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A B S T R A C T

This study investigates hybrid binders (25% Portland cement, 50% calcined clay, 25% limestone) activated with 
sodium sulfate, sodium carbonate, and sodium metasilicate at different alkali levels. Mechanical performance, 
hydration kinetics, and microstructure were evaluated using a multi-technique approach. Sodium sulfate at 1.5% 
Na₂Oeq achieved the highest early strength with only a minor reduction at 28 days and was associated with stable 
ettringite formation. This performance was sensitive to mixing conditions, as the use of Na₂SO₄⋅10H₂O required 
controlled storage to avoid pre hydration of the cement. In contrast, ettringite formation was suppressed in both 
sodium carbonate and sodium metasilicate hybrid binders despite having the total same sulfate content with the 
references. Sodium metasilicate accelerated hydration and was characterized by the formation of Na-substituted 
AFm (U-phase). Sodium carbonate system was characterised by limited carbonate-AFm formation detected only 
in fresh samples, with no persistence after hydration stoppage. Porosity analysis showed that, unlike the refer
ence systems, the hybrid binders developed strength with hydration time without substantial refinement or 
redistribution of the coarser part of the MIP-accessible pore network. Sodium metasilicate hybrid binder 
exhibited H₂O-BET values comparable to sodium sulfate activation and a smaller critical pore diameter yet 
developed substantially lower compressive strength. Sodium carbonate hybrid binder showed the smallest 
critical pore diameter among all systems but significantly lower strength. These results demonstrate that in these 
hybrid binders, porosity refinement, critical pore diameter, and accessible surface area are not sufficient de
scriptors to explain strength development, challenging a common assumption in blended cement systems.

1. Introduction

Concrete is the most widely used construction material worldwide, 
with Portland cement acting as its primary binder. Reducing the clinker 
content of cement is a key strategy for lowering associated CO₂ emissions 
[1]. In current practice, this is mainly achieved through composite ce
ments, in which Portland clinker is partially replaced by supplementary 
cementitious materials (SCMs) such as blast furnace slag and fly ash. 
However, the availability of these conventional SCMs is decreasing due 
to changes in steel production and the phase-out of coal-fired power 
plants. Calcined clay has therefore emerged as a widely available 
alternative SCM.

To further reduce clinker content, some studies have investigated 
fully clinker-free binder systems, such as geopolymers based on 
aluminosilicate-rich precursors. In these systems, adequate early-age 
strength is commonly achieved using highly alkaline activating solu
tions, often based on concentrated alkali hydroxides or alkali silicates. 
Reported formulations typically involve high-molarity alkali hydroxide 
solutions, for example NaOH concentrations in the range of 8–10 M [2, 
3]. Such activation conditions introduce challenges related to handling, 
safety, and cost, which have limited their broader application in con
ventional cementitious systems.

An alternative approach explored in the literature involves binders 
containing a limited fraction of Portland clinker, typically below 30 wt 
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%, combined with predominantly aluminosilicate supplementary 
cementitious materials, so-called hybrid binders. In these systems, 
clinker hydration contributes to early-age strength development, 
allowing early performance to be achieved with substantially lower 
alkaline activator contents. This formulation avoids reliance on high 
alkali dosages while enabling further clinker reduction compared to 
conventional composite cements; however, systematic investigations of 
such extremely low-clinker systems remain limited.

Hybrid systems have been reported in the literature to exhibit the 
formation of distinct calcium–aluminosilicate–hydrate (C–A–S–H) and 
sodium–aluminosilicate–hydrate (N–A–S–H) type gels, which compli
cate the analysis of the resulting binder structure [4,5]. The properties of 
these low-calcium systems cannot be directly inferred from the behavior 
of the individual starting materials. Instead, previous studies suggest 
that interactions between the calcium source, aluminosilicate source, 
and alkaline activator play an important role in controlling calcium 
availability and, consequently, the performance of the binder [6]. One 
approach to addressing the complexity of hybrid binders is to examine 
the role of alkali activators in these systems. Understanding how alkalis 
influence hydration kinetics and phase development can provide insight 
into the mechanisms governing early-age strength development and 
microstructural evolution.

The enhancement of early-age strength by the addition of alkalis in 
cementitious systems has been widely attributed to the acceleration of 
hydration, particularly of the alite phase. Kumar et al. [7] reported that 
the addition of sodium and potassium hydroxides increases the pH of the 
pore solution, thereby accelerating the hydration rate and shortening 
the induction, acceleration, and deceleration periods. This acceleration 
is further supported by earlier portlandite precipitation, consistent with 
a dissolution-controlled mechanism. Mota et al. [8] showed that adding 
NaOH (1.45 M) almost eliminated the induction period in alite hydra
tion, while combining alkali with gypsum further increased the degree 
of hydration. Later, Mota et al. [9] extended this work to white Portland 
cement, finding that both NaOH (1.45 M) and Na₂SO₄ (0.725 M) 
accelerated early hydration but had contrasting long-term effects: 
Na₂SO₄ resulted in compressive strengths comparable to the alkali-free 
system at a given degree of hydration, whereas NaOH led to lower 
strengths due to a reduced total volume of hydrates, particularly 
ettringite. To broaden the understanding of alkali addition beyond pure 
clinker systems, Mota et al. [10] also examined white cement–slag 
blends (30% cement, 70% slag) activated with NaOH (1.45 M) or Na₂SO₄ 
(0.725 M). Both activators accelerated the degree of hydration of cement 
and the degree of reaction of slag at early ages, with a more pronounced 
effect observed in the presence of NaOH. At later ages, both Na₂SO₄ and 
NaOH reduced the degree of hydration of cement, with values remaining 
closer to the alkali-free system for Na₂SO₄ and significantly lower for 
NaOH; similarly, Na₂SO₄ maintained or increased slag reaction 
depending on slag type, whereas NaOH significantly reduced slag 
reaction.

Extending this concept to other blended systems, Fu et al. [11]
investigated a 50:50 OPC–slag binder activated with Na₂SO₄, Na₂SiO₃ 
and NaOH. They reported that Na₂SO₄ increased 1-day strength by 
approximately 43% due to accelerated alite hydration and increased 
slag dissolution, linked to higher ionic strength, lower Ca²⁺ activity, and 
enhanced ettringite formation. The activators were compared both at 
matched alkali contents and at their respective applied dosages. For the 
alkali-equivalent comparison, Na₂SO₄ was evaluated against Na₂SiO₃ 
and NaOH at Na₂Oeq levels corresponding to the Na₂O supplied by 1% 
and 2.5% Na₂SO₄. Under these matched alkali conditions, Na₂SO₄ pro
duced the highest 28-day compressive strength. In contrast, when the 
activators were compared at their actual applied dosages (Na₂SO₄ at its 
tested levels and Na₂SiO₃ at 1 wt%), the 1% Na₂SiO₃ system achieved the 
highest 28-day strength among the activated mixtures.

To support the shift toward lower-clinker formulations, Etcheverry 
et al. [12] investigated hybrid binders with 70% GGBFS and 30% 
Portland cement activated by Na₂SO₄ (0–15 wt% of slag, optimum =

8%), showing that Na₂SO₄ significantly accelerated hydration kinetics, 
shortened setting times, and improved early strength by up to threefold 
at 2 days, with calorimetry and ultrasonic measurements confirming 
faster stiffening and MIP revealing pore refinement. Further, Etcheverry 
et al. [13] showed that Na₂SO₄ accelerates hydration and increases early 
ettringite formation in GGBFS–PC blends, while the main reaction 
product in both activated and non-activated systems remains a 
C-(A)-S-H gel. ²⁹Si MAS NMR revealed a more pronounced Q²(1Al) 
resonance in the activated system, indicating greater Al incorporation 
into the C-(A)-S-H chains. XRD and DTG further demonstrated that 
Na₂SO₄ promotes more AFt (ettringite) and suppresses AFm phases yet 
does not alter the fundamental C-(A)-S-H gel structure.

Comparable trends have been observed in LC3 systems. Hanpongpun 
and Scrivener [14] increased the alkali content of LC3-65 by adding 
KOH, raising the Na₂Oeq from 0.44% to 1.21%. This modification 
accelerated clinker hydration and improved early-age strength, with 
1-day strength increasing from 13 MPa to 16 MPa. However, the higher 
alkali level also led to reduced carboaluminate formation and lower 
strength development at later ages. Recent studies on white Portland 
cement suggest that this strength reduction is due to faster internal 
drying, limited pore saturation, and a lower degree of hydration at later 
ages [15]. Beyond hydroxides, other activators have shown promise. Dai 
et al. [16] showed that adding a small, optimized dose of sodium silicate 
(≈1 wt% Na₂O, silicate modulus ≈0.4) to LC3 significantly improves 
early-age performance. The activator reduced yield stress and enhanced 
flowability, while accelerating clinker hydration and synergistic re
actions with calcined clay and limestone. This led to up to 120% higher 
1-day strength compared to LC3 and a refined pore structure without 
compromising 28-day strength. In contrast, increasing the silicate 
modulus slows hydration and reduces strength development, while 
raising the alkali content to 2.5 wt% Na₂O additionally triggers U-phase 
formation, which further compromises long-term strength.

While most studies on alkali activation have focused on systems with 
moderate clinker contents, extremely low-clinker binders present 
unique challenges. In such systems, the limited availability of por
tlandite and the high alumina content of SCMs strongly influence reac
tion kinetics and phase assemblage, making early strength development 
particularly challenging. Sun et al. [17] showed that when clinker 
content drops below 50%, the metakaolin reaction becomes increasingly 
limited by the rapid depletion of portlandite (CH), leading to reduced 
strength development, particularly after the first few days. Adding 
portlandite restored its availability, enhanced metakaolin reaction and 
carboaluminate formation, and improved later-age strength, although 
this came at the cost of a higher CO₂ footprint. Complementary micro
structural evidence from Zunino and Scrivener [18] showed that 
although LC3-35 and LC3-25 develop a compact microstructure with 
substantial hemicarboaluminate and monocarboaluminate precipita
tion, their early-age (1–2 day) strength remains distinctly lower than PC 
due to their reduced clinker content. Nevertheless, both LC3 systems met 
the 7-day and 28-day strength classes used as the benchmark in their 
study, while highlighting that early-age reactivity remains a key limi
tation in low-clinker LC3 formulations.

Because class F fly ash is a low-calcium aluminosilicate SCM [19], 
which is closer in chemistry to calcined clays than slag, mechanistic and 
performance insights from high-volume fly ash hybrid cements are 
particularly relevant when discussing activator effects in low calcium 
hybrid systems. In this context, García-Lodeiro et al. [20] proposed a 
descriptive hydration model for hybrid alkaline fly ash cements typically 
formulated with ~70–80 wt% fly ash and ~20–30 wt% clinker. Their 
key point is that these binders do not behave as a simple superposition of 
“diluted Portland cement hydration” and “separately activated fly ash”; 
rather, hydration involves the concurrent development of 
calcium-bearing hydrate assemblages associated with clinker and alkali 
aluminosilicate-type reaction products controlling the evolving gel 
chemistry.

The need for acceleration in extremely low-clinker systems also 
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aligns with evidence from other hybrid binders, where activator chem
istry has been shown to strongly influence hydration pathways and early 
strength. Donatello et al. [21] studied a hybrid cement with ~80 wt% fly 
ash and ~20 wt% clinker activated by 4% Na₂SO₄. Addition of Na₂SO₄ 
accelerated alite hydration, shortened setting time, and improved early 
strength compared to a reference gypsum, while limiting ettringite 
formation. Alahrache et al. [22] studied a hybrid binder composed of 
70 wt% siliceous fly ash and 30 wt% Portland cement, activated with (K, 
Na)₂SiO₃, Na₂CO₃, Na₂-oxalate, and K₃-citrate. The addition of Na₂-ox
alate and (K,Na)₂SiO₃ significantly accelerated setting and improved 
early-age compressive strength, while high alkali concentrations were 
associated with reduced strength at later ages. Thermodynamic 
modeling indicated that elevated pH and ionic strength in the pore so
lution contributed to partial destabilization of ettringite, and XRD/TGA 
analyses showed lower ettringite content at 28 days in systems with 
higher alkali and aluminum concentrations, where increased aluminum 
uptake by C-S-H was expected.

García-Lodeiro et al. [5] investigated the early hydration kinetics of 
hybrid binders containing 30 wt% Portland cement and 70 wt% fly ash, 
comparing activation with NaOH + Na₂SiO₃ (pH ≈ 13.25) and Na₂CO₃ 
(pH ≈ 11.6). The authors reported that the type of activator significantly 
affected hydration kinetics and secondary phase formation. In both 
systems, the main reaction products were identified as mixtures of 
C–A–S–H and (N,C)–A–S–H gels, reflecting the interaction between 
clinker hydration and alkali activation of the aluminosilicate precursor.

Similarly, Xue et al. [4] examined hybrid alkali-activated binders 
containing 25 wt% Portland cement and 75 wt% supplementary pre
cursors, activated with NaOH and sodium silicate (3–5% Na₂O equiva
lent). They reported that systems with the highest fly ash content 
exhibited slower hydration kinetics due to the lower intrinsic reactivity 
of fly ash. However, microstructural analyses indicated the formation of 
a cementitious matrix composed mainly of C-(A)-S-H and N-A-S-H gels, 
and the authors observed that increasing the alkali dosage enhanced the 
reaction extent and compressive strength in these low-clinker hybrid 
systems.

