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Abstract

Sustainable development seeks to meet present needs without harming future generations. Rising energy demand from
coal-fired power plants increases CO, emissions and produces fly ash (FA). The cement industry, responsible for about
7% of global CO, emissions, also consumes large amounts of energy. Incorporating FA as a partial or complete substitute
for cement in concrete provided both environmental and performance advantages. Hence, this study focused on exploring
the potential of FA from Nagan Raya (FANR) as a cementitious material for cement replacement. FANR was analyzed
using XRF, XRD, FTIR, SEM, and EDS. It mainly contained SiO, (48.04%), Al,O3 (27.62%), and Fe,O3 (11.78%),
meeting ASTM Class F fly ash standards. XRD analysis confirmed the presence of amorphous phases along with quartz
and mullite crystals. FTIR showed silicate hydration products (C—S—H and C-A-H gels) at different water—cement ratios.
SEM showed spherical particles with rough surfaces, which enhance reactivity but also increase water absorption and
reduce workability. EDS confirmed silicate and aluminosilicate compositions. These results highlight FANR’s potential
as a sustainable cement replacement, despite workability issues.
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1. Introduction

Sustainable development is currently a central issue in the modern world. As stated in the 1987 Bruntland Report,
sustainable development must fulfill current demand without any trade-off affecting future generations' ability to
accommodate their needs [1]. To achieve this target, there is a need for easy access to reliable and sustainable energy.
The International Energy Agency (IEA) predicted a 5% increase in global power demand in 2021 and a 4% increase in
2022. In response to the rising demand, coal-based electricity production grew by more than 5% following a drop in
2020, with an additional 3% rise in 2022, potentially achieving a record peak [2]. This scenario triggered a substantial
increase in the amount of fly ash (FA) waste from coal-fired power plants. However, FA can be used as an alternative
material to replace cement in concrete mixtures.
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A total of 700 million tons of industrial byproducts impact the environment annually, with FA contributing a large
volume [3, 4]. The application of FA in concrete reduces cement usage due to affordability and abundant availability,
contributing to more sustainable waste management while reducing environmental pollution. This shows that FA has
the potential to provide an alternative cement-binding material [5] and substantial benefits to concrete industry through
two main methods. The first is the partial substitution of cement with FA due to pozzolanic properties. The second is
the function of FA as a total cement replacement through the process of geopolymerization [6, 7]. The performance as
a binding material greatly depends on several factors, including mineralogical composition, coal pulverization level,
combustion setting, additives incorporated to optimize combustion or post-combustion reactions, and procedures for
collecting, handling, and storing [8].

Fly ash (FA) is composed of fine, powdery particles, predominantly spherical in shape—either hollow or solid—
with a glassy, porous texture. Its particles were smaller than 0.075 mm (No. 200 sieve), and the specific gravity ranged
from 2.0 to 2.5, lower than that of cement. Its color ranges from black and gray to tan, depending on the amount of
unburned carbon present. FA mainly contained quartz, mullite, and iron oxide, with silicon dioxide (SiO) as the primary
component, making it suitable as a partial cement replacement in concrete. Fly ash was classified as Class C when the
combined Si0O,, Al,O3, and Fe,O3 content was about 50—70%, while Class F contained over 70%. Class C also had
over 18% calcium oxide (CaO), compared to less than 18% in Class F, which indicated Class C fly ash has more
cementitious properties than Class F [9, 10].

Over the years, CANMET has studied the use of fly ash as a cement replacement, but the optimal substitution
percentage remains undefined. CANMET’s studies focused on high percentages of low-calcium fly ash (ASTM Class
F) in concrete. Malhotra further analyzed these results through three tests, finding three key benefits: first, concrete with
high low-calcium fly ash showed no expansion compared to control mixes with no ash; second, its dense structure made
the concrete highly resistant to chloride ion penetration; and third, after undergoing six cycles of temperature changes
(low to high) over 24 hours, the fly ash concrete demonstrated greater durability than conventional concrete [11].

Padhye & Deo [12] observed that most previous studies on fly ash focused on small replacement percentages with
low-grade cement. To address this, they tested various fly ash proportions in high-grade concretes (M30, M40, M50)
and examined their compressive strength over different curing periods. Their tests showed that increasing fly ash content
reduced early strength compared to mixes without ash. They concluded that fly ash was a viable cement replacement as
long as its content did not surpass 40%. Additionally, some mixtures with low proportions of high-grade cement and
high fly ash content were more cost-effective than those mixed with low ash and low-grade cement [12].

The Nagan Raya Coal-Fired Power Plant in Aceh generates around 65 tons of fly ash daily, creating significant
environmental concerns. This locally sourced material, known as Fly Ash Nagan Raya (FANR), was rich in silicon,
iron, and aluminum, with distinct spherical particles featuring hazy surfaces. Unlike conventional fly ash, FANR
exhibited features that raised water absorption and reduced concrete workability, highlighting the importance of further
research on its properties and microstructural performance for use as a cement substitute [13, 14].

Guided by the sustainability framework in construction, this research emphasizes the use of industrial by-products
to reduce reliance on ordinary Portland cement (OPC), a major contributor to CO, emissions. In this framework, FANR
is examined as a partial replacement for cement, offering potential improvements in both mechanical and microstructural
performance while advancing sustainable construction practices. The study applies advanced characterization
techniques—XRF, XRD, SEM, FTIR, and EDS to examine FANR’s conformity to pozzolanic reaction theory. Although
previous studies on fly ash have noted both strengths and limitations, this study provides novelty by focusing on FANR,
a locally available but underexplored material. By integrating theoretical insights with experimental results, it seeks to
address research gaps and clarify FANR’s potential contribution to sustainable construction.

