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Abstract

This study investigates the mechanical, thermal, and durability performance of one-part geopolymer foam
concrete (GFC) incorporating boiler ash (BA) as a partial replacement for fly ash (FA) and polypropylene
fibers (PPF). Nine distinct mixtures were prepared with varying BA replacement levels (0%, 10%, and 20%)
and PPF contents (0%, 0.5%, and 1%). Comprehensive testing was conducted to evaluate compressive and
flexural strength, thermal conductivity, porosity, water absorption, sorptivity, freeze-thaw resistance, and high-
temperature durability. The experimental results indicate that replacing FA with BA enhances the geopolymer
matrix’s mechanical and durability properties through improved gel formation and matrix densification. The
optimal mixture, containing 20% BA and 0.5% PPF, achieved a 41.52% increase in compressive strength com-
pared to the reference mixture (0% BA, 0% PPF). This mixture also exhibited the lowest porosity (23.82%),
water absorption (16.76%), and sorptivity (8.28%), along with the highest thermal conductivity (0.619 W/
mK). However, mixtures with higher BA and PPF contents experienced reduced high-temperature resistance,
with strength losses of 16.2% and 27.1% observed at 400 °C and 900 °C, respectively. Durability assessments
revealed significant improvements in freeze-thaw performance. The optimized mixture demonstrated minimal
weight loss and significant compressive strength gains after 15 freeze-thaw cycles. Microstructural analysis
confirmed the synergistic effects of BA and PPF in enhancing the matrix’s densification, reducing pore con-
nectivity, and bridging micro cracks. Additionally, BA’s high calcium content contributed to the formation of
dense C-S-H and C-A-S-H gels, which played a crucial role in enhancing strength and reducing permeability.
This study underscores the potential of BA as a sustainable alternative to FA in GFC production, highlight-
ing its role in waste valorization and environmental sustainability. The findings provide valuable insights for
optimizing BA and PPF content in GFC formulations, promoting their application in eco-friendly and high-
performance construction materials.
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Strength - Thermal properties

Archives of Civil and Mechanical Engineering (2026) 26:3 https://doi.org/10.1007/543452-025-01369-2

@ Springer


https://doi.org/10.1007/s43452-025-01369-2
http://orcid.org/0000-0002-3005-6123
http://crossmark.crossref.org/dialog/?doi=10.1007/s43452-025-01369-2&domain=pdf&date_stamp=2025-11-19

3 Page2of36 https://doi.org/10.1007/543452-025-01369-2

1 Introduction

While developing energy-efficient buildings through research into various passive insulation technologies has
become an important theme in construction, foam concrete (FC) qualifies as one of the best options due to tar-
geted excellent thermal insulation [1]. The densities of foam concrete range from 200 to about 1600 kg/m? [2]
and are classified as cellular concrete made by air bubbling using a foaming agent [3]. It is innovation and good
building material; foam concrete use is greatly increasing in these years, especially those in European and Asian
countries [4]. Its distinct attributes-low self-weight [5], cost-effectiveness [6], workability enhancement [7],
sound insulation [8], fire resistance [9], and low thermal conductivity [10] -are a very good fit for partition walls,
backfills, backfilling construction projects, and non-load-bearing structures, as opposed to traditional concrete
[11]. Indeed, the construction sector has been urged by the world to become more eco-friendly and sustainable
because construction is known for its contribution to carbon emission and natural resource-use-at a very high
scale [12]. Today, about 8% of global CO, emissions are produced by ordinary Portland cement (OPC)-based
production of conventional concrete, the traditional precursor to FC [13]. In addition to this demand-and resource
exhaustively, OPC-based concrete production causes extensive air pollution and ecological destruction, both of
which caused through extensive sand and gravel mining [14]. Therefore, there is a growing interest in finding
alternative cementitious materials for minimizing construction costs to environmental damage [15].

Such developments have resulted in the emergence of entirely new families of materials such as geopolymers
and alkali-activated materials (AAMs) [16], which might offer 80% reductions in CO, emissions when compared
with OPC [17]. AAMs would further leverage the utilization of waste products such as ground granulated blast-
furnace slag (GBFS) [18], fly ash (FA) [19], and waste glass [20], significantly contributing to waste management
[21]. Furthermore, AAMs have lower water demand as they require less water for their reaction compared with
ordinary OPC [22]. They offer other advantages: rapid hardening [23], high early strength [24], and corrosion
resistance [25], freezing [26], and fire [26]. The accumulative advantages hence lead to the extensive use of
AAMs, wherein geopolymer foam concrete (GFC) is most studied due to its lightweight [27] and superior ther-
mal insulating properties [28] that make it a suitable candidate for sustainable construction and energy-efficient
building design applications [25], From the perspective of research, there has been significant progress in GFC
during the last decade [29].

The inexpensive and resource-efficient production capacity of GFC is consistent with the growing trend adopt-
ing sustainability within the construction sector for the future. Nevertheless, GFC produced these days from
by-products such as silica sand and GBFS - both of which can be considered useful industrial byproducts-are
finite resources, use of which for production can have environmental ramifications, such as possible ecosystem
disruption during sand extraction [4].The application of industrial and agricultural wastes as substitutes for vir-
gin raw materials in GFC has been gaining special attention over the last decade [30]. Fly ash (FA), a byproduct
of coal combustion, has been utilized in various concrete materials owing to its high pozzolanic reactivity and
ability to enhance mechanical properties of GFC when blended with GBFS [31]. FA, another useful sustainable
concrete ingredient can improve compressive strength and thermal performance when partially replacing GBFS
[32]. In some cases, the durability and waterproofness of GFC may be compromised because large contents of
FA can create more porous but less reactive material than GBFS [33]. While GFC has demonstrated notable
advantages in energy efficiency and environmental sustainability, the material’s performance still depends heav-
ily on the choice and proportion of raw materials. FA has long been used in GFC due to its pozzolanic properties,
which contribute to the strength and durability of the concrete [34]. Alkali-activated FA, while widely regarded
as an optimal precursor for geopolymer production due to its abundant aluminosilicate content [35], is hindered
by limitations such as low early strength development and slow setting rates [36]. These drawbacks primarily
stem from the crystalline nature of a significant portion of the Si-Al phases in FA, which resist rapid dissolution
in alkaline solutions. Consequently, during the initial stages of the geopolymerization process, only a minimal
fraction of the FA undergoes activation, resulting in limited formation of reaction products essential for early
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strength gain and rapid matrix consolidation. In addition, challenges associated with the availability, consistency,
and quality of FA have prompted research into other industrial by-products. Recent studies highlight that valoriz-
ing industrial by-products can yield concretes that are both eco-efficient and structurally reliable. For instance,
Das et al. [37] showed that using ferrochrome slag (FCS) and FA significantly reduced life cycle impacts while
maintaining strength. Further, investigations on reinforced beams confirmed that FA-FCS concretes exhibited
enhanced ductility, toughness [38], and shear performance compared to natural aggregate concrete, validating
their safe structural application [39].

One such alternative is boiler ash (BA), a by-product of solid fuel combustion in industrial boilers. BA con-
tains a high concentration of calcium oxide (CaO), which can contribute to the formation of calcium silicate
hydrate (C-S-H) gels-key components for improving the mechanical strength and durability of geopolymer-based
materials. Despite its potential, the use of BA in GFC has been relatively underexplored compared to FA, and its
effects on the overall properties of the material require further investigation. In this study, BA used was specifi-
cally collected from coal-fired industrial boilers, and is therefore equivalent to bottom coal ash (BCA). Recent
studies have shown the potential of BCA in geopolymer foam concrete (GFC), where it improves sustainability
by valorizing industrial by-products. Soe et al. [40] reported that BCA-based porous geopolymers achieved com-
pressive strengths of 0.75-6.86 MPa and low thermal conductivity (~ 0.32 W/m-K), making them suitable for
thermal insulation. Similarly, Hosseini et al. [41] demonstrated that mechanochemical activation of BCA with FA
enhances geopolymerization and improves strength, confirming BCA as a promising precursor in GFC systems.
Incorporation of BCA into cellular lightweight geopolymer mortars has been shown to reduce both unit weight
and thermal conductivity, with performance strongly influenced by foam dosage and mixture proportions [42].
Fine-ground BCA geopolymers have reported thermal conductivity values as low as 0.46 W/mK, significantly
lower than OPC [43]. Furthermore, blending BCA with rice hull ash yields geopolymer concretes with reduced
thermal conductivity (~ 0.578 W/mK) and enhanced heat resistance, while foamed geopolymers containing coal
FA, BCA, and rice hull ash achieve ultra-low values (0.033—0.037 W/mK) compared to unfoamed samples (0.48
W/mK) [44]. These studies confirm the potential of BCA-based geopolymers as sustainable, low-heat-transmis-
sion, and fire-resistant construction materials.

In addition to binder materials, fibers such as polypropylene fibers (PPF) have been incorporated into cementi-
tious mixtures to enhance mechanical properties, particularly in improving crack resistance and tensile strength
[45]. The inclusion of PPF helps bridge micro-cracks and prevents their propagation under stress, thus improving
the structural integrity and durability of the concrete [46]. While previous studies have demonstrated the positive
effects of PPF on the performance of traditional concrete and geopolymer concrete [47], limited research has
focused on its synergistic effects with BA in geopolymer foam concrete, particularly in terms of high-temperature
resistance, freeze-thaw stability, and overall durability. The combined effects of BA and PPF on the mechanical,
thermal, and durability properties of GFC have not been systematically studied. As the construction industry
continues to seek materials that not only reduce environmental impact but also perform well under challenging
conditions, it is essential to understand how alternative materials like BA and reinforcement technologies like
PPF can be optimized in GFC formulations. This research aims to fill this gap by exploring the effects of BA as a
partial replacement for FA and the influence of PPF on the mechanical, thermal, and durability properties of GFC.
The study will investigate the optimal proportions of BA and PPF to enhance the performance of GFC in terms of
compressive strength, flexural strength, thermal conductivity, porosity, water absorption, shrinkage, freeze-thaw
resistance, and high-temperature stability. By addressing these key performance metrics, this research aims to
contribute to the development of more sustainable, durable, and high-performance construction materials. The
results of this study could offer valuable insights for the future use of BA and PPF in geopolymer-based foamed
concrete, furthering the adoption of eco-friendly and resilient building materials in the construction industry.
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1.1 Research gap

GFC has gained significant attention as a sustainable construction material due to its lightweight, thermal insu-
lation properties, and reduced carbon footprint. While extensive research has focused on the use of industrial
by-products such as FA and GBFS in GFC, limited studies have explored the incorporation of alternative waste
materials like BA. BA, with its high calcium oxide content, has the potential to enhance binding phases such
as calcium silicate hydrate (C-S-H) and improve the mechanical and thermal properties of GFC. However, its
impact on durability, particularly under extreme environmental conditions such as high temperatures and freeze-
thaw cycles, remains underexplored. Furthermore, although PPF are known to improve the mechanical properties
and durability of cementitious materials, their synergy with BA in GFC matrices has not been fully investigated.
The combined effects of BA and PPF on properties such as porosity, water absorption, shrinkage, and high-
temperature resistance have not been systematically studied. This research addresses these gaps by evaluating the
effects of BA and PPF on the mechanical, thermal, and durability properties of GFC. It provides insights into the
optimization of BA and PPF content to achieve a balance between strength, durability, and thermal performance,
thereby contributing to the development of eco-efficient GFC formulations for sustainable construction.

