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Abstract

To address the rapid flash setting of NaOH-activated slag and promote high-volume uti-
lization of coal-based solid wastes, this study investigated the synergy of fly ash (FA), coal
gangue (CG), and gasification slag (GS) in partially replacing granulated blast furnace
slag (GBFS) for NaOH activated binders, aiming to mitigate flash setting while preserving
mechanical performance. Binary and ternary pastes with up to 90 wt% substitution were
evaluated for setting time, fluidity, and compressive strength, supported by quantitative
XRD and SEM. The G8F1G1 achieved the optimal balance, extending initial and final setting
times from 28 and 32 min to 35 and 43 min, yielding a fluidity of 218 mm, and maintaining
a 28-day strength of 48.5 MPa, equivalent to neat GBFS. The FA-GS synergy suppressed
crystalline by damping the Ca?* supersaturation peak through FA derived oligomers while
providing nucleation sites via fine carbonaceous particles in GS, thereby retaining the
amorphous C-A-5-H gel at approximately 77 wt%. This preserved the load-bearing gel
network but eliminated early percolating crystalline frameworks, extending workability
without strength loss. In contrast, CG acted as an inert diluent, introducing weak inter-
faces and porosity that severely degraded strength. A critical amorphous threshold near
64 wt% (G6F2G2, amorphous gel) governed the transition to a granular bed. The FA-GS
system offers an effective route for high-volume valorization of coal-based solid wastes in
sustainable construction materials.

Keywords: alkali-activated materials; coal-based solid wastes; slag; compressive strength

1. Introduction

The extensive mining, washing, processing and combustion of coal generate enormous
quantities of solid wastes, collectively termed coal-based solid wastes including coal gangue,
fly ash, coal-fired slag, and coal gasification slag [1]. It is estimated that each ton of coal
mined and burned produces several hundred kilograms of solid residues, and China’s
annual new increment of coal-based solid wastes has reached approximately 1.5 billion
tons, making it the largest stockpile among all industrial solid wastes in the country [2].
For a long time, owing to the immaturity of utilization technologies and the low market
acceptance of derived products, the predominant disposal route for these wastes has been
landfilling and stockpiling [3]. This practice not only occupies vast land resources but also
poses persistent and escalating threats to water bodies, atmosphere, and soil ecosystems [4].
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Under the “Dual Carbon” goals and the national strategy for circular economy, the high-
value and large-scale utilization of coal-based solid wastes has thus become a critical
research frontier at the intersection of materials science and environmental engineering [5].

Paradoxically, these seemingly intractable wastes are rich in silicon, aluminum, cal-
cium, and other essential elements, harboring substantial potential for regeneration as
construction materials [6]. Among the various valorization pathways, alkali activation has
emerged as one of the most promising approaches [7]. Using coal-based solid waste as
raw material to prepare alkali-activated materials can not only consume a large amount
of coal-based solid waste and turn waste into treasure, but also significantly reduce car-
bon dioxide emissions [8]. Extensive research has therefore been devoted to the design,
optimization, and characterization of alkali-activated coal-based solid waste binders, with
particular emphasis on their mechanical properties, workability, hydration kinetics, and
microstructural development [9].

A fundamental challenge in understanding and optimizing the performance of these
materials lies in the complex and dynamic nature of their mineral phase assemblages [10].
During alkali activation, the reactive aluminosilicate phases in the raw precursors undergo
dissolution, followed by the precipitation of various reaction products, including calcium sil-
icate hydrate (C-S-H), calcium-aluminosilicate hydrate (C-A-5-H), sodium-aluminosilicate
hydrate (N-A-S5-H) gels, as well as crystalline phases such as zeolites, afwillite, and various
aluminosilicate minerals [11]. These phases coexist with unreacted crystalline residues from
the original solid wastes, forming a multiphase system characterized by both crystalline
and amorphous components [12]. The relative proportions of these phases evolve contin-
uously with curing time, activator composition, and reaction conditions [13]. Crucially,
the macroscopic mechanical performance and durability of alkali-activated materials are
intimately governed by this mineral phase evolution, the types, quantities, and interplay
of crystalline and amorphous phases collectively determine the strength development,
volumetric stability, and long-term service behavior [14]. Therefore, a rigorous quantitative
understanding of the mineral crystal structure evolution is not merely an academic pursuit
but a prerequisite for the rational design and performance prediction of these materials.

Traditionally, X-ray diffraction (XRD) has been the workhorse technique for phase
identification in cementitious systems [15]. However, conventional qualitative XRD analy-
sis, which relies on peak intensity ratios or reference intensity ratio methods, suffers from
inherent limitations when applied to alkali-activated materials [16]. These limitations in-
clude the pervasive presence of substantial amorphous (glassy) phases that produce broad
humps rather than sharp diffraction peaks, the severe peak overlapping among multiple
crystalline phases with similar d-spacings, and the lack of suitable external standards that
accurately represent the complex phase assemblages [17]. These obstacles have historically
hindered the acquisition of reliable quantitative phase information, leaving the mineralogi-
cal evolution of alkali-activated coal-based solid wastes inadequately characterized [18]. In
recent years, the Rietveld refinement method, combined with internal standard quantitative
X-ray diffraction (QXRD) techniques, has revolutionized the quantitative phase analysis
of multiphase materials containing both crystalline and amorphous components [19]. The
Rietveld method employs full-pattern least-squares fitting of the entire diffraction profile,
using crystal structure models to calculate theoretical patterns that are refined against
experimental data [20]. This methodology enables the accurate quantification of not only
all crystalline phases but also the total amorphous content [21]. This approach has been suc-
cessfully applied to cement clinkers, blended cements, and more recently, to alkali-activated
systems. For instance, researchers have employed Rietveld-based QXRD to quantify the
phase assemblages in alkali-activated fly ash-slag pastes, to determine the degree of reaction
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of fly ash under alkaline activation, and to analyze the crystalline phase compositions of
alkali-activated binders for subsequent molecular dynamics modeling [22].

Despite these advances, a notable research gap persists. Most existing quantitative
XRD studies on alkali-activated materials have focused on binary or ternary systems de-
rived from a single type of precursor or a simple combination of two wastes [23]. However,
the practical utilization of coal-based solid wastes increasingly calls for the synergistic
co-processing of multiple waste streams, such as coal gangue, fly ash, slag, and gasifica-
tion slag, to achieve balanced performance and enhanced resource efficiency [24]. The
mineral phase evolution in such multi-source systems is inherently more complex due
to the diverse starting mineralogies, variable chemical compositions, and potentially in-
teractive dissolution-precipitation behaviors among different precursors [25]. Moreover,
the quantitative evolution of individual crystalline phases, both the residual unreacted
minerals from the raw materials and the newly formed crystalline products, as a function
of curing time and formulation parameters in multi-source coal-based solid waste systems
remains largely unexplored [26]. This knowledge gap limits the ability to establish ro-
bust structure-property relationships and to optimize the formulation of these low-carbon
binders through rational phase engineering. In contrast to existing investigations that
are predominantly limited to single or binary precursor systems and qualitative phase
identification, the present work fills this critical gap by providing the first Rietveld QXRD
analysis of mineral phase evolution in a quaternary alkali-activated system composed of fly
ash, coal gangue, gasification slag and GBFS, uniquely revealing a previously unreported
amorphous content threshold of approximately 64 wt% that governs the transition from a
cohesive gel network to a granular bed and thereby establishing a novel phase engineering
basis for balancing workability and strength in high-volume coal waste binders.