Barboza-Chávez et al. [23] also highlight the relevance of combining 
fly ash with metakaolin within low-clinker hybrid concepts. In their 
work, hybrid cements containing 20% clinker and varying proportions 
of fly ash and metakaolin were activated using a mixture of sodium 
silicate and NaOH corresponding to a very high alkali content of 
approximately 16–18% Na₂Oeq relative to the binder. The authors re
ported that, under these alkaline conditions, the binders achieved me
chanical performance comparable to an OPC reference. They also 
reported the formation of a dense matrix with gel chemistries consistent 
with calcium-bearing hydrates and alkali aluminosilicate-type reaction 
products, indicating the coexistence of clinker hydration and alkali 
activation processes.

In parallel, Joseph et al. [24] investigated the chemical activation of 
hybrid low-clinker binders, in which Portland cement was partially 
replaced by high volumes of fly ash, focusing mainly on mixtures con
taining 50 wt% fly ash and 50 wt% cement, with additional systems 
reaching 60 wt% fly ash replacement. In non-activated blends, 
increasing fly ash content reduced compressive strength due to the low 
reactivity of fly ash, with the 50% FA mixture reaching about 33 MPa at 
28 days compared with about 62 MPa for OPC. However, activation with 
Na₂SO₄ solutions (0.75–0.98 M) significantly enhanced the reactivity of 
the system, increasing the 28-day strength of the 50% FA blend to 
approximately 64–66 MPa, comparable to the OPC reference. Even at 
60% fly ash replacement, Na₂SO₄ activation resulted in strengths around 
52 MPa at 28 days.The improvement was associated with higher bound 
water content, pore refinement, and changes in hydration products, 
including reduced portlandite and AFm phases together with increased 
ettringite formation.

Beyond composition alone, activator addition methods for solid salts 
have also been investigated. Fernández-Jiménez et al. [25] studied 
binders containing 50% wt% fly ash with 50% wt% cement activated 

with Na₂SO₄, explicitly comparing Na₂SO₄ added dissolved in the mixing 
water versus ground in solid form with the fly ash. While both methods 
resulted in similar long-term performance, the solid-state addition led to 
slightly higher early strength.

Despite growing interest in clinker reduction, research on ultra-low 
calcium and hybrid binder systems remains limited. Most existing 
studies focus on systems with moderate clinker content, while ultra-low 
clinker systems i.e., those with less than 30% clinker have not been 
thoroughly investigated. Moreover, the influence of different alkali 
types at equivalent alkali levels, and the effect of varying alkali contents, 
are not well understood. The influence of method of alkali incorpora
tion, whether dry-mixed or pre-dissolved, also remains an underex
plored variable, despite its potential impact on hydration kinetics and 
strength development. Additionally, few studies have integrated me
chanical performance with detailed microstructural characterization, 
leaving a gap in understanding the mechanisms governing strength 
evolution in these systems.

This study investigates the performance and hydration behavior of a 
hybrid binder system containing 25% Portland cement, 50% calcined 
clay, and 25% limestone. Three alkali activators including sodium sul
fate, sodium carbonate, and sodium metasilicate are evaluated at 
different alkali equivalent levels. Two reference systems were used for 
performance evaluation: a non-activated calcined clay composite 
cement and a blend containing 25 wt% Portland cement and 75 wt% 
limestone. The influence of activator mixing method (dry vs. pre- 
dissolved) is also examined.

The binder composition consisting of 25 wt% Portland cement, 50 wt 
% calcined clay, and 25 wt% limestone was selected to establish an 
ultra-low-clinker system in which hydration behavior is governed by the 
balance between calcium availability, reactive aluminosilicate content, 
and carbonate supply. The clinker fraction was intentionally limited to 
25% to investigate hydration under conditions of restricted calcium 
availability. Compared with systems containing higher clinker contents, 
reduced portlandite availability increases the sensitivity of reaction 
pathways to pore solution chemistry and external alkali supply, allowing 
activator-specific effects to be more clearly distinguished.

A high calcined clay content (50%) was adopted to ensure a sub
stantial supply of reactive alumina and silica, thereby promoting sig
nificant secondary reactions. Increasing the SCM fraction strengthens 
the chemical demand for calcium and amplifies the sensitivity of hy
dration pathways to changes in activator chemistry. The limestone 
content (25%) provides a defined carbonate background relative to the 
alumina supplied by the calcined clay. The 2:1 clay-to-limestone mass 
ratio follows proportions commonly adopted in LC³ -type binders and 
has been shown to provide sufficient carbonate relative to reactive 
alumina to influence AFm phase development [26]. In the present work, 
this proportion was selected to ensure that carbonate availability does 
not become a limiting variable in hydrate evolution, allowing differ
ences in phase assemblage and strength development to arise primarily 
from calcium availability and activator chemistry.

Because the extensive clinker dilution reduces the intrinsic alkali 
content of the binder to approximately 0.1 wt% Na₂Oeq, substantially 
below conventional Portland cement and typical LC3 systems [27], 
external alkali addition becomes necessary to sustain pore solution 
alkalinity and promote early reactions. Previous LC3 studies have 
explored moderate alkali adjustments around 0.8–1.2 wt% Na₂Oeq [14], 
but those systems retain higher clinker fractions and buffering capacity 
than the present formulation. Accordingly, an alkali level of 1.5 wt% 
Na₂Oeq was selected as a moderate alkalinity restoration level sufficient 
to enhance early hydration while remaining below typical 
alkali-activated binder dosages. A higher level of 3 wt% Na₂Oeq was 
included to explore the transition toward alkali-activation behavior. 
Alkali-activated systems commonly employ Na₂O contents beginning 
around 2–4 wt% and extending higher [6,28], so 3 wt% represents an 
approximate lower-bound activation regime that allows investigation of 
alkali effects without reaching strongly alkaline geopolymer conditions.
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To investigate how activator chemistry influences hydration and 
strength development, three sodium-based activators were selected 
based on their distinct chemical roles and relevance to hybrid binder 
systems: sodium sulfate (Na₂SO₄), sodium carbonate (Na₂CO₃), and so
dium metasilicate (Na₂SiO₃). These activators introduce different 
anionic species (SO₄²⁻, CO₃²⁻, and SiO₃²‾), enabling assessment of how 
alternative reaction pathways affect phase assemblage and microstruc
tural evolution. Sodium sulfate represents sulfate-controlled activation 
and can accelerate hydration [9] while promoting ettringite formation 
and influencing AFt/AFm equilibria in alumina-rich systems [24]. So
dium carbonate represents carbonate-controlled activation; in calcined 
clay–limestone systems, carbonate ions participate in calcium–alumi
nate reactions leading to hemicarbonate and monocarbonate formation, 
which contribute to matrix densification and porosity refinement [29]. 
Sodium metasilicate represents silicate-controlled activation and sup
plies soluble silicate species that can directly influence C–(A)–S–H for
mation and early hydration kinetics [16], particularly in binders with 
limited clinker-derived silicate.

Together, the selected binder proportions, activator types, and alkali 
levels create a system in which calcium availability is intentionally 
limited and pore solution chemistry is externally controlled. Under these 
conditions, differences in hydration kinetics, phase assemblage, and 
strength development can be directly related to the type and amount of 
added activator. By evaluating the activators at identical Na₂Oeq levels, 
the influence of the accompanying anions (SO₄²⁻, CO₃²⁻, and SiO₃²‾) can 
be compared under consistent conditions, while recognizing that the 
optimal dosage for each activator may differ in practice.

A multi-technique approach including compressive strength testing, 
isothermal calorimetry, X-Ray diffraction (XRD), thermogravimetric 
analysis (TGA), mercury intrusion porosimetry (MIP), Bru
nauer–Emmett–Teller specific surface area analysis (BET), and dynamic 
vapor sorption (DVS) employed to establish a clear connection between 
mechanical performance and hydration behavior. By integrating these 
methods, the research aims to provide a deeper understanding of how 
different alkalis and mixing methods influence both the microstructural 
evolution and strength development of ultra-low clinker hybrid binders.

The goal of this study is to answer following key research questions: 

• How does a low-clinker hybrid binder system (<25% clinker) 
perform in terms of early and long-term strength compared to 
reference systems, and what mechanisms govern this behavior?

• What is the impact of alkali activator mixing method (dry vs. pre- 
dissolved) on mechanical performance?

• How do Na₂SO₄, Na₂CO₃, and Na₂SiO₃ affect the hydration kinetics of 
ultra-low clinker calcined clay-based binders?

• Do these activators differ in their impact on strength development? If 
so, what mechanisms, such as changes in porosity or phase assem
blage, explain these differences?

2. Materials and methods

2.1. Materials

2.1.1. Raw materials
The binder system used in this study includes industrial Portland 

cement (CEM I 52.5 R), calcined clay, and limestone. The chemical 
compositions and mineralogical compositions of the raw materials were 
determined by X-ray fluorescence (XRF) and X-ray diffraction (XRD), 
respectively, and are summarized in Tables 1 and 2. Component den
sities used for binder volume calculations are summarized in Table S1.

2.1.2. Chemicals
Three alkali activators were selected to investigate their influence on 

hydration and mechanical performance including sodium sulfate deca
hydrate (Na₂SO₄.10H2O), sodium carbonate anhydrous (Na₂CO₃), and 
sodium metasilicate pentahydrate (Na₂SiO₃.5H2O). The sodium 

metasilicate used in this study was a laboratory-grade solution, distinct 
from commercial water glass, which typically contains higher silica 
content.

2.2. Experimental design

This study investigates hybrid cementitious systems based on a fixed 
binder ratio of 25% CEM I, 50% calcined clay, and 25% limestone, 
corresponding to a 1:2:1 ratio of CEM I: calcined clay: Limestone by 
mass. Two reference systems were included to isolate the effects of 
supplementary cementitious materials (SCMs) and alkali addition: A 
limestone-rich reference (REF-L75) containing 25% CEM I, and 75% 
limestone and a ternary SCM reference (REF-CC50) with 25% CEM I, 
50% calcined clay, and 25% limestone without alkali activator. Three 
alkali activators, sodium carbonate (NC), sodium sulfate decahydrate (N 
$), and sodium metasilicate pentahydrate (NSi), were incorporated at 
alkali equivalent levels (Na₂Oeq) of 1.5%, and 3.0%, relative to the total 
binder mass. In case of sodium sulfate, three additional alkali levels of 
0.5%, 1.0%, and 2.0% were also studied. Sodium carbonate and sodium 
sulfate were introduced using two methods: one approach was pre- 
dissolving in water and the other was dry-mixing with the binder. For 
consistency in comparison, the activator percentages reported in 
Table S1 represent the solid content of each compound. For sodium 

Table 1 
Chemical composition of the raw material determined by XRF (wt%).

CEM I 52.5 R Calcined clay Limestone

LOI 1050 ◦C 1.58 2.36 42.08
SiO2 20.36 60.24 1.98
Al2O3 5.56 25.79 0.53
TiO2 0.28 1.26 0.04
MnO 0.05 0.00 0.05
Fe2O3 2.39 8.87 0.30
CaO 62.17 0.98 54.10
MgO 1.66 0.24 0.61
K2O 0.90 0.17 0.08
Na2O 0.16 0.00 0.00
SO3 3.90 0.05 0.11
P2O5 0.10 0.02 0.01
total XRF - 1050 ◦C 99.10 99.99 99.87

Table 2 
Mineralogical compositions of the raw material (wt%).

CEM I 52.5 R Calcined clay Limestone

C3S (M1) 14.6 - -
C3S (M3) 39.7 - -
C3S (total) 54.3 - -
C2S (beta) 17.8 - -
C2S (alpha) 1.9 - -
C2S (total) 19.8 - -
C3A (cub) 7.7 - -
C3A (ortho) 3.5 - -
C3A (total) 11.1 - -
C4AF 5.3 - -
Free lime 0.1 - -
Portlandite 0.4 - -
Periclase 0.7 - -
Arcanite 1.3 - -
Aphthitalite 0.4 - -
Anhydrite 2.1 - -
Hemihydrate 2.3 ​ ​
Quartz 0.3 27.4 0.9
Calcite 1.9 1 95.9
Dolomite - - 2
Magnesite - - 0.3
Muscovite-2M1 - - 0.9
Microcline max - 2.3 -
Hematite - 5.8 -
Anatase - 0.7 -
Amorphous content - 62.8 -

H. Miraki et al.                                                                                                                                                                                                                                  Construction and Building Materials 521 (2026) 146166 

4 



sulfate decahydrate and sodium metasilicate pentahydrate, the actual 
mass added was recalculated to achieve the target solid fraction, ac
counting for their crystalline water. This water was considered in the 
total mixing water, and the remaining water was adjusted so that all 
mixtures maintained a constant water-to-binder ratio of 0.50 by mass.

The experimental program was structured as follows: 

• Mechanical performance was evaluated for all activator types, dos
ages, and mixing methods mentioned in Table S1

• Microstructural characterization (XRD, TGA, MIP, DVS) was focused 
on both reference systems and all three alkali activated systems with 
1.5% Na₂Oeq, to reduce experimental effort while capturing repre
sentative trends.

The full testing matrix is presented in Table S1, and a schematic 
overview of the experimental matrix is shown in Fig. 1. Mix codes follow 
a structured format: the first letters indicate the activator type (e.g., N$ 
= sodium sulfate, NC = sodium carbonate, NSi = sodium metasilicate). 
The first number denotes the target Na₂Oeq coming from each activator, 
as wt% of binder. Since CEM I content is fixed and consistently provides 
~0.1% Na₂Oeq, this does not affect comparability across mixes. The final 
letter specifies the incorporation method (P = pre-dissolved, D = dry- 
mixed). Additional suffixes describe storage conditions before casting: 
24 h indicates dry-mixed blends stored < 24 h under standard lab 
conditions, whereas Lab denotes storage for less than one month.