1.2 Research significance

The construction industry is under increasing pressure to adopt sustainable practices to reduce its environmen-
tal footprint and resource consumption. OPC, a primary binder in conventional concrete, is responsible for
approximately 8% of global carbon dioxide emissions. GFC offers a promising alternative by utilizing industrial
by-products as binders, reducing greenhouse gas emissions and promoting waste valorization. This research is
significant as it explores the underutilized potential of BA, a by-product of solid fuel combustion, as a sustainable
partial replacement for FA in GFC. Incorporating BA not only reduces dependency on conventional materials but
also addresses waste management challenges by repurposing BA, which is often landfilled. The study also inte-
grates PPF, which enhance the mechanical properties and durability of GFC, thereby extending its applicability in
demanding environments. By investigating the combined effects of BA and PPF on the strength, durability, ther-
mal insulation, and high-temperature resistance of GFC, this research provides valuable insights for the optimiza-
tion of GFC formulations. It addresses critical issues such as shrinkage, porosity, and resistance to freeze-thaw
cycles and high-temperature exposure, making GFC more viable for a wide range of construction applications.
The findings contribute to advancing eco-efficient construction materials, aligning with global efforts to achieve
sustainability goals. This research not only demonstrates a pathway to reduce carbon emissions and material
waste but also opens new possibilities for creating high-performance, durable, and thermally efficient building
materials, paving the way for a more sustainable construction industry.

2 Materials and methods

2.1 Materials

F-class fly ash (FA) conforming to ASTM C618 standard was used to prepare foam concretes produced in
this study. The specific gravity of FA is 2.24, and the Blaine specific surface area is 2800 cm?/g. In addition,
ashes from solid fuel boilers used to obtain heat energy were used instead of FA in the mixtures. These boiler
ashes (BA) were first reduced to fine aggregate size with the help of a crusher in the laboratory. Afterward,
it was ground in a ball mill for 75 min and reduced to 125 um. Since BA is obtained at lower temperatures
than FA, the loss on ignition (LOI) is relatively higher. The boiler ash (BA) used in this study was sourced
from a coal-fired industrial boiler and exhibits characteristics comparable to bottom coal ash, including its
morphology and CaO content. Throughout this manuscript, BA is synonymous with bottom coal ash. The
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Table 1 Chemical properties of FA and BA (% wt)

Oxide CaO SiO, AlLO, Fe,0, Na,0 K,0 MgO SO, LOI
FA 3.7 56.7 25.9 7.3 0.6 1.7 1.1 0.3 2.5
BA 26.9 31.1 13.5 11.7 0.7 0.9 3.5 25 8.7

specific gravity of BA is 2.19, and the Blaine specific surface area is 3200 cm?/g. The particle size distribu-
tion and mineralogical properties of FA and BA are given in Fig. 1. Figure 1a shows that BA reaches its 50%
cumulative volume at about 10 um, while FA reaches the same volume at about 20 um. The cumulative dis-
tribution of FA increases more slowly than that of BA, indicating that FA contains larger particles in a more
homogeneous distribution [48]. However, FA (red curve) appears to reach 20% of its cumulative volume
with smaller particles. This indicates that FA presents a finer-grained distribution. BA (black curve) reaches
20% of its volume with larger particles. The XRD pattern for BA shows a dominant amorphous structure.
This is consistent with an amorphous pattern where the amplitudes are generally low and broad peaks are
seen (Fig. 1b). A large and distinct peak is visible around 20 = ~26-28°. This mainly indicates quartz (SiO-)
mineral. The presence of low density and broad peaks indicates that BA has a more amorphous or glassy
structure. This suggests that BA may have low pozzolanic properties or be less reactive than other materi-
als. The XRD pattern for FA shows more distinct and sharp peaks, indicating more crystalline structures.
In FA, a distinct quartz peak is also seen around 260 = ~26-28°. In addition, other peaks probably indicate
phases such as mullite (AlsSi2013), one of the phases formed at high temperatures in fly ash. The sharp peaks
indicating more crystalline structures of FA suggest a mixture of crystalline and amorphous structures. This
may indicate that FA contains amorphous silica, which increases its pozzolanic activity. The XRF method
determined the FA and BA chemical properties, which are presented in Table 1. The CaO content of BA is
considerably higher than FA. Also, the SO; content of BA is higher than FA.

Pumice aggregate was preferred as lightweight aggregate in foam concrete production. The specific gravity
of pumice aggregate was 1.88, and the 24-hour water absorption was 15.8%. The particle distribution of pumice
aggregate according to ASTM C33 is given in Fig. 2. The sieve opening of the pumice aggregate is between 0 and
4 mm. Appearances of FA, BA and pumice aggregate used in foam concrete production are given in Figs. 3 and 4.

The foaming agent used was sodium lauryl sulfate (SLS). SLS was used at a level of 10% by water weight,
and these two components were mixed with a high-speed mixer to achieve a foam density of approximately
120 g/1. Sodium metasilicate in powder form was used to activate FA and BA. Sodium metasilicate powder has a
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molecular weight of 122.06 g/mol. Its specific gravity is 2.61. Polypropylene fibers (PPF) of 6 mm length were
also used to produce foam concretes. The technical properties of these fibers are presented in Table 2.
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Table 2 Technical character- Length (mm) Diameter (um) Density (g/cm’) Tensile strength ~ Young’s modulus ~ Elon-
istics of PPF (MPa) (MPa) gation
(%)
6 18 0.91 400 9000 40

Table 3 Mixing proportions and material quantities (kg/m>)

Mix ID* BA (%) PPF (%) FA BA PPF Water Foam PA Na:SiOs
BOPO 0 0 600 0 0.0 210 50 274 90
B10PO 10 0 540 60 0.0 210 50 291 90
B20P0 20 0 480 120 0.0 210 50 288 90
BOP5 0 0.5 600 0 4.6 210 50 284 90
BIOP5 10 0.5 540 60 4.6 210 50 281 90
B20P5 20 0.5 480 120 4.6 210 50 279 90
BOP10 0 1.0 600 0 9.1 210 50 274 90
B10P10 10 1.0 540 60 9.1 210 50 272 90
B20P10 20 1.0 480 120 9.1 210 50 270 90

2.2 Mixing ratios, casting and curing processes of foam concretes

FA was preferred as the primary binder material in producing foam concretes. BA replaced FA in the ratio of 10
and 20 (by weight). PPF was added to the mixtures at 0.5 and 1.0% by volume. A total of 9 different mixtures
were produced within the scope of the study. In producing all foam concretes, the water/binder ratio was 0.35, and
the foam content was 50 kg/m’. In addition, sodium metasilicate was added to the mixture at 15% by weight of FA
and BA (if any). The mixture ratios of foam concrete and the weights of the materials used are given in Table 3.

In producing foam concretes, FA, BA, pumice and sodium metasilicate were mixed at 145 rpm for 1 min. Then
water was added to the mixture, mixing at 145 rpm for 1 min and 280 rpm for 3 min. The mixture was mixed for
one minute at 145 rpm then for two minutes at 280 rpm after the addition of foam in the third phase. PPF was
then added to the mixture, and it was mixed for one minute at 145 rpm and three minutes at 280 rpm. After mix-
ing, the specimens were placed in their molds. After the surface of the specimens was covered with stretch film,
the thermal cure was started immediately. An oven with a heating rate of 5 °C was used for thermal curing. The
samples were cured in an oven at 80 °C for 24 h [49]. The samples were allowed to cool in the oven. The samples
were then removed from their molds and stored in laboratory conditions until the day of the experiment.

2.3 Test method

The flow diameter of the fresh samples was measured by placing them on a flow table by ASTM C1437 [50].
Physical properties such as water absorption and apparent porosity were determined according to the ASTM
C642 [51] standard (50 x 50 x 50 mm specimens). Also, measurements were taken on the oven-dry density of
these samples. Physical properties were evaluated after 28 days. The flexural and compressive strengths of the
geopolymer foam specimens were measured at 7, 28 and 91 days. To determine mechanical performance, prism
specimens measuring 40 x 40 x 160 mm were produced. The specimens were tested in three-point bending
according to ASTM C348 [52]and then upon the compressive strength as per ASTM C349 [53]. The samples’
mechanical characteristics and mass loss were assessed after exposure to 200, 400, and 900 °C. 40 x 40 x 160 mm
prism specimens were made to evaluate their ability to withstand high temperatures. After being allowed to cure
for 28 days, the samples were heated to high temperatures in a muffle furnace at 10 °C per minute.

The specimens were kept at the specified temperatures for two hours before being taken out of the furnace and
given time to cool in a lab setting. Following that, the water absorption through the geopolymer foam samples’
capillary channels was assessed using the TS EN 1015-18 [54]standard. Samples of 50 x 50 x 50 mm cubes
were created explicitly for this purpose. The samples’ sorptivity properties were determined after a 28-day curing
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process. The samples underwent 15 and 30 cycles of freeze-thaw (F-T). The ASTM C666 [55]standard was used
to quantify the specimens’ weight loss and compressive strength. Prism specimens of 40 x 40 x 160 mm were
subjected to F-T cycles. It takes seven hours to freeze at -20 °C and five hours to defrost at + 4 °C. 28-day samples
were subjected to F-T cycles. The specimens’ drying shrinkage behavior up to day 120 was also examined. To
achieve this, mortar bars measuring 25 X 25 x 285 mm were produced by ASTM C596 [56] requirements. Fol-
lowing a 24-hour heat curing period, the specimens’ original lengths were measured. After that, on days 7, 14, 21,
28, 56, and 90, the length changes of the specimens housed in the lab were measured using a digital comparator.
Plate specimens measuring 500 x 500 x 30 mm were created to determine the specimens’ thermal conductivity
coefficients. Following a 28-day curing period, the specimens were dried for three days at 50 °C before their
thermal conductivity coefficients were determined.

3 Results and discussion

3.1 Fresh properties

Figure 5a depicts the effect of substituting FA with BA at replacement levels of 0%, 10%, and 20%, combined
with varying PPF contents of 0%, 0.5%, and 1%, on the flowability of GFC mixtures made entirely with PA.

The flow diameter values ranged from 133 mm to 248 mm, indicating significant variation in workability
resulting from the replacement of FA with BA and the incorporation of PPF. To ensure consistency in the analysis,
the alkaline solution-to-binder ratio and foaming agent content were kept constant across all mixtures. The larg-
est flow diameters are found in the mixtures devoid of PPF; the reference mixture, which contains 100% FA, has
the largest flow diameter, measuring about 248 mm. FA is a fine spherical material which serves as a lubricant in
concrete mixtures. In the reference mixture with 100% FA, these particles improve the flowability by reducing the
friction between aggregates, resulting in increased flowability [57]. This is especially shown in mixtures without
other ingredients such as fibers which may interfere with this lubrication action [58].

A progressive drop in flow diameter is seen as the amount of FA replaced with BA rises, suggesting decreased
workability. FA is characterized by having a generally spherical or rounded side, which allows the particles of
FA to be more easily poured or poured without friction and aids in improving the workability of internal friction.
In comparison, BA displays angular or irregular particles, which interlock with one another to create increased
frictional resistance, thus hindering its free flow and decreasing the workability and flow diameter. This surface
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area of BA is more compared to that of FA. In this context, more water would be needed when BA is substituted
for FA to keep the consistency of the mixture, since the increase in the area of the particles of BA absorbs more
water. Water is needed to coat the particles and ensure sufficient hydration; however, it reduces the free water
available to keep the mix fluid. Thus, the mixture becomes sterner and less workable. The effect of adding BA
with an increased content, therefore, caused a gradual lowering of flow diameter [59]. BA generally exhib-
its higher reactivity than FA in alkali-activated systems, largely due to its elevated calcium oxide content and
irregular particle morphology [60]. The greater availability of reactive calcium species accelerates the precipita-
tion of calcium silicate hydrate (C-S-H) and calcium aluminosilicate hydrate (C-(A)-S-H) gels, which not only
contribute to enhanced mechanical strength but also result in a denser and more cohesive microstructure [61]. As
BA content increases, this leads to greater gel formation that produces stiffer mixes, which resist flow. While the
reaction tends to improve strength, it also decreases the fluidity and workability of the material, thus contributing
towards further reduced flow diameters. More angular particles and more gel formation for increasing BA instead
of FA lead to an increase in overall viscosity and cohesiveness of the mix [62]. This makes a mixture that is much
more coherent, much thicker, and does not flow as easily as a mixture with higher FA content; it should be much
more mobile and flowing. FA has a lower water absorption ratio than BA, requiring less water for hydration
and enabling more free water in the mix for lubrication. Lubrication makes the mixture easier to spread, which
improves flowability. In contrast, replacing FA with BA increases the water requirement while decreasing the
amount of free water in the mix, affecting lubrication and subsequently flow diameter. The absence of sufficient
lubrication creates higher resistance against flow, which reduces the flow diameter.

