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A B S T R A C T

Clay minerals with a 2:1 structure typically exhibit limited pozzolanic activity after calcination, which constrains 
their use as supplementary cementitious materials. Mechanical activation has emerged as a promising approach 
to enhance the reactivity of clays, potentially improving the performance of cement containing mixed clays rich 
in 2:1 clay minerals. This research assesses the properties of ternary blended cement produced with mechanically 
activated muscovite-rich mixed clay (LMC2-MM) in comparison to limestone calcined clay cement containing 
either calcined muscovite-rich mixed clay (LC3-CM) or metakaolin (LC3-MK). Results from pozzolanic activity 
tests (R3 and modified Chapelle) revealed a significant improvement in the reactivity of muscovite-rich mixed 
clay via mechanical activation (MM) compared to thermal activation (CM). LMC2-MM exhibited similar structure 
and properties to conventional LC3-MK, and the enhanced reactivity of MM over CM led to improved properties 
for LMC2-MM compared to LC3-CM. The hydration of LMC2-MM was superior to that of LC3-CM, achieving 
significantly refined porosity at both 3 and 28 days. This study presents a novel approach to ternary blended 
cement by incorporating mechanically activated mixed clay. It demonstrates that mechanical activation en
hances the properties of blended cement, particularly at early ages when using muscovite-rich clays, achieving 
compressive strength comparable to conventional LC3 with metakaolin. The mechanical activation of muscovite- 
rich mixed clay presents a promising strategy for using local clay resources in regions where kaolinite-rich clay is 
scarce.

1. Introduction

The partial replacement of clinker in ordinary Portland cement (PC) 
with supplementary cementitious materials (SCMs) is one of the most 
promising routes for pursuing a more sustainable construction industry 
[1]. In this context, limestone calcined clay cement (LC3) technology has 
emerged as a suitable alternative to PC and is rapidly growing and being 
implemented globally [2]. LC3 is a ternary blended cement containing 
two SCMs, calcined clay and limestone, which entails a substantial 
reduction in the clinker factor, typically to 50 wt% of clinker (LC3-50), 
while using worldwide available SCMs that can meet the cement 
industry’s demand [3]. This significant substitution rate in LC3 is mainly 
achieved because of the synergistic effect between calcined clay and 
limestone, which react to form carboaluminate phases, reducing the 
porosity of the material and increasing its strength [4]. LC3-50 can 
potentially reduce CO2 emissions by up to 40 % compared to PC [5]. 
Several studies have demonstrated the advantages of using LC3 over PC. 

In this sense, LC3 is more sustainable, cost-effective, and 
energy-effective from an environmental perspective and exhibits good 
mechanical properties and durability comparable to those of PC from a 
performance point of view [6,7]. These benefits, coupled with the 
widespread availability of SCMs, make LC3 a promising alternative to 
PC.

The LC3 technology is constantly improving and there is scope for 
further advancement, for instance, evaluating the substitution of con
ventional kaolinitic clays by less reactive clays. The kaolinite content in 
the clay is a critical parameter of calcined clay for its use as an SCM. In 
this sense, clays containing 40 % kaolinite (typically between 40 % and 
60 % by weight) are considered optimal for producing LC3, although 
low-grade kaolinitic clays have also shown potential [8,9]. Calcination 
of kaolin induces dehydroxylation of kaolinite, resulting in metakaolin 
(MK), which is mainly formed by an amorphous and highly reactive 
phase known as metakaolinite. MK is a calcined clay with the highest 
pozzolanic activity, whereas other calcined clays, particularly those rich 
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in 2:1 clay minerals, typically exhibit limited reactivity [10]. Therefore, 
mixed clays containing significant amounts of 2:1 clay minerals display 
inferior performance than kaolinite-rich clays as SCMs.

The limited reactivity of 2:1 clay minerals should be addressed 
because they are predominant in some regions, such as arid and high- 
latitude regions (illite/mica-rich clays), eastern Australia, central 
India, and east-central Africa (smectite-rich clays) [11]. Calcined 2:1 
clay minerals are typically much less reactive than 1:1 clay minerals 
because of their crystalline structure. In mica clay minerals, dehydrox
ylation does not induce the amorphisation of the structure, and the 
octahedral Al remains trapped between the Si tetrahedra sheets. 
Furthermore, 2:1 clay minerals generally require a higher calcination 
temperature to achieve dehydroxylation [12]. Calcined smectitic clays 
exhibit some degree of reactivity, whereas calcined illitic/muscovitic 
clays are commonly much less reactive [13]. Therefore, despite their 
greater abundance than kaolinitic clays in several regions, the limited 
activity in cement of clays rich in 2:1 clay minerals is a major drawback 
for countries with a high availability of them.

In this regard, mechanical activation has emerged as an effective 
method for enhancing the reactivity and pozzolanic activity of clays. The 
mechanical stresses generated during the highly energetic milling pro
cess disrupt the layered structure of the clay minerals and break 
chemical bonds [14]. Crystalline structure amorphisation coupled with 
a reduction in particle size improves the reactivity of clays without 
inducing dehydroxylation [15]. Given the limited reactivity of dehy
droxylated 2:1 clay minerals, mechanical activation has emerged as a 
promising alternative for enhancing the use of mixed clays rich in 2:1 
clay minerals, particularly in regions where the availability of 
kaolinite-rich clays is limited [16]. Furthermore, mechanical activation 
likely offers a more environmentally friendly approach since industrial 
milling requires electric power instead of fossil fuels used in thermal 
activation (calcination) [17], reducing greenhouse gas emissions and 
pollution associated with energy-intensive combustion processes [18]. 
Moreover, using renewable energy sources for electric power production 
would further enhance the sustainability of clay activation processes.

This work aims to assess the effects of incorporating mechanically 
activated muscovite-rich mixed clay compared to calcined muscovite- 
rich mixed clay on the properties of LC3 to evaluate the possibility of 
using 2:1 clays in ternary blended cement. The novelty mainly lies in the 
evaluation of mechanically activated alternative clays as SCMs to 
expand the LC3 technology in regions where kaolinitic-rich clays are not 
available. To this end, the pozzolanic activity of raw and activated 
muscovite-rich mixed clays was first analysed and compared with that of 
metakaolin. Subsequently, ternary blended cement incorporating 
calcined and mechanically activated muscovite-rich mixed clay was 
formulated and compared with conventional LC3 containing meta
kaolin. A comprehensive analysis was conducted to assess the effects of 
distinct activated clay on the properties and performance of the cement: 
the hydration and physicochemical properties of the cements were 
monitored, the microstructure was assessed using microscopy and 
porosimetry, and the compressive strength was evaluated.

2. Materials and methods

2.1. Clay activation and characterisation

2.1.1. Raw clays
A mixed muscovite-rich clay (RM), and a kaolin (RK) were used for 

ternary blended formulation such as novel and reference SCMs, 
respectively. Both clays are commercially available and were provided 
by the company Minerals i Derivats, S.A. (Spain) and activated without 
prior treatment. Their chemical composition was obtained through X- 
ray fluorescence (XRF) in an Axios device (Malvern Panalytical) on a 
fused bead prepared at 1100 ◦C. The mineralogical composition was 
determined through X-ray powder diffraction (XRD) in a Bragg- 
Brentano X’Pert PRO MPD alpha1 diffractometer (Malvern 

Panalytical) operated with a focalising Ge monochromator and five 
scans from 4 to 100 ◦2θ with a step size of 0.026 ◦ and a measuring time 
of 24 min per scan. A semiquantification of the mineral phases was 
performed through Rietveld refinement with the software TOPAS. 
Furthermore, the amorphous content (Wamorphous) was estimated based 
on the degree of crystallinity method (DOC), which is obtained by 
measuring the area of the amorphous background and the area of the 
peaks corresponding to the crystalline phases, according to Eq. 1 and Eq. 
2 [19]. 