2. Materials and Methods
2.1. FA

FA is a by-product material from coal combustion in the power plantation and commonly serves as a mineral
admixture to enhance the properties of cement in concrete. Various factors influencing its characteristics include the
type of coal used, the combustion environment, and the collection method [4, 15]. Applying FA in concrete contributes
to the fresh and hardened concrete, enhancing workability, strength, and minimizing drying shrinkage [16—18]. Using
FA in concrete also provides a solution to the storage and disposal issues associated with the industrial waste product.

2.2. Chemical Composition (XRF)

FA was typically classified based on the concentration of silicon (Si), iron (Fe), and aluminum (Al) in its
composition. Generally, FA was categorized as a class C when the total amount of these elements exceeded 50%, while
a class F contained more than 70% [15, 19]. Classification was also performed by calcium (Ca) composition, with low-
Ca having 8-20 and high-Ca containing more than 20% [20]. Physically, FA consisted of spherical particles with an
amorphous (glassy) structure and a diameter of less than 50 um [21].
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According to the ASTM C618 standard, FA contained a combination of glassy and crystalline phases, with typical
ranges of Si0O, (25-60%), Al,Oz (10-30%), and Fe,O3 (5-25%) [22]. These compositional characteristics were used to
classify into Class C (CFA) and F (FFA), with the total content of SiO,, Al,O3, and Fe,O3 required to be at least 50%
for CFA and 70% for FFA [23]. Fauzi et al. (2016) found that the total amount of Si, Fe, and Al was 61.71% in class C
and 91.35% in class F, respectively. Additionally, class C FA contained 27.1% CaO, and F had 1.32% CaO [24]. These
compositional characteristics show that Class F was more pozzolanically reactive than Class C, showing suitability for
application in concrete.

Rachman et al. (2021) conducted a study on Nagan Raya power plantation waste and found that FA was primarily
composed of 37.16% Siand 17.61% Al, with a moderate Ca content of 8.72% [13]. This chemical composition provided
a relatively stable setting time of approximately 4 to 5 hours. Isa et al. (2022) also emphasized that FA was classified as
Class F when the sum of SiO,, Al,O3, and Fe,O3 exceeded 70%, which enhanced pozzolanic activity [25]. During the
reaction, the chemical content formed a gel of C-S-H and C-A-H, contributing to the mechanical properties. Komljenovic¢
et al. (2010) observed that FA had a high content of Si and Al but was low in CaO, favoring the formation of Si-O-Si,
Si-O-Al, and N-A-S-H or C-A-S-H gel in alkali-based geopolymer systems [26].

Further results by Yaseen et al. (2023) stated that FA contained 35.73% SiO,, 15.29% Al,0O3, and 22.10% CaO,
placing it compositionally between Class C and F [27]. Similarly, Jose et al. (2020) analyzed pond ash and recorded
Si0,, Al,03, and CaO at 60.8% 23.9%, and 1.6%, respectively, reaffirming the classification as Class F [28]. The
consistently high Si and Al content across these studies confirmed the potential of FA as a reactive pozzolanic material
in cementitious systems [29].

2.3. XRD

Previous XRD examinations showed distinct diffraction patterns, presenting quartz (SiO;) and mullite (Al,O3) as
the primary crystalline phases in FA, while an amorphous background was in non-crystalline phases [30]. XRD patterns
of FANR coal-fired power plant were predominantly inert or amorphous but reactive enough for the pozzolan reaction.
Subsequently, the alkali activation decreased the intensity of crystalline peaks, which suggested a partial conversion of
material into an amorphous gel phase [31, 32].

Isa et al. (2022) identified FA in the major crystalline components with quartz and mullite, while the presence of
broad diffusing humps in XRD spectrum showed significant amorphous content [25]. The amorphous phase contributed
to the high reactivity of material in cementitious systems, allowing for the gradual formation of secondary hydration
products such as C—S—H and C—A-H gels [33]. Although Fauzi et al. (2016) did not provide full XRD data, the results
showed that the presence of mullite and hematite was potentially reactive in pozzolanic interactions with alkaline
activators [24].

The sharp peaks showed the crystalline components of quartz, mullite, calcined silica, and alumina [34]. These
components played a role in the interaction with calcium hydroxide during hydration, contributing to the formation of
hydration products that improved the microstructure of the composite material. Another study investigated further
evidence of pozzolanic reactivity by examining XRD patterns of FA-blended cement. The results detected prominent
crystalline peaks associated with portlandite (Ca(OH),), gypsum, ettringite, and calcium carbonate (CaCOj3) as
hydration progressed [35]. The intensity peak of portlandite decreased with extended curing times, showing the gradual
consumption of Ca(OH), through pozzolanic reaction with FA. This reaction formed the C—S—H gel that enhanced the
microstructure and mechanical strength of material [36]. Furthermore, XRD showed FA in the crystalline phases in
quartz and mullite as a substantial amorphous fraction. The amorphous phase actively participated in pozzolanic
reaction, leading to the formation of secondary hydration products that improved the strength, durability, and long-term
performance of cementitious systems.

