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Spent coffee grounds ash (K) is investigated as a sustainable partial sand replacement (0 %, 5 %, 10 %, 15 %) in
geopolymer mortars based on granulated blast furnace slag. This study assesses workability, mechanical per-
formance, high-temperature resistance, and microstructure through experimental testing and statistical analysis.
Key findings indicate that K content significantly influences workability, strength, and physical properties.
Replacing sand with K reduced workability by up to 21 % due to its finer particle size and porosity. The K5 series,
containing 5 % K, exhibited the highest compressive strength improvement, with gains of 8.9 % and 16.3 % at 7
and 28 days, respectively, compared to the control. However, higher K contents (10 %, 15 %) negatively
impacted mechanical performance. At elevated temperatures, significant mass loss occurred up to 400 °C, after
which it stabilized at 600 °C while maintaining structural integrity. Porosity and water absorption increased with
K content, except in K5. Microstructural analysis revealed that the K5 series formed a dense, crack-minimal
matrix, whereas K10 and K15 exhibited more microcracking and porosity. Statistical models confirmed that
temperature had the greatest influence on compressive and flexural strengths, whereas K content significantly

affected mass loss.

1. Introduction

The global population and urbanization rates are increasing rapidly.
This trend is driving growth in Portland cement production to meet the
demands of the concrete industry. Consequently, cement production is
consuming greater amounts of energy and generating elevated levels of
carbon emissions [1]. To mitigate these effects, researchers are devel-
oping cement-free composites. These composites seek to minimize the
adverse environmental impacts associated with cement on a global
scale. Furthermore, there is a pressing need to investigate green and
sustainable alternatives to traditional aggregates. Such alternatives have
the potential to reduce environmental degradation and decrease reli-
ance on non-renewable resources.

Geopolymer mortars and concretes offer a sustainable alternative to
conventional Portland cement-based materials, exhibiting superior me-
chanical strength and durability. The primary aluminosilicate pre-
cursors for geopolymer production are granulated blast furnace slag
(BFS) and fly ash (FA) [2]. Alkaline solutions are commonly employed to
activate these materials, with the most widely used activators being
sodium hydroxide (NaOH), sodium silicate (Na5SiOs3), potassium silicate
(K2SiO3), and potassium hydroxide (KOH) [3]. The hydration products
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of geopolymers vary depending on the type of activator utilized. When
NaOH is applied, the predominant products are sodium-alumino-
silicate-hydrate (N-A-S-H) and calcium-alumino-silicate-hydrate (C-A
-S-H). Conversely, activation with KOH primarily results in the forma-
tion of potassium-alumino-silicate-hydrate (K-A-S-H) [4].

Rapid urbanization and expanding construction activities have
heightened the demand for natural aggregates, which constitute
approximately 70-80 % of the total volume of concrete. To address this
challenge, researchers are investigating the use of waste and recycled
aggregates as viable alternatives. These materials not only improve the
economic viability and durability of mortar and concrete production but
also contribute to the conservation of natural aggregate resources [5].

Granulated blast furnace slag (BFS) is an industrial byproduct pri-
marily composed of calcium, silica, and alumina. It is generated as a
secondary product during iron manufacturing in blast furnaces. In the
steel production process, approximately 340-421 kg of blast furnace
slag is produced per ton of steel. Currently, only a minor fraction of this
waste is repurposed, with the majority being disposed of in landfills.
Nevertheless, incorporating BFS as a substitute for cement in geo-
polymer mortars and concrete significantly reduces CO, emissions [6,7].
In recent years, numerous studies have investigated the
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high-temperature resistance of geopolymer composites derived from
waste materials [8-12]. Although Portland cement concrete (PCC) is a
widely utilized construction material, it undergoes irreversible degra-
dation when exposed to elevated temperatures. Geopolymers, first
developed by Davidovits in 1978, exhibit superior fire resistance and
enhanced mechanical properties at high temperatures compared to PCC
[13]. In a study by Chithambaram S. et al. [12], researchers investigated
geopolymer mortar samples in which fly ash-based geopolymer mortars
were partially substituted with up to 30 % blast furnace slag. Various
molarities of alkaline activators were employed during the preparation
process. The study assessed the impact of high temperatures, ranging
from 200 °C to 1000 °C, on the hardened mortar samples following 28
days of ambient curing. The findings revealed that the compressive
strength of the geopolymer mortars decreased as the temperature
increased, accompanied by a corresponding increase in weight loss
under these conditions.

Coffee is the second most consumed beverage worldwide, after tea.
In many countries, spent coffee grounds (SCG), classified as agricultural
waste, are commonly disposed of in landfills. Owing to their composi-
tion, which includes approximately 15 % lipid content, SCG exhibit a
higher calorific value than woody biomass, rendering them an abundant
and cost-effective renewable energy resource suitable for biofuel pro-
duction [14]. However, biogas generation from SCG is considered
environmentally unsustainable due to concerns regarding toxicity and
air pollution. Furthermore, landfilling SCG poses substantial environ-
mental risks, as leachate from these grounds can contaminate water
sources, potentially causing eutrophication and excessive algal growth,
both of which degrade water quality [15]. Additionally, the disposal of
SCG in landfills presents economic and environmental challenges, pri-
marily due to methane emissions produced during decomposition,
which contribute to the accumulation of greenhouse gases [16].

A review of the literature reveals that numerous recent studies have
explored the use of SCG in developing innovative recycled construction
materials. SCG, characterized by its sand-like particle size, low thermal
conductivity, and porous structure, is recognized as a sustainable bio-
aggregate and is proposed as an alternative to sand in construction ap-
plications [17]. However, due to its high organic content, SCG requires
specific preprocessing treatments before it can be effectively utilized as a
construction material [18]. The combustion of SCG in a furnace de-
mands significant energy due to the requirement for sustained,
controlled heating over extended periods. Conventional thermal treat-
ment of SCG typically involves electrically heated furnaces, where the
material is subjected to temperatures between 350 °C and 650 °C for
1-2 h to facilitate the decomposition of organic matter and its conver-
sion into biochar [19,20]. This process relies on a continuous external
energy supply, resulting in substantially elevated energy consumption
and operational costs. In contrast, this study employed a self-combustion
technique, incinerating SCG in a controlled, oxygen-rich open-air envi-
ronment without additional energy input. This method capitalized on
SCG’s low auto-ignition temperature of approximately 169 °C [21],
enabling self-sustained combustion following ignition. Furthermore,
with a composition that includes approximately 15 % lipid content, SCG
exhibits a calorific value surpassing that of many woody biomass sour-
ces, promoting efficient energy release during combustion [19].
Consequently, this approach proved more economical and
energy-efficient than traditional furnace-based combustion, which ne-
cessitates constant heating and meticulous process oversight. Addi-
tionally, the heat generated during open-air combustion could
potentially be captured for secondary applications, such as preheating
raw materials or supplementing industrial drying processes, thereby
enhancing overall energy utilization compared to furnace combustion,
where a significant portion of the heat is lost to the environment. While
open-air incineration may raise concerns about emissions, the controlled
conditions applied in this study—such as the use of thin SCG layers to
optimize oxygen availability—effectively minimized incomplete com-
bustion and associated pollutant emissions. Moreover, compared to
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alternative disposal methods for SCG, such as composting or direct land
application, the incineration technique adopted here offers a practical
approach to SCG valorization, simultaneously reducing waste volume
and generating valuable byproducts. Nevertheless, incorporating the ash
derived from the complete incineration of dried SCG as a fine aggregate
replacement in geopolymer mortars can effectively fill voids through
pore-filling mechanisms, increase packing density, and enhance the
microstructural integrity of the matrix.