DOC =
Crystalline Area

Crystalline Area + Amorphous Area
⋅100 (1) 

Wamorphous = 100 − DOC (2) 

The amorphous area was measured by fitting the amorphous back
ground with two broad peaks using the fundamental parameter 
approach peak phase function in TOPAS, which eliminates the contri
bution of the instrument. In the 1:1 clay, the amorphous background 
appeared narrower, while in the 2:1 clay, broader and more asymmetric 
humps were observed. These differences, which are related to the initial 
clay structure and composition, were treated accordingly during fitting. 
This method has an estimated error of less than 2 wt% of amorphous 
content and is especially useful for samples containing several or un
known amorphous phases [20].

The chemical composition and the mineral phases are compiled in 
Table 1. RM could be considered a muscovite-rich mixed clay since 
presented muscovite as the main crystalline phase (~57 %) and signif
icant percentages of kaolinite (16.7 %) and montmorillonite (11.3 %). 
According to the literature, this kaolinite content is below the threshold 
of at least 40 wt% of kaolinite, which is considered proper content for 
the use of clay as SCM in LC3 formulation [21]. In contrast, RK displayed 
a high kaolinite content (~82 %) with minor impurities and was 
selected as a reference SCM.

2.1.2. Clay activation
RM was activated through calcination to obtain calcined muscovite- 

rich mixed clay (CM) and through milling to obtain mechanically acti
vated muscovite-rich mixed clay (MM). RK was calcined to obtain 
metakaolin (MK) for comparison purposes. This section describes the 
activation methods for each clay type, which are summarised in Table 2.

CM was obtained by thermal activation of RM in a laboratory electric 
furnace at 900 ◦C for one hour based on previous tests and literature [16, 
22]. The thermal treatment was performed with a heating rate of 
5◦C/min, and the clay was cooled to room temperature inside the 
furnace. MM was obtained through a highly energetic dry milling pro
cess of RM using a planetary ball mill (PM 100, RETSCH) equipped with 
500 mL zirconia jars and 10 mm zirconia balls. The milling treatment 
was carried out at 400 rpm for 90 min under ambient conditions, with 
no rest intervals. The jar was filled to approximately 20 vol% with a 
balls-to-sample mass ratio of 20, using approximately 540 g of balls and 

Table 1 
Chemical composition (XRF) and mineral phases quantification (through Riet
veld refinement of XRD data) of raw clays.

Chemical composition (wt%) Mineral phase quantification (wt%)

Oxide RM RK Phase RM RK

SiO2 51.38 49.85 Muscovite/illite 56.5 5.3
Al2O3 30.59 36.31 Kaolinite 16.7 82.0
K2O 6.23 0.69 Montmorillonite 11.3 -
Fe2O3 1.46 0.47 Quartz 6.2 5.7
MgO 1.12 0.11 K-feldspar 4.1 1.6
CaO 0.48 0.16 Amorphous content 5.1 5.4
TiO2 0.44 0.15 ​ ​
Na2O 0.40 0.03 ​ ​
P2O5 0.09 0.08 ​ ​
LOI 7.81 12.03 ​ ​
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27 g of RM per batch. These conditions correspond to the optimal 
milling parameters identified in a previous study by the authors [16].

MK was obtained by calcining RK at 800 ◦C for one hour in a labo
ratory electric furnace based on previous tests and literature [23,24]. As 
for CM, the heating rate was 5 ◦C/min and the clay was cooled to room 
temperature inside the furnace.

2.1.3. Clay characterisation techniques
Clay-based materials have been evaluated using various characteri

sation techniques. The techniques and test conditions used are described 
in this section.

XRF and XRD measurements of activated clays were performed using 
the same procedure as for the raw clays measurements described in 
Section 2.1.1. Thermogravimetry (TG) was used to evaluate the mass 
loss of raw and activated clays, evaluated using an SDT Q600 device (TA 
Instruments) with a heating rate of 10 ◦C/min, synthetic air atmosphere 
(50 mL/min), and measuring up to 1000 ◦C.

The particle size distribution was assessed using a laser diffraction 
particle-sizing analyser (LS 13 320, Beckman Coulter). A small amount 
of clay was dispersed in ethanol and sonicated for 5 min to prevent 
aggregation, and the particle size was measured using a universal liquid 
module. The specific surface area (SSA) was measured using the 
Brunauer-Emmett-Teller (BET) method in a TriStar 3000 V6.04, which is 
a device employing nitrogen as an inert gas at 77.3 K. Particle 
morphology was assessed using scanning electron microscopy (SEM) 
with a JSM-7100F thermal field emission electron microscope (JEOL) 
operated at an accelerating voltage of 20 kV and a working distance of 
10 mm.

2.1.4. Activated clays characterisation
The effects of the two activation methods (mechanical and thermal) 

on muscovite-rich mixed clay should be examined to study the impact of 
clay type on LC3 formulation. For this purpose, the characteristics of MM 
and CM are presented and compared with those of RM, RK, and MK.

Table 3 reveals that thermal and mechanical activation had little 
effect on the chemical compositions of CM and MM, maintaining the 
same composition aside from renormalisation in the CM owing to the 
loss of hydroxyl groups during the calcination process. Thermal acti
vation led to the amorphisation of kaolinite and montmorillonite in the 
CM, whereas muscovite was still detected in its dehydroxylated form, 

with a significant percentage of approximately 41 wt%. In contrast, 
mechanical activation led to the amorphisation of all clay minerals, 
resulting in a high amorphous content of approximately 91 wt%. The 
slight presence of zirconia was derived from sample contamination with 
the grinding media owing to the highly aggressive milling conditions.

MK is mainly composed of amorphous SiO2 and Al2O3 with 
approximately 89 wt% of amorphous phase, which corresponds to 
metakaolinite given the high kaolinite content in RK of approximately 
82 wt%, see Table 1. In addition, quartz, K-feldspar, and dehydroxylated 
muscovite/illite were detected as minor mineral phases. The XRD pat
terns and TG curves of the raw and activated clays are presented in 
Supplementary Material.

Fig. 1 shows the particle size distribution and SSA of the raw and 
activated clays. RM presented a mean particle size (d50) of 13 µm and 
SSA of 10.0 m2/g. Thermal activation (CM) had little effect on the 
particle size, with a d50 of 13 µm, while the SSA was reduced to 8.4 m2/ 
g, maintaining a very similar differential volume curve. Mechanical 
activation (MM) resulted in a significant decrease in the particle size, 
detecting a high volume of small particles in the differential volume 
curve and a mean particle size of 4 µm. However, a reduction in the SSA 
to 9.0 m2/g was also detected, which is attributed to the agglomeration 
of smaller particles and changes in the pore structure that take place in 
prolonged milling processes [25]. MK exhibited a mean particle size of 
7 µm and a SSA of 9.2 m2/g, similar to the values of RK, 7 µm and 
10.0 m2/g, respectively.

The differences in the clay particle morphology depending on the 
activation treatment were also assessed using SEM. Fig. 2 presents the 
SEM micrographs, where RM (Fig. 2a) displays platy particles 

Table 2 
Summary of clays and activation methods.

Raw/activated clay Abbreviature Activation method

Raw muscovite-rich mixed 
clay

RM No activation

Calcined mixed clay CM Calcination at 900 ◦C for 1 h
Mechanically activated 

mixed clay
MM Mechanical activation at 400 rpm 

for 90 min
Raw kaolin RK No activation
Metakaolin MK Calcination at 800 ◦C for 1 h

Table 3 
Chemical composition (XRF) and mineral phases quantification (through Rietveld refinement of XRD data) of activated clays.

