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A B S T R A C T

The incorporation of locally available supplementary cementitious materials (SCMs) in cement blends is essential 
for reducing the environmental impact of construction. However, assessing the pozzolanic kinetics, and thus the 
pozzolanic contribution at a given age, is challenging due to temperature differences between the two main 
evaluation methods: ASTM C1897 (40 ◦C, continuous heat release) and ASTM C311 (20 ◦C, Strength Activity 
Index at 28 days). This study examines 22 SCMs, analysing their composition, mineralogy, texture, and pozzo
lanic behaviour. ASTM C1897 was applied as prescribed, while ASTM C311 was modified by maintaining a 
constant water-to-binder ratio and introducing an additional 68 % PC–20 % SCM–10 % limestone–2 % gypsum 
series to better isolate pozzolan effects. The results confirmed established pozzolanic trends, with kaolinite-rich 
calcined clays ≳ silica fume > smectite-rich calcined clays > natural pozzolans ≳ class-F fly ashes. The modified 
series yielded clearer correlations, particularly between SAI2◦C

28d and Heat4◦C
3d, forming two well-defined clusters 

that reflect general behaviour. These findings suggest that the modified series could serve as a more reliable 
framework for future SAI evaluations. Moreover, for the 80 % PC–20 % SCM, the best correlation is found for the 
R3-heat release at 12 h (at 40 ◦C) and the SAI values at 28 days (at 20 ◦C). Additional insights into the pozzolanic 
kinetics and performance of the materials are also presented, contributing to a deeper understanding of their 
potential in sustainable construction practices.

1. Introduction

Cement manufacturing is a contributor to global CO2 emissions, ac
counting for approximately 8 % of total greenhouse gas emissions. This 
poses a critical challenge for the construction industry, which must 
reduce its carbon footprint while maintaining high material perfor
mance standards [1]. The production of Portland cement (PC), the pri
mary component in concrete, is particularly energy-intensive and 
responsible for substantial CO2 emissions [2]. In response, the industry 
has adopted a roadmap to achieve net-zero emissions by 2050. This plan 
includes interim goals, such as a 25 % reduction in CO2 emissions by 
2030, and outlines key pathways and milestones for full decarbonization 
[3–6]. Consequently, there is a growing emphasis on identifying 
low-carbon materials that satisfy both mechanical performance and 
durability requirements.

Supplementary Cementitious Materials (SCMs) [7,8] play a crucial 

role in mitigating the environmental impact of cement production. 
Currently, SCMs are among the most effective strategies for reducing 
CO2 emissions. Clinker substitution [9], combined with optimized con
crete mixture proportioning, has been particularly effective in lowering 
the carbon footprint of concrete production. While high-quality SCMs, 
such as granulated blast furnace slags, have proven highly efficient [7,
10], their limited availability necessitates the increased use of other 
widely available SCMs [8] including calcined clays (CCs) [11–13] 
and/or natural pozzolans (NPs) [14,15]. Coal combustion fly ashes (FAs) 
[16] and silica fume (SF) [17,18] are also widely utilized as SCMs and 
serve as key references for pozzolanic materials with slow and fast re
action kinetics, respectively. Although kaolinitic calcined clays (KCCs) 
are receiving significant attention due to their fast pozzolanic kinetics 
[11,19–27], other clay-based SCMs have not been studied as extensively. 
This work focuses on the pozzolanic features of five SCM families: 
kaolinitic CC (KCCs), smectitic CC (SCCs), SFs, NPs, and FAs. A brief 
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discussion of these materials’ pozzolanic properties follows in the sub
sequent paragraphs.

Among clay minerals, kaolinite and smectite are the primary focus 
due to their distinct compositions, structures, and pozzolanic properties 
when (so far, thermally) activated as meta-clays [12,25]. Thermal 
activation involves dehydroxylating the octahedral sheet, forming 
amorphous meta-clays while avoiding recrystallization at elevated 
temperatures [12].

Briefly, kaolinite features a 1:1 layered structure comprising one 
tetrahedral (silicate) layer and one octahedral (aluminate) layer, with an 
ideal chemical stoichiometry of Al4Si4O10(OH)8. Upon calcination at 
600–900 ◦C (optimal range: ~700–850 ◦C), kaolinite phase transforms 
into metakaolin (MK) with an ideal stoichiometry of Al2Si2O7. This 
transformation significantly enhances its pozzolanic activity, making 
MK highly effective in cementitious applications [28,29]. Notably, MK 
exhibits the fastest pozzolanic reaction kinetics among SCMs. In 
contrast, smectite minerals have a 2:1 structure, consisting of two 
tetrahedral (silicate) sheets and one octahedral layer. Smectites are 
further classified into dioctahedral (trivalent cations) and trioctahedral 
(divalent cations) types based on the composition of the octahedral layer 
[30,31]. Montmorillonite, a dioctahedral smectite with primarily 
aluminate octahedral layers, has an ideal stoichiometry of 
Al2Si4O10(OH)2

. nH2O, with inherent lower aluminium content when 
compared to kaolinite clays. Moreover, elemental substitutions lead to a 
range of stoichiometries, such as Na-montmorillonite, 
≈Na0.3(Al1.7Mg0.2Fe0.1)Si4O10(OH)2

. nH2O. Interlayer cations like cal
cium result in Ca-montmorillonite, while trioctahedral smectites, where 
magnesium dominates the octahedral layer, are classified as saponites 
with an approximate formula of ≈(Ca,Na)0.3(Mg,Fe)3Si4O10(OH)2

. nH2O. 
Montmorillonites, part of the smectite family, are commonly found in 
bentonite rocks. When calcined, smectites yield meta-clays with variable 
Al/Si molar ratios, typically ranging from 0.45:1 in Al-rich smectites to 
0.20:1 in Al-poor smectites. The lower Al/Si ratio of calcined smectite 
has a direct impact in the hydration behaviour of blended cements [32]. 
The calcination temperature for smectitic clays ranges 750–900 ◦C, with 
an optimal range narrower than that of kaolinitic clays [16]. Recent 
studies [33] has reported that calcined Ca- and Na-montmorillonites can 
be considered as medium to high reactivity SCMs according to their heat 
at 7 d, determined by the ASTM C1897 standard [34]. Moreover, there is 
a growing interest on the role of smectites as SCM [35].

Silica fume (SF) is widely regarded as one of the most effective 
pozzolanic materials, significantly enhancing the compressive strength, 
durability, and chemical resistance of concretes [36,37]. This 
by-product of silicon and ferrosilicon production is primarily composed 
of SiO2. SF features extremely fine particle sizes, typically smaller than 
0.5 μm, and a very high specific surface area [8]. For safer handling, SF 
particles are often deliberately agglomerated. In concrete applications, 
SF is used in relatively small quantities, where it fills voids, reduces 
porosity, and increases density. These properties make SF particularly 
valuable in high-performance concrete applications [36,37].

Natural pozzolans (NPs) are siliceous or alumino-siliceous materials 
that, when processed (e.g., milled), chemically react with Ca(OH)2 
under ambient conditions to form compounds with cementitious prop
erties [14,15,38–42]. NPs are formed during volcanic eruptions, where 
magma reaches the surface and expanding gases cause explosive erup
tions, producing fine ash and rapidly cooling lava. Volcanic materials, 
such as pumice (lava rock) and pumicite (volcanic dust), primarily 
consist of aluminosilicate glass with minor amounts of minerals, 
including quartz, feldspar, and mica [43]. Over time, volcanic glass may 
transform into volcanic tuff, which is rich in zeolite minerals. These 
natural pozzolans exhibit pozzolanic properties with variable, often 
slow, reaction kinetics and have been used in construction since Roman 
times [14,40,44].

Coal fly ashes (FAs) are by-products of coal combustion in power 
plants, consisting of fine particles collected from flue gases. FAs are 
widely utilized as SCMs in concrete to enhance durability and reduce the 

Portland cement (PC) content, thereby lowering the carbon footprint of 
construction materials [45–47]. FAs are generally classified into two 
categories: Class-F and Class-C, each characterized by distinct compo
sitions, properties, and applications. Class-F FAs are calcium-poor, 
exhibiting primarily pozzolanic properties with minimal hydraulic 
behaviour.

Alongside with well-established and emerging SCMs [8], effective 
testing methods are essential for assessing their pozzolanic perfor
mances. Such performances must to be evaluated at specific time points, 
making pozzolanic kinetics a critical factor. Several traditional methods 
exist for determining pozzolanic performances, such as the Frattini test, 
Chapelle test, and lime-SCM compressive strength test. However, a re
view of these methods is beyond the scope of this discussion [48–51]. 
Currently, ASTM evaluates SCM reactivity using the Strength Activity 
Index (SAI) as defined in the ASTM C311 standard [52], performed at 
room temperature. This test is used to determine compliance with the 
ASTM C618 standard [53] for fly ashes and natural pozzolans. Accord
ing to ASTM C618, SCM mixtures with 20 % replacement must achieve 
at least 75 % of the control’s compressive strength at either 7 or 28 days. 
Similarly, the European standard EN 450-1 [54] measures the activity 
index of mortars with 25 % SCM replacement, requiring at least 75 % of 
the control’s compressive strength at 28 days and 85 % at 90 days. While 
ASTM C618 remains widely used, it has notable limitations in differ
entiating between inert and pozzolanic materials and in accurately 
ranking pozzolanic performance [49,55]. This is likely due to the low 
replacement level (20 %), where filler effects can dominate over 
pozzolanic contributions. To address these limitations, researchers have 
developed the R3 test (rapid, relevant, and reliable), which isolates 
pozzolanic reactions and provides a faster evaluation of a material’s 
reactivity. The R3 test has been standardized as ASTM C1897-20 [34,50,
56–58]. The R3 test measures heat release and bound water (BW) in 
lime-SCM optimized pastes at 40 ◦C, offering a reliable method to assess 
pozzolanicity, including pozzolanic kinetics and ultimate performance. 
These relatively rapid tests are particularly effective in distinguishing 
pozzolanic materials from inert ones and in determining whether a 
material warrants further long-term testing, particularly in cases of slow 
pozzolanic kinetics. A recent study [59] evaluated the pozzolanic ac
tivity by ASTM C1897-20 of emerging SCMs, including construction and 
demolition waste as well as rice husk ash. The study established corre
lations between chemical composition, amorphous content, and reac
tivity, highlighting a relationship between the amorphous phase content 
and cumulative heat release. Based on these findings, a new classifica
tion system for pozzolanic reactivity has been proposed, defined ac
cording to cumulative heat release at 7 days: low (25–100 J/g), 
moderate (100–180 J/g), high (180–360 J/g), and very high (>360 
J/g). However, thid study did not establish a correlation between 
pozzolanic reactivity and mechanical strength.

This study focused on evaluating the pozzolanic kinetics and final 
performance of five families of SCMs using the ASTM C1897-20 stan
dard, referred to as the R3 test. The primary objective was to correlate 
the outputs of the R3 test with the compressive strengths of the corre
sponding blends. Previous attempts have been made to establish such 
correlations. RILEM TC 267-TRM [57] reported a linear correlation 
between the relative compressive strength (measured at room temper
ature and 28 days) and the heat released at 40 ◦C over 7 days for 52 
materials [57]. The compressive strengths were determined at 30 % 
SCM replacement (10 % for SF) to maximize pozzolanic contributions 
while minimizing filler effects. Interestingly, two distinct trends were 
observed: one comprising natural pozzolans (NPs), fly ashes (FAs), and 
slags, and another including only kaolinitic calcined clays. The cumu
lative heat release showed R2 values of 0.87 and 0.84 for the first and 
second clusters, respectively. Notably, the slope of the first cluster 
(0.095) was twice that of the second (0.047), indicating that for the 
same heat release, NPs and FAs achieved higher compressive strengths 
compared to kaolinitic calcined clays. Yoon et al. [60] also explored 
these correlations for eleven SCMs, but compressive strengths were 
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evaluated at 20 % SCM replacement, with slight variations in the 
water-to-binder (w/b) ratio to maintain consistent workability. In this 
case, the correlation between the SAI at 28 days and the heat released 
was found to be very poor [60]. It has also been recently identified a 
strong correlation between the compressive strength of mortars incor
porating 30 wt% natural volcanic pozzolan (w/b = 0.40) and the bound 
water content determined via a modified R3 protocol [61]. This modi
fication involved adjusting the sulfate and alkali contents to attain a 
pore solution pH of 13.3. Moreover, a small-scale modified R3 test has 
been reported for new SCMs which are initially available only in small 
quantities [62].