2.4. FTIR

Jose et al. (2020) reported that pond ash, chemically similar to Class F FA, showed distinct O—H stretching vibrations
at 3456 cm™ and Si—O vibrations in the range of 1034—1175 cm™ [28]. Variations in the intensities of O—H and Si—O
peaks during the hydration process showed the ongoing pozzolanic reactions and the gradual formation of C—S—H gel,
which significantly enhanced the mechanical properties of material. Yaseen et al. (2023) also identified prominent Si—
O stretching peaks at 953 cm™ and Si—O bending peaks in the range of 410-445 cm™ in the study of cement pastes
blended with FA [37]. The increasing intensities of these peaks over curing periods of 90 days showed the continued
formation of C—S—H as hydration progressed. Furthermore, an additional absorption peak at 3640 cm™" was associated
with the formation of portlandite (Ca(OH),). Mohanraj et al. (2020) observed a shift in the silicate vibration band (v3)

683



Civil Engineering Journal Vol. 12, No. 02, February, 2026

from approximately 920 cm™ to 980 cm™ in FA-blended cement composites over time [38]. This shift shows the
progressive formation of secondary C—S—H gel. Additionally, the diminishing intensity of FA peak around 1096 cm-!
serves as further confirmation of pozzolanic activity.

FTIR analyses consistently show that FA actively participates in pozzolanic reaction by contributing to the formation
of C-S—H and C—A—H products. The key absorption bands commonly associated with pozzolanic activity include 450—
470 cm™ (Si—O-Si bending) and 980—1040 cm™ (Si—O-Si and Si—O-Al stretching). Additionally, absorption bands
observed at 1640-3460 cm™ (O-H and H-O-H stretching and deformation) and 3690 cm™ (O-H stretching from
Ca(OH);) confirm the occurrence of hydration and pozzolanic reactions [28, 37, 38]. These spectral characteristics
confirm that FA, particularly Class F, shows substantial potential as an active pozzolanic material, contributing to the
mechanical properties and durability [39].

2.5. SEM and EDS

SEM observations across previous studies indicated that FA particles were predominantly spherical, with sizes
ranging from the micro- to sub-micrometer scale and showing a variety of surface morphologies. The particle
surface of FANR was misty, which increased the water absorption content in the fresh mixture and accelerated gel
formation in the binder. However, the particles of FA were generally fine, spherical, and contained micropores that
contributed to the formation of dense and compact concrete [13, 40, 41]. The use of SEM-EDS to examine elemental
distribution showed the major elements such as Si, Al, Ca, and Fe across the particle surfaces [42, 43]. These
morphological characteristics, particularly the smooth surface and rounded geometry, were significant because of
the ability to improve the particle packing in fresh concrete mixtures, which reduced porosity and enhanced the
mechanical properties [44, 45].

Fauzi et al. (2016) used EDS in conjunction with SEM, showing that the surface of FA was predominantly composed
of Si, Al, and O, with smaller amounts of Ca and Fe [24]. This elemental composition suggested that FA was composed
of amorphous aluminosilicate spheres, highly suitable for both hydration processes and pozzolanic activity. A high
concentration of Si and Al reacted with Ca(OH)2, forming the gel of C—S—H and C-A-H that contributed directly to
long-term strength development in cementitious systems [36, 46].

Further investigation showed the hydration progressed, and spherical FA particles became increasingly
embedded within growing matrices of C—S—H and C—A—H (calcium aluminate hydrate) [47]. Over extended curing
periods, most FA particles were partially or fully consumed in the hydration process, replaced by secondary
products. Similarly, Mohanraj et al. (2020) observed that initially smooth particles gradually showed surface
deterioration and fragmentation as hydration advanced. By 90 to 180 days, FA surfaces were integrated the gel of
C—S—H reduced the overall porosity [38]. The results identified the formation of additional crystalline phases such
as ettringite, gypsum, and Friedel’s salt, particularly in areas exposed to aggressive environments, thereby
enhancing the durability of the matrix. SEM—EDS analysis confirms that FA contributes to microstructural
refinement and actively participates in pozzolanic reactions during hydration. The dissolution of FA particles into
the gel of C—S—H and C—A—H improved the matrix density, reduced porosity, and enhanced the long-term strength
as well as durability of cement-based composites.

2.6. Method and Experimental Works

This study used FA from the power plantation of Nagan Raya (FANR) in Aceh, Indonesia. Portland cement
composite (PCC) was obtained from the market, and characterization was performed directly on material of FANR and
PCC. Meanwhile, the microstructure of binder was investigated on normal and FANR concrete with the water-cement
ratios of 0.55, 0.50, and 0.45, respectively [48]. This water-cement ratio was collected considering on the conventional
and high performance mortar. The characteristics and microstructure were evaluated by using XRF to measure the
chemical composition of material. XRD measured the mineralogical composition in the amorphous or crystalline phase,
FTIR identified the chemical bonds, and SEM determined the morphology of material on surface texture, particle size,
and particle shape [49].

