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A B S T R A C T

This study seeks to push the limits of LC3-50 binders by utilising low-grade kaolinite clays and C-S-H gel 
nucleation seeding. Four commercially-available kaolinite clays (i.e. kaolinite contents ~20 wt%) have been 
studied by X-ray fluorescence, X-ray powder diffraction and thermal analysis. The clays were thermally activated 
and milled to Dv,50 = 11 ± 2 μm. The activated clays showed low pozzolanic performances, as determined by 
ASTM C1897-20 standard. The heat flows ranged 200–230 J/g calcined clay and the bound waters 4.3–5.7 %. 
The LC3-50 pastes were characterised by calorimetry, X-ray powder diffraction and the Rietveld method, thermal 
analysis, and porosimetry to evaluate pozzolanic reactivity and the seeding effect.

LC3 mortars, w/b = 0.40, have relatively low compressive strengths, especially at one day, but these values 
were increased by 64 % on average at one day by seeding. At 1 day, three LC3 mortars showed 11 MPa which 
increased to 18–20 MPa by seeding. A fourth mortar showed a much higher compressive strength, 16 MPa, that 
increased to 23 MPa, by seeding. A tested concrete, w/b = 0.50, also showed a high increase of 37 % at 1 day. 
The improvements at 28 days were maintained but quantitatively lower, 12 and 14 % for the mortars and the 
concrete, respectively. Insights into the pozzolanic reactions and C-S-H seeding are obtained from the quanti
tative study of the pastes. For instance, it is proven the pozzolanic reaction at 1 day from the portlandite con
sumption. Also shown is the enhanced formation of carboaluminates when the strength enhancing admixture is 
added.

1. Introduction

Partial replacement of clinker with supplementary cementitious 
materials (SCMs) is a well-established strategy to reduce the environ
mental footprint of cement production. Currently, most cements are 
blended with SCMs such as fly ash (FA), blast furnace slag (BFS), and 
limestone (LS). While these SCMs can produce high-quality low-carbon 
cements, the long term availability of FA and BFS is dubious due to the 
decarbonisation initiatives of the corresponding industries [1]. Lime
stone calcined clay cement (LC3-50) is a relatively new blended cement, 
that typically consists of 50 wt% Portland clinker, 30 wt% calcined clay, 

15 wt% LS, and ~5 wt% gypsum, enabling a reduction in CO2 emissions 
of approximately 40 % compared to PC type I [2]. LC3 complies with the 
new European standard for composite Portland cement (EN-UNE 197-5) 
classified as CEM II/C-M (Q-L(L)), enabling the reduction of clinker 
content to 50 wt% [3]. Although there are some studies of LC3-binders 
prepared with different calcined clays [4], such as smectite [5], or 
muscovite/illite [6], LC3 are usually prepared with kaolinite (kln) 
calcined clays, as they give the highest performances. The synergism 
between clinker, calcined clay, and LS makes these blends competitive 
from 3 to 7 days of hydration. This is chiefly possible due to: i) the fast 
hydration/reaction kinetics of metakaolin (MK), i.e. Al2Si2O7, which is 
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the main active component after calcination of kaolinitic clays; ii) the 
pozzolanic reaction of MK with the portlandite produced during clinker 
hydration, to form C-A-S-H gel with variable stoichiometry close, to 
Ca1.5Al0.2SiO3.8(H2O)4.0; iii) the reaction of the remaining aluminium 
from the MK with the carbonate anions from LS to form carboaluminate 
hydrates, and iv) the filler effect of the LS and the remaining phases of 
the calcined clay. Calcined clays promote the precipitation of AFm-type 
phases and C–A–S–H with longer chains, where aluminium substitutes 
for silicon [7]. The pozzolanic reactions that happen during the hydra
tion of LC3 are thoroughly discussed in other studies [8–11]. These re
actions enable LC3 to attain mechanical properties to those of type I PC 
after approximately 3 days of hydration, even with higher levels of 
clinker substitution compared to other SCMs [12].

Kaolin can be defined as a rock with kaolinite-group minerals, 
accompanied with other minerals, such as quartz, feldspar and mica 
[13]. Being a natural material, clay rocks frequently contain impurities, 
such as anatase, calcite, hematite, pyrite, and so on. Some impurities can 
negatively affect the pozzolanic activity of the clay after calcination, as 
happens with CaO (formed from CaCO3 thermal decomposition), 
because it reduces the formation of MK above 800 ◦C [14]. Additionally, 
clays rich in pyrite can release SO₃ during calcination, which has 
detrimental effects on both the calcined clay and the environment [14]. 
However, the impact of other impurities depends on their concentration 
in the clay. For example, while 2.7 wt% Fe2O3 resulted in a more 
compact cement structure associated with an enhanced pozzolanic re
action and a higher consumption of portlandite, higher levels may have 
a detrimental impact [15]. Certain oxides, such as Na2O and K2O can 
also act as fluxing agents, reducing the specific surface area of the 
calcined clay and thereby lowering its reactivity at early ages [16]. Clays 
need to be activated, usually by calcination, before being used in LC3 

binders. Clay calcination is accomplished by the dehydroxylation, while 
preventing (re)crystallisation at higher temperatures. Thus, the ideal 
activation temperature range falls between these two processes, dehy
droxylation and (re)crystallisation of new mineral phases, between 600 
◦C and 900 ◦C for kln [17]. The highest pozzolanic reactivity is attained 
when the clay is calcined at the temperature where an optimal balance 
between specific surface area and structural disorder is achieved [7]. 
The key parameters to have fast pozzolanic reactivity of the meta-clay 
phase, i.e. MK, at early hydration ages, are surface area, particle size, 
and structural disorder [18]. However, at later ages (i.e. more than 7 
days), the MK content is the main parameter to justify the mechanical 
strengths of the resulting mortars [19]. The rheological properties, and 
consequently, the superplasticiser (SP) dosage, are usually correlated 
with the metakaolin content; however, there are other parameters, such 
as the specific surface area [20] and the particle shape [21] of the 
calcined clays that also have an effect. Other factors may also influence 
the SP demand, such as the iron content of the SCM, although further 
research is required to confirm this [20]. The MK content in the calcined 
clay has been shown to affect not only the rheological behaviour but also 
the strength development [19,22]. For the former, the amount of SP 
needed usually increases by increasing the metakaolin content for the 
same flowability [22]; and for the latter, for LC3-50 systems, at least 40 
wt% MK containing calcined clays are needed (if strength enhancing 
admixtures are not used) [19,22]. LC3 mortars and concretes prepared 
with clays that contain 40–50 wt% kln usually present good workability, 
competitive mechanical strengths after three days, together with a very 
good chloride penetration resistance [23]. However, it is known that LC3 

systems have poorer carbonation resistance than Portland Cement (PC) 
[22]. Consequently, the use of medium-grade kln clays (40–60 wt% kln) 
represents a cost-effective alternative to high-grade clays (>60 wt% 
kln). A smooth, nearly linear relationship exists between the mechanical 
strength and the amount of MK in the calcined clay.

To ensure competitive performances, i.e. kln contents higher than 40 
wt%, the LC3 consortium recommends [14] the chemical criteria shown 
in Table 1. The theoretical criteria correspond to a material with a 
composition close to 40 wt% of kln and 60 wt% of quartz. The empirical 

criteria are related to the values from the chemical composition and 
experience of the authors. In addition, low amounts of CaO and SO3 are 
recommended, as detailed above.

However, factors like the accessibility, cost of raw materials and 
transportation are crucial determinants. Indeed, many cement plants do 
not have deposits of medium-grade kln clays nearby, therefore, based on 
the location of the cement plant, the use of alternative clays [4], such as 
smectite, illite/muscovite may be considered. Another alternative could 
be the use of low-grade kln clays, i.e. with kln contents lower than 30 wt 
%, which, although they do not fulfil the criteria shown in Table 1, are 
available close by. Recently, a few articles focusing on the potential 
utilisation of low-grade kaolinitic calcined clays as SCM have been 
published [24–33]. However, there are two challenges associated with 
this type of material that make comparisons difficult. The first challenge 
is the difficulty in accurately estimating the percentage of kln in the clay 
when it is present in low amounts. The second challenge arises from the 
fact that, as natural materials, these clays often contain other pozzolanic 
phases, such as smectite or illite, in varying percentages. A smart way to 
circumvent these problems is to use the ASTM C1897 pozzolanic activity 
[34] as reported by [35]. A high purity MK sample gave 1150 J/g of SCM 
of cumulative heat at seven days, and activated low-grade kaolinitic 
clays gave 230–330 J/g of SCMs [35]. Independent works reported 1030 
and 1085 J/g of pure MK in [36] and [18], respectively. Therefore, by 
assuming an average heat of 1100 J/g of pure MK, the 30 % MK content 
would yield a threshold of 330 J/g of SCMs. Therefore, low-grade 
kaolinitic clays can also be classified as those yielding less than 330 J/ 
g of SCMs.

It should be noted that in the ten scientific papers dealing with low- 
grade kaolinitic clays, there is no approach that uses accelerators/ 
strength enhancing admixtures. In fact, just two report the pozzolanic 
activities according to ASTM C1897 standard [31,33]. In [31], the re
ported heat released at 7 days was 180 J/g SCM and the resulting LC3-50 
mortars (w/b = 0.40 with a PC-52.5R) showed 30 and 46 MPa 
(compressive strength values) at 7 and 28 days, respectively. In [33], the 
heat released was 329 J/g and the resulting LC3-50 mortars (w/b = 0.40 
with a PC-42.5R) had 40 and 46 MPa at 7 and 28 days, respectively. The 
mechanical strengths at one day were not reported.

C-S-H nanoparticle nucleation seeding has two main effects on 
cement hydration [37–39], chemistry-related and physics-related. From 
the chemistry viewpoint, these nanoparticles modify the pore solution 
concentrations (e.g. SO4

2− , Ca2+, Al3+, etc.), as these ions are adsorbed 
because the very large surfaces of the nanoparticles. In turn, the 
adsorption of ions has three main effects: i) it creates local concentration 
gradients that alters the dissolution pathways, ii) the C-S-H growth 
mechanism, from alite hydration and from the pozzolanic reaction, 
could be changed due to the adsorbed species, and iii) the changes in 
SO4

2− and Al3+ concentrations indirectly modify, it could even delay, 
alite dissolution. The roles of aluminate [40–44] and sulfate [45,46] 
species in alite hydration rate are being very actively researched. If 
alkanolamines are included within the admixtures, the ferrite phase 
hydration is accelerated [8,47–49]. This contributes to expose addi
tional alite surfaces to hydration during early ages [50], when there is 
plenty of water for hydration. This enhances cement hydration at the key 
early age because of the intergrown nature of the alite/ferrite compo
nents. All these effects are not directly related to the nucleation process.

From the physics viewpoint, C-S-H nanoparticle seeding provides 

Table 1 
Setting chemical criteria (in wt%) to select raw clays with ≥40 wt% kaolinite 
[14].