According to Garcia et al. [21], the presence of oils and lipids in spent
coffee grounds (SCG), constituting 11 %-15 % by weight, enables
incineration at a relatively low ignition temperature of 169 °C. The
integration of SCG ash into geopolymer mortars post-incineration may
affect the matrix’s strength, density, and durability properties.
Mohamed and Djamila [22], explored the use of SCG as a fine aggregate
in concrete production. In their study, sand was partially substituted
with SCG at volumetric ratios of 5 %, 10 %, 15 %, and 20 %. The results
revealed that replacing natural sand with SCG increased porosity,
leading to decreased workability, unit weight, and mechanical strength
in the concrete mixtures. However, thermal properties were enhanced,
particularly at replacement levels of 15 % and 20 %. Lawanwadeekul
et al. [23] examined the incorporation of SCG and waste glass (WG) as
additives to enhance the properties of clay bricks fired at low temper-
atures. Their results showed that adding 10 % SCG and 10 % WG to clay
mixtures and firing at 950 °C improved strength, porosity, and thermal
conductivity while adhering to required standards, thus supporting
sustainable brick production. In a separate study, Roychand et al. [19],
investigated SCG as a partial substitute for fine aggregate in concrete
mixtures at volumetric ratios of 5 %, 10 %, 15 %, and 20 %. Three SCG
variants were employed: raw SCG and SCG pyrolyzed at 350 °C and
500 °C. The findings revealed that pyrolysis of SCG at 350 °C markedly
improved material properties, resulting in a 29.3 % increase in the
compressive strength of the composite concrete. Arulrajah et al. [18]
developed geopolymer mortar samples by activating mixtures of sug-
arcane bagasse ash, SCG, and slag with a sodium hydroxide (NaOH)
solution. The samples were cured at 21 °C and 50 °C, with the highest
compressive strength (1.48 MPa) recorded in a mixture comprising 70 %
SCG, 20 % sugarcane bagasse ash, and 10 % slag after 90 days of curing
at 50 °C. In a separate study, Giada La Scalia et al. [24] evaluated the
technical, environmental, and economic performance of SCG in natural
hydraulic lime and geopolymer-based mortars. Their results indicated
that the incorporation of SCG increased water absorption while
improving insulation performance. Specifically, adding SCG at a 5 %
ratio significantly lowered thermal conductivity, thereby enhancing the
insulating properties of the mortars. Saeli et al. [25] developed
eco-friendly bio-composite mortars by partially substituting sand with
SCG. The SCG content was incrementally increased to a maximum of 15
% and evaluated using various binder combinations, such as Portland
cement and natural hydraulic lime. The findings indicated that the
incorporation of SCG improved the insulation properties of the mortars,
achieving a thermal conductivity reduction of up to 72 %, while also
lowering costs by as much as 8 % and preserving satisfactory mechanical
performance.

Numerous researchers have analyzed the chemical composition of
SCG and its potential as a mineral admixture or aggregate in cementi-
tious composites. However, investigations into its effects on the physical
and mechanical properties of geopolymer mortars and concretes remain
comparatively scarce. Although the incorporation of SCG into geo-
polymer mortars is not a novel concept, research exploring the proper-
ties of geopolymer mortars formulated with SCG and BFS is still in its
preliminary stages. This study aims to assess the feasibility of utilizing
spent coffee grounds ash (SCG ash), denoted as K, obtained from the
incineration of SCG sourced from local cafeterias, as a sand replacement
in the production of BFS-based geopolymer mortars. Specifically, it in-
vestigates the influence of K, derived through a process that requires no
additional energy input or high costs, on the development of sustainable
construction materials. In this context, the study seeks to promote SCG
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valorization while mitigating its environmental footprint in the con-
struction sector. To achieve this, geopolymer mortar series were pro-
duced by replacing sand with 5 %, 10 %, and 15 % K. Additionally, a
control series (C) containing only BFS was prepared to evaluate the
workability, physical, and mechanical properties, as well as the high-
temperature resistance and microstructural characteristics of all series.
The study further examines the effects of K content (%) as a sand sub-
stitute and the influence of elevated temperature (T) on the performance
of BFS-based geopolymers. The evaluation of workability (F),
compressive strength (CS), flexural strength (FS), and mass loss (M) in
the produced mortar series is conducted using multiple regression
models and Pearson correlation analysis. Ultimately, this study aims to
determine the optimal replacement levels of K in geopolymer mortars,
contributing to the economic valorization of SCG and the development
of lightweight, sustainable geopolymer mortars.

2. Materials and methods
2.1. Materials

The SCG utilized in the study was procured from local cafeterias and
initially subjected to oven drying at 70 °C for approximately 24 h until a
constant weight was attained, thereby ensuring the removal of moisture.
The collected SCG had a maximum particle size of 1 mm and a specific
gravity of 0.47 (Fig. 1). Additionally, the water absorption capacity of
SCG by weight was determined to be 122 %. As observed in the FESEM
analysis shown in Fig. 1, the SCG particles exhibited angular shapes and
possessed numerous pores on their rough, corrugated surfaces [26,27].

Due to the high organic content of SCG in its natural state, inciner-
ation was permitted to occur in an open-air environment, which was
oxygen-rich, without the necessity for additional energy input. This
resulted in the complete conversion of SCG to ash (K), which was then
used in the production of geopolymer mortar (Fig. 2).

The incineration of SCG was conducted in an open-air environment.
During combustion, the surface temperature of the material was moni-
tored periodically using a thermal camera and ranged between 250 °C
and 300 °C. After approximately 30 min, the combustion naturally
ceased, and the temperature gradually declined as the material cooled.
The specific gravity of the resulting ash (K) was measured as 0.22. The
specific gravity of the dry SCG was observed to decrease by 53 % as a
consequence of incineration. The granulated blast furnace slag (BFS),
employed as an aluminosilicate source in the geopolymer mortar mix-
tures, was procured from local iron and steel plants and utilized without
any additional processing (specific gravity: 2.9). In order to prevent any
secondary effects of potential impurities in natural sand on the

Mag= 300KX oum WD = 122 mm EHT = 15.00 kv Time :14:28:12

SUPRA 40VP-41-14|__| N

Fig. 1. FESEM micrograph (x3000 magnification) of SCG.
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250-300 °C

20 °C

Fig. 2. Ash (K) obtained after the incineration of SCG.

geopolymer matrix, CEN standard sand, which conforms to TS EN 196-1
[28], was sourced locally and used in the production of mortar series.
The CEN standard sand, with a specific gravity of 2.56 and a water ab-
sorption rate of 0.63 %, has a particle size range of 0-2 mm. The sand is
composed of rounded grains derived from natural silica sand, with a
minimum SiO; content of 98 %. The dry bulk density of the sand used in
the mixtures was 1480 kg/m®, whereas that of K was 145 kg/m°,
reflecting the significant density contrast that supports the
volume-based replacement approach in the mix design. Fig. 3 illustrates
the particle size distributions of sand, K and BFS. As illustrated in Fig. 3,
the mean diameter of K is approximately 30 pm, the BFS is 11.4 pm, and
the sand is 800 pm. The results of the chemical analysis of the BFS, K,
and sand employed in the mixtures are presented in Table 1. As illus-
trated in Table 1, the primary chemical constituent of BFS is calcium
oxide (Ca0), whereas that of K is potassium oxide (K20). K exhibits a
high Loss on Ignition (LOI) value (33.65 %) due to its substantial content
of organic compounds, including fatty acids, amino acids, polyphenols,
and polysaccharides [29,30]. A high LOI may elevate the water demand
of the mortar, influencing its fresh and hardened properties by pro-
moting microvoid formation due to the gradual release of volatile
components during curing. The surface texture and particle shape of the
K and BFS used in the mortar series were observed using a Zeiss LEO
1430 V P field emission scanning electron microscope (FESEM) (Fig. 4).
The FESEM analysis revealed that the structure of K is irregular and
angular, with surfaces composed of corrugated and rough particles