Chemical composition (wt%) Mineral phase quantification (wt%)

Oxide CM MM MK Phase CM MM MK

SiO2 55.33 50.96 56.44 Dehydroxylated muscovite 41.3 - 1.7
Al2O3 32.95 30.31 41.12 Quartz 7.8 7.0 8.3
K2O 6.72 6.19 0.79 K-feldspar 2.2 1.6 1.0
Fe2O3 1.61 1.48 0.51 Zirconia - 1.0 -
MgO 1.20 1.11 0.09 Amorphous content 48.6 90.6 89.0
CaO 0.52 0.48 0.11 ​ ​ ​ ​
TiO2 0.48 0.44 0.17 ​ ​ ​ ​
Na2O 0.43 0.40 0.03 ​ ​ ​ ​
P2O5 0.10 0.09 0.08 ​ ​ ​ ​
LOI 0.66 8.54 0.67 ​ ​ ​ ​

Fig. 1. Particle size distribution of RM, CM, MM, RK, and MK.
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corresponding primarily to muscovite, the main clay mineral in the 
sample. The CM (Fig. 2b) exhibited a similar platy morphology, sug
gesting that the thermal treatment did not significantly alter the 
morphology of the clay particles. In contrast, MM (Fig. 2c) displayed 
very small and more rounded particles, indicating significant morpho
logical changes through mechanical activation. As aforementioned, 
these very small particles tend to agglomerate during mechanical acti
vation because of highly energetic mechanical processes. An agglom
erate is displayed in the top-right corner of Fig. 2c. The RK (Fig. 2d) 
primarily consisted of platy-stacked kaolinite particles. The morphology 
was maintained after thermal activation in MK (Fig. 2e) but with slightly 
rounded edges of metakaolinite particles.

2.2. Pozzolanic activity measurements

The pozzolanic activity of raw and activated clays was assessed using 
the modified Chapelle test and the R3 method. The modified Chapelle 
test was performed following the procedure described by Šídlová et al. 
based on the NF P18–513 standard [26]. In this method, 1 g of activated 
clay and 2 g of CaO were added to a spherical flask with 250 mL of 
deionised water and agitated for 16 h at 90 ◦C to measure the consumed 
CaO. A reflux condenser was used to prevent evaporation. The resultant 
solution was mixed with 250 mL of sucrose 0.7 M for 15 min (after 
cooling to room temperature), filtered, and titrated with HCl 0.1 N. The 
pozzolanic activity, denoted as mg of portlandite (CH) consumed per 
gram of clay, was calculated through Eq. 3, where V1 represents the 
volume of HCl required for blank titration and V2 is the volume of HCl 
necessary for the titration of the activated clay solution. 

CH consumption(mg CH
/

gclay) = 2⋅
V1 − V2

V1
⋅
74
56

⋅1000 (3) 

The R3 method, performed according to ASTM C1897–20, involved 
preparing a solid mixture comprising Ca(OH)2, clay, and CaCO3 while 
maintaining a mass ratio of 1/3 for clay/Ca(OH)2 and 2/1 for clay/ 
CaCO3. A potassium solution was prepared by dissolving in 1 L of 
distilled water 20 g of K2SO4 and 4 g of KOH. The solution was added to 
the solid blend, maintaining the liquid-to-solid ratio constant (1.2), and 
the resulting paste was mixed at approximately 1300 rpm with a high- 
shear mixer for 2 min. Subsequently, 15 g was introduced into a plas
tic ampoule, which was positioned inside an isothermal calorimeter 
(TAM Air, TA Instruments), and the heat released was measured at a 
constant temperature of 40 ◦C for 7 days. The initial 75 min of data were 

disregarded to ensure signal stabilisation [27,28].

2.3. Ternary blended cements

2.3.1. Raw materials preparation and characteristics
In addition to the activated clays previously described, clinker, 

limestone, and gypsum were used to prepare ternary blended cements. 
The clinker was treated to refine its particle size, the clays were acti
vated as described in Section 2.1.2, and the limestone and gypsum were 
used as received. This section presents the clinker treatment and char
acteristics of the raw materials.

The Spanish company Molins provided the clinker used in this study, 
which was crushed and milled through a jaw crusher and a ring mill, 
until obtaining a particle size under 80 µm. The characteristics of the 
particle-size refined clinkers are listed in Table 4. It exhibited a d50 of 
8 µm and a BET SSA of 0.8 m2/g. The identified crystalline phases 
included tricalcium silicate (C3S), dicalcium silicate (C2S), calcium 
aluminoferrite (C4AF), and tricalcium aluminate (C3A), whose quanti
fication through Rietveld refinement of the XRD data is also detailed in 
Table 4. Furthermore, some typical CaO and MgO impurities were 
detected.

Commercial limestone and gypsum were obtained from LABKEM 
(Labbox, Spain) and used without prior treatment for the cement 
preparation. The limestone had a purity higher than 98.5 wt%, a d50 of 
2 µm, and a BET SSA of 11.1 m2/g, while the gypsum presented a purity 
higher than 99 wt%, a d50 of 21 µm, and a BET SSA of 0.9 m2/g.

2.3.2. Mix design
The raw materials described in the previous sections were mixed 

with deionised water and superplasticiser (SP) to prepare ternary 
blended cements. The mixture proportions, mixing procedures, and 
curing conditions are listed in Table 5. LC3-50 ratios were used for the 
solid blend, that is 50 wt% of clinker, 30 wt% of clay, 15 wt% of lime
stone, and 5 wt% of gypsum. For the two calcined clays (MK and CM), 
the nomenclature used was LC3, followed by the type of clay: LC3-MK 
and LC3-CM. For MM, which was obtained through mechanical activa
tion instead of calcination, the nomenclature of the ternary blended 
cement was changed accordingly to LMC2, short for Limestone Me
chanically activated Clay Cement, followed by the type of clay as in 
previous samples: LMC2-MM.

All the formulations were prepared with 40 wt% of deionised water, 
expressed to the total solid amount, thus maintaining a water-to-solids 

Fig. 2. SEM micrographs of (a) RM, (b) CM, (c) MM, (d) RK, and (e) MK.
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ratio (w/s) of 0.4. In addition, a polycarboxylate ether (PCE)-based SP 
from CHRYSO (Spain) was used to maintain similar flow and workability 
across all formulations. The paste flow was measured using a mini-slump 
test following the conditions described elsewhere [29].

2.3.3. Mixing and curing conditions
The different clays exhibited different water absorption capacities 

during paste preparation, and adjustments were made to the PCE 
addition and mixing procedure to achieve consistent workability. First, 
the solid mixture was homogenised. Subsequently, 80 wt% (for LC3-MK 
and LMC2-MM) or 85 wt% (for LC3-CM) of the water was added, and the 
blend was mixed for 2 min at a low velocity (~700 rpm) using a high- 
shear mixer. For LC3-MK and LMC2-MM, the remaining water with 
PCE was added, and the paste was mixed for 2.5 min at a high velocity 
(~1800 rpm). For LC3-CM, the remaining water and PCE were added, 
and the paste was mixed at a lower velocity (~400 rpm) for 4.5 min.

The paste flow was measured using the mini-slump test following the 
conditions described elsewhere [29], and comparable spread diameters 
were obtained for LC3-MK and LMC2-MM by altering the PCE percentage 
(see Table 5). However, LC3-CM exhibited poor mixability and distinct 
rheological characteristics after the addition of water and PCE. The 
mixing of the LC3-CM paste was impeded by shear-thickening behav
iour, increasing its viscosity at higher mixing speeds (shear velocity). 
This phenomenon is commonly observed in cements containing calcined 
muscovitic or montmorillonitic clays as SCM [30,31]. Even with a 2 wt% 
PCE dosage and a low mixing velocity, the shear-thickening character
istic of the paste led to inadequate workability (low fluidity). However, 
after mixing, the samples exhibited high fluidity when no shear stress 
was applied, making it impossible to maintain a spread similar to the 
other two pastes throughout the mini-slump test, as shown in Table 5.