Theoretical criteria Empirical criteria Additional criteria

% Al2O3 = 15.8 
Al2O3 / SiO2 = 0.2

% Al2O3 ≥ 18.0 
Al2O3 / SiO2 ≥ 0.3 
% LOI ≥ 7.0 
% Na2Oeq < 3.0

% CaO < 3.0 (low calcite) 
% SO3 < 3.0 (low sulfate / sulfide)
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very effective additional nucleation sites. There are two different con
sequences from this effect. On the one hand, it initially accelerates cal
cium silicate hydration, also known as the filler effect [51–53]. This is 
because of the connection between alite dissolution and C-S-H gel pre
cipitation. On the other hand, synchrotron imaging techniques have 
shown that C-S-H seeding partly moves the C-S-H precipitation and 
growth away from the dissolving alite particles, enhancing secondary 
nucleation in the capillary porosity [54,55]. The rearrangement of the C- 
S-H gel from the surfaces of alite particles (inner C-S-H gel with higher 
mass density) to the pore space (outer C-S-H gel with lower mass den
sity) leads to a more homogeneous C-S-H distribution in the bulk of the 
paste [56], which in turn decreases the porosity, improving the me
chanical strengths, and reducing the permeability of the final binder 
[57]. This has also been indirectly evidenced by lower porosities and 
smaller threshold pore entry sizes, as measured by MIP. It should be 
noted that C-S-H densities at the microscale can span from lower than 
1.80 gcm− 3 (outer C-S-H with larger content of gel pore water) to higher 
than 2.10 gcm− 3 (inner C-S-H with smaller amount of gel pore water), i. 
e. up to a 15 % difference. Therefore, even with the same degree of 
hydration, a larger fraction of outer C-S-H gel leads to lower porosities 
and, chiefly, higher connectivities [55].

In this study, we address the knowledge gap for LC3 binders based on 
low-grade kaolinitic clays. We push the limits of LC3-50 binders by 
utilising four commercially available low-grade kaolinitic clays without 
measurable amounts of smectite. These low carbon cements are 
economically quite competitive but their hydration kinetics are slow 
because the MK contents. LC3 mortars, w/b = 0.40, containing C-S-H gel 
nucleation seeding gave competitive compressive strengths, as they 
increased by ~60 % at one day of hydration when compared to the 
unseeded mortars. The compressive strength of one concrete, w/b =
0.50, has also been studied and C-S-H gel nucleation seeding boosted its 
one-day compressive strength by 37 %. The mechanisms underlying the 
pozzolanic reaction and the seeding are studied for the corresponding 
LC3 pastes.

2. Materials and methods

2.1. Starting material

In this work, four commercial low-grade Spanish kaolinite clays 
(designated as RCx) have been studied: RC1 from Badajoz was provided 
by Arcillas La Serena S.L.; RC2 from Seville was supplied by Refractarios 
Andalucía S.L.; and RC3 and RC4 were supplied by Arcillas Moreno S.L., 
and they are from Albacete and Valencia, respectively.

Additionally, two reference Spanish clays from Guadalajara, sup
plied by Caobar S.A., were used as medium-grade kaolinite clays (Caolin 
C/N-2021 and Caolin C-2021), hereinafter referred to as RCref1 and 
RCref2, respectively.

Portland cement (PC), classified as CEM I 52.5 R in accordance with 
the EN 197-1 standard, with a particle size (Dv,50) of ~12 μm, was 
employed (PC-525). This cement was supplied by Cementos Cosmos, 
Votorantim Cimentos Group (Malaga, Spain). A commercial limestone 
(LS), Omyacarb®5F, was supplied by Omya Clariana S.L.U. (Granada, 
Spain), and commercial gypsum (Gy) was provided by Fábrica de Yesos 
y Escayolas La Maruxiña S.A. (Toledo, Spain). The gypsum was ground 
in the laboratory to a particle size (Dv,50) of ~13 μm, as detailed in [8]. 
The elemental compositions and textural properties of PC, LS, and Gy 
have been previously reported [8].

As superplasticiser (SP), a commercial polycarboxylate-based SP was 
used, MasterCO2re 3240, supplied by Master Builders Solutions, with a 
solids content of 35 wt%. It was specifically designed to avoid fluidity 
loss during the early stages of low-carbon cement hydration. Further
more, a strength-enhancing admixture, Master X-Seed STE 53, named 
hereafter as STE53, provided by Master Builders Solutions España S.L. 
U., was employed. This admixture contains C-S-H gel-based seeds with 
alkanolamines [58] and has a solids content of 28 wt%. An optimised 

amount of SP was used to prepare all LC3 pastes and mortars as detailed 
below.

2.2. Clays calcination and milling

Both raw and calcined clays were dried at 105 ◦C prior to further 
processing/characterisation. All clays were subjected to calcination at 
860 ◦C for 4 h in an industrial facility at a brick factory (Inducerama S.L., 
Spain) hereinafter referred to as CCx. A total of 10 kg of each clay was 
calcined, except for RC4, for which 100 kg were calcined. The calcined 
clays (CC1, CC2, and CC3) were ground using a ball mill (Proeti) with 
stainless steel balls, processed in 1 kg batches. In contrast, CC4 was 
milled using a heat able laboratory ball mill LM0504-S7 from CEMTEC, 
with material load ca. 12 kg. In all cases, the target average particle size 
was set to Dv,50 = 11 ± 2 μm.

2.3. Pastes, mortars and concrete preparation

LC3-50 binders (hereafter named CCx-LC3) consisted of 52 wt% of 
Portland cement (PC), 30 wt% of calcined clay (CCx), 15 wt% of lime
stone (LS) and 3 wt% of gypsum (Gy). Both standard and seeded pastes 
were prepared at 20 ± 2 ◦C with a water-to-binder ratio (w/b) of 0.40, 
using an optimised dosage of SP. Unseeded and seeded pastes were 
mechanically prepared (IKA, mod. RW20-D). Table S1 details the pro
tocol followed. Seeded pastes contain 2.00 wt% (by weight of binder, 
bwb) of STE53. The pastes were poured into sealed Teflon cylinders (10 
mm diameter × 40 mm length) and rotated for 24 h at 20 ± 2 ◦C. 
Subsequently, they were left in a saturated Ca(OH)₂ solution until testing 
at 7 and 28 days.

Mortars were prepared under the same conditions (20 ± 2 ◦C), 
following a modified EN196–1 standard. The parameters not followed 
have been the application of 60 knocks and the standard sand/binder 
ratio of 3.0. The approach used here (a self-flow of 200 mm by adding 
SP, and a s/b = 1.78) is related to concrete field applications and it was 
employed by us in several investigations [47,49,59,60]. The super
plasticiser was optimised to achieve an initial self-flow of 200 ± 20 mm. 
The procedure for the preparation of unseeded and seeded mortars is 
described in Table S1. Moulds (4 × 4 × 16 cm3) were half-filled with 
mortar, and 60 vertical punctures were applied using a glass rod to 
remove air bubbles. The moulds were then completely filled, and other 
60 punctures were applied. The filled moulds were kept in a humidity 
chamber (20 ◦C, 99 % relative humidity) for 1 day, after which they 
were demoulded and left in tap water at 20 ± 2 ◦C until testing at 7 and 
28 days. The water contents in the SP and STE53 admixtures were 
accounted for in the w/b calculations.

Concretes (C30/37, S4–5 class) were prepared using neat PC and the 
CC4-LC3 binder. The dosage was 330 kg/m3 of cement/binder, 923 kg/ 
m3 of silica sand (0–4 mm), 395 kg of crushed gravel (12–19 mm), 648 
kg/m3 of river gravel (25 mm) and 165 kg/m3 of effective water, w/b =
0.50. CC4-LC3-SP-STE53 concrete, containing the strength enhancing 
admixture, STE53, was fabricated by adding 2.00 wt% (bwb) of the 
admixture, i.e. 6.6 kg/m3. The addition order of materials and admix
tures for the unseeded and seeded concrete is described in Table S1. For 
this, a vertical-shaft planetary mixer, P50 by OMG SICOMA, was used 
(65 Hz, 1950 rpm). Concrete specimens were cast in cubic moulds (150 
× 150 × 150 mm3) and, after demoulding at one day, they were placed 
inside the curing room (20 ± 2 ◦C and > 95 % relative humidity) until 
further testing (i.e. 7 and 28 days).

2.4. Characterisation techniques

Prior to any characterisation, the clays were crushed, dried at 105 ◦C 
for 2 h and milled to a particle size of Dv,50 ~ 11 ± 2 μm.

2.4.1. X-ray fluorescence (XRF)
The powder samples were analysed using an ARL ADVANT'XP+
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instrument from Thermo Fisher, located at the Central Research Support 
Service (SCAI) at the University of Malaga, with the fused bead 
approach. Loss on ignition (LOI) was measured by subjecting the sam
ples to a temperature of 950 ◦C for 2 h.

2.4.2. Textural characterisation
Particle size distributions (PSD) were analysed by laser diffraction 

using a Malvern Panalytical Mastersizer 3000 instrument with a dry 
chamber (Aero S). The MIE non-spherical approach was utilised for data 
processing, and a refractive index (RI) of 1.55 was used for all the 
studied clays. The employed absorption indices (AI) were 0.1 and 0.01 
for the four studied calcined clays and the calcined reference clays, 
respectively. Specific surface area (SSA) values were obtained through 
BET analysis of N2 adsorption isotherms, using an ASAP 2420 instru
ment (Micromeritics, USA).

2.4.3. Laboratory X-ray powder diffraction (LXRPD) of clays and cement 
pastes

Mineralogical phase analyses were conducted using the Rietveld 
method with two diffractometers, both housed at the Central Research 
Support Service (SCAI) at the University of Málaga: (i) an X'Pert PRO 
MPD (PANalytical) diffractometer, configured in a Bragg-Brentano ge
ometry and employing monochromatic CuKα1 radiation (1.5406 Å), and 
(ii) a D8 ADVANCE (Bruker AXS) diffractometer, utilising mono
chromatic MoKα1 radiation (0.7093 Å). To quantify the amount of 
amorphous and non-quantified crystalline phases (ACn), the samples 
were blended with 20 wt% α-Al2O3 as the internal standard [61]. The 
hydration of the pastes was not arrested using solvent exchange with the 
objective of minimising the decomposition of phases such as ettringite 
[62]. As a result, the ACn values obtained from gentle grinding with the 
standard include the free water. Rietveld quantitative phase analysis 
(RQPA) was conducted on all samples using GSAS software [63,64].

2.4.4. Pozzolanic activity ASTM C1897-20 of calcined clays (R3 test)
The pozzolanic activity of all calcined clays was measured following 

the ASTM C1897-20 standard [34]. Two parameters are obtained, i.e. 
cumulative heat released and chemically bound water (BW). The heat 
released at 40 ◦C by a R3-paste was measured using a calorimeter (eight- 
channel Thermal Activity Monitor, TAM) over a 7-day period, employ
ing glass ampoules and water as the reference, in accordance with [65].