Here, we report a thorough study of 22 SCMs alongside one inert 
reference material (i.e. quartz with DV,50 = 15.5 μm). The SCMs were 
categorized into five families: KCCs, SCCs, SFs, NPs, and FAs. Following 
elemental and mineralogical analyses, the raw materials were thermally 
activated when needed, i.e. kaolinitic and smectitic clays. The SCMs 
were then milled to achieve similar particle sizes, targeting a DV,50 of 12 
± 2 μm. Two experimental campaigns were conducted. In the first, R3 

tests were performed on all SCMs, with extended measurements up to 14 
days for selected SCMs to examine longer-term pozzolanic behaviour. 
Additionally, SAI measurements were carried out using 80/20 blends of 
Portland cement (PC) and SCMs with a constant water-to-binder (w/b) 
ratio. For selected blends, SAI values were also measured at 180 days to 
gain insights into long-term pozzolanic properties. In the second 
campaign, SAI measurements were conducted for 68/20/10/2 blends, 
consisting of 68 wt% PC, 20 wt% SCM, 10 wt% limestone (LS), and 2 wt 
% gypsum (Gyp). This blend composition was designed to minimize 
filler effects and better reflect current industrial practices, profiting from 
the wide limestone availability. Finally, the core focus of this study was 
to establish correlations between the SAI values (measured at 20 ◦C) and 
R3 test results (measured at 40 ◦C). The findings reveal a strong corre
lation between SAI2◦C

28d values and the Heat4◦C
3d results for the 68/20/ 

10/2 blends. Kaolinitic calcined clays formed a distinct cluster with a 
smaller slope, while smectitic calcined clays aligned closely with the 
FAs, NPs, and SFs cluster. Furthermore, an in-depth analysis of the 
pozzolanic kinetics across the different SCM families was conducted, 
providing valuable insights into their reactivity and performances.

2. Materials and methods

2.1. Material provenances

A total of twenty-seven materials were used here, including 22 SCMs 
with very different pozzolanic kinetics and final performances. The 
studied SCMs are grouped in: (i) seven kaolinitic raw clays (KRCs); (ii) 
five smectitic raw clays (SRCs) [two were reference materials from the 
Clay Minerals Society]; (iii) two SF samples; (iv) six NPs; and (v) two 
class-F FAs. In addition, five other materials were also employed: inert 
quartz, limestone (LS), gypsum (Gyp), PCs 52.5R and standard sand. 
Table 1 provides an overview of the abbreviations for each material, 
along with the kaolinite and smectite contents of the pristine clays and 
the thermal activation parameters, where applicable. All materials were 
dried at 105 ◦C prior to analysis and usage. The kaolinite and smectite 
contents were determined using a previously reported methodology [12,
63,64], and the clays were thermally activated to produce the SCMs 
following established protocols [64–66].

Two distinct blends/series were prepared. Blend 80/20 consisted of 
80 wt% of PC and 20 wt% of SCM. Blend 68/20/10/2 comprised 68 wt% 
of PC, 20 wt% of SCM, 10 wt% LS and 2 wt% of Gyp. The blends were 
homogenized using a Micro-Deval mill (Proeti) equipped with five steel 
balls, each 32 mm in diameter. It is important to note that this equip
ment was utilized for mixing rather than milling. To ensure uniformity, 
each blend underwent 2 × 90 min mixing cycles, with 30 min pause in 
between. Three batches were prepared for each blend, which were 
subsequently combined.

Additionally, a commercial polycarboxylate-ether (PCE) super
plasticizer, MasterSuna SBS 3890, provided by Master Builders Solu
tions, was employed and is referred to as PCE.

2.2. Methods

2.2.1. X-ray fluorescence analysis (XRF)
The elemental composition analyses were conducted using an ARL 

ADVANT’XP + instrument (Thermo Fisher) at the Servicios Centrales de 
Apoyo a la Investigación (SCAI), University of Malaga. The samples were 
prepared as fused beads. Loss on ignition (LOI) was determined by 
heating the samples to 950 ◦C for 2 h.

Table 1 
Overview and abbreviation of the employed materials.

Material code Country of origin Content Calcination details

KRC1 Spain ≈74 wt% Kln 860 ◦C/4 h
KRC2 France ≈54 wt% Kln 800 ◦C/4 h
KRC3 Spain ≈58 wt% Kln 860 ◦C/4 h
KRC4 Spain ≈48 wt% Kln 860 ◦C/4 h
KRC5 Spain ≈40 wt% Kln 860 ◦C/4 h
KRC6 Spain ≈40 wt% Kln 860 ◦C/4 h
KRC7 Spain ≈20 wt% Kln 860 ◦C/4 h
Ref1-SRC (SAu-1) Clay Minerals Society, USA ≈93 wt% Smt-Al 750 ◦C/2 h
Ref2-SRC (SWy-3) Clay Minerals Society, USA ≈75 wt% Smt-Al 800 ◦C/2 h
SRC1 Spain ≈80 wt% Smt-Mg 850 ◦C/2 h
SRC2 Spain ≈74 wt% Smt-Al 850 ◦C/2 h
SRC3 Morocco ≈53 wt% Smt-Al 800 ◦C/2 h
SF1 Spain – –
SF2 Spain – –
NP1 Greece – –
NP2 Italy – –
NP3 Spain – –
NP4 Germany – –
NP5 Spain – –
NP6 Italy – –
FA1 (Class-F) Spain – –
FA2 (Class-F) Spain – –
Qz (Quartz) Spain – –
LS (Limestone) Spain – –
Gyp (Gypsum) Spain – –
PC (CEM I 52.5 R) Italy – –
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2.2.2. Laboratory X-ray powder diffraction (LXRPD)
All raw and calcined materials were analysed by LXRPD. To quantify 

amorphous and unquantified crystalline phases (ACn) in the samples 
following the method described in Ref. [67], the specimens were mixed 
with 20 wt% of α-Al2O3 or ZnO (as internal standards). The mixtures 
were ground in an agate mortar for 15 min to ensure homogenous dis
tribution of the internal standard. Powder diffraction patterns were 
obtained using two different powder diffractometers at the SCAI, 
depending on instrument availability. The first, a PANalytical X’Pert 
PRO MPD, operates in a Bragg-Brentano configuration with mono
chromatic Cu-Kα1 radiation (1.5406 Å). The second, a Bruker AXS D8 
ADVANCE, uses monochromatic Mo-Kα1 radiation (0.7093 Å). Rietveld 
quantitative phase analysis (RQPA) was conducted using GSAS software 
[68].

2.2.3. Textural characterization techniques
The PSD of the materials was determined using a Malvern Panalytical 

Mastersizer 3000 equipped with a dry chamber (Aero S). Dry powder 
particles were dispersed through a high-energy Venturi disperser using 
compressed air to ensure appropriate sample dispersion. The PSD data 
were analysed using the MIE non-spherical model, incorporating the 
specified refractive and absorption indices. In addition, the SSA of the 
materials was measured through nitrogen adsorption isotherms using 
the Brunauer-Emmett-Teller (BET) method on an ASAP 2420 analyser 
(Micromeritics, USA). Sample density was determined via helium 
pycnometry using an Accupyc II 1320 pycnometer, also from 
Micromeritics.

2.2.4. Evaluation of pozzolanic reactivity through the R3 test
The pozzolanic reactivity test was performed in accordance with the 

ASTM C1897 standard. Each mixture consisted of 10 g of SCM, 30 g of Ca 
(OH)2, 5 g of CaCO3, and an alkaline sulfate solution containing 4 g/L of 
KOH and 20 g/L of K2SO4. The paste mixtures were prepared with an 
alkaline solution-to-solid mass ratio of 1.20. The solids and the alkaline 
solution were sealed in airtight containers and placed in an oven at 40 ±
2 ◦C for at least 5 h to ensure thermal stabilization. Mixing was per
formed using a mechanical stirrer operating at 1600 ± 50 rpm for 2 min. 
Following mixing, 15 g of the paste was transferred into a 20 ml glass 
ampoule, which was then sealed and placed in a TAM Air isothermal 
calorimeter set to 40 ◦C. Heat flow measurements, excluding the initial 
75 min, were recorded over 7 days, and cumulative heat was calculated 
per gram of SCM as specified in the standard.

For the BW test, the remaining paste, after the fraction allocated for 
isothermal calorimetry, was divided into six plastic vials, each con
taining 5 ml. These vials were sealed and returned to the oven at 40 ±
2 ◦C for curing periods of 1 and 7 days. After the specified curing times, 
the top 5 mm of each paste sample was removed and discarded. Since the 
mixtures were too soft to crush and sieve, approximately 10 ± 1 g of 
each paste was spread into a uniform layer on a Petri dish and placed 
back in the oven to dry at the same temperature. Once dried, 5 g of each 
sample was further dehydrated at 350 ◦C for 2 h and then cooled in a 
desiccator for 1 h. The BW content for each SCM was calculated 
following the protocol dictated by ASTM C1897.

2.2.5. Mortars for modified SAI testing
Mortars were cast in 40 × 40 × 160 mm3 moulds to assess the 

compressive strength of the blended cements and determine the SAI, in 
accordance with the ASTM C311 standard, with one modification. The 
water-to-binder (w/b) ratio was maintained at 0.50 to ensure consistent 
comparisons. Mortars for both blend series were prepared with a water/ 
binder/sand mass ratio of 0.50/1/3. When required, PCE super
plasticiser was added to achieve an initial mortar flow of 190 ± 30 mm. 
The water, including the required amount of PCE, was magnetically 
stirred for 1 min before being added to the binder in a single step. During 
specimen preparation, the moulds were half-filled and tapped 60 times 
to release trapped air. Once fully filled, the moulds were tapped an 

additional 60 times on a jolting table (UTCM-0012, 3R Montauban, 
France) to ensure proper compaction. The samples were left in the 
moulds for 24 h at 20 ◦C and 99 % relative humidity before being 
demoulded and submerged in water at 20 ◦C. Specimens were cured 
until compressive strength tests were conducted at 28 days and, in some 
cases, 180 days.

2.2.6. Slump tests
The same mortar mix described above was used to measure the flow 

of fresh mortars, following the EN 1015-3 standard. In this test, a metal 
cone with a base diameter of 100 mm, a top diameter of 70 mm, and a 
height of 60 mm was placed on a smooth, flat surface. The mortar was 
poured into the cone, which was then lifted to allow the mortar to 
spread. The table was jolted 15 times to facilitate the spread, and the 
diameter of the spread mortar was measured in two perpendicular di
rections. The average of these two measurements was used to determine 
the flow of the fresh mortar.

2.2.7. Compressive strengths
Compressive strength testing was conducted in accordance with the 

EN 196-1 standard, using an Autotest 300/20C MD2-ECO press located 
at the Universidad de Málaga. Measurements were performed on six 
half-prisms tested at each time, and the reported compressive strength 
values represent the average of all measurements.

