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Abstract

This study assessed whether electrochemical activation of mixing water can enhance
autoclaved aerated concrete (AAC), in which fly ash replaces sand as the siliceous com-
ponent. Mixing water was electrolyzed in a diaphragm-type “Melesta” unit to obtain the
catholyte and anolyte, and fly ash was pre-exposed to the catholyte for up to 15 min. The
material’s behavior was evaluated using slurry flow tests, scanning electron microscopy,
Fourier-transform infrared spectroscopy, macropore-uniformity analysis, mercury intrusion
porosimetry, and shrinkage and short-term durability indicators. At an approximately
constant density class near 600 kg/m?, the catholyte-pretreated fly-ash AAC mixes showed
a near-monotonic increase in compressive strength with increasing fly-ash replacement
(relative to the sand-based reference), while fresh-mixture fluidity decreased. The pore
structure became more uniform, as indicated by a decrease in the standard deviation of
pore diameters from 0.175 to 0.133 mm, and porosimetry indicated a higher micro-porosity
fraction in fly-ash AAC than in sand-based AAC. Capillary shrinkage remained essentially
unchanged, and short-term durability indicators (durability coefficients after 25 cycles)
showed a small improvement. Overall, electrochemically activated water promoted a
more regular pore system and stronger interpore walls under autoclave curing, supporting
higher fly-ash utilization without loss of dimensional stability. The results are limited to
one fly-ash source (Ekibastuz TPP); transferability should be verified using ashes with
different glass content, fineness, and carbon/LOI.

Keywords: fly ash; autoclaved aerated concrete; electrochemical activation; pore structure;
mercury intrusion porosimetry

1. Introduction

Fly ash is produced in large quantities as a residue of coal combustion at thermal
power plants, including coal-fired power stations and combined heat and power plants,
and managing this waste remains one of today’s most serious environmental issues. Global
generation is estimated at up to 800 million tons per year [1]. However, longer-term
projections are uncertain because they depend on regional coal demand, which recent
outlooks indicate has plateaued and may decline slightly by 2030; therefore, the value of
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2100 million tons by 2030 [2] should be regarded as an upper-bound scenario rather than a
single definitive forecast. The challenge is especially severe in coal-dependent economies
such as China and India, which together account for more than 200 million tons of ash
annually [3]. In Kazakhstan, only about 1.4% of fly ash is recycled, underscoring the need
for practical and effective disposal and utilization solutions [4]. Beyond the immediate
environmental burden, the steady accumulation of ash also increases long-term liabilities
for power producers and municipalities, since storage facilities must be monitored and
maintained for decades while the volume of deposited material continues to grow.

At present, the dominant practice is stockpiling fly ash in ash dumps or landfills, a
route that can harm ecosystems through contamination of soils, surface waters, groundwa-
ter, and air [5]. Wind-driven dusting, leaching of soluble compounds, and the occupation
of large tracts of land make ash disposal sites a persistent source of risk for surrounding
areas. Such storage also demands substantial land resources and continuous financial
inputs for operation, monitoring, and rehabilitation, yet it does not create economic value.
Consequently, many countries are prioritizing the development of new approaches for
processing and reusing this industrial by-product, shifting attention from simple disposal
toward circular-use strategies in which ash is treated as a secondary raw material [6-8].
In this context, the construction sector is often highlighted, because it can consume large
volumes of mineral-based materials and because cementitious systems can incorporate fine
aluminosilicate powders in different roles.

One of the most viable directions is the use of fly ash in construction, particularly as a
raw component in aerated concrete and other cellular concretes [9]. Fly ash is attractive
for cementitious systems because it often combines a high specific surface area, a porous
microstructure, and an amorphous silica-rich phase that provides notable pozzolanic
activity [10,11]. Owing to these features, it can serve not only as a partial replacement for
natural sand but also as a performance-enhancing ingredient in porous concrete, improving
properties such as strength development, resistance to aggressive exposure, and thermal
insulation behavior [12,13]. These benefits are typically observed when the ash has sufficient
amorphous (glassy) content and fineness and when curing/activation conditions promote
pozzolanic reaction; otherwise, fly ash may behave largely as a low-reactivity filler at early
aging-process stages. In addition, replacing part of the natural aggregate fraction with
an industrial by-product can reduce extraction pressure on natural resources, which is an
increasingly important consideration for sustainable construction.

Practical experience in several European countries, including the Czech Republic
and Hungary, shows that fly ash can be successfully incorporated into aerated concrete
production, lowering material costs while maintaining or improving performance. In
Hungary, for instance, aerated concrete made with fly ash has been reported with densities
in the range of 500-900 kg/m? and compressive strength reaching 7.5 MPa, supporting the
view that fly ash can participate actively in hydration-related processes rather than acting
solely as an inert filler [14,15]. These observations reinforce the idea that, when properly
integrated into mixture design and curing regimes, fly ash can contribute to the formation
of a refined microstructure, which is particularly relevant for cellular materials in which
the integrity of inter-pore partitions strongly controls mechanical performance.

Despite these advantages, fly ash may exhibit limited intrinsic reactivity under conven-
tional mixing and curing conditions, which can restrict its effectiveness within conventional
concrete technologies. Variability in mineralogical composition, particle size distribution, and
the proportion of amorphous phase may further complicate its consistent use in industrial
production. For this reason, various activation strategies are applied to enhance its reactivity
and strengthen its interaction with cement hydrates [16,17]. Such approaches are intended
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to accelerate dissolution of the reactive phases and to promote the formation of additional
binding products that densify the matrix and improve early and long-term properties.