When 0.5% PPF is added to mixtures, the flow diameter decreases for all binder compositions. The flow diam-
eter steadily decreases as the BA content rises, indicating that workability is adversely affected by both PPF inclu-
sion and BA substitution. The mixtures with 1% PPF have the smallest flow diameters; the mixture with 20% BA
has the lowest flow diameter, measuring 133 mm. Workability is significantly reduced when PPF content and BA
replacement are high, most likely as a result of the fibers’ effect on the cohesiveness and flow of the mixture [61].
When added to the mixture, PPF adds fiber reinforcement, which raises the mix’s internal friction [33]. Because
the fibers physically obstruct particle motion, thereby “bridging” the spaces between them, they increase flow
resistance [63]. The combination thus becomes less fluid and more cohesive, which causes the flow diameter to
drop. Additionally, PPF has a tendency to absorb water, which lowers the quantity of free water that may be used
for lubrication. As a result, the mix becomes less workable and more viscous, which lowers the flow diameter.
Fiber absorption causes the water content to decrease, which stiffens and makes spreading the mixture more diffi-
cult. As the fiber content rises, especially with 1% PPF, the fibrous network that forms inside the mix may further
impede particle mobility, hence decreasing the mixture’s workability and fluidity. The smallest flow diameters at
1% PPF are the outcome [47]. In comparison to FA particles, BA particles are typically angular and have a larger
surface area. Internal friction between particles rises when BA takes the role of FA because the angular particles
are more prone to interlock, which hinders movement and reduces workability. Because of its larger surface area
and rougher texture, BA needs more water to maintain the same fluidity as FA. The extra water needed for hydra-
tion of BA actually binds the mix more strongly, reducing the available free water for lubrication, and making the
mixture less fluid. This leads to a reduction in flow diameter as the BA content increases. Increased cohesiveness
accompanying the substitution of BA in the mix and interaction between BA particles thus increases the viscos-
ity of the mix. The increased viscosity hinders the flow of the mixture making it difficult to spread, thus leading
to lower flow diameter. The inclusion of fibers (PPF) has a synergistic effect along with BA for the increase of
cohesion and viscosity of the mix. While PPF adds to the internal friction and hinders flow [64], BA causes more
interlocking of particles while itself needing more water, which makes the mixture stiffer and less fluid. Thus, the
combination of higher PPF and substitution with BA further reduces free, available water through fiber absorp-
tion and more water demand placed by BA, which is highly restrictive in terms of the lubrication necessary to
keep the mixture workable. All of this very much increases rigidity and reduces flowability, as shown by the low
flow diameter.
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3.2 Compressive strength

Figure 5a illustrates the influence of replacing FA with BA at substitution levels of 0%, 10%, and 20%, in con-
junction with varying PPF contents of 0%, 0.5%, and 1%, on the mean compressive strength of GFC mixtures
incorporating 100% PA.

The samples were subjected to initial curing at 80 °C for 24 h, followed by ambient curing for periods of 7, 28,
and 91 days. The compressive strength of all GFC mixtures showed a progressive increase with extended curing
durations, suggesting continued hydration reactions and potentially enhanced geopolymerization processes over
time. The replacement of FA with BA enhanced the compressive strength of GFC mixtures, achieving the highest
strength at a 20% BA content (20% BA and 80% FA), irrespective of the PPF content. BA has 26.9% CaO, which
is much more than FA’s 3.7% [65]. This increased calcium concentration promotes the formation of calcium sili-
cate hydrate (C-S-H) gel [66], which is an important phase for strength development in geopolymer system [67].
The ideal BA level of 20% is anticipated to give enough CaO to build a dense and strong matrix while remaining
in balance with the reactive aluminosilicates from FA. BA has a larger Blaine specific surface area (3200 cm?/g)
than FA (2800 cm?/g), suggesting smaller particles and stronger reactivity. Furthermore, BA has a faster cumula-
tive particle size distribution, which leads to improved particle packing, reduced porosity, and increased matrix
densification, all of which contribute to higher compressive strength. At 20% replacement, BA may complement
the spherical particle shape and aluminosilicate concentration of FA. This synergy enhances geopolymerization
reactions and optimizes the microstructure, resulting in a balance that maximizes strength. Although BA has a
higher loss on ignition (LOI) than FA (8.7% vs. 2.5%), its amorphous structure, as revealed by XRD research,
contributes to reactivity. This reactivity promotes the formation of stronger geopolymeric linkages at the 20%
BA replacement threshold. BA’s high CaO and SiO- content (31.1%) promotes efficient gel formation and matrix
densification [61, 68, 69]. The recommended replacement amount of 20% guarantees that the favorable benefits
of BA are maximized while not weakening the overall binding strength.

The incorporation of PPF led to an enhancement in the compressive strength of the mixtures compared to those
without PPF. Among the tested mixtures, the combination of 0.5% PPF and 20% BA replacement for FA resulted
in the highest compressive strength. Furthermore, at 1% PPF, the mixtures with 0% and 10% BA exhibited the
greatest compressive strength relative to the corresponding mixtures containing 0% and 0.5% PPF at the same
BA substitution levels.

Under load, PPF bridges micro cracks in the matrix by acting as reinforcement [70]. This process delays
failure and increases the material’s capacity to withstand compressive loads by stopping the cracks from spread-
ing. Stress concentrations near voids or microstructural flaws are lessened by the fibers’ improved capacity to
disperse applied stresses more uniformly throughout the matrix [71]. Better overall mechanical integrity results
from this. By adding a ductile phase to the geopolymer matrix, PPF increases the material’s resistance to abrupt
brittle failure. Since of this, the material’s compressive strength increases since it can undergo little deformation
under stress without failing catastrophically. By interacting with the aggregates and binder, PPF strengthens the
matrix’s cohesiveness. This reduces the likelihood of internal weaknesses or segregation, resulting in a denser
and more robust structure. PPF reduces the development of shrinkage cracks during curing by providing resis-
tance to tensile stresses that arise as the matrix sets and hardens. The reduction in pre-existing micro cracks
improves compressive strength. PPF distributes uniformly throughout the matrix at a dosage of 0.5% with little to
no clustering or agglomeration. This guarantees that the fibers are fully incorporated into the matrix, optimizing
their capacity for reinforcement and averting the development of weak spots [72]. The best compromise between
matrix continuity and crack resistance is offered by the 0.5% PPF dose [73]. While lower fiber levels (e.g., 0%)
might not provide adequate crack-bridging reinforcement. higher fiber contents (e.g., 1%) may result in fiber
overcrowding, increasing porosity, and decreasing matrix compactness. The fibers efficiently bridge and arrest
micro cracks that develop under stress at 0.5% PPF, lowering the chance of crack propagation [74]. By preserving
structural integrity under compressive stresses, this process improves the material’s overall strength and durabil-
ity. By creating binding phases like C-S-H and C-A-S-H, boiler ash aids in the development of strength [75]. In
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order to strengthen the matrix and prevent shrinkage-induced cracking, which could otherwise reduce strength,
0.5% PPF is added to the process. At 0.5% PPF, the fiber content is sufficient to significantly reinforce the matrix
without introducing excessive voids or fiber clumping, which could reduce strength. This is why mixtures with
0.5% PPF and 20% BA achieve the highest compressive strength [76]. The combined use of 20% BA as a substi-
tute for FA and 0.5% PPF resulted in the highest compressive strength among the tested mixtures, demonstrating
a 41.52% improvement compared to the mixture containing 20% BA without PPF. This significant enhancement
underscores the synergistic interaction between the partial replacement of FA with BA and the optimal reinforce-
ment provided by 0.5% PPF, effectively contributing to the improved mechanical performance of the matrix [77].

Conversely, mixtures incorporating 1% PPF demonstrated superior performance when BA was used as a sub-
stitute for FA at replacement levels of 0% and 10%, particularly at the later curing age of 28 and 91 days. This
suggests that higher fiber content effectively enhances the mechanical properties of the matrix in mixtures with
0 and 10% BA substitution levels. At 1% PPF, the fibers create a strong network inside the matrix that can stop
cracks from spreading under stress and bridge micro cracks. This capability aids in the matrix’s increased stress
tolerance, especially as the material ages and the curing processes proceed. By enhancing the matrix’s capacity
to redistribute stressors, PPF lowers concentrations of localized stress. With higher fiber contents, this effect is
especially advantageous since the fibers serve as reinforcements inside the geopolymer matrix, gradually increas-
ing its mechanical strength. When FA is used alone, a matrix with a decreased calcium concentration, acceptable
workability, and mild reactivity is produced. In this case, the 1% PPF addition strengthens the matrix and lessens
the impacts of decreased gel formation, making up for FA’s poorer mechanical performance. The development of
C-S-H and C-A-S-H gels is improved when a tiny amount of FA is substituted with BA since this increases the
amount of CaO in the system. These gels increase the density and strength of the matrix. This enhanced matrix
further improves mechanical qualities by creating an ideal balance with the reinforcing impact of 1% PPF. Over
time, both FA and BA support continuous hydration processes and geopolymerization. The matrix gets denser and
more compact at later curing ages (28 and 91 days) as a result of the ongoing development of reaction products
such C-S-H and C-A-S-H gels [78]. The fibers are more successfully incorporated in the geopolymer structure
as the matrix densify with curing. This integration results in improved mechanical performance by strengthen-
ing the matrix’s resistance to cracking and deformation under compressive pressures. A 10% substitution of BA
adds enough calcium to encourage the development of strength without overburdening the matrix with unreacted
particles. The fibers may operate at their best inside a robust and cohesive matrix thanks to this equilibrium. Com-
bining BA and PPF reduces porosity because the fibers’ ability to bridge cracks is enhanced by the dense matrix
that BA creates, making the material stronger and more durable.

