Materials and Structures (2026) 59:315
https://doi.org/10.1617/s11527-026-03191-5

ORIGINAL ARTICLE

q

Check for
updates

Mechanical and microstructural properties of user-friendly
one-part alkali-activated mortars via low-grade calcined

clay

Oguzhan Oztiirk - Jitong Zhao - Cesare Signorini
Marco Liebscher - Viktor Mechtcherine

- Thomas Koberle -

Received: 27 February 2026 / Revised: 25 May 2026 / Accepted: 6 July 2026

© The Author(s) 2026

Abstract Alkali-activated materials (AAMs) have
emerged as a promising alternative to traditional
cement-based binders. However, their adoption is
restricted by non-user-friendly production processes,
the need for curing at elevated temperatures when
higher amounts of aluminosilicate sources are used
and the limited availability or regional dependency of
precursors and activators. This study focuses on the
development of one-part AAMs made with low-kao-
linitic calcined clays as the main precursor (between
63-100%wt.) cured at ambient temperature. A com-
prehensive assessment of reaction kinetics, rheol-
ogy and mechanical/microstructural properties was
conducted. Results demonstrate promising fresh and
hardened properties with an optimal AAM formula-
tion including 81% of calcined clay achieving a flow
diameter of 17 cm, initial/final setting times rang-
ing from 50 to 116 minutes and 28-day compressive
strength of approximately 40 MPa. Low-volume slag
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governs hydration kinetics and microstructure by sup-
plying calcium-rich species and nucleation sites that
activate ambient-temperature reactions and promote
hybrid gel formation. It modulates setting time and
refine porosity toward meso scales. Alongside an
optimized solid-silicate regime, this slag-limited for-
mulation optimizes ambient-cured fresh and hardened
properties yielding a site-ready binder for multi-pur-
pose applications. The study represents an attractive
opportunity for a broader use of low-grade calcined
clays as a practical and sustainable alternative to Port-
land-cement-based binders.

Keywords Alkali activated materials - Calcined
clays - One-part AAM - Hydration - Microstructure

1 Introduction

Due to the increasing urbanization in developing
countries, the global demand for Portland cement
(PC) is expected to grow steadily in the coming
decades, raising serious sustainability concerns in
the construction industry and forcing the scientific
community to rethink traditional binders [1-4].
Among the cement-free alternatives, alkali-acti-
vated materials (AAMs) have been extensively stud-
ied in recent decades [5—8] and are considered as a
promising substitute for PC [9-12]. However, fac-
tors such as changes in availability of raw materials,
regional reliance, and the corresponding challenge
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of long-distance transportation, represent an obsta-
cle for the large-scale production required to meet
the global demand. Furthermore, key precursors
such as fly ash, slag and metakaolin are already
widely and efficiently employed as supplementary
cementitious materials (SCMs) in blended binders,
rather than being prioritized for AAMs [12]. On
the other hand, other industries, such as paper or
ceramics, require significant amounts of high-purity
kaolinite, which is scarcely available worldwide,
although it currently represents the main source of
metakaolin, which is one of the most studied pre-
cursors for low-calcium AAMs, i.e., geopolymers
[13]. This underscores the urgent need to diver-
sify the spectrum of aluminosilicate sources [14],
integrating technical, scalability and sustainability
criteria. Besides their use in blended cementitious
binders [15], low-grade calcined clays have recently
attracted attention with the aim of expanding the
production capabilities of AAMs [14, 16], while
addressing the environmental impacts associated
with existing AAM precursors. In addition, the use
of globally abundant clay minerals holds promise
as a research avenue for the widespread adoption
of an emerging family of AAMs, i.e. the so-called
“one-part” AAMs. Indeed, conventional AAMs are
produced through a reaction between liquid alkali
solutions and solid precursors [17-20]. Most of
the studies focused on alkali activators with Si,O/
Na,O molar ratios below 1.25, which are often
considered corrosive and hazardous, limiting their
use in cast-in-place scenarios [21]. Hence, there is
a rising interest for “one part” or “just add water”
AAMs as an alternative to PC-based blends. In
their pioneering research, Duxson and Provis [22]
highlighted the importance of developing one-part
AAMs featuring adequate workability to achieve
wider market acceptance. One-part AAMs show a
two- to threefold reduction in environmental impact
indicators (e.g., CO, emissions, energy use) rela-
tive to conventional two-part systems [7]. As their
distinctive peculiarity, both solid alkali activators
and aluminosilicates are prepared in a dry blend,
and are activated only with water addition [23-25].
The activation reaction initiates as soon as the mix
achieves a sufficiently high pH [6]. The reactive
binders of one-part AAMs depend on several fac-
tors, including the dosage and type of activator, the
solubility of solid activators, the mineral structure

of the precursors, as well as curing and aging condi-
tions. In AAMs, based on aluminosilicates mainly,
Si—O-Al network structures are formed through
polycondensation. When calcium-bearing precur-
sors are included, such as GGBS, latent hydraulic
phases like C—A-S—H are formed. Although both
one-part and common AAMs involve similar reac-
tion mechanisms, the high alkaline liquid environ-
ment in the latter systems generally promotes faster
reactions compared to the former [7]. Nevertheless,
the requirements of civil engineering applications
necessitate a compromise in terms of reaction rate,
which should impart sufficient plasticity for the
transport, pouring and finishing of the in-situ appli-
cations, in addition to the mere evaluation of the
mechanical properties. Therefore, a better under-
standing of one-part AAMs competing with Port-
land cement mortars in terms of fresh properties
and setting time is essential.