The characteristics of PCC and FANR were measured using XRF, XRD, FTIR, SEM, and EDS. Furthermore,
the fragment of concrete was prepared to measure the microstructure of the specimen. PCC, FANR, sand, and gravel
were mixed in a drying condition. This was followed by pouring of water into the drying mix with the variations of
water-cement ratios of 0.55, 0.50, and 0.45, respectively, to produce concrete as shown in Figure 1. Subsequently,
concrete was cured for 28 days to achieve compressive strength and microstructure [48, 50]. The fragment obtained
from the 28-day compressive strength was ground to form the smaller fraction and evaluated with XRD, FTIR,
SEM, and EDS.
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Figure 1. A schematic diagram to evaluate the characteristics and microstructure of FANR concrete fragments in the water-
cement ratio of 0.55, 0.50, and 0.45, respectively

3. Results and Discussions
3.1. Chemical Composition of Material

Composite Cement (PCC). The results shows that FANR is primarily composed of SiO; (48.04%), Al,O3 (27.62%),
and Fe,O3 (11.78%), which together account for approximately 87.44%. This percentage meets the minimum
requirement for ASTM C618 Class F fly ash, confirming its classification as a low-calcium pozzolanic material. At
approximately 6.44%, the CaO content of FANR is relatively minor, contrasting with PCC, where CaO constitutes
73.86% of the composition, accompanied by 14.22% SiO,, 4.11% Al,03, and 2.72% Fe,03, as seen in Table 1.

Table 1. Chemical composition of PCC and FANR

Chemical composition Percentage weight

in Oxide PCC FANR
SiO, 14.22 48.04
ALO; 4.11 27.62
Fe,0; 2.72 11.78
CaO 73.86 6.44
MnO 0.09 0.21
K,O 0.85 0.98
LOI 4.94 4.15

The high CaO content in PCC was crucial during hydration, where the initial reaction with water produced calcium
silicate hydrate (C—S—H) gel and calcium hydroxide (Ca(OH),). The Ca(OH), subsequently participated in secondary
pozzolanic reactions with the silica and alumina from fly ash, leading to the formation of additional C—S—H and calcium
aluminate hydrate (C—A—H) gels. These secondary reactions did not only densify the binder matrix but also significantly
enhance the mechanical properties of concrete, particularly compressive strength. The availability of abundant calcium
in PCC also accelerated early hydration, thereby contributing to the rapid development of early-age strength.
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Aside from the dominant oxides, minor fractions of MnO, K,O, and LOI are also identified in both FANR and
PCC. Interestingly, the comparable LOI values suggests a similar amount of residual compounds or unburned
carbon, a characteristic also noted in previous studies on fly ash sourced from coal-fired power plants. Studies by
Jietal. [51] and Alaj et al. [19] likewise showed that class F fly ash was mainly composed of Si, Al, and Fe oxides
with low CaO content, and confirmed the importance of these oxides for sustaining long-term pozzolanic activity.
These earlier findings support the present results, reinforcing the classification of FANR as a class F material with
promising pozzolanic reactivity.

Overall, the comparison between FANR and PCC highlights the complementary nature of their chemical
compositions. While PCC provides the high calcium content necessary for initial hydration and early strength
development, FANR contributes reactive silica and alumina that engage in secondary pozzolanic reactions, further
improving the durability and strength of the concrete matrix over time. These observations align with previous reports
on the synergistic effect of blending low-calcium fly ash with cement, thereby validating the theoretical assumption that
FANR has strong potential as a sustainable partial replacement for cement in concrete applications.

3.2. Identification of Material and Binder

Figure 2-a shows the XRD pattern of PCC, highlighting a dominant peak at approximately 26 = 29.40°. Such a peak
is characteristic of calcite (CaCO3), which prior investigations documented as a significant crystalline component in
Portland cement [52]. In addition, broad humps appear in the diffractogram, indicating the presence of a partially
amorphous phase that was typical of cementitious binders. In comparison, FANR powder exhibited several distinct
crystalline reflections, notably at 20 = 26.6°, 20.9°, and 35.5°, which corresponds to quartz, mullite, and magnetite,
respectively. Similar crystalline phases were identified in fly ash from various sources, with quartz and mullite being
particularly common due to their high thermal stability [53, 54]. Alongside these crystalline constituents, FANR also
displayed a considerable amorphous background, confirming its high hazy content, which was essential for pozzolanic
activity.
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Figure 2. The identification of PCC, FANR, conventional concrete, and FANR concrete with the water-cement ratio of 0.55,
0.50, and 0.45
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When incorporated into concrete, the XRD diffractogram of FANR showed broader and less intense peaks compared
with the raw FANR powder. This reduction in intensity reflected the formation of hydration products, especially calcium
silicate hydrate (C—S—H), which was known to be poorly crystalline in nature. Previous studies had similarly
demonstrated that hydration of blended cementitious systems leads to the suppression of sharp crystalline peaks and the
emergence of diffuse amorphous signals [55]. Interestingly, the diffraction peak at 20 = 26.6° in FANR concrete
appeared sharper than that in conventional concrete, suggesting that the additional quartz supplied by fly ash increased
the crystalline phase content. These observations corroborate earlier studies, which noted that quartz particles from fly
ash persisted as crystalline remnants throughout extended hydration [56].