100
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=) (=) (=
1 1 1

Cumulative passing (%)

[
=]
1
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Fig. 3. Particle size distribution curves of powder materials and sand.
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Table 1

Chemical properties of powder materials.
Oxides components, % K BFS Sand
SiOy 1.45 32.1 98.8
Al,03 0.70 11.2 0.05
Fe,03 0.98 0.62 0.02
CaO 12.35 36.1 0.01
MgO 7.52 5.6 0.03
SO3 1.25 1.2 -
K20 35.45 0.83 -

Loss of ignition 33.65 2.35 -

(Fig. 4(a)). As illustrated in Fig. 4(b), the BFS particles exhibit an
irregular and sharp-edged surface. In comparison to the K particles, the
BFS particles display a more uniform and less irregular surface. The
production of the geopolymer mortar series utilized tap water as the
mixing water.

The NaOH (98 % purity) was procured from Lapointe Co. Ltd., while
the NaySiO3 (99 % purity, specific gravity; 1.4 and 3 module) was ob-
tained from Detsan Co. Ltd. These alkaline solutions were subsequently
employed in the preparation of the mixtures. The NaySiO3 solution
consists of approximately 36 % solids and 64 % liquid (H20) materials.

2.2. Methods

2.2.1. Mixture proportions

In the geopolymer mortar mixtures, K partially replaced sand at
levels of 5 %, 10 %, and 15 % by volume, owing to its low specific
gravity (0.22) compared to sand (2.56). With a water absorption ca-
pacity of 5.44 % by weight (versus 0.56 % by weight for sand), deter-
mined prior to mixing, K was in a dry state due to the incineration
process, exhibiting minimal bulking that did not significantly affect the
mix proportions, as confirmed by visual inspection and physical
handling during preparation. Accordingly, no additional water was
added beyond the specified liquid content, which consisted solely of
water from the NaOH and Na,SiO3 solutions as detailed in the mixing
procedure. No superplasticizers or chemical admixtures were used, with
workability managed entirely through the prescribed mix proportions
and the inherent properties of the raw materials, enabling an evaluation
of K’s impact on the fresh properties of geopolymer mortar mixtures.
The geopolymer mortar series and their respective mix proportions are
presented in Table 2. In the naming of the geopolymer mortar series, the
‘K’ index indicates the K used as a replacement for sand, while the nu-
merical values represent the volumetric percentage of the material
within the total sand volume. For example, the designation K5 refers to a
geopolymer mortar mixture in which an amount equivalent to 5 % of the
total sand volume is replaced with K.

In the study, preliminary casts were conducted based on similar

Mag= 200KX  10pm
SUPRA 40VP-41-14 |
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studies [31-35] to determine the aggregate/precursor ratio and
NaySiO3/NaOH ratio for BFS-based geopolymer mortars. For this pur-
pose, mortar series were produced using 10 and 12.5 M (M) NaOH so-
lutions, with an aggregate/precursor ratio of 1.75 and 2, and
NaySiO3/NaOH ratios by weight of 1.5 and 2. After 28 days of ambient
curing, the compressive strengths of the geopolymer mortar series were
measured and the results were evaluated. Based on the curing and me-
chanical tests, it was determined that the optimal mix design includes a
NaOH molarity of 10 M, an aggregate/precursor ratio of 1.75, and a
NaySiO3/NaOH ratio of 2.0.

2.2.2. Mixture preparation

In the geopolymer mortar series, the aggregate/precursor ratio by
weight was maintained at 1.75, the NaySiO3/NaOH ratio at 2.0, the
NaOH solution at 10 M, and the water-to-aluminosilicate source mate-
rial ratio at 0.32. Before production, the 10 M NaOH solution was stored
in glass jars at room temperature for 24 h and mixed shortly before use.
In the first stage of producing the geopolymer mortar series, BFS and
sand were mixed in a mortar mixer at low speed (62.5 rpm) for 2.5 min.
Then, the 10 M NaOH solution was added to the mixer, and mixing
continued at the same speed for another 60 s. In the third stage, Na;SiO3
was added to the mixture, and mixing continued at low speed for an
additional 60 s. Finally, the mortar mixer was set to high speed (125
rpm) for a further 60 s of mixing.

2.2.3. Specimen preparation, curing and testing

The prepared mixtures were placed in 40 mm x 40 mm x 160 mm
and 50 mm x 50 mm x 50 mm moulds in two stages using a vibration
device, in accordance with the requirements set forth in TS EN 12390-1
[36]. The freshly produced geopolymer mortars were stored in the
moulds for the first 24 h in a laboratory environment at a temperature of
20 + 2 °C. After demoulding, the geopolymer mortar specimens were
cured under ambient conditions at 20 + 2 °C and a relative humidity
(RH) of 50 + 5 % until testing on the 7th or 28th day.

The fresh geopolymer mortar series were subjected to the flow table
test according to TS EN 1015-3 [37]. After a specified curing period,
tests for unit weight, water absorption, and apparent porosity were
conducted according to TS EN 772-4 [38]; ultrasonic pulse velocity

Table 2
Geopolymer mortar series and mix proportions.
Series  NaOH NaySiOs BFS K(g) Sand water/
) (g) (g) (g) precursor
C 10 120 700 - 1225 0.32
K5 10 120 700 5.3 1160 0.32
K10 10 120 700 10.6 1100 0.32
K15 10 120 700 15.9 1040 0.32

Mag- 200KX 19

wm
SUPRA 40VP41-14 |,

Fig. 4. FESEM micrographs (x2000 magnification) of (a) K, (b) BFS.
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testing was performed according to TS EN 12504-4 [39]; and mechan-
ical property tests were carried out according to TS EN 1015-11 [40].
Unit weight, ultrasonic pulse velocity, and flexural strength tests, as well
as mass loss and residual flexural strength tests after high-temperature
exposure, were conducted on 12 beam specimens of 40 mm x 40 mm
x 160 mm for each series. Compressive strength tests before and after
high-temperature exposure were conducted on 12 specimens of 50 mm
x 50 mm x 50 mm for each series. Apparent porosity and water ab-
sorption tests were conducted on three prismatic beam specimens (40
mm X 40 mm x 160 mm) from each series, following a 28-day curing
period. The weight of the specimens in water was determined using an
Archimedes balance. In all tests, the average results obtained from the
specimens in each series were used.

The apparent porosity (P) and water absorption (WA) were deter-
mined utilizing an Archimedes balance, with the calculations performed
in accordance with Equations (2.1) and (2.2). Furthermore, error bars
were generated based on the standard deviation and mean values ob-
tained from the experimental data, thereby illustrating the variability
and reliability of the data distribution.