So far, one-part AAMs have been investigated
under various mixture design parameters at both
ambient and elevated curing temperatures [26-29].
Ambient curing is regarded as a promising approach
for cast-in-place applications while elevated tem-
perature curing is more suitable for precast elements.
As the main criticality, one-part AAMs are reported
to set rapidly due to the heat generated by dissolved
solid activators and chemical admixtures may be used
to extend the setting time [30]. However, most of the
common chemical admixtures are reported to lose
effectiveness in highly alkaline conditions, resulting
in a quick degradation of their functionality due to
hydrolysis of the polymer side chains [31].

Another major challenge in the development of one-
part AAMs is to optimize the amount of solid activator,
i.e. sodium silicate. In fact, while a sufficient amount of
solid activator is required to initiate the dissolution of
the amorphous monomers provided by the precursors,
overdosing of activators is reported to be inefficient as
the reaction products rapidly precipitate on the unre-
acted precursors [32], resulting in hindered polymeri-
zation [20]. Moreover, higher activator contents result
in a faster setting, as reported by Luukkonen et al. [7].
In addition, as the solid activator is one of the high-
est contributors to the carbon footprint of AAMs [33],
it is of crucial interest to limit the fraction of sodium
silicate in the mixes. Mastering the issue of limited set-
ting time and corresponding workability [22], while
achieving an optimal balance between sustainability
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and performance, especially when using clay-based
precursors [11], is critical to boost the massive produc-
tion of one-part AAMs, reducing the demand of PC
significantly.

The current study investigates the potential natu-
rally occurring clays, referred to as low-grade clay in
this research, which can be activated at ambient tem-
peratures and one-part activators. This approach not
only mitigates the environmental and safety concerns
associated with conventional two-part activators but
also enhances the sustainability and flexibility during
production of AAMs by using more readily available
and less costly precursor materials. Low-grade calcined
clay, which is abundant in the Earth crust worldwide,
was used in high volume in the mixture designs under
investigation. However, low-grade clays as low reactive
precursors often require the thermal treatment to boost
the reactivity of the system, which can be eliminated
by the addition of calcium rich alumino-silicates such
as slags [34]. Therefore, critical influencing factors
under investigation include tailored alkali activators
and precursor formulations containing ground granu-
lated blast furnace slag (GGBS) to address practical
needs in the civil engineering. Clay minerals (calcined
at 650 °C) were blended with slag in different ratios
without resorting to chemical admixtures. To elucidate
alkali-activation behavior, reaction kinetics were deter-
mined as a function of solid-activator dosage and pre-
cursor proportion, establishing dissolution, nucleation
and reaction rate characteristics under ambient curing.
Fresh performance was benchmarked against estab-
lished practice for Portland-cement systems to enable
equivalent performance assessment of fresh properties.
Mechanical performance was measured over curing
age to determine strength development and structural
viability. Complementary microstructural, porosity
and phase-evolution measurements were undertaken
to identify pore-size refinement from capillary to meso
ranges and changes in hydrate assemblages thereby
corroborating the hydration kinetics and strength
development.

2 Materials and methods
2.1 Materials

The raw clay used in this study was a low-grade
multi-mineral clay containing <25 wt% kaolinite

together with approximately 30 wt% mica, 18 wt%
quartz, 11 wt% illite, 6 wt% chlorites, 5 wt% feld-
spar, 3 wt% calcite, and minor amounts of gypsum
(1 wt%) and pyrite (1 wt%). The low-grade clay
was industrially calcined at 650 °C and provided by
Liapor GmbH & Co. KG, Hallerndorf, Germany.
After calcination, the calcined clay (CC) exhibited
an amorphous-rich structure with an amorphous
content of approximately 65.7 wt% and a density
of 2.6 g/cm®. Ground granulated blast furnace slag
(GGBS) has a density of 3.1 g/cm® provided by
Dyckerhoff, Niederorschel, Germany. Quartz sand
having a maximum size of 256.9 pm and water
absorption capacity of 0.3% is used as the inert
aggregate supplied by Strobel, Germany. In alkali-
activated mortars, sodium disilicate (SS) with brand
name of Sikalon® was provided from Wollner
GmbH, Ludwigshafen, Germany. SS was in solid
form which favors the conditions for the one-part
production as in similar in Portland cement prod-
ucts without additional preparation. Also, SS having
a silica modulus of 2.1 is considerably user-friendly
for the handling in AAMs [21]. SS had a maximum
size of 500 pm (with an exceeding fraction <5%)
and a bulk density of 0.1 g/cm?.

The physical properties of raw materials was
measured by Laser diffraction particle analysis, LS
13-320 from Beckman Coulter. Particle size distri-
bution (PSD) and other physical properties of raw
materials is given in Table 1. The chemical com-
positions of CC and GGBS were determined via
Energy-Dispersive X-ray spectroscopy while the
properties of SS including its water content were
obtained from the manufacturer’s technical data
sheet (Table 2). SEM micrograph images of binder
materials are also shown in Fig. 1.