3.3 Flexural strength

Figure 6a presents the effect of replacing FA with BA at substitution levels of 0%, 10%, and 20%, combined with
PPF contents of 0%, 0.5%, and 1%, on the mean flexural strength of GFC mixtures prepared with 100% PA. The
mixes were first cured for 24 h at 80 °C, and then they were allowed to cure for 7, 28, and 91 days in the open
air. With longer curing times, the results show a progressive increase in both flexural and compressive strengths,
which is consistent with the ongoing evolution of hydration and geopolymerization reactions over time. In other
words, as these chemical reactions progress, the material’s strength keeps growing, improving the concrete’s
mechanical qualities. This suggests that the formation of binding phases, such as C-S-H and C-A-S-H gels, con-
tinues during prolonged curing, contributing to the development of a denser and more cohesive matrix.
Consistent with the compressive strength findings, the replacement of FA with BA enhanced the flexural
strength of GFC mixtures, achieving the highest strength at a 20% BA substitution level (20% BA and 80% FA),
irrespective of the PPF content. Compared to FA, BA typically has a higher calcium content along with higher
reactivity. This thus results in the formation of additional binding phases such as C-S-H and C-A-S-H gels [78].
The bonding strength of the matrix increases because of formation of these phases, resulting in improved flex-
ural properties. A 20% substitution of FA with BA has shown to yield optimal results in this regard. FA works
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Fig. 6 Flexural strength values (a) and the relationship between flexural and compressive strength (b)

through the geopolymerization process whereby it gives the aluminosilicate precursors while BA enhances the
availability of calcium for accelerated hydration and matrix densification [79]. The two thus result in a strong and
cohesive microstructure and high flexural strength. In addition, incorporation of BA promotes denser geopolymer
matrix with low porosity hence reducing the ability of material to bend stresses. This denser configuration rapidly
distributes the loads applied and hence contributes greater performance in flexure as well. BA at a substitution
level of 20% can provide the required reactive calcium without excessively diluting the aluminosilicate content
from FA. Higher substitution levels (e.g., 30% or more) may reduce the aluminosilicate precursor availability,
weakening the geopolymer network and diminishing the flexural strength. Thus, it is expected that not only
matrix properties but also the bond between the matrix and PPF may increase due to substitution of BA. Thanks
to this compatibility, PPF can better close cracks and distribute stresses, thus improving flexural strength [64].
The inclusion of PPF resulted in an enhancement of the flexural strength at all curing ages, with the highest
flexural strength observed at 90 days in the mixture containing 0.5% PPF and 20% BA, representing the optimal
performance among all the tested mixtures [80]. The geopolymer matrix has a reinforcing effect from PPF. It
enables crack bridging due to stresses, preventing their propagation and improving the resistance to bending of
the material [81]. This imparts improved flexural strength at the later curing stages (i.e., 28 and 91 days), when
the matrix has attained higher strengths and could interact more appropriately with the fibers. 20% BA imparts
greater reactivity as compared with FA, which enhances the process of geopolymerization and additionally aids
in achieving a denser matrix. When combined with PPF, this densified matrix provides a better environment for
the fibers to exert their reinforcement action, promotes more efficient stress distribution and ultimately improves
flexural strength [82]. The 0.5% PPF level is the ideal point boosting flexural strength: it sufficiently boosts the
matrix without greatly hindering the workability of the mixture. Excessive fiber entanglement may occur at a
higher PPF content thereby affecting adversely the uniform distribution and overall performance [73]. The geo-
polymerization reactions continue to develop, resulting in greater densification and ultimate strength gain in the
matrix over longer curing durations. 90 days of curing would allow the full realization of PPF reinforcement and
BA substitution since the material would continue developing a stronger internal structure that was capable of
transferring stresses more efficiently. The combination of BA’s high reactivity and the PPF augments the bond-
ing between the fibers and the geopolymer matrix, thus improving the load transfer between them. As the matrix
becomes denser and more cohesive over time, the fibers’ reinforcing capabilities are further optimized, particu-
larly at the 90-day mark.

The relationship between compressive and flexural strength for GFC mixtures was studied up to 7, 28, and 91
days of curing, as shown in Fig. 6b. Relationship-wise, a strong positive association existed between compressive
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and flexural strengths with correlation coefficients (R?) being 0.96, 0.89, and 0.99 for compressive and flexural
strengths at 7, 28, and 91 days, respectively. The high levels of correlation further indicate that the two proper-
ties are related to each other and that both properties will be increasingly developed with increased time under
the geopolymer matrix. Here, it was observed that while there was a process of hydration and geopolymeriza-
tion reactions, the outside and inside portions of the pure geopolymer matrix would also undergo densification,
further contributing to an increased resistance value against both compressive and tensile stresses, hence linking
compressive and flexural strength together [4].

3.4 Dry unit weight

Figure 7a presents the effect of replacing FA with BA at substitution levels of 0%, 10%, and 20%, combined with
PPF contents of 0%, 0.5%, and 1%, on the mean dry unit weight of GFC mixtures prepared with 100% PA. The
mixtures were subjected to an initial curing process at 80 °C for 24 h, followed by ambient curing for 28 days.
The dry unit weight of the mixtures ranged from 1021 to 1788 kg/m®. The lowest dry unit weight was observed
in the reference mixture containing 100% FA and 0%PPF. In contrast, the highest dry unit weight was achieved
in the mixture with 20% BA (20% BA and 80% FA), corresponding to a 19.76% increase relative to the reference
mixture. This mixture also demonstrated the highest compressive strength among all tested combinations due
to the combined effects of matrix densification, enhanced reactivity from BA, optimized particle packing, and
reduced porosity. These factors work together to create a robust and cohesive structure, making this mixture the
most mechanically efficient and durable among the tested samples.

Compared to FA, BA typically has a finer particle size distribution and irregular, angular-shaped particles.
These make the applications denser because of a tighter packing of particles in the matrix, which reduces void
spaces and increases overall density. FA is comprised of more spherical particles which do prove beneficial in
workability; however they are not that densely packed as angular BA particles are. Inadequately balanced by
BA, the presence of larger or similar-sized FA particles leads to porosity again. BA and FA use together create a
superior optimized particulate packing configuration because the angular BA particles interlock with spherical
FA particles, thus minimizing the voids and creating a denser structure of matrix. This synergistic interaction
enhances the dry unit weight by effectively utilizing the available space within the mixture. In general, BA has
a considerably higher CaO level than FA’s (26.9% vs. 3.7%). Higher CaO levels favor the formation of calcium
silicate hydrate (C-S-H) and calcium aluminosilicate hydrate (C-A-S-H) gels in the course of geopolymeriza-
tion, and both are important constituents for binding particles together to densify the matrix with an increased
dry unit weight. The same was true on the contribution of FA to the geopolymer network based on the silica and
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alumina, but from the lower CaO content, it follows that C-S-H and C-A-S-H gels formulated would also be
lower when compared to these produced from BA, and with that, the densification of matrix may be also low.
The higher reactivity of BA hastens geopolymerization reactions and accelerates the rapid formation of binding
phases that densify the matrix. This reaction kinetics supports the result of a more tightly cohesive and bonded
structure, thus increasing the dry unit weight. Thus, higher CaO contents with reactivity from BA make for a
finer and denser microstructure. More additional binding gels fill and much better sealed pores, which contribute
to reduced porosity and densification of the material. Improved bonding due to greater BA contents gives rise
to a more homogeneous and less porous matrix. This not only raises the dry unit weight but also provides bet-
ter mechanical properties such as compressive strength. Cure the sample under 80 °C for 24 h in the beginning
to dissolve reactive species from BA and initiate the geopolymerization reaction. Following that, the sample is
cured naturally to maintain the hydration and continued formation of gels that further densify the matrix. Due to
the very high reactivity of BA, the formation of C-S-H and C-A-S-H gels proceeds faster and more prolifically
for the subsequent curing phases, contributing to earlier and even farther densification of the matrix. Such kinetic
advantage can provide a denser structure within the same curing period, ultimately leading to the increase of dry
unit weight. Although the reference mixture integrates 0% PPF, it is inferred that the addition of PPF in other
mixtures can influence the matrix density. For the specific mixture consisting of 20% BA as well as 80% FA,
it can also be observed that the addition of PPF (even in lower amounts such as 0.5%) helps in bridging micro
cracks and dissipating stresses within the specimen to form a much more uniform and compact matrix. On the
other hand, high fiber contents might actually counteract this efficiency with more voids, but at optimal contents
(for example, 0.5% PPF), these fibers improve matrix integrity without interrupting particle packing.

As per 28-day curing, compressive strength versus dry unit weight plots for GFC mixtures are shown in
Fig. 7b. Positive and statistically significant strong correlation (>0.94) have been observed. This can infer that
the compressive strength probably enhances with increase in dry unit weight of those mixtures. The high value
of coefficient of determination (R2=0.94) between compressive strength and dry unit weight indicates the sig-
nificance of density of the matrix and coherent gel to ascertain the mechanical performance of GFC mixtures.
Therefore, it has been shown that increased density due to optimized material composition and curing processes
has a palpable effect on the improvement of compressive strength.

3.5 Thermal conductivity

A key component of building design and construction, thermal insulation ensures both occupant comfort and
energy efficiency. Because of its distinct cellular structure, foam concrete (FC) has remarkable thermal insulation
qualities [83]. The density, pore size distribution, fiber content, aggregate type, and addition of mineral admix-
tures are important variables that affect FC’s thermal conductivity [84].

Figure 7a presents the effect of replacing FA with BA at substitution levels of 0%, 10%, and 20%, combined
with PPF contents of 0%, 0.5%, and 1%, on the mean thermal conductivity of GFC mixtures prepared with 100%
PA. The mixtures were subjected to initial curing at 80 °C for 24 h, followed by ambient curing for 28 days.
The thermal conductivity of the GFC mixtures ranged from 0.365 to 0.619 W/mK. It is also clear that replac-
ing FA with BA and inclusion of PPF increased the thermal conductivity. The increase in thermal conductivity
brought by substituting the FA by BA accompanied with the addition of PPF occurs due to matrix densification,
improved packing efficiency, and the reinforcement of heat transfer pathways by fibers as those modify porosity
and strength of the material structure for efficient thermal conduction.

The highest thermal conductivity, 0.619 W/mK, was observed in the mixture containing 20% BA, and 0.5%PPF
representing a 69.58% increase relative to the reference mixture. In contrast, the lowest thermal conductivity,
0.365 W/mK, was recorded in the reference mixture. At a 1% PPF content, the mixtures containing 0% and 10%
BA demonstrated higher thermal conductivity compared to their counterparts with 0% and 0.5% PPF at the same
BA substitution levels. It is also clear that replacing FA with BA and inclusion of PPF increased the thermal
conductivity.
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The replacement of FA by BA particularly at 20% creates a denser geopolymer matrix because of the much
higher CaO content in BA. The reactivity is higher so C-S-H, C-A-S-H gels are formed, which contributes
towards reduced porosity and more compactness of the matrix. A denser matrix would have an increased capac-
ity for thermal conduction, which results in higher thermal conductivity [85]. BA contributes more to the solid
fraction of the matrix than FA, which can have a greater percentage of unreacted particles or void-forming con-
stituents. Indeed, the increased shape of solid material improves the pathways for conduction of thermal energy.
Higher thermal conductivity is a result of the greater solid material contribution in the matrix. The addition of
0.5% PPF is going to strengthen the structure of the matrix, thus improving the joint connection of solid phases.
This interconnected network allows better heat transfer through it resulting in better thermal conductivity. At
0.5% PPF, the fiber content is enough to strengthen the matrix without creating excessive voids or disruption
in particle packing. For strength, it would be the mixture of 20% BA and 0.5% PPF that gives the best thermal
conductivity because of both these factors that is the densification of the matrix due to BA and structural rein-
forcement due to PPF. Dense and well-bonded structures reduce air gaps and voids because these will be poor
heat conductors; hence, conduction is improved. FA alone provides lesser reactive species for geopolymerization,
thus creating a less compact matrix with more voids, inhibiting thermal conduction. The reference mixture does
not possess any reinforcement that could have enhanced the thermal conduction pathways, assuming the absence
of PPF. Therefore, this significantly affects the thermal conductivity, making it low. As a result, the reference mix
will have the lowest thermal conductivity since it is also less dense, more porous, and has a lower degree of gel
formation compared to BA-containing mixtures, about 0.365 W/mK. FA alone provides lesser reactive species
for geopolymerization, thus creating a less compact matrix with more voids, inhibiting thermal conduction. The
reference mixture does not possess any reinforcement that could have enhanced the thermal conduction path-
ways, assuming the absence of PPF. Therefore, this significantly affects the thermal conductivity, making it low.