The lower PCE requirement for LMC2-MM may be attributed to two 
factors: the presence of weakly bonded water and hydroxyls and the 
different particle morphologies compared to calcined clay. When clay 
minerals are mechanically activated, weakly bonded water and hy
droxyl groups detach from the structure [32]. These may be released 
during the mixing process, decreasing water or superplasticiser demand. 
Additionally, recent studies have demonstrated that the platelet struc
ture of calcined clay causes an increase in the water (or SP) demand, 
unlike the rounded particle morphology of MM, which can reduce the SP 
requirement in clay-containing blended cement [33]. Considering the 
significant advantages associated with this approach, further research is 

needed to validate the reduced PCE demand. The variations in the 
rheological properties of the paste should be studied in future research. 
In particular, measuring the adsorption curves of the superplasticiser 
onto the different activated clays surfaces could help clarify the mech
anisms behind the observed differences in PCE demand.

After mixing, the paste of each formulation was poured into 20 mm 
cubic moulds and vibrated to release enclosed air. After moulding, the 
samples were cured in sealed plastic bags with water for the first 24 h to 
maintain a humid atmosphere. Subsequently, specimens were unmoul
ded and placed in a climatic chamber, at 95 % relative humidity and 20 
◦C, until testing.

2.4. Cement characterisation techniques

The hydration of the cement reactions was monitored by isothermal 
calorimetry at 20 ◦C for 7 days using TAM Air (TA Instruments). The 
paste was prepared following the proportions in Table 5 in a high-shear 
mixer using the same mixing procedure described in Section 2.3.3. 
Subsequently, 10 g of the paste was poured into a plastic ampoule and 
placed in a calorimeter. A reference plastic ampoule with water was 
prepared to avoid noise from external temperature deviations.

The physicochemical properties of the samples were analysed after 3 
and 28 days. A representative sample was crushed and sieved to a par
ticle size < 1 mm. Subsequently, the crushed cement was submerged in 
isopropanol for 15 min to stop the curing process, and then vacuum- 
filtered by washing with isopropanol and diethyl ether. The filtered 
sample was dried in a ventilated oven at 40 ◦C for 8 min [34]. The 
crushed samples were ground in an agate mortar.

The ground samples were analysed using XRD to assess the evolution 
of the crystalline phases with increasing curing time. The measurements 
were performed under the conditions stated for the XRD characterisa
tion of the raw materials in Section 2.1.1. Phase quantification was 
performed through Rietveld refinement using TOPAS in the 7–70 2θ◦, 
estimating the amorphous content through the DOC method with Eq. 1
and Eq. 2, as described in Section 2.1.1: The amorphous area was fitted 
with two broad peaks using the TOPAS peak phase function.

The measurements of 27Al MAS NMR (magic angle spinning nuclear 
magnetic resonance) were performed at room temperature using a 
Bruker AXS AVANCEIII HD 600 spectrometer with a 4 mm double- 
resonance CPMAS probe at a spinning rate of 13 kHz. A magnetic field 
of 14.1 T, corresponding to a 27Al resonance frequency of 156.37 MHz, 

Table 4 
Clinker chemical composition (XRF), phase quantification (Rietveld refinement of XRD data), particle size distribution, and BET specific surface area.

Chemical composition (wt%)

CaO SiO2 Al2O3 Fe2O3 MgO K2O TiO2 Na2O P2O5 LOI
66.19 21.06 4.94 3.67 1.56 0.91 0.26 0.18 0.08 1.11

Phase quantification (wt%)

C3S C2S C4AF C3A CaO MgO ​ ​ ​ ​
75.6 10.5 7.5 5.3 0.6 0.6 ​ ​ ​ ​

Particle size (µm)

d10 d50 d90 ​ ​ ​ ​ ​ ​ ​
0.8 7.6 24.8 ​ ​ ​ ​ ​ ​ ​

BET specific surface area (m2/g)

0.8 ​ ​ ​ ​ ​ ​ ​ ​ ​

Table 5 
Mixture proportions of LC3 with CM, MM, and MK.

Clinker (%) MK (%) CM (%) MM (%) Limestone (%) Gypsum (%) Water (%) W/S PCE (%) Spread (mm)

LC3-MK 50 30 15 5 40 0.4 2.0 91
LC3-CM 50 30 15 5 40 0.4 0.6 177
LMC2-MM 50 30 15 5 40 0.4 0.9 102
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was utilised. The 27Al chemical shifts were referenced to Al(NO3)3. The 
spectra were recorded with a 0.7-µs 90◦ pulse and 1-s delay with 1H 
decoupling (27Al Hpdec with cw decoupling sequence for Al) and sum
ming up 2000 scans.

The thermal evaluation was performed through thermogravimetry 
with an SDT Q600 device from TA Instruments, in a 30–1000 ◦C tem
perature range, with 50 mL/min of synthetic air flow and a heating rate 
of 10 ◦C/min.

The microstructure was examined at 3 and 28 days on a transverse 
cut of the cement. Hydration was paused using the solvent exchange 
method by submerging the cut sample in isopropanol for six days and 
renewing the solvent regularly [35]. The samples were then dried in a 
silica gel desiccator for 24 h. The analysis was performed using a scan
ning electron microscope (SEM, Quanta 200, FEI) equipped with an 
energy-dispersive X-ray spectrometer (EDS). Micrographs were obtained 
using backscattered electrons at a working distance of 10 mm and an 
accelerating voltage of 20 kV.

The porosity was evaluated by mercury intrusion porosimetry (MIP) 
using a Quantachrome POREMASTER-60 GT. The crushed cement 
samples were intruded at a 140◦ contact angle with a pressure of 
7–240 MPa (minimum pore diameter of 6 nm).

The compressive strength was determined using an Incotecnic 
MULTI-R1 featuring a 20 kN load cell. The testing was performed ac
cording to the EN 196–1 standard, employing a loading rate of 240 kg/s 
across six 20-mm cubic samples for each cement formulation.

3. Results and discussion

3.1. Pozzolanic activity

Understanding the pozzolanic activity of SCMs is critical to assess 
their role in cementitious environments, particularly focusing on their 
interactions with CH. Fig. 3 shows the pozzolanic activity of the clays 
used in the LC3 formulation (CM, MM, and MK) alongside the raw clays 
(RM and RK), to evaluate the efficacy of the activation processes. Two 
tests are presented to validate the pozzolanic activity of the clays: the R3 

test and the modified Chapelle test. RM and RK exhibited notably poor 
pozzolanic activity in both the modified Chapelle and R3 tests, which is 
an expected behaviour of clays attributable to their robust crystalline 
structure [36]. Conversely, the MK exhibited remarkably high pozzo
lanic activity in both tests. The amorphous nature and high Al and Si 
availability of metakaolinite favour the reaction with CH, mainly 
forming AFm phases and C-(A)-S-H gel [37].

The pozzolanic activity of the muscovite-rich mixed clay increased 
through thermal and mechanical activation. The increase in pozzolanic 
activity in the modified Chapelle and the R3 test is relatively modest. The 
CM exhibited a CH consumption of 554 mg Ca(OH)2/g CM, categorising 
it as a poor SCM, which was significantly lower than the proposed 
700 mg of fixed CH [38]. With a 7-day heat release of 324 J/g CM, CM 
may be considered a less reactive pozzolanic material because it is 
slightly lower than the 370 J/g SCM threshold proposed by Suraneni 

et al. [39]. According to the classification of calcined clays suggested by 
Londono-Zuluaga et al., CM can be considered moderately reactive clay 
[40] The significant difference from MK, which was identified as an 
excellent pozzolanic material in both tests, was remarkable. This con
firms that thermal activation is an ineffective method for obtaining 
reactive SCM from mixed clays rich in muscovite. The reactivity of CM 
can be mainly attributed to the percentage of reactive clay minerals, 
such as kaolinite and montmorillonite, which can be thermally acti
vated. In contrast, muscovite (the main clay mineral) was dehydroxy
lated but not amorphised as can be seen in Table 3, and remained 
unreactive [16].