Table 1 Physical properties of the raw materials

Property CC GGBS SS* Sand
Dy o(um) 0.7 0.8 n.a 111.1
Dy75(um) 7.9 7.9 n.a 155.8
Dyg(um) 26.6 325 n.a 210.0
Max. particle size (um) 479 194.2 500 256.9
Density (g/cm?) 2.6 3.1 0.1 2.6

*=The properties of the solid activator (SS) are reported as
declared by the manufacturer. For SS, the apparent density is

known from the data-sheet
nilem
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Table 2 Chemical
composition of raw
materials and physical
properties of CC, GGBS,
and SS

Raw materials Sio, Al O, Fe,04 MgO CaO K,O Na,O H,0
cc 47 25 9 3 9 4 - -
GGBS 34 8 - 5 47 - -
SS 56 - - - - 28 16

(c) Sodium disilicate

Fig. 1 SEM morphological images of (a) calcined clay (CC), (b) Slag (GGBS) and (c¢) Sodium disilicate (SS)
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2.2 Mixture proportions

Mixture proportions were investigated according to
two parameters, i.e., solid activator concentration and
precursors. The rationale for addressing these two
parameters is to reach a balance between workability,
setting time and mechanical strength of AAM mix-
tures, to be applied as scalable construction materi-
als. The mixture proportions and test parameters are
presented in Table 3.

To ascertain the role of calcined clay in blended
AAMs, two blends with different CC/GGBS ratios,
namely 0.81/0.19 and 0.63/0.37, at a constant solid
activator ratio of 0.22 were investigated at ambient
curing and compared with a mix including only CC
as the precursor. The corresponding alkali-activated
mortars were denoted as SS/CC81, SS/CC63 and SS/
CC100. The spotlight is set on maximizing the use of
CC in AAMs [16], while the addition of minor GGBS
fractions is intended to mitigate the slow reactivity of
low-grade CC at ambient curing temperature, which
are reported to entail long setting times and lower
mechanical properties.

2.3 Mixture procedure and specimen manufacturing

Due to the high water demand of calcined clay [35]
and in order to prevent the fast dissolution of the solid
activator upon the addition of water [14, 36], the
solid binder phases were initially dry-mixed to pro-
mote contact between the precursors and the activa-
tor, excluding inert aggregates. Water and fine aggre-
gates were incorporated stepwise at a later stage,
according to the following mixing procedure: (i) cal-
cined clay, GGBS and solid sodium disilicate powder
were dry-mixed using a SL-planetary mixer HSM20
from Hobart (Offenburg, Germany) for two minutes
at 140 rounds per minute (rpm); (ii) after that, water

was gradually added within one minute; (iii) then,
the fresh mixtures were stirred at constant speed
rates of 140 rpm and 285 rpm for five and two min-
utes, respectively; (iv) finally, fine sand was added
within 30s and the mortar was mixed for further two
minutes.

The fresh mixtures were poured into prism molds
(40 x40 x 160 mm?) and left to cure for 3 days under
standard laboratory conditions (65+5% relative
humidity (RH), 20+2 °C) before being demolded
and cut into cubic specimens with of 40 mm side. The
cubes were wrapped into plastic bags and stored in a
climate chamber at (20+2 °C) until the target testing
ages (7, 14 and 28 days).

2.4 Testing
2.4.1 Reaction kinetics of clay-based AAMs

The reaction kinetics of the of AAM pastes were
determined using an IC TAM Air calorimeter from
TA Instruments (USA) at 20 °C. Current knowledge
indicates that alkali activation comprises the follow-
ing steps: (i) dissolution of precursors, (ii) speciation
of aluminates and silicate source, (iii) gelation, (iv)
reorganization and polymerization and (v) hardening
[13]. Along with the formation of these aluminosili-
cate gels, calcium alumina silicate hydrates are also
formed in calcium-bearing AAMs mixtures. As these
phases are required to be completed before reach-
ing a comprehensive understanding of the reaction
kinetics [37, 38], the heat release generated from the
pastes was monitored for at least ten days. Samples
were mixed externally, transferred into 7-g calorim-
eter glass bottles containing the fresh mixture, and
immediately sealed before being loaded into the IC
channel. The reported value was normalized by mass.

Table 3 Mixture

. Mixture ID Ccc/ GGBS/ SS/ W/ Sand/ Parameter
proportions of clay-based precursor precursor binder binder* binder
one-part AAMs (by mass)
SS19/CC81 0.81 0.19 0.19 0.39 0.5 solid activator (SS)
S$S22/CC81 0.81 0.19 0.22 0.37 0.5
SS25/CC81 0.81 0.19 0.25 0.35 0.5
* = Ratio of W/B refers SS/CC100 1.00 0.00 0.22 0.38 0.5 precursors
water to precursors SS/CC81 0.81 0.19 0.22 0.38 0.5 (CCand S)
(CC+GGBS) and solid SS/CC63 0.63 0.37 0.22 0.38 0.5

activator (SS)

niem
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2.4.2 Fresh properties

Setting time and flowability of the paste and mortar
mixtures were assessed. The initial and final setting
times of the fresh pastes were determined using a
Vicat’s apparatus in conformity with the ASTM C807
standard [39] and results were compared with the cor-
responding setting time requirements defined for PC-
based counterparts. The flowability of the pastes and
corresponding mortars was measured with a Héger-
mann flow table according to the EN 1015-3 [40].

