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 A B S T R A C T

Despite their global abundance, heterogenous clays are often excluded from SCM applications, due to their 
limited pozzolanicity. This study investigates hydration evolution, particularly aluminum uptake pathways, in 
statistically designed cement blends incorporating thermo-mechanochemically activated low-kaolinite clays.

Despite kaolinite contents below 40%, a 30% binary blend achieved 110% and 125% of OPC strength at 7 
and 56 days, respectively, while reducing total porosity by 42% at 56 days. 29Si NMR indicated an increase in 
silicate chain length in C-(A)-S-H, correlating with pore structure refinement and strength gain in 56 days of 
hydration. 27Al NMR revealed a preferential incorporation of aluminum into C-(A)-S-H rather than AFm phases. 
This behavior is attributed to the lower alumina availability in the system compared to LC3 blends, suggesting 
that in such environments, C-(A)-S-H becomes the dominant host phase for aluminum. This incorporation 
pathway reduces the Al availability for carbonate-AFm formation, limiting the synergy typically observed in 
LC3 systems with added limestone.
1. Introduction

Cement is the most widely manufactured material on Earth by mass, 
while also being one of the largest contributors to global carbon emis-
sions [1]. Yet, as equitable global development demands the expansion 
of infrastructure, cement remains indispensable due to its affordability 
and energy efficiency. In 2022, the Global Cement and Concrete Associ-
ation (GCCA) outlined seven pathways to achieve net-zero emissions in 
cement production and use [2]. Among them, the use of supplementary 
cementitious materials (SCMs) as partial clinker substitutes offers the 
most cost-effective and performance-compatible solution [1]. However, 
traditional and standardized SCMs like fly ash and blast furnace slag are 
becoming increasingly scarce to reduce future dependance on clinker. 
As a result, the focus has shifted to naturally available alternatives such 
as clays and limestone that have the potential to be applied globally [3].

An extensive body of research demonstrate the potentials of lime-
stone calcined clay cement (LC3) systems, incorporating calcined clays 
together with limestone, to replace up to 50% of clinker while main-
taining performance on hydration, mechanical properties, and durabil-
ity [1,4–15]. These studies have explored clay treatment and activation, 
mineral characterization, pozzolanic reactivity, blend optimization, hy-
drate phase analysis, pore structure, ionic transport, and performance 
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under various exposure conditions. While high grade metakaolin is 
expensive to produce, a consistent finding across this body of work is 
that a kaolinite content of at least 40% is essential for the effective 
use of calcined clay as an SCM. This is driven by kaolinite’s higher 
aluminosilicate content and hydroxyl structure that facilitates high 
reactivity upon calcination and promotes the formation of carboalumi-
nates with carbonates from limestone that improve strength as well as 
durability [10,16].

However, most global clay resources contain less than 40% kaolinite 
and are instead dominated by a mix of less reactive 2:1 clay minerals 
and other non-clay minerals often considered impurities [17]. For 
example, most clay resources in the Nordic [18–21], parts in UK [22], 
South-East European regions [23], central Italy [24], as well as south-
ern African regions such as Angola and Zambia [25], have no more 
than 25% kaolinite. These clays are often multi-phase or heterogenous, 
instead of pure phase clays studied earlier. Therefore, while clay is 
abundant globally, the predominantly suggested clays with at least 
40% kaolinite content, are not universally representative. Therefore, 
findings based on kaolinite-rich clays cannot be broadly applied to all 
clay types in current or future standards, especially in above-mentioned 
regions. Further and continued research on low-kaolinite, less reactive 
clays is vital to fully realize the potential of clays as SCMs.
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Table 1
Chemical composition (by weight percentage) of binders.
 Binder SiO2 Al2O3 Fe2O3 CaO MgO Na2O CaCO3 LOI Total (%) d50 (μm) 
 Natural Clay (CC) 51.80 18.35 9.55 1.32 3.34 1.70 – 8.15 99.86 16.00  
 CEM I (OPC) 19.60 4.50 3.00 63.50 3.50 0.27 – 2.50 99.53 –  
 Limus 15 (LS-L) 7.00 0.70 0.30 50.50 0.50 0.10 90.00 – 100.00 41.70  
 KÖ100 (LS-M) 5.50 1.40 1.50 48.50 2.50 0.10 87.50 – 100.00 15.10  
 Enrich C (LS-F) < 0.01 <0.01 < 0.01 < 0.01 <0.01 < 0.01 > 99.00 – >99.00 0.10  
Several studies have explored low-reactive clays, proposing activa-
tion strategies to enhance their pozzolanic and blended reactivity [21,
26–32]. Other works have examined the influence of activated 2:1 clays 
or low-grade kaolinites on OPC hydration [26] and durability [22,33]. 
These studies generally show that while mechanical performance can 
improve with activation, blends using low-reactive clays rarely match 
OPC strength, or do so only at later ages. This is often attributed to the 
low aluminosilicate content and the difficulty in fully dehydroxylating 
clay minerals during calcination. It is also due to the low aluminate 
levels in such clays that synergy with carbonates from limestone is 
reported to be limited compared to clays with high kaolinite con-
tents [22,34]. This is due to the slower aluminate release from 2:1 clay 
minerals compared to kaolinite [35].

To address these limitations, mechanochemical activation (MCA) 
has emerged as a promising alternative to calcination. MCA can induce 
greater structural disorder and enhance reactivity, especially in miner-
alogies where thermal activation alone is insufficient [27]. However, 
its effectiveness varies depending on the specific clay composition. Our 
previous research demonstrated that MCA alone may not be univer-
sally effective across all low-reactive clays. Instead, our previous work 
showed that combining calcination at 800 ◦C with 20 min of MCA 
at 500 rpm significantly improves the physico-chemical properties of 
heterogeneous clays, including those containing low-grade kaolinite, 
smectites, illites, and non-clay minerals [36]. This combined activation 
approach resulted in up to 127% increase in reactivity, effectively 
addressing the activation challenge for such clays. With activation opti-
mized, the next critical step is to evaluate whether these improvements 
translate into viable binder performance. Specifically, it is essential to 
determine how much cement can be replaced by the activated clay and 
whether limestone can serve as a suitable third component in ternary 
blends. Given the lower aluminum content in these clays, it remains 
unclear whether sufficient carboaluminate formation can occur, or if 
aluminum preferentially enters other hydrate phases such as C-(A)-S-
H. Existing LC3 mix designs, developed for high-kaolinite clays, cannot 
be directly applied to these systems.

Building directly on our previous work [36], where the combined 
activation strategy enhanced key properties such as particle fineness, 
amorphization, and pozzolanic reactivity, the current investigation 
shifts focus from activation to binder design. A statistically defined 
binder design was developed to generate a representative range of bi-
nary and ternary blends across specific levels of CEM I substitution with 
a thermo-mechanochemically activated heterogeneous natural clay. 
This framework enables systematic evaluation of limestone synergy and 
aluminum incorporation mechanisms in low-kaolinite systems. Com-
pressive strength, pore structure development, and hydrate assemblage 
are assessed to determine how these blends perform relative to con-
ventional LC3 systems. While durability testing is beyond the scope of 
this work, the selected parameters serve as critical indicators of binder 
quality and long-term potential. Ultimately, the aim is to establish a 
robust binder design strategy tailored to the unique characteristics of 
underutilized clay resources, contributing to performance optimization 
and a deeper understanding of hydration mechanisms in low-aluminate 
SCM systems.

