 3. Relative proportions of silicon-containing phases (from the perspective of silicon content) as function of the hydration time obtained from 29Si NMR spectra.  

Table 2 
MCL, MCLSi and Al/Si values as function of the hydration time calculated by 
using SGM.  

Non-cross-linked C-(A)-S-H structure: substituted general model (SGM) 

Hydration time (days) MCL MCLSi Al/Si 

7 3,69 2,72 0,076 
14 4,37 2,90 0,094 
28 4,91 2,99 0,108 
180 4,86 2,97 0,109  

V. Poussardin et al.                                                                                                                                                                                                                             
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directly into hydrotalcite in addition to brucite. This phenomenon has 
already been observed, notably during the hydration of alkali-activated 
blast-furnace slag (Haha et al., 2011; Cherki El Idrissi et al., 2018). 
Monocarboaluminates also resonate at 10 ppm in 27Al MAS NMR, and 
their diffraction peaks at 11.6◦ 2θ and 23,5◦ 2θ overlap with those of 
hydrotalcite (Fig. 1) (Ipavec et al., 2011). Therefore, the possibility of 
formation of monocarboaluminate in addition to hydrotalcite cannot be 
excluded. 

At 14 days of hydration there is appearance of a shoulder at 72 ppm 
which can be associated with 4-fold aluminium in q2 configuration 
(Pardal et al., 2012) characteristic of aluminium incorporated into C- 
(A)-S-H chains, confirming the 29Si NMR results. The shoulder at 5 ppm 
suggests the presence of the third aluminate hydrate (TAH) formed at 
the surface of the C-(A)-S-H (Andersen et al., 2006) and/or can be 
explained by 6-fold aluminium within the structure of C-(A)-S-H (Kunhi 
Mohamed et al., 2020). 

With the increase in hydration time there is a decrease in the in-
tensity of the resonances previously associated with q4 Al(IV) and Al(V) 
thus reflecting the consumption of the calcined clay phases with time. 
On the other hand, the intensity of the resonance associated with q3 Al 
(IV) is not decreasing, suggesting that gehlenite potentially neoformed 
during calcination is not reactive. After 180 days it remains signal of q4 
Al(IV) and Al(V) which correspond to the unreacted calcined clay phases 
whose Q3 are still observable in 29Si NMR (Fig. 2), due to the lack or 
portlandite. 

3.3. Scanning electron microscope analysis 

Fig. 5 displays the SEM images of powder of the marlstone calcined 
at 800 ◦C (Fig. 5A) and hydrated during 28 days (Fig. 5B, and C). 

On the Fig. 5A it can be distinguished a covering which consists of 
needles and a veil that covers the entire surface of the sample. These 
types of morphology are respectively typical of calcined palygorskite 
and smectite (Boudriche et al., 2011). Even calcined, palygorskite and 
smectite morphology is conserved (Poussardin et al., 2020). After 28- 
day hydration, there is the apparition of a new coating (Fig. 5B and C) 
which is mainly composed of flocs. This morphology is characteristic of 
flocs-like C-(A)-S-H phases (Cizer et al., n.d.). This new C-(A)-S-H phase 
is covering/replacing the calcined clay phases supporting previous re-
sults suggesting C-(A)-S-H formation from pozzolanic reaction. It seems 
that reaction takes place at the interface between the calcined clay 
phases and the portlandite. 

3.4. Potential use as supplementary cementitious material 

As explained in the abstract, the objective of this study is not to 
obtain mechanical performance on cements incorporating the calcined 
material. The composition of this kind of material (marlstone) clearly 
differs from the classical SCMs currently in use. Consequently, it requires 
the use of an intermediate investigation step (self-reactivity under hy-
dration) before mixing it with cement. The aim is to understand the 
evolution of the reactive phases (lime and periclase) neoformed during 
calcination and to characterize the pozzolanic reactivity of the calcined 
clay phases (palygorskite, smectite and biotite). 

ASTM C618 standard states that a calcined clay is suitable for use as 
SCM if the sum of SiO2, Al2O3 and Fe2O3 composing it is greater than or 
equal to 70% of the total oxide content. The 800 ◦C calcined marlstone 
studied in this article has a CaO content of 19.5% and a MgO content of 
17% (Poussardin et al., 2020), therefore the sum SiO2, Al2O3 and Fe2O3 
composing it is lower than 70% of its total oxide content and it does not 
meet the recommendations given by this standard. 

The problem of MgO comes from its hydration into Mg(OH)2 which 
leads to a potential swelling phenomenon. As the formation of Mg(OH)2 
has slow kinetics compared to the hydration of the anhydrous phases of 
the clinker, a post-hardening swelling can occur and lead to the for-
mation of cracks and therefore loss of resistance (Cherney and Hooton, 
1987). XRD results reveal Mg(OH)2 formation during hydration. On the 
other hand, XRD and 27Al MAS NMR showed the formation of hydro-
talcite after 7d of hydration. It thus appears that magnesium from MgO 
is found incorporated into both brucite and hydrotalcite and there is no 
swelling phenomenon related to the formation of hydrotalcite in the 
existing literature. 

Free lime (CaO) content in cement has to be controlled in order to 
avoid undesirable effects such as reduced strength, expansion phe-
nomenon or increased setting time. XRD results showed that the ma-
jority of the free lime is hydrated into portlandite from 7 days of 
hydration (the remaining lime being trapped in dense matrices of por-
tlandite and C-(A)-S-H). The neoformed portlandite is then consumed by 
the pozzolanic reaction of the calcined clay phases until 180 days of 
hydration. The presence of free lime does not seem to be problematic in 
this particular hydrated system. However, its kinetics of hydration and 
consumption from the pozzolanic reaction can be affected by the 
cementitious medium when using this calcined material as SCM. 

4. Conclusion 

This step of study of the hydration of this calcined palygorskite- 
bearing marlstone highlighted its self-reactivity. The reaction of the 
calcined clay phases and portlandite (from the hydrated decarbonated 
dolomite) lead to the formation of C-(A)-S-H, demonstrating the 
pozzolanic reactivity of this sample. C2S neoformed during calcination 
reacts during the first 7 days of hydration. The self-reactivity of this 

Fig. 4. Evolution of 27Al MAS NMR spectra of the calcined marlstone as 
function of the hydration time. 
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calcined palygorkiste-bearing marlstone is therefore mainly due to its 
pozzolanic reactivity. The synergy of the phases that compose this 
sample leads to the consumption of the neoformed portlandite and the 
incorporation of magnesium from periclase into hydrotalcite and bru-
cite. Now that the reactivity of this calcined material, as well as the 
evolution of the reactive phases of which it is composed, has been 
described, the next step will consist of a study of the mechanical and 
volumetric properties of cementitious blends incorporating this calcined 
material. 
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