Among the options discussed in the literature, electrochemical activation of mixing
water, particularly slurry water, is considered a promising route [18]. Electrolysis yields two
products, anolyte and catholyte, each characterized by distinct physicochemical properties,
including modified pH and electrical conductivity and elevated reactivity compared with
untreated water [19,20]. Because these electrolyzed solutions exist in a metastable condition,
they can intensify dissolution, hydration, and recrystallization phenomena in cement-based
systems, which is especially relevant when the aim is to stimulate the participation of
fly ash in early-age reactions. In contrast with conventional chemical activation using
acidic or alkaline reagents, electrochemical activation is reported to provide a more efficient
(i.e., achieving comparable activation/dispersion effects at lower chemical input and
with more uniform action throughout the slurry) and more uniform influence on fly
ash, increasing its activity and improving the quality of the resulting material [21]. The
metastable nature of these solutions is again emphasized as a key factor accelerating
dissolution, hydration, and recrystallization processes within cement matrices [21]. In
concrete applications, electrochemically activated solutions have been associated with
higher strength, faster early hardening, and the formation of stronger inter-pore partitions,
which is particularly relevant for cellular materials in which microstructural continuity
governs both load-bearing capacity and durability [22]. From an applied perspective, this
line of research is appealing because it aims to improve material properties while avoiding
the handling and disposal issues associated with strong chemical activators. Overall,
prior studies attribute these improvements to changes in early hydration kinetics and
microstructural densification under altered solution chemistry (pH/conductivity), as well
as the metastability of catholyte/anolyte [19-22]. However, the evidence remains limited
for AAC systems under autoclave curing, especially when fly ash fully replaces sand and
when ash is pre-exposed to catholyte prior to mixing. Therefore, additional work is needed
to connect electrochemical activation with pore-structure descriptors (macropore uniformity
and MIP-derived pore fractions) and the resulting mechanical /durability indicators in
fly-ash AAC [18-22].

Against this background, the present study examines how electrochemical activation
of mixing water affects the physical and technical properties of autoclaved aerated concrete
(AAC) in which fly ash is used as an active siliceous component, and it compares these
results with those obtained for conventional aerated concrete produced using sand. The ex-
perimental program evaluates changes in strength and density and examines pore-structure
features relevant to thermal insulation (thermal conductivity was not measured in this
study), and it also investigates, at the structural level, the mechanisms governing interac-
tions between electrochemically activated solutions and fly-ash constituents. Particular
attention is paid to whether the use of the anolyte and catholyte can improve the efficiency
of fly-ash involvement in hydration and autoclave-related reactions, thereby supporting
both performance gains and higher waste-utilization rates. The outcomes are expected to
inform the advancement of fly-ash processing and utilization technologies, supporting the
development of more efficient and environmentally responsible building-material produc-
tion methods. In a broader sense, this contributes to more sustainable construction practices,
reduced environmental impact, and improved solutions for industrial waste management,
a field which remains economically and ecologically significant at the global level.

2. Materials and Methods

The experimental program was implemented in seven consecutive stages: (1) selection
and standard-based testing of raw materials; (2) assessment of fly-ash morphology and
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rheological behavior; (3) activation of fly ash through electrochemical treatment of mix-
ing water, followed by infrared spectroscopy; (4) mix optimization for cellular concrete
with a target density of 600 kg/m? via the water-to-solids ratio and rheology monitoring;
(5) evaluation of microporosity, for mixtures with sand or fly ash; (6) analysis of the influ-
ence of microporous structure on material performance; and (7) estimation of capillary
shrinkage in the produced specimens.

2.1. Raw Materials and Compliance with Standards

Portland cement CEM I 42.5 N (Heidelberg Cement, LLP, Shymkent, Kazakhstan),
construction gypsum grade G-7 (Gipsum, JSC, Taraz, Kazakhstan), air lime (Sastobe plant,
Turkistan region, Kazakhstan), dune sand from the Shardara deposit (Shardara, Kaza-
khstan), fly ash from the Ekibastuz TPP (Ekibastuz, Kazakhstan), aluminum powder
(gas-forming agent) PAG-1 (Temirtau Metallurgical Plant, Temirtau, Kazakhstan), and
technical water were used. The binder complied with the standards described in [23]. Its
main characteristics are summarized in Table 1. All mixtures in this study were prepared
using cement from the same production batch. Table 2 reports the oxide composition of
this batch (chemical analysis is per the methods described in [24]). Additionally, fineness,
normal consistency, and setting times were verified using procedures from [25,26].

Table 1. Cement properties [23].

Compressive Start of

. Specific
Cement Grade Manufacturer Strength at Sett} ng, Not Surface Area,
28 Days, At Earlier Than, em?/
Least, MPa min &
Heidelberg
CEMI425N+* Cement LLP 46.8 140 3110
(Shymkent,
Kazakhstan)

* According to [23], “I” denotes the cement with high (~95%) clinker content, “42.5” is the compressive strength
class, and “N” indicates normal early strength.

Table 2. Oxide composition of CEM 142.5 N, mass % [24].

. Other
SIOZ A1203 Fe203 CaO MgO NaZO Kzo SO3 Impurities
22.7 3.9 4.12 63.88 3.11 0.73 0.6 0.44 0.52

Gypsum conformed to the standards in [27] and the declared properties met the
requirements described in [28] (Table 3). Lime was used as an additional binder in accor-
dance with [29] (slaking temperature 65 °C, slaking time 20 min, activity 75%); its chemical
composition is shown in Table 4.