3. Results

3.1. Elemental and mineralogical compositions

The elemental analyses of all employed material, including the 22 
SCMs, are presented in Table 2. Kaolinite and smectite clays underwent 
thermal activation under previously reported conditions [63–66]. The 
elemental compositions of the 12 raw clays are given in Table A1 in the 
Annex. The mineralogical compositions of all SCMs, determined using 
Rietveld Quantitative Phase Analysis (RQPA) and including amorphous 
and unquantified crystalline phases (ACn), are shown in Table 3. 
Additional information on the mineralogical compositions of the raw 
clays is provided in Table A2. Table A3 summarises the mineralogical 
phase assemblages of PC, quartz, LS, and Gyp.

3.2. Textural properties

The importance of textural properties is on par with elemental and 
mineralogical compositions for understanding the reactivity of SCMs. 
Following the thermal activation of the clays, most SCMs underwent ball 
milling to achieve comparable particle sizes; however, SFs were not 
milled. Significant differences in average particle sizes can lead to 
reactivity variations that obscure general trends. The targeted Dv,50 
particle size was 12 ± 2 μm. Current practices favour milling SCMs to 
achieve average particle sizes slightly smaller than that of the employed 
PC. Fig. 1 shows the PSD of all employed materials, shown as relative 
volume percentage, while, Fig. 2 illustrates the same distribution as 
cumulative volume percentages. Table 4 provides the corresponding 
numerical data, including specific surface areas, densities, and standard 
PSD values such as DV,10, DV,50 and DV,90. Additionally, Table 4 includes 
the volume fractions of particles with apparent diameters smaller than 3 
μm.

It is noteworthy to underline that silica fume has a primary particle 
size smaller than 1 μm. However, Figs. 1 and 2 reveal that the measured 
average particle size of these commercial SFs is significantly larger than 
1 μm. This discrepancy arises from the intentional agglomeration of SF 
by suppliers to minimize handling hazards. Furthermore, the volume 
fraction of particles smaller than 3 μm ranges from approximately ≈10 
to ≈28 vol%; for kaolinitic calcined clays, while for smectitic calcined 
clays, this fraction is approximately ≈24 vol%.
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3.3. Pozzolanic reactivity of the SCMs as measured by R3 test at 40 ◦C – 
isothermal calorimetry

In this study, the early-age kinetics and long-term performances of 
the pozzolans were assessed using R3 measurements. Fig. 3 presents the 
cumulative heat release, normalised to grams of SCM, over 7 days for the 
22 SCMs, along with two inert samples, quartz and the standard sand 
(UNE-EN 196-1). Additionally, Table 5 provides detailed data on heat 
release of the studied materials at half, one, three and seven days (at 
40 ◦C). This is reported to follow the kinetics of the pozzolanic reactions 
in these conditions. Moreover, Fig. A1 shows the heat flow curves up to 
48 h for better visualisation of the processes taking place in this time 
span. For better visualisation, the R3 cumulative heats up to one day are 
displayed in Fig. A2.

As shown in Fig. 3, the cumulative heat release for KCCs nearly 
reaches a plateau, indicating the primary pozzolanic reactions are 
largely complete within 7 days. In contrast, most other pozzolans, 
including FAs and some SCCs, exhibit pronounced slopes, suggesting 
ongoing reaction activity during this period. To further investigate these 
trends, a second R3 campaign was conducted for selected SCMs, 
extending measurements to 14 days at 40 ◦C. The extended data, pre
sented in Fig. 4 confirm the prolonged reactivity of these materials, with 
numerical values provided in Table 5 for detailed analysis.

The peak observed in the R3 heat flow curves for all SCMs (see Fig. 4a 
and Fig. A1) are attributed to the formation of C–A–S–H gels, ettringite, 
and carboaluminate phases resulting from pozzolanic reactions [56]. It 
can be seen that these peaks have a large variability in their integrated 
areas which deserves discussion. The intense peak of KCC5 (given as an 
example of all KCC materials) is due to the fast intrinsic kinetics of the 
pozzolanic reaction of MK, in spite of its relatively low SSA value of 4 m2 

g-1, see Table 4. All natural pozzolans and fly ashes have very slow 
pozzolanic intrinsic kinetics and this is evidenced as very small peaks. 
Conversely, Ref1-SCC and SF1 show relatively intense peaks. This large 
reactivity during the first day (at 40 ◦C) is justified because the very 
large SSA of Ref1-SCC and the small particle sizes of SF1. These features, 
large SSA and small particle sizes, are known to enhance the kinetics of 

the hydration reactions in general and the pozzolanic reaction(s) in 
particular. Two additional observations deserve attention. Firstly, SF2 
has a similar SSA and amorphous content than SF1 but the intensity of 
this peak is significantly smaller. We speculate that the origin of this 
behaviour is its high iron content which is known to delay C-A-S-H 
formation. Secondly, Ref2-SCC has a smaller peak than Ref1-SCC. This is 
very likely due to its smaller SSA, 9 m2 g-1, see Table 4. In a nutshell, the 
four most important parameters to understand/justify the fast kinetics of 
pozzolanic materials are: (i) nature of the reactive phase (i.e. MK having 
the fastest intrinsic kinetics), (ii) the amount of reactive phase within the 
commercial SCM, (iii) the SSA (the highest the better but it increases the 
water demand), and (iv) the small particle size (the lowest the better).

3.4. Pozzolanic reactivity of SCMs measured using the R3 test at 40 ◦C – 
bound water

ASTM C1897 also specifies the procedure for measuring the BW at 
40 ◦C. The values obtained after seven days are presented in Table 5. As 
will be discussed below, the SAI at 28 days shows a stronger correlation 
with heat released at early ages. Consequently, BW measurements were 
also performed after maintaining the R3 pastes at 40 ◦C for just one day, 
also shown in Table 5.

3.5. Pozzolanic reactivity of SCMs measured using the modified SAI test 
at 20 ◦C

As detailed in the experimental section, the first series with 80/20 
blends was prepared with a constant water-to-binder (w/b) ratio of 0.50, 
i.e. not 0.485. Slump flow values were measured using the slump test, 
and PCE was added when needed to achieve similar flow values of 190 
± 30 mm, see Table 6. Compressive strengths were determined for the 
22 SCMs at 28 days, and corresponding SAI values were derived. 
Additionally, a control mixture with inert quartz (DV,50 = 15.5 μm) was 
tested to evaluate the filler effect. Most blends were also measured at 
180 days, with results included in Table 6.

In a second campaign, 68/20/10/2 blend mortars were also tested, 

Table 2 
Elemental compositions of all employed materials used in the fabrication of the blends, expressed as oxide weight percentages. Loss on Ignition (LOI) values are also 
included.

wt% SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 Minors S + A + Fa LOI*

KCC1 54.7 33.5 7.1 0.5 0.1 0.3 – 0.2 2.4 95 1.1
KCC2 68.2 25.9 2.8 0.3 0.1 0.3 0.1 0.04 1.2 97 1.1
KCC3 60.4 32.0 1.3 0.3 0.4 3.6 0.2 0.3 0.7 94 1.0
KCC4 58.9 32.4 1.8 0.04 0.4 5.3 0.3 0.02 0.3 93 0.7
KCC5 76.5 20.5 0.3 0.1 0.1 1.4 – 0.03 0.2 97 1.0
KCC6 81.4 16.4 0.2 0.1 0.1 1.3 – 0.01 0.2 98 0.3
KCC7 66.9 16.4 7.5 1.5 1.1 3.4 0.3 0.3 1.6 91 1.0
Ref1-SCC 62.5 19.2 5.3 0.1 4.4 1.6 1.0 0.2 0.8 87 5.1
Ref2-SCC 67.3 19.7 4.8 1.7 2.3 0.6 1.8 1.0 0.3 92 0.6
SCC1 60.2 9.1 4.8 1.4 18.6 2.5 0.4 0.02 0.8 74 2.2
SCC2 59.6 15.6 6.0 9.9 3.8 1.1 1.2 0.02 0.8 81 2.0
SCC3 60.9 18.1 5.6 3.8 2.5 4.0 2.4 0.2 1.1 85 1.5
SF1 96.8 – 0.2 0.2 0.4 0.9 0.2 0.2 0.2 97 1.0
SF2 90.1 0.7 4.6 0.7 0.5 0.5 1.0 – 0.3 95 1.5
NP1 72.3 11.9 0.8 0.8 0.5 3.9 3.0 0.04 0.2 85 6.5
NP2 48.1 12.9 8.6 11.2 4.2 1.6 1.3 3.1 1.9 70 7.0
NP3 50.9 11.7 10.5 8.8 9.2 1.3 1.5 – 0.9 73 2.6
NP4 54.3 16.9 4.8 5.8 1.6 6.4 3.2 0.3 1.4 76 5.4
NP5 46.0 12.0 11.6 10.2 10.3 1.7 3.0 0.1 1.0 70 1.4
NP6 45.6 14.8 9.3 11.4 4.6 6.5 2.0 0.1 1.9 70 3.9
FA1 44.3 24.8 7.5 3.9 1.7 3.2 0.7 0.6 2.3 77 10.7
FA2 48.5 29.9 3.6 6.8 1.7 0.9 0.3 0.2 3.6 82 4.5
Qz 99.5 – 0.04 – – 0.1 – 0.1 0.02 – 0.3
LS – 0.3 0.04 56.0 0.4 – 0.2 0.02 0.03 – 43.1
Gyp 2.1 1.1 0.3 33.1 1.6 0.2 0.1 43.8 0.01 – 17.6
PC 18.7 4.9 3.0 63.9 1.1 0.6 0.21 3.3 0.5 – 3.7

*Dried at 105 ◦C and heated at 950 ◦C for 2 h.
a S + A + F stands for the sum of SiO2, Al2O3 and Fe2O3.
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Table 3 
Mineralogical compositions including ACn of all SCMs used determined by RQPA and the internal standard method (KCCs and SCCs with Al2O3; NPs and FAs with ZnO). All data are expressed in weight percentage. The 
numbers in brackets are the associated standard deviations, as calculated by the Rietveld method.

Phases/

wt% KCC1 KCC2 KCC3 KCC4 KCC5 KCC6 KCC7 Ref1-SCC Ref2-SCC SCC1 SCC2 SCC3 SF1 SF2 NP1 NP2 NP3 NP4 NP5 NP6 FA1 FA2

ACn 79 69 60 55 42 42 44 97 79 68 53 42 100 95 95 52 49 47 45 34 92 72
Qz 14.8(2) 31.1(1) 19.3(2) 14.5(2) 50.5(1) 63.2(1) 35.3(3) 3.5(3) 7.7(5) 2.6(4) 2.1(3) – – – – 6.4(2) 8.1(1) 3.4(2) – – – 4.7(1)
Cristobalite – – – – – – – – – – 4.9(2) – – – – – – – – – – –
Muscovite – – 13.7(3) 21.5(3) – 3.5(2) 15.3(5) – – 15.0(1) – 16.9(1) – – – – – 4.1(4) – – – –
Microcline – – 6.2(3) 8.0(5) 6.3(2) 5.7(2) – – 5.0(5) 3.4(1) 2.1(1) – – – – – – 3.9(7) – – – –
Sanidine – – – – – – – – – 1.4(1) 5.7(8) 12.2(7) – – – – – 19.7(8) – – – –
Diopside – – – – – – – – – – – – – – – 32.0(4) 29.4(3) 4.9(4) 43.9(3) 29.0(4) – –
Leucite – – – – – – – – – – – – – – – – – – – 24.2(4) – –
Nepheline – – – – – – – – – – – – – – – – – – – 4.1(2) – –
Fosterite – – – – – – – – – – – – – – – – 11.1(4) – 11.3(3) – – –
Albite – – – – – – – – 7.0(5) 1.4(1) – 9(1) – – – 3.2(4) – – – – – –
Andesine – – – – – – – – – – – 19.9(1) – – – – – – – – – –
Anorthite – – – – – – – – – 8.2(1) 30.1(5) – – – – – – – – – – –
Analcyme – – – – – – – – – – – – – – – 3.8(2) – 16.9(3) – – – –
Mullite – – – – – – – – – – – – – – – – – – – – 3.4(4) 21.8(2)
Amphibole – – – – – – – – – – 2.1(5) – – – – – – – – – – –
Fe2O3 4.4(2) – – – – – 4.8(2) – – – – – – – – – – – – 4.7(2) – –
SiC – – – – – – – – – – – – – 3.3(2) – – – – – – – –
Minors 2.1 0.3 1.0 0.7 1.0 0.1 0.5 – 1.0 2.2 – – – 2.1 5.0 2.4 2.2 – 5.0 3.8 4.7 1.7
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Fig. 1. Particle size distribution traces, displayed as relative volume percentage, for (a) KCCs, (b) SCCs, (c) NPs and FAs, and (d) references and other 
employed materials.