As depicted in Figure 2-b, the XRD results correspond to specimens produced at a water-to-cement ratio of 0.50. In
this case, FANR retained the presence of quartz and mullite, along with a substantial amorphous fraction. The
mineralogical profile of FANR concrete indicated that, although hydration products such as C—S—H and ettringite
developed, crystalline residues from FA were still evident. These results suggests that the addition of FANR modified
the mineralogical profile of the hydrated system through the presence of residual crystalline phases, consistent with
findings from previous studies on class F fly ashes [57]. By contrast, the XRD pattern of conventional concrete with the
same water-to-cement ratio displayed weaker peaks compared to both PCC and FANR. Such attenuation of crystalline
peaks was associated with the dilution phenomenon and the transformation of hydration products into low-crystallinity
phases, particularly C—S—H [55]. Compared with its conventional counterpart, FANR concrete produced broader diffuse
peaks, which were indicative of a larger fraction of amorphous hydration phases, namely C—S—H and ettringite. This
observation corroborated previous investigations indicating that FA contributed to the development of secondary C—S—
H through its pozzolanic reactivity [57].

Figure 2-c illustrates the XRD patterns for a water-to-cement ratio of 0.45. At this ratio, conventional concrete
showed reduced crystallinity compared with the raw cementitious materials, reflecting the dominance of amorphous
hydration phases. FANR concrete, however, retained residual crystalline phases such as quartz and mullite. These
remaining phases confirmed that the pozzolanic reaction of FA occurred partially but did not reach full completion
within the experimental conditions. Such an observation is consistent with earlier reports indicating that quartz and
mullite exhibited minimal reactivity during hydration and mainly served a filler role [57]. As a result, FANR played a
dual role by generating amorphous gel phases through hydration and by incorporating stable crystalline residues into
the concrete matrix. The presence of these crystalline residues in the XRD patterns provided evidence of incomplete
pozzolanic reaction, which underscored the role of FANR as a supplementary cementitious material suitable for partial
substitution rather than full replacement.

3.3. Bonding Identification of Material and binder

Figures 3-a to 3-c present the FTIR spectra of PCC, FANR, conventional concrete, and FANR concrete prepared
with water-to-cement ratios of 0.55, 0.50, and 0.45, respectively. In Figure 3a, the FTIR spectrum is categorized into
four areas, beginning with the range of ~3400 to 1600 cm™'. This range corresponds to the water band, where a broad
hump is typically associated with O—H stretching and bending vibrations arising from absorbed water or hydroxyl
groups. Among the samples, FANR exhibits stronger signals in this region, suggesting higher hydroxyl or moisture
content. This observation is consistent with earlier studies, which reported that the porous structure and reactive surface
of fly ash enhance its water adsorption capacity [58].
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Figure 3. The bonding identification of PCC, FANR, conventional concrete, and FANR concrete with the water-cement
ratio of 0.55, 0.50, and 0.45

The region between ~1400 and 1600 cm™ displays absorption bands characteristic of C—O stretching, indicative of
carbonate groups such as CaCO3. A strong absorption in PCC confirms the presence of carbonate phases, while FANR
produces a weaker signal, reflecting its relatively lower carbonate content. Previous research similarly demonstrated
that Portland cement generally contains a higher level of carbonate minerals, which originate from clinker phases or
secondary carbonation processes [58].

The spectral region spanning ~1400-450 cm™ exhibits intense Si—O stretching absorptions, commonly associated
with the vibrations of silicate frameworks. These absorptions were crucial for distinguishing alumino-silicate phases in
fly ash as well as silicate-based hydration products in cement matrices, most notably calcium silicate hydrates (C—S—H).
FANR displays prominent peaks in this region, confirming its alumino-silicate-rich composition. The spectral shifts
observed between conventional concrete and FANR concrete indicated differences in the hydration products formed,
highlighting the influence of FA addition on pozzolanic activity. Similar changes in silicate stretching vibrations have
been reported in previous FTIR studies, indicating that the incorporation of fly ash alters the silicate network in hydration
products [58, 59].

Figure 3-b presents the FTIR spectra for the water-to-cement ratio of 0.50, highlighting five distinct wavenumber
regions. The broad hump observed between ~3400 and 3200 cm™ again corresponds to O—H stretching vibrations,
associated with hydroxyl groups. This band is present in all samples, confirming the presence of bound water. The region
spanning ~3200 to 1650 cm™ reflected H-O—H bending vibrations of water, with FANR concrete showing more
pronounced signals. These observations suggest that FANR concrete exhibited a higher content of chemically and
physically bound water. This finding aligns with earlier studies demonstrating that fly ash enhanced the water-retention
capacity of cementitious systems, primarily due to its porous surface and fine particle size [58].

The absorption band near ~1450-1400 cm™ corresponds to C-O stretching vibrations, representing carbonation
products. PCC shows stronger absorption in this area, whereas FANR concrete displays weaker signals, reflecting
differences in carbonate content. At ~1000-900 cm™, the spectra exhibit Si—O stretching bands, a critical region that
reflects the structural vibrations of silicate phases. This spectral region corresponds to the development of calcium
silicate hydrate (C—S—H), the principal hydration phase that governs the mechanical strength of cement-based materials.
Earlier FTIR studies have similarly reported that the intensity and position of Si—O stretching bands shifted in blended
systems with FA, reflecting ongoing pozzolanic reactions and secondary C—S—H formation [58].

The absorption bands at wavenumbers below 800 cm™ represent Si—O bending vibrations and other mineral
fingerprint regions. These bands provided additional evidence of silicate-rich phases and revealed differences in the
extent of hydration or the presence of inert filler phases. The persistence of such signals in FANR concrete suggests that
while hydration and pozzolanic reactions occurred, residual phases from fly ash remained in the matrix, in agreement
with prior research noting the incomplete reactivity of quartz and mullite in Class F fly ash [58].