MM exhibited substantially higher pozzolanic activity than CM. This 
material can be considered a good SCM for CH fixation (1219 mg Ca 
(OH)2/g MM), which is nearly comparable to that of MK (1423 mg Ca 
(OH)2/g MK). MM released 558 J/g of heat at seven days and can be 
regarded as a highly reactive clay [40].The difference with MK was more 
pronounced in the R3 test than in the modified Chapelle test because the 
small particle size of MM likely accelerated the pozzolanic reactions, and 
some heat release was not accounted for due to the initial signal stabi
lisation in the isothermal calorimeter as reported elsewhere [41].

Overall, MM showed higher pozzolanic activity compared to CM, 
emphasising that mechanical activation is a superior activation method 
for mixed clays rich in 2:1 clay minerals such as muscovite. In previous 
studies, it was demonstrated that less energetic mechanical treatments 
led to lower pozzolanic activity despite the highly reduced particle size 
[16]. Therefore, the high pozzolanic activity of MM is mainly due to its 
high amorphous content and higher availability of silica and alumina, 
rather than a reduction in particle size.

To validate the results, Table 6 presents the cumulative heat release 
at 7 days for various clays measured using the R3 test, including values 
from this study and relevant literature. MM displays a heat release of 
558 J/g, which is comparable to that of a mechanically activated 
kaolinitic clay (584 J/g), indicating good pozzolanic activity. Mechan
ically activated montmorillonitic clays also show favourable heat 
release (~400 J/g), highlighting that mechanical activation can signif
icantly enhance reactivity across a range of clay minerals, including 2:1 
swelling and non-swelling clay minerals (montmorillonite and musco
vite) as well as 1:1 clay minerals (kaolinite).

In contrast, CM in this study shows a heat release of 324 J/g, similar 
to values reported for clays with low kaolinite content or partially 
reactive phases, confirming its limited pozzolanic performance. These 
findings confirm that not only the clay mineralogy but also the activa
tion method plays a key role in determining pozzolanic performance, 
with mechanical activation being particularly effective for muscovitic 
and montmorillonitic clays, which typically show lower reactivity under 
thermal activation.

3.2. Cement characterisation

The isothermal calorimetry results of the LC3 pastes in terms of heat 
flow and cumulative heat are shown in Fig. 4. Cement hydration 

Fig. 3. Pozzolanic activity of RM, CM, MM, RK, and MK measured with modified Chapelle test and R3 test.
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typically presents five periods: pre-induction, induction, acceleration, 
deceleration, and steady state [44]. Three heat flow peaks (I-III) were 
observed during the acceleration and deceleration periods. (I) is the 
silicate peak associated with C3S dissolution and C-S-H and CH 

formation, (II) is the aluminate peak related to the reaction of alumi
nates and secondary ettringite precipitation, and (III) is the AFm peak 
associated with the formation of hemicarboaluminate (Hc), and mono
carboaluminate (Mc) phases [45]. The onset of the aluminate peak 
corresponds to sulphate depletion in the system [46]. LMC2-MM dis
played accelerated hydration (earlier peaks I, II, and III) due to the 
incorporation of mechanically activated clay, which accelerates the re
actions in the cementitious system [47].

The maximum of the carboaluminate peak was detected at approx
imately one day of hydration for LMC2-MM, whereas the AFm peak was 
delayed to approximately three days in LC3-MK and to 4–6 days in LC3- 
CM, the latter exhibiting a broad and low shape. Faster Hc formation 
should imply higher early strength, which would be beneficial for the 
material, as one of the main drawbacks of binders with significant 
clinker replacement is a lower early age strength [48].

Fig. 4b shows the heat flow curves from 0 to 30 h, focusing on peaks 
(I) and (II). Acceleration of the hydration of LMC2-MM was readily 
noticeable in this region. The faster reaction of LMC2-MM was first 
detected at the silicate peak, with the onset and maximum observed at 
approximately 1.4 and 6.5 h, respectively. In contrast, LC3-MK pre
sented an onset at 1.7 h and a maximum at 7 h, and LC3-CM at 2.4 and 
8.9 h, respectively. Therefore, faster hydration of C3S could be expected 
in LMC2-MM owing to the presence of mechanically activated clay with 
a very small particle size, which could act as nucleation points for C-S-H 
[49]. The gap increased in the aluminate peak. The onset of LMC2-MM 
was detected at 11.3 h, earlier than in LC3-MK (12.6 h) and LC3-CM 
(14.2 h), indicating that sulfate was also consumed faster in this system. 
The shape of the aluminate peak was also affected because the delayed 
aluminate peaks are typically broader and less intense than the earlier 
aluminate peaks [50]. The time difference increased at the maximum of 
the aluminate peak, monitored at 14 h, 15.4 h, and 17.5 h in LMC2-MM, 
LC3-MK, and LC3-CM, respectively.

The faster hydration in LC3
, particularly in the aluminate peaks is 

usually linked to an increase in the SSA [51]. However, the three acti
vated clays from this work presented similar SSA, 9.0 m2/g, 9.2 m2/g, 
and 8.4 m2/g for MM, MK, and CM, respectively. Therefore, the signif
icantly smaller particle size of MM, described in Section 2.1.4, likely 
plays a key role in the kinetics of the reaction of the blended cement 
rather than increased SSA.

The introduction of clay with very low kaolinite content (< 25 wt%) 
in LC3 still leads to carboaluminate precipitation [52]. Therefore, the 
presence of kaolinite and montmorillonite in the CM (approximately 

Table 6 
Compilation of pozzolanic activity of clays measured through the R3 test.

Raw clay Clay minerals in raw clay Activation method R3 test Reference
7-day heat release (J/g activated clay)

Mixed muscovitic clay 57 % muscovite; 17 % kaolinite; 11 % montmorillonite Thermal 324 -a

Mechanical 558 -b

Kaolinitic clay 82 % kaolinite; 5 % muscovite/illite Thermal 969 -c

Mechanical 584 [41]
Ca-montmorillonitic clay 78 % montmorillonite Thermal 359 [42]

Mechanical ~400* [42]
Na-montmorillonitic clay 61 % montmorillonite Thermal 503 [42]

Mechanical ~400* [42]
Medium-kaolinitic clay 42 % kaolinite; 15 % muscovite Thermal 388 [9]
Low-kaolinitic clay 18 % kaolinite; 27 % muscovite Thermal 216 [9]
Kaolinitic clay 90 % kaolinite; 3 % mica Thermal 758 [24]
Natural clay 60 % kaolinite Thermal 699 [24]
Kaolinitic clay 93 % kaolinite Thermal 917 [43]
Kaolinitic clay 71 % kaolinite; 13 % illite Thermal 538 [43]
Smectitic clay 54 % smectite; 7 % kaolinite; 4 % illite Thermal 380 [43]
Illitic clay 67 % illite; 7 % kaolinite; 5 % muscovite Thermal 237 [43]
Common clay 38 % smectite-illite; 20 % kaolinite; 6 % muscovite Thermal 258 [43]

* values estimated from figures in referenced publication.
a CM;
b MM;
c MK from this work.

Fig. 4. Heat flow and cumulative heat of LC3-MK, LC3-CM, and LMC2-MM 
pastes focused in (a) 0–7 days range, and (b) 0–30 h range.
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28 wt% in RC before calcination) probably allowed the formation of 
carboaluminates in LC3-CM. The delay of LC3-CM compared to that of 
LC3-MK could be due to the variation in clay characteristics and to the 
higher PCE content, which has been reported to delay clinker reactions 
at high percentages [53].

Overall, MM influences the kinetics of hydration of the ternary 
blended cement through two factors. First, it accelerates the early hy
dration of clinker phases due to the very fine particle size which likely 
acts as nucleation points for hydrates to precipitate and grow. On the 
other hand, MM also reacts faster through pozzolanic reactions to pro
duce carboaluminates.