2.4.5. Flowability tests of mortars and concrete
The SP content was optimised through slump tests of mortars. LC3- 

mortars were cast in a truncated cone mould (base and top diameters of 
100 mm and 70 mm, respectively, and height of 60 mm). It was initially 
filled halfway, and air entrainment was minimised by performing 60 
vertical punctures with a glass rod. Following this, the mould was 
completely filled, and another set of 60 punctures were applied. The SP 
dosage was optimised to achieve an initial self-flow of every mortar 
within 200 ± 20 mm, i.e. without any external knock. Slump flow 
measurements were taken immediately after preparation (t₀), and after 
30 (t30) and 60 min (t60). Prior to the measurements at t30 and t60, the 
mortars were remixed by stirring at 285 rpm for 60 s.

LC3-concrete and the reference PC-concrete, both with SP, were 
poured in Abrams cone. The amount of SP was determined to keep the 
initial slump in the range of 210 ± 10 mm (Abrams cone slump). Initial 
slump and workability retention were measured following the EN 
12350-2:2019 procedure.

2.4.6. Compressive strengths
An Autotest 300/20C MD2-ECO press, located at the University of 

Málaga, was used to measure the compressive strength of the mortars at 
1, 7, and 28 days, where six half-prisms were tested for each age. 
Consequently, the compressive strengths given in this work are the mean 
of six individual measurements. For concrete characterisation, 2 cubes 
(150 × 150 × 150 mm3) were tested for each hydration time (1, 7, and 

28 days).

2.4.7. Environmental performance (EP)
The environmental performance, which can be defined as the ratio 

between CO₂ emissions by blends and the compressive strengths of the 
corresponding mortars [66], was calculated for the studied blends. The 
CO2 emissions associated with each blend was determined considering 
the value of each component, f.i. 0.85, 0.0022 and 0.00 kgCO2eq./kg 
were taken for PC, limestone and gypsum, respectively [67], and 0.249 
kgCO2/kg for calcined kaolinitic clay [68]. In addition, the European 
Federation of Concrete Admixture Associations (EFCA) have specified 
the CO2 footprint of different admixtures [69]. A value of 0.689 
kgCO2eq./kg has been assumed for the used SP [70] (Group B in the 
EFCA categorisation), and 0.73 kgCO2eq./kg for the C-S-H seeding 
admixture [71]. Consequently, the calculated CO₂ emissions per kilo
gram for all CCx-LC3 blends, including admixtures (SP and C-S-H gel 
nucleation seeding where applicable), are 0.52 and 0.54 kg CO₂eq/kg for 
unseeded and seeded blends, respectively. For CC1-LC3, the calculated 
CO2 is marginally higher due to its higher SP content (0.53 kg CO₂eq/kg 
for the unseeded sample). For plain PC with SP, this value rises to 0.86 
kg CO₂eq/kg.

2.4.8. Isothermal calorimetry of pastes
The heat released by all studied pastes was measured with the 

calorimeter described in Section 2.4.4. The pastes were placed in glass 
ampoules, with water used as the reference material [72]. Heat mea
surements were carried out over a 7-day period at 20 ◦C, excluding the 
first 45 min after mixing, which were required for thermal equilibrium.

2.4.9. Thermal analysis (TA) techniques (clays and pastes)
Thermogravimetric analysis of raw clays (milled down to Dv,50~11 

μm and dried at 105 ◦C for 2 h) and LC3-cement pastes (crushed, sieved 
between 2 and 4 mm and ground in an agate mortar for 10 min, without 
arresting hydration) was performed in an SDT-Q600 analyser (TA In
struments, New Castle, DE). Data were collected from RT to 1000 ◦C by 
heating at 10 ◦C/min. For the clays and prior to the measurements, an 
isothermal treatment was applied which was 105 ◦C for 30 min, i.e. 
within the TA chamber.

2.4.10. Mercury intrusion porosimetry (MIP)
The porosity study was performed with a Micromeritics AutoPore IV 

9500 porosimeter (Micromeritics Instrument Corporation of Norcross, 
GA, USA), from 1 mm to 3.5 nm (pore entry radius) applying pressures 
0–210 MPa in the step mode. A contact angle of 140◦ was assumed for 
calculations. For this study, pastes were crushed, sieved (the retained 
pieces ranged from 2 to 4 mm) and the water was arrested by immersion 
in isopropanol (20:1 of isopropanol:sample mass ratio) for 1 h to mini
mise alterations including carbonation [73]. After that, the pieces were 
kept in a stove at 40 ◦C until a constant weight.

3. Results and discussion

3.1. Characterisation of raw clays

The four low-grade kaolinite clays, i.e. RC1 to RC4, were numbered 
based on the heat released during calorimetry, as determined by the R3- 
test at 7 days, see below. Additionally, two medium-grade clays were 
included, RCref1 and RCref2, for comparison/reference purposes. All raw 
clays were characterised by XRF, LXRPD-RQPA and TA. Three analytical 
techniques were employed due to the significant errors involved in 
quantifying the kaolinite content in low-grade kaolinitic clays. These 
errors stem from the natural variability of clays including the possible 
pozzolanic performances of the amorphous fraction which is presently 
unknown. Table 2 presents the XRF data for all raw clays, including the 
Al2O3/SiO2 ratios. As expected, the studied low-grade kaolinitic clays do 
not fully meet the empirical criteria outlined in Table 1. For instance, 
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only RC1 shows an Al2O3 content greater than 18.0 wt%, and only RC1 
exhibits an Al2O3/SiO2 ratio above 0.30, although several other samples 
are close. Only RC1 and RC2 display loss on ignition (LOI) values 
exceeding 7.0 wt%. Concerning the reference clays, it is noteworthy that 
RCref2 has an Al2O3 content lower than 18 wt%, i.e. ~15 wt%. The CaO 
content in all cases is low, see Table 2. Another important observation is 
that all studied raw clays contain significant amounts of Fe2O3 (≥3.5 wt 
%), whereas in both reference samples, the Fe2O3 content is below 0.5 
wt%. The role of Fe2O3 content in the calcined clay with respect to the 
pozzolanic performances is presently unknown to the authors. All the 
studied clays contain K2O (3–4 wt%), primarily from muscovite (and 
microcline), see below.

The LXRPD patterns of the four raw clays (measured without an in
ternal standard using CuKα1 radiation) are given in Fig. 1, with the main 
phase peaks indicated. Table 3 presents the mineralogical composition 
of all raw clays as determined by RQPA, where the ACn contents are also 
given. The crystal structure codes, viz. ICSD (Inorganic Crystal Structure 
Database) or AMCSD (American Mineralogist Crystal Structure Data
base), used for the quantitative study have been included. “Common 
clays” typically consist of a heterogeneous mixture of phyllosilicates and 

can be categorized by the type of layers present, i.e., 1 or 2 tetrahedral 
(silicate-based) and 1 octahedral (aluminate-based) layers, such as 1:1 in 
the kaolinite group [74] and 2:1 in muscovite [74] and pyrophyllite 
[75].

On the one hand, the reference clays have larger crystalline kaolinite 
contents, ~20 and ~17 wt% for RCref1 and RCref2, respectively. Very 
importantly, these clays have low amounts of muscovite/mica, i.e. <6 
wt%, and this could imply that the amorphous contents in these two 
samples, ~20 wt%, see Table 3, could be kaolinite-like. On the other 
hand, the four studied clays have low percentages of crystalline kaolinite 
(below 15 wt%). Very importantly, these clays have relatively high 
amounts of crystalline muscovite ranging from ~18 to ~28 wt%. We 
consider this a very important feature as this may suggest that the non- 
crystalline fractions are more illite-like due to argillization.

Fig. S1, given in Supplementary Information (S.I.), presents the TGA- 
DTG plots for the four clays studied. This analysis aids in understanding 
the calcination processes of these samples with varying compositions. As 
reported in the literature [77], the dehydroxylation of kaolinite occurs 
through an endothermic peak between ~530 and ~590 ◦C, while the 
dehydroxylation of muscovite, the most abundant crystalline phase in 
these clays, takes place between ~820 and ~920 ◦C. Finally, the 
dehydroxylation of pyrophyllite occurs between 650 and 850 ◦C [77]. 
Broader dehydroxylation ranges (400–650 ◦C for kaolinite, 700–900 ◦C 
for muscovite [17], and 500–900 ◦C for pyrophyllite [78]) are also re
ported in the literature. The dehydroxylation of these clays is occurring 
between 300 and at least 700 ◦C. The weight losses between 300 and 
600 ◦C are explicitly reported in Fig. S1, together with the corresponding 
kaolinite contents assuming that these losses are only due to kaolinite. In 
the four cases, kaolinite contents lower than 30 wt% were estimated, 
setting the upper amount of kaolinite [79]. In this work, the endotherms 
associated with kaolinite dehydroxylation are centred at 500, 516, 473, 
and 490 ◦C for RC1, RC2, RC3, and RC4, respectively. Additionally, a 
broad endothermic peak observed at ~650 ◦C (specifically at 624, 648, 
617, and 693 ◦C for RC1, RC2, RC3, and RC4, respectively) is likely 
associated with the dehydroxylation of muscovite. Due to the small 
sample size used by this technique (~30–40 mg), the kaolinite content 
was also estimated by thermal analysis based on the weight loss [17] of 
the studied clays in a furnace, using ~5.0 g of sample, over the tem
perature range of 300 to 600 ◦C. The corresponding estimated kaolinite 
contents (ranging from ~22 to ~35 wt%) for the four studied clays are 

Table 2 
Elemental compositions, expressed as oxide wt%, for all studied clays from XRF 
data.#

RCref1 RCref2 RC1 RC2 RC3 RC4

SiO2 72.6(3) 76.6(3) 49.9(4) 63.4(4) 60.3(4) 63.3(4)
Al2O3 20.5(2) 14.8(2) 30.5(2) 16.5(2) 17.2(2) 16.6(2)
Fe2O3

a 0.23(2) 0.18(1) 3.6(2) 5.9(2) 8.4(2) 6.1(2)
CaO 0.08(1) 0.06(1) 0.86(6) 1.25(8) 0.57(4) 0.96(7)
MgO 0.07(2) 0.08(2) – 0.8(1) 2.0(2) 1.8(2)
SO3 – – 1.10(6) 0.11(1) – 0.04(1)
Na2O – – 0.55(6) 0.32(4) 0.11(4) 0.13(3)
K2O 1.1(1) 1.3(1) 2.9(1) 3.4(2) 4.0(2) 4.1(2)
TiO2 0.17(1) 0.14(1) 1.08(1) 0.75(1) 1.05(1) 0.71(1)
P2O5 – – 0.42(2) 0.11(1) – 0.04(1)
MnO – – – 0.16(1) – 0.04(1)
Others 0.03 0.03 0.14 0.04 0.06 0.03
Al2O3/SiO2 0.28 0.19 0.61 0.26 0.29 0.26
LOI* 5.16 6.85 8.67 7.23 6.25 6.18

# Values in parentheses are the associated errors.
a Total Fe expressed as Fe2O3 weight percent.
* LOI: Loss on Ignition. Dried (105 ◦C for 2 h) and heated (950 ◦C for 2 h).

Fig. 1. CuKα1 LXRPD patterns for (a) the raw clays (RC1, RC2, RC3 and RC4), and (b) calcined clays (CC1, CC2, CC3 and CC4), without internal standard. % stands 
for Goethite. The standard mineral abbreviations are used [76].
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given in Table 4, by assuming that the complete mass loss is due to 
kaolinite. Thus, Table 4 summarises the results of the estimated kaolinite 
contents obtained by XRF, RQPA, furnace analysis, and also provides the 
average of all these values. The kaolinite quantification by XRF is based 
on the assumption that all Al2O3 content which is not associated to a 
crystalline phase in Table 3 is within kaolinite.