P (%) :% x 100 @1
WA (%) _Wi=Wo) 400 (2.2)

0

In the equation, wq represents the dry weight of the specimen (g), wi
represents the weight of the specimen in water-saturated air (g), and wy
represents the weight of the specimen in water (g).

2.2.4. Heating process

Following a 28-day ambient curing period, the geopolymer mortar
specimens were exposed to elevated temperatures, and subsequent
changes in mass loss, flexural strength, and compressive strength were
evaluated at ambient temperature. Prior to exposure to elevated tem-
peratures, the specimens were pre-dried at 105 °C for 12 h to reduce the
risk of fragmentation due to internal steam pressure, as recommended in
previous studies [41-43]. A controlled electric furnace was subsequently
utilized. The furnace temperature was raised at an average rate of 5 °C
per minute to target temperatures of 200 °C, 400 °C, and 600 °C. Upon
reaching each target temperature, it was maintained for 1 h to ensure
uniform heat distribution within the specimens and to allow the furnace
temperature to equilibrate with the internal core temperature of the
specimens (Fig. 5). The geopolymer mortar series were then exposed to

—8—200 °C
—8—400 °C
—4&— 600 °C

600

500

Temperature, °C
w -
> =3
> =)
1 1
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=
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0 T T
40 80100120140 180 1440

Time (min)

Fig. 5. Experimental heating curve.
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these elevated temperatures for 1 h, followed by natural cooling to
ambient temperature inside the furnace over 24 h. To assess the mass
loss of the prismatic specimens following exposure to high temperatures,
the difference between their initial mass prior to exposure and their
mass after cooling was calculated and expressed as a percentage. Sub-
sequently, compressive and flexural strength tests were performed on
the specimens.

Mass loss (M) refers to the change in the mass of the sample before
and after exposure to high temperatures, as described in Equation (2.3).

m; — My
my

M (2.3)

m;: the mass of the sample after heating (g), mo: the mass of the sample
before heating (at 20 °C, g).

Microstructure analysis was performed on fragments obtained from
geopolymer mortar specimens cured for 28 days using a ZEISS Supra 40
V P Field Emission Scanning Electron Microscope (FESEM). The pro-
duction process and the experimental procedures applied to the geo-
polymer mortar series in this study are illustrated in the flowchart
presented in Fig. 6.

3. Results and discussion
3.1. Workability test results

The flow diameter variations of the geopolymer mortar series are
shown in Fig. 7. As indicated in Fig. 7, the flow diameter values for the
series ranged from 150 mm to 190 mm. The highest flow diameter was
recorded in the C series (190 mm), whereas the lowest was observed in
the K15 series (150 mm).

As shown in Fig. 7, the partial replacement of sand with K at specific
ratios in geopolymer mortar mixtures significantly affected the fresh-
state properties of the mortars. As the proportion of K increased, the
flow diameter values decreased. Specifically, the flow diameters of the
fresh K5, K10, and K15 mortar series were reduced by 2.6 %, 10.5 %, and
21 %, respectively, compared to the C series. This reduction can be
attributed to the irregular, angular shape of K particles, characterized by
rough-surfaced grains, as well as their finer particle size relative to sand
and higher porosity, which enhances water absorption (see Fig. 4) [44].
The observation that the average diameter of K is approximately 26
times smaller than that of the sand used (Fig. 3) suggests an increased
water demand in the mixture, resulting in reduced workability.
Furthermore, diminished workability may lead to the formation of a
non-homogeneous and poorly compacted matrix, potentially causing a
porous structure and subsequent loss of mechanical performance.
Additionally, a geopolymer mixture with lower workability could hinder
the uniform distribution of particles and binder, possibly resulting in
uneven stress distribution under external loads [45]. A similar study
[26], reported that replacing up to 17.5 % of sand with SCG in geo-
polymer mortars caused a significant workability reduction of up to 52
%, attributed to the fine particle size and the organic, porous structure of
the material, which enhances water absorption.

3.2. Unit weight and ultrasonic pulse velocity tests results

The unit weights and ultrasonic pulse velocity (UPV) measurement
results for the geopolymer series after a 28-day curing period are pre-
sented in Fig. 8. The unit weights of the series ranged from 2055 to 2205
kg/m>. As anticipated, increasing the K replacement level in the mortar
series resulted in lower unit weights compared to the C series.

After 28 days, the unit weights of the K5, K10, and K15 series
decreased by 2 %, 4.8 %, and 6.8 %, respectively. The lower specific
gravity of K relative to sand contributed to the reduced unit weights
observed in the K-replaced mortar series.

UPV measurements are used to detect changes in porosity, crack
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Fig. 7. Flow diameters of geopolymer mortar series.

development, and the progression of polymerization in mortars. The
variation in UPV results across the series is presented in Fig. 8. The UPV
values ranged from 3087 to 3990 m/s. As shown in Fig. 8, compared to
the C series, the UPV values increased by 5.6 % in K5, whereas they
decreased by 9.3 % and 18.3 % in K10 and K15, respectively.

As outlined in Section 3.6, the incorporation of 5 % K into the geo-
polymer mixture reduces apparent porosity by 6.2 % and water ab-
sorption by 4 % compared to the control series, confirming an
improvement in the matrix structure. This densification is attributed to
the greater fineness of K relative to sand, enabling K particles to fill
microvoids within the geopolymer matrix, thereby reducing isolated
pore spaces and yielding a more compact structure. This reduced
porosity at the 5 % replacement level enhances UPV, as ultrasonic waves
propagate more efficiently through denser materials.

K10 K15

Series

Fig. 8. Unit weight and UPV results of geopolymer mortars.

However, when K replacement exceeds 5 %, the porous and rough
nature of K, coupled with its higher water absorption capacity, increases
overall void content, as evidenced by significant rises in apparent
porosity (+12 % in K10 and + 16.8 % in K15) and water absorption
(+28 % in K10 and + 37.3 % in K15), as reported in Section 3.6. This
results in a less compact matrix, impeding ultrasonic wave propagation
and consequently lowering UPV values. Compressive strength results
(Section 3.4) corroborate this trend, with the K5 series exhibiting a 16.3
% increase in compressive strength at 28 days, consistent with improved
microstructural integrity and elevated UPV values. Beyond 5 % K
replacement, however, compressive strength declines due to increased
porosity and reduced geopolymerization efficiency, aligning with the
observed UPV reductions. Consequently, UPV values for all series except
K5 decrease with higher K replacement rates, suggesting that mortar
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samples become more porous relative to the C series as K content
increases—a finding supported by internal structure analyses in Section
3.8.

3.3. Flexural strength test results

Flexural strength is a frequently studied parameter in the mechanical
behavior of geopolymer mortars, reflecting the material’s capacity to
resist deformation under load and stress [46]. Fig. 9 displays the 7-day
and 28-day flexural strength values of the geopolymer mortar series.