X-ray powder diffractograms of ternary blended cement formulated 
with MK, CM, and MM at 3 and 28 days in the 5–50 2θ◦ region are shown 
in Fig. 5. The typical reflections corresponding to hydrated and 
unreacted anhydrous phases were detected at 3 and 28 days for the three 
ternary blended cements, together with a halo corresponding to the 
amorphous phase. The most notable difference was the presence of 
dehydroxylated muscovite at 3 and 28 days in LC3-CM, confirming the 
low reactivity of this crystalline phase. At 3 days, the reflections corre
sponding to CH were significantly less intense in LMC2-MM, suggesting 
faster pozzolanic activity. Accordingly, the Hc reflections were also 
more intense in this sample. At 28 days, the reflections of portlandite 
were lower than those at 3 days in all samples because of pozzolanic 
reactions with clay. The CH reflection intensity was still higher in LC3- 
CM at 28 days because of the lower pozzolanic activity of CM. On the 
other hand, the intensity of the Hc peaks in all LC3 samples was very 
similar, while a higher intensity of the Mc reflection was detected in LC3- 
CM. The formation of the carboaluminate phases in LC3-CM should be 
driven by the aluminium of the metakaolinite present in the CM or 
clinker aluminate phases because the dehydroxylated muscovite re
flections were unaltered with increasing hydration time. In dehy
droxylated muscovite, Al is constrained between silica tetrahedral 
layers, restricting its reactivity [54]. A reduction of the intensities of 
clinker phases compared to the diffractograms at 3 days could be 
observed especially in LC3 with CM and MK. At 28 days, the intensities of 
the clinker phases (C3S and C4AF) appeared to be lower in LC3-CM, 
indicating that, given the lower and later reactions of aluminates from 

CM, the clinker phases may react to a higher extent [50].
The results of the Rietveld refinement are presented in Fig. 6 to better 

evaluate the changes in the cement composition at 3 and 28 days of 
curing. The samples showed some differences, especially at three days. 
The faster hydration of LMC2-MM led to a higher amorphous content 
(approximately 37 wt%) compared to LC3-MK and LC3-CM (29 and 
24 wt%, respectively) and a lower amount of portlandite. Furthermore, 
the amount of carboaluminates at 3 days in LMC2-MM was nearly 
identical to that determined on 28 days, 5.9 and 5.1 wt%, respectively. 
In contrast, LC3-MK displayed 2.6 wt% carboaluminates after 3 days and 
6.4 wt% at 28 days, and LC3-CM displayed only 0.2 wt% at 3 days and 
5.3 wt% at 28 days. This delay could have resulted from the high PCE 
content and lower reactivity of the CM [55]. These values agree with the 
carboaluminate peak in the calorimetry study (peak III in Fig. 4a), where 
LC3-MK was only around halfway through the formation of carboalu
minates at 3 days, whereas for LC3-CM, the reaction had barely started. 
Overall, given the fast reaction of MM, the variations in the crystalline 
phases and amorphous fraction over curing time were less pronounced 
in LMC2-MM than in the other samples.

The results also confirmed that all samples displayed a higher degree 
of hydration at 28 days, with a lower content of CH and clinker-related 
phases, leading to the formation of C-(A)-S-H, as revealed by the in
crease in amorphous content. The formation of carboaluminates was 
promoted with increasing curing time, as indicated by the diminishing 
calcite (Cc) percentage and the increase in Hc and Mc content. At 28 
days, the samples LC3-MK and LMC2-MM displayed very similar amor
phous contents, suggesting a similar degree of hydration. In contrast, 
LC3-CM displayed a lower amorphous content despite the lower content 
of clinker phases. In all formulations, the ettringite content was similar 
at 3 and 28 days, likely because the formation of hemi- and mono
carboaluminate prevents the transition of ettringite to monosulphate 
[56]. Notably, the amount of dehydroxylated muscovite (D.Mus) was 
similar at 3 and 28 days for LC3-CM. These findings suggest that the 
reactivity of the CM is lower than that of the MM.

The amount of carboaluminates at 28 days was barely higher in 
LMC2-MM than in LC3-CM. This suggests that a significant part of the Al 
from MM, which exhibits higher Al availability than CM, may be 

Fig. 5. X-ray powder diffractograms of LC3-MK, LC3-CM, and LMC2-MM at (a) 3 and (b) 28 days. 1 = Ettringite; 2 = Hemicarboaluminate; 3 = Monocarboaluminate; 
4 = C4AF; 5 = Portlandite; 6 = Quartz; 7 = Calcite; 8 = C3S; 9 = C2S; + = C3A; * = Dehydroxylated muscovite.
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incorporated into C-S-H to form C-A-S-H in LMC2-MM. The hydration of 
the clinker significantly increased in LC3-MK and LC3-CM from 3 to 28 
days, primarily owing to the C3S reaction, whereas LMC2-MM displayed 
less clinker reaction. Notably, the addition of CM resulted in an 
enhanced reaction of clinker phases at 28 days compared with ternary 
blended cement incorporating MM and MK.

Fig. 7 displays 27Al MAS NMR spectra of activated clays and the 
corresponding ternary blended cements at 28 curing days for compari
son. The ranges of AlIV, AlV, and AlVI were obtained from Walkley and 
Provis [57]. In the cements, two sharp peaks corresponding to ettringite 
and carboaluminates were detected in the AlVI region (20–0 ppm) [58]. 
The broad peaks detected in the AlV and AlIV regions were attributed to 
the overlap of unreacted aluminium from the activated clays and the Al 

incorporated in C-(A)-S-H. The incorporation of Al from metakaolinite to 
form C-A-S-H gel in LC3 was demonstrated elsewhere [59], and this 
could be detected mainly by the change in the spectral shape and the 
diminishing of the prominent AlV peak to increase the AlIV peak.

LC3-CM presented a spectrum similar to that of CM in the AlIV region, 
showing the same peaks (dashed lines). Therefore, AlIV from CM could 
be assigned mostly to dehydroxylated muscovite, with the appearance of 
a small hump at approximately 75 ppm, probably due to some Al sub
stitution in C-(A)-S-H. Therefore, the minor variation in the CM-related 
peaks confirms the low reactivity of dehydroxylated muscovite in LC3. 
The small peak of AlV observed in CM seemed to decrease because it was 
not detected in LC3-CM. This decrease was likely due to the reaction of 
the metakaolinite in the CM with limestone to form mainly carboalu
minates or the incorporation of Al into C-(A)-S-H. In this sample, the 
amount of Al from dehydroxylated muscovite incorporated into C-S-H 
should be marginal because Al is entrapped between the silica tetrahe
dral layers in the dehydroxylated muscovite [54]. Therefore, the react
ing aluminium should have originated from the dehydroxylated 
montmorillonite and metakaolinite.

In contrast, Al from MM appeared to react to a greater extent because 
the shape of the LMC2-MM spectrum was significantly different from 
that of MM. Here, the AlIV from the amorphous phase derived from 
mechanically activated muscovite changed, resulting in a spectrum 
similar to that of LC3-MK in the AlIV region. This could indicate the 
incorporation of Al to form C-A-S-H gel, aside from the reaction with 
limestone to precipitate the carboaluminates previously observed in the 
XRD, owing to the amorphous nature of the material and the very fine 
particle size. In the AlVI region, Hc/Mc and ettringite peaks were 
detected, obtaining a spectrum very similar to that of LC3-CM, which 
could be due to the similar content of these hydrated phases in the 
cement. However, the Al content in C-(A)-S-H in the cements should be 
further analysed using complementary techniques to verify the effect of 
different Al availabilities in CM, MM, and MK.

Fig. 8 shows the thermogravimetric analyses of the LC3 samples after 
3 and 28 days. Four main decomposition steps (I-IV) were detected: (I) is 
related to the mass loss of water from C-(A)-S-H and ettringite, (II) to the 
elimination of water from Hc and Mc, (III) to the decomposition of 

Fig. 6. Phase quantification through Rietveld refinement of LC3 samples at 3 and 28 days. C3S = tricalcium silicate; C2S = dicalcium silicate; C4AF = tetracalcium 
aluminoferrite; C3A = tricalcium aluminate; Cc = calcite; D.Mus = dehydroxylated muscovite; Ett = ettringite; Hc = hemicarboaluminate; Mc 
= monocarboaluminate.