2. Raw Materials and Experimental Methods

2.1. Raw Materials
2.1.1. Coal-Based Solid Wastes

The fly ash (FA), coal gangue (CG), and gasification slag (GS) utilized in this study
were supplied by Anhui Huaihe Energy Group Co., Ltd. (Huainan, China) The FA was
designated as Grade II Class F, with a specific surface area of 308 m? /kg and a 45-um sieve
residue of 18%. The CG was subjected to crushing and ball-milling pretreatment, after
which its specific surface area increased to 336 m?/kg and its 45-um sieve residue was 16%.
The GS exhibited a specific surface area of 42,200 m?/kg and a 45-um sieve residue of 12%.
The major chemical compositions of the three raw materials are summarized in Table 1.

Table 1. Physical and chemical properties of materials %.

Specific Surface Area

CaO Si02 A1203 Fe203 MgO Na20 Kzo Others LOI

(m?/kg)

GBFS 403 36.12 33.55 19.33 1.27 3.73 0.24 0.53 1.89 1.86
FA 308 1.78 62.33 25.47 5.39 0.54 0.37 1.25 1.46 141
CG 336 1.59 56.41 23.24 2.23 0.68 0.47 0.45 1.33 13.59
GS 42,200 62.13 5.22 3.58 2.79 0.74 0.25 0.13 2.82 22.34

2.1.2. Granulated Blast Furnace Slag

The S95 grade granulated blast furnace slag powder (GBFS, Anhui Huaihe Energy
Group Co., Ltd. (Huainan, China)) was supplied by a mining group in Huainan [27]. It had
a specific surface area of 403 m? /kg, and its chemical properties are listed in Table 1 [28].
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2.1.3. Others

Sodium hydroxide (NaOH) of analytical grade (purity > 99.5%) was employed as the
alkali activator [29]. Washed river sand with a fineness modulus of 1.8 was used as the fine
aggregate. Ordinary tap water was used for mixing throughout the experiments [30].

2.2. Experimental Methods
2.2.1. Mix Proportions

The mix proportions are presented in Table 2. A pure GBFS-based alkali-activated
specimen (AAS) was employed as the reference control (designated G10). On this ba-
sis, two series of gradient substitution regimens were formulated [31]. The first series,
designated G8F1C1-G4F3C3, involved a binary substitution system in which two of the
three solid wastes FA, CG, and GS were incorporated [32]. The total replacement level
was incrementally increased from 20% to 60% in 10% steps. The second series, coded
G7F1C1G1-G1F3C3G3, adopted a ternary co-addition system wherein FA, CG, and GS were
simultaneously introduced at an equal mass ratio (1:1:1) [33]. The total substitution rate was
likewise raised stepwise from 30% to 90% at 10% intervals. Through systematic variation
of total replacement levels in both series, the influence of different coal-based solid waste
dosages on the macroscopic compressive strength, fluidity, and setting time of the AAS was
comparatively investigated. Furthermore, quantitative X-ray diffraction (XRD) analysis
was performed to characterize the phase assemblages, transformation pathways, and con-
tent evolutions of crystalline minerals, thereby establishing a comprehensive experimental
foundation for the synergistic utilization of coal-based solid wastes in AAS [34].

Table 2. Mix proportion design g (Unit, each set of triple molds requires the quality of the mixed
raw materials).

GBFS FA CG GS NaOH Water Sand

G10 450 0 0 0 24 225 1350
G8F1C1 360 45 45 0 24 225 1350
G8F1Gl1 360 45 0 45 24 225 1350
G8C1Gl1 360 0 45 45 24 225 1350
G7F1C1G1 315 45 45 45 24 225 1350
G6F2C2 270 90 90 0 24 225 1350
G6F2G2 270 90 0 90 24 225 1350
G6C2G2 270 0 90 90 24 225 1350
G4F2C2G2 180 90 90 90 24 225 1350
G4F3C3 180 135 135 0 24 225 1350
G4F3G3 180 135 0 135 24 225 1350
G4C3G3 180 0 135 135 24 225 1350
G1F3C3G3 45 135 135 135 24 225 1350

2.2.2. Preparation and Curing

The preparation procedure was exemplified by mixture G7F1C1G1 [35]. First, the
solid precursors, namely GBFS, FA, CG, and GS, were accurately weighed according to
Table 2 and then homogenized in a mechanical mixer (Shandong Xinchen Machinery Co.,
Ltd. produces GH-5L mixer, Qufu, China) to ensure uniform dispersion of all particulate
components [36]. Concurrently, the alkali activator solution was prepared by dissolving
NaOH pellets in distilled water (Table 2), and the solution was allowed to cool to ambient
temperature after complete dissolution [37]. Subsequently, the pre-blended dry powders
and the NaOH solution were sequentially charged into a cement mortar mixer (JJ-5 mixer
produced by Hebei Qingkui Instrument Technology Co., Ltd., Cangzhou, China). The
mixing sequence proceeded as follows: low-speed agitation for 15 s, followed by high-speed
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mixing for another 15 s to facilitate intimate contact between the activator and the binder.
Standard sand was then introduced, and the whole mixture was mixed at high speed for an
additional 60 s to achieve a homogeneous mortar. After mixing, the fresh paste was cast into
40 mm X 40 mm X 160 mm triple-gang molds, compacted by vibration to expel entrapped
air and to secure adequate densification. The molded specimens were initially cured
under standard conditions for 24 h before demolding. However, for formulations with
high substitution levels that exhibited insufficient early-age strength, the demolding time
was prudently extended to 3 d to avoid mechanical damage during stripping. Following
demolding, all specimens were transferred to a curing chamber maintained at (20 + 1) °C
and a relative humidity of no less than 95%, where they were kept until the designated
testing ages [38].

2.2.3. Macro Performance Test

The compressive strength measurements were conducted using a DYE-300S (produced
by Shandong Aolai Machinery Co., Ltd., Jining, China) electronic compression testing
machine, following the procedure specified in GB/T 17671-2021 (test method of cement
mortar strength (ISO method)) [39]. Mortar specimens cured for 3, 28, and 60 days were
tested at a constant loading rate of (2.4 & 0.2) kN/s, with a fixed liquid-to-solid ratio of
0.5. For each mix proportion, the compressive strength was reported as the average of
six valid individual measurements (a group of 3 specimens in total) to ensure statistical
reliability [40]. For the fresh-state properties of the paste, the initial and final setting times
were determined using an SNCD-70 Vicat apparatus in accordance with GB/T 1346-2011
(Test methods for water requirement of normal consistency, setting time and soundness of
the portland cement) [41]. The fluidity of the paste was measured by means of a truncated
cone mold, following the guidelines of GB/T 8077-2023 (methods for testing uniformity
of concrete admixtures) [42]. Both the setting time and fluidity tests were performed on
paste systems at liquid-to-solid ratios of 0.3 and 0.7. To minimize random errors, three
independent replicate tests were conducted for each mixture, and the final results were
taken as the arithmetic mean of the three determinations [43].