Fig. 2. Particle size distribution traces, displayed as cumulative volume, for (a) KCCs, (b) SCCs, (c) NPs and FAs, and (d) reference and other employed materials. The 
range of volume fractions with particle sizes smaller than 3 μm is highlighted by black arrows.
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see Table 7. In this series, the SCM content was maintained at 20 %, 
while 12 % of PC was replaced with 10 % limestone and 2 % gypsum.

4. Discussion

4.1. Elemental and mineralogical compositions of the SCMs

Firstly, kaolinitic and smectitic calcined clays exhibit some compo
sitional relationships, particularly in their SiO2 and Al2O3 contents. For 

the studied calcined clays, the Al2O3 content ranged from 16 to 34 % for 
kaolinitic materials and from 9 to 20 % for smectitic ones. While lower 
Al2O3 content in smectites was expected, the actual values depend on 
the presence of secondary phases, such as muscovite and feldspars. 
Moreover, this work characterized four montmorillonites (dioctahedral, 
with mainly Al3+ in the octahedral sheet) and one saponite (i.e. SCC1, 
trioctahedral, with predominantly Mg2+ in the octahedral sheet). 
Therefore, while ‘Al2O3 content’ can serve as a descriptor for SCMs, it 
should be monitored carefully, as it does not necessarily correlate with 

Table 4 
Textural properties of SCMs and other materials used in this study.

DV,10 (μm) DV,50 (μm) DV,90 (μm) V < 3.0 μm (%) BET (m2/g) Density (g/cm3)

KCC1a 0.9 8.4 41.4 27.0 27.2 2.71
KCC2b 1.2 11.3 66.4 24.6 25.4 2.64
KCC3c 2.8 11.8 58.9 12.0 10.0 2.63
KCC4c 2.1 11.8 51.6 14.5 7.6 2.63
KCC5c 2.5 12.0 47.0 11.0 4.0 2.63
KCC6c 2.7 12.3 47.8 10.8 3.2 2.61
KCC7a 1.5 12.0 54.6 23.5 4.5 2.71
Ref1-SCCd 0.7 10.6 50.4 24.1 131.4 2.57
Ref2-SCCd 0.9 11.1 63.0 25.7 9.1 2.51
SCC1d 1.1 14.5 57.4 24.5 51.9 2.78
SCC2d 1.1 13.7 62.3 23.2 11.4 2.60
SCC3d 1.2 10.4 34.3 23.5 18.1 2.64
SF1 – – – – 22.0 2.28
SF2 – – – – 25.8 2.36
NP1e 2.2 12.8 41.0 13.0 9.3 2.28
NP2d 0.9 16.0 95.0 22.3 24.0 2.80
NP3d 0.8 13.1 80.0 28.6 30.9 3.18
NP4d 1.2 13.7 79.0 19.6 10.4 2.55
NP5d 0.9 15.7 74.3 25.0 9.7 3.01
NP6d 0.7 10.0 53.0 27.3 18.1 2.81
FA1d 1.7 11.8 43.2 20.6 3.1 2.40
FA2d 2.3 14.3 46.0 15.3 1.8 2.32
Qzc 2.4 15.5 41.6 11.5 0.9 2.67
LSe 1.1 4.9 18.8 28.3 2.0 2.73
Gypf 1.7 12.8 41.9 17.2 6.3 2.38
PCg 1.9 14.0 40.0 14.9 1.4 3.11

Refractive index (RI) and absorption index (AI): a: (RI: 1.55, AI: 0.1) b: (RI: 1.55, AI: 0.05) c: (RI: 1.55, AI: 0.01) d: (RI: 1.53, AI: 0.1) e: (RI: 1.66, AI: 0.01) f: (RI: 1.53, 
AI: 0.01) g: (RI = 1.68, AI = 0.1). These values are used in the calculation of light scattering for non-spherical particles using the MIE method.

Fig. 3. Cumulative heat curves for R3 mixtures over seven days. (a) KCCs, (b) SCCs, (c) SFs and inert materials, and (d) NPs and FAs.
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pozzolanic performance. Even among montmorillonite-based smectitic 
clays, the montmorillonite phase may feature different interlayer cat
ions, such as calcium (Ca-Mnt) or sodium (Na-Mnt), among others. The 
corresponding meta-smectites are therefore expected to exhibit varying 
solubilities during early reaction stages.

Secondly, the amorphous content is a descriptor to be monitored as 
there is a qualitative agreement between the amount of amorphous 
fraction, see Table 3 and the pozzolanic features, see Table 5. However, 
not all amorphous phases exhibit pozzolanic activity, and their reaction 
kinetics can vary significantly. As a result, a quantitative correlation 
between the amorphous content of SCMs and their pozzolanic perfor
mance at a given age cannot be expected.

The potassium content should also be considered, as it may influence 
the kinetics of cement hydration [69]. However, when potassium is 
primarily incorporated in crystalline phases such as muscovite or feld
spars (e.g., microcline), their contribution to pozzolanic reactivity is 
generally negligible [70,71]. Therefore, in addition to the overall po
tassium content determined by XRF, the amount of potassium dissolved 
under relevant conditions is important for K-rich SCMs. However, pore 
solution measurements were not within the scope of the present 
investigations.

Therefore, while elemental and mineralogical analyses of potential 

SCMs are useful for initial screening, as of today, they cannot replace the 
pozzolanic tests.

4.2. Textural properties of the SCMs

On the one hand, there is consensus that smaller average particle 
sizes of SCMs generally lead to higher pozzolanic hydration rates and 
improved final hydration performance. However, for multicomponent 
SCMs, it is often very difficult, or even impossible, to determine the 
average particle size of the active phase (i.e. the amorphous components 
in many cases). Moreover, very fine particle sizes can result in excessive 
energy requirements during milling and also relatively high-water de
mand. A large volume of smaller particles may explain the enhanced 
early-age reactivity of certain SCMs. To monitor this, Table 4 reports the 
volume percentage for particles smaller than 3 μm, for all SCMs. This 
threshold, i.e. 3 μm, was subjectively chosen based on recent findings 
regarding the change in alite hydration rate with particle size [72]. It is 
important to recognise that the optimal particle size is SCM-dependent 
and may even vary with application. In this study, we have adopted 
the strategy to mill, when possible, all SCMs to DV,50≈12 μm. This 
approach reflects two key decisions. Firstly, achieving similar particle 
sizes for all SCMs ensures robust comparisons in this general study. 

Table 5 
R3 test results, including bound water (g/100 g of dried paste) at 1 and 7 days, and cumulative heat release (J/g of SCM) at the specified times. Italicised values 
represent heat release from a second set of measurements extended to 14 days. The variation (%) between 7 and 14 days is also provided.

Bound water Heat released Δ heat (%)

BW 1 d BW 7 d 1/2 d 1 d 3 d 7 d 14 d (7–14 d)

KCC1 8.9 12.1 342 577 698 737 – –
KCC2 8.7 10.3 236 445 608 637 – –
KCC3 7.5 9.8 122 342 530 572 – –
KCC4 6.3 9.4 125 291 459 488 – –
KCC5 6.4 9.7 110/89 302/291 490/490 539/542 -/554 2
KCC6 6.3 8.0 121 285 423 457 – –
KCC7 3.6 5.4 42 98 184 225 – –
Ref1-SCC 5.6 8.1 148/138 253/268 391/390 452/439 -/471 7
Ref2-SCC 4.6 8.1 66/61 166/149 372/336 489/449 -/497 11
SCC1 2.0 4.2 51/50 90/91 160/159 191/190 -/199 5
SCC2 3.3 5.1 52/52 107/109 236/241 301/296 -/324 9
SCC3 3.4 5.8 38/37 75/75 176/177 251/253 -/302 19
SF1 5.8 8.9 128/138 258/267 491/500 593/603 -/638 6
SF2 4.3 6.5 77/78 164/153 342/342 435/457 -/499 9
NP1 3.6 5.7 34/37 62/63 137/133 207/197 -/240 22
NP2 3.5 5.0 37/43 75/76 110/115 139/140 -/154 10
NP3 2.8 4.8 42/65 73/92 110/123 137/150 -/175 17
NP4 3.1 5.2 38/38 73/71 123/126 164/167 -/194 16
NP5 2.9 4.2 35/41 67/68 112/103 158/128 -/153 20
NP6 3.3 5.1 62/60 87/92 124/129 160/163 -/191 17
FA1 2.8 5.8 36/34 77/68 178/177 297/299 -/412 38
FA2 2.5 5.4 32/31 64/60 144/153 233/251 -/350 39
Qz 1.6 1.6 8 10 15 19 – –
Sand 1.4 1.4 5 5 6 5 – –

Fig. 4. Isothermal calorimetry results for R3 pastes of selected SCMs, extended to 14 days. (a) Heat flow curves. (b) Cumulative heat release traces.
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Secondly, the target size of ≈12 μm was selected to be slightly smaller 
than the particle size of the PC used, which was 14 μm, see Table 4. It is 
acknowledged that determining the optimal particle size for specific 
SCMs, here referred to as ‘smart SCM milling’, remains an active R&D 
field.

On the other hand, specific surface area is another important texture- 
related parameter. In principle, the higher the SSA of an SCM, the 
greater its pozzolanic hydration rate at early ages. As mentioned above, 
SSA is a compound function of all components present. However, the 
critical value of interest is the SSA of the active component(s) within the 
SCM, which is extremely difficult to measure in multicomponent ma
terials. SSA can decrease during the thermal activation step but in many 
cases it is not significantly affected by the milling process, unless 
mechanochemical activation procedures are employed [73]. In this 
study, the SSA of the SCMs was always monitored to better understand 
their pozzolanic behaviour, but it was not a target.

For KCCs, there is a clear trend between MK content and SSA for 
amounts exceeding ≈40 wt%, see Table 4. For calcined clays with MK 
contents below this threshold, the nature of the secondary phases can 
dominate the measured SSA values. For SCCs, SSA exhibits significant 
variation depending on the sample, see Table 4, as expected due to the 
layered and exfoliating nature of the pristine materials. For NPs, which 

Table 7 
Mortar study results for the 68/20/10/2 series, including the amount of PCE 
required to achieve an initial slump of 190 ± 30 mm and the corresponding 
slump values.