Fig. 7. 27Al MAS NMR of LC3 and activated clay samples.
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calcium hydroxide, and (IV) to the release of CO2 from calcium car
bonate and carboaluminates [60,61]. The last peak can be split into two 
decompositions: a first mass loss at around 600 ◦C related to carboalu
minate phases and carbonated C-S-H or portlandite, and a second 
decomposition at higher temperature due to unreacted calcite [62]. The 
TG curve of LMC2-MM suggested a higher degree of hydration at 3 days, 
showing a higher mass loss up to 500 ◦C related to C-(A)-S-H water 
elimination, lower CH content, and a lower peak of CaCO3. LC3-CM 
exhibited the lowest mass loss at temperatures up to 500 ◦C, suggesting a 
lower degree of hydration. In the 120–150 ◦C region corresponding to 
the DTG peak (II), LC3-MK displayed a hump related to some Hc or Mc 
presence, while LMC2-MM showed a more intense DTG peak, indicating 
a higher carboaluminate content. LC3-CM exhibited the lowest peak, 
suggesting that it had the lowest Hc/Mc content.

After 28 days, the cements displayed a higher mass loss and lower 

calcium hydroxide content than at 3 days, indicating a higher bound 
water content and increased pozzolanic reactions of the activated clays. 
LMC2-MM and LC3-MK displayed very similar CH contents, while LC3- 
CM still displayed a slightly higher portlandite DTG peak, which in
dicates a lower pozzolanic activity of CM compared to MK and MM. 
However, the intensity of the DTG peak related to the water loss from the 
carboaluminates was similar for the three samples. LMC2-MM displayed 
a similar degree of hydration at 3 and 28 days, which could be due to a 
small-sized porosity in the sample, which may limit the formation of 
hydrated phases. The thermogravimetry results are in accordance with 
previous results, where faster hydration of LMC2-MM and lower 
pozzolanic activity of LC3-CM were detected.

Fig. 9 shows the backscattered electron SEM micrographs of the LC3 

samples after 3 and 28 days of curing. The distinct phases were identi
fied using EDS mapping, where the most abundant elements in the 

Fig. 8. Mass loss (TG) and derivative mass loss (DTG) of LC3-MK, LC3-CM, and LMC2-MM at (a) 3 and (b) 28 days.

Fig. 9. SEM micrographs of (a, d, g, j) LC3-MK, (b, e, h, k) LC3-CM, and (c, f, i, l) LMC2-MM at 3 and 28 days of curing, including a mapping image for each sample 
coloured with red for Si, pink for Al, green for Ca, and light blue for Fe.
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cement are coloured in the micrograph: Ca (green), Si (red), Al (pink), 
and Fe (light blue). The faceted light-green particles corresponded 
mainly to the unreacted clinker C3S/C2S and the light-blue particles to 
C4AF. The irregularly shaped green zones correspond to the portlandite. 
The pink particles correspond to the activated clay particles, and the red 
particles correspond to quartz from the activated clay.

LC3-MK displayed a denser microstructure at 28 days as the pozzo
lanic reactions occurred and the hydration degree increased, yielding 
carboaluminates and more C-(A)-S-H gel. LC3-CM contained acicular 
particles embedded in the cement matrix, corresponding to dehy
droxylated muscovite. The presence of particles with this morphology 
was probably the main reason for the decrease in paste fluidity during 
the mixing process [63]. The low hydration of the LC3-CM sample at 3 
days led to a poor compactness matrix, while the greater reaction of the 
clinker phases at 28 days led to a denser microstructure, similar to that 
of LC3-MK.

In contrast, the LMC2-MM micrographs were very similar at 3 and 28 
days, showing a microstructure of a dense cement matrix with 
embedded clay and unreacted clinker particles. By comparing the 
different samples, LMC2-MM seemed denser than cement containing CM 
at all ages. At 3 days of curing, this could be mainly due to the higher 
degree of hydration observed in the previous techniques. Both the 
acicular shape of CM particles and their low reactivity can adversely 
affect the compactness of the material.

Fig. 10 shows the porosity and pore size distribution of the LC3 

samples measured by MIP at 3 and 28 days as solid and dashed lines, 
respectively. For the samples LC3-MK and LC3-CM, the total porosity was 
significantly reduced at 28 days owing to the precipitation of hydrated 
products and pozzolanic reactions with portlandite. The total porosity 
decreased from 30 % to 22 % in LC3-MK, and from 31 % to 27 % in LC3- 
CM. In contrast, LMC2-MM presented virtually the same total porosities 
of 24.5 % and 24.1 % at 3 and 28 days, respectively, given the faster 
hydration and pozzolanic activity of the mechanically activated clay. 
The pore distribution of the samples was mainly bimodal, with two well- 
defined peaks in the differential pore size distribution. The porosity was 
refined with curing time, increasing the volume of pores in the first peak 
of the differential curve, and corresponding to smaller pore diameters. 
Given the pore size distribution, most porosities could be considered 
small capillary pores (10–100 nm) and gel pores (<10 nm), with a few 
remaining air pores (several µm) [64].

LC3-CM and LC3-MK displayed similar pore size distributions. This 
could be owing to the lack of portlandite in the highly substituted 
binders, which limits the reactions with metakaolinite in MK, which 
displays a much higher pozzolanic activity than CM [65].

Remarkably, LMC2-MM exhibited porosity with a smaller pore size at 
3 and 28 days than LC3-CM and LC3-MK. The rounded shape and smaller 
size of MM particles could improve the compactness of the paste could 
than with platelet-like particles, such as MK, or acicular particles, such 
as CM. At 3 days, the pore size of LMC2-MM was already small, and the 
precipitation of new hydrates or growth of existing hydrates from 3 to 28 
days probably caused further refinement in the porosity, leading to a 
virtually monomodal pore size distribution. The rapid porosity refine
ment in LMC2-MM could be the cause of the limited increase in hydra
tion from 3 to 28 days despite the high reactivity of MM, since a very 
small pore size likely slows down the growth of hydrated phases and the 
precipitation of new hydrated phases [66]. This could also be the reason 
why the heat release isothermal calorimetry curve of LMC2-MM slowed 
by 7 days (see Fig. 4). The faster precipitation of carboaluminates should 
also play a key role in pore refinement because they precipitate in the 
remaining pores after hydration of the clinker phases [21].

Fig. 11 shows the compressive strengths of LC3-MK, LC3-CM, and 
LMC2-MM, which is closely related to the physicochemical properties 
described in previous analyses. LMC2-MM displayed a high compressive 
strength of approximately 42 MPa at 3 days, indicating that the faster 
hydration of this sample due to the addition of MM contributed to a 

Fig. 10. Porosimetry of LC3-MK, LC3-CM, and LMC2-MM at 3 and 28 curing 
days expressed as (a) cumulative pore volume and (b) differential pore size 
distribution.

Fig. 11. Compressive strength of LC3-MK, LC3-CM, and LMC2-MM at 3 and 
28 days.
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faster strength gain. LC3-MK presented a slightly lower compressive 
strength (35 MPa), whereas LC3-CM exhibited the lowest compressive 
strength of approximately 22 MPa, almost half that of LMC2-MM. These 
differences confirmed that mechanically activated clay, although 
slightly less reactive than MK (Fig. 3), improved strength at an early age. 
This is consistent with previous results (Fig. 4), which showed that the 
hydration kinetics accelerate with MM incorporation. This effect is likely 
due to enhanced hydrates’ nucleation, facilitated by MM’s very fine 
particle size and its faster pozzolanic reaction. As one of the main 
drawbacks of highly-substituted blended cements is their low hydration 
rate at early ages, using mechanically activated clay could be beneficial 
for increasing their mechanical performance for up to three days [67].