2.3. Mortar and paste preparation

Mortar binders were prepared using a water-to-binder (w/b) ratio of 
0.50 and a binder-to-sand ratio of 1:3 by mass. Mixing was conducted in 
accordance with EN 196–1 [30]. A rest interval was included during 
which manual mixing was performed to ensure homogeneity.

Alkali activators were incorporated either by pre-dissolving them in 
the mixing water or by dry blending with the binder prior to water 
addition. For sodium sulfate decahydrate, two dry mixing conditions 
were investigated: (i) casting within 24 h after mixing, and (ii) delayed 
casting after storing the dry blend for one month.

Paste samples were prepared at a water-to-binder ratio (w/b) of 0.50. 
Compressive strength testing showed no significant difference between 
pre-dissolving and dry-mix addition for sodium carbonate and sodium 
sulfate decahydrate when samples were cast within 24 h; therefore, the 
dry-mix addition approach was selected for both activators. For sodium 
metasilicate pentahydrate, only the pre-dissolved addition method was 
employed, as this was the sole addition route investigated for this acti
vator. All pastes were mixed using an IKA T 50 Ultra-Turrax laboratory 
disperser equipped with a steel-rod stirrer. The mixing protocol con
sisted of 1 min of mechanical mixing at approximately 3000 rpm, fol
lowed by a 30 s rest period with manual stirring, and a final 1 min of 

mechanical mixing at a higher speed.
Fresh pastes were cast into cylindrical plastic containers (35 mm 

diameter) and sealed with a lid and parafilm to minimize air exposure. 
Samples were stored at 20 ◦C until further processing. For analytical 
purposes, the central portion of each paste sample was used to avoid 
edge effects. Fresh disk specimens (without hydration stoppage) were 
used for dynamic vapor sorption (DVS) analysis. To investigate hydra
tion products, additional samples were subjected to hydration stoppage. 
Hydration was stopped using an isopropanol-based solvent-exchange 
procedure with a subsequent petroleum ether rinse, adapted from pub
lished protocols [31,32]. The exact amounts used in this study include 
10 g of material passed through 2 mm sieve and retained on 1 mm sieve, 
which was immersed in 150 mL of isopropanol for 10 min, followed by 
filtration and a 1-minute wash with petroleum ether. The same pro
cedure was applied to the fraction passing the 1 mm sieve, using 15 g of 
material in 200 mL of isopropanol, followed by petroleum ether wash 
with equal volume. All solvent-treated samples were stored in vacuum 
desiccators at 20 ◦C for a period ranging from 4 days up to 1 week prior 
to measurement. After stoppage, the > 1 mm fraction was used for 
mercury intrusion porosimetry (MIP), while the < 1 mm fraction was 
ground to < 63 µm for XRD, XRF, TGA, and BET surface area analysis.

2.4. Experimental methods

2.4.1. Compressive strength testing
Mechanical performance was evaluated using prismatic mortar 

specimens measuring 40 × 40 × 160 mm, in accordance with EN 196–1 
[30]. After mixing and molding, specimens were cured at 20 ± 1 ◦C and 
≥ 90% RH until testing. Compressive strengths were determined on 
prism halves, and the average compressive strength was reported. Tests 
were performed at 2, 7, 28, and 90 days using a calibrated testing 
machine.

2.4.2. Isothermal calorimetry
Isothermal heat flow calorimetry was performed using a 3rd-genera

tion TAM Air calorimeter (TA Instruments) equipped with eight inde
pendent measurement channels, maintained at 20 ◦C. For each test, 
6.00 g of dry binder were weighed into a 20 mL glass ampoule and 
combined with 3.00 g of deionized water (w/b = 0.50). Ampoules were 
immediately sealed, handled only at the neck to avoid thermal distur
bances, and homogenized for approximately 30 s on a shaker. Each 
sample channel was paired with its own sealed empty reference 
ampoule. Heat flow and cumulative heat release were recorded 
continuously for 7 d at a measurement interval of 57 s. Results are re
ported per gram of binder (cement, SCMs, and activator solids) without 
additional normalization. For comparison, calorimetry results expressed 
per gram of cement are included in the Supplementary Material.

2.4.3. Thermogravimetric analysis (TGA)
Thermogravimetric analyses were performed using a NETZSCH 209 

F1 Libra system equipped with a QMS 403 D quadrupole mass spec
trometer. Approximately 30 ± 2 mg of material was placed in open 
crucibles and heated under a nitrogen atmosphere. The temperature was 
increased from ambient conditions to 950 ◦C at a constant ramp of 
20 ◦C/min.

Quantification of bound water and portlandite was based on mass 
loss observed between 50–550◦C and 380–500◦C respectively, applying 
Eq. (1) [33] and (2) [32]: 

BW (wt.%) =
M50℃ − M550℃

M550℃
∗ 100% (1) 

CH (wt.%) =
CHTG.MCH/MH2O

M600℃
∗ 100% (2) 

In this context, BW refers to the bound water content, and CH rep
resents the portlandite fraction as wt% of the dry binder (M600◦C). CHTG Fig. 1. Schematic overview of the experimental matrix.
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is the loss of water as a percentage of the initial sample mass attributed 
to calcium hydroxide decomposition. MCH, and MH2O represent the molar 
masses of portlandite and water which are 74, and 18 g⋅mol− 1, respec
tively. The weight at 600◦C (M600◦C) was used as a reference point for 
quantifying portlandite contents. The tangent method was employed to 
determine CHTG values. Total pore volume changes during hydration 
were also derived from TGA data using Eq. (3) [33]. Unreacted or free 
water, remaining from the original mixing process, was calculated and 
expressed relative to the initial paste volume. Changes in total volume 
due to autogenous (chemical) shrinkage were not included; since 
chemical shrinkage generates additional pore space, the calculated 
porosity therefore represents a lower-bound estimate of the true pore 
fraction. 

P (Vol.%) =
VPore

VWater + VBinder
∗ 100% =

VWater −
BW∗mBinder

ρBW∗ 100%

VWater +
mBinder
ρBinder

∗ 100%

(3) 

Here, P is the pore volume %, Vwater and Mwater refer to the volume 
and mass of mixing water (with Vwater assumed to equal Mwater under a 
density of 1 g/cm³), VBinder and MBinder are the volume and mass of 
whole binder, and BW is the bound water measured at a given time. The 
density of chemically bound water was taken as 1.3 g/cm³ , as 
commonly assumed in literature [34]. Binder volume was calculated 
from the true density of each raw powder component, using a rule of 
mixtures [35]: 

ρbinder =
mbinder
∑

i
(mi

ρi
)

(4) 

VBinder =
mBinder

ρBinder
(5) 

where mi is the mass fraction of component i in the binder and ρi its true 
density. For hybrid systems, sodium carbonate and sodium sulfate were 
included in the binder mixture density, while sodium metasilicate was 
treated as a dissolved species and excluded from the binder volume; its 
carrier water was added to the mixing water. Component densities are 
summarized in Table S2 in the Supplementary Material section.

2.4.4. X-ray diffraction (XRD)
X ray diffraction (XRD) was used to characterize the crystalline phase 

assemblages in hydration-stopped and in-situ paste samples. Hydration- 
stopped samples were analyzed using a Bruker D8 Endeavor diffrac
tometer equipped with an 8 mm stainless-steel front-loading sample 
holder, while in situ samples were measured using a Bruker D8 Advance 
diffractometer operated with a 15 mm front-loading holder.

Hydration-stopped samples were prepared by solvent exchange and 
subsequently stored in a vacuum desiccator. Before analysis, they were 
finely ground, sieved to < 63 µm, and homogenized. In-situ samples 
were prepared as sawn slices, mounted in the recessed holder with a 
support medium, and aligned so that the specimen surface was flush 
with the holder edge.

Measurements on the D8 Endeavor were performed in continuous 
scan mode from 4.0◦ to 72.0◦ 2θ, using a step size of 0.019◦ 2θ and an 
integration time of 0.6 s per step. A Cu Kα radiation source (λ =
1.5406 Å) was operated at 40 kV and 40 mA, and diffraction data were 
collected using a LYNXEYE position-sensitive detector. Samples were 
rotated at 15 rpm during acquisition to reduce preferred-orientation 
effects. Measurements on the D8 Advance were conducted in contin
uous coupled θ–2θ geometry over 4.0–72.0◦ 2θ, with a step size of 
0.020◦, using Cu Kα radiation (λ = 1.5406 Å) at 40 kV and 40 mA.

2.4.5. Mercury intrusion porosimetry (MIP)
Mercury intrusion porosimetry (MIP) was carried out using a Pascal 

140/440 porosimeter system. Hydration was stopped with isopropanol 

and the material was gently crushed and sieved to obtain 1–2 mm 
fragments. To ensure complete removal of residual solvent before MIP 
measurement samples were placed in a desiccator at approximately 
200–300 mbar for 7 days before measurement. Although crushing can 
generate artificial microcracks that slightly coarsen the measured pore 
structure [36] and sample preparation may also introduce micro
cracking through drying-related damage [37], these effects occurred 
uniformly across all mixtures and therefore did not bias the comparative 
analysis. Low-pressure (Pascal 140) and high-pressure (Pascal 440, up to 
400 MPa) intrusion curves were recorded and corrected using the cor
responding dilatometer blank file. The two pressure ranges were then 
combined, and the intrusion data were converted to pore diameter using 
the standard Washburn equation with a mercury contact angle of 140◦

and a surface tension of 0.48 N/m. Pore size distributions were obtained 
from the first derivative of the cumulative intrusion curve using the 
instrument’s default smoothing routine. For very early-age samples 
exhibiting anomalously high low-pressure intrusion, only the 
high-pressure segment was used for interpretation.

MIP was used to characterize the pore structure through analysis of 
total intruded porosity and pore size distributions (PSDs). The total 
porosity obtained from MIP provides a measure of the fraction of the 
pore network accessible to mercury intrusion, while the PSDs describe 
the distribution of this porosity across different pore size ranges. The 
critical pore diameter (CPD) was used as a characteristic parameter of 
pore structure. CPD is defined as the pore diameter corresponding to the 
main peak in the differential intrusion curve above the gel-related pore 
range and represents the most frequent pore entry size controlling 
mercury intrusion. This parameter was extracted from the differential 
intrusion curves for each sample.

While CPD provides information on the dominant pore entry size, it 
does not describe how porosity is distributed within the accessible pore 
network. To compare differences in pore structure across binders, the 
fraction of pores accessible to mercury intrusion was evaluated using 
two pore-size windows, 20 nm–5 µm and 50 nm–5 µm. This analysis 
focuses on the coarser part of the pore network measured by MIP, while 
reducing the contribution from finer gel-scale porosity. The lower cutoff 
of 20 nm was selected as a conservative threshold to limit the influence 
of gel-related pores, while the 50 nm cutoff was chosen following the 
pore size distribution interpretation proposed by Muller and Scrivener 
[38], in which the valley between finer and coarser pore populations is 
used as a practical boundary. Pores larger than 5 µm were excluded from 
this analysis, as their contribution was negligible for all samples and 
such features are more likely associated with entrapped air or sample 
preparation effects rather than intrinsic hydration-related porosity.

For each pore-size window, the intruded pore volume was obtained 
from the cumulative mercury intrusion curve by subtracting the cumu
lative intrusion volume at the upper bound from that at the lower bound. 
The resulting volume was normalized by the total intruded pore volume 
measured by MIP and multiplied by the total MIP porosity to express the 
results as a percentage of material volume.

In addition, for the 50 nm–5 µm window, the pore volume was 
further subdivided relative to the critical pore diameter. The fractions of 
pores finer than the CPD and larger than the CPD were quantified to 
assess the distribution of the pore population with respect to the 
dominant pore entry size.

2.4.6. Dynamic vapor sorption (DVS)
Dynamic vapor sorption measurements were conducted using a DVS 

Adventure gravimetric sorption analyser (Surface Measurement Sys
tems). Powdered paste samples (~30 mg) were loaded into stainless- 
steel pans. All experiments were performed at a controlled incubator 
temperature of 20 ◦C, with temperature stability confirmed by the 
measured incubator trace. Nitrogen was used as the carrier gas, and the 
total gas flow rate was maintained at 400 sccm (standard cubic centi
meters per minute) during all runs. A data-logging interval of 60 s was 
used.
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The humidity program began at 98% RH, followed by stepwise 
desorption to 5% RH, subsequent re-adsorption up to 60% RH, and a 
final desorption step at 5% RH.

Relative humidity steps were controlled using a mass-change rate 
equilibrium criterion: Each RH step was held until the mass-change rate 
fell below 0.00025% min⁻¹ for at least 10 min. Total measurement time 
was approximately 10–12 days per run.

For the sodium sulfate decahydrate measurement, the same instru
ment was used, and temperature control, carrier gas, and data-logging 
conditions were identical to the cement samples. The sample was sub
jected to a stepwise RH from 98% to 0% and 0–98% back again, with 
each humidity step held until the mass change rate stabilized (minimum 
stage time 5 min, maximum 360 min, and a stability-duration setting of 
10 min), and steady-state mass values determined from the final mea
surements at each setpoint.