Figure 3-c presents the FTIR spectra obtained at a water-to-cement ratio of 0.45, which exhibit three distinct
absorption regions, each offering valuable information on the bonding features within the system. The first region,
located within 3700-3000 cm™, corresponds to the water bonding area. The broad band in this region corresponds to
O-H stretching vibrations, commonly linked to molecular water or hydroxyl groups, confirming the presence of
hydroxide phases in the samples. Similar broad O—H absorption bands have been observed in earlier FTIR studies of
cementitious systems, attributed to both physically adsorbed water and chemically bonded hydroxyl groups in the
hydration products [58, 59].
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The second characteristic region, observed at approximately 1400-1500 cm™, represents the C—O stretching
vibrations associated with carbonate (CO3?”) groups. These bands are indicative of calcite (CaCO3) or carbonated
cementitious phases, which arise either from intrinsic cement components or carbonation reactions during hydration.
The strongest absorption signals in this region were observed in PCC powder and PCC concrete samples, highlighting
the substantial formation of carbonate phases resulting from cement hydration. These findings are consistent with prior
investigations, which reported carbonate absorptions as a characteristic component of Portland cement systems,
especially when exposed to carbonation environments [58].

The third significant absorption region, located in the range of ~900—1100 cm™, is attributed to Si—O stretching
vibrations, which are characteristic of silicate structures present in both raw materials and hydration products. This
spectral region is of particular importance since it provides information on the underlying silicate framework, reflecting
the structural features of both the raw materials and the hydration products that develop during cement hydration. Sharp
and intense Si—O peaks in FANR powder and PCC powder indicate the presence of more crystalline and well-defined
silicate structures, whereas the broader and less intense peaks observed in concrete specimens suggest overlapping
contributions from the cementitious matrix and hydration products, particularly calcium silicate hydrate (C—S—H).
Earlier FTIR analyses similarly reported broadening of the Si—O stretching bands in hydrated systems, attributing it to
the formation of poorly crystalline C—S—H gels that dominated strength development [58].

In terms of comparative behavior, PCC powder displayed the sharpest and deepest silicate-related absorption peaks,
consistent with its higher intrinsic silicate content. FANR powder, on the other hand, shows slight shifts in the Si—O
bands, implying variations in mineralogical composition relative to PCC. FANR concrete exhibits stronger absorptions
in the water and silicate regions, indicating heightened hydration activity, likely resulting from the pozzolanic reaction
of FANR and the microstructure-modifying effects of its filler properties. In contrast, the spectral response of
conventional concrete appears more closely aligned with that of PCC powder, indicating hydration dominated by typical
cementitious phases without significant modification from supplementary materials. This behavior reflects findings in
previous studies, where concretes incorporating fly ash showed distinguishable shifts and intensities in O—H and Si—O
bands, confirming the dual role of fly ash as both a reactive pozzolanic material and an inert filler in cementitious
systems [58-60].

3.4. Image of Material and Binder

Figure 4 illustrates the microstructural characteristics and elemental distribution of PCC, highlighting the fracture
surface of the solid material. The micrographs reveal a heterogeneous texture composed of several distinct components,
including large angular particles and a fine particulate matrix enveloping the coarser grains. PCC displays an overall
morphology marked by a coarse surface texture and brittle fracture patterns, which are typical of ash-derived materials.
The observed large angular particles correspond to common filler materials, previously reported as significant
constituents of cementitious matrices [60, 61].
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Figure 4. The morphology characteristic of PCC

Elemental analysis further confirms the compositional characteristics of PCC. Calcium (Ca) and oxygen (O)
appeared as the predominant elements in the spectrum, consistent with the calcium-based character of Portland cement
and related materials. In addition to calcium and oxygen, silicon (Si) and sulfur (S) were identified in the spectrum,
reflecting inputs from silicate-bearing minerals and gypsum, both of which are common constituents in Portland cement
systems. These elemental constituents correspond to the raw materials commonly employed in Portland cement
production, including limestone, gypsum, and other cementitious additives. Earlier studies similarly indicated that
Portland cement mainly consists of calcium-containing phases, along with substantial silicates and minor sulfates, all of
which were crucial for hydration and setting processes.
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Figure 5 presents the particle morphology and elemental distribution of FANR, as revealed through SEM-EDS
analysis. The micrographs demonstrate that FANR is composed predominantly of spherical and subspherical particles.
Smooth, smaller spheres are regularly found on the surfaces of larger particles, accompanied by grain clusters that
highlight their propensity to agglomerate. This morphology, characterized by spherical geometry and hazy surface
texture, is indicative of the rapid cooling and solidification of molten material during fly ash formation, a feature
commonly reported in previous studies on class F fly ash. The spherical shape was also known to confer high surface
energy and improve particle packing, thereby impacting both the workability and pozzolanic reactivity of cementitious
systems.
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Figure 5. The morphology characteristic of FANR

The EDS analysis further confirmed the chemical composition of FANR. Oxygen (O), aluminum (Al), and
silicon (Si) are identified as the dominant elements, reflecting the presence of aluminosilicate phases, which are
considered the primary reactive components of fly ash. These results are consistent with earlier reports, which noted
that class F fly ashes typically consisted of a silica—alumina framework, making them suitable for pozzolanic
applications in concrete. Moreover, the presence of iron (Fe) implied the existence of iron oxides—predominantly
hematite or magnetite (Fe,O3/Fes04)—which was consistent with findings from previous characterizations of fly
ash.