To investigate the hydration behavior and performance of the de-
signed blends compressive strength tests were conducted on mortar 
blends at 3, 7, 28, and 56 days. Mercury intrusion porosimetry (MIP) 
was employed to analyze the evolution of pore structure in hard-
ened mortars. Hydrate phase assemblages were characterized using 
2 
X-ray diffraction (XRD), thermogravimetric analysis (TGA), while 29Si 
and 27Al solid-state nuclear magnetic resonance (NMR) spectroscopy 
was employed to investigate the structural environments of silicon 
and aluminum species. Finally, isothermal calorimetry was employed 
to specifically assess the role of limestone particle size on reaction 
kinetics, as well as to evaluate the kinetics of sulfate depletion.

2. Materials and methods

2.1. Materials

The clay used for this study is a glacial type and was sourced 
from eastern marine region of Norrköping in Östergötland, in Sweden. 
Through previous research [36] the clay was found to contain 21 ± 2% 
kaolinite, 28 ± 2% smectite and 33 ± 2% illite with a total clay content 
of 82 ± 2%. The remaining fractions of the glacial marine deposited 
clay in this region is known to be mainly silt with small amounts of fine 
sand [20]. Portland cement CEM I 52.5 R was obtained from Skövde, 
Heidelberg Materials, Sweden. Limestone used for casting mixes was 
Limus 15, obtained from Nordkalk AB, Ignaberga, Sweden. Addition-
ally, two more limestone types from Nordkalk (KÖ100, and Enrich 
C powder) with varying particle size distributions were also used for 
assessing the effect of limestone particle size on reaction kinetics. The 
chemical composition of the binders used, obtained from Inductively 
coupled plasma atomic emission spectroscopy (ICP-AES) are provided 
in Table  1. For mortars, the aggregate used was CEN-NORMSAND 
which is packeted with grain size distributions conforming to EN196-1. 
A Polycarboxylate ether (PCE) based superplasticizer was used for the 
clay mixes, which was designed and provided by Sika, Switzerland. It 
contained a patented clay blocker molecule, that blocks PCE adsorp-
tion on clay surfaces, allowing effective clay particle dispersion and 
improved workability compared to conventional PCEs designed only for 
cement. Isopropanol (2-propanol, ACS reagent > 99.5% purity, Sigma 
Aldrich) was used for hydration stoppage.

2.2. Binder mix designing

Binder mixes were composed of OPC, activated clay, and limestone. 
A statistical mixture design approach was used to explore possible 
binder combinations efficiently. The mix proportions were generated 
using the Scheffe quartic model in the Optimal (Custom) Design mode 
of the Design-Expert v22.0 (Stat-Ease 360) software. A Scheffe quartic 
model can handle complex, nonlinear interactions between compo-
nents [37]. It includes not only single and pairwise effects but also 
higher-order interactions, such as in ternary mixes where all three 
materials may influence performance together or synergistically [38,
39].

The following constraints were applied for the binders: OPC (50%–
100%), clay (0%–50%), and limestone (0%–50%), where the total 
always summed to 100%. OPC replacement above 50% was avoided to 
maintain enough calcium hydroxide (CH) for pozzolanic reaction with 
clay [40]. Substitution below 20% was also excluded, as it would have 
little environmental benefit.

From the suggested mixes from the software we excluded the repet-
itive or unrealistic combinations in which the portion of limestone was 
higher than clay. It is reported that the presence of additional limestone 
would likely behave as unreacted fillers after available alumina is used 
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Table 2
Mixes used in the study and their corresponding proportions.
 No. Mix name CEM I (OPC) wt % Activated clay (CC) wt % Limestone (LS) wt % 
 1 OPC 100 0 0  
 2 CC20 80 20 0  
 3 CC30 70 30 0  
 4 CC40 60 40 0  
 5 CC50 50 50 0  
 6 CC20LS10 70 20 10  
 7 CC30LS10 60 30 10  
 8 CC40LS10 50 40 10  
 9 CC20LS20 60 20 20  
 10 CC30LS20 50 30 20  
 11 CC20LS30 50 20 30  
 12 LS20 80 0 20  
 13 LS30 70 0 30  
 14 LS40 60 0 40  
 15 LS50 50 0 50  
Fig. 1. Ternary plot representing the design space for the mix proportions 
according to Scheffe quartic model. Of the 32 mixes generated by the model, 
11 were repetitive. As such the plot shows 21 unique points, of which 15 were 
selected for the current study, represented by the red dots. (For interpretation 
of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

up, leading to dilution and loss of strength [6,41,42]. However, a few 
such combinations were retained for statistical balance.

Fig.  1 shows the ternary plot of all modeled mixes, with red dots 
indicating those selected for testing and gray dots representing ex-
cluded ones. Table  2 presents the mix proportions corresponding to 
the red dots in Fig.  1. This approach enabled a targeted and statisti-
cally balanced mix selection, ensuring that the experimental program 
investigates a broad but practical range of binder proportions. The 
robustness and interpolation capacity of the model were assessed with 
ANOVA with the responses obtained from strength and pore structure 
measurements.

2.3. Sample preparation

The raw clay was treated and activated in the combined thermal 
and mechanochemical (TA-MCA20) method established in [36]. After 
combined TA-MCA20, which included thermally activating the clay 
at 800 ◦C followed by mechano-chemical activation for 20 min at a 
speed of 500 rpm and ball to powder ratio of 25, the d50 of the clay 
3 
was 16 ± 1 μm, SSA was 18.5 ± 2 m2/g, and Degree of Amorphiza-
tion (DOA) was 83 ± 3%. The mineralogy of the raw clay and the 
effect of activations on the clay particle parameters are provided in 
supplementary material (sections 1 and 2).

For assessing compressive strength developments, mortars were 
prepared for four ages (3, 7, 28 and 56 days). The mortars were 
mixed in an automatic mortar mixer (Auto-Mortar Mixer), programmed 
according to mortar mixing steps outlined in Standard EN 196 [43]. 
Thereafter, they were cast in 40 × 40 × 40 mm molds as against 
prism molds suggested in EN 196, for ensuring judicious use of the 
binder material. For mixing, a constant water to binder ratio of 0,5 
was used for all mixes. Additionally, a PCE based superplasticizer with 
2% by weight of clay was used for mixes containing clay. The cubes 
were cured under 100% relative humidity at 20 ± 1 °C, until the 
age for strength testing. Three samples of every proportion were cast 
for representativeness. After strength tests, pieces of mortar, of size 
around 5 cm were collected from each sample to stop hydration by 
immediately immersing in isopropanol. After hydration stoppage, these 
samples were further clipped to 3 mm to conduct MIP tests.

The hydrate phase characterization was conducted on hardened 
pastes which were prepared by mixing 120 g of binder, 60 g of water 
and proportionately the PCE superplasticizer for clay-based binders. 
Mixing was done with a handheld blender (Bosch ErgoMix 800 W) for 
2 min, after which the mix was poured in four 15 ml centrifuge tubes. 
The tubes were vibrated for 5 s and sealed tightly. Thereafter, they were 
mounted on bench top mini rotators (Fischer Scientific) at 35 rpm and 
left overnight to mix. After 24 h, the seals were taken out and the tubes 
were left to cure in 100% relative humidity till the relevant age of 3, 
7, 28 or 56 days. At the relevant age, the paste was demolded from the 
plastic tube and crushed to smaller pieces of around 5 mm.

For hydration stoppage, samples of both mortar and pastes were 
immersed in isopropanol inside 50 ml centrifuge tubes and stored for 7 
days. The isopropanol was replaced daily to ensure effective stoppage. 
After 7 days, the samples were removed from the isopropanol and dried 
in a vacuum oven at 30 ◦C until completely dry. For MIP tests, the dried 
mortar pieces were clipped with a metal shearing scissor to smaller 
pieces of approximately 3 mm. Up to 12 pieces were collected from 
every mix for MIP testing.