Table 3. Gypsum properties [27].
Compressive Compressiv Flexural Flexural
Normal Setting . P ompressive U Strength Residue
. Setting Strength Strength Strength .
Gypsum Consis- Start, - . After On Sieve
tencv, % min End, min After2 h, After Drying, After2 h, Drvin No. 002, %
¥ % MPa MPa MPa Y o
MPa
Construction
gypsum 59 7 16 7.6 10.6 3.7 4.5 154
G-7
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Table 4. Lime oxide composition, % [29].
. Other
CaO Si0, MgO Al,O3 SO;3; Impurities
80.1 2.6 1.3 1.1 0.02 14.88

Aluminum powder PAG-1, the gas-forming agent, complied with the standards de-
scribed in [30], had a silver-grey appearance, contained no visible foreign inclusions, had a
bulk density of about 0.15-0.30 g/cm3, and contained 85-93% active aluminum.

The dune sand differed from conventional sands in mineralogy and grading. Its min-
eralogical and petrographic composition was determined per the methodology described
in [31], with quartz and feldspar (orthoclase-dominant) prevailing, alongside limestone
and minor clay fragments. Bulk density was 1420-1440 kg/m?, and true density was
2.61-2.63 g/cm?. The grading per the approach described in [32] is provided in Table 5.

Table 5. Particle-size distribution of dune sand [32].

Sieve Opening, Partial Residue, % Cun.mlatlze Fineness Modulus
mm Residue, %
2.5 - -
1.25 - -
0.63 0.23 0.23
0.315 6.7 6.93
0.14 47.9 54.83
Passing 0.14 45.17 100.00 0.61

Fly ash was used as a full replacement of the siliceous component (sand) and was
selected in accordance with [33,34]. Its chemical composition is shown in Table 6. Per
the standard described in [34], coal ash content was up to 40%, the specific surface area
was 2800-3000 cm? /g, the residue on the 0.045 mm sieve was 21% by mass, and the bulk
density was 750 kg/ m3. Additional limits were also met (SiO, + Al,O3 + Fe; O3 > 70%,
free CaO < 5%, MgO < 5%, loss on ignition < 5%, etc.). While EN 450 provides conformity
criteria for fly ash used in conventional concrete, AAC performance under aeration and
autoclaving can also depend on AAC-specific factors such as ash fineness/glassy-phase
reactivity, LOI/unburned carbon (water demand), and compatibility with aluminum gas
formation. Therefore, in this study these aspects were controlled operationally by using a
single, industrially supplied fly-ash source (Ekibastuz TPP) and keeping the aeration agent
and W/S constant across all compositions.

Table 6. Fly-ash chemical composition [33].

. Other
SIOZ A1203 Fe203 CaO MgO Impurities
56-62 25-27 49-75 3.4-4.0 1.1-1.3 1-3

Technical water complied with the standards described in [35].

2.2. Fly-Ash Morphology and Mixture Rheology

Fly-ash morphology was examined according to the methods described in [36], using
a scanning electron microscope (SEM) JSM-7000 (JEOL Ltd., Tokyo, Japan) equipped
with INCA Energy (EDS) and INCA Wave (WDS). The microanalysis system enabled
quantitative elemental analysis over 0.001-100 wt.% with ~10 um lateral locality.
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The workability of the fresh cellular mixture was determined, following [27], by using
a Suttard viscometer. The mixture was poured into the cone with the outlet closed, and then
the gate was opened, and the mixture spread freely on a glass plate marked with concentric
circles. Two orthogonal spread diameters were measured and averaged; mobility was
judged from the spread, and homogeneity from the spot shape. This spread-based test was
selected as a rapid, reproducible QC-type workability indicator for cellular mixtures, in
which entrained/generating gas and fast structuration can complicate rotational rheometry.
We aimed to compare relative mixture mobility across compositions under identical pro-
cessing conditions, rather than to fully characterize the flow curve; spread tests are widely
used for aerated /foam cementitious systems and can be related to yield-stress-dominated
flow behavior [37].

2.3. Electrochemical Activation of Mixing Water and FTIR Analysis

Electrochemical treatment of the mixing water was performed using a “Melesta”
electrolysis device (Ufa, Russia) [38]. The device includes a main vessel, an internal
vessel separated by a diaphragm, and metallic electrodes (a stainless-steel cathode and a
ruthenium-oxide-coated titanium anode). Technical water (0.8 L) was electrolyzed as in [39]
until the water temperature reached 35 °C. The electrolysis endpoint of 35 °C was selected
as a practical, reproducible operating condition (used as the electrolysis endpoint) to
standardize the treatment intensity while keeping the treated water close to typical mixing
temperatures and minimizing unintended thermal effects during mixing. After electrolysis,
the solution in the main vessel became alkaline (catholyte, pH = 10.2), while the solution in
the internal vessel became acidic (anolyte, pH = 2.6). The pH values were measured using
a calibrated pH meter immediately after electrolysis (at laboratory temperature) and the
treated water was used for mixing without storage; therefore, the reported pH corresponds
to freshly prepared catholyte/anolyte and any pH drift over time was not relevant within
the preparation-to-mixing interval.

Fly ash was used in the as-received (air-dry) condition; no additional drying was per-
formed before catholyte exposure. To activate fly ash, it was pre-exposed to the catholyte for
up to 15 min, then introduced into the mix together with the mixing water. The structure
of the activated fly-ash compounds was examined by Fourier-transform infrared spec-
troscopy using a Varian 640-IR spectrometer (Varian, Inc., Palo Alto, CA, USA), following
the guidance in [40].