The flexural strengths of the series increased with extended curing
times, with the 28-day strengths ranging from 4.9 to 6.3 MPa. As shown
in Fig. 9, the 7-day flexural strength of the geopolymer series increased
by 13.5 % in K5 compared to the C series, whereas it decreased by 5.8 %
and 13.5 % in K10 and K15, respectively. Thus, after the initial 7 days,
flexural strength declined with increasing K replacement in all series
except for K5. At 28 days, the K5 series exhibited a 6.8 % increase in
flexural strength, whereas the K10 and K15 series experienced re-
ductions of 8.5 % and 16.9 %, respectively. The improvement in flexural
strength in the K5 series at both 7 and 28 days can be attributed to a
lower presence of micro and macro cracks within the mortar matrix and
the formation of nearly void-free transition zones between the sand and
the geopolymer matrix. It is suggested that incorporating 5 % K
improved the transition zone between the geopolymer matrix and the
aggregate, thereby enhancing flexural strength. However, the reduction
in flexural strength in mortars containing more than 5 % K is attributed
to the weak bonding characteristics between the geopolymer matrix and
the aggregates. The porous structure of K particles and their high water
demand likely contributed to a weakening of bond strength. This phe-
nomenon is also evident in the FESEM images presented in Section 3.8,
Fig. 21.

3.4. Compressive strength test results

The compressive strengths of the series after 7 and 28 days of curing
are given in Fig. 10. As seen in Fig. 10, the compressive strengths
increased with the increase in curing time.

The 7-day compressive strengths of the series ranged from 33.9 to
45.2 MPa, while the 28-day compressive strengths varied between 40.8
and 67.9 MPa. When examining the 7-day compressive strengths of the
geopolymer series, it was observed that all series, except for K5, had
lower compressive strengths than the C series. After 7 days of curing, the
compressive strength of the K5 series showed an 8.9 % increase
compared to the C series, whereas K10 and K15 exhibited strength losses

17 days - 28 days

Flexural Strength, MPa

Series

Fig. 9. Flexural strength of geopolymer mortar series after 7 and 28 days.

Hybrid Advances 10 (2025) 100479

w
=
1

Compressive strength, MPa
8
1

—
<
1

Series

Fig. 10. Compressive strength of geopolymer mortar series at 7 and 28 days.

of 6.9 % and 18.3 %, respectively. Park and Pour-Ghaz [47] found in
their study, water in geopolymerization primarily serves as a reaction
medium, facilitating the dissolution, transportation, and polymerization
of aluminosilicates rather than being permanently integrated into the
final geopolymer structure. Water in geopolymerization exists in
different states, including evaporable water (which remains in the pore
structure and can later evaporate) and chemically bound water, which
contributes to the formation and stabilization of the geopolymer matrix.
Furthermore, Wang et al. [48] highlighted that the w/b ratio directly
affects the setting time, fluidity, and structural integrity of geopolymers.
Their study demonstrated that a lower w/b ratio enhances gel densifi-
cation, while a higher w/b ratio delays setting and weakens the structure
due to excessive free water remaining in the matrix. These observations
reinforce the idea that an imbalance in available water negatively im-
pacts geopolymerization efficiency and mechanical properties.

Given that K exhibits a higher water absorption capacity than sand,
substituting more than 5 % K in the geopolymer blend markedly reduces
the availability of free alkaline liquid for reaction with the precursor.
This diminished water availability likely impedes the dissolution of
aluminosilicates, thereby hindering the formation of a dense geo-
polymer gel network. Consequently, as similarly noted by Arulrajah
et al. [44], elevated K replacement levels adversely impact geo-
polymerization efficiency, resulting in increased porosity and a corre-
sponding reduction in compressive strength. These findings underscore
the need to optimize the water-to-solid ratio and reactive components to
balance adequate polymerization with the maintenance of a dense, du-
rable structure. The observed effects correlate with trends in compres-
sive strength, porosity, and UPV, indicating that excessive K
replacement elevates void content and diminishes geopolymerization
efficiency, thus affecting both microstructural integrity and mechanical
performance. Analysis of the 28-day compressive strengths revealed that
K5 exhibited a 16.3 % increase, whereas K10 and K15 displayed strength
reductions of 12.2 % and 30.1 %, respectively. A comparison of the
7-day and 28-day strength results indicated that the strength losses for
K10 and K15 became more pronounced over the 28-day curing period.
In a study by Saeli et al. [26], the compressive strength of biomass fly
ash-based geopolymer mortars increased by 4.1 % with a 5 % substi-
tution of sand with SCG, yet a 51 % strength loss was observed when the
SCG content was raised to 17.5 %. The consistent strength gain in K5
across all curing durations may be attributed to the superior
micro-filling capacity of K compared to sand. However, incorporating
more than 5 % K into the mixtures led to a strength decline, likely due to
K’s porous structure and elevated water absorption. As noted in Section
3.6, water absorption and apparent porosity measurements confirmed



A.F. Senol

that higher K content correlated with increased water absorption rates
and void volumes, a finding substantiated by the internal structure
analysis in Section 3.8. The relationship between the 7-day and 28-day
flexural and compressive strengths of the series is illustrated in Fig. 11,
demonstrating a strong linear correlation between these mechanical
properties, with R? values exceeding 0.9.

3.5. High-temperature behavior

The influence of elevated temperatures on the geopolymer series was
examined by assessing mass loss (M), compressive strength (CS), and
flexural strength (FS) after exposing the samples to 200 °C, 400 °C, and
600 °C for 1 h. The geopolymer matrix incorporates various forms of
water, namely free water, chemically bound water, and hydroxyl
groups. These water phases evaporate progressively across distinct
temperature ranges, resulting in mass loss and potential crack forma-
tion. Free water evaporates between 20 °C and 100 °C, chemically
bound water dissociates between 100 °C and 300 °C, and the dehy-
droxylation of hydroxyl groups occurs above 300 °C, leading to
increased porosity and microcracking [49]. This process facilitates
moisture release, thereby amplifying mass loss at elevated temperatures.
Furthermore, the resulting microcracks enhance permeability, allowing
trapped water to evaporate more efficiently beyond 400 °C, which
further accelerates mass loss [50]. With increasing temperature, mass
loss in all geopolymer mortar series exhibited a corresponding increase
(Fig. 12). This effect is primarily attributed to the evaporation of free
water from the mortar matrix as the temperature rises. The progressive
removal of water at elevated temperatures leads to the gradual drying of
the material. Experimental results demonstrated that within the tem-
perature range of 20-400 °C, the evaporation of free water caused sig-
nificant mass loss. However, beyond 400 °C, the rate of mass loss
declined and nearly stabilized at 600 °C. This phenomenon is attributed
to the significant removal of water from the samples at 400 °C, resulting
in a reduced rate of further evaporation at higher temperatures. Addi-
tionally, exposure to elevated temperatures induces the formation of
microcracks due to incompatibilities arising from differences in the
thermal expansion coefficients of the aggregate and the mortar matrix.
These microcracks, coupled with increased porosity, facilitate moisture
loss by creating pathways for water evaporation, particularly at higher
temperatures. Moreover, the thermal mismatch between the aggregate
and the paste generates internal stresses, exacerbating crack propaga-
tion and ultimately amplifying the overall mass loss in geopolymer
mortars [51]. The results revealed that the greatest mass loss occurred in
the K15 series, while the smallest mass loss was observed in the C series.
This phenomenon can be attributed to the higher initial porosity and
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Fig. 11. Relationship between 7-day and 28-day flexural and compressive
strengths across the series.
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Fig. 12. Mass loss of the series after exposure to high temperatures (%).

water absorption capacity of K. Following exposure to elevated tem-
peratures, the mortar series were physically examined for cracking and
spalling damage. As reported in the literature [52], the recrystallization
of geopolymers at high temperatures is considered one of the key factors
enabling geopolymers to retain their structural integrity after heat
exposure. Fig. 13 illustrates the physical appearance of the series before
and after exposure to various temperatures, showing a shift from dark
gray to white as temperature increased, with samples retaining their
shape up to 600 °C.