2.4.7. BET N2 and BET Vapor
Specific surface area was measured by nitrogen adsorption at 77 K 

using a NOVA Touch NT4LX-1 (Quantachrome) analyser with TouchWin 
software. Samples (<63 µm) were outgassed under vacuum at 80 ◦C for 
90 min after reaching temperature to remove adsorbed moisture. 
Adsorption–desorption isotherms were recorded automatically, and the 
multi-point BET surface area was calculated using the instrument soft
ware, assuming a nitrogen molecular cross-section of 0.162 nm² [39].

BET–H₂O specific surface area was determined from dynamic vapor 
sorption (DVS) data using the adsorption branch. The water uptake was 
defined relative to a reference dry mass (Eq. 6) following the common 
practice of normalizing sorbed water to a low-RH dry reference [40], In 
this study, the mass at 5% RH was used as a consistent reference state. 

u =
m − m5%

m5%
g
/

g (6) 

where m is the equilibrium sample mass at a given relative humidity 
(RH), and m5% is the equilibrium mass at 5% RH. The BET equation was 
applied in its linearized form [40,41]: 

Y =
x

u(1 − x)
, x =

RH
100

(7) 

Linear regression of Y versus x was performed over the RH range of 
20–40%, which consistently yielded high linearity. From the slope (s) 
and intercept (i) of the regression, the BET monolayer capacity uₘ and 
BET constant C were calculated as [40,41]: 

uₘ =
1

(s + i)
(8) 

C = 1+
S
i

(9) 

The specific surface area (SSA) was calculated as [41]: 

SSA = uₘ ×
Nₐ × σ

M
(10) 

with Nₐ Avogadro’s number, M the molar mass of water, and σ 
= 0.114 nm² the molecular cross-sectional area of water molecules 
(converted to m2 in calculations). This value of σ is consistent with 
recent applications of water-BET to cementitious systems [39,42]. 
Following the validity criteria for BET analysis proposed by Rouquerol 
et al. [41], only fits exhibiting high linearity within the selected pressure 
range were considered. In the present study, all selected fits showed R² 
≥ 0.97, indicating a high degree of linearity of the BET plots. As further 
noted by Rouquerol et al. [41], both the slope and intercept of the BET 
plot must be positive to ensure physically meaningful parameters. This 
requirement was fulfilled for all regressions in the present study, 
resulting in positive BET constants (C > 0). In addition, all calculated C 
values were greater than 2 [43], which further supports that the BET 

analysis was applied within a physically meaningful regime and that a 
well-defined monolayer region was obtained.

3. Results

3.1. Mechanical properties

3.1.1. Effect of alkali activator type and dosage on compressive strength
The compressive strength evolution of the reference system and 

alkali-activated systems (alkali pre-dissolved in water) is presented in 
Fig. 2. A comparison between REF-L75 and REF-CC50 reveals that the 
incorporation of 50% calcined clay has limited influence on early-age 
strength, with values increasing from 5.2 MPa to 7.2 MPa at 2 days. 
This reflects the slower kinetics of the pozzolanic reaction relative to the 
hydration of Portland cement, which typically dominates early-age 
strength development. However, by 28 days, the contribution of the 
pozzolanic reaction becomes more pronounced, with strength increasing 
to 25.8 MPa.

The effect of alkali activation varies significantly depending on the 
type and dosage of activator. At a low dosage (1.5% Na₂Oeq), Na2SiO3 
enhances early strength to 10.9 MPa, but this improvement is accom
panied by a substantial reduction in compressive strength at 28 days 
(≈-40%). Increasing the activator dosage to 3% Na₂Oeq for Na2SiO3 re
sults in strength reduction across all studied ages. The Na2CO3-activated 
system could not be demolded after 24 h due to insufficient strength and 
required an extended curing period before demolding at 3 days. Both 
dosages of Na2CO3 resulted in strength reduction at all studied ages in 
comparison to REF-CC50.

In contrast, Na2SO4 exhibits a more favorable performance. At 2 
days, compressive strength increased from 7.2 MPa (REF-CC50) to 
18.8 MPa (+160% improvement). Although a slight reduction was 
observed at 28 days (from 25.8 MPa to 22.8 MPa), this decrease is the 
smallest among all activators tested.

3.1.2. Effect of pre-dissolving vs. dry mixing on compressive strength
Fig. 3 shows the influence of the activator incorporation method, 

pre-dissolution in water versus dry mixing with the binder, for Na₂CO₃ 
and Na₂SO₄ on compressive strength. The compressive strength results 
revealed negligible differences between the two methods in the case of 
Na₂CO₃. In contrast, for Na₂SO₄, dry mixing led to a significant reduction 
in strength compared to pre-dissolution. This behavior is attributed to 
the use of sodium sulfate decahydrate (Na₂SO₄⋅10H₂O), which may 
partially release its crystalline water when in contact with the hydro
philic surfaces of cement particles during dry storage, promoting pre
mature hydration and reducing the effective mixing water available 
during casting.

To test this hypothesis, dynamic vapor sorption (DVS) analysis was 
conducted on Na₂SO₄⋅10H₂O. The results, shown in Fig. 4, demonstrated 
a significant mass loss when relative humidity dropped below 70%, 
indicating that Na₂SO₄⋅10H₂O begins to release crystalline water under 
typical laboratory conditions (RH < 70%). Although DVS operates under 
dynamic conditions that differ from static storage, the strength results 
and visual observations during mixing support this interpretation. Spe
cifically, dry-mixed systems exhibited noticeably lower workability. 
This suggests that a portion of the crystalline water had already evap
orated prior to mixing, resulting in an effective water deficit during 
mortar preparation. While workability was not quantitatively measured 
in this study, the reduction was clearly observed during mixing.

To mitigate this issue, a revised protocol was implemented in which 
Na₂SO₄⋅10H₂O was dry-mixed with the binder, sealed, and stored for less 
than 24 h before casting. In parallel, pre-dissolved systems were pre
pared at varying alkali-equivalent levels. Additional mixes with alkali 
equivalents of 0.5%, 1%, and 2% were included in this validation study 
to confirm that the observed trends were consistent across a broader 
dosage range. As shown in Fig. 5, when the activator was dry-mixed and 
cast shortly after preparation, the resulting strengths were very similar 
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to those obtained under pre-dissolution conditions.

3.2. Reaction kinetics from isothermal calorimetry

3.2.1. Influence of alkali type, dosage, and mixing method
For the reference REF-CC50 mix, isothermal calorimetry (Fig. 6a) 

revealed a delayed and suppressed alite (C₃S) peak, followed by a broad 
aluminate (C₃A) peak. The addition of Na₂SiO₃ significantly altered this 
hydration pattern (Fig. 6a). At a dosage of 1.5% Na₂Oeq, the first calo
rimetric peak shifted to within the first hour and increased in intensity 
from ~1.4 mW/g to ~2.8 mW/g, indicating accelerated early hydra
tion. The second peak, associated with aluminate reactions, also inten
sified. At a dosage of 3.0% Na₂Oeq, the silicate peak was delayed (in 
comparison to the lower dosage) to ~2 h but intensified to ~5.8 mW/g. 
Despite these kinetic differences, cumulative heat measurements after 7 
days were similar across both dosages (Fig. 6b).

Na₂CO₃-activated systems with 1.5% and 3.0% Na₂Oeq exhibited 

prolonged induction periods, with no distinctive calorimetric peak for 
the first two days (Fig. 6c). The timing of the first calorimetric peak was 
influenced by both the Na₂CO₃ dosage and the method of its addition 
(pre-dissolved or dry-mixed). The method of Na₂CO₃ addition caused 
additional shifts in peak timing; however, the direction of this effect was 
not consistent across dosages. At lower Na₂CO₃ contents, dry mixing 
resulted in a slightly earlier peak, whereas at higher contents it led to a 
slightly later peak compared with pre-dissolving (Fig. 6c). In all cases, 
these differences were limited to a few hours and were small relative to 
the overall induction period of > 50 h. This indicates that while Na₂CO₃ 
dosage has a clear influence on reaction delay, the addition method 
mainly affects early-age processes and does not bring a dominant or 
systematic control over the overall reaction kinetics. Cumulative heat 
measurements of both dosages after 7 days were less than the REF-CC50 
(Fig. 6d).

The addition of Na2SO4 at 1.5% and 3.0% Na₂Oeq (pre-dissolving) 
resulted in a more intense first calorimetric peak (~7 mW/g) occurring 

Fig. 2. Compressive strength development of mortar samples activated with different alkali types and dosages. All activators were pre dissolved in the mixing water. 
Strength testing at 90 days was conducted only for mixtures with the lower activator dosages.

Fig. 3. Effect of activator incorporation method including pre dissolution 
versus dry mixing on the compressive strength of mortar samples.

Fig. 4. Mass change of sodium sulfate decahydrate (Na₂SO₄⋅10H₂O) during 
desorption–adsorption cycles under varying relative humidity.
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at approximately 6.5 h, without a noticeable earlier onset compared 
with the REF-CC50 system (Fig. 6e). When Na2SO4 was pre-dissolved, 
both 1.5% and 3.0% Na₂Oeq dosages produced cumulative heat values 
after 7 days comparable to those of the REF-CC50 system. The calori
metric response of the Na₂SO₄ system was also highly sensitive to the 
mixing and storage protocol. At 1.5% Na₂Oeq, when the dry-mixed 
binder was stored for more than 24 h prior to casting, the main hydra
tion peak was significantly delayed and suppressed (Fig. 6e). At the 
higher Na₂Oeq dosage of 3.0% Na₂Oeq, dry mixing followed by storage 
for more than 24 h resulted in a much stronger inhibitory effect. The 
calorimetric signal was drastically suppressed, showing a broad, low- 
intensity peak (<1 mW/g) between approximately 1 and 6 h (Fig. 6e). 
The cumulative heat release in this case was less than 40 J/g, the lowest 
among all tested systems (Fig. 6f). The 1.5% Na₂Oeq dry-mixed system 
also exhibited low cumulative heat release, only slightly higher than that 
of the 3.0% system, confirming that extended dry storage significantly 
suppresses hydration. In both systems containing 1.5% and 3% Na₂Oeq, 
when the dry-mixed Na₂SO₄⋅10H₂O binder was cast within 24 h, the 
overall shape of the calorimetric curve was comparable to that of their 
corresponding pre-dissolved systems; however, the onset and maximum 
of the silicate peak were delayed by a few hours and the peak intensity 
was lower. This behavior is likely attributed to the dry addition of so
dium sulfate, which requires dissolution of sodium oxide and sulfate 
after water addition, resulting in a slower availability of alkalinity and 
sulfate ions compared to the pre-dissolved condition.

Fig. 6g presents the heat flow during the first 30 min after water 
addition. The REF-CC50 paste shows a pronounced initial exothermic 
peak. A similar early peak (about 40 mW/g) is observed when Na₂SO₄ is 
introduced as a pre-dissolved solution. In contrast, when Na₂SO₄⋅10H₂O 
is introduced as a dry solid, the initial signal is strongly reduced. For the 
freshly prepared dry-mixed binders (cast within 24 h), the early signal 
decreases to about 6 mW/g at 1.5% Na₂Oeq and becomes net endo
thermic at 3.0% Na₂Oeq (minimum around − 10 mW/g). After prolonged 
dry storage, the initial signal becomes very small, with a small positive 
response at 1.5% Na₂Oeq (≈10 mW/g) and close to zero at 3.0% Na₂Oeq.

3.3. Microstructural characterization

3.3.1. Bound water and portlandite quantification by TGA
Fig. 7 presents the bound water (BW) contents measured at 2, 7, 28, 

and 90 days for all investigated systems. In this study, BW was quanti
fied from TGA using the mass loss between 50–550 ◦C, as described in 
2.4.3. The full DTG curves for all binders are provided in Fig. S1. At all 

ages, the REF-L75 system exhibited the lowest BW content while the 
REF-CC50 system demonstrated significantly higher BW values. Spe
cifically, REF-L75 increased from approximately 6.1 wt% at 2 days to 
8 wt% at 90 days, whereas REF-CC50 ranged from 9.6 wt% to 12.4 wt% 
over the same period, confirming the higher overall degree of reaction in 
the calcined clay reference system. Among the alkali-activated systems, 
the Na₂SO₄-activated binder (N$-1.5-D-24 h) consistently exhibited the 
highest BW, particularly at early age (11.8 wt% at 2 days). The Na₂SiO₃- 
activated system (NSi-1.5-P) showed lower BW at 2 days (7.9 wt%) 
compared to REF-CC50 (9.6 wt%), despite exhibiting a 3–4 MPa higher 
compressive strength (Fig. 7). Across 2–90 days, NSi-1.5-P exhibited 
only minor variation in BW, ranging from 7.94 wt% at 2 days to 8.25 wt 
% at 90 days. Similarly, the Na₂CO₃-activated system showed a gradual 
increase in BW from 8.19 wt% at 7 days to 9.20 wt% at 90 days, indi
cating limited additional bound water formation after early hydration.

Portlandite evolution across the systems reflects distinct hydration 
and reaction mechanisms. In REF-L75, portlandite steadily increased 
over time (Fig. 8), indicating ongoing clinker hydration without sec
ondary consumption. In REF-CC50, portlandite was depleted by 7 days, 
consistent with rapid pozzolanic reaction between Ca(OH)₂ and reactive 
aluminosilicates from calcined clay. In alkali-activated systems, por
tlandite was absent at all ages.