3.2. Thermal activation and pozzolanic activity test

The choice of the calcination temperature was carried out based on 
operative reasons after an initial study. There is an industrial (brick) 
furnace operating at a maximum temperature of 860 ◦C, where large 
amounts of clays can be heated. This was considered essential as 100 kg 
of RC4 was heated to have material for concrete (and mortar) studies.

Thus, an initial TGA-DTG investigation of the raw materials was 
carried, see Fig. S1. 860 ◦C appears to be an appropriate calcination 
temperature, as it ensures complete dehydroxylation of all clays. In a 
second (necessary) study, the formation of new crystalline phases at this 
temperature was ruled out. The avoidance of recrystallization was 
determined by LXRPD, see Figs. 1 and S2 and Tables 3 and A2. Conse
quently, it was concluded that 860 ◦C was an adequate temperature 
(although not necessary the optimum for each sample). This was 
confirmed by the R3 results, see below.

Table A1, in the annex, presents the XRF data for the calcined clays 
(CCx) and the reference samples. As expected, the LOI values are much 
lower than those of the raw clays, see Table 2, because of the decom
position of the hydrate phases. The textural properties of the milled 
calcined clays (particle sizes, specific surface area, and density) are 
presented in Table 5. The corresponding particle size distribution figures 
are shown in Fig. S3.

3.2.1. LXRPD study of calcined clays
Table A2 presents the phase composition, including ACn, of the 

studied calcined clays and the reference samples. In all cases, kaolinite is 
either absent or present in very low amounts (i.e. 0.8 wt% for CC1), as 
expected. Additionally, when these results are compared with those of 
the raw clays in Table 3, the ACn contents have increased after calci
nation, as expected. The LXRPD patterns of the calcined clays, measured 
using CuKα1 radiation, are shown in Fig. 1b. It is important to highlight 
that no new phases were generated during the heating process, which 
could have otherwise reduced the pozzolanic activity of the calcined 
clays. The Rietveld refinement plots of the studied calcined clays, mixed 
with Al2O3 as an internal standard and measured using MoKα1 radiation, 
are shown in Fig. S2.

3.2.2. Pozzolanic activity of calcined clays by ASTM C1897-20
The pozzolanic activity of the calcined clays was tested following the 

ASTM C1897-20 standard (R3-test) [34,80,81]. Fig. 2(a–b) shows the 
corresponding heat flow and cumulative curves up to 7 days for the 
calcined clays, including the references. On the one hand, the four 
samples studied exhibit a broad peak (see Fig. 2a), related to the 
pozzolanic reactions forming C-A-S-H gels and possibly ettringite [80]. 
The peak associated with CC1 is sharper, which may be partially asso
ciated with its higher Al2O3/SiO2 ratio and lower Fe2O3 content.

The reference samples show significantly higher cumulative heat 
values at seven days, 539 and 457 J/g SCM for CCref1 and CCref2, 
respectively. As detailed in the introduction, this would correspond to 
equivalent MK contents of 49 and 41 %. This is in line with its medium- 
grade kaolinite performances and it points out that the low Fe2O3 and 
muscovite contents enhanced the pozzolanic activity. On the one hand, 
low muscovite contents could indicate that the amorphous content in the 
pristine clay is more kaolinite-like. It is worth noting that the amorphous 
contents of CCref1 and CCref2 were ~42 wt%, see Table A2, suggesting 
that this fraction corresponds entirely to MK-like material. On the other 
hand, it has been reported [15] that the iron content plays a significant 
role in calcined kaolinitic clay pozzolanic performances; Fe2O3 contents 
of ~2.7 wt% were shown to enhance pozzolanic activity, which 
diminished by increasing Fe2O3 levels. This was justified by the depo
sition of iron oxides onto MK sheets as a gel in the calcination step. This 
gel acts as a screen between the MK particles and the aqueous solution, 
thereby hampering the pozzolanic reaction [15].

The four studied clays exhibit heat values ranging from 200 to 226 J/ 
g calcined clay at 7 days, see Fig. 2b, indicating the low reactivity of 
these samples, consistent with [65]. The Fe2O3 content in the four 
studied samples is relatively high, 3.6, 5.7 8.4 and 6.1 wt% for RC1, RC2, 
RC3 an RC4, respectively. The Fe2O3 contents in the calcined clays are 

Table 3 
RQPA results for all studied raw clays including ACn. Crystal structure codes of each mineral phase are included.#

wt% RCref1
a RCref2

a RC1a RC2a RC3b RC4b Crystal structure code

Kaolinite 20.3(2) 16.8(2) 14.9(5) 8.8(3) 4.3(6) 12.0(5) 0020861d

Muscovite 5.7(3) 3.1(2) 28.1(3) 23.9(6) 23.2(7) 17.7(3) 0012229d

Fe2O3 0.3(1) 0.2(1) – – – – 88418c

Illite – – – – 1.0(1) – 0005015d

Quartz 47.5(2) 53.6(2) 4.7(1) 36.8(1) 17.8(1) 30.3(1) 63532c

Pyrophyllite – – 12.0(3) – – – 0010542d

Rutile – – 1.0(6) 0.5(1) – 0.4(1) 64987c

Dolomite – – – – 0.6(1) – 31277c

Microcline 4.4(3) 4.6(3) 1.7(2) – – 2.1(3) 0000194d

Anatase 0.6(1) 0.4(1) – – – – 9852c

Gibbsite – – 2.1(1) – – – 001797d

Goethite – – 2.8(2) – – – 0002226d

ACn 21 21 33 30 53 38 –

# Values in parentheses are the associated errors.
a CuKα1.
b MoKα1.
c ICSD.
d AMCSD.

Table 4 
Kaolinite contents from RQPA, thermal mass loss and XRF for all kaolinitic raw 
clays. The average values are calculated from the three approaches.

RCref1 RCref2 RC1 RC2 RC3 RC4

RQPA /wt% 20.3 16.8 14.9 8.8 4.3 12.0
Furnace /wt% 44.7$ 36.3$ 31.4 35.5 26.8 21.9
XRF* /wt% 44.5 32.6 37.1 19.3 20.9 24.4
Average /wt% 37 29 28 21 17 19

* Obtained by considering all Al2O3 in kaolinite after subtracting the Al2O3 
content in muscovite, microcline, pyrophyllite and gibbsite (determined by 
RQPA).

$ TGA data.
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totally consistent, see Table A1. Moreover, the high content of muscovite 
in RC1-RC4 indicates that the amorphous content cannot be equated to 
kaolinite.

Therefore, it is concluded that the amorphous content of ~42 wt% of 
CCref1 and CCref2, see Table A2, is MK, but the amorphous contents of 
~48, ~44, ~48 and ~45, for the CCx, are not completely MK but 
mixture of MK and other (less reactive) amorphous clays, like meta- 
illite. This is consistent with the bound water determination at seven 
days following ASTM C1897, see Table 6. CCref1 and CCref2 showed 
higher BW values, i.e. 9.7 and 8.0, respectively, in agreement with their 
medium pozzolanic activities [65]. It is noted that pure MK was reported 
to yield a BW value of 16.9 % [36]. Therefore, there is a relatively good 
agreement, 50 % of equivalent MK should yield ~8.5 % of BW. The 
quantitative agreement in the expected BW for CC1-CC4 is not that 
good, as 20 % of 16.9 should give 3.4 % and the measured BW values 
ranged from 4.3 to 5.7 %.

Considering both the cumulative heat release and the bound water 
values, following ASTM C1897 standard, it can be concluded that RC1 to 
RC4 are low-grade kaolinitic clays exhibiting relatively low pozzolanic 
activity, see Fig. 2 and Table 6. The next step is to investigate the impact 
of these low-grade calcined kaolinitic clays in the resulting LC3-50 
mortars. As CCref2 showed pozzolanic features typical of medium grade 

kaolinitic clay with relatively low kaolinitic content, it was chosen as the 
reference for the remaining studies, i.e. LC3-50 mortars and pastes.

3.3. LC3 mortars

3.3.1. Flowability of mortars: slump and slump retention
LC3-type mortars were produced as outlined in Section 2.3. The 

quantities of SP needed to attain an initial self-flow of 200 ± 20 mm are 
given in Table 7 for each mortar. Additionally, to control slump reten
tion, flow measurements were performed at 30 and 60 min after mixing 
(t30 and t60, respectively). The corresponding values for the PC-525 and 
CCref2-LC3 mortars are also provided for comparative purposes.

A general drawback of LC3 mortars is their slump retention, partic
ularly for high-grade kaolinitic clays or clays with a high specific surface 
area. Based on prior studies [47,49,59], a polycarboxylate-based SP 
specifically designed to enhance slump retention was used. This SP is 
based on an “intelligent cluster system” [82], which releases some PCE 
for initial dispersion and gradually releases the remaining amount 

Table 5 
Textural properties of ball milled calcined clays (CCx). Reference data are included.#

CCref1 CCref2 CC1 CC2 CC3 CC4

Dv,10 (μm) 2.6(1) 2.4(1) 2.0(1) 1.5(1) 1.1(1) 1.3(1)
Dv,50 (μm) 12.8(3) 11.6(2) 11.7(3) 12.0(3) 10.4(3) 9.2(1)
Dv,90 (μm) 48.3(9) 44.8(6) 78(4) 55(2) 56(2) 46(1)
SSA (m2/g) 3.9(1) 3.6(1) 9.6(1) 4.5(1) 4.0(1) 18.4(1)
ρ (g/cm3) 2.63(1) 2.61(1) 2.68(1) 2.71(1) 2.65(1) 2.69(1)

# Values in parentheses are the associated errors.

Fig. 2. (a) Heat flow and (b) cumulative heat curves of all milled CCx clays up to 7 days, including references. The heat released at 1 and 7 days is shown as inset.

Table 6 
R3-test key results, bound water (BWexp) content and heat released, for the 
studied pastes at 7 days. The values of the reference calcined clays are also given 
for the sake of comparison.