2.4. Mix Design for Cellular Concrete with Target Density 600 kg/m?

Mixtures were proportioned according to the method described in [41]. The empirical
coefficients used in this algorithm are not universal and are applicable to the specific raw
materials employed in this study; they should be re-verified if materials are changed.

The fly-ash-to-cement mass ratio (FA/C) for 1 m? of mixture was set within the range
of 0.5-1.0, and the water-to-solids ratio (W /S) was selected from values within the range of
0.40-0.65 depending on the required strength, with lower W/S corresponding to higher
design strength.

The mold cavity volume (Vy, m?) was calculated as:

Vi=a xb xh, (1)
where: a—inner width, m; b—inner length, m; h—inner height.

The dry density of the hardened material (o, kg/ m?), the mass of fresh mix (1, kg),
and the binder (C, kg) and water (W, kg) contents were calculated using the algorithm
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in [41]. For brevity, only the final working expressions used in the calculations are given
below (Equations (2)—(7)):

mCm_W+C Xka

pc = v, 2)
€= (1.15p 1713/(:))’ ®)
S=C+FA, (4)

W =Sx (W/S), (5)

Weus = 15 X G, (6)

Wi = W — Ways, @)

where: k. ,—empirical coefficient characterizing the relative content of chemically bound
water in cement, taken in our case to be equal to 0.15; G—the consumption of aluminum
powder PAG-1, noting that factor 15 in Equation (6) reflects the experimentally chosen water
amount (Wsys, kg) used in preparing the aluminum suspension (smaller water contents led
to visibly non-uniform dispersion); W,,—mixing water consumption. A brief sensitivity
check showed that varying k., within 0.10-0.20 changes the calculated chemically bound
water by £10 kg/m? for the cement dosage used here (200 kg/m?), i.e., about +-3% of the
total mixing water at W/S = 0.6; therefore, this assumption does not affect the comparative
trends discussed in Section 3.

The aluminum powder content and the pre-expansion volume of the poured mix were
determined as

Ve—V,
G = f ac.m ) (8)
0.25 X kexp
FA C w
Vac.m = —+ + — (9)

PrAt  Pct  Pw’
where: k.y,—the expansion coefficient determined according to [41]; Vac.m—the poured
mixture volume before gas formation; pga¢, pct, and pw—the true densities of fly ash
(2670 kg/m?), cement (3100 kg/m?), and water (1000 kg/m?), respectively.

Gas generation in cement-based cellular concrete proceeds due to the reaction of PAG-1
with Ca(OH); in the highly alkaline pore solution. In the fresh mix (pre-expansion stage),
Ca(OH); is provided predominantly by rapid hydration of free CaO from cement and/or
added quicklime; therefore, expressing the gas-generation capacity in terms of “free CaO
equivalent” is a practical approximation (although aluminum can also react with Ca(OH),
formed from early cement hydration). When FA/C is high (reduced binder content), or
the cement has a low free-CaO level, additional quicklime is introduced as recommended
in [41]. The gas-generation reaction was considered as

3Ca(OH), + 2Al 4+ 6H,0 = 3H, 1 +3Ca0-Al,03-6H,0, (10)

where: 3Ca0O-Al;O3-6H,0 denotes calcium aluminate hydrate (C3AH6, hydrogarnet).
From molar-mass relations, the CaO-to-Al mass requirement and the practical lime
dosage were calculated using

m
Meao = 5%1 x 168.3, (11)
G X AG
= 168. 12
Six 4 1683 (12)
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If the cement contained its own active CaO, only a part of quicklime was added:

=L CXT“ZCaO (13)
Hydration of CaO was represented by
CaO + H,O = Ca(OH),, (14)
and the required additional water for lime hydration was calculated as
Mo = pei X 18, (15)
Wy = L;;‘L x 18 (16)

When the mixture was corrected for added lime, the fly-ash amount was reduced by
the added-lime mass, and mixing water was increased by the amount of water required for
lime hydration.

2.5. Macroporosity Evaluation of Cellular Concrete

Macroporous structure quality was assessed using a method proposed in [42] (one de-
veloped at the V. Shukhov Belgorod State Technological University, Belgorod, Russia). The
approach fills surface-cut pores with milled amorphous carbon, captures the surface image
using a digital camera, and then processes the image for quantitative porosity analysis. The
use of amorphous carbon was motivated by its high dispersion, enabling a more complete
pore filling than in water-based pigment mixtures, where water surface tension hinders pig-
ment entry into fine pores. In [42], the proposed method was quantitatively benchmarked
against conventional image-based techniques (e.g., Image] v1.46r/CellProfiler v4.0.7, as
used in [43]) and showed high agreement. In the present study, the method is applied
primarily for comparative assessment of pore-structure uniformity between mixtures under
identical imaging and processing conditions.

For calibration, cellular concrete specimens with a density of 600 kg/m? and a con-
stant siliceous-component-to-binder ratio of 2:1 were used. The autoclave treatment was
2 +8+2hat0.8 MPa and at 174.5 °C. The macroporous structure was then evaluated for
different fly-ash-to-sand proportions within the siliceous component.

2.6. Microporous Structure and Pore-Size Distribution

To quantify water-retention capacity within the capillary-porous system, pore-size
distribution was evaluated by mercury intrusion porosimetry (MIP) focused on pore sizes
in the 1.5-300 pm range, which is typical for aerated and foamed concretes. Pore-space
measurements were performed based on the mercury intrusion porosimeter concept:

—27-cosf
R = —>p (17)
where: y—mercury surface tension, N/m; R—pore radius, mm; 6—contact angle, rad;
P—intrusion pressure, Pa.