3.3.2. Phase development by XRD
XRD analysis (Fig. 10) reveals the evolution of crystalline phases, 

providing evidence of how activator chemistry governs hydration 
pathways and phase assemblage development. For the REF-L75 system 
(CEM I + limestone), monocarbonate was identified across all ages 
(Fig. 10a). In the REF-CC50 system (calcined clay + limestone + CEM I), 
both hemicarbonate and monocarbonate were detected at early ages 
(Fig. 10b). In the Na₂SO₄-activated system (N$-1.5-D-24 h), strong 
ettringite reflections were observed at 2 days and persisted at later ages 
(Fig. 10c). The Na₂SiO₃-activated paste (NSi-1.5-P) exhibited a distinct 
reflection at 2θ ≈ 8.8◦ (Fig. 10d), which matches the diffraction pattern 
of a Na-substituted AFm (U-phase). In the Na₂CO₃-activated system, 
neither ettringite nor AFm-carbonates were detected in the hydration- 
stopped specimens by XRD (Fig. 9e). Additionally, no evidence of 
strätlingite (C₂ASH₈) was detected in the XRD patterns of any system.

3.3.3. Pore structure characterization
Fig. 10 compares the total porosity obtained from TGA with the total 

intruded porosity measured by MIP. While individual curing ages are not 
distinguished in the scatter plot, the complete age-resolved porosity data 
for both techniques are provided in Table S3. In all systems, the TGA- 
derived porosities are higher than the corresponding MIP values. 
Despite the difference in absolute magnitude, both methods follow the 
same overall pattern: the reference systems (REF-L75 and REF-CC50) 
show a reduction in porosity with increasing curing time, while the 
alkali-activated systems show porosity values that remain largely un
changed between 2 and 90 days.

CPD was defined as the position of the main peak in the differential 
intrusion curve above the gel-related intrusion (~10 nm) [38,44]. The 
corresponding pore size distributions are presented in Fig. S2. The two 
reference binders exhibited a clear refinement of CPD with curing age, as 
shown in Fig. 11 (REF-L75: ~974 nm at 2 d decreasing to ~396 nm at 90 
d; REF-CC50: ~471 nm decreasing to ~318 nm), consistent with the 
observed reduction in total porosity. In contrast, the alkali-activated 
systems, including Na₂SiO₃, Na₂SO₄ and Na₂CO₃-activated binders, 
showed only limited changes in CPD with hydration time (Fig. 11).

To compare differences in pore structure across binders, the fraction 
of pores accessible to mercury intrusion was evaluated using two pore- 
size windows, 20 nm–5 µm and 50 nm–5 µm (Fig. 12). Pore size distri
butions curves as presented in Fig. S2 show that the 50 nm cutoff 
effectively excludes the finer pore population and captures the coarser 
peak only. However, some binders displayed a single dominant peak 
rather than a clearly bimodal distribution. To enable consistent 

Fig. 5. Comparison of compressive strength between mortars prepared by dry- 
mixing (cast within 24 h of blending) and those prepared with pre-dissolved 
sodium sulfate decahydrate.
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Fig. 6. Isothermal calorimetry results per gram of anhydrous binder, highlighting the influence of alkali activator type and mixing method. (a, b) correspond to 
sodium metasilicate, (c, d) to sodium carbonate, and (e, f, g) to sodium sulfate. Note: the time axis in panel (c) is extended to 96 h to display all heat flow peaks. 
(Isothermal calorimetry results per gram of cement is presented in Fig. S3).
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comparison across all systems, a fixed lower bound of 50 nm was 
therefore applied, rather than adjusting the cutoff individually for each 
pore size distribution.

As shown in Fig. 12, at the 20 nm cutoff, both reference binders 
showed gradual coarse porosity reduction from 2d to 90d (REF-L75: 
~41% → ~37%; REF-CC50: ~35% → ~29%), consistent with CPD 
refinement (Fig. 11). Activated systems remained largely unchanged, 
while Na₂CO₃ exhibited a slight increase (33% → 35%). At the 50 nm 
cutoff, the reference binders again refined systematically (REF-L75: 
~38% → ~32%; REF-CC50: ~29% → ~24%), whereas activated 

systems followed similar patterns to the 20 nm window. The consistency 
of trends across both pore-size windows indicates that the limited pore 
refinement in the activated systems is not sensitive to the exact choice of 
lower cutoff.

To examine pore network organization beyond absolute porosity 
values, the predefined pore-size window of 50 nm–5 µm was subdivided 
into fractions finer and coarser than the critical pore diameter (CPD) 
(Fig. 13). This analysis provides information that is not captured by total 
MIP-accessible porosity alone, as it reveals whether changes in pore 
structure involve a redistribution toward finer or coarser pore entry sizes 
within the same pore-size domain. For all binders, pores finer than the 
CPD dominated at all ages. The fraction of pores finer than the CPD 
remained above 50% for all systems throughout the investigated curing 
period. Both references had the highest fraction of pores finer than the 
CPD. Among the alkali-activated systems Na₂SO₄ had the highest fine 
fraction while Na₂SiO₃ and Na₂CO₃ had significantly lower fraction of 
fine porosity. The Na₂SO₄-activated system maintained fine pore frac
tions between 64% and 68% over 2–90 days, consistently exceeding 
those of the Na₂SiO₃ and Na₂CO₃ systems. In contrast, Na₂SiO₃ showed a 
progressive reduction in fine fraction from 62.0% at 2 days to 50.9% at 
90 days, approaching an approximately equal distribution of finer and 
coarser pores. Similarly, Na₂CO₃ exhibited relatively stable but lower 
fine fractions of approximately 54–56% between 7 and 90 days.

For both reference binders, a gradual increase in H₂O-BET was 
observed with curing age (Fig. 14). Specifically, REF-L75 increased from 
30.4 m²/g at 2 days to 43.8 m²/g at 90 days (≈44% increase), while 
REF-CC50 increased from 46.5 m²/g to 65.4 m²/g over the same period 
(≈41% increase), indicating progressive development of hydrophilic 
surface area during hydration. In contrast, N₂ BET values for the refer
ence systems remained relatively low and showed limited temporal 
evolution. For REF-L75, N₂-BET increased modestly from 12.3 m²/g at 2 
days to 16.8 m²/g at 90 days, while REF-CC50 increased from 23.0 m²/g 
to 29.2 m²/g, indicating comparatively smaller changes in nitrogen- 
accessible surface area relative to H₂O-BET. This behavior is consistent 
with ongoing gel formation primarily affecting water accessible surfaces 
rather than nitrogen accessible ones. All three activated systems 
exhibited little to no change with curing age in either N₂-BET or H₂O- 
BET, indicating that surface accessibility is largely established at early 
ages. For example, NSi-1.5-P showed H₂O-BET values between 58.9 and 
65.2 m²/g and N₂-BET values between 13.7 and 15.5 m²/g across 2–90 
days. Similarly, N$-1.5-D-24h exhibited H₂O-BET values ranging from 
63.9 to 68.4 m²/g and N₂-BET values between 25.7 and 28.2 m²/g. 
Similarly NC-1.5-D-Lab remained comparatively stable, with H₂O-BET 
between 52.7 and 55.8 m²/g and N₂-BET between 20.0 and 21.4 m²/g 
after 7 days. Among them, the Na₂SiO₃ and Na₂SO₄ activated binders 
showed the highest H₂O-BET values overall, reflecting the presence of 
extensive hydrophilic surface domains. In particular, N$-1.5-D-24h 
exhibited the highest combined surface accessibility, with H₂O-BET 
reaching 68.4 m²/g at 90 days and consistently higher N₂-BET values 
(~26–28 m²/g) compared to the other systems.

4. Discussion

4.1. Mechanistic interpretation of early hydration kinetics under different 
activators

To interpret the calorimetric responses observed for the different 
activators, the discussion below considers how early interactions among 
aluminates, silicates, and alkalis can influence dissolution and precipi
tation processes. While the individual mechanisms are not directly 
resolved in the present study, established findings from the literature, 
together with the experimental trends observed here, provide a consis
tent framework for interpreting the calorimetric behavior shown in 
Fig. 6.

Pore solution alkalinity is a key parameter influencing hydration 
kinetics and calorimetric behavior. In LC3-50 systems (50% clinker, 30% 

Fig. 7. Relationship between bound water content (determined by TGA) and 
compressive strength for the references and hybrid binders.

Fig. 8. Portlandite content quantified from TGA measurements at different 
curing ages.
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Fig. 9. XRD patterns of pastes after 2, 7, 28, and 90 days of hydration. (a)–(e) correspond to hydration stopped pastes; (f) presents the XRD pattern obtained from a 
fresh, unstopped slice.
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calcined clay, 15% limestone), direct pore solution extraction mea
surements report pH values between 13.2 and 13.8, depending on 
calcined kaolinite content [27]. A slight decrease in pH with increasing 
calcined kaolinite content has been reported and attributed to alkali 
incorporation into hydration products formed during the metakaolin 
reaction, along with reduced calcium concentration due to portlandite 
consumption [45].

In our reference system (REF-CC50) the substantially lower clinker 
content, low alkali equivalent (~0.1% Na₂Oeq), and higher calcined clay 
fraction suggest a reduced intrinsic pore solution alkalinity compared to 
LC3-50. Based on compositional comparison with the literature, a pore 
solution pH in the range of approximately ≈ 12–12.5 is expected in this 
system. This value is estimated from differences in clinker content and 
was not directly measured in this study.

For the activated systems, pore solution alkalinity depends on the 
activator. pH values for sodium silicate activation in LC3 system (Ms ≈
1) have been reported to be between 12.95 and 13.40, depending on 
Na₂O content [16] indicating strongly alkaline conditions. For com
parison, the pH of the activators in aqueous solution has been reported 
to be approximately 12.6 for sodium carbonate and about 8 for sodium 
sulfate, compared to about 13.4 for sodium silicate, demonstrating the 
lower intrinsic alkalinity of sodium sulfate and carbonate [46]. 
Accordingly, He et al., [47] classified sodium sulfate and sodium car
bonate as weakly alkaline relative to sodium silicate. Furthermore, 
Bernal et al. [48] showed that partial replacement of sodium carbonate 
with sodium silicate increases system alkalinity. Together, these studies 
confirm that carbonate- and sulfate-based activators operate in a lower 
alkalinity regime than silicate systems. Therefore, while the sodium 
silicate–activated system in the present study is expected to reach pH 
values above 13, the sodium sulfate– and sodium carbonate–activated 
systems are likely to exhibit pore solution pH values slightly higher than 
REF-CC50 but lower than those of the sodium silicate–activated system.

It should be noted that, in systems activated with mildly alkaline 
activators such as sodium sulfate and sodium carbonate, the pore solu
tion pH is not governed solely by the initial alkalinity of the activating 
solution but rather evolves throughout hydration. Previous studies have 
shown that reactions between the activator and portlandite can initially 
contribute to an in situ increase in pH [20,21,49]. At later stages, 
however, the pore solution pH may decrease as pozzolanic reactions 
progress, due to portlandite consumption and the incorporation of alkali 
ions into C–A–S–H-type phases [22,25,49]. This in-situ development of 
alkalinity is one of the key advantages of mild activators, as it allows 
sufficiently alkaline conditions to be established within the system while 
avoiding the handling and safety concerns associated with highly caustic 
activating solutions.

Given that the pore solution pH in the REF-CC50 system is expected 

Fig. 10. Comparison of porosity values obtained from TGA (water mass bal
ance approach) and MIP (data summarized in Table S3).

Fig. 11. Critical pore diameter determined from MIP at curing ages of 2, 7, 28, 
and 90 days.

Fig. 12. Coarse porosity quantified from MIP data using two predefined pore size windows (for PSD curves see Fig. S2).

H. Miraki et al.                                                                                                                                                                                                                                  Construction and Building Materials 521 (2026) 146166 

13 



to lie in the mildly alkaline range (~12–12.5), interactions between 
dissolved aluminates and silicate surfaces are likely to be particularly 
significant during the early stages of hydration. Under such conditions, 
aluminate species can adsorb onto calcium silicate surfaces, potentially 
limiting C₃S dissolution. Consistent with this interpretation, the calori
metric response of REF-CC50 (Fig. 6a) shows a suppressed alite (C₃S) 
peak followed by a broad aluminate (C₃A) peak. This behavior is 
consistent with surface passivation of C₃S by aluminates, which hinders 
further dissolution and suppresses the development of a distinct silicate 
peak [50]. Pustovgar et al. [51] demonstrated that this adsorption oc
curs primarily through strong ionic interactions between aluminate and 
calcium ions. However, such passivating effect is pH-sensitive and can 
be mitigated in presence of higher pH. As hydration progresses or when 

alkali activators raise the pH, the abundance of OH⁻ and Na⁺ ions 
compete with aluminates for surface sites, weakening their binding 
strength. Bagheri et al. [52] showed that silica dissolution increases 
slightly as pH rises from ~12.4–13.0, but the difference is within 
experimental error for amorphous silica. Aluminium significantly in
hibits dissolution across this range, with the strongest effect at lower pH: 
at pH ≈ 12.4, 3 mM Al reduced the dissolution rate of amorphous silica 
by ~18 × , while at pH ≈ 13 the reduction was ~4 × . This trend is 
attributed to the decreasing sorption of Al on silica surfaces as pH in
creases, because Al species shift toward Al(OH)₄⁻ at higher pH, which 
interacts less with silica. Zajac et al. [53] similarly propose that the 
inhibitory effect of aluminates on calcium silicate surfaces is strongest 
under mildly alkaline conditions and diminishes at higher pH, 

Fig. 13. Distribution of pores finer and coarser than the critical pore diameter within the MIP accessible window from 50 nm to 5 µm.
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alleviating their retarding influence.
Upon addition of Na₂SiO₃, a small pre-induction period peak is 

observed which is likely attributed to the early precipitation of reaction 
products prior to the main acceleration peak. This heat release could be 
associated with the rapid release of ions into the pore solution and early 
Ca-related interactions or other solution-driven reactions occurring at 
very early ages. In studies on alkali activated fly ash/slag systems, 
similar pre-induction peaks have been reported and attributed to wet
ting and dissolution of the raw materials, as well as to the coagulation of 
dissolved silicate and aluminate species and their interactions with 
calcium and sodium [54].