2.4.3 Hardened properties

The compressive strength development of the various
one-part AAMs mortars was evaluated using cubic
specimens with dimensions of 40x40x40 mm?.
For each variant, six identical specimens were tested
for each curing age, namely of 7, 14 and 28 days.
The tests were performed using a universal hydrau-
lic machine set at a loading rate of 0.5 N/mm? per

second.
2.4.4 Analytical investigations

Analytical investigations were performed on mortar
specimens after 28 days of curing to characterize their
morphology and chemical composition. The pore
size distribution of the specimens at the hardened
state was evaluated by means of a mercury intrusion
porosimeter (MIP, PASCAL 140/440, Thermo Fisher
Scientific Inc., Italy) to correlate with the mechani-
cal results. A minimum of 3 fragments of each mix-
ture, with a mass of approximately 5 g, were analyzed
setting a pressure range of 0 to 400.71 MPa. Finally,
the morphology of the fracture surfaces were exam-
ined using a scanning electron microscope (SEM,
Quanta 250 FEG from Bruker FEI, Eindhoven, the
Netherlands) set at 10 kV of operating voltage and
40 Pa pressure. Thermogravimetric analyses (TGA)
were carried out using a STA 409 cell device from
Netzsch, Germany. The paste specimens without sand
were heated from 20 to 1000 °C at a heating rate of
10 K/min in an oxygen environment (60 ml/min O,
gas flow). As TGA was mainly used for a comparative
evaluation of dehydration/decomposition behavior
rather than for precise phase identification or quanti-
tative phase analysis, a stable oxidizing environment
was selected. Prior to testing, all samples were treated

in isopropanol for at least 24h to stop the reaction,
followed by drying in a vacuum desiccator for 7 days.

3 Results and discussion
3.1 Alkali activation kinetics
3.1.1 Effect of alkali activator

Understanding the reaction kinetics is pivotal in
designing AAMs to optimize both their workability
and mechanical properties. The effect of different
sodium disilicate ratios on the reaction kinetics of
the clay-based one-part AAMs is presented in Fig. 2.
When water is added to one-part mixtures, the solid
SS dissolves, triggering an exothermic reaction [41].
Irrespective of the SS concentration, the initial disso-
lution peak was narrow, followed by a short dormant
period akin to the induction period in PC hydration.
Indeed, with higher SS concentration the w/b ratio
is slightly reduced which increases the relative alkali
concentrations. The subsequent reaction leads to the
second peak, which is related to the earlier formation
of (C/N)-A-S-H [7].

As can be seen in Fig. 2b, the cumulative heat
released by the mixture with 25% of solid activator
was 9.0% and 27.7% higher than its counterparts with
22% and 19% of sodium disilicate, respectively. In
fact, higher concentrations of sodium disilicate favor
a faster alkali activation, as evidenced by the faster
increase in cumulative heat release and the broaden-
ing of the second heat peak. However, the reactions
were not finished yet, as seen in the further ascend-
ing branches of the plots. Although further analysis is
required, this finding correlates with the initial setting
time, which is found to increase when higher dosages
of solid activator (SS25/CC81) are included, as eluci-
dated in subsequent sections. In addition, the strength
development tends to be less pronounced by higher
solid activator doses, as examined in the following
sections.

3.1.2 Effect of precursor

To pinpoint the influence of the substitution of CC by
GGBS, Fig. 3 plots the isothermal calorimetry curves
for the mixtures with the same activator dosage (22%)
and with different amounts of CC and GGBS. As
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Fig.3 Heat flow (a) and cumulative heat (b) over time of the AAM mixtures: effect of precursors

evident in Fig. 3, the mixture including CC alone (SS/
CC100) showed no peak at 20 °C. This phenomenon
aligns with the behavior of low calcium-bearing pre-
cursors at ambient curing conditions (around 20 °C),
underscoring the temperature dependence of curing
100% calcined clay mixtures [7]. On the contrary, the
utilization of 19% and 37% latent hydraulic slag led
to the emergence of a second peak in the curve of the
heat flow within the first 36h.

In the given results (Fig. 3a), the highest secondary
peak was recorded as 1.65 mW/g for the SS/CC63,

being almost three times than the SS/CC81 coun-
terpart (0.55 mW/g), highlighting the significantly
higher activation of the former. Notably, an almost
twofold increase in amount of GGBS resulted in a
threefold increase of the second peak, which may be
related to extensive hydration and polymerization of
products such as C—(A)-S—H or N-A-S-H [42, 43].
This delayed, broader and less intense acceleration
peak of the paste with 19% GGBS (SS/CC81), com-
pared to the counterpart with 37% GGBS (SS/CC63),
can be attributed to a diluted Ca-containing mixture
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[44]. In addition, the higher dosage of slag consider-
ably shortened the induction period and contributed
to a faster onset of the second peak. This effect gradu-
ally declined with increasing age (Fig. 3b).

In fact, the cumulative heat measured from SS/
CC81 and SS/CC63 mixtures after 10 days is almost
equalized (only 2% higher for the latter), whereby
both systems show still an ongoing reaction as seen
in steady increase in cumulative heat which can be
attributed to the continuous dissolution, gradual
formation of dissolved species and polymerization
within the gel network [5]. These results indicate that
the slag content in one-part AAMs can be effectively
reduced. In fact, the longer curing time may provide
a similar activation capacity, opening the way for tai-
loring the composition of clay-based AAM blends for
cast-in-place or additive manufacturing applications
with additives such as GGBS, which act as a calcium-
rich admixture to create favorable conditions for low-
calcium precursors at 20 °C.

3.2 Workability of AAMs
Figure 4 displays the average flowability of the mixes

in terms of spread diameter, focusing on the two pre-
viously identified criteria. All mixtures show high

repeatability with only minimal standard deviations
(0.2-0.3 cm).