This color change is primarily attributed to two factors: (i) the
oxidation and decomposition of organic residues in the K series, and (ii)
phase transformations within the geopolymer matrix. The initial dark
gray color of the K series likely stems from residual organic compounds,
which, when heated, oxidize and decompose, reducing carbonaceous
matter and lightning the surface [53]. Additionally, in BFS-based

Fig. 13. Appearance of the specimens before and after exposure to high
temperatures.
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geopolymer mortars, structural changes above 400 °C, including the
formation of crystalline phases and sintering of amorphous phases,
further contribute to whitening. Similar transitions have been observed
in BFS- and fly ash-based geopolymers after thermal exposure [54,55].

Fig. 14 illustrates the temperature-dependent changes in the
compressive strength of the geopolymer mortar series. The compressive
strength of the geopolymer mortar samples decreased markedly with
increasing temperature. BFS-based geopolymers exposed to elevated
temperatures exhibit a progressive reduction in compressive strength,
attributed to alterations in the mortar matrix and the mortar-aggregate
transition zone. The incompatibility between the contracting mortar and
the expanding quartz aggregates induces cracking and increases
porosity. However, above 600 °C, the rate of strength reduction slows
considerably [56]. At 200 °C, the compressive strength of the C, K5, K10,
and K15 series decreased by approximately 7.2 %, 6.6 %, 6.0 %, and
13.7 %, respectively. This reduction in compressive strength became
more pronounced with further increases in temperature.

The compressive strengths of the C, K5, K10, and K15 series
decreased by 28.4 % and 45.7 %, 28.3 % and 42.3 %, 26.5 % and 39.2 %,
and 31.9 % and 58.8 %, respectively, after exposure to 400 °C and
600 °C. These results suggest that, among the geopolymer mortar series,
K5 and K10 exhibited the highest resistance to compressive strength loss
at elevated temperatures. In contrast, the K15 series experienced the
most significant reduction in strength.

Fig. 15 illustrates the temperature-dependent variations in the flex-
ural strength of the geopolymer mortar series. At 200 °C, the flexural
strength of the C, K5, K10, and K15 samples decreased by approximately
9.5 %, 5.6 %, 8.5 %, and 15.7 %, respectively. This reduction in flexural
strength became more pronounced with increasing temperatures. At
400 °C and 600 °C, the flexural strength reductions for the C, K5, K10,
and K15 series were recorded as 31.0 % and 47.5 %, 29.4 % and 48.6 %,
30.9 % and 47.2 %, and 32.9 % and 62.7 %, respectively.

As reported in the literature [50,57,58], the evaporation of water
and matrix degradation at elevated temperatures result in the expansion
of the pore structure and the formation of microcracks, thereby reducing
the strength of geopolymers. Increasing temperatures further weaken
the material by loosening the microstructure. Nevertheless, after expo-
sure to high temperatures, the specimens retain their original di-
mensions, with no evidence of spalling, fragmentation, or macro-level
cracking observed along the outer surfaces (Fig. 13). This stability can be
attributed to the inherent physical properties of the K series, particularly
its high porosity and void content within the microstructure. Moreover,
the increased porosity of the K series likely provided pathways within
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Fig. 14. Residual compressive strengths of the series after exposure to various
temperatures.
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Fig. 15. Residual flexural strengths of the series after exposure to various
temperatures.

the material, facilitating the release of water vapor at 400 °C and 600 °C.
This may explain why the strength loss in the K5 and K10 series after
exposure to elevated temperatures was lower than that observed in the
other series. The relationship between the flexural and compressive
strengths of the series across various temperatures is presented in
Fig. 16. Strong linear correlations, with R? values exceeding 0.9, were
identified between these strengths. The highest correlations were
observed at 20 °C and 200 °C, whereas the R? values progressively
decreased with increasing temperature.

3.6. Apparent porosity and water absorption test results

The variation in apparent porosity and water absorption values of the
mortar series after 28 days of curing is illustrated in Fig. 17. The
apparent porosity values for the series ranged between 7.8 % and 9.7 %,
whereas the water absorption values varied from 3.6 % to 5.2 %.

The presence of pores and cracks in concrete increases water ab-
sorption, which adversely impacts the durability and long-term perfor-
mance of the concrete [59]. Generally, the results of the apparent
porosity and water absorption tests indicate a directly proportional
relationship with the K content in the series (with the exception of K5);
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Fig. 16. Relationships between the flexural and compressive strengths of the
series at various temperatures.
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Fig. 17. Apparent porosity and water absorption percentages of the series at
28 days.

that is, as the K content increases, both the apparent porosity and water
absorption rates rise accordingly. Fig. 15 illustrates that the apparent
porosity values of the series, compared to the C series, decreased by 6.2
% in K5, while increasing by 12 % and 16.8 % in K10 and K15,
respectively. Similarly, the water absorption rates decreased by 4 % in
K5, whereas they increased by 28 % and 37.3 % in K10 and K15,
respectively. Based on these results, it can be inferred that substituting 5
% K in the mortar mix enhances both the apparent porosity and water
absorption properties. This improvement with a 5 % K replacement can
be attributed to its capacity to fill the pores within the mortar matrix,
thereby facilitating the formation of new products, promoting a denser
molecular structure, and reducing the porosity of the geopolymer mortar
over time. Furthermore, the greater fineness of K compared to sand
(Fig. 3) may have contributed to the filling of micro-pores in the K5
series. However, the incorporation of K beyond 5 % in the geopolymer
mixtures progressively increases the water absorption capacity. This
effect is likely due to the rough and porous nature of K [44], coupled
with the formation of pores in the specimens, as evidenced by the
microstructure analysis.

Fig. 18 presents the relationships and corresponding equations be-
tween the 28-day apparent porosity (a), water absorption percentages
(b), and UPV values (c) with the compressive strength of the series. As
depicted in Fig. 18, an increase in apparent porosity and water ab-
sorption percentages is associated with a decrease in compressive
strength, reflecting a strong negative correlation (R? values of 0.947 and
0.8873, respectively). Furthermore, it was observed that an increase in
the UPV values of the series corresponds to an increase in compressive
strength, demonstrating a robust linear relationship between these pa-
rameters (R2 = 0.9822).

3.7. Statistical evaluations

This section elucidates the relationships between the flow table
spread values (F) of the produced mortar series, the compressive
strength (CS), flexural strength (FS), and mass loss (M) results following
exposure to temperatures of 200, 400, and 600 °C for 28-day samples,
and the design parameters: K content (%) and applied temperature (T;
°C). To this end, multiple linear regression analyses were performed,
complemented by the generation of analysis of variance (ANOVA) and
Pearson correlation matrices. In these analyses, F, CS, FS, and M were
designated as dependent variables, while K and T were treated as in-
dependent variables. All analyses were conducted with a 95 % confi-
dence interval, and the extent of the influence of the independent
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Fig. 18. Relationships between the compressive strength and the physical
properties of the series: (a) apparent porosity, (b) water absorption, and (c)
ultrasonic pulse velocity (UPV).

variables on the dependent variables was quantified.

The predictive capability of the regression models presented in this
study is valid within the specific conditions (K replacement level,
applied temperature values, and curing duration) and parameter ranges
employed during model development. These constraints should be
considered when applying the models to conditions outside the scope of
those investigated.