The second peak by the addition of Na₂SiO₃ (Fig. 6a) is therefore 
attributed to the overlapping of C₃S and C₃A reactions. The intensified 
peak align with Dai et al. [16], who observed more pronounced C₃S and 
C₃A peaks in LC3 systems upon Na₂SiO₃ addition at optimized level. The 
enhanced reactivity is attributed to the elevated pore solution pH, which 
promotes C₃S dissolution, and the availability of reactive silicate species 
that facilitate early nucleation of C–S–H. The delayed silicate peak in 
higher dosage of Na₂SiO₃ compared to the lower dosage could be related 
to the reduced ion mobility at higher dosage. Similar cumulative heat 
measurement after 7 days in both dosages of Na₂SiO₃ (Fig. 6b) suggests 
that the overall reaction was not significantly altered by activator 
dosage, and that Na₂SiO₃ primarily influences the rate rather than the 
extent of hydration. Comparable trends have been observed in 
alkali-activated slag systems by Ben Haha et al. [55], where NaOH 
activation accelerated early hydration but did not result in a higher 
ultimate degree of reaction compared to Na₂SiO₃.

In contrast to silicate activation, carbonate activation led to a multi- 
day induction period which could be related to the early reactions be
tween released Ca²⁺ and carbonate species, leading to the formation of 
metastable carbonate phases such as gaylussite (Na₂Ca(CO₃)₂⋅5H₂O). 
The precipitation of these carbonate phases limits the accumulation of 
Ca²⁺ and OH⁻ in the pore solution, thereby delaying the conditions 
required for significant C–(A)–S–H formation. However, a review of the 
literature confirms that the impact of sodium carbonate on early hy
dration kinetics is highly system-dependent. In the hybrid system stud
ied by García-Lodeiro et al. [5], consisting of 30 wt% Portland cement 
and 70 wt% fly ash, activation was carried out using either NaOH 
+ Na₂SiO₃ or Na₂CO₃. The authors reported that Na₂CO₃ activation 
resulted in the early formation of gaylussite, which produced initial 
calorimetric peaks and higher early reaction rates than the 
water-hydrated system. However, the precipitation of carbonate phases 
temporarily reduced the alkalinity of the pore solution and delayed the 
precipitation of the gels compared with the NaOH + Na₂SiO₃ system. 
Gaylussite was detected at early ages but disappeared by 7 days, indi
cating its transformation as the reaction progressed. In Na₂CO₃-activated 

slag systems, Bernal et al. [56], reported a multi-day induction period 
(~62 h) associated with early formation of calcium carbonates and 
gaylussite, which were progressively consumed as C–A–S–H formation 
accelerated. In a subsequent study using a blended Na₂CO₃/Na₂SiO₃ 
activator, Bernal et al. [48], showed that the presence of soluble silicate 
shortened the induction period, highlighting the sensitivity of carbonate 
effects to the activator chemistry and alkalinity. In the work of Wang 
et al. [57], Na₂CO₃-activated slag exhibited no significant acceleration 
peak within the first 120 h, while the addition of CaO-rich recycled fines 
shortened the induction period; in that study, gaylussite was detected at 
early ages but largely disappeared by 28 days and was explicitly 
described as transient. Across these studies, gaylussite consistently ap
pears at early ages and diminishes or disappears as hydration progresses, 
indicating that it mainly influences early reaction kinetics. In the present 
system, crystalline gaylussite was not detected within XRD at 7, 28, or 
90 days; however, given its reported transient character in the literature, 
its short-lived formation cannot be excluded. Compared with the hybrid 
FA–OPC system of Garcia-Lodeiro et al. [5], the present binder contains 
a larger intrinsic carbonate reservoir (limestone) and a lower clinker 
fraction, which may contribute to differences in early-age behavior. 
These comparisons suggest that sodium carbonate can produce mark
edly different kinetic responses depending on binder chemistry, and a 
deeper mechanistic understanding of carbonate effects across different 
systems would require further targeted investigation.

Na2SO4 activation leads to a distinct calorimetric response compared 
to both silicate and carbonate activation, reflecting the role of sulfate in 
controlling aluminate reactions. The intensified first peak without its 
earlier onset (Fig. 6e) suggests that the effect of Na2SO4 is not primarily 
associated with an immediate and significant increase in pH, which 
would typically shorten the induction period, but rather with sulfate- 
mediated reaction processes. In particular, sulfate can consume dis
solved Al³ ⁺ through ettringite formation, thereby reducing aluminate 
availability in the pore solution. Since aluminium species are known to 
adsorb on silicate surfaces [51], and reduce their dissolution rates with 
the magnitude of the effect linked to their concentration [52], a decrease 
in aluminate concentration would be expected to reduce surface 
passivation and thereby facilitate silicate dissolution, contributing to the 
observed increase in peak intensity. Further confirmation of this 
mechanism would require pore solution analysis in the present system.

As shown in Fig. 6g, the heat flow in the first 30 min is highly 
dependent on the Na₂SO₄ introduction route. The REF-CC50 paste ex
hibits a pronounced initial exothermic peak (≈35 mW/g), and a similar 
early peak is observed when Na₂SO₄ is introduced as a pre-dissolved 
solution (≈40 mW/g). In contrast, when Na₂SO₄⋅10H₂O is added as a 
dry solid, the initial signal is strongly reduced. For freshly prepared dry- 
mixed binders (cast within 24 h), the early peak decreases to ≈ 6 mW/g 

Fig. 14. Evolution of water-accessible surface area (H₂O-BET, calculated from DVS data) and nitrogen-accessible surface area (N₂-BET) at 2, 7, 28, and 90 days.
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at 1.5% Na₂Oeq and becomes net endothermic at 3.0% Na₂Oeq (mini
mum around − 10 mW/g). This behaviour indicates that the very early 
signal is not controlled by hydration reactions alone. In the dry-mixing 
method, the solid activator must dissolve and ions must equilibrate, and 
these rapid physical processes (wetting/adsorption and dissolution/ion 
redistribution) can substantially modify the net heat flow. At higher 
activator content, the magnitude of this early physical contribution in
creases and can outweigh the early exothermic hydration signal, 
resulting in a net endothermic response.

After prolonged dry storage, the initial heat flow becomes very small 
(≈10 mW/g at 1.5% Na₂Oeq and close to zero at 3.0% Na₂Oeq). The 
strongly reduced initial signal suggests that the processes responsible for 
the early exothermic peak in the fresh pastes are less active after storage. 
This is consistent with pre-hydration of the dry blend during storage, 
likely involving partial release/redistribution of crystal water from 
Na₂SO₄⋅10H₂O. Such effects can reduce the amount of “fresh” reactive 
surface available at the start of the test and slow the initial dissolution/ 
precipitation reactions after water addition. At the same time, storage 
can also change the hydrate state of the sodium sulfate decahydrate 
which leads to change in its dissolution heat release. As a result, both the 
early exothermic contribution and the early physical contribution are 
reduced, and the net heat flow approaches zero in the high-dosage case 
where these contributions can nearly balance.

While the calorimetric analysis above focuses on identifying and 
assigning the main heat evolution peaks, it is also important to examine 
how these kinetic features relate to compressive strength development. 
The prolonged induction period observed for NC-1.5-P and NC-3-P, 
characterized by the absence of a distinct main hydration peak after 
the first two days, corresponds directly to the lack of measurable early 
strength and delayed demolding behavior. This kinetic delay in the 
Na₂CO₃-activated system is reflected quantitatively in the very low cu
mulative heat at 2 days, 50 J/g and 60 J/g for 1.5% and 3.0% Na₂Oeq, 
respectively, compared with 136.4 J/g for REF-CC50. In contrast, N 
$-1.5-P does not exhibit an earlier onset of the main hydration peak but 
shows a substantially higher peak intensity. This results in a cumulative 
heat of approximately 190 J/g at 2 days, which corresponds to the 
significantly higher 2-day strength of 18.8 MPa compared with 7.2 MPa 
for the REF-CC50. These observations indicate that differences in early 
hydration rate and reaction extent are reflected consistently in early 
strength development across the activator systems.

At 7 days, the overall strength ranking broadly follows the cumula
tive heat release, indicating that reaction extent remains a primary 
factor governing mechanical performance. For example, the sulfate- 
activated system at 1.5% Na₂Oeq exhibits both slightly higher cumula
tive heat and higher compressive strength compared with the reference, 
demonstrating a consistent relationship between hydration progress and 
strength development. Similarly, the silicate- and carbonate-activated 
systems show lower cumulative heat and correspondingly lower 
strength, suggesting reduced reaction efficiency or differences in hy
drate formation.

At 7 days, NSi-1.5-P (172.3 J/g) and NSi-3-P (164 J/g) show cu
mulative heat values comparable to NC-3-P (170 J/g); however, their 
compressive strengths differ, reaching 13.6 MPa and 10.8 MPa for the 
silicate systems compared with 14.9 MPa for NC-3-P. This indicates that 
similar cumulative heat does not necessarily result in identical me
chanical performance, as differences in hydrate assemblage, phase 
composition, and microstructural development can influence how 
effectively the reaction products contribute to strength.

For sodium sulfate systems dry-mixed and stored for more than 24 h, 
compressive strength converges to similarly low values at both dosages. 
In calorimetry, however, the higher dosage shows lower 7-day cumu
lative heat than the lower dosage. This difference must be interpreted 
together with the early heat flow: the higher-dosage, long-stored system 
exhibits an initial heat flow close to 0 mW/g, whereas the lower dosage 
still shows a small exothermic response. Since cumulative heat in
tegrates the entire signal, suppression of the early exothermic 

contribution reduces the 7-day total heat.
The influence of activator addition method observed here for sodium 

sulfate-activated system differs from that reported by Fernández- 
Jiménez et al. [25], where slightly higher early strength was observed 
when sodium sulfate was incorporated as a solid in a 50% OPC–50% fly 
ash hybrid cement, while long-term strengths were similar. In that 
study, the activator is described simply as sodium sulfate without 
specification of hydrate form. Since hydrated salts are usually explicitly 
identified when used, it is likely that anhydrous Na₂SO₄ was employed. 
In contrast, the present study used Na₂SO₄⋅10H₂O, which DVS mea
surements show can release crystalline water under typical laboratory 
humidity, making dry blends sensitive to storage prior to casting. 
Therefore, the discrepancy is attributed to differences in the hydrate 
form of sodium sulfate and the resulting storage sensitivity of the dry 
mixtures, rather than to an inherent effect of solid versus dissolved 
addition.

4.2. Reaction progress and hydrate assemblage: Insights from TGA and 
XRD

The evolution of bound water, portlandite, carbonate phases, and 
AFt/AFm assemblage provides a clear view of how each binder pro
gresses during hydration. TGA and XRD results reveal distinct reaction 
pathways across the reference and activated systems, reflecting differ
ences in both the extent and type of hydrate formation. The low bound 
water (BW) content of the REF‑L75 system (Fig. 7) is consistent with the 
low clinker content of this system and the absence of pozzolanic reac
tion. The higher BW values of the REF‑CC50 system are attributed to the 
pozzolanic reactivity of calcined clay. For the alkali‑activated systems, 
the consistently high BW of the Na₂SO₄‑activated binder (N 
$‑1.5‑D‑24 h), especially at early age (11.8 wt% at 2 days), aligns with 
its higher early compressive strength (Fig. 2) and with the formation of 
ettringite (Fig. 9c).

The relationship between bound water content and early-age 
strength is not necessarily linear in blended and alkali-activated sys
tems. In the present study, the Na₂SiO₃-activated system (NSi-1.5-P) 
exhibited lower bound water at 2 days than REF-CC50 (Fig. 7), while 
developing higher compressive strength (Fig. 2). This apparent incon
sistency can be attributed to differences in hydrate chemistry and 
microstructural configuration rather than to the total amount of bound 
water alone The XRD analysis (Fig. 9b) showed that REF-CC50 con
tained ettringite and monocarbonate (AFt and AFm phases), while NSi- 
1.5-P primarily formed a sodium-substituted AFm-type phase (U-phase) 
(Fig. 9c). The amount of structurally bound water depends strongly on 
the type of hydrates present. Ettringite has the conventional composi
tion Ca₆Al₂(SO₄)₃(OH)₁₂⋅26H₂O, corresponding to 26 moles of structural 
water per formula unit [58], which is substantially higher than that of 
the sodium-substituted AFm-type U-phase with a structural formula of 
[3Ca₂Al(OH)₆][Na(H₂O)₆(SO₄)₂⋅6H₂O], corresponding to approximately 
12 moles of structural water per formula unit [59]. Consequently, sys
tems dominated by AFt phases may exhibit higher bound water contents 
even when the whole phase assemblage leads to lower strength. Similar 
cautions regarding direct comparison of bound water between systems 
with different hydrate assemblages have been reported by Ben Haha 
et al. [55].