As can be seen, increasing the alkali activator frac-
tion did not reduce the flow diameter of the blends,
unlike several studies where higher activator dose
was reported to reduce the flowability of the mixtures
[45-47]. On the contrary, the increased water content
of the mixture due to the bound water of SS may have
favored the slightly higher flowability for the SS22/
CC81 (17 cm) and SS25/CC81 mixtures (17.2 cm)
compared to SS19/CC81 (12.5 cm).

In general, it is known that the type and the ratio
of the solid activator plays a prominent role in the
fresh properties of AAMs [48]. Our findings can be
directly attributed to the nature of sodium disilicate,
which possesses a viscous characteristic, as also
reported by Bature et al. [49], when calcined clay
was used in combination with a sodium silicate solu-
tion. Considering the effect of precursor type, the use
of GGBS reduced the flow diameter of the mixtures,
due to the irregular plate-like particle morphology
and in particular due to the high calcium oxide (CaO)
content [45, 50]. It is noteworthy that the workability
for the mixture with the highest slag content (37% by
weight of total binder) was still comparable to those
of ordinary cement based mortars [49], and although

25
effect of solid activator effect of precursor
20 -
E‘ I T T
A £
@ 15 -
@
E I
8 =
-]
T 10
g
a
(%)
5 1
0
19% solid 22% solid 25% solid  100% calcined 81% calcined 63% calcined
activator activator activator clay clay clay

Fig. 4 Flowability of the different alkali-activated mortars

niem
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the liquid/binder ratio is generally adjusted to tailor
the flow spread of the mixes [46], our results indicate
that an adequate workability can also be achieved by
adjusting the amount of solid activator and precursor.
It should also be emphasized that the present study
intentionally focused on chemical additive-free one-
part AMMs incorporating high volumes of low-grade
calcined clay under ambient curing conditions which
remains a challenging approach in terms of fresh-
state stability and workability retention. Nevertheless,
the obtained flowability results indicate that accepta-
ble fresh properties can still be achieved through pre-
cursor and solid activator optimization. Future stud-
ies may further investigate workability evolution over
extended periods relevant to practical applications
such as precast and ready-mixed concrete production.

3.3 Setting time of mixtures

One of the main known drawbacks of one-part AAMs
lies in their short initial setting time, which makes
these formulations often unsuitable for real-world,
large-scale applications [7]. To compete with Portland
cement, a one-part AMM should feature an initial set-
ting time greater than 45 min, while the final setting
time should not exceed 375 min, according to ASTM

tetraborate decahydrate-borax (Na,B,0,°10H,0), cit-
ric acid, phosphoric acid solution (H;PO,), sodium
triphosphate (NasP;0,)) have been proposed to
extend the initial setting time of AAMs [52], although
their use still requires deeper understanding [7] due
to their sensitivity to the highly alkaline conditions
of AAMs [31]. However, the setting time can also be
optimized through the adjustment of precursor and
activator rather than only the w/b ratio, enhancing
reproducibility. As shown in Fig. 5, the alkali acti-
vator was influential in setting time after a certain
dosage.

A higher solid activator fraction (SS25/CC81)
yields in a prolonged initial setting (47 min) and
reduced final setting (91 min), compared to SS19/
CC81 and SS22/CC81, which recorded similar initial
and final setting times. For a given water content, the
increase in initial setting time with higher amount of
solid activator is basically related to the gradual dis-
solving ability of a higher amount of alkali activator
as sodium disilicate has coarser particles compared
to CC and GGBS used in this study. Hence, a high
amount of activator precipitated around unreacted
compounds that could impeded further reaction,
resulting in a delayed initial setting time [37]. Indeed,
the prolonged initial setting time and reduced final

C150 [51]. Chemical admixtures such as sodium setting time of the mixture with the highest solid
1200 F T T T T T T -
1000 [~ A

800 - -
600 - 3
/ 1 1 1 /T 1 1 /
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£ 1507 T T T T !
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©
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1 I |—x—‘ l
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["Tinitial setting [l Final setting

Fig. 5 Setting times of the different alkali-activated mortars
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activator dosage (SS25/CC81) are closely related to
the lower secondary peak and higher total cumulative
heat release shown in Fig. 2, respectively.

On the other hand, the quantity and type of precur-
sor had a more straightforward effect on the setting
time, as also seen in the IC experiments. The partial
replacement of CC by GGBS significantly reduces
both the initial and final setting times. This fact is to
the faster dissolution and hydration reaction of CaO
than SiO, and Al,O; [53]. However, an excessive
dosage of slag results in a shorter setting and rapid
hardening, as seen for SS/CC63. On the other hand,
the 100% calcined clay AAM paste (SS/CC100) had a
considerably longer initial (512 min) and final setting
time (1160 min), which is well beyond the require-
ments for cement binders [39] and is not relevant to
be shown in Fig. 5. This is due to the very limited
dissolving capacity of Si and Al monomers at room
temperature, which would instead require a high acti-
vation energy to accelerate the reaction [53, 54].

