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1. Introduction

Geopolymer concrete has recently attracted increasing attention as an alternative to
traditional concrete due to its low carbon emissions and environmental friendliness.
In addition, geopolymer concrete has great potential due to the use of industrial
waste materials in its mixture and its high performance. The aim of this study is to
experimentally investigate the effects of adding 0%, 10% and 20% silica fume
instead of granulated blast furnace slag in the geopolymer mixture and 1% basalt
fiber and polymer fiber addition on the performance of geopolymer concrete under
high temperatures. In the study, both dry unit weight and water absorption rate for
the evaluation of physical properties and compressive and flexural strength
properties for the evaluation of mechanical performance were investigated in detail.
212 cube and 108 prism samples with dimensions of 50x50x50 mm and 40x40x160
mm were produced, respectively. Samples were exposed to temperatures of 20°C,
100°C, 200°C, and 400°C, and compressive strength, flexural strength, mass loss,
and load-deflection curves were analyzed. The results obtained showed that
although the temperature increased up to 100°C, causing the strength to increase by
25%, the strength of the samples decreased by 70% at a temperature of 400°C. In
addition, it was observed that the strength of the samples decreased with the increase
of the SF ratio in the mixtures, but the use of polymer fibers balanced the mentioned
negative effect. These findings show that durable and sustainable building materials
can be produced under high temperature conditions when the SF and fiber type are
optimized together. The study contributes to the material design for applications
requiring high temperature resistance.

Geopolymer is a new type of concrete made without cement and instead uses a binding system that uses
alkali to harden it instead of traditional Portland cement. The system that binds this concrete together is
formed by reacting industrial or agricultural wastes, or natural resources a high content of aluminum and
silicon (fly ash, granulated blast furnace slag, metakaolin, volcanic tuff, marble dust), with alkali activators
including sodium hydroxide (NaOH) and sodium silicate (Na,SiOs3). The alkali-activated geopolymeric
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structure is an amorphous or semi-crystalline aluminosilicate network system that gives rise to mechanical
strength of concrete, acting like conventional cement hydrates by giving a binder system [1-5].

The most important advantage of geopolymer concrete is that it significantly reduces carbon emissions
because it does not use Portland cement in its production. Since the cement industry is responsible for
approximately 7% of global CO: emissions, geopolymer concrete has great potential for environmental
sustainability [6-8]. In addition, this type of concrete can exhibit superior engineering properties such as high
early and final compressive strength, good acid and sulphate resistance, and high temperature resistance. In
addition, the durability and low permeability of geopolymer concrete make it suitable for use in infrastructure
projects, industrial floor coverings, and structural elements exposed to high temperatures [9-11]. However,
like any new material, there are also some challenges related to geopolymer concrete. For one, the mix design
and optimization of alkali activator ratios can be complex, and thus, no standardized procedure has been
widely accepted by industry yet. Moreover, fresh concrete properties like workability and setting time may
range greatly based on raw material and mixing conditions. These challenges are being overcome thanks to
research, and geopolymer concrete is taking its place among sustainable building materials [12-14].

Different types of fibers (steel, glass, carbon, polypropylene, basalt, etc.) when incorporated into
conventional geopolymer concrete matrices yield construction material with enhanced mechanical and
durability properties, commonly referred to as fibrous geopolymer concrete. Due to the random distribution
of fibers in the geopolymer matrix and the restriction of crack propagation, this kind of concrete contributes
not only high compressive strength but also high tensile, flexural, and impact resistance. Similar to
conventional fiber concrete based on cement, the main task of the fibers added to the mixture is to control
the formed microcracks and to provide a more ductile behavior by reducing the brittleness of the concrete.
These attributes are particularly useful in constructions susceptible to earthquake effects, prefabricated
components, precast elements, high temperature resistance applications, and infrastructure systems subjected
to corrosive environmental conditions [15-20]. Not only does fiber geopolymer concrete have better
mechanical properties, but it also has better environmental durability. With the fiber additive, this type of
concrete can reduce the surface area of cracks, which helps prevent the penetration of harmful ions, while
having a high resistance against chemical effects such as sulfate, chloride ions, or acid attacks. It is also a
major plus when it comes to fire resistance. Thereby, explosive spalling on one hand can be prevented by
the adhesion of micro channels formed as a result of the melting of the polypropylene fibers at certain
temperature ranges by reducing the internal pressure at high temperatures. Because of this, fiber geopolymer
concrete has emerged as an effective solution in applications such as tunnel linings, nuclear energy facilities,
and fire-resistant wall panels [21,22].