Beyond BW evolution, consideration of the phase assemblage pro
vides additional insight into the hydration mechanisms of the systems. 
In particular, the absence of portlandite in alkali activated systems 
(Fig. 8) is not due to instability, but because the clinker content (≤25%) 
is insufficient to sustain Ca(OH)₂ accumulation. Early Ca²⁺ released is 
rapidly incorporated into binding gels, and further strength develop
ment (e.g., ~4 MPa increment from 2 days to 28 days in N$-1.5-D-24h) 
is likely governed by continued gel formation and interaction between 
the aluminosilicate gel and SCMs, rather than portlandite-mediated 
reactions.

The XRD results (Fig. 9) provide further insight into the hydrate 
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assemblages governing the observed behavior. The persistence of 
monocarbonate in REF-L75 is thermodynamically expected in well- 
hydrated, space-available environments, where monocarbonate be
comes the stable phase under excess water and limited ion-transport 
constraints. In REF-CC50, the coexistence of hemicarbonate and mon
ocarbonate indicates localized carbonate limitations, likely associated 
with microstructural refinement during calcined-clay reaction, which 
reduces the availability of reactive species for carboaluminate forma
tion. This interpretation aligns with the findings of Avet et al. [60] who 
showed that metakaolin contributes to extensive hydrate formation and 
pore refinement, thereby influencing the distribution and stability of 
carboaluminate phases.

For the activated systems, XRD further reveals how different acti
vators modify hydrate assemblage and phase stability. In the Na₂SO₄- 
activated system, the strong and persistent ettringite reflections 
(Fig. 10c) indicate stable ettringite formation. The formation of ettrin
gite is directly linked to early strength development (Fig. 2) and reduced 
porosity (Fig. 10), as it contributes to early solid-volume generation due 
to its high molar volume. This is consistent with findings by Etcheverry 
et al. [12] who reported similar effects in hybrid systems containing 
Portland cement and blast furnace slag when activated by Na₂SO₄.

In contrast to Na₂SO₄ activation, Na₂SiO₃ activation leads to a 
distinctly different AFm chemistry, as reflected in the XRD patterns. The 
U-phase observed in Na₂SiO₃ activated system was also reported in LC3 

systems containing Na₂SiO₃ activators, particularly at higher Na₂Oeq 
dosages [16], confirming its preferential formation under elevated Na⁺ 
concentrations. Although the Na₂Oeq dosage was identical in the three 
activated systems in this study, this does not imply identical effective 
alkalinity (pore-solution pH and OH⁻ activity), which governs U-phase 
stability. Thermodynamic and experimental studies indicate that 
U-phase formation is characteristic of sodium-enriched systems under 
strongly alkaline conditions, with stability controlled by the alkalinity 
regime rather than total sodium availability alone [61]. Sodium silicate 
generally produces higher effective alkalinity compared to sodium sul
fate or sodium carbonate, which are commonly described as mildly or 
weakly alkaline activators relative to silicate- or hydroxide-based sys
tems [46,48]. As a result, even at the same Na₂Oeq dosage, differences in 
activator type can lead to substantially different pore-solution pH. 
Under the investigated conditions, sodium silicate is therefore the acti
vator most capable of generating the high-alkali environment required 
for U-phase stabilization which explains why U-phase was observed only 
in the silicate-activated system despite equal Na₂Oeq dosages. This dif
ference in hydrate assemblage is also reflected in the mechanical 
response. Despite the accelerated hydration observed in the sodium 
silicate system, the silicate activated binder exhibits lower strength 
development than the sulfate-activated system. The U-phase-dominated 
assemblage formed under high-alkali conditions appears less effective in 
contributing to mechanically efficient solid-phase development than the 
AFt-rich system formed in the presence of sodium sulfate. It should be 
noted, however, that the presence of U-phase is better interpreted as an 
indicator of highly alkaline conditions than as the sole and direct cause 
of the reduced strength. Direct comparisons of activators in white 
cement have shown that highly alkaline NaOH activation can result in 
lower strength than Na₂SO₄ activation at a comparable degree of hy
dration, due to differences in hydrate assemblage and pore structure 
development [9]. Similar trends have also been reported in hybrid fly 
ash systems, where higher NaOH contents were associated with loosely 
packed C-A-S-H-type phases, increased capillary porosity, and lower 
later-age strength [62]. In Portland cement systems, it has been shown 
that high OH⁻ concentrations can reduce later-age strength develop
ment, which has been attributed to faster internal drying, reduced pore 
saturation, and a lower degree of hydration at later ages [15]. In this 
context, the lower strength observed in the sodium silicate-activated 
system in the present study is more likely related to the influence of 
the high-alkali regime on hydration and microstructural development, 
with U-phase serving primarily as an indicator of these highly alkaline 

conditions.
The Na₂CO₃–activated system exhibits further deviations in phase 

assemblage, particularly with respect to AFt and AFm formation. As 
shown in Fig. 9e, neither AFt nor AFm phases were detected in the 
stopped Na₂CO₃-activated samples. Although previous studies on 
Na₂CO₃–activated hybrid binders similarly reported the absence of 
ettringite, they did observe AFm carbonate formation [22]. Given the 
known sensitivity of AFm phases to hydration stoppage procedures, this 
raised the question of whether these phases were absent during hydra
tion or destabilized during sample preparation. To verify whether the 
missing phases in the present work were truly absent in the fresh state or 
had decomposed during sample hydration stoppage, additional XRD 
measurements were performed on fresh, un-stopped slices of the 
Na₂CO₃-activated paste. These in-situ measurements show clear hemi
carbonate reflections, indicating that AFm-carbonate phases are present 
during hydration but do not remain stable after the stopping procedure 
(Fig. 10f). It should also be noted that AFm-carbonate phases are 
detectable in TGA measurements, where a weak mass-loss signal cor
responding to AFm dehydration is observed (Fig. S1e). Both XRD and 
TGA samples were stored under identical conditions in a desiccator for 4 
days up to 1 week prior to measurement; therefore, the discrepancy is 
not related to different storage durations. Rather, AFm phases could be 
poorly crystalline or semi-crystalline and may not generate sufficiently 
intense diffraction peaks for detection by XRD after stoppage, whereas 
TGA is sensitive to dehydration reactions and can detect such phases 
even when long-range structural order is limited. Nevertheless, the 
AFm-related signal in TGA is relatively weak, indicating that only minor 
amounts are present.

The absence of strätlingite in all of the systems despite the high 
reactivity of calcined clay and the absence of portlandite is consistent 
with Zajac et al. [63]. They reported that strätlingite formation is 
strongly suppressed in systems with limited calcium local availability 
and that, in carbonate-containing blends, silicates preferentially pre
cipitate as low Ca/Si C–S–H rather than strätlingite. As microstructural 
or compositional analyses such as SEM–EDS were not performed in the 
present study, the Ca/Si ratio of the C–S–H cannot be directly assessed. 
Nevertheless, the absence of strätlingite observed here aligns with the 
trends reported in the literature. Similarly Kunther et al. [64] reported 
that in their ternary white Portland cement-metakaolin-limestone sys
tems, strätlingite was observed to be strongly diminished when lime
stone was incorporated into the blend. Consistently, Zunino et al. [65] in 
a comprehensive review of calcined clay–limestone systems, explain 
that limestone limits strätlingite formation.

4.3. Porosity characteristics and their implications for strength 
development

This section examines how porosity quantified by different tech
niques evolves across the systems studied and discusses what these 
porosity characteristics imply for strength development. Before 
comparing porosity trends across systems, it is important to clarify the 
differences between porosity values derived from TGA and MIP. As 
indicated in Fig. 10, TGA derived porosities are always higher than the 
MIP porosities. Such a trend is expected because the mass-balance 
approach from TGA accounts for all water-accessible porosity, 
including gel-scale pores, whereas MIP does not intrude the finest pores 
and therefore underestimates the total porosity. Despite the difference in 
absolute magnitude, both methods follow the same overall pattern. 
When considered alongside the strength results, the largely unchanged 
porosity observed in the alkali-activated systems over time becomes 
particularly significant. In the activated systems, strength development 
occurs even though both MIP and TGA-derived porosities (Fig. 10 and 
Table S3) remain essentially stable over time. For example, the Na₂SO₄- 
activated system shows compressive strength increasing from 18.8 MPa 
at 2 d to 26.3 MPa at 90 d, while its TGA porosity remains nearly con
stant (47–48%). Similarly, the Na₂SiO₃ activated system increases from 
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10.9 MPa at 2 d to 16.2 MPa at 90 d, despite its TGA porosity staying in 
the narrow range of (50–51%). Such behavior has been discussed in 
recent literature. Zajac et al. [66] noted that higher strengths at later 
ages can occur even in systems with relatively high or unchanged po
rosities, because the decisive factor is the spatial arrangement of hy
drates rather than the total void fraction. Similarly, Zajac et al. [67]
emphasized that there is no single universal relationship between 
porosity and strength.

The limited change in CPD of alkali activated systems (Fig. 11), 
unlike the reference systems, suggest that activator chemistry promotes 
an early stabilization of the pore network, with minimal subsequent 
refinement during hydration. This interpretation should, however, be 
treated with caution, as CPD represents the most frequent pore entry size 
rather than the full pore connectivity, and mercury intrusion porosim
etry does not fully capture gel-scale porosity.

To further examine how pore structure relates to strength develop
ment, the pore population within the predefined MIP-accessible window 
(50 nm to 5 µm) was partitioned into fractions finer and coarser than the 
CPD and compared with compressive strength. This analysis reveals 
pronounced differences among the activated binders. The Na₂SO₄-acti
vated system consistently showed the highest fraction of pores finer than 
the CPD at all investigated ages and also developed the highest 
compressive strength. In contrast, the Na₂SiO₃ –activated binder showed 
a progressive shift toward a larger fraction of pores coarser than the CPD 
with curing age, indicating coarsening of the MIP-accessible pore 
structure. Despite this trend, strength development still occurred. The 
Na₂CO₃-activated binder exhibited a stable pore fraction over time and 
developed with limited strength development compared to the Na₂SiO₃ 
–activated binder. Taken together, the combined analysis of CPD, pore- 
size partitioning, and coarser pore fractions demonstrates that strength 
development in these systems does not necessarily require refinement of 
the coarser pore network captured by MIP.

A quantitative evaluation of the strength–porosity relationship 
(Tables S4–S5, Supplementary Material) further clarifies this distinction 
between reference and activated systems. When all mix–age combina
tions of the two reference binders are considered together, compressive 
strength shows a strong inverse correlation with both total MIP porosity 
and the coarse pore fraction within the 50 nm–5 µm window (R² = 0.931 
and R² = 0.851, respectively). This indicates that, in the reference sys
tems, strength development is closely associated with systematic 
refinement of the coarser MIP-accessible pore domain (Fig. 12). In 
contrast, when the activated binders are analyzed separately, the 
strength and (50 nm–5 µm) porosity relationship is substantially weaker 
(R² = 0.422), and the fraction of pores coarser than the CPD exhibits a 
low coefficient of determination (R² = 0.337), indicating a weak sta
tistical relationship with strength. These results demonstrate that, while 
coarse pore refinement captured by MIP is an effective descriptor of 
strength evolution in reference binders, it does not provide a universal 
explanation for strength development in the activated hybrid systems. In 
the activated binders, strength increases occur despite minimal changes 
in the coarse pore fraction, indicating that the governing microstructural 
changes are not primarily reflected in the MIP-accessible coarse 
network. Instead, strength development must be interpreted together 
with activator-controlled hydrate assemblage and reaction progress 
(4.1–4.2 and 4.4), as well as the spatial organization and connectivity of 
hydration products at length scales not fully captured by MIP.

Complementary insight is provided by BET measurements. N₂-BET 
reflects surfaces accessible to nitrogen at 77 K and is commonly inter
preted as indicative of gel scale surface development during hydration, 
whereas H₂O-BET probes narrower and more hydrophilic surface do
mains that are not readily accessed by nitrogen. Together, these mea
surements provide an indirect indication of changes in accessible surface 
area during hydration. Although both the Na₂SiO₃ and Na₂SO₄-activated 
systems exhibited similarly high, and the highest overall, H₂O-BET 
values among all mixtures, the Na₂SO₄-activated system developed 
substantially higher compressive strength than the Na₂SiO₃-activated 

binder. These observations indicate that a high hydrophilic surface area, 
as reflected by H₂O-BET, is not by itself sufficient to ensure high me
chanical performance. Instead, the results suggest that strength devel
opment depends not only on surface area but also on the spatial 
organization and connectivity of hydration products within the micro
structure which are the features that are not directly captured by BET 
measurements.

4.4. Integrated mechanistic interpretation of strength development

The combined mechanical, calorimetric, phase assemblage, and pore 
structure results demonstrate that strength development in these ultra- 
low-clinker hybrid binders is governed primarily by activator- 
controlled phase evolution and hydrate connectivity rather than by 
total porosity or critical pore diameter alone. Because clinker content is 
limited to 25 wt%, the system operates near calcium deficiency; 
consequently, small variations in calcium partitioning and aluminate 
reaction pathways strongly influence which hydrates form and whether 
a mechanically continuous skeleton can develop.

4.4.1. Role of sodium sulfate: Early load-bearing structure formation
Sodium sulfate activation promotes rapid and persistent ettringite 

(AFt) formation, as shown by XRD (Fig. 9c), together with high early 
bound water and intensified calorimetric peaks (Fig. 6e). Sulfate effec
tively incorporates dissolved aluminum into AFt, reducing aluminate 
availability in the pore solution and enabling continued silicate hydra
tion (detailed explanation in 4.1). This stabilizes a crystalline aluminate- 
bearing phase rather than redistributing aluminum into alternative AFm 
structures.