2.2.4. Microscopic Analysis

Microstructural characterization was performed using a Rigaku Smartlab X-ray diffrac-
tometer (Rigaku Corporation, Tokyo, Japan) and a FlexSEM1000 tabletop scanning electron
microscope (HITACHI, Tokyo, Japan), both housed at the Analytical and Testing Center of
Anhui University of Science and Technology. All specimens were prepared from neat paste
samples. Upon reaching the designated curing ages, hydration was terminated by soaking
the specimens in anhydrous ethanol; they were subsequently dried in a vacuum oven to
constant mass and then ground into fine powders for X-ray diffraction (XRD) analysis. The
XRD measurements were conducted with Cu K« radiation (A = 0.15418 nm) operating at
40 kV and 150 mA, with a scanning range of 5-70° (20), a step size of 0.02°, and a counting
time of 1 s per step. Rietveld refinement was conducted using High Score 3.0 software. The
refinement procedure involved adjusting background coefficients, peak shape parameters,
zero shift, lattice parameters, phase fractions, and preferred orientation. Profile parameter
(W) and peak asymmetry were refined for accurate phase fitting. The fitting quality was
assessed by comparing calculated and observed patterns and evaluating the weighted
profile R- factor (Rwp). The refinement yielded GOF ~ 1.14 and Rwp < 10, demonstrating
good reliability. For scanning electron microscopy (SEM) observation, the samples were
sputter-coated with gold prior to imaging, enabling clear examination of fracture surface
morphologies and the microstructural characteristics of the reaction products.

https:/ /doi.org/10.3390/ cryst16080482


https://doi.org/10.3390/cryst16080482

Crystals 2026, 16, 482

6 of 24

3. Results, Discussion, and Analysis
3.1. Analysis of Compressive Strength

The compressive strength results of AAS incorporating various coal-based solid wastes
at curing ages of 3, 28, and 60 days are summarized in Figure 1. The reference mixture G10,
composed solely of GBFS, exhibited the highest strength at all ages, reaching 32.7 MPa,
48.6 MPa, and 53.4 MPa at 3, 28, and 60 days, respectively. This superior performance is
attributed to the high reactivity of GBFS, which readily dissolves in strong alkaline solution
and precipitates substantial amounts of C-(A)-S-H gel, providing a dense and coherent
microstructure [4].
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Figure 1. Analysis of compressive strength.

3.1.1. Binary Substitution Systems Compressive Strength Analysis

In the binary substitution series, all mixtures exhibited a general reduction in compres-
sive strength relative to the G10 control, with the magnitude of the decline governed by the
waste type and the total replacement level. At a 20% replacement level, the GBF1G1 mixture
delivered the most favorable performance, achieving 28 d and 60 d strengths of 48.5 MPa
and 54.3 MPa, respectively, which were statistically comparable to those of G10. This near
equivalent performance is particularly noteworthy when compared with previous investi-
gations on alkali-activated slag binders. For instance, studies on binary GBFS-FA systems
have commonly reported strength losses of 10 to 20% at similar 20% substitution levels,
primarily because the slower pozzolanic reaction of FA alone cannot fully compensate
for the reduced slag content [33]. The synergistic interplay between FA and GS at a low
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substitution ratio can effectively offset the dilution of GBFS, likely owing to the pozzolanic
reactivity of FA combined with the nucleation sites provided by the residual carbon and
fine particles in GS. In contrast, the G8F1C1 mixture showed a more pronounced strength
decline, with 28 d and 60 d values of 41.8 MPa and 47.5 MPa, representing reductions of ap-
proximately 14% and 11% relative to G10. The G8C1G1 mixture performed intermediately,
with 28 d and 60 d strengths of 45.2 MPa and 50.6 MPa.

When the total replacement level was elevated to 40%, a consistent descending order
of strength emerged, with the G6F2G2 mixture exhibiting the highest values, followed by
G6C2G2 and then G6F2C2, irrespective of curing age. The G6F2G2 mixture maintained the
highest 28 d strength of 40.7 MPa, whereas the G6F2C2 mixture yielded only 36.5 MPa. This
hierarchy underscores the beneficial role of GS in mitigating strength loss, which can be
ascribed to its relatively higher residual carbon content that contributes to internal curing
and enhanced physical filling, as well as the potential presence of reactive aluminosilicate
phases. Notably, the 28 d strength of G6F2G2 (40.7 MPa) exceeds the values commonly
documented for slag binders replaced with 40% CG, where strengths often fall below
35 MPa, indicating that the ternary combination with GS offers a more effective strength
retention strategy than simple binary substitution with inert fillers. Further increasing
the substitution to 60% resulted in substantial strength deterioration across all binary
systems [17]. The G4F3C3 mixture suffered the most severe loss, with 28 d and 60 d
strengths plummeting to 24.5 MPa and 32.2 MPa, corresponding to reductions of nearly 50%
and 40% compared to G10. The G4C3G3 and G4F3G3 mixtures performed relatively better,
yet still exhibited 28 d strengths of only 27.3 MPa and 30.1 MPa, respectively. This marked
decline is primarily attributable to the insufficient availability of GBFS, which constitutes the
primary source of calcium and the main driver of early-age strength development. Similar
critical slag thresholds have been identified in the literature, below which the calcium
supply becomes inadequate to sustain the formation of a continuous gel network. With a
diminished GBFS fraction, the overall alkalinity and the supply of ionic species, particularly
Ca?" and Si**, become insufficient to sustain the extensive precipitation of CASH gel,
resulting in a less compact microstructure and compromised mechanical integrity [43].

3.1.2. Ternary Substitution Systems Compressive Strength Analysis

The ternary mixtures, which incorporated FA, CG, and GS simultaneously at equal
mass ratios, exhibited intermediate strength values compared to their binary counterparts
at equivalent total replacement levels. At 30% total substitution, the G7F1C1G1 mixture
achieved 28 d and 60 d strengths of 39.9 MPa and 44.3 MPa, respectively. These values were
lower than those of G8F1Gl1 yet higher than those of G6F2C2 and G6C2G2. This observation
suggests that the ternary combination does not offer a synergistic advantage over the opti-
mal binary combination of FA and GS at low substitution levels, which is likely attributable
to the inclusion of CG. CG exhibits relatively lower reactivity and may introduce inert
phases that dilute the reaction system [12]. At the highest ternary substitution level of 90%,
the G1F3C3G3 mixture suffered a dramatic strength drop to 10.2 MPa at 28 d and 12.5 MPa
at 60 d, corresponding to approximately 80% and 77% reductions relative to G10. Such
extremely low strength values indicate that the alkali-activated system containing only
10% GBES is incapable of generating a coherent matrix, because the reaction products from
the coal-based solid wastes alone are insufficient to form a load-bearing network [12]. The
predominance of unreacted particles and the high porosity of the resultant matrix account
for the nearcollapse of mechanical properties.
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3.1.3. Summary of Strength Evolution Patterns

The binary systems followed a consistent strength order at equivalent replacement
levels: the combination of FA and GS outperformed the CG and GS blend, which in turn
outperformed the FA and CG blend across all substitution levels. This hierarchy highlights
the advantage of pairing a calcium-depleted but aluminosilicate rich FA with a carbon-rich,
fine-grained GS, a synergy that collectively optimizes the dissolution and precipitation
balance [43]. A total replacement level of 40% appears to serve as a critical threshold for
preserving acceptable strength (above 35 MPa at 28 days) in binary systems containing GS,
whereas FA and CG mixtures demand a lower threshold, around 20%, to retain comparable
performance. Beyond 40% substitution, all systems experience significant strength degrada-
tion, with the FA and CG system proving the most sensitive to increased substitution. The
ternary mixtures did not surpass the best binary formulations, a result likely attributable to
the dilution effect of CG, which exhibits lower reactivity and may impede the dissolution
of more reactive phases. Nevertheless, the ternary system may offer advantages in terms of
comprehensive solid waste utilization and raw material availability, albeit at the expense of
mechanical strength. With respect to age dependent strength development, all mixtures
exhibited continuous gains from 3 to 60 days, and the relative strength increment was
more pronounced for those with higher substitution levels. For instance, the G4F3C3
mixture developed a 60-day strength of 32.2 MPa, representing a substantial increase over
its 3-day value of 13.5 MPa, whereas the G10 mixture reached 53.4 MPa at 60 days with a
comparatively smaller proportional gain from its 3-day strength. This observation indicates
that the coal-based solid wastes contribute to long-term strength development through
sustained pozzolanic and filler effects, albeit at a slower rate compared to GBFS [21].