PCE wt% Slump/mm 28d-M.S./MPa 28d-SAI/%

KCC1 0.50 207(1) 62(2) 105
KCC3 0.50 176(1) 54(1) 91
KCC4 0.35 177(1) 55(1) 93
KCC5 0.20 208(1) 54(1) 91
KCC6 0.15 189(1) 53(1) 89
KCC7 – 183(1) 46(2) 78
SCC1 0.60 186(1) 51(1) 86
SCC2 0.50 215(1) 56(1) 94
SCC3 0.40 255(6) 50(1) 84
SF1 0.50 185(1) 63(1) 106
SF2 0.40 183(1) 51(1) 86
NP1 0.60 172(2) 43(1) 73
NP2 – 184(5) 43(1) 72
NP3 – 184(1) 45(1) 77
NP4 – 172(1) 43(1) 72
NP5 – 189(2) 43(1) 73
NP6 – 187(4) 47(1) 80
FA1 – 188(3) 45(1) 76
FA2 – 202(1) 43(1) 73
Qz – 190(1) 41(1) 69

Fig. 5. Linear correlation between cumulative heat release and bound water (R3 test), for all studied SCMs: (a) results at 1 day, and (b) results at 7 days.

Table 6 
Mortar study results for the 80/20 series, including the amount of PCE required to achieve an initial slump of 190 ± 30 mm and the corresponding slump values. 
Mechanical (compressive) strengths for the blends at 28 and 180 days.

PCE wt% Slump/mm 28d-M.S./MPa 28d-SAI/% 180d-M.S./MPa 180d-SAI/%

KCC1 0.30 189(1) 66(2) 111 78(2) 104
KCC2 0.40 164(1) 70(2) 118 73(1) 97
KCC3 0.40 173(1) 58(2) 98 66(2) 88
KCC4 0.50 201(1) 60(1) 102 75(2) 100
KCC5 0.20 185(1) 61(1) 103 72(1) 96
KCC6 0.15 197(1) 60(1) 101 72(2) 96
KCC7 – 179(1) 59(1) 99 – –
Ref1-SCCa – – 65(1) 107 – –
Ref2-SCCa – – 57(1) 93 – –
SCC1 0.40 175(3) 58(1) 98 67(1) 89
SCC2 0.30 208(1) 59(1) 99 73(4) 97
SCC3 0.20 187(1) 55(1) 93 67(1) 89
SF1 0.40 187(1) 66(2) 111 80(1) 107
SF2 0.40 182(1) 57(2) 97 – –
NP1b 0.60 168(1) 49.5(4) 83 67(1) 89
NP2 – 177(1) 53(1) 89 65(1) 87
NP3 – 179(3) 54(1) 91 63(2) 84
NP4 – 175(1) 51(1) 86 62(1) 83
NP5 – 188(2) 53(1) 89 – –
NP6 – 194(1) 56(1) 95 70(1) 93
FA1 – 189(4) 50(2) 84 76(5) 101
FA2 – 222(3) 51.2(2) 86 – –
Qz – 180(1) 53(1) 89 62(1) 83
PC – 189(1) 59(1) – 75(1) –

a The Ref1-SCC and Ref2-SCC mortars were tested using 30 × 30 × 30 mm cubes. No slump test was performed due to the limited quantity of material available.
b The mortar prepared with NP1, without the addition of PCE, exhibited an initial slump of 143(1) mm and achieved a compressive strength of 49(1) MPa at 28 days.
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typically have slower pozzolanic reaction rates, achieving low particle 
sizes and high SSA is critical for enhancing reactivity. As shown in 
Table 4, the SSA of the six studied materials varies by more than 70 %, 
despite their average particle sizes differing by less than 37 %. High SSA 
is beneficial for early age pozzolanic reactivity, as will be demonstrated 
below.

Finally, the density of all the SCMs was measured for precautionary 
reasons. However, density values are not yet a reliable proxy for 
pozzolanic performance, nor do they show a clear correlation with 
pozzolanic activity.

4.3. R3 test results

Fig. 5 shows the correlation between cumulative heat release and 
bound water (BW) for all studied SCMs. These results confirm and 
expand upon findings from a recent RILEM publication [57], which re
ported a linear correlation between heat and BW at seven days (R2 =

0.87, slope = 71 J/g, intercept = − 157 J/g). In this study, the correla
tion is slightly improved, with an (R2 = 0.93, slope = 79 J/g, intercept =
− 187 J/g), see Fig. 5b. Additionally, this work extends the analysis to 
early-age conditions, with measurements taken at 1 day. The resulting 
correlation was even stronger (R2 = 0.94, slope = 68 J/g, intercept =
− 131 J/g), see Fig. 5a. These results suggest that both approaches, heat 
release and BW, can be used interchangeably to predict the pozzolanic 
reactivity of an SCM. However, while BW measurements are more 
cost-effective, isothermal calorimetry provides continuous data, offering 
better insight into kinetic behaviour. Furthermore, the correlation be
tween cumulative heat and relative compressive strength is slightly 
stronger, as discussed below.

A detailed inspection of Fig. 5 raises questions about whether the 
correlation is consistent, within the margin of error, for KCCs (red di
amonds) compared to other SCMs. Since KCCs behave differently for the 
R3-SAI correlation, see below; a secondary analysis was performed, with 
separate fits for KCCs and other SCMs, see Fig. A3. The results indicate 
that for non-KCC SCMs, the slope changes significantly over time (1 day: 
slope = 56 J/g; 7 days: slope = 94 J/g). Conversely, the slope for KCCs 
remains relatively stable (1 day: slope = 80 J/g; 7 days: slope = 75 J/g). 
These preliminary observations highlight the need for further research 
to fully establish the implications of these findings and their potential 
consequences.

The discussion now centres on the cumulative heat released at 40 ◦C, 
representing overall pozzolanic performance, see Fig. 3, and its evolu
tion during the first day, indicative of the early-age pozzolanic reaction 
rate, see Fig. A2. It is important to note that the early-age pozzolanic 
reaction rate at 40 ◦C, as measured by the R3 test at 1 day, may corre
spond to pozzolanic activity at approximately 28 days under room 
temperature conditions. This study also seeks to establish a stronger 
connection between R3 results at 40 ◦C and compressive strength results 
at 20 ◦C.

For the KCC series, heat release varies smoothly and the obtained 
values align closely with those expected based on their estimated MK 
contents. Three independent studies on high-purity MK samples re
ported cumulative heat releases at seven days of 1150, 1085 and 1030 J/ 
g of in Refs. [27,49,74], respectively. Pure MK consists of 54 % of SiO2 
and 46 % of Al2O3. The thermodynamically calculated heat release for 
the complete reaction of SiO2 to form C-S-H with a Ca/Si ratio of 1.70 is 
769 J/g (maximum/theoretical value) [75]. Similarly, the heat release 
for Al2O3 reacting with Ca(OH)2 in the presence of excess carbonates to 
produce monocarboaluminate is 1402 J/g [75]. Using a simplified 
calculation, 769 × 0.54 + 1402 × 0.46 = 1060 J/g, the estimated value 
aligns well with experimental results, given the implicit approximations. 
Therefore, pure MK can be considered to release 1100 J/g after full 
reaction. Based on this, a MK content of 40 % would yield approximately 
440 J/g of cumulative heat. This agrees with the values observed for 
KCC6 and KCC4, see Fig. 3a. For KCC4, which has a MK content of ≈20 
%, the heat release of 220 J/g matches expectations. KCC5, however, 

released approximately 20 % more heat than expected, as the raw clay 
has an estimated kaolinite content of ≈40 %. This discrepancy could 
stem from inaccuracies in kaolinite content determination and/or con
tributions from the amorphous fraction to the pozzolanic reaction.

For the SCC series, the discussion of heat release requires further 
elaboration due to the absence of a model sample and the diversity of 
smectite compositions. On the one hand, for the reference smectites, 
Ref1-SCC (Ca-Montmorillonite, ≈93 %) released ≈450 J/g at seven 
days, while Ref2-SCC (Na-Montmorillonite, ≈75 %) released ≈490 J/g 
at seven days, see Fig. 3b. The relatively lower Al2O3 content in these 
samples limits the significant formation of carboaluminates, resulting in 
lower heat release values overall. Moreover, it is reasonable to conclude 
that Na-Montmorillonite intrinsically releases more heat (i.e. it is more 
reactive) than Ca-Montmorillonite. However, the Ca-Montmorillonite 
studied here exhibits much higher pozzolanic activity at early ages, 
Fig. A2b, likely due to its significantly higher SSA, 131 m2/g, compared 
to 9 m2/g for the Na-Montmorillonite sample. On the other hand, for the 
commercial smectite clays, SCC1 (saponite, ≈80 %) released only ≈200 
J/g at seven days. This relatively low value is likely due to the absence of 
reactive aluminium in the meta-smectite phase. Nevertheless, its early- 
age pozzolanic reactivity, Fig. A2b, is comparable to that of the meta- 
montmorillonites, likely owing to its high SSA of 52 m2/g. SCC2 and 
SCC3 (Na-Mnt) released ≈300 J/g and ≈250 J/g, respectively. These 
values are slightly lower than expected based on their Na-Mnt contents 
(74 % and 53 %, respectively). However, the agreement is reasonably 
good considering the challenges in accurately determining smectite 
content and the inherent variability in the element compositions of 
natural clays.

Concerning the studied silica fumes, SF1, with ≈100 % amorphous 
content, released ≈600 J/g at seven days, see Fig. 3c. Conversely, SF2, 
with ≈95 % amorphous content, released ≈440 J/g. The lower heat 
release for SF2 is attributed to its relatively high Fe2O3 content (4.6 %), 
which may partially inhibit the pozzolanic reaction, as previously re
ported [76]. These values align well with those previously reported for 
three commercial SFs, which ranged from 520 to 630 J/g [57]. Notably, 
the Fe2O3 contents of these SFs were smaller than 3 %. An anomalously 
low value of 350 J/g has been reported for a SF [77], but this discrep
ancy could be due to experimental issues and/or variability among 
commercial products. As discussed above, the theoretical maximum 
value (representing a 100 % degree of reaction) is approximately 770 
J/g [75].

For the NPs series, see Fig. 3d, the heat release values at seven days 
ranged from 137 to 207 J/g. These are low values, and for two samples, 
NP2 and NP3, the heat release falls below the 160 J/g threshold speci
fied by the ASTM C1897 standard for classifying a material as pozzo
lanically reactive at a 90 % confidence level. However, this strict limit 
excludes slow-reacting materials that contribute significantly to long- 
term strength development. Using the 66 % confidence level threshold 
recommended by RILEM (i.e. a heat of 98 J/g) [57], all commercial 
natural pozzolans tested here can be classified as pozzolanically active. 
The measured heat release values compare relatively well with previ
ously reported data. For example, in Ref. [60], 7-day heat release values 
for three volcanic ashes ranged from 180 to 270 J/g, with the highest 
value (270 J/g) corresponding to a sample with a relatively small DV,50 
of 6.3 μm. Another study [49] reported 7-day heat release values of 263 
J/g and 200 J/g for pumicite and tuff, respectively. In this study, five 
NPs are classified as volcanic ashes, while NP4 is trass-like, i.e. zeoli
tised. NP1, with the highest amorphous content (≈95 %), released the 
greatest heat at seven days (207 J/g). However, its pozzolanic reaction 
rate at early ages is slow, see Fig. A2d. This could be due to its relatively 
low SSA of 9 m2/g and its low fraction of small particles, V<3μm≈13 %, 
see Table 4. In contrast, NP6 exhibited the fastest pozzolanic reaction 
rate at early ages, Fig. A2d, despite having only 34 % amorphous con
tent. This behaviour can be explained by three factors: (i) a relatively 
high SSA of 18 m2/g, (ii) a large fraction of fine particles, V<3μm≈27 %, 
see Table 4; and (iii) its classification as a basic rock with a high K2O 

I. Koufany et al.                                                                                                                                                                                                                                 Cement and Concrete Composites 163 (2025) 106166 

11 



content of 6.5 %. Overall, the heat release patterns align with our un
derstanding that amorphous content governs long-term performance, 
while texture properties (e.g., fineness and SSA) influence early-age 
pozzolanic reactivity. The exception is NP3, which deviates from this 
pattern. Despite its high fineness and significant amorphous content 
(≈50 %), NP3 released less heat and reacted at a slower rate than 
anticipated. Further research is required to fully understand the 
pozzolanic behaviour of this sample.