2.4. Characterization methods

Strength test was conducted on compression testing machine (Mat-
est 300 kN). MIP was conducted on a MicroActive Autopore V 9620 
instrument. A mercury intrusion pressure of 60000 psi (413.68 MPa) 
and a contact angle of 130° was used for the measurements.

For hydration characterization, the dried paste samples were then 
ground using a mortar and pestle until the powder could pass through 
a 75 μm sieve. The resulting powder was either used immediately for 
measurements or stored in a desiccator with silica gel, for later use. 
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XRD was conducted on BrukerD8 Discover in the 2 theta range 5–60 °𝜃
with a step size: 0.02 °𝜃, and time per step of 0.8 s TGA was conducted 
on TGA/DSC 3+ Mettler Toledo, in a Nitrogen flow of 50 mL/min, 
heating from 20 to 1000 °C with a rate of 10 °K/min.

The silicon and aluminum state in selected hydrated pastes were 
measured by 29Si and 27Al solid-state nuclear magnetic resonance 
spectroscopy (NMR), to investigate the distribution and incorporation 
of Al in C-(A)-S-H and AFms. Both the 29Si and 27Al MAS NMR spectra 
were obtained using a Bruker 4 mm MAS BB/1H probe at 298 K. 
Samples of 0.09 g were packed in 4 mm zirconia rotors. The 29Si high-
powered decoupled (HPDEC) MAS NMR spectra were acquired at 2500 
scans at a spin rate of 7.5 kHz. This used a 3 μs pulse, corresponding 
to an excitation angle of about 450 and a relaxation delay of 30 s. 
The 27Al (HPDEC) MAS NMR used a total of 2048 scans at a spin 
rate of 11 kHz, using a 4 μs pulse corresponding to an excitation angle 
of about 650 and a relaxation delay of 0.8 s. Both experiments used 
SPINAL64 proton decoupling with a 1H-field strength of 50 kHz [44]. 
The deconvolutions were conducted on the Interactive Peak Fitting 
(IPF, Version 13.2.0.0) software that were run on Matlab 2024b [45]. 
The Al/Si ratios and mean chain lengths (MCL) of aluminosilicate 
tetrahedra were calculated using the following  Eqs.  (1) and (2), as 
reported previously in [46,47]: 

Al/Si =
𝑄2

𝑝(1Al
IV)

2[𝑄1 +𝑄2
𝑝(1Al

IV) +𝑄2]
(1)

MCL =
2
(

𝑄1 + 3
2𝑄

2
𝑝(1Al

IV) +𝑄2
)

𝑄1
(2)

Mixes for calorimetry were prepared with 5 g of binder and 2.5 g 
of deionized water, according to the proportions for each mix. Two 
sets of each mix underwent 60 s of stirring for thorough mixing in 
a vortex mixer and were then placed in an isothermal calorimeter 
(Calmetrix) at 20 °C for up to 7 days. An average of the two sets of 
results for every mix was plotted for results. The standard deviation 
was < 5% that ensured good repeatability. To assess strength and 
pore structure, all mixes listed in Table  2 were tested. For XRD and 
TGA analyses, a subset of mixes (OPC, CC30, CC40, CC50, CC20LS10, 
CC30LS10, and CC40LS10) was selected to represent binary and ternary 
systems across increasing replacement levels. For 29Si and 27Al NMR 
characterization, matured ages of one binary blend, CC30, and one 
ternary blend CC20LS10 were considered. They were chosen as they 
showed the highest strength and lowest porosity in their respective 
binder groups, along with measurable CH and AFm (Hc and Mc) phases. 
Of the two, only CC30 was used for deconvolution and calculation of 
C-(A)-S-H chain lengths, as it showed a clear enhancement in aluminum 
incorporation. This blend was therefore considered most representa-
tive for qualitatively examining Al incorporation pathways and as a 
potential candidate for future durability assessments.

3. Results

This section presents the independent experimental results on stre-
ngth development, reaction kinetics, hydrate phase assemblage, pore 
structure, and the structural environments of silicon and aluminum. 
The relationships and implications of these results are then discussed 
in the subsequent section.

3.1. Compressive strength

The compressive strength evolution for all mixes at four curing ages 
are presented in Fig.  2. Corresponding bar charts for each age are 
provided in Fig.  A.13 of Appendix  A. In Fig.  2 warmer color shades 
(orange to red) represent higher strength in contrast to the cooler 
shades (green to blue) primarily observed in the 3- and 7-day strengths. 
The ternary plots suggest that the blends react differently in relation 
to the proportions of clay and limestone present. Most notably, the 
4 
binary clay binders show faster strength development over the four 
ages, even at high replacement ratios. In contrast, the presence of 
limestone in clay blends, is not observed to result in any enhancement 
of strength development, as traditionally observed in the case of LC3 
systems [6,48]. Limestone–cement binders show lower strength at all 
ages than clay-cement blends, highlighting the pozzolanic effect of the 
activated clays.

In particular, it is observed that already from 7 days, CC20 and 
CC30 exhibit higher strength compared to 100% OPC. By 56 days, these 
two mixes achieved 69 ± 1.0 MPa and 76 ± 1.0 MPa, representing 
113% and 125% of OPC strength respectively. From 28 days, CC40 also 
achieves strength levels equal to OPC. At the same time CC50 attains 
a compressive strength up to 87% of OPC. By 56 days, CC40 attains 
102% and CC50 achieves 85% of OPC strength.

Among the ternary blends evaluated, only CC20LS10 and CC30LS10 
achieved compressive strengths comparable to OPC from 28 days on-
ward, with CC40LS10 attaining 81% strength of OPC at 56 days. The 
presence of lower aluminate levels in the clay compared to those used 
for LC3 binders with higher kaolinite contents [6,42], possibly hinders 
the synergistic interactions with the carbonates from added limestone.

The strength evolution was analyzed with Analysis of Variance 
(ANOVA) to evaluate statistical significance of the mixes and interac-
tions in predicting the strength response for the studied blends. The 
ANOVA results confirmed that the model was highly significant, with 
a model R2 of 0.956, F-value of 70.07 indicating there is less than a 
0.01% chance that the model fit could occur due to random variation. 
Furthermore, a Predicted R2 value of 0.91 and a Predicted Residual 
Sum of Squares (PRESS) value of 308.68 indicates that the model has 
good interpolative capacity, suggesting that it can reliably estimate 
responses at untested points within the experimental design space [49]. 
The results of the analysis are provided in supplementary materials.

3.2. Pore structure

Fig.  3 presents the evolution of total intruded porosity across hard-
ened paste matrix. The densification over curing age can be clearly 
observed for all mixes, particularly in the clay mixes, among which, 
the evolution for binary mixes is most significant. CC30 has the highest 
reduction of total porosity from 3 to 56 days among all mixes, with a 
decrease of 42% (from 18.5% at 3 days to 10.7% at 56 days). Compared 
to strength evolution of the matrix presented in Fig.  2, the mixes with 
the higher strength roughly correspond to that with the lower porosity 
presented in Fig.  3. A bar chart of total porosity and total pore volumes 
in each age for the mixes are presented in Fig.  B.16 (a,b) of Appendix 
B.