The contrasting strength evolution across the binary and ternary systems originates
from the cooperative or interfering interactions that emerge when FA, CG, and GS jointly
replace GBFS, rather than from the independent contribution of any single waste. In the
combination of FA and GS, a positive synergy is established. The sustained pozzolanic
reaction of FA continuously releases mobile aluminate and silicate oligomers that sustain
prolonged secondary gel infilling, while the fine carbonaceous particles inherent to GS
provide abundant heterogeneous nucleation substrates that spatially refine the CASH
gel distribution [36]. These two mechanisms operate in tandem, effectively offsetting
the dilution of GBFS by enhancing the interconnectivity and homogeneity of the binding
network without excessively depleting the calcium reservoir. The resulting matrix develops
a compact microstructure with fewer interfacial defects, which accounts for the superior
strength retention of the FA and GS binary system. When CG enters the blend, this
beneficial synergy is disrupted. In the FA and CG combination, the highly crystalline and
inert CG grains contribute neither reactive species nor effective nucleation templates. They
behave as passive discontinuity sites that interrupt the continuity of the gel phase and
generate weak, flaw-prone interfaces [22]. In the CG and GS combination, the nucleation-
promoting function of GS is largely neutralized because the dominant CG phase drives
up internal water demand, introduces capillary porosity, and prevents the dense particle
packing essential for efficient gel bonding [9]. The ternary mixtures, which incorporate CG
alongside FA and GS, suffer from a similar interference effect. The presence of CG dampens
the positive FA and GS synergy, so the microstructure fails to attain the level of densification
reached by the optimal binary system, resulting in intermediate strength values. At total
substitution levels exceeding 60%, the fraction of GBFS becomes too small to supply the
Ca?* flux required for pervasive CASH formation. Under such calcium-deficient conditions,
no cooperative interaction among the coal-based wastes can compensate for the loss of the
primary reactive precursor, and the paste evolves into a loosely consolidated composite
dominated by unreacted particles and high porosity [17]. The mechanical response is
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therefore governed by the balance between the mutually reinforcing cooperation of FA and
GS and the mutually inhibiting effect introduced by CG, all constrained by the calcium
availability determined by the remaining GBFS content.

3.2. Analysis of Liquidity and Setting Time

The setting times and fluidity values for all AAS pastes are presented in Figure 2. The
reference mixture G10 exhibited extremely rapid setting, with initial and final setting times
of merely 28 min and 32 min, respectively, and a fluidity of 205 mm. As a high-calcium
aluminosilicate glassy material, GBFS typically contains over 36% CaO by mass (Table 1)
and possesses an exceptionally high vitreous phase fraction. Its disordered atomic structure
lacks long-range crystalline order, rendering the silicon-oxygen and aluminum-oxygen
bonds within the glass network thermodynamically metastable [15]. Upon contact with
a highly alkaline activator such as NaOH, the particle surfaces of GBFS undergo rapid
congruent dissolution, releasing substantial quantities of Ca?*, [SiO4]*~, and [AlIO4]°~ into
the pore solution within an extremely short timeframe [37]. This explosive ion release
drives the liquid phase to a state of supersaturation almost instantaneously. The resulting
supersaturated ionic environment promptly triggers both homogeneous and heterogeneous
nucleation, leading to the massive precipitation of calcium aluminosilicate hydrate (CASH)
gels on particle surfaces and within interparticle voids [22]. These gels develop into
an extensively crosslinked percolating network that rapidly binds the dispersed GBFS
particles into a continuous solid skeleton. Concurrently, the exothermic nature of the rapid
gel formation further accelerates the reaction kinetics, establishing a positive feedback
loop that intensifies the rate of structural buildup, such that the paste attains its final set
within only tens of minutes [16]. This high-speed nucleation, precipitation, and percolation
process, synergistically driven by the highly reactive calcium-rich precursor and the strong
alkaline activator, constitutes the fundamental microscopic mechanism responsible for the
characteristic flash setting of AAS. While such ultrafast setting facilitates early demolding
and contributes to rapid strength development, it severely curtails the workable time
window for placement, thereby constraining the applicability of the material in cast-in-
place and large-volume construction scenarios.

3.2.1. Effects of Solid Waste Incorporation on Setting Behavior

The incorporation of coal-based solid wastes uniformly prolonged both the initial and
final setting times relative to the G10 reference, with the degree of retardation governed by
the type and total dosage of the substituent materials. At a 20% total replacement level,
all binary mixtures exhibited moderate retardation. The G8F1C1, G8F1G1, and G8C1G1
formulations recorded initial setting times of 37, 35, and 34 min, and final setting times of
45, 43, and 40 min, respectively. Among these, G8F1C1 yielded the longest setting times,
whereas G8C1G1 was the least retarded. This trend aligns with the relative reactivity
of the substituting wastes. GS appears to contribute reactive components that partially
compensate for the dilution of GBFS, whereas CG, being the most inert, exerts a more
pronounced retarding effect [1]. At higher replacement levels, the retardation became
progressively more conspicuous. At 40% total substitution, the initial setting times ranged
from 45 to 49 min and the final setting times from 61 to 66 min. The G6F2C2 again exhibited
the longest setting times, whereas the G6C2G2 showed the shortest. At 60% substitution,
the initial and final setting times further extended to ranges of 58 to 66 min and 86 to
95 min, respectively, indicating a progressive deceleration of the alkali-activated reaction.
The ternary mixture G7F1C1G1, corresponding to 30% substitution, displayed initial and
final setting times of 45 and 59 min. These values lie intermediate between those of
G8F1C1 and G6F2C2, consistent with its intermediate replacement level. The most extreme
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retardation was recorded for G1F3C3G3 at 90% substitution, where the initial and final
setting times reached 122 and 186 min, respectively. These times are more than four and
six times longer than those of the G10 reference. This substantial prolongation reflects the
severe dilution of the reactive GBFS fraction, leaving only 10% of the calcium-rich precursor
to drive the alkali-activated reaction. Under such conditions, the concentrations of Ca?* and
other ionic species in the pore solution are insufficient to trigger rapid supersaturation and
precipitation, resulting in a sluggish setting process that approaches the setting behavior of
ordinary Portland cement pastes [7].
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Figure 2. Setting Law and Flowability.

3.2.2. Effects of Solid Waste Incorporation on Fluidity

The fluidity results exhibited a more complex pattern, with certain mixtures showing
improved flowability while others suffered significant reductions. G10 presented a fluidity
of 205 mm. The FA-GS mixture G8F1G1 achieved the highest fluidity of 218 mm, followed
by G8F1C1 (211 mm), whereas G8C1G1 (188 mm) showed a marked decrease. This order
can be rationalized by the particle morphology and water demand of the individual wastes:
FA consists of smooth, spherical particles that exert a “ball-bearing” effect, reducing inter-
particle friction and enhancing flowability. GS, with its fine particle size and porous
carbonaceous structure, may contribute to internal lubrication by releasing entrapped
water, though its high specific surface area also competes for free water. CG, in contrast,
possesses a layered, irregular morphology with high surface roughness and significant
microporosity, which adsorbs substantial free water and increases the yield stress of the
paste, thereby deteriorating fluidity [11]. As substitution levels increase, the fluidity trends
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become clearly divergent. The G6F2G2 retains the highest fluidity at 212 mm, while the
G6C2G2 plummets to 165 mm (20% below G10 and 22% below G6F2G2). The intermediate
G6F2C2 reaches 203 mm. Among the 40% substitution systems, G4F3G3 gives 194 mm,
whereas G4C3G3 drops sharply to 142 mm (the lowest), and G4F3C3 shows 187 mm.
Ternary mixtures show moderate values. G4F2C2G2 (40% substitution) yields 195 mm, and
even the high replacement G1F3C3G3 (90%) gives 166 mm, still higher than several CG
dominant binaries, highlighting that FA and GS partially counteract the detrimental effect
of CG.