PASCAL 140 W Ultra Macro (3.8-900 pm) and PASCAL 240 (0.0074-15 um) mercury
porosimeters (Thermo Fisher Scientific, Waltham, MA, USA) were used to measure porosity
in the 1.5-300 pm range with automated vacuum application, mercury filling, controlled
pressure increase up to 200 MPa, data capture, and subsequent transfer of the data to
a computer.
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The benefits of this method include a standardized measurement framework [44],
reduced analysis time compared with gas adsorption [45], and broad applicability; mercury
porosimetry is widely considered suitable for macropores and large mesopores [46,47].

Capillary diameter (4, mm) was estimated by Equation (18):

4 x o X cosf

e (18)

where: c—surface tension of the liquid, N/m; p—density of the liquid, kg/m?; f—wetting
angle, rad (for aerated concrete, it is equal to 1, i.e., complete wetting); H—water retention
capacity of concave menisci, in centimeters of water column (equal to the capillary tension),
Pa; g—acceleration due to gravity, m/s?.

2.7. Capillary Shrinkage Assessment

Given that the porous structure of cellular concrete can promote cracking under
humidity fluctuations, shrinkage driven by capillary forces was estimated (calculated)
using A.E. Sheikin’s theory [48]. The shrinkage value (/) was calculated as

& =—=XwxX—xVW, (19)

where: 0pp,—surface tension, N/m; w—wetted-pore-area fraction; r—capillary radius at
a given relative humidity, mm; Ep—elastic modulus under all-round compression, MPa;
VW—moisture-content gradient between internal and near-surface layers, %. Because &,
is a calculated estimate based on Equation (19) and input parameters, small differences
on the order of 0.01-0.02 mm/m should be treated as being within expected uncertainty

(parameter scatter/rounding) and interpreted primarily in a comparative sense.

3. Results and Discussion

Fresh-mixture workability was first tuned by jointly varying the W/S and the mix
temperature, because both parameters directly govern slurry viscosity and the kinetics of
the early reactions that occur before pore stabilization. Figure 1 shows that, at relatively low
W/S, raising the temperature tends to reduce the spread diameter (i.e., workability), which
is consistent with faster early hydration and a quicker viscosity build-up in the system. At
higher W/S ratios (around 0.75), the spread becomes less sensitive to temperature because
the excess free water compensates for the accelerated structure formation, keeping the
mixture mobile over the same time window.

The microstructure of Ekibastuz fly ash helps explain why the mixture rheology
changes once the sand is replaced. SEM observations (Figure 2) indicate a mixed particle
population: (i) spherical microspheres (roughly 10-60 um) formed by melting and rapid
cooling during combustion, and (ii) irregular, silica-containing fragments and porous,
partially amorphous particles with a developed surface. Such morphology is typical
for coal fly ash, as reported in broader reviews, and it implies a dual rheological effect:
microspheres can reduce internal friction (a “ball-bearing” contribution), while porous and
highly developed surfaces can increase water demand and accelerate flocculation if the free
water levels become insufficient. In practice, the experimental spread values decreased with
increasing fly-ash replacement under otherwise comparable conditions (Tables 7 and 8),
meaning that the water-demand and structuration effects dominated over any lubrication
benefit in the studied binder system.
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Figure 1. Dependence of workability on W/S at different mix temperatures.

Figure 2. Morphology of fly-ash particles.

Table 7. Influence of siliceous component type on autoclaved cellular concrete properties.

Consumption, kg/m? Mix . Compressive
Composition  CEM I WIS Fluidity, Denmgy, Strength *
ps5N Lime Sand  FlyAsh  PAG-1 m kg/m (Mean + SD),
. MPa
1 200 45 295.0 0.0 0.416 0.6 255 604 3.42 + 0.04
2 200 45 265.5 295 0.416 0.6 26.0 618 3.48 £ 0.16
3 200 45 236.0 59.0 0.416 0.6 245 624 3.52 4 0.16
4 200 45 206.5 88.5 0.416 0.6 235 586 3.57 £0.15
5 200 45 1770 1180 0.416 0.6 23.0 590 3.64 £ 0.14
6 200 45 1475 1475 0.416 0.6 215 606 3.69 + 0.12
7 200 45 1180  177.0 0.416 0.6 21.0 617 3.72 4+ 0.27
8 200 45 88.5 206.5 0.416 0.6 205 643 3.77 +0.12
9 200 45 59.0 236.0 0.416 0.6 20.0 622 3.82 +0.15
10 200 45 295 265.5 0.416 0.6 19.0 605 3.83 £0.2
11 200 45 0.0 295.0 0.416 0.6 185 600 3.96 £ 0.10

* Strength values are reported as mean =+ standard deviation (SD) from 3 specimens per composition.
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Table 8. Influence of siliceous component type on density and macropore-distribution uniformity.

Workability, Temperature, Density, Strength,

- o "
Composition  FA/S, % W/S om °C kg/m? MPa SD *, mm
1 0/100 0.6 25.5 40 618 3.42 0.175
2 25/75 0.6 23.0 40 613 3.57 0.163
3 50/50 0.6 215 40 610 3.69 0.152
4 75/25 0.6 19.5 40 606 3.77 0.144
5 100/0 0.6 18.5 40 600 3.96 0.133
*SD of pore diameters was estimated from 3 specimens per composition, with 3 images per specimen (9 images
per composition).