Two Class-F FAs were included in this study for comparison pur
poses, as the pozzolanic behaviour of FA is well-documented [46,47,78]. 
The cumulative heat release at seven days for the two FA samples 
studied here was 297 J/g for FA1 and 233 J/g for FA2. These values 
align relatively well with those reported in Ref. [79], where two fly 
ashes with DV,50 values of 12 μm and 17 μm, and amorphous contents of 
83 % and 75 %, exhibited cumulative heat releases of 280 J/g and 262 
J/g, respectively. A broader range of cumulative heat values from 150 to 
350 J/g was reported for eight fly ashes in Ref. [57]. The amorphous 
contents of FA1 and FA2 are ≈92 and ≈ 72 %, respectively, with their 
finesses, measured as V<3μm, are 21 and 15 %, respectively. The higher 
amorphous content and finesse of FA1 fully justify its greater heat 
release, see Fig. 3d. As expected, the pozzolanic reaction rates of FAs are 
slow, see Fig. A2d.

Inert materials, i.e. quartz and standard sand, were effectively 
screened by the R3 test. The cumulative heat release at seven days was 
19 J/g for quartz and 5 J/g for sand, see Fig. 3c.

Finally, as the cumulative heat release had not stagnated at seven 
days for some slow-reacting SCMs, see Fig. 3, a second set of measure
ments was carried out but extended up to 14 days, see Fig. 4b. Table 5
reports the cumulative heats at 14 days and chiefly, the relative varia
tion between 7 and 14 days. KCC5, was chosen to represent the 
kaolinitic calcined clays due to its intermediate kaolinite content, and its 
variation was minimal (2 %). Similarly, SFs, which have a fast pozzo
lanic reaction rate, showed a small variation from 6 to 9 %. For calcined 
smectitic clays, the variation was larger, ranging from 5 % for SCC1 to 
19 % for SCC3. The greatest variation was observed in FAs, with 
approximately 40 % of the cumulative heat being released during the 
7–14 days period, see Fig. 4b, indicating that 7 days is insufficient to 
capture the full pozzolanic potential of FAs. To end this subsection, the 
NPs behaviour is briefly discussed. The relative variations ranged from 
10 % for NP2 to 22 % for NP1. NP1 exhibited the largest heat release in 
the 7–14 day period, likely due to its low fraction of small particles, i.e. 
V<3μm is only 13 %, see Table 4.

4.4. Modified SAI results

Despite maintaining a constant w/b ratio, and using the recom
mended 20 % replacement, the quartz sample, demonstrated above to be 
inert, met the SAI test requirement of 75 % at 28 days, as established by 
ASTM C311-02, see Table 6. This has been extensively reported and 
discussed [80,81], and it is attributed to the filler effect. It has been 
proposed to raise the SAI strength requirement [81], even increasing it 
to 85 % would still result in a false positive in this case. Moreover, 
raising the threshold would result in failures for slow-reacting materials, 
such as NPs and FAs. To address this, compressive strength 

measurements at 28 days should be conducted in mortars with lower PC 
contents, as previously discussed [48,49,55,57,79]. Accordingly, a sec
ond series of mortars were prepared with 68 % PC, the 68/20/10/2 
blend series, see Table 7. In this case, the filler contribution is mini
mised, and the mortar containing quartz gave the lowest SAI value at 28 
days, i.e. 69 %. By contrast, all eight slow-reacting commercial pozzo
lans (i.e., NPs and FAs) exhibited higher SAI values, ranging from 72 % 
to 80 %, see Table 7.

For the 80/20 blends, KCCs were the most reactive SCMs at 28 days, 
with SAI values ranging from 98 to 118 %. SCCs were also highly 
reactive, achieving SAI28d values between 93 and 107 %. Conversely, 
and as expected, NPs and FA were the least reactive SCMs at 28 days, 
with SAI value ranging from 83 to 95 %. Notably, NP6 achieved a 
relatively high SAI value of 95 %, which is unusual for a natural 
pozzolan. This behaviour can be attributed to its high early-age reac
tivity, as demonstrated by the R3 test, see Fig. A2d, and discussed above.

For this series, a second campaign of SAI measurements was con
ducted at 180 days. Notably, the SAI180d values for all KCCs were lower 
than their corresponding values at 28 days. This indicates that KCCs are 
highly reactive during the first weeks but their reactivity diminishes as 
their potential becomes exhausted. Consequently, the compressive 
strength of the blends cannot match the continued strength increase of 
the PC employed. SCCs exhibited a similar pattern, with SAI180d values 
being smaller than SAI28d ones. Conversely, and as widely reported, FA1 
showed a very large increase in SAI value, from 84 % at 28 days to 101 % 
at 180 days. SF1 performed consistently well at both ages, with SAI 
values of ≈110 %. The long-term behaviour of NPs was more variable. 
NP1, which has the highest amorphous content, showed an increase 
from 83 % at 28 days to 89 % at 180 days. However, NP3, with ≈50 % of 
amorphous content and the largest fraction of fine particles, experienced 
a decrease from 91 % to 84 %. These observations suggest that signifi
cant quantities of the active component within slow-reacting SCMs are 
necessary to sustain increasing SAI values beyond the first months of 
hydration.

Concerning the 68/20/10/2 blend series, the SAI28d values for KCCs 
varied smoothly, ranging from 105 % for the calcined clay with the 
highest MK content to 78 % for the clay with the lowest MK content. A 
similarly smooth variation was observed for SCCs, with values ranging 
from 94 % to 85 %. As anticipated, NPs and FAs displayed lower values, 
ranging from 80 % to 72 %. Finally, SFs performed exceptionally well, 
with SF1 achieving 106 %.

4.5. General correlation between R3 results and modified SAI outputs

Previous studies have reported correlations between relative 
compressive strength (RCS) and R3 test results. In RILEM publication 
[57], a 30 % SCM replacement level was selected for five SCM families 
(SFs where left out as their replacement level was 10 %). Although the 
w/b ratio was not explicitly given, 0.50 is deduced because it followed 
EN 196-1 standard. Two clear trends were observed when fitting RCS at 
28 days and 20 ◦C versus the Heat4◦C

7d. Kaolinitic calcined clays pro
duced a fit with R2 = 0.84, slope = 0.047 g/J, and intercept = − 34. In 
contrast, the rest of the investigated SCMs yielded a fit with R2 = 0.87, 
slope = 0.095 g/J, and intercept = − 39. It should be noted that smectitic 

Table 8 
Square of the correlation coefficient values (i.e. R2) for the linear regressions between R3 test results (Bound water and Heat released) and relative compressive strength 
across different curing ages for the two investigated blends. In italics, the R2 values of the non-kaolinitic SCMs, named as other SCMs. The R2 values higher than 0.75 
are highlighted in bold, as they indicate good correlations.

Relative compressive strength Bound water Heat released

(KCCs/Other SCMs) (KCCs/Other SCMs)

1 d 7 d 1/2 d 1 d 3 d 7 d

28 days 80/20 series 0.509/0.512 0.338/0.399 0.611/0.805 0.511/0.778 0.433/0.646 0.412/0.499
180 days 80/20 series 0.067/0.362 0.227/0.540 0.422/0.505 0.277/0.563 0.169/0.677 0.148/0.768

28 days 68/20/10/2 series 0.900/0.415 0.940/0.440 0.862/0.727 0.961/0.743 0.944/0.759 0.931/0.663
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calcined clays were not included in this study. In Ref. [79], 25 % SCM 
replacement level was used with a fixed w/b ratio of 0.485. Only one 
trend was observed, as the study investigated just two calcined clays 
(pure and impure metakaolin). The linear fit of SAI2◦C

28d versus Heat40◦C
7d 

gave R2 = 0.79 and slope = 0.055 g/J. Finally, in another RILEM pub
lication [48], a 30 % SCM replacement level was adopted, with a w/b 
ratio of 0.50 inferred from adherence to the EN 196-1 standard. SAI2◦C 

values at 7, 28 and 90 days were fitted to various pozzolanic 

performance descriptors, including BW4◦C
7d and Heat4◦C

1/2,1,3,7d, 
consumed portlandite, and chemical shrinkage. The results, summarised 
in Table 4 of [48], demonstrated that Heat consistently provided better 
fits than BW. SAI2◦C

7d correlated better with Heats at ½ and 1 day, R2 =

0.95. Similarly, the SAI2◦C
28d matched best with Heat at 7 days, R2 =

0.94. Interestingly, SAI2◦C
90d did not correlate with Heat4◦C at any age, 

the best R2 value was only 0.63, observed for Heat4◦C
7d.

Here, we have complemented and extended previous works with 
several innovations to identify the conditions under which the best 
correlations occur: (i) the w/b ratio was fixed at 0.50, with PCE added 
only when strictly necessary; (ii) bound water content, as measured by 
the R3 methodology at 40 ◦C, was also assessed at 1 day, as it may better 
reflect the 28 days pozzolanic reactivity of blends at room temperature; 
(iii) for the 80/20 blends, SAI values were measured at both 28 and 180 
days; and most importantly (iv) SAI values for a new blend family, with 
68 wt% PC, 20 wt% SCM, 10 wt% limestone, and 2 wt% gypsum were 
measured at 28 days.

Table 8 summarises the R2 values obtained from the linear regression 
fit between the three measured SAI values (i.e., 80/20 at 28 days, 80/20 
at 180 days and 68/20/10/2 at 28 days) and BW contents at 1 and 7 
days, as well as cumulative heat values at ½, 1, 3 and 7 days. A good 
correlation is defined here as a linear fit yielding R2 > 0.75. Consistent 
with previous findings [48,57,79], Table 8 shows that SAI correlates 
more strongly with cumulative heat than with BW. Although BW4◦C

1d 
gave better correlations that at BW4◦C

7d for the 80/20 blend, the R2 

values remained lower than those obtained from cumulative heat fits. As 
a result, correlations involving BW are not further discussed here.

Fig. 6 displays the correlations between SAI at 20 ◦C and cumulative 
heat release at 40 ◦C for four selected time intervals for the 80/20 
blends. As previously reported for 70/30 blends [57], two distinct trends 
are observed: one for kaolinitic calcined clays and another for the rest of 
the SCMs. A novel observation from this work is that smectitic calcined 
clays align with the rest of the SCMs rather than with KCCs. This 

Fig. 6. Linear correlation plots of the relative compressive strength (RCS) at 20 ◦C for the 80/20 blends versus cumulative heat release of the corresponding SCMs at 
the given times. (a) 1/2 day, (b) 1 day, (c) 3 days, and (d) 7 days. Two distinct trends are observed: kaolinitic calcined clays (red fits), all other pozzolans (black fits). 
The horizontal dashed lines highlight the PC replacement values of 0 and 20 %. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)

Fig. 7. Linear correlation plot of the relative compressive strength at 20 ◦C and 
180 days versus cumulative heat release at 7 days for the 80/20 blends. All 
details as in Fig. 6.
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behaviour may be attributed to their moderate (reactive) Al2O3 content. 
As shown numerically in Table 8, and graphically in Fig. 6, the corre
lations are strongest for the heat released at ½ day for the 80/20 series, 
R2 index highlighted in bold in Table 8. Heats measured at longer times 
yielded poorer correlations. Overall, the correlations are not very strong, 
with the maximum R2 value being 0.80 for the heat release at ½ day for 
all SCMs except KCC, named other SCMs. This is likely due to the 
important (scattered) contribution of the filler effect. It is noteworthy 
that a previous study [60] reported no correlation between SAI and R3 

results. This discrepancy can likely be attributed to several factors: (1) 
The use of 80/20 blends, which introduce a substantial filler effect, (2) 
the w/b ratio was not kept strictly constant, (3) the earliest heat release 
measurement used for correlation was at 3 days, missing early pozzo
lanic activity, and (4) the DV,50 values of the SCMs employed in that 
study exhibited significant variability.