The objective of the multiple regression model is to maximize the
explanation of the dependent variable using the fewest possible
explanatory variables. The dependent variable is expressed as a function
of independent variables with specific coefficients. Unlike simple
regression, multiple regression incorporates more than one independent
variable. Most multiple regression equations conform to the form pre-
sented in Equation (3.1) [60,61].

y = aiXj + asXp + asxs + (3.1)

In this study, the analysis of variance (ANOVA) results for compressive
strength (CS), flexural strength (FS), and mass loss (M), obtained
following exposure to high temperatures (T) across all series, are pre-
sented in Table 3. The F-statistic, mean square, p-value, and degrees of
freedom (df) are utilized to interpret the relationships between the
variables in the ANOVA. A p-value less than 0.05 indicates that the
coefficients in the model are statistically significant [62].

The effectiveness of multiple regression analysis (MRA) relies on the
assumption of linearity between the independent variables and the
dependent variable, as well as the independence of observations. High
levels of multicollinearity or strong correlations among the independent
variables can complicate the analysis. To evaluate the presence of
autocorrelation among the variables, the Durbin-Watson test was
employed, as outlined in Equation (3.2). The test value is expected to fall
between 1.5 and 2.5 [63]. In this study, the Durbin-Watson test yielded
values ranging from 1.5 to 2.2 (Table 3), confirming that the assumption
of no autocorrelation was satisfied. Consequently, the reliability and
validity of the MRA were substantiated.

N 2
Z Xn — (X,[ - 1)
n=2

Durbin — Watson value = (3.2)

(xn)z

M=

]
-

n

Where n represents the total number of observations, and x, denotes the
nth residual of the regression model.
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Table 3
Analysis of variance for F, CS, FS, and M in the geopolymer series.

Hybrid Advances 10 (2025) 100479

Model Sum of squares df Mean square F p-value Durbin Watson value
Flow, (F) Regression 911.25 1 911.25 31.696 0.03 2.03
Predictors: (Constant), K Residual 57.5 2 28.75 -
Total 968.75 3 - -
Compressive Regression 2250.309 2 1125.154 25.731 <0.001 2.207
Strength, (CS) Residual 568.461 13 43.728 - -
Predictors: (Constant), K,T Total 2818.769 15 - - -
Flexural Strength, (FS) Regression 22.526 2 11.263 72.839 <0.001 2.017
Predictors: (Constant), K,T Residual 2.010 13 0.155 - -
Total 24.536 15 - - -
Mass loss, (M) Regression 9.989 2 4.995 143.346 <0.001 1.503
Predictors: (Constant), K,T Residual 0.314 9 0.035 - -
Total 10.303 11 - - -

Based on the results of the statistical evaluation, it was determined
that there is negligible correlation between the independent variables K
and T. The regression analysis indicated that 79.8 % of the variance in
compressive strength (CS) values (R2 =0.798), 91.8 % of the variance in
flexural strength (FS) values R? = 0.918), and 97 % of the variance in
mass loss (M) values (R2 = 0.97) were significantly influenced by the
independent variables K and T. In other words, 79.8 % of the variation in
CS, 91.8 % of the variation in FS, and 97 % of the variation in M can be
attributed to the combined effects of K and T. The p-values for both
independent variables (K and T) were less than 0.05, confirming that
these variables are statistically significant in predicting the CS, FS, and
M values of the mortar series. Furthermore, it was observed that K and T
exhibit a negative relationship with CS and FS, while demonstrating a
positive relationship with M.

The model equations derived from the statistical analysis are pre-
sented below in Equations (3.3)-(3.6).

F=194+ (-2.7)*K (3.3)
CS$=66.214 + (-0.044)*T +(-1.236)*K 3.4)
FS = 6.479 +(-0.005)*T + (-0.079)*K (3.5)

M = 6.406 + (0.002)*T + (0.156)*K (3.6)

F: Flow table diameter (mm); CS: Compressive strength (MPa); FS:
Flexural strength (MPa); M: Mass loss (%); K: K replacement level (%); T:
Temperature (°C).

The models presented in Equations (3.3)-(3.6) were employed to
predict the F, CS, FS, and M values of the geopolymer mortar series
produced in this study. The relationships between the experimental re-
sults obtained from the series and the predicted values are illustrated in
Fig. 19. The predicted models and experimental data exhibit a ‘very
strong’ linear relationship (R? > 0.9) for F, FS, and M, while a ‘good’
linear relationship (R2 = 0.7983) is observed for CS.

The results of the statistical evaluation revealed that K content (%)
and applied temperature (T) exert a statistically significant influence on
the compressive strength (CS), flexural strength (FS), and mass loss (M)
of the geopolymer mortars. According to the sensitivity analysis
(Table 4), the contributions of K and T to CS were 45 % and 53.7 %,
respectively, while their contributions to FS were 18.6 % and 80.4 %,
and to M were 89.6 % and 9.4 %, respectively. The analysis indicated
that T had the most substantial impact on the CS and FS outcomes of the
geopolymer mortars, whereas K content exerted the predominant effect
on the M outcomes.
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Table 4
Statistical analysis of strength test results.

Hybrid Advances 10 (2025) 100479

Dependent variable Independent variable

Statistical parameters

Sequential sum of squares Mean square F p-value Contribution
Compressive K replacement level (%) 1267.912 422,637 105.819 0.000 45 %
Strength, (CS) T (temperature °C) 1514.912 504,971 126.434 0.000 53.7%
Error 35.946 3994 - - 1.3%
Total 2818.769 - - - -
Flexural Strength, (FS) K replacement level (%) 4.564 1.521 57.058 0.000 18.6 %
T (temperature °C) 19.732 6.577 246.674 0.000 80.4 %
Error 0.240 0.027 - 0.1 %
Total 24.536 - -
Mass loss, (M) K replacement level (%) 9.237 3.079 193.383 0.000 89.6 %
T (temperature °C) 0.970 0.485 30.463 0.001 9.4 %
Error 0.096 0.016 - - 0.9 %
Total 10.303 - - - -

Correlation matrices illustrate the relationships among parameters.
A correlation coefficient exceeding 0.8 between two properties suggests
a strong linear relationship [59]. The Pearson correlation matrix,
developed to demonstrate the extent of the relationships between the
design parameters (K and T) and the experimental results (CS, FS, and
M), is presented in Fig. 20.

Pearson correlation coefficients range from +1 to —1. Accordingly, a
value of *+1’ denotes a perfect positive correlation, ’-1’ signifies a perfect
negative correlation, and ‘0’ indicates no correlation. In assessing cor-
relation strength, coefficients between 0.4 and 0.6 are classified as
‘moderate,” those between 0.6 and 0.8 as ‘good,” and those between 0.8
and 1.0 as ‘strong.” Positive correlations are represented in red, whereas
negative correlations are depicted in blue.

According to Fig. 20, a moderate negative correlation exists between
CS and K (Pearson —0.52), while a strong negative correlation is
observed between CS and T (—0.73). This indicates that increasing K
moderately reduces CS, whereas increasing T markedly lowers CS. No
correlation exists between K and T (0), suggesting their independence.
Similarly, FS shows a weak negative correlation with K (—0.36) and a
very strong negative correlation with T (—0.89), implying that
increasing K slightly decreases FS, while increasing T substantially re-
duces FS. Conversely, a very strong positive correlation is found between
Kand M (0.94), and a weak positive correlation between T and M (0.28),
indicating that increasing K significantly increases M, whereas
increasing T results in a marginal increase in M.