A key aim of the work was to intensify the chemical participation of fly ash in auto-
claved aerated concrete. The FTIR spectra (Figure 3) confirm that electrochemical activation
of the treatment water changes the spectral response of fly ash, compared with the initial
amorphous ash.

100
90
80
2 70
g
£ 60
8
2 50
B
5 40
b=
& 30 —— Alkali treated
20 —— Amorphous
10 ——Acid treated
0
500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber, cm™

Figure 3. FTIR spectra of fly-ash samples.

As shown in Figure 3, in the 500-4500 cm ! range, activated samples exhibit absorp-
tion features consistent with a more reactive silica state. In particular, the spectrum includes
bands attributed to internal deformations in silicate groupings (around 500-600 cm~1);
symmetric vibrations of Si—O-Si linkages (approximately 700-900 cm~!); and a strong
absorption in the 1000-1290 cm~! region, with a transmission minimum near 1080 cm~!.
This minimum aligns with the frequency region reported by [49] for silica-related prod-
ucts, and it supports the interpretation that activation promotes depolymerization and
dispersion of the ash silica network toward a more reactive, silanol-rich silica state (i.e.,
more weakly polymerized silica species), rather than allowing direct identification of a
specific molecular species. Because acidic media may raise corrosion risks for metallic
components, the subsequent experimental program selected alkaline electrolyzed water
(catholyte) with pH = 10.2 as the preferred treatment route. The anolyte spectrum is shown
only for comparison at the material level; mechanical testing was restricted to catholyte
because the acidic route raises corrosion/compatibility risks and may affect the aluminum
gas-forming process and pore-formation stability. This choice is also coherent with works
in the broader electrochemical-activation literature, in which catholyte is commonly as-
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sociated with higher dissolution rates of siliceous phases and faster early-stage cement
reactions [18-21].

Once the mix design and activation approach were fixed, the influence of the replace-
ment of sand with fly ash on autoclaved cellular concrete properties was quantified for
a target density class near 600 kg/m? (Table 7). The formulation series used constant
cement (200 kg/m?) and lime (45 kg/m3), with the siliceous fraction redistributed be-
tween sand and fly ash at a constant W/S of 0.6 and constant aluminum powder dosage
(PAG-1 = 0.416%). Under these conditions, increasing the fly-ash share caused a system-
atic decline in mix fluidity (from 25.5 cm at 0% fly ash to 18.5 cm at 100% fly ash). This
approximately 27% reduction in spread is important because aerated concrete relies on
synchronized gas evolution and slurry stiffening. For the present binder system and pro-
cessing conditions, a practical working window was a Suttard spread of about 19-23 cm
(Table 7): at spreads >24 cm, the slurry is sufficiently mobile that bubble migration and
coalescence become more likely, whereas at spreads <19 cm, the viscosity can restrain
bubble growth and promote less uniform pore development. The measured density did
not change monotonically across all eleven compositions (604-643 kg/m?), indicating that
pore stabilization is sensitive to the combined effects of slurry rheology and gas-release
dynamics rather than to siliceous chemistry alone. Although W/S and PAG-1 dosage were
kept constant, replacing sand with fly ash changed the effective rheology and gas retention
because fly ash differs in particle size/shape and water adsorption. At higher spreads
(more fluid mixes), bubble coalescence and upward escape can occur, which reduces bulk
density, whereas at lower spreads (more viscous mixes), gas is retained more efficiently
and drainage is reduced, giving a higher density. Therefore, the observed density scatter
is governed by the competing effects of mixture mobility and gas-release/stabilization
kinetics rather than by aluminum dosage alone.

The mean compressive strength trend, in contrast to density, was distinctly mono-
tonic: strength increased from 3.42 MPa (sand-only siliceous component) to 3.96 MPa
(100% fly ash), which corresponds to a gain of 0.54 MPa, or about 15.8%. A correlation
analysis of Table 7 data (Pearson correlation between fly-ash share and mean compressive
strength across 11 compositions) shows an almost linear positive relationship (r ~ 0.99;
two-tailed p < 0.001). Each strength value in Table 7 is reported as mean + SD based on
three specimens per composition. Mechanistically, several factors can contribute simulta-
neously to this determination. First, the activated ash provides a more reactive siliceous
component, one which can more readily participate in lime consumption and calcium
silicate hydrate formation under hydrothermal conditions. This aligns with the activation
concept described in the electrochemical activation literature, where metastable catholyte
environments can accelerate dissolution and subsequent hydration and recrystallization
processes [18-21]. Second, the ash morphology itself can modify nucleation density: highly
developed surfaces and fine reactive fractions create more nucleation sites, which can
densify the inter-pore walls during autoclaving. Third, partial refinement of pore structure
(discussed below) can increase load-bearing cross-sections between pores, raising com-
pressive strength even when bulk density remains similar. Based on the present dataset,
the most direct evidence supports the third mechanism, because strength increases while
density remains in the same class, and this improvement occurs together with reduced
macropore-size scatter (Table 8) and an increased micro-porosity share by MIP (Table 9).
The enhanced chemical reactivity of activated fly ash is therefore interpreted as being
the underlying driver that enables this wall densification, but the dominant observable
contributor to strength is the pore-structure/wall refinement.
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Table 9. Physical and technical pore-structure indicators for cellular concrete.
Total Porosity, Particular Values of Porosity, cm3/g
Density Class Material 3 ’
cm’/g Porosity < 0.1 um  Porosity > 0.1 pm
D500 AAC on sand 0.660 0.296 0.364
D500 AAC on fly ash 0.701 0.336 0.365
D600 AAC on sand 0.632 0.310 0.322
D600 AAC on fly ash 0.659 0.342 0.317
D700 AAC on sand 0.608 0.317 0.291
D700 AAC on fly ash 0.629 0.365 0.264

To further probe how pore structure quality changes with siliceous replacement, the
macrostructure was evaluated using the amorphous carbon replication approach (Table 8
and Figure 4).