Fig. 7 shows the correlation between SAI2◦C
180d and the Heat4◦C

7d for 
selected 80/20 blends. Interestingly, no correlation is observed between 
SAI2◦C

180d and the Heat4◦C
7d for KCCs, as indicated by the red diamonds in 

Fig. 7 and the low R2 values in Table 8. In contrast, the correlation for 
other SCMs is acceptable, with an R2 value of 0.77. SCCs align well 
within this general trend. The long-term performance of FA is particu
larly evident, as shown by the blue diamond in Fig. 7. At 28 days, FAs fall 
well below the general fit line, see Fig. 6, but surpass it significantly at 
180 days in Fig. 7. Finally, it is noteworthy that both FA and SF 
outperform most KCCs at 180 days.

The crux of this work is graphically presented in Fig. 8, which il
lustrates the SAI2◦C

28d values plotted against Heat4◦C
1/2,1,3,7d for the 68/ 

20/20/2 blends. Two distinct trends are evident, one for KCCs (red di
amonds) and another for the rest of SCMs. For the KCC series, the best 
correlation is obtained with the heat at 1 day, R2 = 0.96. For the other 
SCMs series, the best fit is obtained with the heat at 3 days, R2 = 0.76. 
Several important observations can be made from a detailed analysis of 
Fig. 8: (i) Considering Heat4◦C

3d as optimum overall descriptor, a KCC- 
based SCM requires 640 J/g to achieve an SAI of 100 % at 28 days. In 
contrast, SCMs from the other series can achieve the same SAI of 100 % 

with only 430 J/g (ii) The slopes of the KCC fits change minimally with 
cumulative heat duration, decreasing from 0.08 to 0.05 g/J between ½ 
and 7 days. Conversely, the slopes for the rest of the SCMs vary signif
icantly, declining from 0.3 to 0.06 g/J over the same period. This pro
nounced change may suggest a shift in the reaction mechanism for SCMs 
at 40 ◦C, but further research is needed to confirm this behaviour. (iii) As 
previously discussed, this blend configuration effectively identifies 
quartz as inert, and positions all slow-reacting commercial pozzolans 
above the 32 % dilution level. (iv) The, SCC results align with the second 
series (non-KCC SCMs). However, a closer inspection suggests that their 
SAI values are consistently above the general trend at 28 days. This is not 
surprising, as the moderate reactive aluminium content of SCCs may 
enhance the initial pozzolanic reaction rate. Additional independent 
research is required to validate this preliminary observation. (v) Most 
importantly, the best fits obtained here for the 68/20/10/2 blends and 
Heat4◦C

3d, gave: slope = 0.05 g/J and intercept = − 32 for KCC and slope 
= 0.08 g/J and intercept = − 34 for the rest of SCMs. Interestingly, the 
corresponding fits for the 70/30 blends reported in Ref. [57] of RILEM 
showed similar findings for Heat4◦C

7d, with a slope = 0.05 g/J and 
intercept = − 34 for KCC, and slope = 0.10 g/J and intercept = − 39 for 
the rest of SCMs. The similarities in the obtained values for very different 
SCMs seems to indicate that this is a universal correlation. If this is 
confirmed, it will be very helpful for predicting compressive strength 
ranges.

5. Conclusions

In this investigation, twenty-two SCMs, belonging to five families (i. 
e. kaolinite calcined clays, smectite calcined clays, silica fumes, natural 
pozzolans and class-F fly ashes), have been very systematically investi
gated with quartz included as a reference to evaluate filler effects 
without pozzolanicity. All final SCMs were milled to a DV,50 target of 12 
± 2 μm to ensure comparable results. The pozzolanic performances were 
determined using ASTM C1897 (R3 test) and a modified ASTM C311 test, 
in which the w/b ratio was kept constant at 0.50. Additionally, the 

Fig. 8. Linear correlation plots of the relative compressive strength (RCS) at 20 ◦C for the 68/20/10/2 blends versus cumulative heat release of the corresponding 
SCMs, as in Fig. 6. The horizontal dashed lines indicate PC replacement levels of 0 and 32 %.
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strength activity index values of a second blend comprising 68 wt% PC, 
20 wt% SCM, 10 wt% limestone, and 2 wt% gypsum were also 
measured. The following key conclusions are drawn. 

5.1. Smectite calcined clays have been thoroughly investigated as 
they can play a key role in regions where kaolinitic clays are not 
locally available. These materials are more reactive than natural 
pozzolans but less reactive than kaolinitic-rich calcined clays. As 
expected based on their aluminium contents, it is shown that 
montmorillonites (dioctahedral ─ Al-rich) are more reactive than 
saponites (trioctahedral ─ Mg-rich). Moreover, Na- 
montmorillonites are more pozzolanic than Ca- 
montmorillonites. In any case, the early-age pozzolanic reaction 
rates are also governed by their specific surface areas, as ex
pected. This observation represents a novel contribution of the 
present study.

5.2. For slow-reacting pozzolans, it is deduced that a large fraction of 
fine particles, here arbitrarily defined as smaller than 3 μm, en
hances the pozzolanic reaction rate at early ages. As expected, 
larger specific surface areas also contribute to faster initial 
pozzolanic reaction rates.

5.3. All commercial slow-reacting pozzolans are identified as pozzo
lanically active using the RILEM threshold of Heat4◦C

7d = 98 J/g of 
SCM, 66 % confidence level. However, the 90 % confidence level 
threshold of 160 J/g excludes certain commercial pozzolans that 
achieve acceptable SAI values at later pozzolanic reaction ages.

5.4. For the 80/20 blends, the correlation between R3 results at 7 days 
and the SAI value at 28 days is poor as it has been extensively 
discussed, primarily due to filler effects. Nonetheless, two distinct 
trends emerge when fitting the SAI results to the R3 heats at 1/2 
and 1 days with relatively good correlations. This is a very sig
nificant result of this study. In addition, kaolinite calcined clays 
group in one cluster and the rest of SCMs associate in a second 
trend. This differentiation has been attributed to the higher heat 
release from the aluminate reaction with portlandite in the 
presence of carbonate anions.

5.5. It is not recommended to conduct SAI investigations using 80/20 
blends due to the significant scattering of results, even when the 
w/b ratio is fixed.

5.6. Very clear correlations are observed for 68/20/10/2 blends, 
when plotting SAI2◦C

28d and Heat4◦C at different times. Two 
distinct trends are evident, one for kaolinitic calcined clays and 
another for the rest of SCMs. The slopes of the linear fits for KCC 
vary only slightly (from 0.08 to 0.05 g/J). In contrast, the slopes 
for the rest of the SCMs show more significant variation (from 
0.30 to 0.06 g/J). Further research is required to mechanistically 
understand this behaviour.

5.7. The most important conclusion is the observed general linear 
correlation for blends containing about 70 % of PC. The best fits 
obtained for the 68/20/10/2 blends, when representing SAI2◦C

28d 
and Heat4◦C

3d, yielded a slope of 0.05 g/J and an intercept of − 32 
for KCC, while the other SCMs showed a slope of 0.08 g/J and an 
intercept of − 34. A previous study by RILEM on 70/30 blends 
[57] reported similar findings for Heat4◦C

7d, showing a slope of 
0.05 g/J and an intercept of − 34 for KCC, whereas the other 
SCMs exhibited a slope of 0.10 g/J and an intercept of − 39. These 

two studies employed very different materials. Notably, this 
investigation included three smectitic calcined clays and two 
silica fumes, which were not considered in the RILEM study. The 
consistency in the obtained values strongly suggests that this is a 
general result. Such an observation could be invaluable for pre
dicting compressive strengths with greater accuracy.

5.1. Limitations of this study

The number of SCMs is constantly increasing and there are complete 
families which are not treated here such as vegetable ashes, carbonated 
recycled concrete fines, different types of slags, etc. The behaviours of 
these materials in the correlation plots are unknown to the authors. A 
second limitation of this work is the correlation between heat release 
and mechanical strength at later ages (e.g. 180 days), which remains 
insufficiently investigated. More efforts have to be allocated to the 
correlations with the compressive strengths after four months of hy
dration. Finally, another limitation of the present work is the lack of 
study of the correlation between heat release (or bound water) and 
durability-related properties. Compressive strengths are commonly used 
as a proxy for durability but this would add complexity and could 
decrease the relationships. A well-planned research addressing the 
possible correlations between SCM pozzolanic activity (as measured by 
ASTM C1897) and durability performances are lacking.
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Annex. 

Table A1 
Elemental analyses of the raw clays. All data are expressed as oxide weight percentages. The loss on ignition (LOI) values are also reported.

wt% SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O Minors S + A + Fa LOI*

KRC1 50.3 29.3 6.8 0.2 0.3 0.3 – 2.3 86 10.5
KRC2 60.7 24.2 2.5 0.3 0.1 0.3 – 0.2 87 10.8
KRC3 55.3 29.3 1.2 0.2 0.3 3.3 0.2 1.2 86 9.3
KRC4 54.1 30.2 1.6 0.02 0.3 4.8 0.3 0.9 86 16.0
KRC5 72.6 20.5 0.2 0.1 0.1 1.1 – 0.2 93 5.2
KRC6 76.6 14.8 0.2 0.1 0.1 1.3 – 0.2 92 6.9
KRC7 63.4 16.5 5.9 1.3 0.8 3.4 0.3 1.4 86 7.2
Ref1-SRC 58.5 18.8 4.3 >0.1 4.6 1.4 1.0 0.6 82 10.5
Ref2-SRC 62.8 19.2 3.9 1.5 2.3 0.5 1.8 0.2 86 6.8
SRC1 56.0 8.9 4.3 1.2 17.7 2.3 – 0.8 69 8.8
SRC2 55.3 14.9 5.4 9.4 3.6 1.1 1.1 0.8 76 8.3
SRC3 57.9 17.5 5.2 3.5 2.4 3.8 2.2 1.3 81 6.0

* Dried at 105 ◦C and heated at 950 ◦C for 2 h.
a S + A + F stands for the sum of SiO2, Al2O3 and Fe2O3.

Table A2 
Mineralogical compositions including ACn of the raw clays determined by RQPA and the internal standard method (using 20 wt% of Al2O3) all data in weight 
percentage.