CCref1 CCref2 CC1 CC2 CC3 CC4

BWexp (%) 9.7 8.0 5.5 5.4 5.7 4.3
Heat (J/g of CC) 539 457 226 225 203 200

Table 7 
Slump retention study of all CCx-LC3 mortars, prepared with SP and w/b = 0.40. 
PC-525 and CCref2-LC3-SP mortars are included as references.#

Mortars SP (wt%) Slump t0 (mm) Slump t30 (mm) Slump t60 (mm)

PC-525-SP 1.20 190(1) 264(1) 288(1)
CCref2-LC3- 

SP
0.50 210(1) 267(1) 276(1)

CC1-LC3-SP 1.25 198(1) 190(2) 146(1)
CC2-LC3-SP 0.60 219(4) 229(3) 207(2)
CC3-LC3-SP 0.90 208(1) 198(1) 173(1)
CC4-LC3-SP 0.70 202(1) 206(1) 192(3)

# Values in parentheses are the associated errors.
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during the hydration process to mitigate slump retention issues. The 
same SP and processing procedure were applied for all mortars. There
fore, it is noteworthy that CCref2 mortar, which has the highest MK 
content, requires the lowest SP amount. This observation, plus the wide 
range of SP dosages required across the CC1-CC4 mortar series, suggests 
that MK content is not the primary factor governing SP demand. 
Moreover, the SSA is not either the main parameter as CC4 exhibits the 
highest SSA value but its SP requirement is relatively modest, see 
Table 7. We speculate that CC1-LC3 mortar required the largest amount 
of SP because the calcined clay contained ~18 wt% of pyrophyllite, a 2:1 
clay. This is consistent with findings that show a reduction in slump flow 
diameter in self-compacting concrete with increasing substitution of PC 
by calcined pyrophyllite (at 750 ◦C) [83]. However, more research is 
needed to test this assumption. Regarding the SP demand of CC2 to CC4, 
the Fe2O3 content emerges as a relevant factor, indicating that calcined 
clays with higher iron contents generally require increased SP dosages. 
This is in line with a previous publication [20], but it also requires 
further investigations.

Concerning the possible slump loss, the data shown in Table 7
indicate that this is not a problem for the employed SP. Only CC1-LC3 

mortar displayed a minor but significant slump loss at 1 h. To end this 
subsection, it is important to highlight that the same SP dosage, deter
mined for the unseeded mortars, was employed in the preparation of 
mortars containing the STE53 admixture.

3.3.2. Compressive mechanical strengths
The compressive strength values for the studied mortars at 1, 7, and 

28 days are presented in Fig. 3. For comparison, the corresponding 
values for mortars prepared with CCref2 and plain PC-525 are also 
included. For the unseeded LC3 mortars, compressive strengths ranged 
from 11 MPa (for CC1-, CC2-, and CC4-LC3-SP) to ~16 MPa for CC3-LC3 

at ~1 day, and from ~42 MPa (for CC1-LC3-SP) to ~51 MPa (for CC3- 
LC3-SP) at 28 days. It is worth noting that RC3 was the clay with the 
highest amorphous content that it may have faster initial pozzolanic 
reaction kinetics. These values are relatively low compared to those 
obtained for the PC-525 mortar, which is undoubtedly due to the lower 

reactivity of the calcined low-grade kaolinitic clay (see Table 6).
Notably, when C-S-H gel nucleation seeding was employed, the 

compressive strength values measured at 1 day markedly increased. The 
strengths at 1 day for CC1 to CC4 ranged from ~18 to ~23 MPa, 
reflecting an improvement of 45 % to 79 %. Moreover, the compressive 
strengths of the seeded LC3 mortars continued to increase during hy
dration at 7 and 28 days compared to the unseeded mortars, although at 
a slower rate, ranging 45 to 57 MPa at 28 days.

It is important to emphasize that CCref2-LC3 mortar, which has 
double MK content, ~40 wt%, also developed 11 MPa at 1 day. This 
shows that although pozzolanic reaction may take place, see below, the 
contribution to impingement/connectivity of the solid particles is not 
very significant. However, C-S-H gel nucleation seeding boosted this by 
strength at 1 day by 110 %, see Fig. 3. By using C-S-H gel nucleation 
seeding, this calcined medium-grade kaolinitic clay, i.e. CCref2, yields a 
mortar with the same strength at 28 days than that of neat PC-525, 72 
and 74 MPa, respectively. Finally, two remarks can be made. Firstly, and 
as expected, it is clear from Fig. 3 that MK content plays the key role 
from seven days onwards. The CCref2-LC3 mortar, with the highest MK 
content, exhibits superior performance at 7 and especially at 28 days (in 
both unseeded and seeded specimens), due to an increased contribution 
from pozzolanic reactions. Secondly, it is underlined that CC3 displayed 
relatively low heat, i.e. 203 J/g, but it shows the largest compressive 
strength within this low-grade kaolinitic clay series. Interestingly, this 
calcined clay showed the fastest heat development in the R3 test in the 
0–6 h interval, see Fig. 2b. We speculate, based on this and other un
published observations, that SCMs which display the fastest growth in 
the R3 heat plot, in the 0–6 h region, usually yield comparatively largest 
mechanical strength. However, more investigations are needed to 
determine if this singular observation results in a general trend.

3.3.3. Environmental performance (EP)
The EP indicator is defined as the ratio between CO₂ emissions of the 

blends and the compressive strength of the corresponding mortars [66]; 
thus, the lower the EP values, the system becomes more environmentally 
sustainable. The EP values for all the studied LC3 mortars, including 
CCref2 and plain PC-525, at 1 and 28 days of hydration are presented in 
Fig. 4. Compressive strength values are also included for better 
comparison.

At 1 day, see Fig. 4a, the LC3-50 mortars exhibit much higher EP 
values, i.e. ~47 gCO2/MPa, (indicating worse performance) than plain 
PC-525, which shows 20 gCO2/MPa, due to the (much) lower mechan
ical strengths of the LC3 mortars. Only, CC3-LC3 mortar has an inter
mediate EP value, ~33 gCO2/MPa, because its high compressive 
strength at one day. However, when the LC3 mortars are seeded, the 
differences with PC-525 decrease significantly, particularly for seeded 
CC3- and CCref2-LC3-SP-STE53 mortars, with values ~23 gCO2/MPa.

As hydration time increases, EP values decrease significantly due to 
the corresponding increase in compressive strength for the same CO2 
emissions. At 28 days, see Fig. 4b, EP values for LC3 mortars prepared 
with CC2, CC3, and CC4 (10.7, 10.3, and 11.1 gCO2/MPa for unseeded 
samples, respectively, and 9.6, 9.4, and 10.1 gCO2/MPa for the seeded 
samples, respectively) are lower than that of PC-525 (11.6 gCO2/MPa). 
For CC1, the EP values are worse, ~12 gCO2/MPa, due to the lower 
compressive strengths. For reference CCref2-LC,3 the EP values are 
significantly lower (9.6 and 7.4 gCO2/MPa for unseeded and seeded 
samples, respectively, due to the combination of low emissions and 
competitive compressive strengths. Notably, the EP value of the seeded 
CCref2-LC3 is comparable to that of an unseeded LC3-50 (7.2 gCO₂/MPa) 
binder prepared with a high-grade (~74 wt%) calcined kaolinite clay, 
following the same procedure [59] and the same w/b ratio (0.40). 
Finally, it is worth pointing out that these EP estimations do not take 
transport emissions into account. If medium-grade kaolinitic clays are 
not locally available, the CO2 emissions from transportation may in
crease the overall EP, making locally available low-grade kaolinitic clays 
a more favourable option.

Fig. 3. Compressive strengths for all unseeded and seeded (STE53) CCx-LC3 

mortars at 1, 7 and 28 days. Data for plain PC-525-SP and CCref2-LC3-SP are also 
included as references. The percentage increase relative to the mortars without 
the strength-enhancing admixture, at a given age, is also shown (in italics).
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3.4. LC3 pastes

3.4.1. Calorimetry
Fig. 5(a–d) presents the calorimetric data for the pastes without 

(Fig. 5a–b) and with (Fig. 5c–d) STE53. In Fig. 5a and c, the heat flow 
traces are shown for the first 80 h, for better visualisation of the early- 
age reactions. The first heat flow peak, located close to 9 h for the 
LC3-pastes, is mainly due to C3S hydration and its integrated area de
creases because of the 50 % dilution. The hydration reaction takes place 
at earlier hydration times due to the filler effect [51–53,84]. All LC3 

pastes showed similar values, with slightly higher heat flow values 
recorded for CC4-LC3-SP, the calcined clay of which has the smallest 
particle size distribution and the highest SSA. Fig. 5a also shows that the 
main alite peak takes place at ~16 h for neat PC-525-SP. This is delayed 
with respect to the paste without SP, ~10 h not shown, and it is 

undoubtedly due to the addition of the SP. The second peak, located 
close to 40 h for the LC3-pastes, see Fig. 5a, is associated with the 
aluminate reaction, which is due to the clinker phases, i.e. C3A and 
C4AF, but it also contains a calcined clay contribution from the Al in MK 
[8,48,85]. The position of the aluminate peak has been documented to 
strongly vary depending on the gypsum concentration in the binder 
[84]. The 3 wt% gypsum addition seems to be too high, for pastes with 
these calcined low-grade kaolinitic clays. Calcium sulfate optimisation 
was not within the scope of this initial work.

The use of the C-S-H gel nucleation seeding admixture has some 
important consequences as shown in Fig. 5c: (i) it reduced the duration 
of the induction periods, as indicated by the vertical purple lines, with 
times ranging from 2.0 to 2.7 h for unseeded LC3-pastes and from 1.1 to 
2.2 h for seeded pastes; (ii) it moderately increased the height of the alite 
hydration peak, as indicated by the horizontal light blue lines; and (iii) it 

Fig. 4. Environmental Performance values, in g of CO2/MPa, referred to 1 kg of binder, at (a) 1 day and (b) 28 days for all mortars. PC-525-SP, CCref2-LC3-SP and 
CCref2-LC3-SP-STE53 are shown for the sake of comparison. Mechanical strengths are also displayed on the right axis.
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significantly increases and sharpen the aluminate hydration peaks. This 
third effect is particularly conspicuous for CC3-LC3, where the aluminate 
peak takes place at 15 h. It is noted that this clay has the highest iron 
content, therefore it is not surprising that the aluminate peak has a 
contribution from iron species hydration. This is evidenced by the 
observation that CC4, which has the second highest iron content, see 
Table 2, showed the peak at 20 h, the fastest after CC3. However, more 
parameters should play a role, like MK content and SSA, as CC2 has a 
relatively high iron content but the trace of its aluminate peak is very 
similar to that of CCref2, a clay with very little Fe2O3 content. In any case, 
the alkanolamine content within the accelerator admixture is promoting 
iron-containing species hydration. These results are fully consistent with 
previous studies [8,47,49].

Fig. 5b–d shows the cumulative heats. Several observations can be 
made. Firstly, the LC3 pastes exhibit greater heat releases than those 
expected from the dilution effect. Neat PC paste released 303 J at seven 
days. If the heat is coming only from the hydration of PC, then ~158 J/g 
would be expected, i.e. 303 × 0.52. However, the pastes without 
accelerating admixtures developed heats from 210 to 240 J/g. There
fore, there is a contribution from the pozzolanic reactions. This simple 
calculation cannot be done at 1 day due to the enhanced alite hydration 

resulting from the filler effect. Secondly, it is worth pointing out that 
CCref2 has double MK content but it starts to differentiate at 3 days and 
later. This suggests that early age reactivity of MK, between 12 h and 3 
days is mainly governed not by the amount of MK but rather by other 
features which are not known at the time of writing. Intrinsic disorder 
and SSA of MK are possible candidates. However, the determination of 
phase-dependent textural and disorder properties is very challenging. In 
any case, this observation is fully in line with the relatively lower me
chanical strengths of CCref2-LC3 mortars at one day but ramping up at 
seven days, see Fig. 3. Thirdly, there is a clear cumulative heat increase 
at 1 day for the strength-enhancing admixture-containing pastes. This 
enhancement is primarily due to the boosted aluminium/iron hydration 
peak, previously discussed. Fourthly, the increase in heat release for 
CC3-LC3-SP-STE53 due to the admixture is substantial in the period 3 to 
7 day, see Fig. 5d. This is in addition to the peak observed at 15 h and it 
points towards iron activation due to the admixture.