10 mm

Figure 4. Pore structure images of AAC on sand and on fly ash (scale bar: 10 mm; all images acquired
at the same magnification and processed using the same segmentation settings).

As can be seen from Table 8, when the fly-ash fraction increased from 0% to 100% at
constant W/S = 0.6 and temperature 40 °C, density decreased modestly, from 618 to 600 kg/m?
(about 2.9%), while compressive strength increased from 3.42 to 3.96 MPa. Importantly, the
standard deviation describing macropore size distribution decreased from 0.175 to 0.133 mm,
which is a reduction of roughly 24%. Based on the same image-analysis protocol and an SD
estimated from 9 images per composition, this reduction indicates that the pore system became
more uniform as fly-ash replacement increased. In aerated concrete, such homogenization
is often as important as average pore size, because localized clusters of oversized or merged
pores can act as preferential failure zones, lowering strength excessively.

A practical way to summarize the combined efficiency of these changes is to consider
strength normalized by density. Using the Table 8 data, the specific strength (MPa per
1000 kg/m? of density) increases from approximately 5.53 to 6.60 (~19% improvement). In
other words, the fly-ash system achieved higher load-bearing capacity without paying a
density penalty, which is precisely the direction desired for structural-thermal insulating
aerated concretes. This behavior is consistent with the broader understanding that fly ash,
when properly activated and integrated, can act not only as an inert replacement but as a
chemically active contributor to hydrothermal reaction products [14,15,18-21].

Visual comparison (Figure 4) supports the quantitative uniformity trend. The sand-
based material shows a larger scatter in pore size and more irregular pore shapes, while the
fly-ash material exhibits a more even distribution of pores with fewer obvious coalescence
features. This can be rationalized through rheology and kinetics: as fly ash reduces spread
(Tables 7 and 8), the slurry becomes better able to “hold” the evolving gas bubbles in
place, reducing upward migration and bubble merging. At the same time, the activated
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siliceous phase likely accelerates early formation of binding hydrates and hydrothermal
products, stiffening pore walls earlier in the curing process, which further stabilizes the
pore network [18-21].

Because macropore uniformity is only one part of the pore hierarchy, the mercury
intrusion porosimeter was then used to quantify total porosity and the partition between
micro- and macro-sized pores (Table 9). The most consistent structural shift is an increase
in the micro-porosity fraction (pores < 0.1 um). For example, at D600, micro-porosity
rises from 0.310 to 0.342 cm®/g (about +10%), while macro-porosity (>0.1 um) slightly
decreases from 0.322 to 0.317 cm®/g. Averaged across the three density classes, the micro-
porosity share increases from roughly 49% in the sand-based material to about 53% in the
fly-ash material. Note that Table 9 reports the mercury-intrusion-accessible pore volume
normalized by specimen mass (cm3/g), not bulk porosity per specimen volume. Therefore,
this value may increase while bulk density remains within the same class if the connected
micro- and capillary-pore network becomes more accessible, whereas the macropore system
governing density changes little. Closed pores are not captured by MIP, so Table 9 should
be interpreted primarily as a comparative accessibility trend under identical test conditions.

This micro-porosity increase is significant for two reasons. First, a larger micro-porous
fraction is expected to reduce thermal conductivity by increasing the volume of confined
air in smaller pores; however, thermal conductivity was not measured in this study, so
this point is discussed as a potential implication of the observed pore-structure changes
rather than a verified performance outcome. Second, micro-porosity is often linked to a
denser, more continuous solid skeleton in the inter-pore walls. If hydrothermal products
form more extensively on activated ash surfaces, they can refine gel and microcapillary
pores, while still allowing the intentionally created macropore system to deliver low density.
The net effect can therefore be a favorable combination: stable macropores for lightness,
plus a refined microstructure that improves strength, and, potentially, thermal resistance.
It should be noted that mercury intrusion porosimetry has known limitations (e.g., ink-
bottle effects and possible pore-wall damage/collapse under pressure), which can shift the
apparent partition between “<0.1 um” and “>0.1 pm” and therefore affect absolute values.
However, because both materials were tested using the same procedure and thresholds, the
observed increase in the micro-porosity fraction is treated here primarily as a comparative
trend rather than a definitive quantification of true pore sizes.

The pore-size distribution curves for D600 (Figure 5) provide a complementary pic-
ture: the differential curves for fly-ash aerated concrete show more pronounced peaks
at approximately 1.5 um, 5.0 um, and 100 um, compared with the sand-based concrete
(micro-range obtained from PASCAL 240; macro-range from PASCAL 140 W Ultra Macro).