A high coefficient of determination (R? = 0.97) indicates a strong linear relationship between dry unit weight
and thermal conductivity, as shown in Fig. 8b. This strong correlation suggests that an increase in dry unit weight
corresponds to an increase in thermal conductivity, which can be explained by the following structural character-
istics of the material. The strong linear relationship between dry unit weight and thermal conductivity (R* = 0.97)
reflects the material’s structural evolution. As the matrix densify with higher dry unit weight, improved particle
packing, reduced porosity, and increased solid-phase content contribute to greater thermal conductivity. This
correlation highlights the influence of microstructural characteristics on the thermal performance of geopolymer
foam concrete mixtures.
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3.6 The assessment of porosity and water absorption

Figure 9a presents the effect of replacing FA with BA at substitution levels of 0%, 10%, and 20%, combined with
PPF contents of 0%, 0.5%, and 1%, on the mean water absorption and porosity of GFC mixtures prepared with
100% PA. The porosity of the AAFC mixtures varied between 23.82% and 47.23%, while water absorption ranged
from 16.76% to 45.92%. Replacing FA with BA and incorporating PPF were observed to reduce both porosity
and water absorption in the GFC mixtures. The reference mixture (100% FA and 0% PPF) exhibited the highest
porosity and water absorption, whereas the mixture containing 20% BA and 0.5% PPF demonstrated the lowest
values for both properties. BA has a much higher CaO content with respect to FA; hence, their presence enhances
the reactivity in alkali-activated systems by producing denser binding phases such as C-S-H and C-A-S-H gels
that are critical in reducing void spaces in the matrix. The denser formation of gels upon BA substitution strength-
ens the geopolymer network, fills micro voids, and reduces the interconnected porosity because it directly reduces
water absorption. The angular and irregular shapes of BA particles improve packing efficiency by reducing the
voids between the particles, which ultimately leads to a denser microstructure. FA, by contrast, has smoother,
spherical particles, which contribute to higher porosity when used exclusively. The fine particle size count for BA
increases its surface area, thus better distribution and packing within the matrix. This minimizes unreacted voids,
further lowering porosity. The optimal geopolymerization condition is reached at 20% BA because this would be
the level where the aluminosilicate content of FA and the calcium content of BA would balance. Further substitu-
tions might result to an over-content of CaO, which could result in poor workability or even unreacted particles.
PPF fibers bridge micro cracks that form during curing, thereby reducing the propagation of pores because of
the influence of stress in the cohesive matrix. This can significantly improve the load transfer action within the
matrix and minimizes shrinkage-induced micro cracks that tend to enhance porosity. PPF, on the other hand, is
free from water absorption as it is inherently hydrophobic. When incorporated within the matrix, PPF limits the
water interaction with the porous network, thereby reducing the amount of water absorption [86]. At 0.5% PPF,
fiber is strong enough to reinforce the matrix without the risk of clumping or excessive voids, which is possible
at higher fiber proportions. This balance plays an important role in determining the minimum rate of porosity
and water absorption. FA’s lower reactivity and smoother particles allow for a less densified, more porous matrix
[87]. Without enough C-S-H and C-A-S-H gel formations, voids are left empty, contributing to greater porosity
and higher absorption. In the absence of PPF, the matrix does not receive the merit of crack bridging and stress
redistribution- inducing much micro cracking and interconnection of pores. At 20% replacement, BA shows
reactivity, producing a matrix of much more density with less porosity, mainly because of enhanced formation
of binding gel and more efficient packing or arrangement of particles. PPF strengthens the structural integrity
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of the already densified matrix through micro cracks and large interconnected voids formation. The minimum
porosity and water absorption are a combined effect of these two products. Porosity is the leading factor affect-
ing water absorption. The densification caused by BA and reinforcement by PPF not only reduced porosity but
also decreased water absorption. Less interconnected porosity limits water entry into and retention in the matrix.

Figure 9b depicts the relationship between compressive strength and porosity in the tested mixtures, revealing
a strong inverse correlation with a coefficient of determination (R? = 0.92). This relationship indicates that as
porosity decreases, compressive strength increases,

3.7 Sorptivity

Sorptivity is the capacity of a substance to absorb water by capillary action [88]. It is a very important property
for evaluating the durability of cementitious material because greater sorptivity implies increased susceptibility
to moisture entry, which causes deterioration by increasing freeze-thaw damage [89], chemicals attack [90], and
reinforcement corrosion [91]. Figure 10a presents the effect of replacing fly ash (FA) with boiler ash (BA) at
substitution levels of 0%, 10%, and 20%, combined with polypropylene fiber (PPF) contents of 0%, 0.5%, and
1%, on the mean sorptivity of geopolymer foam concrete (GFC) mixtures prepared with 100% pumice aggregate
(PA). Results show a strong correlation between sorptivity and porosity, as sorptivity in a cementitious matrix
is primarily affected by the material’s porosity and the connectivity of its pores [92]. The sorptivity of the GFC
mixes varied between 8.28% and 28.57% highlighting a wide variation in the ability of the mixtures to absorb
water. The mixture with 20% BA and 0.5%PPF, which achieved the highest compressive strength, also demon-
strated the lowest sorptivity, whereas the reference mixture, which achieved the lowest compressive strength,
exhibited the highest sorptivity. The utilization of BA instead of FA maximizes the generation of calcium silicate
hydrate (C-S-H) and calcium aluminosilicate hydrate (C-A-S-H) gels, since BA has greater calcium oxide (CaO)
content. These gels fill the empty space available in the matrix, making the entire matrix denser and decreasing
the total porosity and interconnectivity of the pores created between the particles. The critical blend of 20% BA
replacement causes the matrix to reach an equilibrium between geopolymerization reactions and a fairly decent
particle packing, which reduces sorptivity through a dense and impervious structure. The angular and finer parti-
cles of BA, compared to spherical particles of FA, are said to be better at packing efficiency, thus reducing empty
volumes even more. This improvement in packing is directly correlated to a decrease in capillary water uptake as
well as lower sorptivity. PPF fibers reinforce the matrix by bridging micro cracks and eliminating discontinuities
which otherwise would evolve into pathways for water. Hence, this ability to bridge cracks plays a significant
role in cutting down sorptivity by breaking the continuity of capillary pores. PPF fibers are hydrophobic and,
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therefore, repel water and prevent capillary absorption. Hence, this characteristic puts an additional reduction in
overall water absorption of the matrix, particularly seen in mixtures with 0.5% PPF, where the fiber content is
optimized for structural enhancement without a lot of clustering. At 0.5% PPF, the fibers are distributed evenly
within the matrix. Therefore, it effectively reinforces structure without creating too many voids or disturbance
within the integrity of the matrix. This optimal content results into achieving the lowest values of sorptivity. The
reference mixture has the highest sorptivity due to its porous and less cohesive structure. Spherical FA particles
lead to poor packing efficiency, and since PPF is absent, micro cracks and interconnected voids are allowed to
persist unbridged, promoting water absorption. The mixture that can attain the lowest sorptivity further affirms the
high efficiency of BA replacement and fiber reinforcement in reducing porosity and pore connectivity. Dense gel
formation, better packing of the particles, and reduced micro cracks are the factors coming together to develop a
very impervious matrix. The results speak about a highly inverse correlation between sorptivity and compressive
strength. While those mixtures with less sorptivity will have higher compressive strength due to lower porosity,
better matrix cohesion, and better load distribution capabilities, high sorptivity will indicate a porous structure,
which undermines the efficiency with which the material can carry loads in compression. Mixtures that have low
sorptivity will be less prone to photographic damage due to moisture penetration, enhancing their performance
against possible durability problems such as freeze-thaw cycles, chemical attack, and efflorescence [93]. These
are the best mixtures for applications in the harshest environment, i.e. 20% BA and 0.5% PPF. The above results
indicate the importance of BA substitution and PPF content optimization in getting a trade-off between the two
properties: mechanical and durability. Bricks will crumble in time, but excess BA will lead to the brittleness of
the concrete, while more PPF may create voids or clustering in it, thus compromising performance.

Figure 10b illustrates a strong inverse relationship between sorptivity and compressive strength in GFC speci-
mens, as evidenced by the correlation coefficient of R? = 0.85. This finding suggests that as sorptivity increases,
indicating greater water absorption due to higher porosity and pore connectivity, the compressive strength
decreases significantly.

3.8 Dry shrinkage

Drying shrinkage occurs due to the substantial capillary pressure developed between the dry and wet regions
within the micro pore network [94]. This phenomenon is activated during the completion of the geopolymeric
reaction, subsequently promoting the progression of micro-crack formation [95]. Figure 11a presents the effect
of replacing FA with BA at substitution levels of 0%, 10%, and 20%, combined with PPF contents of 0%, 0.5%,
and 1%, on the drying shrinkage of GFC mixtures prepared with 100% PA. The drying shrinkage of the GFC
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mixtures was evaluated throughout a period of 90 days and ranged from values between 1876 and 2523 pe by
the end of the curing period. Up to 28 days, the shrinkage resulted in a quick increase in lines of the drying curve
that reflected moisture loss and subsequent changes in dimensions in the early stages. Beyond that, the progress
in terms of reducing the drying shrinkage became gradual and came to rest as the internal moisture levels were
equilibrated over time. The early loss of moisture at an early age is significant and is due to accelerated evapora-
tion, which causes a quick volume loss; it later becomes slow during a later period of hydration and strengthens
in microstructure and therefore again becomes slow during shrinkage. The replacement of FA with BA, combined
with the inclusion of PPF, effectively reduced the drying shrinkage of the GFC mixtures. Among the tested com-
positions, the mixture containing 20% BA and 0.5% PPF demonstrated the lowest drying shrinkage at the end of
the 90-day drying period. In contrast, the reference mixture (100% FA and 0% PPF exhibited the highest drying
shrinkage, emphasizing the beneficial effects of BA and PPF in mitigating shrinkage-related deformations. The
inclusion of 1% PPF was observed to reduce the dry shrinkage more effectively in mixtures containing 0% and
10% BA compared to the corresponding mixtures with 0% and 0.5% PPF. However, at 20% BA, the inclusion of
1% PPF resulted in less reduction in dry shrinkage compared to the mixture with 20% BA and 0.5% PPF. This
behavior highlights the importance of optimizing both the BA replacement level and PPF content to achieve the
best shrinkage performance, as their interaction significantly influences the overall microstructure and drying
shrinkage behavior. The blend showing 20% BA and 0.5% PPF created the smallest shrinkage at 90 days, much
less than the control blend (100% FA and 0% PPF). This implies that the joint action of BA and PPF enhances
stability within the matrix and also hinders shrinkage strain. The replacement of FA by BA at 10% and 20% sub-
stitution gave shrinkage reduction across all mixtures which were significant. This proves BA to be an effective
pore network modifier and moisture retention reducing shrinkage because of its high calcium and reactive nature
[96]. The shrinkage was reduced significantly with the addition of PPF, especially at 0.5%, as a result of distribut-
ing the shrinkage stresses and inhibiting the propagating cracks [97]. The reference mixture had maximum drying
shrinkage, clearly showing the adverse effect of higher porosity, coupled with the absence of fiber reinforcement.
This shows that both BA replacement and PPF inclusion are important for the shrinkage resistance. The drying
shrinkage curves indicate that most drying shrinkage occurs very rapidly within the first 28 days, followed by a
more gradual increase in shrinkage until 90 days. This indicates that there is a loss of capillary water within the
material in the early days, followed by contraction of the gel structure. Both the BA and PPF modifications were
effective not only in minimizing early shrinkage but also in controlling shrinkage in later ages.

Figure 11b reveals a strong inverse relationship between compressive strength and drying shrinkage, as indi-
cated by a high correlation coefficient (R? = 0.91). The findings emphasize that improving the compressive
strength of GFC mixtures also positively impacts their shrinkage resistance, making the materials more suitable
for long-term structural applications.