To end this subsection, it is detailed how the amount of gypsum was 
selected. It is explicitly stated that the amount of gypsum has not been 
optimised here. The optimisation of the sulfate content is a complex 
matter subjected to choices. Even if the early-age compressive strength is 
chosen as the figure-of-merit to optimise, the curing time must be 

Fig. 5. Heat flow (a) and (c), and cumulative heat (b) and (d) curves for the CCx-LC3 pastes. Results for the unseeded pastes are shown in (a) and (b). The results for 
the seeded pastes are shown in (c) and (d). CCref2-LC3 and PC-525 curves are also included for comparison. Numbers inside indicate the times for the main signals in 
(a) and (c); the heats evolved at 1 day and 7 days are displayed in (b) and (d).
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decided as well as the addition (or not) of admixtures. A very recent 
paper [86] carried out a thorough optimisation based on compressive 
strength at two days (typical of cement producers), for mortars prepared 
with w/b = 0.50 and without the use of superplasticiser. We have a 
related ongoing investigation but based on compressive strengths at one 
day (typical of concrete producers), for mortars prepared with w/b =
0.40 and using admixtures (superplasticiser and strength-enhancing). 
The output of this investigation will be reported elsewhere. The choice 
of the 3 wt% gypsum content was the result of two constraints: (i) to 
have the same sulfate content in the four binders for comparative 
studies, and (ii) the selected amount must not lead to undersulfated 
conditions, i.e. to have the aluminate peak on top of the alite peak. 
Hence, a preliminary calorimetric study was carried out for the amount 
of SP determined by the slump and for 2 wt% of STE53 admixture. In 
these conditions, for the LC3 blend based on CC3 and 3 wt% of gypsum, 
the alite peak took place at 9 h and the aluminate peak took place at 15 
h, see Fig. 5c. This 6 h difference between the two key processes was 
judged acceptable and this gypsum content was selected.

3.4.2. Phase assemblage of all pastes (RQPA and TA)
Both unseeded and seeded pastes were prepared according to the 

procedures outlined in the experimental section for TA and LXRPD 
analysis. The pastes were just gently ground for 10 min without and with 
20 wt% of Al2O3 for TA and LXRPD, respectively. As the hydration 

process was not halted by solvent exchange, the amorphous content 
determined by RQPA (ACnT) includes both the amorphous/non- 
crystalline phases and the free water. However, some water is also lost 
during the grinding process, this fraction was determined by TA as 
described in [59].

The thermal analysis study aims to quantify: (i) the water loss during 
the grinding process, which is needed to refer the RQPA results to 100 g 
of fresh paste, (ii) the amounts of portlandite (CH), and the amount of 
CaCO3 (Cc). For proper comparisons, all results are based on 100 g of 
fresh paste, i.e. nominal water content. Fig. 6a–d displays the ther
mogravimetric (TGA) traces for the four studied LC3 pastes, also 
showing in the insets the amounts of CH and Cc, as determined from the 
weight losses and referred to the fresh pastes. Table S2 provides the 
weight loss values obtained from TA for the four pastes in two temper
ature ranges, i.e. from RT to 550 ◦C and from 550 to 900 ◦C. The weight 
loss measured from RT to 550 ◦C was attributed to H2O, while the weight 
loss from 550 to 900 ◦C was considered as CO₂.

Table 8 presents the percentages of CH and Cc obtained from the TA 
data. Portlandite contents have been determined using the tangential 
method [87]. Cc contents are determined based on the overall weight 
loss between 550 and 900 ◦C. As the Cc content in the PC is 5.0 wt% and 
is diluted to 52 %, the Cc content of the four LC3 binders is 17.6 wt% 
when expressed in relation to the dry binder or 12.7 wt% when referred 
to the fresh pastes. The theoretical weight losses should be 5.5 % but the 

Fig. 6. Thermal analysis curves for the four CCx-LC3-SP pastes at 1, 7 and 28 days. Unseeded specimens (dashed lines), seeded specimens (solid lines). The weight 
loss associated to portlandite, calculated by the tangent method, are referred to 100 g of fresh paste. w/o stands for without.
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measured values are larger, ranging 7.5–9.2 %, see Table S2. This leads 
to high Cc contents ranging 15.5–17.7 wt% (referred to 100 g of fresh 
paste). The obtained Cc values are 3 to 5 wt% higher due to two factors: 
(i) partial carbonation, and (ii) there is a H2O loss contribution between 
550 and 900 ◦C. Conversely, the Cc contents determined from RQPA, see 
just below, also reported in Table 8, are much smaller, i.e. ~11 wt%. 
This indicates that the sample preparation and data acquisition for the 
LXRPD study did not lead to additional crystalline calcium carbonate.

The Rietveld plots based on the LXRPD patterns for the studied LC3 

pastes (unseeded and seeded) are displayed in Fig. S4. Tables A3–A6
show the complete phase assemblage from RQPA (MoKα1 radiation) 
based on 100 g of fresh paste at the three studied ages. In these tables 
ACnT represents the combination of the amorphous content (ACn) 
determined by RQPA, using the internal-standard methodology, plus the 
small amount of water released during the grinding procedure and 
determined by TA. Here, it is assumed that the water losses during the 
10 min grinding, for the two sample preparations, are the same.

The RQPA results of the pastes, Tables A3–A6, provide valuable in
formation that can be grouped into two principal categories: the reaction 
(i.e. disappearance) of the anhydrous phases and the formation of hy
drated products. Regarding the behaviour of the anhydrous cement 
phases, the degree of hydration (DoH) values of the phases with rela
tively fast kinetics (C3S, C4AF, and C3A) are shown in Table 9. Five key 
observations can be made concerning the anhydrous phase evolution. 

i) The degree of hydration (DoH) of C3S in LC3 pastes is higher than 
95 % at 7 days and ~100 % at 28 days. At 1 day, C3S DoH ranged 
65–75 %. Concerning the admixture effect in C3S hydration, its 
DoH is slightly accelerated at one day. There are no relevant 
differences at 7 and 28 days.

ii) The reactivity of C4AF, see Table 9, is faster in the STE53 con
taining pastes. This in agreement with previous findings 
[8,48,49] and it is likely attributable to the combination of higher 
surface because the C-S-H gel nucleation seeding and the alka
nolamine content of the STE53 admixture.

iii) The amount of Cc measured by RQPA, see Table 8, is consistent 
with the expected values, slightly lower than 12.7 wt% because of 
carboaluminate formation. Moreover, the Cc contents in the 
STE53 containing pastes are slightly lower than those determined 
for the pastes without the admixtures. This is probably due to the 
carboaluminate enhanced formation in the presence of the 
admixture because Al3+ and Fe3+ mobilisation. These observa
tions also rule out significant carbonation in the powder 
diffraction study.

iv) C3A reacts completely before 7 days of hydration.

Table 8 
Calcium carbonate and calcium hydroxide contents, referred to 100 of fresh paste, as measured by thermal analysis and Rietveld quantitative phase analysis. CHcalc 
contents are calculated from C3A, C4AF and C3S degrees of hydration (Eqs. (1)–(3)). CHpozz is the estimation of portlandite consumption in the pozzolanic reactions and 
the values are calculated by subtracting CHRQPA from CHcalc. DoR MK has been obtained from Eqs. (4) and (5).

Time (d) CaCO3 TA CaCO3 RQPA CHTA CHRQPA CHcalc CHpozz DoR 
MK (%)

CC1-LC3-SP
1 15.8 13.2 2.4 2.3 5.3 3.0 40–43
7 17.2 11.5 3.6 3.9 6.9 3.0 41–44

28 17.2 11.3 2.7 3.6 7.3 3.7 49–53

CC1-LC3-SP-STE53
1 17.0 11.5 2.6 3.3 5.4 2.1 28–30
7 17.7 11.2 3.5 3.7 6.8 3.1 42–45

28 17.0 10.2 2.7 3.4 7.2 3.8 51–55

CC2-LC3-SP
1 15.6 12.7 2.6 2.4 4.6 2.2 30–32
7 16.7 11.1 3.9 3.7 7.1 3.4 45–49

28 16.2 10.7 4.0 3.9 7.2 3.3 45–48

CC2-LC3-SP-STE53
1 16.3 10.3 2.5 2.8 5.1 2.1 31–33
7 17.3 10.9 3.9 3.9 7.0 3.2 41–45

28 16.8 10.4 3.8 3.5 7.3 3.8 51–54

CC3-LC3-SP
1 16.1 12.6 1.7 2.1 5.1 3.0 45–48
7 17.5 11.2 2.8 3.0 7.0 4.0 60–65

28 16.5 11.4 3.0 3.4 7.2 3.8 57–62

CC3-LC3-SP-STE53
1 17.0 11.6 1.8 2.8 5.1 2.3 35–37
7 17.7 10.3 3.0 3.2 6.9 3.7 56–60

28 18.1 10.6 2.9 3.0 7.2 4.2 63–68

CC4-LC3-SP
1 16.0 11.9 1.7 2.9 5.1 2.2 34–37
7 16.3 12.0 3.7 3.9 7.1 3.2 48–52

28 17.1 11.1 3.2 3.6 7.3 3.7 56–60

CC4-LC3-SP-STE53
1 16.4 12.8 2.3 2.8 5.2 2.4 37–40
7 17.1 10.4 3.7 3.4 6.9 3.5 54–58

28 17.3 10.0 2.9 3.6 7.2 3.6 56–60

The amount of CaCO3 in the fresh paste is 12.7 wt%, which should slightly decrease over time due to carboaluminate formation. CaCO3 contents can also increase 
because accidental carbonation.

Table 9 
Degree of hydration (DoH) of C3S, C4AF and C3A for the four pastes at the 
studied hydration ages.

DoH C3S (%) DoH C3A (%) DoH C4AF (%)

CC1-LC3-SP 1d 73.8 75.0 84.2
7d 95.0 100.0 89.5
28d 100.0 100.0 100.0

CC1-LC3-SP-STE53 1d 75.7 87.5 92.1
7d 95.0 100.0 100.0
28d 100.0 100.0 100.0

CC2-LC3-SP 1d 64.4 81.3 81.6
7d 97.0 100.0 89.5
28d 100.0 100.0 100.0

CC2-LC3-SP-STE53 1d 71.3 68.8 89.5
7d 95.5 100.0 89.5
28d 100.0 100.0 100.0

CC3-LC3-SP 1d 70.8 87.5 78.9
7d 96.5 100.0 92.1
28d 100.0 100.0 100.0

CC3-LC3-SP-STE53 1d 72.3 100.0 92.1
7d 96.0 100.0 97.4
28d 100.0 100.0 100.0

CC4-LC3-SP 1d 71.3 68.8 84.2
7d 97.0 100.0 89.5
28d 100.0 100.0 100.0

CC4-LC3-SP-STE53 1d 72.8 81.3 86.8
7d 95.5 100.0 97.4
28d 100.0 100.0 100.0
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v) Belite hydration could start at 28 days but the scattering of the 
result and the low content of belite do not allow for conclusive 
results, see Tables A3–A6.