The influence of fiber admixture on geopolymer concrete relies on the precise selection of fiber type,
volume proportion, aspect ratio, and evenly dispersed distribution. For instance, steel fibers enhance flexural
and impact strength considerably when reinforced to tensile strength, while glass and basalt fibers provide a
lighter alternative with improved corrosion resistance. Since polypropylene has a specific gravity of less than
one, it also aids in preventing plastic shrinkage cracks and helps with increasing fire resistance. It is proven
in the literature that the ductility and energy absorption capacity of the geopolymer concrete increase
significantly at even low fiber ratios (0.5—1.5%). They also modify the stress distribution at the tips of cracks,
delay the consolidation and propagation of cracks, and finally avoid the sudden rupture of the concrete,
making it present a more ductile behavior [23-25]. Besides, the impact of fiber additives on fresh concrete is
another key issue. In general, the incorporation of fiber decreases the workability of the mixture, requiring
more intensive mixing. In those cases, the fibers tend to tighten or are not obtained homogeneously
distributed, thus in geopolymer compositions with low water/binder ratios [26-28]. Hence, the inclusion of
superplasticizers and optimal mixing times becomes highly critical. The interaction of the alkaline
environment with the fibers also needs to be carefully considered. Some glass fibers, e.g., e-glass, are known
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to lose strength in the long term in highly alkaline environments, whereas basalt fibers tend to be more
durable. Thus, in addition to the mechanical contributions, fiber selection should be tailored to provide
optimal long-term performance [29-31].

The behavior of geopolymer concrete against high temperature effects is one of the most striking features
of this type of concrete. While high temperatures in traditional Portland cement-based concretes, especially
above 300°C, can cause significant strength losses, microstructure deterioration, and sudden and dangerous
damages such as explosive spalling, geopolymer concrete exhibits a much more resistant performance
against high temperatures due to its chemical structure. This resistance is mainly due to the amorphous or
semi-crystalline aluminosilicate network structure of the geopolymer matrix. This structure is more thermally
stable and can largely maintain its binder system even at high temperatures [32-35]. The performance of
geopolymer concrete in the temperature range of 200-800°C can typically be addressed in three phases. Free
water evaporation usually occurs in the first stage between 200-300°C. At this temperature level, a limited
loss of strength or, in some cases, temporary increases in strength can be observed. This increase is linked to
the evacuation of water from the microstructure, reducing porosity and densifying the matrix. However,
above 400°C, loss of bound water and the formation of microstructure cracks and thermal expansion
differences lead to a reduction of compressive strength. This loss of strength is particularly pronounced at
600°C and above, but it is usually still less pronounced than with cementitious-based concretes [36-42]. The
strength of geopolymer concrete in a high temperature environment is influenced by various factors such as
the type of aluminosilicate source, such as fly-ash or slag, the chemical composition of the binder, type and
ratio of alkali activator, curing method, type of aggregate used in the mixture, and the types of fibers used if
any. Mixtures including granulated blast furnace slag (GBFS) are more beneficial with respect to high
temperature resistance since they comprise a denser and tightly structured material, comparable to fly ash-
based materials. In addition, the potential effect of basalt or polypropylene fiber additives is positive for
cracking, bursting peeling under high temperature [43-46].

Although prior studies have examined granulated blast furnace slag, silica fume, and fiber effects
separately, their combined influence under high temperatures remains underexplored. This study fills that
gap by evaluating how different fiber types and SF ratios jointly affect the mechanical and thermal behavior
of geopolymer concrete, offering guidance for mix optimization in heat-exposed environments. This paper
investigates the effects of high temperature (100, 200, and 400°C) and fiber type (basalt and polymer), and
silica fume content on the mechanical and physical properties of geopolymer concrete through 212 cubes
and 108 prism samples. Silica fume was used as a replacement for GBFS at 0%, 10% and 20% and the fiber
volume was used at 1% for all samples. 24-hour compressive strength and flexural strength tests were
performed to assess the effects of silica fume content and fiber type on the mechanical properties of the
geopolymer concrete. Three-point flexural test was applied to determine the load-deflection curves and
energy dissipation capacity of samples. Moreover, dry unit weight and water absorption capacity of the tested
samples were obtained to determine the physical properties of geopolymer concrete. The compressive
strength loss and mass loss results of the tested samples after exposure to high temperature were also
investigated experimentally.

2. Experimental program

2.1. Materials

In this study, granulated blast furnace slag (GBFS) was used as the main binder material for the production
of geopolymer concrete. Blast furnace slag is generally a by-product obtained during the production phase
in iron and steel plants. GBFS used in the mixture complies with ASTM C618 [47] standard. The chemical
and physical properties of GBFS are presented in Table 1. XRD pattern and particle size of GBFS are shown



Journal of Structural Engineering & Applied Mechanics 52

in Fig. la and Fig. 2a, respectively. The XRD pattern of the GBFS is characterized by its amorphous nature,
as evidenced by a broad hump in the 20°-35° range. This indicates the dominance of the glassy phase and
confirms that the slag predominantly possesses a vitreous-amorphous structure. The image of GBFS used in
the geopolymer mix is shown in Fig. 3. The specific gravity and specific surface area of GBFS are 2.88 g/cm?
and 5445 cm?/g, respectively.