3.2.3. Interplay Between Setting Time and Fluidity

The coordinated evolution of setting time, fluidity, and compressive strength in these
alkali-activated binders originates from the synergistic interplay among multiple coal-based
solid wastes and the GBFS host, rather than from any isolated component feature. During
the early dissolution stage, the rapid release of Ca?* from GBFS encounters aluminate
and silicate oligomers continuously supplied by the gradual breakdown of FA and GS
glassy networks. These oligomers capture part of the calcium ions into metastable solu-
ble precursor clusters, thereby lowering the ionic supersaturation peak and delaying the
percolation threshold of the primary calcium aluminosilicate hydrate gel network [17].
Simultaneously, the residual carbonaceous particles dispersed by GS in the blend provide
abundant heterogeneous nucleation substrates that reduce the thermodynamic barrier for
gel precipitation and guide a spatially refined distribution of nuclei [3]. This coupled mod-
ulation, where FA supplies the retarding complexing species and GS offers the nucleating
templates, prevents flash set while maintaining a high density of growth sites, resulting
in a controllable extension of setting time that is neither excessive nor uncontrolled [22].
The same synergistic pattern directly governs fluidity through particle-level geometric
cooperation. The spherical particles of FA act as physical rollers that decorate the irregular
surfaces of GS grains and the angular GBFS particles, alleviating direct interparticle friction.
This ball bearing effect is amplified by the improvement in overall packing density achieved
through the multi-component particle size distribution, which releases part of the water
otherwise immobilized in interstitial voids and converts it into lubricating free water [1].
Consequently, the G8F1G1 achieves high flowability without any increase in mixing water
dosage, a condition that is essential for producing a dense and homogeneous hardened
matrix. The strength development further reflects the positive chemical and microstruc-
tural synergy inherited from the fresh state. In the early age, the uniformly distributed
gel network, formed under controlled nucleation kinetics, avoids the localized defects and
microcracks typical of ultra-fast-setting systems, providing an adequate initial load-bearing
skeleton [8]. As curing proceeds, the sustained dissolution of FA and GS maintains an alka-
line environment and releases mobile Si and Al species that react with the remaining GBFS
grains and with the initial gel phase [18]. This prolonged secondary-gel infilling densifies
the interfacial zones and transforms the pore structure toward finer gel pores [5]. The fine
carbon particles from GS serve as microreinforcements that deflect cracks, enhancing the
fracture toughness of the matrix [4]. The interplay between the latent pozzolanic supply
from FA and the template-assisted gel growth enabled by GS leads to a highly intercon-
nected and homogeneous microstructure, which explains why the FA GS GBFS ternary
combination yields the maximum measured fluidity and the highest 28-day strength. When
CG is introduced into the blend, this multi-waste synergistic mechanism is disrupted. The
highly crystalline and inert nature of CG prevents it from participating in the ionic exchange
and complexation processes that regulate nucleation, so the calcium concentration remains
unbalanced and the setting is excessively retarded [23]. At the particle scale, the platy and
porous CG grains break the optimized packing order, absorb mixing water into intraparticle
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voids, and create mechanical interlocking that increases internal friction [36]. This reduces
flowability and introduces capillary porosity after hardening. The resulting weak interfaces
between the inert CG particles and the binding gel act as stress concentrators and flaw
initiators, compromising the mechanical integrity even at extended curing ages [14]. The
negative effects of CG cannot be compensated by the beneficial FA GS synergy unless the
CG dosage is kept very low. Therefore, the FA-GS system achieves a holistic balance by
merging ionic sequestering, heterogeneous nucleation, and particle packing optimization
into a single cooperative process, whereas CG disrupts this balance, imposing a diluent
role that degrades workability, setting control, and strength simultaneously.

3.3. Analysis of XRD

As shown in Figure 3a, X-ray diffraction analysis of the G10 reveals a broad diffuse
halo centered approximately between 25° and 40° (20), a feature characteristic of the poorly
ordered calcium aluminosilicate hydrate (C-A-S-H) gel that constitutes the primary binding
phase. The absence of sharp crystalline reflections indicates that the reaction products
are predominantly amorphous and that the alkali activation proceeds via a dissolution
and reprecipitation mechanism yielding a structurally disordered gel network. The X-
ray diffraction pattern of G10 exhibits a series of low intensity yet clearly discernible
Bragg reflections that are superimposed on the amorphous background. These peaks are
identified as hydrotalcite (LDH, PDF#41-1428, 11.4°, 22.7°, 34.4°), analcime (PDF#41-1478,
15.8°, 26°, 52.8°), and scolecite (PDF#39-1373, 13.4°, 18.8°, 40.8°) phases. The hydrotalcite
phase manifests characteristic basal reflections at approximately 11.4°,22.7° and 34.4° 26,
consistent with a layered double hydroxide structure. The analcime phase contributes
diffraction signals near 15.8°, 26° and 52.8° 26, indicative of a tectosilicate framework with
narrow channel systems. The scolecite phase further confirms the presence of a fibrous
zeolite with a fully crosslinked aluminosilicate network. The simultaneous appearance of
these crystalline hydration products, coexisting with the massive C-A-S-H gel, provides
direct mineralogical evidence that the polycondensation reaction has proceeded to a highly
advanced stage. The formation of well-ordered zeolitic and hydrotalcite frameworks
requires extensive reorganization of silicate and aluminate tetrahedra into dense, rigid
three-dimensional structures, a process that can only occur when the dissolution of GBFS
is explosive and the reprecipitation kinetics are exceptionally rapid [7]. This extensive
polycondensation densifies the binding matrix and establishes a continuous percolated
network at very early ages, which directly accounts for the ultra-fast setting and the rapid
compressive strength development observed in the G10 reference paste [8]. The coexistence
of amorphous C-A-S-H gel and nanocrystalline zeolitic products thus reflects a reaction path
in which the initial gel precipitates are almost immediately reinforced by crystalline nodes,
resulting in a composite microstructure with high early stiffness and load-bearing capacity.

3.3.1. Analysis of Binary Substitution Systems

In the G8F1C1, the X-ray diffraction pattern displays pronounced deviations from
that of the G10. The broad diffuse halo attributed to the C-A-S-H gel persists but exhibits
a noticeable reduction in integrated intensity, signaling a diminished volume fraction of
the amorphous binding phase. More critically, the characteristic reflections of hydrotalcite,
analcime, and scolecite, which were distinctly present in G10, were markedly attenuated,
providing direct evidence that the polycondensation process has been substantially re-
tarded. Concurrently, sharp diffraction peaks arising from unreacted crystalline impurities
become increasingly prominent. The quartz (PDF#46-1045, 20.9°, 50.2°, 60°) reflection at
approximately 20.9°, 50.2°, and 60° 26 intensifies, and a new set of peaks corresponding
to mullite (PDF#15-0076, 16.5°, 31°), a principal crystalline constituent of coal gangue,
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emerges near 16.5° and 31°. The enhanced relative intensity of these inert crystalline phases
reflects the dilution of the reactive GBFS fraction and the accumulation of passive particles
introduced by the substituents. The attenuation of the secondary crystalline hydration
products, coupled with the persistence of residual quartz and mullite, demonstrates that the
extensive structural reorganization into dense three-dimensional frameworks is severely
hindered. This mineralogical evidence directly accounts for the prolonged setting times
and the reduction in early compressive strength observed in the G8F1C1.
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Figure 3. XRD analysis.