Considering the final setting time, all suitable
blends stood well below 375 min and in compliance
with the PC standard [39, 55]. Remarkably, the SS25/
CC81 and SS/CC81 mixes were also within the stand-
ard requirements for initial setting time according to
ASTM C150. Based on the trade-off between work-
ability/setting time and hydration kinetics, one-part
clay-based AAM mixtures can be successfully pro-
duced at ambient curing without the need for chemi-
cal admixtures.
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3.4 Compressive strength
3.4.1 Effect of solid activator

The SS19/CC81, SS22/CC81 and SS25/CC81 mix-
tures exhibited average compressive strengths of
13, 21 and 24 MPa, respectively, after 7 days when
increasing sodium disilicate ratios were used. As
shown in Fig. 6, the average compressive strengths of
these mixtures increased at 28 days of curing to 26
MPa for SS19/CC81, 38 MPa for SS22/CC81 and 40
MPa for SS25/CC81.

Increasing the sodium disilicate content led to
higher compressive strength at all curing ages.
However, the percent increase in strength decreased
beyond 7 days. The lower increase rate of blends with
higher sodium disilicate may be related to the inhibi-
tion of the coagulation of gel synthesis in the pres-
ence of an excessive amount of activator [20, 32].
While an increased ratio of solid activators contrib-
uted to higher compressive strengths, the ongoing
reaction may have been hindered due to limited dif-
fusion of dissolved species [52]. Further addition of
activator contributed to strength to a lesser extend, as
the 28-day cured SS19/CC81, SS22/CC81 and SS25/
CC81 blends had 99%, 84%, and 67% higher com-
pressive strength, respectively, than their 7-day cured
counterparts (Fig. 6b). In this regard, blends con-
taining 81% calcined clay demonstrated satisfactory
compressive strength (24-40 MPa), which may be of
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Fig. 6 Compressive strength of the alkali-activated mortars: a effect of solid activator, b corresponding percental increase of com-

pressive strength (%) with aging
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interest for general-purpose cast-in-place applications
in civil engineering.

3.4.2 Effect of precursors

The average compressive strength values along with
their scatter for all tested groups are given in Fig. 7,
highlighting the effects of the precursor parameters.

At 7 days, results were 2.5, 29 and 37 MPa for
the mixtures SS/CC100, SS/CC81 and SS/CC63
comprising 0%, 19% and 37% slag, respectively. At
14 and 28 days, the compressive strength of the SS/
CC100 mixture remained nearly constant at around
2.6 MPa, while the SS/CC81 and SS/CC63 mixtures
exhibited mean compressive strength ranging from
33 to 40 MPa and from 39 to 52 MPa, respectively.
Hence, the effect of the calcined clay substation with
GGBS results clearly in an increase of compres-
sive strengths. These results indicate that a specific
amount of latent hydraulic species is necessary to
promote the reaction at ambient temperature, as simi-
larly reported for instance for fly ash-slag blended
system [56].

In the case of calcium-free binders (SS/CC100) no
adequate compressive strengths were obtained ambi-
ent temperature. As shown in Fig. 7b, a lower per-
cent increase in compressive strength for blends with
higher GGBS content can be attributed to their rela-
tively lower alkali modulus [57, 58]. As the calcined
clay content increases from 63 to 81%, the low acti-
vator modulus may have benefited from the reaction
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Compressive strength (MPa)
w
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process of Si and Al, resulting in a slightly higher
percent increase in compressive strength [59].

The results clearly emphasize that the slag-to-
binder ratio has a significant influence on the com-
pressive strength of mixes. However, the relatively
moderate increase in strength with higher GGBS
incorporation suggests that the role of GGBS in the
present system is primarily associated with enabling
ambient-temperature activation rather than solely
maximizing compressive strength. This observation is
also consistent with the calorimetry results where the
SS/CC100 mixture exhibited very limited heat evolu-
tion, on the other hand, even relatively low slag incor-
poration significantly increased the reaction kinetics
and cumulative heat release under ambient curing
conditions. In addition to the slag contribution, minor
filler and nucleation effects associated with calcite-
containing phases may also have contributed to the
observed strength trends. The amorphous phase of
the latent hydraulic slag is highly reactive in alkaline
environments, such as those created by sodium dis-
ilicate yielding higher compressive strengths. These
alkaline activators raise the pH, promoting the dis-
solution of the slag’s amorphous phase and facilitat-
ing the formation of strength-giving reaction products
like C—(A)-S-H or N-A-S-H gels. Nevertheless,
balancing the satisfactory compressive strength and
the sustainability constraints, low amount of slag,
ie., AAM/CC81 blend would be recommended.
Accordingly, the function of slag is not only a
strength contributor but also a kinetic activator in the

-
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Fig. 7 Compressive strength of the alkali-activated mortars: a effect of slag, b corresponding percental increase of compressive

strength (%) with aging
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clay-dominant one-part system. Its limited incorpora-
tion supplies calcium-rich species that enable dissolu-
tion at ambient temperature fostering the formation of
hybrid gels that bridges the reactivity gap of low-cal-
cium clays. This balanced gel network accelerates set-
ting and enhances microstructural cohesion without
compromising workability. Accordingly, a low-slag
and clay-dominant formulation provides the optimal
compromise between reactivity and strength develop-
ment as well as sustainability producing a binder that
hardens effectively under ambient conditions while
preserving its practical handling and low environ-
mental footprint.

3.5 Microstructure of clay-based one-part AAMs

3.5.1 Pore size distribution of mixtures having
different solid activator

Figure 8 showcases the effect of sodium disilicate
dosage on the pore size distribution and refinement

700
$S19/CC81

600 - $S22/CC81
500 - —=$825/CC81
400 -
300 -
200 -

100 -

Differential pore volume (mm?®/g)

0 T T T T
0.001 0.01 0.1 1 10 100

Pore size (um)

a) Differential pore volume (7 days)

Differential pore volume (mm?®/g)

at the hardened state of different AAM blends with
constant calcined clay content (81%) at 7 and 28 days.