3.8. Microstructure analysis

Microstructure analysis is a critical method for elucidating the effects
of K on BFS-based geopolymer mortar. The geopolymer mortar series

Pearson
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Fig. 20. Pearson correlation matrices illustrating relationships between design
parameters and test results of the geopolymer mortar series.
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were air-cured at ambient temperature from the time of production until
the 28th day. Following curing, the internal structure of samples ob-
tained from C, K5, K10, and K15 was analyzed using a ZEISS Supra 40 V
P field emission scanning electron microscope (FESEM), as shown in Fig.
s 21 and 22.

In the geopolymer mortar series, the formation of dense C-A-S-H
(calcium aluminosilicate hydrate) and N-A-S-H (sodium aluminosili-
cate hydrate) binding phases was observed. Studies in the literature [27,
45] have demonstrated that when BFS, a calcium-rich precursor, is used,
the primary reaction products of the alkali-activated binder are C-S-H
and C-A-S-H gels. Additionally, N-A-S-H-type gels are likely to coexist
as minor secondary products alongside C-A-S-H-type gels across most
of the compositional range of alkali-activated BFS [64]. The elevated
silica (SiO,) and alumina (AlyO3) content in BFS provides a suitable
matrix for geopolymerization, while its high calcium oxide (CaO) con-
tent promotes the formation of hydration products. The mortar matrices
of the C and K5 series exhibited a dense and homogeneous microstruc-
ture with a predominantly smooth surface morphology. In the K5 series,
the absence of a distinct boundary between the aggregate and the geo-
polymer matrix suggests a strong interfacial bond and indicates the role
of K in micro-pore filling (Fig.s 21(b) and 22(a)). While the fineness of K
is hypothesized to enhance micro-pore filling and contribute to the
observed densification in the K5 series, further studies incorporating
particle size analysis and porosity measurements are recommended to
substantiate this relationship. Furthermore, previous studies have
demonstrated that the incorporation of fine materials can enhance ma-
trix densification by reducing interfacial porosity and refining the pore
structure [65-69]. Our findings align with these studies, supporting the
hypothesis that the fine particles of K contribute to micro-pore filling
during the geopolymerization process.

The microcracks and visible voids observed in the internal structure
of the K10 and K15 series (Fig.s 21(c), 21(d), and 22(b)) are attributed to
rapid early strength development and the evaporation of unreacted free
water. As observed in Fig. 21(c), some BFS particles (visible as bright
white regions) may not have fully reacted during the geopolymerization
process, resulting in the presence of anhydrous phases within the matrix.
Additionally, fresh mortar tests revealed that the high water absorption
capacity of K caused water to be absorbed by its particles in the fresh
state, which evaporated from the matrix during curing, creating voids in
certain areas. Consistently, Eryllmaz and Polat [70] reported that
incorporating recycled geopolymer aggregates with high water absorp-
tion capacity into geopolymer mixtures resulted in void formation
within the matrix, attributing this to water absorbed in the fresh state
evaporating during curing and leaving voids in certain regions. This
resulted in diminished mechanical properties in the geopolymer mortar
series with high K content, such as K10 and K15. FESEM images of the
K15 series further reveal unfilled pores within the matrix, suggesting
that the integrity of the mortar matrix deteriorated with increasing K
content, thereby contributing to structural weaknesses. The elevated
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K50 content in K may react with NaOH and Na,SiOs3 solutions, poten-
tially leading to an excess of alkali activation products. This excess could
induce crystallization and microcracking under highly alkaline condi-
tions. Mechanical test results confirm that these factors adversely
affected the mechanical properties of the mortar.

The presence of pores and microcracks offers valuable insights into
the durability and strength of the mortar. A comparison of the internal
structures of the C and K5 series revealed that the K5 series, containing 5
% K, exhibited microcracks that were less dense and narrower than those
in the C series. This reduced microcrack density likely helps preserve
material integrity, thereby enhancing mechanical strength, particularly

compressive strength. As indicated in Table 1, K contains CaO (12.35 %)
and MgO (7.52 %), which may contribute to the strength of the geo-
polymerization process. While CaO may support matrix densification
through the formation of gels such as calcium silicate hydrate (C-S-H)
[71], MgO could also play a role in enhancing mechanical properties.
For instance, Hu et al. [72] suggest that MgO may facilitate the forma-
tion of magnesium silicate hydrate (M-S-H) gels, potentially increasing
microstructural compactness. Similarly, Bernal et al. [73] indicate that
MgO might promote the development of hydrotalcite-like phases, which
could coexist with other gels to improve microstructural stability and
contribute to strength over time. In summary, MgO may enhance
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strength by supporting the formation of M-S-H gels and
hydrotalcite-like phases, which could reinforce the matrix’s integrity
and durability. Furthermore, in the K5 series (Fig. 22(a)), a strong bond
between the aggregate and the matrix was observed. This robust inter-
facial bonding is believed to enhance the flexural strength of the K5
series by facilitating more effective load transfer.

4. Conclusions

This study investigates the effects of ash (K) derived from the
incineration of SCG on the workability, physical properties, mechanical
performance, microstructural characteristics, and high-temperature
behavior of ambient-cured BFS-based geopolymer mortars. The find-
ings, based on experimental and statistical analyses, are presented
below. In this context.

e The replacement of sand with K in geopolymer mortars increased the
water demand of the mixture due to K’s finer particle size and porous
structure compared to sand. Consequently, incorporating K at levels
up to 15 % reduced the workability of the series at all levels, resulting
in a workability reduction of up to 21 %.

The K5 series exhibited compressive strength increases of 8.9 % and
16.3 % after 7 and 28 days of curing, respectively, compared to the C
series, whereas the compressive strengths of the K10 and K15 series
decreased across all curing periods. Comparable trends were
observed in flexural strength.

Under high-temperature conditions, the K15 series exhibited the
greatest mass loss, whereas the C series showed the least. As the
temperature increased to 400 °C, substantial mass losses were
observed across all series. However, at 600 °C, mass loss in all series
nearly stabilized, with samples retaining their physical integrity.
Additionally, the K5 and K10 series demonstrated the highest resis-
tance to elevated temperatures in terms of strength retention,
whereas the K15 series experienced the most significant strength
loss.

The apparent porosity and water absorption by weight ranged from
7.8 % to 9.7 % and from 3.6 % to 5.2 %, respectively. In all series
except for K5, both apparent porosity and water absorption increased
with increasing K content.

According to the developed multiple regression models, T (°C)
exerted the strongest influence on the CS and FS of the mortars,
whereas K (%) had a greater impact on M (%). This finding is ex-
pected to significantly aid researchers in optimizing mix designs,
thereby reducing costs and experimental time.

Microstructure analyses of the mortar series revealed that the K5
series exhibited strong bonding between the geopolymer matrix and
the aggregate, low crack formation, and a more homogeneous
structure. In contrast, the K10 and K15 series displayed a higher
number of microcracks and pores compared to the other series,
which was assessed to have a negative impact on their mechanical
strengths.

In conclusion, further studies utilizing additional aluminosilicate
sources, such as metakaolin or fly ash, or alternative alkaline acti-
vators, such as potassium hydroxide or potassium silicate, are rec-
ommended. These studies are intended to improve the mechanical
strength, durability, and thermal resistance of geopolymer mortars in
which K replaces aggregate, thereby contributing to a more efficient
mix design.
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