Concerning the quantification of hydrated phases, the following 
observations can be noted: 

i) The measured amounts of ettringite (AFt), see Tables A3–A6, are 
quite low (1.0–2.5 wt%) despite the fact that hydration was not 
arrested by solvent exchange. The maximum amount of AFt 
would be 12.6 wt% considering SO3 as the limiting reactant. 
Lower amounts of AFt, 8–10 wt%, are usually measured in LC3-50 
systems because the sulfate adsorption in C-(A)-S-H gel [88] and 
experimental inaccuracies. The low values found in our study 
point towards partial AFt decomposition in the sample condi
tioning procedure, i.e. 10 min grinding to have homogeneous 
dispersion of the internal standard in the specimens to be 
measured. The ‘mix and measure’ approach is being developed to 
solve this problem [89,90], i.e. avoiding sample conditioning is 
critical to accurately measure labile phases.

ii) As expected, hemi- and mono-carboaluminates (Hc and Mc, 
respectively) were not observed at one day but measured and 
quantified at 7 and 28 days. STE53 admixture enhances the car
boaluminate formation, which is more evident at 28 days. The 
(Hc + Mc) contents at 28 days were 0.7, 0.7, 0.9 and 0.9 wt% for 
CC1, CC2, CC3 and CC4, respectively. The corresponding values 
for the pastes with STE53 were 1.2, 1.2, 1.1 and 1.1 wt%. How
ever, these values do not fully justify the enhanced dissolution/ 
reactivity of calcite discussed previously. We speculate that a 
significant fraction of carboaluminates and even carboferrates 
could be amorphous. Tailored research is needed to address the 
crystallinity nature of carboaluminates.

iii) To end this subsection, we address the portlandite determination 
as it is an indirect way to investigate the pozzolanic reactions. 
The analysis is centred on the values determined from RQPA 
because the amounts of crystalline CaCO3 were in line with the 
expected values. However, portlandite can be partly carbonated 
to yield amorphous calcium carbonate that would not be detected 
in this powder diffraction study. The CHpozz values, see Table 8, 
are the estimated Ca(OH)2 amounts consumed in the pozzolanic 

reactions. These numbers should be considered as maximum 
values as the procedure neglects any possible carbonation.

In order to estimate the degree or reaction (DoR) of MK in the pastes, 
some calculations have to be carried out. Firstly, the MK content of the 
calcined clays was close to 20 wt% as detailed in Section 3.2.2. Due to 
the fact that the calcined clay was dosed at 30 wt% and diluted with w/b 
= 0.40, the MK contents in the fresh pastes are 4.3 wt%. Secondly, the 
CH contents obtained from the hydration of the clinker phases, i.e. 
CHcalc, have been determined by mass balance calculations as sche
matically shown in Fig. 7. The stoichiometries of the chemical reactions 
are given in Table A7. C4AF hydration is considered to yield: (i) the iron 
within iron-siliceous hydrogarnet; and (ii) the aluminium within 
ettringite at 1 day, and within Hc at 7 and 28 days. Thirdly, the CH 
consumed in the pozzolanic reaction, CHpozz, are also given in Table 8
and calculated by subtraction, i.e. CHcalc-CHRQPA. As expected, the 
CHpozz values increase with the hydration time and they ranged 2.1–3.0 
wt% at 1 d and 3.3–4.2 wt% at 28 days. Finally, the MK DoR values were 
estimated from the pozzolanic reactions also given in Table 8. A range is 
provided because the pozzolanic reaction between MK and CH could 
yield, in addition of C-(A)-S-H, Hc or Mc. It is noted that the CH con
sumption (slightly) depends upon the formed carboaluminate phase, see 
Table A7. The MK degree of reaction is estimated to be 30–45 % at 1 day 
which increased to 50–70 % at 28 days. Therefore, even for the 
employed calcined low-grade kaolinite clays, more than 30 % of the MK 
is unreacted at 28 days, and hence available for further pozzolanic re
action if species diffusion can take place.

3.4.3. MIP of LC3 pastes
The MIP cumulative porosity curves for the studied LC3 pastes (both 

unseeded and seeded) at two hydration times (1 and 28 days) are shown 
in Fig. 8a–d. The cumulative porosity values at one day of hydration are 
significantly lower in the STE53 containing pastes. This is aligned with: 
(i) the improved mechanical strength reported in Fig. 3; and (ii) the 
enhanced DoH of C4AF and also of C3S. At 28 days, seeded pastes display 
slightly lower porosities but the differences are much less pronounced. 
This is also in line with the improved mechanical strength performances 
at 28 days which are quantitatively lower than those measured at one 
day.

Fig. 7. Flowchart with the steps followed for the mass balance calculations. The stoichiometries of the hydration reactions are given in Table A7.
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3.5. CC4-LC3 concrete

The CC4-LC3 binder was selected for concrete preparation, as 
detailed in the experimental section, w/b = 0.50. Table 10 provides the 
SP dosage, initial air content, and slump measurements at different 
times (t0, 30, and 60 min) for both unseeded and seeded concretes. It is 
noted that the slumps of the LC3-50 concretes did not decrease in the 
studied time interval. The corresponding values for the concrete fabri
cated with the same PC are given as references.

Table 10 reports the compressive strengths of the three studied 
concretes at 1, 7 and 28 days of hydration. As expected, the compressive 
strength at 1 day of CC4-LC3-SP concrete, without strength enhancing 
admixture, was low, i.e. 14 MPa. As expected, the strengths moderately 
increased with time. Very interestingly and in full agreement with the 
mortar study, the compressive strength of the same concrete with 2 wt% 
of STE53 underwent a very notable increase at 1 day, i.e. 19 MPa or 37 % 
of increase. It is worth noting that this value is just 24 % lower than that 
of the concrete based on the neat PC 525 but it has a 50 % dilution with a 

content of 30 wt% of calcined low-grade kaolinitic clay. The compres
sive strength increase was maintained at 7 and 28 days, although 
quantitatively lower, see Table 10. This behaviour fully mirrors the 
trend measured for the corresponding mortar. With these results, the C- 
S-H seeded LC3 concrete, based on a calcined low-grade kaolinitic clay, 
can be classified within C30/37, S4–5 class, which shows medium- 
strength, good workability and a low CO2 footprint.

4. Conclusions

This research has aimed to push the limits of LC3-50 binders by 
utilising commercially available low-grade kaolinite clays, with contents 
close to 20 wt%, and C-S-H gel nucleation seeding to produce LC3 

mortars with competitive mechanical properties. The main conclusions 
are: 

1. LC3-50 mortars prepared with a state-of-the-art superplasticiser did 
not suffer slump retention within the first 60 min. A correlation 

Fig. 8. Cumulative porosity curves for all CCx-LC3-SP studied pastes at 1 and 28 days of hydration. Unseeded (dashed lines) and seeded with STE53 (continuous 
lines). Numbers in the inset indicate the total percolated pore volumes (in percentage).

Table 10 
Main features of the LC3-50 ready-mix concrete without and with the strength-enhancing admixture. All studies were carried out at 20 ◦C.

Concrete SP (wt%) Initial air (%) Slump Compressive strength (MPa)

t0 (mm) t30 (mm) t60 (mm) 1d 7d 28d

PC-525-SP 0.70 2.1 220 230 220 25.2 38.7 46.0
CC4-LC3-SP 0.80 2.9 200 210 210 14.0 26.5 33.3
CC4-LC3-SP-STE53 0.80 2.5 210 220 220 19.2 (+37 %) 31.5 (+19 %) 37.8 (+14 %)
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between Fe2O3 content in the calcined clay and SP demand to ach
ieve comparable self-flows was observed.

2. Unseeded LC3-50 mortars (w/b = 0.40), incorporating the clay with 
the highest Fe2O3 and high amorphous content, reached 16 MPa at 1 
day (45 % higher than mortars with the other SCMs, ~11 MPa, 
including the reference clay with twice the metakaolin content).

3. C-S-H gel nucleation seeding enhanced 1-day strengths by 45–110 %, 
with sustained improvements at 28 days, although quantitatively 
lower (7–33 %).

4. For LC3-50 concrete (C30/37, S4–5 type, w/b = 0.50, with CC4), 
seeding increased 1-day compressive strength by 37 %, reaching 19 
MPa at 1 day and 38 MPa at 28 days.

5. The LC3-50 paste (calorimetry) shows that the STE53 remarkably 
affect the SCMs with the highest Fe2O3 contents, likely due to the 
alkanolamine content in the admixture. Moreover, quantitative 
powder diffraction revealed enhanced crystalline C4AF hydration in 
seeded systems, and portlandite mass balance calculations suggest 
50–60 % metakaolin reaction degree at 28 days.
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review & editing, Investigation. Peter Schwesig: Writing – review & 
editing, Investigation. Oliver Mazanec: Writing – review & editing, 
Investigation, Conceptualization. Miguel A.G. Aranda: Writing – orig
inal draft, Supervision, Writing – review & editing, Conceptualization.

Declaration of Generative AI and AI-assisted technologies in the 
writing process

In the preparation of the draft of this work, the authors utilised 
ChatGPT to improve the readability of the manuscript. After employing 
this tool, the authors carefully reviewed and edited the content as 
necessary, assuming full responsibility for the final published version.

Declaration of competing interest

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests:

Isabel Santacruz reports financial support was provided by Spain 
Ministry of Science and Innovation (co-funded by ERDF).

Master Builders Solutions (MBS) and the research group of Univer
sity of Malaga had a contractual relationship under the “Low-CO2 

Cement Admixture Activation Study”. The employed admixtures (Mas
terCO2re 3240 and Master X-Seed STE 53) are manufactured and 
commercialised by MBS. MBS has not set any specific guideline for data 
analysis and/or reporting. The raw data have been openly shared.

If there are other authors, they declare that they have no known 
competing financial interests or personal relationships that could have 
appeared to influence the work reported in this paper.

Acknowledgements

PID2020-114650RB-I00 grant from Ministry of Science and Inno
vation of Spain, co-funded by ERDF, is gratefully acknowledged. D. 
Vallina thanks Ministry of Science and Innovation of Spain (PRE2021- 
099053 doctoral grant). The Escuela de Ingenierías Industriales (Univ. 
Malaga) is also gratefully recognised, as the mechanical properties were 
measured there (facility funded by Junta de Andalucía and ERDF 
(IE19_182 UMA grant)). Funding for open access charge: Univ. Málaga/ 
CBUA.