After a further 21 days of ambient curing, all spec-
imen showed a significant refinement in their pore
sizes, explaining the increase in compressive strength
as previously indicated. In addition to Fig. 8, a more
detailed view and a classification of the pore size dis-
tributions is presented in Table 4, according to Zeng
et al. [60].

In general, as higher use of SS yields in a reduc-
tion of the total porosity which is in good agreement
with the oberservations made in isothermal calori-
metric and mechanical analysis. Also, all specimen
showed a clear pore refinement from the 7th to the
28th day of reaction. With lower SS content (SS19/
CC81 and SS22/CC81), macropores and larger pores
were notably reduced. In contrast, the SS25/CC81
blend showed some degree of pore size refinement
only at the mesopore scale. Thus, the reduction in
larger pores due to the longer curing time may have
had a greater impact on the strength development.

S$s19/CC81

600 $822/CC81
500 A =—=8§825/CC81
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200

0 T T L 7
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b) Differential pore volume (28 days)

Fig. 8 Effect of solid activator on the pore size distributions of the mixtures by MIP measurements

Table 4 Effect of solid activator on the porosities obtained by MIP

Blend ID SS[%]  Curing age Nano- Mesopores Macropores Larger pores Total MIP
[days] pores (3—10 nm) (10-50 nm) (50-200 nm) (>200 nm) porosity
[vol%] [vol%] [vol%] [vol%] [vol%]
SS19/CC81 19 7 1.8 8.4 16.3 10.8 37.3
SS19/CC81 28 1.7 13.2 13.1 2.9 30.9
SS22/CC81 22 7 1.6 13.8 16.7 1.8 339
SS22/CC81 28 2.2 19.0 1.8 3.6 26.5
SS25/CC81 25 7 1.9 27.0 2.3 1.0 31.9
SS25/CC81 28 3.7 10.3 33 6.6 23.9
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Additional analysis of the morphology of the
blends was carried out by SEM, confirming the MIP
data and mechanical performance. For example,
a more porous microstructure was observed in the
surface morphology of the SS19/CC81 specimen,
compared to SS22/CC81 and SS25/CC81, as shown
in Fig. 9.

Clearly, varying amounts of unreacted sodium
disilicate were detected. Unreacted solid activa-
tor particles of larger size can be seen in Fig. 10,
which shows lower magnification SEM images of
the blends and reveals that higher sodium disilicate
fractions result in a more numerous undissolved
particles. On the other hand, more reaction products
induced by the increased use of solid activator has
compensated for the larger pores, showing higher

§519/CC81

strength at all curing ages for SS25/CC81 compared
to SS22/CC81 and SS19/CCS8]1.

3.5.2 Pore size distribution of mixtures having
different precursor

Figure 11 shows the effect of the precursor mix on the
pore size distribution of AAM binders and Table 5
gives the according pore classifications.

Between 7 and 28 days, all blends underwent a sig-
nificant pore size refinement, explaining the observed
improvement in compressive strength. However, the
influence of GGBS content on the total pore volume
is not clear, as SS/CC100 and SS/CC63 exhibited
similar total porosity at 28 days. In fact, the slag-
free specimen (SS/CC100) is characterized by clus-
tered, unreacted calcined clay particle, resulting in a

Fig. 9 Surface morphologies of clay-based AAM mixtures having different amounts of solid activator
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Fig. 10 Higher degree of undissolved solid activator for mixtures in the order of: SS25/CC81 > SS22/CC81 > SS19/CC81
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Fig. 11 Effect of precursor on the pore size distributions of the mixtures by MIP measurements
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Table 5 Effect of precursor on the porosities obtained by MIP

BlendID  CC fraction [%] Curing Nanopores Mesopores Macropores Larger pores Total MIP

age [days] (3-10 nm) (10-50 nm) (50-200 nm) (>200 nm) porosity

[vol%] [vol%] [vol%] [vol%] [vol%]

SS/CC100 100 7 0.3 5.0 18.3 13.2 36.9

28 0.2 11.4 2.4 9.6 23.6
SS/CC81 81 7 1.6 12.6 19.3 1.7 353

28 32 17.3 2.4 4.9 27.8
SS/CC63 63 7 2.1 17.3 12.6 1.4 333

28 4.5 14.6 1.6 2.4 232

»

ss/cc100 |

Fig. 12 SEM images of clay-based AAM mixtures having different precursor ratios

less compacted microstructure (as shown in the SEM By increasing the GGBS dosage, a refinement of
micrograph in Fig. 12). Hence, the reduced mechani- the pore structure was observed, particularly in the
cal performance of SS/CC100 is mainly explained by range of macropores (50-200 nm), which is in agree-
the predominant larger porosity (>200 nm), as com- ment with studies using slag with metakaolin or fly
pared to that of slag-containing mixtures. ash [61-63]. This distinction can be attributed to
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the heir corresponding reaction mechanisms within
the alkaline environments. The high-CaO contain-
ing slag promotes the formation of C-(N)-A-S-H
gels, resulting in a more compact microstructure and
reduced pore size [64]. Focusing on the SEM micro-
graphs in Fig. 12, higher amounts of slag resulted in a
more pronounced amorphous gel morphology, as also
reported in literature [65].