Figure 6 presents the microstructural features and elemental composition of conventional concrete prepared with a
water-to-cement ratio of 0.55, as revealed by SEM-EDS analysis. The micrographs display a primary matrix dominated
by sharp-edged and angular formations, characteristic of crystalline phases. The angular features developed into stacked
plate-like layers, which were indicative of crystal growth and precipitation processes associated with cement hydration.
In specific zones, the plate-like structures appeared disordered and gently curled, a morphology often associated with
stress accumulation caused by crystal formation or by drying and shrinkage processes. Earlier investigations reported
analogous structural characteristics, linking the presence of layered plate-like crystals to the formation of ettringite and
secondary hydration phases in Portland cement.
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Figure 6. The morphology characteristic of conventional concrete with the water-cement ratio of 0.55
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The surrounding matrix exhibits rough, porous textures, suggestive of incomplete binder densification and indicative
of the presence of ettringite or related crystalline hydrates. Earlier research likewise identified this type of porosity as a
key attribute of traditional cement-based materials, where it played a crucial role in governing permeability and
durability performance [61]. The inorganic crystalline nature of these features further pointed toward the precipitation
of oxide phases, resulting from cement hydration and secondary reactions with additive materials. These results
corroborated earlier findings that highlighted the contribution of supplementary phases to changes in hydration pathways
and the subsequent formation of binding phases [61].

EDS analysis supports these morphological findings, with oxygen (O) and silicon (Si) identified as the dominant
elements. This elemental composition is consistent with the presence of silicate minerals, most notably quartz, within
the cementitious framework. Minor proportions of aluminum (Al) and sodium (Na) are also detected, suggesting the
formation of aluminosilicate compounds, a feature that aligned with earlier characterizations of hydrated cementitious
systems. Moreover, the detection of iron (Fe) indicates the potential formation of iron oxides, previously reported as
accessory phases in concrete and linked to ceramic-like mineral assemblages [60]. Overall, the evidence suggests that
the sample was primarily composed of silicate phases, complemented by oxide precipitates and crystalline hydration
products, in agreement with previous investigations of the hydration chemistry and structural development of Portland
cement—based concretes.

Figure 7 presents the microstructural features and elemental composition of FANR concrete prepared with a water-
to-cement ratio of 0.55, as observed through SEM-EDS analysis. The central region of the micrograph reveals relatively
flat, layered structures, indicative of crystalline formations typically associated with hydration products. Conversely, the
upper-left region of the micrograph reveals fibrous or porous features, whereas the right-hand side shows clustered,
rough, sponge-like textures that are indicative of amorphous phases. The distinct contrast between the compact, flat
domains and the more porous clusters highlights the heterogeneity of the binder, suggesting differences in density and
phase distribution. Such heterogeneous microstructures were typical of cementitious systems, where earlier studies
reported the simultaneous presence of crystalline hydrates and amorphous gels.
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Figure 7. The morphology characteristic of FANR concrete with the water-cement ratio of 0.55

EDS analysis further confirms the chemical composition of the FANR concrete matrix. Elevated O and Ca contents
indicated the abundance of calcium-rich hydration products, primarily calcium silicate hydrates (C—S—H) and, in some
cases, portlandite, consistent with typical Portland cement hydration chemistry. Moderate concentrations of Si are
observed, consistent with contributions from fly ash—derived silicates. Consistent findings in the literature indicate that
the coexistence of crystalline hydrates with amorphous aluminosilicate gels was a distinctive trait of fly incorporated
concretes, directly linked to their strength evolution and durability performance.

Figure 8 illustrates the microstructural characteristics and elemental distribution of conventional concrete with
a water-to-cement ratio of 0.50, as examined through SEM-EDS analysis. The image highlights four distinct surface
morphologies. The central area shows a smooth, layered texture, typically associated with the crystallization
processes that occur during cement hydration. By contrast, the left and right edges of the image display fibrous
textures, which reflect surface irregularities arising from secondary hydration reactions. The middle-upper area
exhibits a folded morphology, which indicates the entrapment of unreacted particles within the binder matrix.
Earlier studies had similarly documented such heterogeneous surface characteristics, noting that the combination of
smooth crystalline phases, fibrous ettringite-like structures, and porous regions was a typical feature of Portland
cement-based systems.
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Figure 8. The morphology characteristic of conventional concrete with the water-cement ratio of 0.50

EDS analysis of the focused area confirms the presence of elevated oxygen (O), silicon (Si), and calcium (Ca)
contents. This elemental composition strongly suggested the occurrence of calcium silicate hydrates (C—S—H), silicate
minerals, and other calcium-based crystalline phases, which were well-established as the primary hydration products of
cement. Previous research on conventional concrete demonstrated comparable elemental distributions, where elevated
concentrations of O, Si, and Ca were consistently associated with C—S—H gel and related cementitious phases, identified
as key contributors to strength development and the stabilization of hydrated microstructures.