However, a good correlation between compressive strength and 
total porosity or total pore volumes, was not observed statistically (Fig. 
B.17 in Appendix  B). In this context, previous studies [50,51] have 
highlighted the need to differentiate the pore size ranges to separate 
the effect of different pore sizes on the compressive strength. Fig. 
4 (a–c) shows the evolution of pore size distribution for OPC, two 
binary blends, two ternary blends and two filler blends. The remaining 
mixes are presented in Fig.  B.15 in Appendix  B. The pore sizes are 
categorized into 5 ranges from below 0.01 μm to 100 μm. Three broad 
size distribution categories are considered from the studies of [52,53]: 
(1) gel pores or micro pores (< 0.01 μm), (2) capillary or meso pores 
(0.01–10 μm) which is further subdivided into small capillary pores 
(0.01–0.1 μm), medium capillary pores (0.1–1 μm) and large capillary 
pores (1–10 μm), (3) macro pores (10–100 μm) that are typically de-
veloped due to inadequate compaction or entrained air. Out of these, 
a higher percentage of capillary and macro pores are reported to be 
detrimental for strength and elasticity [52].

From Fig.  4, after 3 days of curing, all blended mixes are observed 
to have higher total pore volumes compared to references (OPC). Com-
paratively, filler mixes LS20 and LS30 are observed to have lower pore 
volumes than OPC. However, compressive strengths of mix only with 
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Fig. 2. (a–d): Compressive strength evolution of the matrix over time at 3, 7, 28 and 56 days.

Fig. 3. (a–d): Evolution of porosity of hardened matrix at 3, 7, 28 and 56 days.
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Fig. 4. Distribution of pore volumes of reference (OPC), binary mixes with activated clay (a), ternary mixes (b), and limestone fillers (c).
fillers are much lower than both the OPC and clay mixes, especially the 
binary mixes of CC20, CC30. It is noteworthy that mixes CC20, CC30, 
CC20LS10 and CC30LS10 have a higher volume of small pore sizes, 
especially in gel or micro pore range, compared to OPC. Fig.  5 shows 
the statistical correlation between strengths and the pore volumes of the 
mixes across all curing ages. It is seen that the gel porosity alone did 
not correlate well with strength development. It should also be noted 
that mercury intrusion porosimetry captures only pore-entry diameters 
rather than the full connectivity of the pore network [54]; therefore, 
apparent micro-pore increases may not always reflect reduced perme-
ability. R2 for the correlation between strength and gel pore volumes is 
only 0.40, while the best correlation was observed for medium capillary 
pores with the size range 0.1–1 μm (100–1000 nm), with a R2 value 
of 0.99. This indicates a higher potential of this size range to control 
strength in the studied mixes.

ANOVA was conducted on the 56 days pore structure results (details 
are provided in Supplementary Material, Section 4). The total porosity 
showed undefined predictability. The gel pore volume had R2 0.97 
and adjusted R2 of 0.91. The total capillary pore volume had R2 of 
0.99 and adjusted R2 of 0.99. The medium (0.1–1 μm) capillary pore 
volume had predicted R2 of 0.89 and adequate precision = 22.7 [49]. 
For gel pore volumes, the cement–clay interaction had F = 29.81 and 
the cement–limestone interaction F = 10.48. For total capillary pore 
volume, the cement–limestone interaction had F = 635.44. For medium 
capillary pore volume, the clay–limestone combination had F = 36.86 
(p = 1.62 × 10−5), the cement–clay interaction F = 8.02 (p = 0.012), 
and the cement–limestone interaction p = 0.0586.

3.3. Reaction kinetics

Fig.  6 shows the hydration heat flow (a) and cumulative heat release 
up to one week (b) for OPC, binary (CC20, CC30, CC40), and ternary 
6 
(CC20LS10, CC30LS10, CC40LS10) blends. The results are normalized 
to per gram of OPC. Compared to the reference, a higher silicate 
reaction peak is observed for all blended binders, primarily because of 
filler effect and faster precipitation of C-(A)-S-H due to the increased 
shear rate between particles as proposed earlier by [55,56] and the 
additional nucleation surfaces provided by the SCMs [54,57]. The onset 
and intensity of the aluminate peak appears to be varied across the 
blends.

All blends exhibit the characteristic silicate hydration peaks, with 
the main peak intensity decreasing and shifting to later times as the 
cement replacement increases. Among the clay blends, CC30 shows 
the highest main peak and cumulative heat. Ternary blends release 
slightly more total heat than their corresponding binaries at equivalent 
replacement levels. Overall, all substituted systems display continued 
heat evolution beyond the main hydration peak, indicating sustained 
reaction activity at later ages.

Additionally, Fig.  7 shows the reaction kinetics of two ternary 
blends, CC20LS10 and CC30LS10, prepared with limestones of different 
particle-size distributions. The d50 of the limestones used are: LS-
L = 40 μm, LS-M = 15 μm, LS-F = 0.1 μm. The finer limestone 
(LS-F) produces a higher and earlier main hydration peak, indicating 
accelerated early C3S reaction. The cumulative heat release follows the 
order of fineness, with coarser limestone showing lower and delayed 
heat evolution.

3.4. Hydrate phase assemblage

Fig.  8 illustrates the XRD patterns of the cement pastes cured for 3, 
7, 28, and 56 days. This analysis focuses on binary and ternary blends 
with 30%, 40%, and 50% cement replacement levels, in comparison 
to the 100% OPC reference. Across the blends of all curing durations, 
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Fig. 5. Correlation between strength and gel pore volumes (a), small capillary volumes (b), medium capillary pore volumes (c) and large capillary pore volumes 
(d). The R2 of all the correlations are presented.
Fig. 6. Hydration heat flow of blends (a), and cumulative heat till 1 week of measurement (b).
phases such as ettringite, portlandite (CH), and CO3-AFms (both hemi-
carboaluminate (Hc) and mono-carboaluminate (Mc)) are consistently 
observed, albeit with varying peak intensities.

Fig.  9 presents the CH peak intensities for 30, 40, and 50% replace-
ment levels at 3 and 56 days. CH intensity decreases with increasing 
replacement and curing age due to progressive consumption by poz-
zolanic reactions. At 3 days, LS30 shows higher CH intensity than OPC, 
attributed to the calcite-induced acceleration of C3S hydration [56,
58,59]. The binary clay blends (CC30 and CC40) show lower CH 
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intensities, while ternary blends such as CC20LS10 and CC30LS10 ex-
hibit slightly higher values because of the additional limestone surface 
available for C3S hydration.

Moreover, CH is also consumed during the formation of hemicar-
boaluminates [60]. Fig.  C.18 in Appendix  C shows the intensities of 
the CO3-AFm phases. It is observed that the binary clay binders have 
a higher intensity of Hc at 3 days compared to both ternary, as well 
as LS binary blends. Correspondingly, the CH intensities of CC30 and 
CC40 are lower than LS30 or LS40 at 3 days, as well as CC20LS10 
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Fig. 7. Study of reaction kinetics with heat flow (a) and cumulative heat evolution (b) for CC20LS10 and CC30LS10 containing limestones of different PSD, 
specifically, LS-L, LS-M and LS-F.
Fig. 8. XRD of selected blends and the corresponding limestone replacements, at four curing ages. The notations are as follows: Ett = Ettringite, Hc = 
Hemicarbonates, Mc = Monocarbonates, CH = portlandite.
and CC30LS10. With curing, Hc intensity decreases and Mc intensity 
increases, indicating transformation to the thermodynamically stable 
carbonate-AFm phase [61,62]. Ternary mixes display more pronounced 
Mc reflections at later ages due to greater calcite availability.