3.9 Microstructural changes after 28 days curing period

The SEM picture of the reference composite BOP0O (100% FA, 0% BA, and 0% PPF) shown in Fig. 12a is crucial
for microstructural understanding related to poor macroscopic performance. FA particles show spherical shape in
the SEM image, which is responsible for lack of interlocking between these particles. For absolute comparison,
unlike angular particles like BA, spherical FA will give rise to a loose packed matrix with increase in voids, thus
reducing overall densification. The largest unfilled voids dominate the matrix structure as seen in the image.
Voids thus contribute to increased porosity and thus reduce mechanical strength and durability. The smooth sur-
face of FA particles as seen in the SEM image, indicated that these particles had very little reaction or geopoly-
merization. This observation and the lesser reactivity of FA relative to BA thus lead to lesser binding gels to fill
the voids and augment cohesion. In connection with these observations of not interpreting visible binding phases
in terms of C-S-H or C-A-S-H gels lacks geopolymerization. Therefore, it is not capable of yielding the requisite
dense gel matrix for structural integrity, when only using FA. Unreacted FA particles occur prevalently in the
SEM image; this indicated that the alkaline activator, could not mobilize the whole aluminosilicate within FA
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[98]. Thus, it would be responsible for the matrix having poor mechanical performance and high water absorption
capacity. Fine micro cracks are visible in the SEM image which most probably cause shrinkage during curing or
external stresses. Without the PPF, the structural integrity of the matrix is compromised by these cracks remaining
unbridged. The SEM image indicates a considerable degree of interconnected porosity, which is consistent with
the high sorptivity and proneness to water ingress of the mixture. This quality is likely to increase the possibility
of freeze-thaw damage and chemical attack. The packing of FA particles is very loose as it contains no bind-
ing gels, which leads to this mixture being compared with all other mixtures to having the lowest compressive
strength. The weak interactions between particles cannot withstand any applied stresses and therefore tend to
fail somewhat prematurely. The high porosity and corresponding high sorptivity values for this mixture correlate
with visible voids lacking densification. Hence, it allows the easy entry of water into the matrix to bring about
durability problems within the life of the concrete. Low dry unit weight results from absence of dense gel forms
and existence of voids. Here again, this shows the incapacity of the matrix to form a coherent matrix. In other
mixtures with BA contents, SEM images would show a denser microstructure because of the angular and irregu-
lar BA particles that promote packing and gelling among particles. The absence of these two critical benefits from
BOPO is caused by the absence of BA from it. The benefit of PPF in mixtures is reduction in the cracks produced
along with an effective stress distribution. This gives cracks, however, in the absence of PPF in BOP0O unbridged
matrices that allow cracks to extend and further weaken the structure.

The SEM image of mixture B10P10 (90% FA, 10% BA, and 1% PPF) shown in Fig. 12b presents a micro-
structure with significantly improved densification, gel formation, and reinforcement compared to the reference
mixture (BOP0).The SEM image shows a combination of spherical FA particles with angular BA particles. This
heterogeneity essentially promotes particle packing since it allows the angular particles to fill the voids left by
the spherical ones and greatly decrease porosity while increasing matrix density. The angular BA particles offer
interlocking structure within the matrix and, of course, improved cohesion and strength. It is a sharp contrast
with the looser packing in BOPO, which depended solely using FA. The interaction of FA and BA particles would
probably be that of cohesion since the reaction products bound them together into a denser microstructure, which
is in the order of optimized ratio among the aluminosilicates from FA and calcium oxide (CaO) from BA. The
SEM image probably shows binding phases such as calcium silicate hydrate (C-S-H) and calcium aluminosilicate
hydrate (C-A-S-H). These gels act as bridges between particles thus decreasing porosity increases compressive
strength. At 10% replacement, BA contributes a sufficient quantity of reactive CaO that promotes formation of gel
not flooding the matrix, which would cause shrinkage or unreacted particles. The final product is thus balanced
geopolymer matrix with fewer voids. Some portions of the SEM micrograph are thick gels which indicate areas
of very effective geopolymerization. These regions add crucial significance to the overall strength and decreased
porosity of the matrix. The SEM image also show PPF fibers filling the matrix space, linking micro cracks while
suppressing crack extension and hence reducing chances of water getting into durability related issues such as
mechanical failure. The fibers, at 1% dosage, are well dispersed enough to improve the fracture without forming
clumps or leaving voids that would happen with a higher dosage of fibers. The SEM image shows fibers embed-
ded between the matrix with very dense binding gels; thus, indicating stronger bonding and matrix for effective
load transfer and stress distribution. Except for a few voids, interconnectivity showed fewer readings as com-
pared to BOPO. This is the direct result of the reduction in porosity correlating to reduced sorptivity and water
absorption of B10P10, as discussed in Sect. 3. This effectively produces a matrix with pores that are relatively
closed, thus, enhancing water resistance and durability. The closure of these pores would, therefore, be high-
lighted in the SEM image as regions of improved integrity. Furthermore, according to the results from the SEM
image, there would be fewer cracks visible as a result of resistance to micro crack propagation, fiber reinforce-
ment, and improved gel formation in the composite. With denser and lower pore structure, it will resist better to
freeze and thaw cycles compared to the previous because of minimized water ingress and covered brittle existing
cracks. This gives a better gel structure along with reduced porosity to protect the matrix from chemical attack
due ingress of aggressive agents.
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The SEM image of B20P5 (80% FA, 20% BA, and 0.5% PPF) shown in Fig. 12c illustrates the microstruc-
tural features that contribute to the superior performance of this composition. The image probably indicates the
complementarity between the spherical FA particles and the angular BA particles; the angular BA particles fill
the interstitial spaces between the smoother FA particles, increase packing density, and attain minimum voids
due to space filling. Replacement of FA with BA by 20% meets the required balance between the reactivity of
the particles and the level of packing efficiency achieved. This would lead to increased shrinkage or unreacted
particles if the BA content is increased; however, a lower amount does not provide enough reactive calcium
oxide (CaO) for effective gel formation. The dense zones confirmed in the SEM image indeed indicate a matrix
with the least unfilled spaces, which correlates to highest dry unit weight and lowest porosity for B20P5. The
SEM image here likely depicts some presence of these binding gels, forming due to reactive CaO from BA and
aluminosilicate from FA. These form bridges between the particles filling voids and contributing to the strength
and durability of the matrix. Seeing this homogenous distribution of binding gels as a smooth and cohesive tex-
ture in the SEM image indicates geopolymerization effectiveness, ensuring that loads are uniformly distributed
and that weak points are reduced. The high extension of gel formation seen in the SEM image goes hand in hand
with the highest compressive strength of B20P5. A structure dense and well-bonded can sustain applied loads
without cracking. The fibers bridging the matrix’s micro cracks are probably visible in the SEM image. By effi-
ciently stopping cracks from spreading, these fibers improve the material’s resilience to external damage and
mechanical stress. The 0.5% PPF concentration provides adequate reinforcement without creating extra voids or
fiber clustering, striking a balance. The uniformly distributed fibers visible in the SEM scan make this clear. By
improving the matrix’s capacity to transfer stress, fibers lessen the concentration of localized stresses that might
contribute to failure. The SEM image probably depicts more closed voids than interconnected porosity. Among
the mixes, these closed pores have the lowest sorptivity because they minimize water infiltration. Because of
the lack of pore connection, the matrix is more durable in hard environmental conditions because moisture and
hostile chemicals cannot readily pass through it. The small, closed spaces seen in the SEM image match B20P5’s
stated lowest sorptivity, guaranteeing superior resistance to freeze-thaw damage and water absorption. It appears
from the SEM image that the particles, gels, and fibers are uniformly dispersed throughout the matrix. Because of
its homogeneity, the mixture’s outstanding performance is attributed to the material qualities remaining constant
throughout. According to the SEM image, there is a strong bond between the FA and BA particles and the sur-
rounding gels. The mixture’s mechanical qualities and durability are improved by this strong interfacial bonding.
The SEM picture of B20P5 reveals a denser matrix with fewer gaps and more widespread gel formation than
that of B10P10. In terms of durability and compressive strength, this explains why B20P5 performs better than
B10P10. High porosity, inadequate particle packing, and little gel formation were all visible in the BOP0O SEM
picture. B20PS5, on the other hand, exhibits a cohesive, gel-filled matrix with efficient fiber reinforcing, leading
to better qualities. The maximum compressive strength attained by B20P5 is directly supported by the dense and
tightly packed microstructure seen in the SEM image. The cohesiveness and compactness of the matrix are a
reflection of the minimal voids and dense packing, which result in the biggest dry unit weight. Since there are no
linked pores, B20P5 has the lowest sorptivity and porosity, which makes it resilient to water intrusion and long-
lasting in challenging environments.

3.10 Durability of the blends under high temperatures

3.10.1 Compressive strength

Figure 13a illustrates the influence of replacing FA with BA at substitution levels of 0%, 10%, and 20%, in
combination with PPF contents of 0%, 0.5%, and 1%, on the average compressive strength of GFC mixtures
containing 100% pumice aggregate (PA) after 28 days of curing and subsequent exposure to elevated tempera-
tures. The mixtures were subjected to initial curing at 80 °C for 24 h, followed by ambient curing for 28 days.
Figure 13b compares the compressive strength of mixtures cured for 28 days with those subjected to temperatures
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Fig. 13 a The effects of high temperatures on compressive strength and b changes in strength

ranging from 200 °C to 900 °C. The results demonstrate that all mixtures exhibited an increase in compressive
strength after exposure to 200 °C, with enhancements varying from 2.8% to 38.9%. The lowest strength gain
was observed in the mixture containing 20% BA and 1% PPF, while the highest increase occurred in the mixture
with 100% FA and 0.5% PPF. These findings highlight the interplay between material composition and thermal
exposure in influencing the mechanical properties of GFC. The matrix becomes denser and less porous when
heated to 200 °C because any remaining moisture evaporates. This procedure strengthens the linkages inside the
geopolymer matrix, increasing compressive strength. Especially in alkali-activated systems, moderate heat can
speed up unreacted components even further, increasing their strength. Due to the spherical particle shape of FA
and its pozzolanic activity, which help to produce a dense, cohesive matrix under thermal activation, the 100%
FA mixture with 0.5% PPF had the greatest strength improvement [99]. The consistent geopolymerization and
workability are improved by the spherical particles’ reduction of internal friction. Fiber distribution successfully
strengthens the matrix at 0.5% PPF without adding too many voids. Rapid gel formation (C-S-H and C-A-S-H)
is caused by the angular particles and high calcium content of BA. However, the angular particles cause micro
cracks and decrease workability at 20% BA and 1% PPF. It seems that increasing PPF and BA content decreased
the high temperature resistance of the mixture. At 0%PPF content, the mixtures with 0 and 10%BA also exhibited
strength gain at 400 and 900 °C but the mixture with 20%BA exhibited strength loss of 16.2 and 27.1% at 400
and 900 °C respectively.

When temperatures rise over 160—170 °C, PPF starts to break down and begins to burn off at 400 °C, leav-
ing gaps in the matrix [73]. These spaces impair the material’s structure, increase porosity, and lower its over-
all mechanical strength-especially when PPF is heavily involved in reinforcing the geopolymer matrix. PPF
completely degrades and turns into a more porous and brittle substance by 900 °C [100]. The lack of PPF’s
crack-bridging ability makes the geopolymer matrix more vulnerable to shrinkage and heat stress. Due to its
high calcium oxide (CaO) content, BA helps produce C-S-H gels, which improve the material’s initial strength.
However, the excess calcium quickly shrinks, micro cracks, and degrades the matrix when exposed to high
temperatures like 400 °C and 900 °C. Calcium oxide levels rise with increasing BA content, hastening shrink-
age and cracking at high temperatures. Because of these destabilizing effects, the mixture exhibits a notable loss
of strength at 20% BA (16.2% at 400 °C and 27.1% at 900 °C). The geopolymer network is upset by too much
calcium, which makes the material more brittle and vulnerable to heat stress damage. A more brittle matrix is
produced at high temperatures when the PPF and BA contents are increased. Although PPF offers reinforcement
at first, the material’s resistance to heat stress is diminished when it degrades at high temperatures. However, by
adding too much calcium, BA makes the material more brittle, which, along with the loss of PPF reinforcing,
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seriously reduces the material’s resistance to high temperatures. The extra calcium causes increased thermal
instability and shrinkage at 20% BA, and when paired with PPF degradation, the mixture loses a significant
amount of strength. Under heat stress, the material becomes more porous and more likely to crack, which results
in the strength reductions that have been observed.