The LC3-MK compressive strength at 28 days reached the values of 
LMC2-MM with very similar values, 58 and 54 MPa, respectively, within 
the standard deviation boundaries. Because LMC2-MM presented 
accelerated hydration, the increase in compressive strength from 3 to 28 
days was less pronounced for LMC2-MM than for LC3-MK and LC3-CM 
owing to later pozzolanic reactions. For LC3-CM, the increase in strength 
should be due to the reaction of clinker phases, amorphous meta
kaolinite, and dehydroxylated montmorillonite, as previous results 
demonstrated scant reactivity of crystalline dehydroxylated muscovite 
over time in cementitious environments.

Despite presenting a reasonable compressive strength at 28 days 
(approximately 41 MPa), LC3-CM compressive strength remained 
significantly lower than that of LMC2-MM, confirming the superior 
effectiveness of mechanical activation in obtaining suitable SCM from 
muscovite-rich mixed clays. The gap between LMC2-MM and LC3-CM 
would be even more significant if the CM contained less reactive clay 
minerals (i.e. kaolinite and montmorillonite). In such a scenario, clay 
would probably act only as a filler, leading to a dilution effect of the 
cementitious phases and lowering the mechanical properties of the LC3.

4. Conclusions

In this study, the use of mechanically activated muscovite-rich mixed 
clay (MM) for producing ternary blended cement was first investigated. 
The aim was to broaden the range of suitable clay sources for the 
formulation of limestone calcined clay cement (LC3), enabling the use of 
2:1 clays to achieve properties and performances comparable to those of 
LC3 produced with calcined kaolin (MK). To achieve this, a compre
hensive analysis comparing LC3 formulated with metakaolin (LC3-MK), 
calcined muscovite-rich mixed clay (LC3-CM), and mechanically acti
vated muscovite-rich mixed clay (LMC2-MM) was conducted. The 
microstructure, physicochemical properties, porosity, and compressive 
strength of the materials were assessed, and the following key findings 
were obtained: 

- The addition of MM to LC3 accelerated the hydration of the system at 
three days, leading to a faster reaction of MM with limestone, and 
expedited the consumption of portlandite compared to CM and MK, 
which are crucial for the formation of carboaluminate phases.

- CM displayed lower reactivity than MM at all curing ages because of 
the high content of dehydroxylated muscovite, which exhibited 
practically no pozzolanic activity owing to its high crystallinity. 
However, the contents of clay minerals in the raw clay that become 
reactive after calcination, that is, kaolinite and montmorillonite 
(~28 wt%), reacted to form carboaluminates, mitigating the loss of 
properties to some extent.

- The faster reaction kinetics observed in MM compared to MK and CM 
through isothermal calorimetry translated into reduced pore size and 
a denser cement matrix. LMC2-MM displayed significantly lower 
pore size at 3 days than LC3-MK and LC3-CM, likely due to space 
filling by clay particles and hydrates precipitation in the pores.

- The compressive strength of LMC2-MM at 3 days was very slightly 
higher than that of LC3-MK, and at 28 days, it was similar to that of 

LC3-MK. Compared to LC3-CM, the compressive strength of LMC2- 
MM was significantly higher at all curing ages.

In summary, these findings confirm the potential of the mechanical 
activation of 2:1 clays to enhance their performance in the LC3 formu
lation. Furthermore, the increase in early age strength observed in 
LMC2-MM is beneficial because it counters the typical reduction in 
properties associated with the significant addition of supplementary 
cementitious material (SCM) at early ages. The promising results of this 
investigation open doors for utilising other clays, facilitating the pro
duction of LC3 in countries with limited access to kaolinite-rich clays and 
offering an alternative to calcination which avoids fuel usage and 
potentially reduces the carbon footprint of the clay activation process.

In future work, the work should be tested on a larger production 
scale to ensure the viability of mechanical activation as an industrial 
process and assess the environmental impact of mechanical activation 
compared to that of thermal activation in terms of energy consumption 
and CO2 footprint. The better workability of LMC2-MM with a lower 
superplasticiser content suggests a promising way to mitigate the high 
water demand typically associated with LC3, potentially reducing 
superplasticiser usage or even the water-to-cement ratio. Therefore, a 
rheological study should be performed, because different particle sizes 
and morphologies have been found to affect the workability and flow
ability of pastes. Additionally, the C-(A)-S-H composition and 
morphology should be evaluated to assess the role of Al from MM 
compared to that from MK or CM in the composition and properties of C- 
(A)-S-H.
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[16] J. Mañosa, A. Alvarez-Coscojuela, J. Marco-Gibert, A. Maldonado-Alameda, J. 
M. Chimenos, Enhancing reactivity in muscovitic clays: Mechanical activation as a 
sustainable alternative to thermal activation for cement production, Appl. Clay Sci. 
250 (2024) 107266, https://doi.org/10.1016/j.clay.2024.107266.

[17] T. Hanein, K.C. Thienel, F. Zunino, A.T.M. Marsh, M. Maier, B. Wang, M. Canut, M. 
C.G. Juenger, M. Ben Haha, F. Avet, A. Parashar, L.A. Al-Jaberi, R.S. Almenares- 
Reyes, A. Alujas-Diaz, K.L. Scrivener, S.A. Bernal, J.L. Provis, T. Sui, S. Bishnoi, 
F. Martirena-Hernández, Clay calcination technology: state-of-the-art review by the 
RILEM TC 282-CCL, Mater. Struct. /Mater. Et. Constr. 55 (2022), https://doi.org/ 
10.1617/s11527-021-01807-6.

[18] M. Fitos, E.G. Badogiannis, S.G. Tsivilis, M. Perraki, Pozzolanic activity of 
thermally and mechanically treated kaolins of hydrothermal origin, Appl. Clay Sci. 
116117 (2015) 182–192, https://doi.org/10.1016/j.clay.2015.08.028.

[19] A.R.D. Costa, S.R.C. Matos, G. Camarini, J.P. Gonçalves, Hydration of sustainable 
ternary cements containing phosphogypsum, Sustain. Mater. Technol. 28 (2021), 
https://doi.org/10.1016/j.susmat.2021.e00280.

[20] I.C. Madsen, N.V.Y. Scarlett, A. Kern, Description and survey of methodologies for 
the determination of amorphous content via X-ray powder diffraction, Z. Fur Krist. 
226 (2011) 944–955, https://doi.org/10.1524/zkri.2011.1437.

[21] F. Zunino, K. Scrivener, The reaction between metakaolin and limestone and its 
effect in porosity refinement and mechanical properties, Cem. Concr. Res 140 
(2021) 106307, https://doi.org/10.1016/j.cemconres.2020.106307.

[22] N. Garg, J. Skibsted, Pozzolanic reactivity of a calcined interstratified illite/ 
smectite (70/30) clay, Cem. Concr. Res 79 (2016) 101–111, https://doi.org/ 
10.1016/j.cemconres.2015.08.006.

[23] F. Scrivener, H. Avet, F. Maraghechi, J. Zunino, W. Ston, A. Hanpongpun, Favier, 
Impacting factors and properties of limestone calcined clay cements (LC3, Green. 
Mater. 7 (2018) 3–14, https://doi.org/10.1680/jgrma.18.00029.

[24] F. Zunino, K. Scrivener, Reactivity of kaolinitic clays calcined in the 650 ◦C–1050 
◦C temperature range: Towards a robust assessment of overcalcination, Cem. 
Concr. Compos 146 (2024) 105380, https://doi.org/10.1016/j. 
cemconcomp.2023.105380.

[25] I. Tole, K. Habermehl-Cwirzen, A. Cwirzen, Mechanochemical activation of natural 
clay minerals: an alternative to produce sustainable cementitious binders – review, 
Miner. Pet. 113 (2019) 449–462, https://doi.org/10.1007/s00710-019-00666-y.
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