As can be seen from Figure 5, the fly-ash concrete exhibits higher intrusion volume
concentrated in several pore-size bands over roughly 1.5-300 um (the discussed interval
within the merged MIP distribution), and the stronger peaks indicate higher pore volume
in those ranges. At the same time, the improved pore uniformity discussed here is based on
the macropore metric from the image analysis (reduced pore-diameter scatter in Table 8),
whereas Figure 5 describes the connected micro- and capillary-pore distribution from
MIP; therefore, more prominent peaks in specific MIP bands can coexist with a more
uniform macropore system. A practical reconciliation of these observed effects is that “more
pronounced peaks” reflect a more structured, modal distribution (distinct dominant pore
families), whereas the sand-based concrete may have a flatter, less organized distribution
with less clearly expressed modes. In aerated concrete, a modal pore structure that avoids
excessive tailing toward very large and merged pores is typically beneficial for strength
at a given density, and this is consistent with the strength improvements observed here
(Tables 7 and 8).
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Figure 5. Pore-size distribution in D600 cellular concrete.

Finally, the deformation and durability-related indicators (Table 10) show that the
fly-ash system preserves dimensional stability and slightly improves resistance markers.
Capillary shrinkage is 0.59 mm/m for sand-based aerated concrete and 0.61 mm/m for
fly-ash aerated concrete, indicating only a marginal difference that remains practically
comparable for this material class and is within the expected uncertainty of the capillary-
shrinkage estimate. After 25 freeze-thaw cycles, the reported frost-resistance coefficient
increases slightly from 0.95 to 0.96 for the fly-ash system, and the wetting—drying coeffi-
cient increases from 0.83 to 0.85. These 25-cycle coefficients are used here as short-term
accelerated comparative indicators under the same regime for both materials and do not
constitute long-term durability classifications. Because the coefficient differences are only
0.01-0.02, they may fall within experimental scatter, so they are interpreted cautiously
as directional, rather than definitive, improvements. These differences are not large, but
they align with the structural evidence that inter-pore walls become more uniform and
potentially denser when activated fly ash is used. Since freeze-thaw damage sensitivity in
aerated concrete often depends on connectivity of the capillary pores and the integrity of
pore walls, even small increases may reflect meaningful microstructural refinement.

Table 10. Shrinkage deformation and durability coefficients of AAC on sand and on fly ash.

Material Capillary Frost Resistance, Wetting-Drying,
Shrinkage, mm/m 25 Cycles 25 Cycles
AAC onsand 0.59 0.95 0.83
AAC on fly ash 0.61 0.96 0.85

The results indicate that replacing sand with electrochemically activated fly ash sys-
tematically increases compressive strength while also improving pore-system regularity,
as evidenced by the lower macropore-size scatter and the higher, more structured micro-
porosity fraction (Tables 7-9). From a process standpoint, the FTIR evidence supports
the determination that activation shifts the ash toward a more reactive siliceous state
(the more weakly polymerized/silanol-rich silica species suggested by FTIR), and this
provides a consistent mechanistic explanation for stronger, more stable inter-pore walls
after hydrothermal curing. The observed performance pattern is directionally consistent
with the broader literature describing both the pozzolanic potential of fly ash and the
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benefits of electrochemical activation for accelerating dissolution, hydration, and recrys-
tallization phenomena in cementitious systems [14-21]. At the same time, the present
conclusions should be treated as conditional, because the experimental scope was inten-
tionally narrow: the study used a single fly-ash source (Ekibastuz TPP), whereas fly-ash
properties (glassy phase content, fineness, and LOI/unburned carbon) may vary between
sources and batches, and a single electrolysis setup and endpoint (0.8 L treated until 35 °C;
catholyte pH = 10.2, anolyte pH = 2.6), with fly ash pre-exposed to catholyte for up to
15 min, while the acidic anolyte route was not pursued due to corrosion concerns. Robust
findings (supported directly by the measured data) include the following: (i) the near-
monotonic increase in compressive strength with increasing fly-ash replacement under
the investigated catholyte treatment, and (ii) improved macropore uniformity (reduced
pore-diameter scatter) together with a higher apparent micro-porosity share by MIP. Tenta-
tive interpretations include the proposed causal link between electrochemical activation,
silica depolymerization, and interpore-wall densification, which is inferred from indi-
rect indicators (FTIR/MIP) and therefore requires targeted validation (e.g., additional
microstructural/phase analyses and broader durability testing). In addition, durability
indicators were only checked over 25 cycles (freeze-thaw and wetting—drying), so longer-
term resistance trends remain uncertain, even though the coefficients improved slightly.
Future work should therefore (i) expand the design space by varying electrolysis conditions
and exposure time, (ii) test multiple ashes with different glass contents and finenesses to
validate transferability, (iii) compare the catholyte and anolyte under corrosion-mitigated
processing, and (iv) strengthen structure—property links by extending durability regimes
and complementing the current pore-assessment methods (surface replication and mercury
intrusion) with additional microstructural and transport measurements, including high-
temperature/fire exposure testing to assess residual strength and microstructural stability
after heating [50].

4. Conclusions

Electrochemical activation of mixing water (catholyte) enabled fly ash to act as a more
reactive siliceous component in aerated concrete under autoclaved curing, leading to a near-
monotonic increase in compressive strength at a similar density class (~600 kg/m?3). The
strength gain is most consistently explained by refinement/densification of the load-bearing
interpore walls, as supported by improved macropore uniformity (lower pore-diameter
scatter) and a higher micro-porosity volume fraction measured by MIP (pores < 0.1 um).
Short-term indicators (25 cycles) showed no deterioration of dimensional stability and only
slight changes in resistance coefficients.

The conclusions are limited by the use of a single fly-ash source, a narrow activation
window, and durability assessment restricted to short cycling; therefore, longer-term
durability and broader material variability should be evaluated. Thermal conductivity was
not measured in this study and should be determined directly in future work, together
with extended transport testing and high-temperature/fire exposure tests (e.g., residual
strength and microstructural stability).
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