At a PPF content of 0.5%, the mixture containing 0% BA (100% FA) demonstrated a strength gain at both
400 °C and 900 °C. In contrast, the mixture with 10% BA showed a strength gain at 400 °C but experienced a
7% strength loss at 900 °C. Meanwhile, the mixture with 20% BA exhibited the most significant strength loss at
both 400 °C and 900 °C among all the tested mixtures. The steady pozzolanic reactions of FA and the reinforcing
impact of PPF, which give improved structural integrity, are responsible for the strength gain at 400 °C and 900
°C for the 0% BA (100% FA) mixture. The 10% BA mixture gains strength at 400 °C because of partial sintering,
but at 900 °C it becomes unstable because of PPF breakdown and too much calcium. At both temperatures, the
20% BA mixture exhibits the greatest strength loss, mostly as a result of the excess calcium oxide, which causes
shrinkage, micro cracking, and decreased thermal stability. Conversely, at a PPF content of 1%, all mixtures
exhibited a reduction in strength at both 400 °C and 900 °C. This strength loss became more pronounced with the
increase in BA content. High temperatures (over 160—170 °C) cause PPF to degrade, creating gaps in the matrix
that increase porosity and weaken the material. Complete PPF degradation weakens the matrix much more at 900
°C. Although the higher calcium oxide (CaO) content of boiler ash (BA) encourages the development of C-S-H
gels, it also weakens the material by shrinking, micro cracking, and thermally degrading at high temperatures
[101]. Greater strength loss results from the material being more brittle due to the combination of PPF breakdown
and high BA content. Micro cracking increases and the matrix becomes more brittle as a result of this synergistic
action.

3.10.2 Weight loss

Figure 14a illustrates the effect of replacing FA with BA at substitution levels of 0%, 10%, and 20%, in combi-
nation with PPF contents of 0%, 0.5%, and 1%, on the average weight loss of GFC mixtures containing 100%
PA after exposure to elevated temperatures. The experimental results indicate that all GFC mixtures experienced
weight loss upon exposure to high temperatures, with the rate of weight loss increasing progressively as the tem-
perature was raised [102].
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At 200 °C, the mixture containing 10% BA and 0.5% PPF exhibited the lowest weight loss, while the mixture
with 0% BA (100% FA) and 1% PPF demonstrated the highest weight loss. The weight loss observed at 200 °C
was primarily due to the evaporation of moisture in the mixtures [103].

In comparison to FA, BA has a larger percentage of calcium oxide (CaO). By reducing porosity, BA helps to
create more stable geopolymeric gels at 200 °C, like calcium silicate hydrate (C-S-H), which improve the mate-
rial’s structural integrity and lessen weight loss [104]. The mixture’s higher calcium concentration helps to reduce
weight loss by retaining more moisture and preventing excessive evaporation [105]. When PPF starts to break
down at 200 °C, its burning off increases porosity and decreases material density. Because 1% PPF degrades more
readily and there is less calcium to support the geopolymer matrix due to the absence of BA, the mixture contain-
ing 0% BA (100% FA) and 1% PPF shows the greatest weight loss. This makes the material more susceptible to
moisture loss.

At 400 °C, the reference mixture containing 0% BA and 0% PPF exhibited the largest weight loss, while the
mixture with 20% BA (80% FA) and 0.5% PPF demonstrated the lowest weight loss. The reference mixture with
0% BA and 0% PPF loses the most weight at 400 °C because it lacks the stabilizing effects of BA and the rein-
forcement of PPF, leaving it extremely vulnerable to moisture loss and thermal degradation [106]. The mixture
containing 20% BA (80% FA) and 0.5% PPF, on the other hand, shows the least amount of weight loss because
the BA reduces moisture loss and offers thermal stability, while the moderate PPF component preserves matrix
integrity without creating too many voids. Weight loss is limited and the mixture’s resistance to high temperatures
is improved by the addition of BA and a moderate quantity of PPF. At 900 °C, the mixture containing 0% BA and
1% PPF exhibited the largest weight loss, while the mixture with 20% BA (80% FA) and 0.5% PPF demonstrated
the lowest weight loss. The mixture containing 0% BA and 1% PPF loses the most weight at 900 °C because the
fibers completely decompose, creating a significant number of voids that increase porosity and let more moisture
escape. The mixture containing 20% BA (80% FA) and 0.5% PPF, on the other hand, shows the least amount of
weight loss because the stabilizing effect of BA decreases shrinkage and cracking, and the moderate PPF content
reduces the number of voids, which improves moisture retention and reduces losing weight. At high temperatures,
the combined actions of BA and regulated PPF content result in improved thermal stability and less weight loss.

3.10.3 Microstructural changes after 900 °C

The SEM image of reference mixture BOP0O (100% FA, 0% BA, and 0% PPF) captured after thermal exposure at
900 °C indicates enormous microstructural modifications attributed to thermal exposure (Fig. 15a). In fact, even
though here there is only a mere gain of 2.3% in compressive strength, the microstructure vulnerable as it loses
the second greatest weight among all mixtures tested. In the SEM image, it shows the non-reactive FA particles
that take the longest time to observe retention of spherical FA particles, as there would not be much binding phase
development (for example, C-S-H or C-A-S-H gels). The rest of the matrix still comprises loose and poor pack-
ing of the particles. Micro cracks and voids are visible in the SEM image due to different thermal expansion and
shrinkage patterns of the matrix components. These structural deficiencies increase the porosity and reduction of
cohesion within the matrix. At 900 °C, thermal stress causes the weak sections to break; such mechanics can be
seen in SEM micrographs as fragmented aspects. This loss in weight can be attributed to evaporation of physi-
cally and chemically bound water and decomposition of small portions of binding gels that were formed during
early curing. The matrix does not possess calcium-based gels which are quite thermally stable, being formed in
the painting process without BA, showing an increased weight loss or porous development and more structural
degradation. This little increase in compressive strength (by 2.3%) could be due to sintering at very localized
sites, where some of the FA particles were joining together at high temperatures, forming a more densely packed
arrangement of the particles at some locations. The small agglomerated or fused regions which may probably
have caused this effect can be seen in the SEM image. The SEM image shows that the matrix is porous and weak
due to the lack of BA and PPF, which restricts the amount of densification. A very porous and linked network of
voids is probably visible in the SEM image. Weight loss is facilitated by this porous structure, which also lowers
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Fig. 15 Microstructure of
specimens exposed to high
temperature (900 °C) a BOPO
b B10P10 ¢ B20P5

Microcracks

the material’s thermal resistance. Greater permeability is made possible by the linked porosity, which reduces the
mixture’s durability and increases its susceptibility to environmental deterioration after exposure.

The SEM picture of mixture BIOP10 (90% FA, 10% BA, and 1% PPF) following exposure to 900 °C sheds
light on the microstructural alterations and performance as shown in Fig. 15b. In comparison to similar combina-
tions with 10% BA but lower or no PPF concentration, which performed better, this mixture showed considerable
heat degradation with a loss of compressive strength of 24.3%. A somewhat broken and cracked matrix is prob-
ably seen in the SEM image. Micro cracks that jeopardize the matrix integrity are caused by shrinkage and ther-
mal expansion mismatches brought on by the high thermal pressures at 900 °C. PPF fibers thermally decompose
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and evaporate at high temperatures, leaving behind micro spaces that weaken the matrix, which is why the voids
in the SEM image are apparent. The SEM image shows loose particle arrangement and reduced densification,
which indicate partial degradation of the binding phases (C-S-H and C-A-S-H gels) created by BA inclusion. The
incapacity of the matrix to adequately withstand stress is a result of PPF’s lack of reinforcing function during
thermal breakdown. When compared to combinations with no or minimal PPF concentration, this is the main
cause of the notable 24.3% loss in compressive strength. PPF vaporization creates tiny gaps that show up as
hollow areas in the SEM picture. The load-bearing capability of the matrix is decreased by these spaces, which
increase porosity. The mixture without PPF showed a 4.3% strength boost, which suggests that its simpler matrix
structure is more stable in hotter temperatures. PPF prevents voids from forming as a result of fiber deterioration,
enabling the matrix to sinter and mildly densify. This mixture’s decreased fiber content reduces void formation
while still offering some limited crack-bridging benefits at lower temperatures, as evidenced by the smaller
strength loss (7%) for this mixture. Because of the higher fiber breakdown, the SEM image for BI0P10 would
probably display a larger void network than the 0.5% PPF mixture. The SEM picture most likely shows weaker
gel phases as a result of exposure to high temperatures. At 900 °C, the binding efficiency of these gels (C-S-H
and C-A-S-H) decreases, resulting in a more porous structure. By creating thermally stable calcium-based gels,
the 10% BA component increases heat resistance when compared to combinations without BA. The substantial
heat damage brought on by PPF deterioration, however, limits BA’s contribution. Due to PPF breakdown and
thermal cracking, the SEM picture displays a very porous structure. The observed strength loss is partly caused
by the linked pores, which also lower the matrix’s mechanical performance. Increased porosity jeopardizes the
matrix’s long-term durability by increasing the likelihood of water intrusion, chemical attack, and freeze-thaw
damage. Micro cracks created by thermal expansion and the lack of fiber reinforcement following PPF deterio-
ration are seen in the SEM picture. The ability of the matrix to evenly distribute stresses is diminished by these
fissures. Degraded PPF and weakening gels work together to create high-stress concentration areas that appear as
fragmented regions in the SEM picture.

SEM image of mixture B20P5 (80% FA, 20% BA, and 0.5% PPF) reveals that after thermal exposure to
900 °C, an intense thermal degradation process has occurred and among all tested mixtures, this composite has the
maximum compressive strength loss with 39.5% loss (Fig. 15¢). This was compared with those having the same
BA mixture but different PPF dosage (0% or 1%) where smaller reductions in strengths can be observed. SEM
Reveal extensive micro cracking which develop under thermal induced stresses due to contraction of the matrix
components. The cracks propagate unrestrained and are the result of very limited reinforcement afforded by 0.5%
PPF dosage. The image likely presents weakened or partially degraded C-S-H and C-A-S-H gels. Although 20%
addition of BA improves gel formation at ambient conditions, these gels are thermally unstable and undergo deg-
radation at 900 °C, causing voids and thus weakening the matrix. At 900 °C, PPF fibers experience such degrada-
tion and emerge as micro voids. Though the 0.5% dosage might create less micro voids compared to higher fiber
contents (1%), still these micro voids would reduce the density of the matrix in load carrying capacity. The SEM
image might represent limited crack-bridging effects due to low PPF content (0.5%). Though the microfibers
give some resistance to micro crack development, the reinforcement is too low to neutralize the severe cracking
due to thermal stresses. Mixtures with 1% PPF give lower strength loss (31.5%) since more fibers are available
for bridging and lessening the intensity of cracks. The SEM image of B20P5 shows less effective actions against
cracking compared to an equivalent 1% PPF. Strength loss of 27.1% is shown by the combination of 20% BA and
0% PPF, which is attributed to the incomplete void formation caused by fiber decomposition. This means that
though fibers provide some capability to manage cracks, their thermal degradation is detrimental to the matrix if
not handled properly. The SEM micrograph exhibits an extremely porous structure with empty voids formed by
the decomposition of the gel and by the fibers. Consequently, such voids interconnect and in turn decrease matrix
density and compressive strength. The simultaneous degradation of binding gels with that of the fibers worsens
porosity, as seen in the SEM image that reveals massive voids and regions of unbounded particles. Moreover,
contribution by 20% BA increases the initial gel formation in the form of C-S-H and C-A-S-H. These gels, how-
ever, are thermally unstable, decomposing at high temperatures of 900 °C to leave behind a weakened structure.
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It is very likely that the SEM image shows the remnants of gels in fragmentary or degraded state. BA enhances
high-temperature performance to some extent but then all the positive effects disappear with the advent of exces-
sive gel degradation at 900 °C, as seen in the disorganized matrix of the SEM image. However, in the 0% PPF
mixture, there is reduced strength loss (27.1%) due to the absence of void formation from fiber decomposition;
however, it results in poor management of cracks because the matrix is not optimally designed to resist thermal
stress. The optimal higher PPF dosage in the 1% PPF mixture enhances crack resistance, decreasing the strength
loss up to 31.5%. The SEM image of B20P5 with 0.5% PPF shows less fibers bridging cracks proving that the
minimal dosage has limitations. B20P5 loses 39.5% of its compressive strength as a result of severe heat crack-
ing, gel deterioration, and void formation. The structural flaws that appear when exposed to heat are confirmed
by the SEM image. A crucial factor is striking a balance between fiber reinforcement and fiber-induced void
formation. When the fibers degrade, they leave behind holes that cannot be filled by the fibers at 0.5% PPF. The
very porous and fractured structure seen in the SEM image suggests a decreased ability to withstand chemical
attack, moisture intrusion, and freeze-thaw cycles. The matrix’s capacity to withstand high temperatures or cycle
conditions is jeopardized by the microstructural deterioration seen in the SEM image.