Both binary and ternary CC blends, despite their lower kaolinite 
content, show formation of Hc and Mc. The overall quantity of CO3-
AFms is lower than would be expected in kaolinite-rich systems, which 
is consistent with earlier observations on mixed-layer natural clays 
reported by Beuntner [34]. This behavior reflects the slower aluminate 
release from 2:1-type clays compared with kaolinite [35].
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Fig.  10(a) presents the proportion of CH (corresponding to mass 
loss in the range 400–500 °C), and Fig.  10(b) shows the hydrate water 
proportions (corresponding to mass loss in the range 40–520 °C), for 
mixes corresponding to 30% substitution, as computed from the TGA. 
The remaining substitutions are presented in Fig.  C.19 in Appendix 
C. The DTG curves for the blends are presented in Fig.  C.20 (a–d) of 
Appendix  C. Some carbonates (in the range of 520–820 °C) are observed 
even in blends without added limestone, which could be a result of 
approximately 5% limestone present in the cement, along with possible 
carbonation during preparation and curing.
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Fig. 9. Portlandite consumption of three replacements of 30%, 40% and 50% at 3 (a–c) and 56 (d–f) days.
Fig. 10. Composition proportion of CH (a) and hydrate water (b), computed 
from mass loss curves of TGA.
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At longer curing time, the reference samples shows an increase in 
both CH and hydrate water. The blends overall have a lower CH com-
pared to OPC due to the substitutions. With longer hydration ages, the 
CH proportion decreases in all binary and ternary CC blends, indicating 
pozzolanic reaction to form C-(A)-S-H [63]. It has been further reported 
that CH is consumed to also form hemi-carbonates [60], which was 
detected through XRD in Fig.  8. Additionally, the proportion of hydrate 
water (including C-(A)-S-H, AFm, AFt, and CH) increase with time for 
all blended mixes, which is in agreement with the strength results. The 
hydrate water in OPC is highest due to the higher proportion of CH at 
all ages.

3.5. Structural environments of silicon and aluminum species

The 29Si NMR spectra OPC and CC30 belonging to 28 and 56 days 
of hydration are shown in Fig.  11. It includes resonances obtained from 
the C-(A)-S-H phase in the range −79 to −85 ppm with roughly three 
main peaks corresponding to sites Q1 at around −78.5 ppm, Q2p(1 Al 
IV) at around −81.5 ppm, and Q2 at around −85 ppm [64]. Of these, 
particularly the Q2p(1 Al IV) has been reported to be associated with 
the incorporation of tetrahedrally coordinated Al (IV) in C-S-H, while 
Q2 resonating around −85 ppm contains contributions from Al-free C-
S-H [46,64–66]. Comparisons of the 29Si NMR spectra with 56 days old 
CC20LS10 are presented in Fig.  D.21 in Appendix  D.

Table  3 lists the calculated Al/Si ratios and mean chain lengths 
(MCL) of aluminosilicate tetrahedra, obtained using Eqs.  (1) and (2), 
as reported previously in [46,47]. In CC30, the Al/Si ratio increased 
from 0.10 at 28 days to 0.21 at 56 days, and the MCL increased from 
4.31 to 7.86, indicating progressive aluminum incorporation into the 
C–(A)–S–H. In contrast, OPC showed decreasing values (Al/Si 0.11 →
0.06; MCL 4.83 → 3.43).

Fig.  12 shows the 27Al MAS NMR spectra for OPC and CC30 at 28 
and 56 days. Corresponding comparisons for CC20LS10 at 56 days are 
shown in Fig.  D.22 in Appendix  D. The octahedral region (0–20 ppm) 
includes peaks for ettringite (AFt, around 15 ppm) and AFm (around 
10–11 ppm), while the tetrahedral region (60–71 ppm) represents 
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Fig. 11. 29Si NMR spectra of hydrated CC30 and OPC blend aged 28 days (a) 
and 56 days (b). The solid lines correspond to sum of individual peaks shown 
by dashed lines of resonances for Q1, Q2p (1AlIV) and Q2 sites.

Table 3
Al/Si ratios and mean aluminosilicate chain 
lengths (MCL) of the two mixes at 28 and 56 
days.
 Mix Al/Si MCL 
 OPC 28D 0.1 4.8  
 CC30 28D 0.1 4.3  
 OPC 56D 0.0 3.4  
 CC30 56D 0.2 7.8  

Al(IV) sites in C–(A)–S–H. At 28 days, the AFt resonance is stronger in 
CC30 than OPC, but decreases by 56 days, while the 71 ppm C–(A)–S–H 
signal increases. A minor resonance appears at 60–61 ppm in CC30, not 
seen in OPC, which could indicate limited formation of a secondary 
aluminosilicate phase. In case of the ternary binder CC20LS10 of 56 
days, the signature intensities corresponding to AFm, AFt and C-(A)-S-H 
are relatively lower than for both OPC and CC30 at the same age. This 
can be inferred from the comparatively lower availability of alumina 
due to the higher OPC substitution rate.
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Fig. 12. 27Al NMR Resonance for Al(6) sites corresponding to AFt and AFm 
(a), and Al(4) sites corresponding to C-(A)-S-H and Strätlingite (b).

4. Discussion

The results presented above help to address four key research ques-
tions on the hydration behavior of low-kaolinite clay blends examined 
in this study. The following sections discuss these questions in detail 
by analyzing the influence of activation on blend design, strength 
development, pore structure evolution, and reaction kinetics, as well 
as the synergy of clay with limestone and the associated alumina 
incorporation pathways.

4.1. What is the interplay between activation, binder design and evolution 
of hydration properties?

The strength and microstructural development of the studied binders
demonstrate a clear interplay between the activation method, binder 
composition, and hydration evolution. In this study, the strength levels 
observed are higher than those reported in previous studies using 
low-kaolinite clays that were either calcined, or mechanochemically 
activated [9,22,67]. In another study by [68], it was concluded that in 
both binary and ternary systems, optimal replacement depends on the 
clay’s alumina content. For example, it was reported in this study that 
replacing 30% of OPC with clay was found to need 30% alumina in 
the clay to match the 28-day strength of OPC. However, the results of 
the present study do not concur with this finding, as the clay used here 
contains much less alumina.

Similarly, in previous studies, pore structure evolution in cement 
blends containing low-kaolinite or 2:1-type clays has generally been 
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reported to be slower and less effective than in kaolinite-rich systems. 
Fernandez et al. [16] showed that pastes with calcined kaolinite clays 
had lower capillary porosity than OPC, whereas 2:1 clay blends exhib-
ited higher porosity. Tironi et al. [69] likewise found that kaolinite 
clays developed denser microstructures than bentonite mixes due to 
earlier AFm formation. The RILEM TC-282 CCL report [68] similarly 
emphasized that pore refinement and densification depend strongly on 
clay reactivity and alumina content. Avet and Scrivener [10] observed 
that blends with more than 65% kaolinite achieved significant pore 
refinement within 3 days and denser microstructures by 28 days, while 
systems based on illitic or mixed-layer clays showed slower and more 
limited refinement [16,33,69]. The present results, however, indicate a 
pronounced and time-dependent pore refinement even though the clay 
used contained only around 21% kaolinite.

A likely differentiator in this case is the activation method used. 
In an earlier study by the present authors [36], a combined thermal 
(800 ◦C) and mechanochemical activation (500 rpm, ball-to-powder 
ratio of 25) was shown to significantly enhance the clay’s physico-
chemical properties. This dual activation enabled complete dehydrox-
ylation of all heterogenous clay mineral phases, which is typically 
difficult to achieve through calcination or mechanochemical activa-
tion alone. As a result, the clay exhibited a high degree of amor-
phousness (approximately 83%). Additionally, intensive grinding in-
creased the BET surface area to 19 m2/g and reduced the particle 
size (d50 of 16 μm). These improvements collectively raised the clay’s 
pozzolanic reactivity from nearly inert when only calcined or only 
mechanochemically activated, to moderately reactive under combined 
activation.