Despite only limited evolution of total porosity (Fig. 10) and critical 
pore diameter over time (Fig. 11), the Na₂SO₄-activated system exhibits 
the highest early and long-term compressive strength among all acti
vated systems and demonstrated strength development over hydration 
period (Fig. 2). This indicates that strength development is not driven by 
progressive pore refinement but by early formation of a space-filling and 
load-bearing AFt-supported framework. Once this framework is estab
lished, subsequent hydration primarily densifies and strengthens the 
existing skeleton rather than reorganizing the capillary pore network. 
Nevertheless, it should be noted that the long-term compressive strength 
remained slightly below that of the reference system which could be due 
to the faster internal drying, reduced pore saturation, and a somewhat 
lower degree of hydration at later ages due to the addition of alkali 
activator [14,15].

4.4.2. Role of sodium metasilicate: Gel development with modified AFm 
chemistry

Sodium metasilicate activation results in a distinct hydrate assem
blage compared to the sulfate-activated system. XRD analysis indicates 
the formation of a Na-substituted AFm phase (U-phase) rather than AFt 
(Fig. 9d), suggesting that aluminum is preferentially incorporated into 
Na-bearing layered structures instead of ettringite-type frameworks. 
Although early hydration is accelerated (Fig. 6a) and the H₂O-BET sur
face area is among the highest of all systems (Fig. 14), the corresponding 
compressive strength remains substantially lower than that of the 
Na₂SO₄-activated binder. This indicates that rapid gel formation and 
increased surface development alone are insufficient to ensure me
chanical efficiency. In this system, strength evolution appears to be 
governed primarily by gel densification, while the high-alkali condi
tions, reflected in the predominance of U-phase and the absence of a 
continuous AFt-type crystalline framework, appear to limit the load- 
bearing capacity.

4.4.3. Role of sodium carbonate: Calcium sequestration and delayed 
strength development

Sodium carbonate activation produces the most pronounced delay in 
hydration kinetics (Fig. 6c), consistent with early interaction between 
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calcium and carbonate species. Fresh-slice XRD confirms the presence of 
hemicarbonate during hydration (Fig. 9f). This suggests that calcium 
availability is partially redirected into carbonate-bearing phases, 
limiting participation of calcium into more structurally efficient hy
drates like AFt phases.

The Na₂CO₃-activated system exhibits the smallest CPD among all 
binders (Fig. 11), yet develops the lowest compressive strength (Fig. 2). 
Total porosity (Fig. 10) and pore size distribution within the selected 
MIP window (Fig. 13) remain largely unchanged with curing time. These 
findings show that a smaller dominant pore entry size alone does not 
ensure improved mechanical performance. The combination of limited 
hydration progress, absence of stable AFt formation, and early calcium 
consumption appears to restrict development of a well-connected hy
drate skeleton. In this case the phase evolution pathway does not favor 
formation of a mechanically efficient framework. As a result, strength 
development remains limited, and microstructural parameters remain 
largely unchanged with curing time.

4.4.4. Overall integration
Comparison of the reference and activated binders highlights two 

different strength-governing regimes. In the reference systems, strength 
development correlates with progressive porosity reduction (Fig. 10), 
consistent with classical cement behavior. In contrast, among the acti
vated binders, differences in compressive strength occur within longer 
hydration period, despite comparable total porosity (Fig. 10) and only 
minor changes in CPD (Fig. 11) indicating that pore refinement alone 
does not explain the observed strength differences.

The distinguishing factor across the activated systems is the reaction 
pathway under calcium-limited conditions. Because clinker content is 
restricted to 25 wt%, calcium released during hydration is rapidly 
consumed, and no portlandite accumulation is observed (Fig. 8). Under 
these conditions, the activator controls how calcium and aluminum are 
partitioned among hydrates. This partitioning determines the dominant 
phase assemblage and the rate and extent of solid-phase development.

Systems in which early reactions promote formation of stable, high- 
solid-volume phases like Aft show more pronounced strength develop
ment. In contrast, systems in which calcium is temporarily redirected 
into alternative reactions or incorporated predominantly into gel phases 
show lower mechanical efficiency. The comparison therefore demon
strates that, in ultra-low-clinker hybrid binders, mechanical perfor
mance depends not only on porosity magnitude but also on the nature of 
the hydrates formed and the way solid phases develop during early 
hydration. Activator chemistry governs this phase evolution and thereby 
controls strength development beyond what can be inferred from pore 
structure parameters alone.

5. Conclusions

This study examined ultra-low-clinker hybrid binders activated with 
sodium sulfate, sodium carbonate, and sodium metasilicate, focusing on 
how activator type and incorporation method influence hydration, 
microstructure, and performance. The conclusions below synthesize the 
key findings and provide answers to our key research questions. 

(1) How does a low-clinker hybrid binder system (<25% clinker) 
perform in terms of early and long-term strength compared 
to reference systems, and what mechanisms govern this 
behavior? 

The ultra-low-clinker hybrid binder (25% Portland cement, 
50% calcined clay, 25% limestone) showed that activator choice 
is decisive for early-age performance. Compared to the calcined 
clay reference, sodium sulfate activation at 1.5% Na₂Oeq provided 
the most effective early strength enhancement, increasing 2-day 
strength by about 160%, with only a minor reduction at 28 
days. Strength development in activated samples occurred with 
hydration time without a corresponding strong reduction in 

porosity or critical pore diameter measured by MIP, indicating 
that the mechanisms governing strength evolution in these hybrid 
systems cannot be described only by pore refinement trends 
typically expected in blended cement systems. The results instead 
point to a combined effect of hydration kinetics and hydrate 
assemblage controlling early solid formation and mechanical 
performance.

(2) What is the impact of alkali activator mixing method (dry vs. 
pre-dissolved) on mechanical performance? 

The impact of incorporation method strongly depended on the 
activator. For sodium sulfate, performance was highly sensitive to 
the addition protocol because Na₂SO₄⋅10H₂O can partially dehy
drate during storage and promote partial pre-hydration of cement 
when dry-mixed and stored for more than 24 h, reducing avail
able mixing water and suppressing hydration and strength. Pre- 
dissolution, or dry mixing followed by casting within 24 h, 
mitigated this issue and restored performance, with strengths 
very similar to those obtained under pre-dissolution conditions. 

For sodium carbonate, compressive strength results showed 
negligible differences between pre-dissolving and dry mixing. 
However, the incorporation method did influence the hydration 
kinetics of the sodium carbonate binder, even though this did not 
translate into a strength difference under the studied conditions. 
For sodium metasilicate, only the pre-dissolved method was used 
in this study; therefore, a direct dry vs. pre-dissolved comparison 
cannot be made for that activator here.

(3) How do Na₂₂SO₄₄, Na₂₂CO₃₃, and Na₂₂SiO₃₃ affect the hydration 
kinetics of ultra-low clinker calcined clay-based binders? 

Isothermal calorimetry revealed distinct activator-specific ki
netic profiles. Sodium sulfate intensified the main hydration peak 
without earlier onset, which is interpreted as an indirect effect: 
rapid AFt formation binds Al³ ⁺, reducing aluminate passivation 
on C₃S surfaces and enabling faster silicate dissolution once 
thresholds are reached. Sodium metasilicate accelerated hydra
tion at low dosage but delayed peaks at higher dosage, likely due 
to increased solution viscosity. Sodium carbonate exhibited 
multi-day induction periods. Based on the calorimetric response, 
the prolonged induction period, and comparison with previous 
literature, this behavior was suggested to be associated with the 
possible formation of early carbonate-related metastable phases 
that temporarily control pore solution chemistry and delay the 
onset of the main hydration reaction. However, in the present 
study, this remains a plausible explanation rather than direct 
experimental confirmation. 

Regarding incorporation method effects on hydration for the 
sodium carbonate binder, the timing of the first calorimetric peak 
was influenced by the method of addition (pre-dissolved or dry- 
mixed). However, no systematic trend was observed, and the 
shifts in peak timing were limited to only a few hours, which is 
minor compared to the overall induction period (>50 h). This 
indicates that, for Na₂CO₃, the addition method affects early-age 
kinetics but does not exert a dominant control over the overall 
reaction kinetics under the studied conditions.

(4) Do these activators differ in their impact on strength devel
opment? If so, what mechanisms, such as changes in porosity 
or phase assemblage, explain these differences? 

Yes, the activators differed strongly in their impact on strength 
development. Sodium sulfate at 1.5% Na₂Oeq delivered the 
highest early strength and maintained comparatively favorable 
later-age performance. Sodium metasilicate promoted hydration 
acceleration at low dosage but did not achieve strength compa
rable to sodium sulfate activation, and higher dosage led to 
strength reduction. Sodium carbonate caused severe early retar
dation and reduced strengths at all studied ages, even though it 
produced the lowest critical pore diameter among the systems. 

Phase assemblage differences support these performance 
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trends. XRD confirmed AFt in sulfate-activated systems, Na-AFm 
(U-phase) candidates in silicate-activated systems, and limited 
AFm phases in carbonate-activated systems, with AFm- 
carbonates detected in fresh Na₂CO₃ samples but not persisting 
after hydration stoppage. Microstructural descriptors based on 
porosity and surface area were not sufficient on their own to 
explain strength. Strength development in activated samples 
occurred without significant reduction in porosity or CPD 
measured by MIP, and coarse porosity population estimates (split 
at 20 nm and 50 nm thresholds) indicated minimal refinement 
between 2 and 90 days for activated binders. Sodium metasilicate 
activation produced the highest H₂O-BET values, reflecting 
extensive water-accessible surface development, but this did not 
translate into proportional strength. Together, these observations 
indicate that strength development is not governed by pore-scale 
refinement or surface area alone. Instead, mechanical perfor
mance is influenced by a combination of microstructural factors 
related to the nature and spatial organization of the hydration 
products, such as phase assemblage and solid-phase connectivity 
at smaller length scales that are not captured by MIP or BET. 
Further investigation is required to clarify the relative contribu
tion of these factors.

This study identifies a practical dosage for sodium sulfate activation 
(1.5% Na₂Oeq) that delivers substantial early strength gains while 
limiting long-term disadvantages, provided mixing protocols prevent 
dehydration of Na₂SO₄⋅10H₂O and prehydration of the cement clinker. 
Under the specific conditions evaluated here, the results underline the 
limitations of sodium metasilicate and sodium carbonate in very low- 
calcium systems. Overall, activator choice and incorporation method 
emerge as decisive factors for performance. These findings contribute to 
a clearer understanding of how chemical interactions govern hydration 
and mechanical behavior in hybrid systems.

Limitations and future research directions

Although a multi-technique approach was used in this research, 
some complementary techniques could be included in future in
vestigations to further refine the mechanistic interpretation. For 
example, techniques such as ¹H NMR relaxometry could improve char
acterization of gel-scale porosity, pore solution extraction could provide 
direct information on ionic evolution during hydration, in situ XRD or 
FTIR could help identify transient early-age carbonate phases, and 
SEM–EDS analysis could provide deeper insight into gel chemistry and 
SCM reaction degree. In addition, validation at the concrete scale would 
be valuable to assess practical performance, including rheology, 
durability-related aspects, and aggregate-binder interactions.

The activation levels and performance trends identified in this study 
apply to the investigated material system and experimental framework. 
Because hydration kinetics, phase assemblage development, micro
structure, and strength evolution in hybrid binders depend on raw ma
terial characteristics and processing conditions, application to other 
binder compositions would require verification and potential re- 
evaluation of activator type, dosage, and resulting performance.

CRediT authorship contribution statement

Hania Miraki: Writing – review & editing, Writing – original draft, 
Visualization, Methodology, Investigation, Formal analysis, Data cura
tion, Conceptualization. Maciej Zajac: Writing – review & editing, Su
pervision, Resources, Project administration, Conceptualization. 
Mohsen Ben Haha: Supervision, Project administration, Conceptuali
zation. Arnaud Muller: Writing – review & editing, Formal analysis. 
Klaartje de Weerdt: Writing – review & editing, Formal analysis. Ravi 
Patel: Writing – review & editing, Formal analysis. Frank Dehn: Su
pervision, Conceptualization.

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

During the preparation of this work the authors used Microsoft 
Copilot to assist with language editing and sentence refinement. After 
using this tool, the authors reviewed and edited the content as needed 
and take full responsibility for the content of the published article.

Declaration of Competing Interest

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

Acknowledgements

We gratefully acknowledge the fruitful discussions with Dr. Patrick 
Ullrich and Dr. Ana Costa. The contribution and involvement of col
leagues of the Analytic Center (ANC) in Heidelberg Materials Global 
R&D are highly appreciated.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.conbuildmat.2026.146166.

Data Availability

Data will be made available on request.

References

[1] K. Scrivener, M. Ben Haha, P. Juilland, C. Levy, Research needs for cementitious 
building materials with focus on Europe, RILEM Tech. Lett. 7 (2023), https://doi. 
org/10.21809/rilemtechlett.2022.165.

[2] D. Ravikumar, S. Peethamparan, N. Neithalath, Structure and strength of NaOH 
activated concretes containing fly ash or GGBFS as the sole binder, Cem. Concr. 
Compos 32 (2010) 399–410, https://doi.org/10.1016/j. 
cemconcomp.2010.03.007.
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