The G8F1G1 system presented a distinctly different mineralogical picture. The inte-
grated intensity of the C-A-S-H diffuse halo remained fully comparable to that of G10,
confirming that the total quantity of the amorphous binding phase was undiminished.
However, the reflections corresponding to hydrotalcite, analcime, and scolecite were atten-
uated, and no new crystalline impurity peaks emerged. This specific XRD pattern pointed
to a reaction path where the formation of the strength-bearing C-A-S-H gel was efficiently
sustained, while the subsequent transformation of this gel into ordered crystalline frame-
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works was selectively suppressed. The retained amorphous halo explained why the 28-day
compressive strength showed no statistical loss, as the load-bearing gel network achieved
an equivalent volumetric density. The fading of the scolecite and hydrotalcite reflections
explained the prolonged setting, because in the absence of a percolating network of rigid
crystalline nodes that would rapidly stitch the primary particles together, the macroscopic
structural buildup relied solely on the progressive interconnection of the amorphous gel
phase [12]. This gel-continuous percolation required a longer time to establish a space
spanning network, thereby delaying both the initial and final set without compromising the
ultimate degree of connectivity. Moreover, the enhanced inert crystal peak from quartz and
mullite appeared to indicate that the FA and GS combination did not introduce passive filler
particles that would create weak interfaces or stress concentrations. The paste hardened
into a homogeneous, purely gel-bound microstructure, which was intrinsically tougher
and less defect sensitive than the composite matrix of G8F1C1. The moderate deceleration
of the crystallization step, coupled with the uncompromised yield of amorphous C-A-5-H,
thus defined the kinetically modulated synergy captured by the XRD pattern, enabling an
optimal balance between extended workability and fully retained mechanical performance.

As shown in Figure 3b, at the 40% total substitution level, both the G6F2C2 and the
G6F2G2 displayed X-ray diffraction patterns that diverged substantially from that of the
G10, with the changes reflecting the pronounced macroscopic retardation and strength
decline. In both systems, the broad diffuse halo arising from the C-A-S5-H gel exhibited a
notable reduction in integrated intensity compared to G8F1C1 and the G8F1G1, providing
direct evidence that the overall volumetric yield of the amorphous binding phase was
diminished. This attenuation of the primary gel signal was accompanied by the notable
reduction of the characteristic reflections assigned to hydrotalcite, analcime, and scolecite,
which had been distinctly visible in the G10 pattern. The loss of these crystalline hydration
products signals that the polycondensation process failed to advance to the stage of gener-
ating rigid three-dimensionally ordered frameworks, a condition that directly explains the
substantially prolonged setting times, because the rapid percolation driven by interlocking
crystalline nodes could no longer occur and the macroscopic structural buildup relied
entirely on the slow progressive connection of the remaining gel fraction. However, the
two mixtures differed markedly in the intensity of inert crystalline peaks inherited from
the precursor wastes, and this difference underpinned the observed strength hierarchy.
In the G6F2C2 pattern, sharp reflections from quartz at approximately 20.9°, 50.2° and
60° and from mullite at near 16.5° and 31° became strongly dominant, overwhelming the
diminished C-A-5-H halo. The prominence of these inert crystalline phases demonstrates
that a large fraction of the solid volume consisted of unreactive CG particles that did not
contribute to gel formation, thereby diluting the effective binder content and introducing
numerous weak, discontinuity-prone interfaces [20]. By contrast, G6F2G2 exhibited only
a slight enhancement of both the quartz and mullite reflections. The amorphous halo, al-
though reduced relative to G10, retained a higher integrated intensity than that of G6F2C2,
indicating that the FA and GS combination continued to sustain a greater production of C-
A-5-H gel through their synergistic interaction, even at the elevated 40% replacement. The
absence of extensive inert crystalline contamination meant that the paste hardened into a
more homogeneous gel-bound microstructure with fewer built-in stress concentrators. The
strength loss common to both systems originated from the depleted C-A-S-H gel fraction,
which was a direct consequence of the reduced availability of reactive calcium from the
diluted GBFS. The additional penalty suffered by G6F2C2 was imposed by the abundance
of inert quartz and mullite, which acted as passive inclusions that disrupted the continuity
of the gel network and lowered the load-bearing efficiency. In G6F2G2, the interference
from inert phases was minimal, and the FA and GS synergy partially compensated for the
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calcium dilution by promoting a more uniform spatial distribution of the available gel and
by providing nucleation sites that refined the microstructure. Nevertheless, the fading of
all crystalline hydration products in both systems confirmed that the kinetic modulation
of the reaction was shifted too far toward retardation, suppressing the formation of the
reinforcing crystalline nodes and forcing the percolation to occur through a slow gel-only
mechanism, which adequately extended workability but could not restore early or late
strength to the level of the low substitution FA and GS binary system.

At the 60% total substitution level, the X-ray diffraction patterns of the G4F3C3
and G4F3G3 pastes underwent a fundamental transformation that distinguished them
qualitatively from all lower replacement systems. The broad diffuse halo characteristic of
C-A-5-H gel, which had remained clearly identifiable even in the G6F2G2 mixture, faded
into a weak, almost featureless hump barely emerging above the background. This near
disappearance of the amorphous gel signal indicates that the precipitation of the primary
binding phase was severely curtailed, rather than merely reduced. Simultaneously, the
sharp reflections of hydrotalcite, analcime, and scolecite were completely undetectable,
confirming that neither the amorphous gel network nor its crystalline derivatives formed
in any structurally meaningful quantity. In the G4F3C3 pattern, the diffraction trace
was overwhelmingly dominated by intense, narrow peaks of quartz and mullite, the
inert crystalline phases inherited from the CG. The G4F3G3 pattern similarly showed
strong quartz and mullite diffraction peaks, and the residual amorphous halo exhibited
a marginally higher intensity than that of G4F3C3. Both patterns depicted a solid matrix
in which crystalline impurity phases constituted the dominant X-ray scattering volume,
while the strength-bearing gel phase was reduced to a minor, disconnected fraction. These
XRD features explain the dramatic prolongation of setting times and the sharp decline in
compressive strength at 60% substitution. The setting behavior was no longer governed by
the percolation of a continuous gel network, a mechanism that had operated even in the
gel only systems at lower substitution levels. Instead, with the GBFS fraction diminished
to 40% and the Ca?* flux critically depleted, the pore solution could not achieve the
supersaturation threshold necessary for massive homogeneous nucleation and growth
of C-A-S5-H [2]. Precipitation occurred only at sparse, widely separated sites, producing
isolated gel patches that were incapable of spanning the interparticle distances within
the time frame of the setting measurement [10]. The macroscopic stiffening recorded as
setting was therefore attributable to a secondary process, the gradual accumulation of fine
reaction products at particle contacts combined with the physical packing consolidation of
the abundant inert grains. This transition from a chemically driven percolation to a packing
dominated pseudoset explains the extreme retardation.

The mechanical performance similarly reflected the collapse of the gel binding skele-
ton. In G4F3C3 (Figure 3c), the dominance of crystalline quartz and mullite signified that
the paste hardened into a granular composite where the vast majority of solid particles
were nonreactive, angular CG grains. The sparse C-A-5-H gel acted merely as a weak,
discontinuous binder that provided only localized adhesion, while the load transfer relied
largely on friction and mechanical interlocking among the inert particles [7]. The numer-
ous weak interfaces between the gel patches and the crystalline grain surfaces acted as
preexisting flaws, leading to premature failure under load and the measured strength of
24.5 MPa. In G4F3GS3, the residual glassy phases in GS and the pozzolanic potential of FA
continued to sustain a minimal level of supplementary gel formation, which gave rise to a
modestly more connected microstructure and a 28-day strength of 30.1 MPa [11]. Even so,
the gel volume was far below the threshold required for a continuous load-bearing network,
so the strength fell to nearly half of the G10 value. The XRD signature of a gel-depleted,
impurity-rich assemblage thus captures the mechanistic essence of the high substitution
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regime, where the synergistic interplay between FA and GS or FA and CG could no longer
compensate for the catastrophic loss of reactive calcium, and the system degenerated into
a weakly bonded granular bed with greatly extended setting and severely compromised
mechanical integrity.