In this context, the strength development of binary clay blends in 
the current study matches or exceeds that of blends using pure kaolinite 
calcined clays [16], or clays with at least 40% kaolinite [68]. The over-
all high structural disorder across all mineral phases achieved through 
the activations likely contributes to this performance. Earlier, Tole et al. 
and Marsh et al. [27,70] have observed long range disorder in the 
aluminosilicate structure of 2:1 minerals, because of mechanochemi-
cal activation. Such enhanced dehydroxylation of smectites and illites 
increases the dissolution rate of its aluminum in alkaline environ-
ments, facilitating greater aluminum incorporation into the C-(A)-S-H 
phase [32]. This is consistent with the elevated levels of Al (IV) sites 
associated with C-(A)-S-H observed in NMR analysis, corresponding to 
higher Al/Si as well as higher polymerization at 56 days.

This densification is mirrored in the evolution of the pore struc-
ture. Mercury intrusion porosimetry shows a progressive decrease in 
total porosity for all mixes, with the most pronounced refinement 
in CC30, which exhibited a 42% reduction between 3 and 56 days. 
While the total early-age porosity remained higher than OPC, blends 
CC20, CC30, CC20LS10, and CC30LS10 exhibited a higher proportion 
of gel or micro-pores at 3 days compared to OPC. This indicates early 
pore refinement and possible enhancement in C–S–H formation due to 
dilution and nucleation effects from the finer SCM particles, similar 
to observations for kaolinite-rich clays [8]. By 7 days, this refinement 
is strongly reflected in strength improvements, with CC30 already 
surpassing OPC while maintaining a higher fraction of fine pores. 
In contrast, higher-replacement or ternary blends such as CC40 and 
CC40LS10 also show increased micro-pore content but retain a greater 
fraction of interconnected larger pores, offsetting strength gains. At 
later ages (28–56 days), the correlation between gel pore development 
and strength becomes even stronger, particularly for CC20 and CC30. 
The 30% binary blend (CC30) exhibited a 42% reduction in total 
porosity by 56 days. Compared with kaolinite-rich LC3 systems where 
rapid aluminate release promotes early carboaluminate formation and 
rapid capillary pore filling within 3 days [8], the pore refinement in 
the present low-kaolinite systems progresses more gradually but con-
sistently, ultimately achieving substantial densification that aligns with 
improved strength. Hydrate phase characterizations confirm sustained 
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aluminosilicate reactivity and ongoing gel polymerization, as also sup-
ported by the NMR evidence showing increasing Al incorporation and 
chain polymerization in C-(A)-S-H at 56 days.

However, since not all CH was consumed by 56 days as noticed from 
the XRD spectra, it cannot be concluded that the enhanced strength 
is solely from the pozzolanic reaction of the clay. The strength gains 
are likely the result of a combined effect: high reactivity of the clay 
minerals, fine particle size distribution (PSD), and high specific surface 
area. In addition to improved clinker reactivity through dilution, the 
fine PSD of the clay contributed to filler effects, while the large surface 
area accelerated early-age reaction kinetics. The higher surface area 
also likely provided nucleation sites that supported the formation of 
ettringite and AFm phases [71], which are typically delayed or unstable 
in heterogeneous clay systems. The filler and nucleation effects further 
help densify the pore structure, leading to higher strength.

Regarding optimal mixes from the studied matrix, Fig.  A.14 shows 
strength relative to OPC, at the 4 ages corresponding to the blends 
studied. At 7 days, the optimum replacement is found to be 20 to 
30% of binary substitution by clay. At 28 and 56 days, the optimum 
replacements are 20%–40% of clay substitution, as well as ternary 
with 20%–30% clay and 10% limestone respectively. Substitutions of 
50% binary blends reached 87% of OPC strength by 28 days, while 
CC40LS10 reached 81% of OPC strength by 56 days. Depending on 
performance requirements, the activated clay can therefore be used 
effectively even at these high replacement levels.

Although compressive strengths of blends with replacement above 
40% are considered relatively lower than CEM I binders (e.g., <
56 MPa at 28 days), such systems can still meet mechanical per-
formance requirements under certain conditions. According to EN 
206:2013+A2:2021 [72] and EN1992-1-1:2005 [73], minimum strength
classes (e.g., C30/37 or C25/45) are suitable for most standard struc-
tural applications, particularly in residential and light commercial 
construction, provided the exposure class requirements (e.g., XC, XF, 
XA) are satisfied through appropriate durability assessments. These 
provisions open pathways for activated heterogenous blends even 
with higher cement substitution to be applied in mass concreting, 
pavements, or structures in non-aggressive environments [74].

4.2. How does the binder design influence synergy of the activated clay with 
limestone?

The strength results observed here contrast with findings from pre-
vious studies on calcined high-kaolinite LC3 systems [5,9,10,40,42,50], 
where synergistic interactions between limestone and aluminates from 
calcined clay typically led to improved mechanical performance com-
pared to binary blends. According to existing literature, this difference 
is likely due to the lower alumina in the clay used in this study, which 
restricts additional carboaluminate formation after limestone addition 
in the ternary blends. Although XRD confirms the presence of stable, 
space-filling CO3-AFm phases in the ternary blends, NMR results sug-
gest that C–(A)–S–H and AFm phases compete for available aluminum. 
Fig.  D.22 shows that preferential Al incorporation in C-(A)-S-H over 
AFms occur in ternary binders too, as observed for CC20LS10.

The strength difference between binary and ternaries is particu-
larly major in the early ages. In this stage, the primary contributing 
factor may be the relatively coarser particle size distribution of the 
limestone used, compared to the finer limestone used in the referenced 
studies [10,41,56]. Coarser limestone has a lower surface area, which 
reduces nucleation potential [57]. Moreover, it dissolves more slowly, 
delaying the availability of carbonate ions needed to react with the 
alumina supplied by the clay [75]. By the time that carbonates are 
available for sufficient AFms, Al ions could already be incorporated in 
C-(A)-S-H.

From Fig.  7 it is observed that LS-F highly accelerate early reac-
tion kinetics of C3S leading to fast depletion of sulfates [42]. The 
cumulative heat evolution follows the order of fineness, as coarser 
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limestone delays the hydration of aluminates [76]. However, while 
these PSD-related limitations predominantly affect early-age hydration 
and strength development, their influence tends to diminish over time. 
Previous studies [76,77] have shown that the impact of limestone 
fineness on strength plateaus at later ages as the slower dissolution 
of coarser particles eventually compensates for the initial delay. As 
observed in Fig.  7(b), after around 120 h (5 days), the heat evolution 
of both blends with LS-M gradually overtakes the curve for LS-F. LS-
L which was used for this study, also increases continuously while 
gradually narrowing the gap with the finer LS. This indicates slow 
but eventual release of carbonates that can potentially form CO3-
AFms, contributing to strength. It needs to be evaluated whether finer 
limestone could alter the aluminum distribution between AFm phases 
and C-(A)-S-H, potentially influencing not only early strength but also 
long-term pore structure and durability. This aligns with the observed 
later strength development in CC20LS10 and CC30LS10, both of which 
are slow in the beginning but reach strengths comparable to OPC by 
28 and 56 days, while still continuing to refine the pore structure.

Nevertheless, the remaining ternary blends, although showing con-
tinued strength gains over time, did not reach OPC-equivalent strength 
at any age. Simultaneously, no significant improvement of the pore 
structure was observed, particularly for blends with 20% limestone 
additions. This may suggest that the delayed reactivity of coarser lime-
stone can only partially compensate for early-age strength limitations. 
For improving this synergy, future studies can look into limestone 
fineness and purity, use of additional sulfates, grinding aids, ratio of 
activated clay to limestone could be crucial parameters.