3.5.3 Thermal decomposition behavior of mixtures
having different solid activator

Figure 13 reveals the thermal analysis of the AAM
blends activated with different ratios of sodium disili-
cate at 7 and 28 days.

For both curing ages, each mixture underwent a
mass loss up to 200 °C, mainly associated with the
evaporation of physically bound, interlayer and gel-
associated water retained within the formed reaction
products and microstructure. [65]. Further mass loss
was observed between 200 and 700 °C, which can be
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divided into two distinct temperature ranges to bet-
ter analyze the decomposition of different gel phases.
Firstly, within 200—400 °C, the mass loss in this range
is primarily due to the decomposition of C—A-S-H
and N-A-S-H gels. The SS19/CC81 mix displayed
the least mass loss during this phase at both 7 and
28 days, indicating a limited extent of C—(A)-S—H
formation and possibly lower N-A-S-H gel con-
tent. In contrast, the SS22/CC81 and SS25/CC81
mixtures exhibited higher mass losses, suggesting a
more significant formation of N-A—S—-H, contribut-
ing to higher reaction degrees. Temperature between
400-600 °C reflects the decomposition of C—A-S—-H
gels and further breakdown of N-A-S-H. Again,
SS19/CC81 showed minimal mass loss, indicat-
ing limited gel formation. The results may also sug-
gest that the reaction development in SS25/CC81 is
more time-dependent compared to the other mixtures.
Although, the low-temperature mass loss behavior
at 7 days remained relatively limited, the increased
dehydration observed after 28 days may indicate
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Fig. 13 TGA/DTG curves of clay-based AAMs having different activator content at different ages
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progressive gel formation and evolving alumino-
silicate reaction products at higher activator contents
under ambient curing conditions. Ultimately, all mix-
tures appeared to be thermally stable beyond 700 °C.

3.5.4 Thermal decomposition behavior of mixtures
having different precursor

The presence of GGBS played a major role in the
thermal response of the AAM blends, as shown in
Fig. 14.

The slag-free SS/CC100 binder exhibited only 6%
and 8% mass loss at 7 and 28 days, respectively, up to
1000 °C, while the blends containing GGBS featured
higher mass loss at both curing ages. In addition, the
thermal decomposition process of the 28-day cured
SS/CC81 and SS/CC63 was almost identical, with the
initial evaporation of physical water and chemically
bound water occurring up to about 200 °C.

The lower mass loss observed for the slag-free mix
is explained by the lower degree of reaction and only
limited formation of geopolymer gel and the absence
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of hydrated C—A-S-H phases. In the case of the
binary blends, SS/CC81 and SS/CC63 had consider-
ably accelerated mass loss up to 300-350 °C, which
is associated to the loss of chemically bound water
from the formed C—A-S-H gel [64] induced by the
CaO rich slag [66].

4 Conclusion

The present paper examines the results of a com-
prehensive investigation aimed at addressing the
major limitations of AAMs, such as the need for
additional thermal curing, harmful liquid activators
and the scarcity or regional dependence of precur-
sors. Specifically, one-part clay-based AAM mortars
were designed without the use of chemical admix-
tures and cured under ambient conditions, consider-
ing two main mix-design parameters, i.e. the dosage
of solid activator (sodium disilicate) and the content
of calcined clay, as a widely available low-calcined
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Fig. 14 TGA/DTG curves of clay-based AAMs having different precursor content at different ages
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precursor, in partial or total replacement of GGBS.
The following conclusions can be drawn:

e Isothermal calorimetry measurements reveal that a
higher amount of solid activator leads to quicker
and more intense reaction. However, overdosing
of solid activator results in the widespread pres-
ence of unreacted or partially hydrated sodium
disilicate.

e The incorporation of slag in the precursor blend
considerably contributes to a quicker reaction due
to the accelerated formation of C—A—-S-H.

e All AAMs exhibit workability similar to that of
comparable standard cement-based mixes and
increasing the amount of solid activator results in
higher flowability. On the other hand, the use of
slag as a precursor seems to penalize the workabil-
ity of the blends, even though calcined clay fea-
tures a distinctively higher water retention capac-
ity.

e The significant shortcomings deriving from the
faster setting times of one-part AAMs compared
to their cast-in-place cement-based conventional
counterparts can be successfully overcome by
adjusting the type of precursors, their volume
fraction and activator dosage, rather than by
increasing the water/binder ratio or using chemi-
cal admixtures. In this regard, blends consisting of
81% calcined clay and 19% of slag produced with
22-25% solid activator by weight of the total cal-
cined clay and slag stand out as the most promis-
ing candidates.

e The inclusion of a limited amount of slag in clay-
based AAM binders is pivotal in refining the pore
size distribution and improving the compressive
strength of the corresponding mortars, without
compromising the fresh properties. Again, blends
with 81% calcined clay and 19% of slag offer ade-
quate mechanical response compared to traditional
binders.

e An increase in sodium disilicate resulted in higher
compressive strength. However, beyond a certain
threshold, this increasing rate diminished due to
hindered gel coagulation in the presence of excess
sodium disilicate.

These results hold the potential to pave the way
for the wider use of low-grade calcined clays in one-
part AAMs as practical and sustainable alternatives to

compete successfully with standard Portland cement,
but with dramatically reduced environmental impact
for production. It is therefore conceivable that scal-
able one-part AAM mixtures could be designed by
selecting appropriate raw materials based on the local
availability of clay resources worldwide.
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