Figure 9 presents the SEM-EDS results of FANR concrete with a water-to-cement ratio of 0.50, highlighting both
morphological and compositional characteristics. The micrograph reveals the presence of a distinct rectangular or
cylindrical feature embedded within the fibrous binder matrix. Its smooth surface and sharply defined edges suggest that
it acted as an additional component within the composite system, potentially functioning as a filler particle or reinforcing
fiber. Surrounding this inclusion, the matrix was characterized by a complex network of fibrous and porous structures,
displaying a rough and irregular texture. Such features reflected a high surface area and porosity, which were frequently
associated with the heterogeneous hydration and pozzolanic reactions observed in fly ash—-modified concretes.
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Figure 9. The morphology characteristic of FANR concrete with the water-cement ratio of 0.50

According to the EDS analysis, the binder is predominantly composed of carbon (C) and oxygen (O), implying the
occurrence of organic phases—an observation consistent with earlier reports on fly ash incorporated into cement-based
materials. Furthermore, silicon (Si) and calcium (Ca) are identified as notable minor constituents, indicating the potential
formation of silicate phases or calcium-bearing minerals such as CaCO3 or CaSiOsz. These findings are consistent with
earlier studies that documented the coexistence of amorphous carbon-rich domains, silicate phases, and calcium-bearing
compounds as defining microstructural features of fly ash—blended concretes, all of which contributed to binder
development, pore refinement, and long-term durability.

Figure 10 presents the SEM-EDS analysis of conventional concrete with a water-to-cement ratio of 0.45,
highlighting notable microstructural and compositional features. The binder surface exhibits particles with flat,
angular, and blade-shaped morphologies. The presence of smooth surfaces with sharply defined edges suggests that
these features were not intrinsic to the hydrated cement matrix but rather correspond to unreacted particles originating
from FANR. Previous studies similarly reported the occurrence of unreacted fly ash particles in blended concretes,
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attributing this to incomplete hydration under certain curing conditions. In contrast, other binder areas show rough,
porous textures, marking interfacial zones where phases meet and stresses concentrate. These heterogeneous
microstructures were linked to transition zones between unreacted particles and the binder, influencing strength
development and long-term durability.
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Figure 10. The morphology characteristic of conventional concrete with the water-cement ratio of 0.45

EDS analysis identifies oxygen (O) and carbon (C) as the principal elements, suggesting the possible formation of
carbonate compounds, which are commonly present in cementitious systems due to carbonation introduced by
supplementary materials. Moreover, the detection of calcium (Ca) indicates the formation of calcium-based minerals,
most likely calcium carbonate or hydration products such as portlandite, both of which were consistently reported in
earlier studies examining the microstructural characteristics of conventional concrete.

Figure 11 presents the SEM-EDS results of FANR concrete with a water-to-cement ratio of 0.45, providing insight
into its surface morphology and chemical composition. The micrograph reveals that the surface of the FANR concrete
is predominantly rough, fibrous, and porous, which is characteristic of composite cementitious materials. The fibrous
regions form a network of interconnected strands, indicative of a porous binder matrix that facilitated ion transport and
contributed to the overall heterogeneity of the microstructure. In contrast, certain areas of the binder appear denser and
smoother, suggesting the presence of unreacted particles embedded within the matrix. This feature is consistent with
earlier studies on fly ash-blended concretes, where incomplete pozzolanic reaction resulted in the retention of unreacted
particles within the hardened system.
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Figure 11. The morphology characteristic of FANR concrete with the water-cement ratio of 0.45

The accompanying EDS analysis further supports these morphological observations. The investigated area reveals
high concentrations of carbon (C) and calcium (Ca), indicating the presence of mineralized phases, likely in the form of
calcium-rich hydrates such as calcium silicate hydrates (C—S—H). In addition, the detection of silicon (Si) and aluminum
(Al) indicates the presence of ceramic-like aluminosilicate phases, which were typical of fly ash-derived components.
These findings align with prior investigations, which reported that the coexistence of dense calcium-rich hydrates and
amorphous aluminosilicate phases was a defining characteristic of fly ash—-modified concretes, contributing not only to
mechanical strength but also to long-term durability and microstructural refinement.
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4. Conclusion

This study demonstrated the promising potential of FANR as a partial replacement for PCC in concrete, providing
both chemical and microstructural enhancements to the cementitious matrix. XRF analysis indicated that FANR is rich
in SiO2, Al;O3, and Fe,O3, key components that support pozzolanic reactivity. Detailed phase analysis suggested that
the presence of quartz and mullite in FANR contributed to an increased proportion of amorphous phases within the
concrete, which was essential for promoting pozzolanic activity and enhancing the overall reactivity of the binder. FTIR
spectroscopy further confirmed the existence of silicate and hydroxyl groups in FANR concrete, with stronger absorption
observed in the water and silicate regions, indicating that the incorporation of FANR facilitated more advanced hydration
reactions and a higher degree of interaction between fly ash particles and the cementitious phases.

Morphological and compositional investigations using SEM and EDS revealed that FANR particles were primarily
spherical with a hazy surface, comprising significant amounts of Si, Al, and O, along with minor traces of Fe. These
findings pointed to the presence of both aluminosilicate and ferrite phases, underscoring the intrinsic pozzolanic
potential of FANR. Incorporating FANR into concrete was found to alter the hydration behavior and adjust the
mineralogical makeup of the binder, resulting in improved mechanical strength and enhanced durability of the material.
Overall, the study provided comprehensive evidence that FANR not only acted as a sustainable supplementary
cementitious material but also enhanced the microstructural and mechanical characteristics of concrete, supporting its
application in high-performance and durable cementitious systems.
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