4.3. What are the pathways for aluminum in activated low-kaolinite blends?

The NMR results provide new insight into the hydration mechanism 
of activated low-kaolinite, 2:1-rich clays. Previous research established 
that such systems result in limited CO3–AFm phases due to their low 
reactive alumina content [6,8,10,35], but the fate of the dissolved Al re-
mained unresolved. The present data clarify that this limited aluminum 
is not inert but preferentially incorporated into the C–(A)–S–H struc-
ture, which also explains the enhanced gel polymerization observed in 
these systems.

The increase in Al/Si ratio from 0.10 to 0.21 and the mean chain 
length (MCL) from 4.31 to 7.86 between 28 and 56 days for CC30 
show progressive Al substitution into the silicate chains of C–(A)–S–H, 
consistent with the tetrahedral coordination reported for similar sys-
tems [46,47,64]. In contrast, OPC exhibits decreasing Al/Si (0.11 →
0.06) and MCL (4.83 → 3.43), indicating depolymerization of the C–
S–H with age [66]. This aligns with the limited CO3–AFm intensities 
seen in XRD and TGA with the increasing C-(A)-S-H polymerization 
detected by NMR. The sustained Al uptake into the gel could refine 
pore structure, contributing to the observed late-age densification and 
strength gain, consistent with correlations reported for C–(A)–S–H in 
blended systems [12,46,48].

The 27Al resonance near 60–61 ppm, observed only in CC30 and 
CC20LS10, could potentially correspond to strätlingite, as previously 
identified in cementitious systems where tetrahedral Al is linked to Si in 
a 1:1 layer structure [47,78,79]. Strätlingite was however not detected 
in XRD, most likely due to its inherently low crystallinity [80]. The 
appearance of this signal imply that part of the dissolved Al participates 
in localized Al–Si ordering beyond the C–(A)–S–H phase.

The presence of strätlingite is usually linked to the depletion of 
calcium hydroxide as these two phases are thermodynamically incom-
patible [78]. However, from the TGA (Fig.  10a), it is inferred that CH 
was still present in 56 days CC30 blend. It is known that strätlingite 
can be formed at relatively high Al and Si concentrations contributed 
by blended high kaolinite clays, and it can co-exist with CH, due to 
local heterogeneity of the hydrated matrix [78,79]. Current results 
for CC30 indicate that the metakaolin content alone may not govern 
the formation of strätlingite. Thermodynamical and NMR studies by 
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Myers et al. [81] and Henning et al. [82] detected Strätlingite in ce-
ment blends substituted by alkali activated low alumino-silicate SCMs, 
such as slags and fly ash. Previous studies have linked the presence 
of strätlingite with higher degree of reaction (DoR) of SCMs [48]. 
Although the detected quantity in this study is minor, its presence 
supports the interpretation that progressive aluminosilicate reactivity 
in the activated clay promotes both Al incorporation into C–(A)–S–H 
and secondary strätlingite formation at later ages. Nevertheless, this 
signal is not interpreted as conclusive evidence of strätlingite forma-
tion. Rather, it is discussed as a possible indication of locally favor-
able Al–Si environments, supporting the interpretation of enhanced 
aluminosilicate reactivity in the activated clay system.

Overall, these results demonstrate that in activated low-kaolinite 
clays, the limited reactive alumina preferentially enters C–(A)–S–H, 
enhancing its polymerization instead of stabilizing CO3–AFm phases. 
This gel-driven refinement mechanism contrasts with kaolinite-rich LC3
systems, where abundant reactive alumina promotes early carboalumi-
nate formation and faster matrix refinement [8,10]. Understanding this 
aluminum incorporation pathway clarifies the broader picture of hydra-
tion in low-alumina clays and clarifies their distinctive microstructural 
evolution.

4.4. What is the role of binder design on the need for sulfate adjustment?

In aluminate rich clay binders, it is known that the early sulfate de-
pletion leads to an accelerated and enhanced aluminate reaction which 
causes the second peak to superimpose on the alite (C3S or silicate 
peak [55]. As a result, the guidelines for mix designs with clay suggest 
adjusting the sulfate content for avoiding poor early age strength 
development [8]. The need for sulfate adjustment was evaluated for 
the current binder proportions through isothermal calorimetry.

In the current results (Fig.  6), except for the blends with 50% OPC 
replacements, the aluminate peak does not superimpose on the C3S 
peak, indicating that retardation by addition of extra gypsum may not 
be necessary. Blends CC50 and CC40LS10 may show under sulfation 
driven by the high replacement ratio. The reason why the CC blends 
up to 40% replacements do not experience significant under-sulfation 
could be two-fold. Firstly, a relatively higher amount of SO3 is already 
present in the cement (3.5%) than in clinkers used elsewhere (1–1.5%), 
such as in [42,56,67]. To some extent, this could compensate for 
the high adsorption of sulfates during C-(A)-S-H precipitation in the 
acceleration period. Secondly, the amount of alumina in the clay in this 
study is less than kaolinite rich clays used in LC3 studies previously. 
The role of clay’s alumina content in dominating accelerated sulfate 
depletion by controlling the silicate reaction, has been established 
through various mechanisms as reported in [10,55,67]. For the rela-
tively lower alumina in the clay, the existing gypsum from the cement 
may be adequate for preventing significant under sulfation.

The cumulative heat evolution curves for the blends demonstrate 
continuous increase in heat release till the end of measurement (7 
days). Comparatively, the OPC curve majorly stabilizes after approx-
imately 48 h. This indicates ongoing contributions from pozzolanic 
reactions in blends beyond their initial acceleration at early hours 
which are potentially from filler and dilution effects [57]. As a result, 
the adverse impact of reduced sulfate availability on early strength 
development in the blends was not significant. Compressive strength 
tests showed that both binary and ternary clay-based systems with up 
to 40% OPC replacement achieved at least 80% of the 7-day strength of 
plain OPC, despite the absence of sulfate adjustment. Among the mixes 
CC20, CC30, CC40, CC20LS10 and CC30LS10, the lowest 7-day strength 
was recorded for CC30LS10, reaching 39 ± 2 MPa. For comparison with 
a conventional LC3 mix, a similar 7-day strength level (40 MPa) was 
previously reported for a system containing clay with 60% calcined 
kaolinite and having 5% additional sulfate [5].

In addition to the above considerations, adding excess gypsum can 
react with available reactive alumina in the binder matrix for ettringite 
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formation, which could uptake calcium from calcium hydroxide (port-
landite) [48]. This, in turn, may reduce the availability of portlandite 
for the pozzolanic reaction of the clays [8]. This can potentially dimin-
ish the reactivity gained through their combined activation. Based on 
the reaction kinetics of the current blends, it was decided not to adjust 
the mix designs with additional sulfates for subsequent analyses in the 
study. However, sulfate adjustment could be important for clays with 
alternative mineralogy. Especially from the perspective of enhancing 
the strength of higher substitutions and alternative combinations of clay 
and limestone, future studies on activated 2:1 clays could investigate 
sulfate adjustment.

5. Conclusions

This study explored the performance of blended cement systems 
incorporating a comprehensively activated heterogeneous clay with 
approximately 20% kaolinite. Using a statistically designed matrix of 
binary and ternary mixes, the strength development, pore structure evo-
lution, hydrate phase assemblage, and aluminum incorporation were 
evaluated. The role of limestone as a complementary additive was also 
assessed to determine its influence on reaction kinetics and potential to 
support higher substitution levels.