Appendix A. Annex

Table A1 
XRF of all calcined clays (CCx). Reference clays are also shown for the sake of comparison.#

CCref1 CCref2 CC1 CC2 CC3 CC4

SiO2 76.5(3) 81.4(3) 57.7(4) 67.1(4) 61.9(4) 67.2(4)
Al2O3 20.5(2) 16.4(2) 30.0(2) 16.4(2) 17.3(2) 16.1(2)
Fe2O3

(a) 0.27(2) 0.21(2) 5.7(2) 7.5(2) 9.8(2) 6.7(2)
CaO 0.10(1) 0.08(1) 1.01(7) 1.45(9) 0.99(7) 1.44(9)
MgO 0.08(2) 0.05(2) 0.8(1) 1.1(1) 2.6(2) 2.0(2)
SO3 – – 1.11(6) 0.31(2) 0.06(1) 0.06(1)
Na2O – – 0.60(7) 0.31(4) 0.14(2) 0.09(2)
K2O 1.4(1) 1.3(1) 3.0(1) 3.4(2) 4.0(2) 3.9(2)
TiO2 0.17(1) 0.16(1) 1.16(1) 0.78(1) 1.12(1) 0.73(1)
P2O5 – – 0.17(1) 0.16(1) 0.04(1) 0.06(1)
MnO – – – 0.19(1) 0.04(1) 0.05(1)
Others – 0.01 0.56 0.45 0.46 0.44
Al2O3/ SiO2 0.27 0.20 0.52 0.24 0.28 0.24
LOI* 0.95 0.29 1.16 0.83 1.58 1.22
# Values in parentheses are the associated errors. (a)Total Fe expressed as Fe2O3 weight percent.
* LOI: Loss on Ignition. Dried (105 ◦C for 2 h) and heated (950 ◦C for 2 h).
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Table A2 
RQPA (MoKα1) of calcined clays including the ACn, in weight percentage, including reference. Crystal structure codes of MgO and Maghemite are included.#

wt% CCref1 CCref2 CC1 CC2 CC3 CC4

Kaolinite – – 0.8(3) – – –
Muscovite 1.7(2) 3.1(2) 23.7(7) 15.3(4) 21.0(5) 17.6(4)
Fe2O3 0.1(1) – 2.1(3) 4.8(1) 3.0(2) 0.7(1)
Illite – – – – – –
Quartz 50.5(1) 52.0(1) 7.5(3) 35.3(2) 27.2(3) 36.7(2)
Pyrophyllite – – 17.9(4) – – –
Rutile – – – 0.1(1) – –
Dolomite – – – – – –
Microcline 5.8(2) 3.1(3) – – – –
Anatase 0.1(1) – – – – –
MgO* – – – – 1.0(1) –
Maghemite* – – – 0.4(1) – –
ACn 42 42 48 44 48 45
# Values in parentheses are the associated errors.
* Crystal structure code (AMCSD): MgO: 0018011, Maghemite: 0020518.

Table A3 
Full phase assemblage of CC1-LC3-SP pastes (1, 7 and 28 days) without and with STE53.#

Phases t0 CC1 LC3-SP CC1-LC3-SP-STE53

1d 7d 28d 1d 7d 28d

C3S 20.2(1) 5.3(3) 1.0(4) – 4.9(3) 1.0(3) –
C2S 4.2(1) 3.8(3) 3.6(2) 2.6(2) 4.2 3.8(2) 2.1(3)
C4AF 3.8(1) 0.6(1) 0.4(2) – 0.3(1) – –
C3A 1.6(1) 0.4(1) – – 0.2(1) – –
CsH2 2.4(1) – – – – – –
CsH0.5 1.3(1) – – – – – –
Minors 0.7 – – – – – –
Cc 12.7(1) 13.2(2) 11.5(2) 11.3(2) 11.5(2) 11.2(2) 10.2(2)
Qz 1.7(3) 1.3(1) 1.3(1) 1.4(2) 1.3(1) 1.3(1) 1.3(1)
Silicates + side phases 6.3 5.5 5.9 5.5 4.9 5.3 5.6
CH – 2.3(1) 3.9(1) 3.6(2) 3.3(2) 3.7(2) 3.4(2)
AFt – 1.2(1) 2.4(1) 1.5(1) 1.8(1) 2.0(2) 1.2(2)
Hc – – 0.1(1) 0.2(1) – – 0.4(1)
Mc – – 0.2(1) 0.5(1) – 0.3(1) 0.8(1)
ACnT 45.2 66.4 69.7 73.4 67.7 71.2 74.9
# Values in parentheses are the associated errors.

Table A4 
Full phase assemblage of CC2-LC3-SP pastes (1, 7 and 28 days) without and with STE53.#

Phases t0 CC2-LC3-SP CC2-LC3-SP-STE53

1d 7d 28d 1d 7d 28d

C3S 20.2(1) 7.2(3) 0.6(2) – 5.8(2) 0.9(1) –
C2S 4.2(1) 3.3(2) 3.9(3) 3.7(3) 4.0(2) 4.1(3) 2.8(2)
C4AF 3.8(1) 0.7(1) 0.4(1) – 0.4(1) 0.4(1) –
C3A 1.6(1) 0.3(1) – – 0.5(1) – –
CsH2 2.4(1) – – – – – –
CsH0.5 1.3(1) – – – – – –
Minors 0.7 – – – – – –
Cc 12.7(1) 12.7(1) 11.1(1) 10.7(2) 10.3(1) 10.9(2) 10.4(2)
Qz 7.6(2) 6.5(1) 6.1(1) 6.8(1) 6.1(1) 6.9(1) 7.2(1)
Silicates + side phases 4.2 4.2 3.2 4.1 3.7 3.1 4.6
CH – 2.4(1) 3.7(1) 3.9(1) 2.8(1) 3.9(1) 3.5(1)
AFt – 1.0(1) 1.5(1) 1.7(1) 1.0(1) 2.0(1) 1.7(1)
Hc – – 0.1(1) 0.1(1) – 0.1(1) 0.6(1)
Mc – – 0.1(1) 0.6(1) – 0.1(1) 0.6(1)
ACnT 41.4 61.7 69.4 68.4 65.3 67.6 68.6
# Values in parentheses are the associated errors.
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Table A5 
Full phase assemblage of CC3-LC3-SP pastes (1, 7 and 28 days) without and with STE53.#

Phases t0 CC3-LC3-SP CC3-LC3-SP-STE53

1d 7d 28d 1d 7d 28d

C3S 20.2(1) 5.9(3) 0.7(1) – 5.6(3) 0.8(1) –
C2S 4.2(1) 4.1(2) 4.0(2) 3.2(3) 4.2(2) 4.4(2) 2.7(2)
C4AF 3.8(1) 0.8(1) 0.3(1) – 0.3(1) 0.1(1) –
C3A 1.6(1) 0.2(1) – – – – –
CsH2 2.4(1) – – – – – –
CsH0.5 1.3(1) – – – – – –
Minors 0.7 – – – – – –
Cc 12.7(1) 12.6(1) 11.2(2) 11.4(2) 11.6(2) 10.3(2) 10.6(2)
Qz 5.8(3) 4.8(1) 4.7(1) 4.2(1) 4.9(1) 4.8(1) 5.1(2)
Silicates + side phases 5.3 6.1 5.4 5.6 4.6 4.9 5.5
CH – 2.1(1) 3.0(1) 3.4(1) 2.8(1) 3.2(1) 3.0(1)
AFt – 1.1(1) 1.8(1) 1.8(1) 1.7(1) 1.5(1) 1.6(1)
Hc – – 0.1(1) 0.3(1) – 0.4(1) 0.6(1)
Mc – – 0.2(1) 0.6(1) – 0.3(1) 0.5(1)
ACnT 42.1 62.4 68.6 69.3 64.3 69.2 70.5
# Values in parentheses are the associated errors.

Table A6 
Full phase assemblage of CC4- LC3-SP pastes (1, 7 and 28 days) without and with STE53.#

Phases t0 CC4-LC3-SP CC4-LC3-SP-STE53

1d 7d 28d 1d 7d 28d

C3S 20.2(1) 5.8(3) 0.6(1) – 5.5(3) 0.9(1) –
C2S 4.2(1) 4.2(3) 4.2(3) 3.4(3) 4.3(3) 3.9(3) 2.6(3)
C4AF 3.8(1) 0.6(1) 0.4(1) – 0.5(1) 0.1(1) –
C3A 1.6(1) 0.5(1) – – 0.3(1) – –
CsH2 2.4(1) – – – – – –
CsH0.5 1.3(1) – – – – – –
Minors 0.7 – – – – – –
Cc 12.7(1) 11.9(2) 12.0(2) 11.1(2) 12.8(1) 10.4(2) 10.0(2)
Qz 7.9(2) 6.2(1) 6.6(1) 7.0(1) 6.6(1) 6.8(1) 7.3(1)
Silicates + side phases 3.8 4.5 4.3 4.6 4.7 3.7 4.5
CH – 2.9(1) 3.9(1) 3.6(1) 2.8(1) 3.4(1) 3.6(1)
AFt – 1.0(1) 2.0(1) 1.8(1) 1.6(1) 2.0(1) 1.3(1)
Hc – – 0.2(1) 0.3(1) – 0.4(1) 0.4(1)
Mc – – 0.1(1) 0.6(1) – 0.3(1) 0.7(1)
ACnT 41.4 62.5 65.6 67.6 60.9 68.1 69.4
# Values in parentheses are the associated errors.

Table A7 
Chemical reactions employed for the mass balance calculations.

Reactions Eq.

Ca3SiO5 + 5.2 H2O → 1.2 Ca(OH)2 + (CaO)1.8SiO2(H2O)4.0 (1)
Ca3Al2O6 + 3CaSO4⋅2H2O + 26 H2O → Ca6Al2(SO4)3(OH)12⋅26H2O (2)
Ca4Al2Fe2O10 + 0.84 Ca3SiO5 + 3CaSO4⋅2H2O + 30.84 H2O → Ca3Fe2(SiO4)0.84(OH)8.64 +

Ca6Al2(SO4)3(OH)12⋅26H2O + 0.52 Ca(OH)2

(3a)

Ca4Al2Fe2O10 + 0.84 Ca3SiO5 + 0.5 CaCO3 + 16.34 H2O → Ca3Fe2(SiO4)0.84(OH)8.64 +

Ca4Al2(OH)13(CO3)0.5(H2O)5.5 + 0.02 Ca(OH)2

(3b)

Al2Si2O7 + 5.8 Ca(OH)2 + 0.4 CaCO3 + 11.8 H2O → 2 Ca1.5Al0.2SiO3.8(H2O)4.0 +

0.8 Ca4Al2(OH)13(CO3)0.5(H2O)5.5

(4)

Al2Si2O7 + 5.4 Ca(OH)2 + 0.8 CaCO3 + 11.4 H2O → 2 Ca1.5Al0.2SiO3.8(H2O)4.0 +

0.8 Ca4Al2(OH)12(CO3)(H2O)5

(5)

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.cemconres.2025.108036.

Data availability

All raw data are available in Zenodo, doi:https://doi. 
org/10.5281/zenodo.15398054, which can be used under the Creative 
Commons Attribution license.

Laboratory X-ray powder diffraction (raw and calcined clays, and 
LC3 pastes at 1, 7 and 28 days), thermal analysis (raw clays, and LC3 

pastes at 1, 7 and 28 days), particle size distribution by laser 
diffraction (calcined clays), isothermal calorimetry (R3 calcined 
clays, LC3 pastes), and mercury intrusion porosimetry (LC3 pastes at 1 
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and 28 days).
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