4 Exposure to freeze-thaw cycles
4.1 The compressive strength

Figure 16a shows the impact of replacing FA with BA at substitution levels of 0%, 10%, and 20%, combined with
PPF contents of 0%, 0.5%, and 1%, on the average compressive strength of GFC mixtures containing 100% PA
after 28 days of curing and exposure to 15 and 30 freeze-thaw (F-T) cycles. Figure 16b displays the variations in
compressive strength of the mixtures after 15 and 30 F-T cycles. As shown in Fig. 16, all mixtures exhibited an
increase in compressive strength following 15 F-T cycles, with strength gains ranging from 5.28% to 50.58%.
The main chemical reaction that creates a durable matrix in geopolymer mixes during the curing process is the
reaction of aluminosilicates (such as fly ash or boiler ash) with alkaline activators. Over time, this matrix gets
stronger and more compact. The intrinsic stability of the geopolymer matrix aids in resistance to damage even
after exposure to F-T cycles, which enhances strength under regulated circumstances [107].
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Even when exposed to freeze-thaw conditions, geopolymers usually become stronger over time as the polym-
erization process proceeds. As the matrix “matures” and becomes more resilient, the addition of FA and BA to
the mixture promotes the development of a denser and more cohesive structure, which could increase strength.
During F-T cycles, water trapped in the material’s pores expands when frozen and contracts when thawed. This
process might produce an initial densification of the geopolymer matrix as it adjusts microscopically to accom-
modate the stresses caused by freezing and thawing. For some mixes, this process can boost inter particle bonding
and cohesion inside the matrix, resulting in higher strength.

Initially, the F-T cycles may cause microscopic micro cracks to appear in the material. In some situations, these
fissures may relieve internal stresses within the matrix, allowing for better force distribution and stress transmis-
sion inside the material, thus contributing to an improvement in strength. Additionally, as the geopolymer matrix
stabilizes, minor cracks can be “healed” by continued geopolymerization, leading to improved mechanical prop-
erties [108].

The mixture containing 0% BA (100%FA) and 1% PPF exhibited the largest strength gain, while the mixture
with 20% BA (80% FA) and 0.5% PPF demonstrated the lowest strength gain after 15 F-T cycles. The mixture
with 0% BA (100% FA) and 1% PPF had the greatest strength improvement because the fiber reinforcement (1%
PPF) effectively mitigates the damage caused by freeze-thaw cycles [109], and the absence of BA assures a more
stable geopolymer matrix that resists shrinkage and cracking. In contrast, the mixture with 20% BA (80% FA)
and 0.5% PPF had the lowest strength improvement because to the high BA content, which causes shrinkage and
brittleness, and the low PPF content, which provides less protection against freeze-thaw-induced cracking [110].
The material’s high BA and low fiber content rendered it more susceptible to freeze-thaw degradation, limiting
its strength gains.

On the other hand, all mixtures exhibited strength loss with strength loss ranging from 3.45% to 32.01% after
30 F-T cycles and the mixture containing 20% BA (80%FA) and 0% PPF exhibited the largest strength loss,
while the mixture with 10% BA (90% FA) and 0% PPF demonstrated the lowest strength loss. BA includes a
substantial amount of calcium oxide (CaO), which promotes the production of C-S-H (calcium silicate hydrate)
gels, hence increasing the strength of geopolymer materials. However, when the BA content exceeds a specific
level, particularly in the 20% BA mixture, the high calcium content causes brittleness, shrinkage, and thermal
instability. During freeze-thaw cycles, the material shrinks and micro cracks due to the expansion of water in the
pores during freezing and contraction during thawing, resulting in increased strength loss. When compared to the
20% BA mixture, the 10% BA (90% FA) mixture has a reduced calcium concentration, which lessens brittleness.
The decreased calcium oxide level reduces the material’s susceptibility to shrinkage and cracking during freeze-
thaw cycles, resulting in improved thermal stability and strength retention. As a result, the 10% BA mixture has
the lowest strength loss (3.45%), as the lower calcium level reduces shrinkage and micro cracking. Although the
mixtures presented here do not contain PPF, it is crucial to highlight that the lack of PPF in both mixtures means
that their performance is totally dependent on the material composition. The 10% BA mixture still works better
because the balance of FA and BA results in a more stable matrix, whereas the 20% BA mixture suffers more
from thermal instability induced by the high calcium level. During the freeze-thaw cycles, water trapped in the
material expands when frozen and contracts when thawed. This leads to the internal stresses from such expansion
and contraction, which may result in cracking if the material fails to absorb the stress. Concerning the 20% BA
mixture, the high ratio of calcium promotes shrinkage and makes it more brittle, hence making this particular
mixture prone to cracking and greater loss in strength as a result of freeze-thaw. A 10% BA mixture would result
in a comparatively lower internal stress build-up during freeze-thaw cycles, thus leading to limited shrinkage and
micro cracking due to reduced calcium content, thereby improving strength retention and reducing damage from
freeze-thaw cycles.
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4.2 Weight change after freeze-thaw exposure

Figure 17a shows the impact of replacing FA with BA at substitution levels of 0%, 10%, and 20%, combined
with PPF contents of 0%, 0.5%, and 1%, on the average weight loss of GFC mixtures containing 100% PA after
exposure to 15 and 30 freeze-thaw (F-T) cycles. The results show that replacing FA with BA and incorporating
PPF reduced the weight loss of the mixtures. Among the mixtures, the 0% BA and 0.5% PPF mixture exhibited
the largest weight loss after 15 F-T cycles, while the reference mixture (0% BA and 0% PPF) had the largest
weight loss after 30 F-T cycles. Conversely, the mixture with 20% BA and 0.5% PPF demonstrated the lowest
weight loss after both 15 and 30 F-T cycles. The increased percentage of calcium oxide (CaO) in BA promotes the
development of C-S-H gels. By decreasing porosity and increasing the density and cohesiveness of the geopoly-
mer matrix, these gels lessen the material’s susceptibility to moisture loss during freeze-thaw cycles. Because the
higher BA level resulted in a denser and more cohesive geopolymer matrix, the mixture containing 20% BA lost
the least amount of weight. As a result, the material was better able to withstand the strains of expansion and con-
traction during freeze-thaw cycles and absorbed less water. By serving as crack-bridging agents and preventing
cracks from forming and spreading during freeze-thaw cycles, polypropylene fibers aid in weight loss. This rein-
forcement reduces porosity and strengthens the material’s structural integrity [111]. The mixture containing 20%
BA and 0.5% PPF lost the least amount of weight because the moderate fiber concentration added just enough
reinforcement without creating too many voids. This mixture successfully decreased the material’s vulnerability
to weight loss brought on by freeze-thaw cycles. A less cohesive matrix resulted from the 0% BA (100% FA)
mixture’s lack of BA’s calcium-based stabilizing properties. In the absence of enough BA, the material’s higher
porosity resulted in significant weight loss during freeze-thaw cycles and greater water absorption. Although
0.5% PPF offers some reinforcement, the lack of BA resulted in a decrease in the overall integrity of the matrix,
which led to the greatest weight loss after 15 F-T cycles. Neither BA’s stabilizing effects nor PPF’s reinforcement
were present in the reference mixture. As a result, the matrix became less cohesive, more porous, and less resis-
tant to freeze-thaw cycles. Following 30 F-T cycles, the material’s resistance to weight loss was further weakened
by increased water absorption and cumulative micro cracking, which resulted in the greatest weight loss. After
30 cycles, the reference mixture performed poorly as a result of the extended exposure to freeze-thaw stressors,
which made its flaws worse. Because the 20% BA and 0.5% PPF mixture coupled the stabilizing impact of BA
with the reinforcement of PPF, it performed the best. In order to minimize weight loss during both the 15 and 30
F-T cycles, the moderate PPF content increased crack resistance while the high BA content decreased porosity
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and boosted matrix cohesiveness. The denser and more cohesive matrix, combined with fiber reinforcement,
allowed the material to better withstand the stresses of freeze-thaw cycles, leading to the lowest weight loss [112].

Figure 17b showed the relationship between compressive strength and weight loss for the mixtures after expo-
sure to 15 and 30 F-T cycles. The trend lines indicated a strong inverse correlation, with R? values of 0.94 and
0.97 at 15 and 30 F-T cycles, respectively.

5 Conclusion

This research demonstrates the feasibility of using BA as a partial replacement for FA in GFC, offering a sustain-
able pathway for waste valorization and enhanced material performance. The incorporation of BA, particularly at
a 20% replacement level, significantly improved the mechanical, thermal, and durability properties of GFC. The
inclusion of BA and PPF demonstrated significant impacts on the mechanical, thermal, and durability properties
of the mixtures. Key findings include:

(a) The mixture containing 20% BA and 0.5% PPF exhibited the highest compressive strength, improving
by 41.52% compared to the mixture with 20% BA without PPF.

(b) Flexural strength also reached its peak in the same mixture after 91 days, with the PPF acting effectively
as reinforcement by bridging micro-cracks.

(©) Mixtures with 0% PPF and 10% BA showed strength gains at 400 °C and 900 °C. However, the mixture
with 20% BA experienced 16.2% strength loss at 400 °C and 27.1% at 900 °C, highlighting the destabi-
lizing effect of excessive BA and PPF content at high temperatures.

(d) At elevated temperatures, PPF degradation created voids, and high BA content contributed to shrinkage
and micro-cracking, reducing thermal stability.

(e) After 15 freeze-thaw cycles, the mixture with 0% BA (100% FA) and 1% PPF exhibited the largest
strength gain (50.58%), while the mixture with 20% BA and 0.5% PPF demonstrated the lowest weight
loss, emphasizing its resilience to freeze-thaw effects.

® Strength losses were observed after 30 freeze-thaw cycles, with the mixture containing 20% BA and 0%
PPF showing the largest loss (32.01%).

(2) The porosity and water absorption rates were lowest in the mixture containing 20% BA and 0.5% PPF,
reducing water absorption by over 40% compared to the reference mixture (100% FA and 0% PPF).

(h) Sorptivity also showed a strong inverse relationship with compressive strength, with the most optimized

mixture achieving the lowest sorptivity value (8.28%).

(1) The highest dry unit weight (1788 kg/m?®) and thermal conductivity (0.619 W/mK) were recorded in the
mixture with 20% BA and 0.5% PPF, reflecting enhanced matrix densification.

Q) A strong correlation (R = 0.97) was observed between dry unit weight and thermal conductivity.

&) Replacing FA with BA up to 20% aligns with sustainable construction practices by utilizing industrial
by-products, reducing dependency on traditional binders, and enhancing material properties.

1)) SEM analysis revealed that BA’s angular particles improved particle packing and promoted the forma-
tion of dense binding gels, while PPF effectively bridged micro cracks and minimized pore connectivity,
further enhancing the mechanical and durability properties.

The results underscore the potential of combining BA and PPF to produce GFC with tailored mechanical, ther-
mal, and durability properties. Future work should explore the effects of alternative curing regimes and extended
exposure to extreme environmental conditions to further optimize the material for sustainable construction
applications.
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