Although blends with ⩾ 40% kaolinite are known to perform well, 
clays with lower kaolinite content have historically shown limited reac-
tivity and slower strength development, especially when activated by 
calcination alone. Mechanochemical activation has recently emerged 
as a promising strategy to enhance their performance, yet detailed 
investigations into mix design and hydration behavior remain scarce. 
Even with improved reactivity, low-kaolinite clays are often assumed to 
underperform due to their reduced alumina content and limited capac-
ity for carboaluminate formation. This work challenges that assumption 
by demonstrating that, when activated through a combined thermo–
mechanochemical route, low-kaolinite clays can achieve strength and 
microstructural refinement comparable to high-kaolinite systems. How-
ever, the hydration mechanisms differ: aluminum incorporation and 
limestone synergy remain less understood in these systems. It is un-
clear whether reactive Al in low-kaolinite blends contributes to AFm 
formation or is primarily integrated into the C–(A)–S–H network. Ad-
dressing this gap, the study provides new insights into how clay miner-
alogy and activation influence aluminum distribution and overall blend 
performance.

The key findings are as follows:

1. Combinedly activated low-kaolinite clay blends could demon-
strate comparable or even higher strength and pore structure 
development as OPC, especially up to 40% replacement levels.

2. Binary blends with 20%–40% activated clay substitutions reached
up to 125% of OPC strength at 56 days. This correlated with 
increased pore structure refinement, especially in the gel pore 
range, and a high C-(A)-S-H polymerization at 28 and 56 days 
of hydration as observed in the 30% substituted blend.

3. Limestone addition to clay mixes delayed early strength. Even 
though the strength continued to increase in later ages, it could 
not match the strength levels of binary clay mixes. 27Al NMR 
confirmed of increasing tetrahedral aluminum incorporation 
over time. At later ages, Al signals remained predominantly 
tetrahedral, with minor octahedral Al observed, suggesting Al 
is largely integrated into the C-(A)-S-H network rather than 
forming AFm.

4. The mixes with higher proportion of clay lead to denser pore 
structure. Specifically, the 30% binary substitution led to 42% 
reduction in total porosity at 56 days. This is consistent with the 
modified hydrate assemblage, where progressive CH consump-
tion and increased hydrate water (TGA), formation of Al-rich 
C–(A)–S–H and CO3-AFm phases, and higher Al uptake/longer 
silicate chains in C-(A)-S-H (NMR) collectively refine capillary 
pores and densify the matrix.
13 
5. Substitutions of 50% binary blends reached 87% of OPC strength 
by 28 days, while CC40LS10 reached 81% of OPC strength by 56 
days. Although durability parameters remain to be investigated, 
based on relative strengths and pore structure refinement, binary 
and ternary clay mixes above 40% could still meet strength class 
requirements specified in standards.
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Appendix A. Compressive strength development

This appendix provides supporting data for the compressive strength 
results discussed in Section 3.1.

Fig.  A.13 shows the evolution of compressive strength for all mixes 
at four curing ages (3, 7, 28, and 56 days). The results confirm that 
the binary clay blends, particularly CC20 and CC30, exhibit faster and 
greater strength development than OPC, while limestone-only blends 
lag behind.

Fig.  A.14 compares the relative strength of the different replace-
ment levels across all ages, highlighting the optimum substitution 
ranges (20%–40% clay and 10% limestone) for achieving strength 
levels equivalent to or higher than OPC.
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Fig. A.13. Compressive strength development of the tested mixes on four ages.

Fig. A.14. Relative strengths at various replacements and hydration ages.

Appendix B. Pore structure evolution

This appendix compliments the pore structure results presented in 
Section 3.2. Fig.  B.15 shows the evolution of pore size distribution 
corresponding to mixes: CC40, CC50, CC30LS10, CC40LS10, CC20LS20, 
CC30LS20, CC20LS30, LS40 and LS50. Fig.  B.16(a–b) shows the total 
porosity and total pore volumes of all mixes at different curing ages. 
The data demonstrate a clear decrease in both parameters over time, 
especially for CC30, which achieves the greatest refinement by 56 days. 
Fig.  B.17 illustrates the statistical correlation between total porosity, 
total pore volume, and compressive strength. While total porosity alone 
does not strongly correlate with strength, the results emphasize the 
importance of the pore-size distribution in determining mechanical 
performance.
14 
Fig. B.15. Distribution of pore volumes of reference (OPC), binary mixes with 
activated clay (a), ternary mixes (b), and limestone fillers (c).
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Fig. B.16. Total porosity (a) and total pore volumes (b) in four ages of the 
mixes.
15 
Fig. B.17. Correlation between strengths of mixes on all ages and total 
porosity (black scatter points), as well as total pore volumes (brown scatter 
points).

Appendix C. Hydrate structure characteristics

This appendix presents complementary data for the hydrate phase 
assemblage discussed in Section 3.4.

C.1. CO3-AFms

Fig.  C.18(a–d) shows XRD peaks corresponding to hemicarbonate 
(Hc) and monocarboaluminate (Mc) identified at 3, 7, 28, and 56 days. 
The results confirm early Hc formation followed by its gradual conver-
sion to Mc at later ages, consistent with the stabilization of CO3-AFm 
phases. It is acknowledged that reliable estimates of these CO3-AFms 
could be hampered by their known ill-crystallinity as previously noted 
in [62].

C.2. DTG mass loss

Fig.  C.19 shows the proportion of mass loss of the mixes at the 
four varying curing ages. Fig.  C.20(a–d) presents the differential ther-
mogravimetric (DTG) curves of the hydrated mixes over four curing 
ages. The characteristic mass-loss regions for CH (400–500 ◦C) and 
total hydrate water (40–520 ◦C) confirm ongoing hydration, while the 
reduction in CH-related peaks and increase in hydrate water with age 
correspond to progressive pozzolanic reaction and gel formation. 
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Fig. C.18. (a–d): Peaks from X-ray diffraction that correspond to Hemicar-
boaluminates (Hc) and Mono-carboaluminates (Mc), for the mixes on the four 

ages.

16 
Fig. C.19. Proportion of CH and Hydrate water in all mixes studied on ages 
3, 7, 28 and 56 days.

Appendix D. Aluminum incorporation in binary and ternary blends

The section presents the spectra of 29Si MAS NMR of 56 days old 
OPC, CC30 and CC20LS10 in Fig.  D.21. It is observed that the whole C-
S-H spectra for CC20LS10 is considerably lower than for the other two 
mixes. This can be explained in conjunction with the lower alumino-
silicates available in the system to promote the formation of C-S-H. Fig. 
D.22(a) demonstrate the 27Al MAS NMR spectra correlating to AFt and 
AFms, and Fig.  D.22(b) demonstrates the spectra corresponding to the 
Al (IV) sites relating to C-(A)-S-H and Strätlingite. It can be seen that 
CC20LS10 has much lower proportions of Al (IV) relating to C-(A)-S-H 
than CC30 as could be inferred from the 29Si spectra as well. However, 
it does record slightly higher signal corresponding to Al(IV) sites that 
could be strätlingite.
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Fig. C.20. (a–d): DTG curves of the hydrated mixes on four ages.
17 
Fig. D.21. 29Si NMR spectra corresponding to C-S-H or C-(A)-S-H.

Fig. D.22. 27Al NMR spectra showing Alumina sites for AFt and AFm phases 
(a), 27Al NMR spectra for aluminum sites for C-(A)-S-H and Strätlingite phases 
(b) for CC30, CC20LS10 and OPC at 56 days.

Appendix E. Supplementary data

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.cemconres.2025.108086.

https://doi.org/10.1016/j.cemconres.2025.108086
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Data availability

Data will be made available on request.
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