3.3.2. Analysis of Ternary Substitution Systems

As shown in Figure 3c, the ternary mixture G7F1C1G1 produced an X-ray diffraction
pattern that differed in subtle but mechanistically significant ways from the previously dis-
cussed binary systems. The broad diffuse halo of C-A-S5-H gel remained clearly observable,
yet its integrated intensity registered a perceptible decrease relative to that of the G8F1G1,
signaling that the total volume of the amorphous binding phase was modestly diminished.
The reflections assigned to hydrotalcite, analcime, and scolecite, already substantially at-
tenuated in G8F1G1, underwent a further decrease in intensity in the G7F1C1G1. At the
same time, weak but unambiguous diffraction peaks corresponding to quartz at approxi-
mately 20.9°, 50.2°, and 60° and mullite at approximately 16.5° and 31° emerged. These
crystalline impurity signals, absent in G8F1G1, originated exclusively from the coal gangue
fraction. The inert quartz and mullite grains introduced by CG occupied volume without
contributing to gel formation, thereby diluting the effective binder fraction and creating
weak, discontinuity-prone interfaces. Moreover, these crystalline surfaces interfered with
the heterogeneous nucleation function of GS, locally suppressing the formation of gel at the
very sites that would otherwise refine the spatial distribution of the binding network [5].
The gel that did form was consequently less interconnected and required a longer time to
achieve space-spanning percolation, directly accounting for the additional setting delay.
The strength penalty arose from the combination of a reduced gel volume and the abundant
stress concentrators presented by the unreacted crystalline inclusions, which fragmented
the load transfer paths [5].

At the 90% substitution level, the G1F3C3G3 paste presented an XRD pattern that
signaled a near-total collapse of the chemically bonded structure. The broad amorphous
halo characteristic of C-A-S-H gel virtually disappeared, leaving a featureless background
that confirmed the absence of any structurally significant quantity of the binding phase. The
crystalline reflections of hydrotalcite, analcime, and scolecite were completely undetectable.
Conversely, the diffraction pattern was mainly dominated by strong quartz and mullite
reflections, with additional weak calcite (PDF#47-1473, 29.5°, 48.6°) peaks, all of which
jointly contributed to the principal X-ray scattering intensity. No new crystalline products
were observed, indicating that neither the GBFS nor the coal-based wastes underwent
any appreciable alkali-activated reaction. Consequently, the vast majority of the solid
constituents remained as unreacted, passive particles. The hardening process that was
recorded as setting was no longer a chemical percolation of reaction products but a physical
consolidation of a granular bed, driven primarily by water evaporation and particle packing.
The feeble compressive strength originated from frictional interlocking and from isolated
patches of gel that precipitated sparsely at the few remaining reactive GBFS grain surfaces,
forming a discontinuous, poorly adhesive skeleton that failed at very low loads [13].
The XRD signature of a gel-depleted, impurity-saturated assemblage thus captured the
mechanistic essence of this extreme dilution regime, where the synergistic potential of the
coal-based wastes was entirely nullified by the catastrophic deficiency of reactive calcium,
and the material degenerated into a weakly coherent granular composite.

3.3.3. Quantitative Analysis

As shown in Figure 3d, quantitative phase analysis conducted via Rietveld refine-
ment of the X-ray diffraction data revealed a systematic evolution of the amorphous and
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crystalline phase fractions that directly governed the macroscopic setting behavior and
compressive strength development of the pastes. In the G10 reference, the amorphous
content reached approximately 78 wt.%, representing the sum of the C-A-S-H gel and a
small residual fraction of unreacted GBFS glass. The crystalline fraction comprised scolecite
(12 wt.%), hydrotalcite (6 wt.%), and analcime (4 wt.%). This phase assemblage indicated
that the alkali activation of GBFS proceeded with high efficiency, which converted the
majority of the precursor into binding gel and yielded a rigid, well-connected matrix in
which crystalline nodes further reinforced the percolated amorphous network.

Upon replacing 20% of the GBFS with FA and GS in the G8F1G1 mixture, the total
amorphous content remained virtually unchanged at approximately 77 wt.%, confirming
that the synergistic dissolution of FA and GS compensated for the diluted GBFS fraction.
The critical quantitative difference lay in the redistribution of crystalline species. The
combined fraction of scolecite, hydrotalcite, and analcime decreased to 15 wt.%, while
the total content of quartz and mullite rose to 8 wt.%. The preserved amorphous volume
fraction explained why the 28-day strength showed no statistical loss, because the load-
bearing gel network occupied an equivalent volumetric density. The quantitative depletion
of the nanocrystalline zeolitic and hydrotalcite phases explained the extended setting times,
since the rapid percolation previously facilitated by these interlocking crystalline nodes
was eliminated, and the macroscopic stiffening had to rely exclusively on the progressive
connectivity of the amorphous gel, a process that required a longer duration to achieve
space-spanning percolation.

As the substitution level rose to 40% in G6F2G2, the amorphous fraction declined
measurably to 64 wt.%, while the quartz and mullite content grew to 25 wt.%. The volu-
metric deficit of the C-A-S-H gel, amounting to a 14 wt.% loss relative to G10, translated
into a lower density of load-bearing struts and an increased nanoporosity within the gel
phase. The further prolongation of setting times reflected the fact that a smaller volume of
gel required a higher degree of internal connectivity to achieve macroscopic percolation,
a condition that was met only after extended reaction time. At the 60% substitution in
G4F3G3, the amorphous content fell sharply to 54 wt.%, while quartz and mullite became
the dominant crystalline phase at 46 wt.%. The gel volume was now critically depleted,
such that the percolation threshold was barely attainable within the measured setting win-
dow. The 28-day strength of 30.1 MPa corresponded to a gel volume fraction insufficient to
encapsulate all inert particles, leaving a microstructure with abundant gel-free interstices
that acted as stress concentrators.

The ternary mixture G1F3C3G3, with 90% total substitution, presented a fundamen-
tally different quantitative profile. The amorphous fraction collapsed to 36 wt.%, and the
crystalline fraction was dominated by quartz (32 wt.%) and mullite (26 wt.%), with minor
calcite (6 wt.%) and no detectable scolecite, hydrotalcite, and analcime phases. The amor-
phous gel volume was far below the critical threshold required for continuous connectivity,
so the measured strength of 10.2 MPa arose predominantly from frictional interlocking
among the angular inert grains, supplemented by isolated gel bridges that failed at low
stress [11]. The extreme setting retardation to over 120 min initial set was a consequence of
the absence of a chemically driven percolation event. Stiffening was recorded only when wa-
ter evaporation and particle sedimentation brought the inert grains into close contact. The
quantitative phase data thus demonstrated that the amorphous gel fraction served as the
master variable governing both the setting kinetics and the mechanical performance, and
that the critical threshold for a functional load-bearing network lay above approximately
65 wt.% amorphous content in these alkali-activated systems [22]. Below this threshold,
the material transitioned from a reaction-bonded ceramic into a weakly cemented granular
bed, with all the attendant losses in workability control and structural integrity.
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3.4. Analysis of SEM

As shown in Figure 4, SEM analysis of the G10 revealed a highly densified and homo-
geneous microstructure. The entire field of view was dominated by a continuous, massive
CASH gel matrix with virtually no discernible particle boundaries. Residual unreacted
GBFS grains were only sporadically observed and their surfaces appeared heavily corroded,
indicative of extensive dissolution and participation in the polycondensation reaction. The
gel phase exhibited a smooth, compact morphology with only sparse, isolated gel pores of
submicron dimensions. Numerous drying shrinkage microcracks were observed through-
out the matrix, features that severely compromised the overall microstructural compactness.
However, the development of these cracks was itself a characteristic signature of the highly
extensive polycondensation reaction, reflecting the substantial volumetric contraction that
accompanied the rapid and pervasive formation of the gel network.
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Figure 4. SEM analysis.