Phases/ 
wt%

KRC1 KRC2 KRC3 KRC4 KRC5 KRC6 KRC7 Ref1-SRC Ref2-SRC SRC1 SRC2 SRC3

ACn 9 30 12 10 21 21 30 96 78 76 57 44

Kaolinite 72.9(3) 42.6(9) 57.1(5) 48.8(7) 20.3(4) 16.8(4) 8.8(1) – – – – –
Qz 11.1(2) 27.2(4) 12.9(2) 11.4(2) 47.5(1) 53.6(1) 36.8(2) 3.9(4) 7.4(7) 3.0(5) 3.0(3) 0.6(3)
Muscovite – – 11.1(2) 24.9(3) 5.7(2) 3.1(2) 23.9(4) – – 9.7(1) – 18.7(7)
Microcline – – 6.1(3) 4.2(3) 4.4(2) 4.6(2) – – 4.2(5) 3.7(8) – –
Sanidine – – – – – – – – – 3.0(8) – 13.2(4)
Albite – – – – – – – – 8.3(5) – – 4.9(7)
Andesine – – – – – – – – – – – 17.6(7)
Anorthite – – – – – – – – – 4.0(1) 25.9(5) –
Amphibole – – – – – – – – – – 4.4(5) –
Calcite – – – – – – – – – – 4.3(3) –
Minors 6.5 0.6 1.1 0.7 0.9 0.6 0.5 - 2.4 1.1 5.5 1.5

#The amorphous fractions of the smectite clays contain the smectite phase content as the poor crystallinity of smectites does not allow its direct quantification by 
RQPA.

Table A3 
Mineralogical compositions of the employed PC, quartz, limestone and gypsum.

Phases/ 
wt%

PC Qz LS Gyp

C3S 64.0 – – –
C2S 9.5 – – –
C3A 4.8 – – –
C4AF 11.5 – – –
CC 6.0 – 100 –
CSH0.5 1.8 – – –
CSH2 2.2 – – 96.6
Qz 0.2 100 – 3.4
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Table A4 
Summary of regression results (R2 coefficient and linear fits) relating the relative compressive strengths at the given curing ages with the R3 test results (bound water 
and heat released) for the two studied blends series. The fits are carried out for the KCCs and other SCMs (in italics).

R2 Slope Intercept

80/20 series RCS at 28 d BW at 1 d 0.509/0.512 3/6 − 15/-26
BW at 7 d 0.338/0.399 2/4 − 14/-28
Heat at 1/2 d 0.611/0.805 0.06/0.21 − 5/-19
Heat at 1 d 0.511/0.778 0.04/0.11 − 7/-19
Heat at 3 d 0.433/0.646 0.03/0.05 − 10/-18
Heat at 7 d 0.412/0.499 0.03/0.04 − 11/-18

RCS at 180 d BW at 1 d 0.067/0.362 1/5 − 12/-24
BW at 7 d 0.227/0.540 2/4 − 22/-33
Heat at 1/2 d 0.422/0.505 0.04/0.2 − 10/-18
Heat at 1 d 0.277/0.563 0.02/0.10 − 12/-18
Heat at 3 d 0.169/0.677 0.02/0.06 − 15/-18
Heat at 7 d 0.148/0.768 0.02/0.05 − 15/-20

68/20/10/2 series RCS at 28 d BW at 1 d 0.900/0.415 5/7 − 39/-43
BW at 7 d 0.940/0.440 4/6 − 42/-50
Heat at 1/2 d 0.862/0.727 0.08/0.3 − 20/-36
Heat at 1 d 0.961/0.743 0.05/0.16 − 26/-35
Heat at 3 d 0.944/0.759 0.05/0.08 − 32/-34
Heat at 7 d 0.931/0.663 0.05/0.06 − 34/-35

Fig. A1. Heat flow curves for the R3 mixtures during the first 48 h of the measurements: (a) KCCs, (b) SCCs, (c) SF and inerts, and (d) NPs and FAs.
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Fig. A2. Cumulative heat curves for the R3 mixtures displayed up to 1 day for better visualisation. (a) KCCs, (b) SCCs, (c) SFs and inerts, an (d) NPs and FAs and.

Fig. A3. Linear correlation, Heat-Bound water (R3 test), for KCC (red diamond and red fit) and remaining SCMs (black fit). (a) Results at 1 day. (b) Results at 7 days.

Data availability

Data will be made available on request.
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[70] J. Mañosa, S. Huete-Hernández, A. Alvarez-Coscojuela, A. Maldonado-Alameda, J. 
M. Chimenos, Comparative study of limestone calcined clay cement produced with 
mechanically activated kaolin and calcined kaolin, J. Build. Eng. 97 (2024) 
110748, https://doi.org/10.1016/j.jobe.2024.110748.

[71] S. Hollanders, Mineralogical Study of the Pozzolanic Properties of Calcined Clays, 
KU Leuven, 2017.

[72] S. Shirani, A. Cuesta, A. Morales-Cantero, I. Santacruz, A. Diaz, P. Trtik, M. Holler, 
A. Rack, B. Lukic, E. Brun, I.R. Salcedo, M.A.G. Aranda, 4D nanoimaging of early 
age cement hydration, Nat. Commun. 14 (2023) 2652, https://doi.org/10.1038/ 
s41467-023-38380-1.

[73] I. Tole, K. Habermehl-Cwirzen, A. Cwirzen, Mechanochemical activation of natural 
clay minerals: an alternative to produce sustainable cementitious binders – review, 
Mineral. Petrol. 113 (2019) 449–462, https://doi.org/10.1007/S00710-019- 
00666-Y.

[74] Y. Dhandapani, T. Sakthivel, M. Santhanam, R. Gettu, R.G. Pillai, Mechanical 
properties and durability performance of concretes with limestone calcined clay 
cement (LC3), Cement Concr. Res. 107 (2018) 136–151, https://doi.org/10.1016/ 
J.CEMCONRES.2018.02.005.

[75] K. Bharadwaj, O. Burkan Isgor, W. Jason Weiss, Pozzolanic reactivity of 
supplementary cementitious materials, ACI Mater. J. 120 (2023) 63–76, https:// 
doi.org/10.14359/51738817.

[76] A.T.M. Marsh, A.P. Brown, H.M. Freeman, A. Neumann, B. Walkley, 
H. Pendlowski, S.A. Bernal, Mineralogical characteristics influence the structure 
and pozzolanic reactivity of thermally and mechano-chemically activated meta- 
kaolinites, J. Mater. Chem. A. 12 (2024) 24260–24277, https://doi.org/10.1039/ 
d4ta02545h.

[77] M. Flegar, M. Serdar, D. Londono-Zuluaga, K. Scrivener, Regional waste streams as 
potential raw materials for immediate implementation in cement production, 
Materials (Basel) 13 (2020) 1–15, https://doi.org/10.3390/ma13235456.

[78] Z.T. Yao, X.S. Ji, P.K. Sarker, J.H. Tang, L.Q. Ge, M.S. Xia, Y.Q. Xi, 
A comprehensive review on the applications of coal fly ash, Earth-Science Rev. 141 
(2015) 105–121, https://doi.org/10.1016/J.EARSCIREV.2014.11.016.

[79] S. Al-Shmaisani, R.D. Kalina, R.D. Ferron, M.C.G. Juenger, Comparison of SCM 
reactivity to performance in cement-based mixtures, Mater. Struct. Constr. 55 
(2022) 241, https://doi.org/10.1617/s11527-022-02072-x.

[80] R.D. Kalina, S. Al-Shmaisani, R.D. Ferron, M.C.G. Juenger, False positives in ASTM 
C618 specifications for natural pozzolans, ACI Mater. J. 116 (2019) 165–172, 
https://doi.org/10.14359/51712243.

[81] D.P. Bentz, A. Durán-Herrera, D. Galvez-Moreno, Comparison of ASTM C311 
strength activity index testing versus testing based on constant volumetric 
proportions, J. ASTM Int. 9 (2012), https://doi.org/10.1520/JAI104138.

I. Koufany et al.                                                                                                                                                                                                                                 Cement and Concrete Composites 163 (2025) 106166 

20 

http://refhub.elsevier.com/S0958-9465(25)00248-3/sref54
http://refhub.elsevier.com/S0958-9465(25)00248-3/sref54
https://doi.org/10.1016/J.CEMCONCOMP.2021.104240
https://doi.org/10.1016/J.CEMCONCOMP.2021.104240
https://doi.org/10.1016/j.cemconres.2016.02.015
https://doi.org/10.1016/j.cemconres.2016.02.015
https://doi.org/10.1617/s11527-022-01947-3
https://doi.org/10.1520/ACEM20220023
https://doi.org/10.1016/J.CONBUILDMAT.2024.139474
https://doi.org/10.1016/J.CONBUILDMAT.2024.139474
https://doi.org/10.1016/J.CEMCONCOMP.2022.104708
https://doi.org/10.1016/J.CEMCONCOMP.2022.104708
https://doi.org/10.1016/J.JOBE.2023.107590
https://doi.org/10.1016/J.CEMENT.2023.100071
https://doi.org/10.13140/RG.2.2.35533.20960
https://doi.org/10.13140/RG.2.2.35533.20960
https://doi.org/10.1016/J.CONBUILDMAT.2024.136193
https://doi.org/10.1016/J.CONBUILDMAT.2024.136193
https://doi.org/10.13140/RG.2.2.26594.09920
https://doi.org/10.1002/cepa.2786
https://doi.org/10.1002/cepa.2786
https://doi.org/10.1107/S0021889801002485
https://doi.org/10.1107/S0021889801002485
http://refhub.elsevier.com/S0958-9465(25)00248-3/sref68
http://refhub.elsevier.com/S0958-9465(25)00248-3/sref68
https://doi.org/10.1016/J.CONBUILDMAT.2024.136534
https://doi.org/10.1016/J.CONBUILDMAT.2024.136534
https://doi.org/10.1016/j.jobe.2024.110748
http://refhub.elsevier.com/S0958-9465(25)00248-3/sref71
http://refhub.elsevier.com/S0958-9465(25)00248-3/sref71
https://doi.org/10.1038/s41467-023-38380-1
https://doi.org/10.1038/s41467-023-38380-1
https://doi.org/10.1007/S00710-019-00666-Y
https://doi.org/10.1007/S00710-019-00666-Y
https://doi.org/10.1016/J.CEMCONRES.2018.02.005
https://doi.org/10.1016/J.CEMCONRES.2018.02.005
https://doi.org/10.14359/51738817
https://doi.org/10.14359/51738817
https://doi.org/10.1039/d4ta02545h
https://doi.org/10.1039/d4ta02545h
https://doi.org/10.3390/ma13235456
https://doi.org/10.1016/J.EARSCIREV.2014.11.016
https://doi.org/10.1617/s11527-022-02072-x
https://doi.org/10.14359/51712243
https://doi.org/10.1520/JAI104138

	General correlation between R3 test results and compressive strengths for five families of supplementary cementitious materials
	1 Introduction
	2 Materials and methods
	2.1 Material provenances
	2.2 Methods
	2.2.1 X-ray fluorescence analysis (XRF)
	2.2.2 Laboratory X-ray powder diffraction (LXRPD)
	2.2.3 Textural characterization techniques
	2.2.4 Evaluation of pozzolanic reactivity through the R3 test
	2.2.5 Mortars for modified SAI testing
	2.2.6 Slump tests
	2.2.7 Compressive strengths


	3 Results
	3.1 Elemental and mineralogical compositions
	3.2 Textural properties
	3.3 Pozzolanic reactivity of the SCMs as measured by R3 test at 40 °C – isothermal calorimetry
	3.4 Pozzolanic reactivity of SCMs measured using the R3 test at 40 °C – bound water
	3.5 Pozzolanic reactivity of SCMs measured using the modified SAI test at 20 °C

	4 Discussion
	4.1 Elemental and mineralogical compositions of the SCMs
	4.2 Textural properties of the SCMs
	4.3 R3 test results
	4.4 Modified SAI results
	4.5 General correlation between R3 results and modified SAI outputs

	5 Conclusions
	5.1 Limitations of this study

	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Annex Acknowledgements
	Data availability
	References