The G8F1C1 introduced pronounced microstructural heterogeneity. Large, angular CG
particles with clean, smooth surfaces were distributed throughout the matrix, indicating
negligible dissolution and no participation in gel formation. The interfaces between these
inert CG grains and the surrounding C-A-S-H gel were decorated with prominent circumfer-
ential microcracks and connected capillary pores, features that act as preferential pathways
for crack propagation. FA spheres were partially embedded but their surfaces showed
only mild etching, reflecting limited pozzolanic reaction. The gel matrix itself, although
locally dense, was interrupted by these inert inclusions and the associated interfacial voids,
resulting in a discontinuous load-bearing skeleton. This heterogeneous microstructure
accounts for the prolonged setting time, as the percolation path was obstructed by inert
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particles, and for the reduced compressive strength, which was governed by the weak
interfaces that failed prematurely under stress.

In contrast, the G8F1G1 displayed a microstructure that closely resembled that of G10
in terms of overall denseness and uniformity. The C-A-5-H gel formed a continuous, tightly
packed matrix that fully enveloped the FA spheres and the fine GS particles. The residual GS
grains, with their irregular but porous texture, were intimately bonded to the gel, and their
surfaces appeared coated with reaction products, suggesting that they served as effective
nucleation and growth sites. The FA spheres exhibited surface pitting and were tightly
integrated into the gel, with no surrounding gaps. The porous carbonaceous particles of
GS were embedded within the gel without causing microcracking, and the overall pore
population consisted predominantly of fine, well-distributed gel pores. The homogeneous
and defect-scarce microstructure directly supports the uncompromised 28-day strength, as
the load-bearing gel network maintained a volumetric density equivalent to G10, while the
absence of rapid setting-inducing crystalline nodes prolonged the setting time through a
gel-continuous percolation mechanism.

Raising the CG and FA content to 20% each in the G6F2C2 mixture significantly
exacerbated the microstructural deficiencies. The abundance of angular CG grains created
extensive interfacial debonding, and wide microcracks radiated from these inert particles
into the gel matrix. The gel phase appeared fragmented, forming isolated patches rather
than a continuous network, and the unreacted CG particles were often in direct contact
with each other, forming load-bearing columns of nonreactive grains separated by weak
gel bridges. Capillary porosity was greatly increased, and the gel fraction was visibly
lower. These features explain the pronounced strength loss to 36.5 MPa, as the effective
load-bearing volume was drastically reduced by the inert inclusions and the associated
interfacial flaws, while the setting was further delayed because the gel patches required
excessive time to connect across the dense network of inert obstacles.

The G6F2G2 retained a substantially more continuous and denser gel matrix compared
to G6F2C2. Although the total gel volume was visibly reduced relative to G8F1Gl, the
remaining C-A-S-H gel formed a well-interconnected network that thoroughly coated the
FA and GS particles. The FA spheres were deeply reacted and bonded, and the GS particles
appeared to refine the gel texture, producing a fine-grained, homogeneous appearance.
Microcracks were rare and the porosity, while higher than in G10, was dominated by small
gel pores rather than large capillary voids. This microstructure supports the measured
40.7 MPa strength, as the continuous gel network effectively transferred load with minimal
stress concentration points, and the extended setting was a consequence of the slower
buildup of this gel network without the accelerating effect of crystalline nodes.

At 30% FA and 30% GS replacement in G4F3G3, the SEM images revealed a clear
dilution of the gel phase. The C-A-S-H matrix no longer formed a fully continuous mass.
Unreacted and partially reacted FA and GS particles became more prominent, and the gel
frequently appeared as thin, web-like bridges connecting these particles. The pore structure
shifted toward larger interconnected capillary pores, and microcracks were occasionally
observed at the interfaces between the gel and the larger unreacted grains. The overall
microstructural uniformity was degraded, with alternating dense gel clusters and porous,
gel-lean regions. This observation correlates with the strength drop to 30.1 MPa, because
the load-bearing skeleton became discontinuous and weak links dominated the mechanical
response, while the setting time was further prolonged due to the extended period needed
for the limited gel to bridge the interparticle gaps.

The ternary G7F1C1G1 exhibited a microstructure that combined the beneficial features
of the G8F1Gl1 system with the detrimental effects of CG incorporation. The gel matrix
was generally continuous but was locally disrupted by the presence of CG grains, which
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created interfacial microcracks and adjacent capillary voids. The FA and GS particles were
well integrated into the gel, similar to their behavior in G8F1G1, suggesting that the FA
and GS synergy remained partially operative. However, the inert CG inclusions acted as
stress-concentrating defects that interrupted the otherwise homogeneous gel network. This
mixed microstructure explains the intermediate strength of 39.9 MPa, as the load-bearing
capacity was compromised by the CG-initiated flaws, and the setting time was prolonged
beyond that of G8F1G1 because the percolation path was lengthened by the need to bypass
the inert obstacles.

In the extreme case of G1F3C3G3 with 90% total substitution, the microstructure
underwent a fundamental transformation. The field of view was dominated by densely
packed, angular CG particles and irregular GS grains, with only trace amounts of gel-like
substance observed as isolated, disconnected clusters at occasional grain contacts. The
vast majority of particle surfaces were clean and showed no evidence of dissolution or
gel precipitation. Massive intergranular pores and wide, continuous cracks pervaded
the structure, indicating the near absence of a binding phase. The microstructural image
was that of a mechanically compacted granular bed rather than a chemically bonded
cementitious composite. This microscopic picture directly accounts for the extremely low
compressive strength of 10.2 MPa, which originated from frictional interlocking rather than
cohesive bonding, and for the extreme setting retardation to over 120 min, which reflected
the time required for water evaporation and particle repacking rather than a gel-driven
percolation process.

In summary, the SEM observations demonstrate that the microstructural evolution
from a dense, continuous gel network to a loosely consolidated granular assembly is sys-
tematically governed by the synergistic interplay between FA and GS, and by the disruptive
role of CG. The combination of FA and GS promoted the formation of a homogeneous,
defect-scarce gel matrix through sustained pozzolanic supply and heterogeneous nucle-
ation, preserving strength while moderating setting. The introduction of CG created inert,
weakly bonded interfaces that generated microcracks and capillary porosity, disrupting the
gel continuity and accelerating performance degradation. At high total substitution levels,
the gel volume became insulfficient to encapsulate the inert particles, and the microstructure
transitioned into a granular skeleton with minimal cohesion, explaining the collapse of
both workability control and mechanical integrity.

4. Conclusions

This study examined the effects of FA, CG, and GS on the performance of NaOH-
activated GBFS. The synergistic combination of FA and GS effectively mitigated flash
setting while preserving mechanical integrity. The mix G8F1G1 achieved the optimal
balance. It incorporated 20% total replacement at an equal FA to GS ratio. The mix
delivered a fluidity of 218 mm. Its initial and final setting times were 35 and 43 min,
respectively. The 28-day compressive strength reached 48.5 MPa, statistically equivalent
to that of the G10 reference. The underlying mechanism involves two concurrent effects.
FA-derived oligomers damp the initial supersaturation peak. Fine carbonaceous particles
from GS supply heterogeneous nucleation substrates. These two effects jointly suppress
the formation of crystalline scolecite, hydrotalcite, and analcime. They also maintain
the amorphous CASH gel content at approximately 77 wt% (G8F1G1). As a result, the
load-bearing gel volume is preserved but the early percolating crystalline frameworks
are eliminated. Workability is thus extended without any strength loss. In contrast, CG
acts as an inert diluent. It increases porosity and introduces weak interfaces, leading to
severe strength degradation. A critical amorphous content threshold near 64 wt% (G6F2G2)
governs the transition from a continuous gel network to a weakly bonded granular bed.
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The FA and GS binary system thus offers an effective route for high-volume valorization of
coal-based solid wastes in sustainable construction materials.
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