In the study, silica fume (SF) was used instead of GBFS at three different rates (0%, 10% and 20%) to
investigate the effect on the physical, mechanical, and thermal properties of the mixtures. The chemical of
SF is presented in Table 1. The specific gravity of silica fume is 2.25 g/cm* and the fineness modulus is 21.2
m?*/g. The XRD pattern and particle size analysis of SF are presented in Fig. 1b and Fig. 2a, respectively.
XRD pattern of SF (silica fume) exhibits an amorphous character rather than a crystalline one, as the absence
of distinct peaks confirms the glassy nature of the nanosized spherical SiO: particles. The image of SF used
in the geopolymer mix is shown in Fig. 3. Two different materials, sand and quartz, were used as fine
aggregate in the geopolymer concrete mixture. The specific gravity of the quartz material is 2.71 g/cm?. In
addition, the chemical properties of the quartz material are presented in Table 1. The XRD pattern and
particle analysis of the quartz material are shown in Fig. 1c and Fig. 2b, respectively. The XRD pattern of
quartz presents an entirely different structure from GBFS and SF; the presence of sharp and well-defined
peaks reflects a highly crystalline structure. In particular, the intense peak around 25° indicates the high
crystalline purity of the material. This crystalline structure suggests that quartz sand behaves as an inert filler
and would participate only minimally in chemical reactions within binder systems. In addition, the specific
gravity of the sand is 2.65 g/cm?. Particle size analysis of sand is shown in Fig. 2c. The images of quartz and
sand as fine aggregate are shown in Fig. 3.

Table 1. Chemical and physical properties of GBFS, SF, and Quartz (%)

Property GBFS SF Quartz
SiO2 37.8 94.8 97.2
CaO 34.6 0.4 -
AlLO3 10.5 0.4 12.4
MgO 7.9 0.7 <0.1
Fe203 3.4 0.9 0.3
SOs 2.5 0.3 -
K20 0.8 0.6 -
Na20 0.6 0.4 -
LOI 0.4 - -
Specific gravity (g/cm?) 2.88 2.25 2.71
Setting time (Initial/Final) 155/230 - -
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Fig. 1. XRD pattern of (a) GBFS, (b) SF, (c) quartz
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Fig. 2. Particle size analysis of (a) GBFS and SF, (b) quartz, (c) fine aggregate

Fig. 3. Image of materials used in geopolymer mix

In the fibrous samples, two different fiber types, basalt (BF) and polymer (PF), were used at a constant
rate of 1%. The technical specifications of BF and PF are presented in Table 2. It was aimed to benefit from
the high strength and chemical resistance of BF and PF randomly distributed in the geopolymer matrix. The
length of BF and PF is 12 mm. The specific gravity of BF and PF is 2.7 and 1 g/cm?, respectively.

Sodium silicate (Na,SiO3) and sodium hydroxide (NaOH) were used as alkali activators in the
geopolymer composite. Sodium silicate and sodium hydroxide were used in the mixture to initiate the
reactions of the geopolymer composite. The Na,SiO3/NaOH ratio was preferred as 2.5 based on past studies

and the fluidity of the mixtures [48-50]. The density of NaOH at 30 °C is 1.2 g/cm® and the boiling point is
1390 °C. The density of Na,SiOs at 20 °C is 1.42 g/cm?’. In addition, the purity level is 2 modules. The

technical properties of NaOH and Na,SiOs are shown in Table 3.

Table 2. Technical properties of BF and PF

Property BF PF
Tensile strength (MPa) 4840 800-1100
Melting temperature (°C) 1450 255~265
Diameter ({m) 9-23 17-21
Length (mm) 12 12
Specific gravity (g/cm?) 2.7 1
Elastic modulus (GPa) 89 -

Temperature limit (°C)

Image

-250 ~+950
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Table 3. Chemical components of NaOH and Na>SiO;

NaOH NaxCO3 Cl SO4 Al Fe Si02 Na20 H20
NaOH 98 0.2 <0.01 <0.01 <0.01 <0.01 - - -
NazSiO3 - - - - - <0.01 28.4 8.6 62.2

2.2. Mix and sample preparation

In this study, three different geopolymer concrete mixtures based on GBFS were produced. The number of
components used in geopolymer mixes is depicted in Table 4. Mixing ratios were created based on past
studies [51-53].

In the first geopolymer mixture (Mix-1). In the second (Mix-2) and third mixtures (Mix-3), SF was used
by replacing GBFS. In Mix-2 and Mix-3, SF was replaced with GBFS by 10% and 20%, respectively. Sand
and quartz materials were used as fine aggregates. In addition, NaOH and Na,SiO; were used as alkali
activators.

The concrete casting processes of the samples were carried out at the Civil Engineering Laboratory at
Atatiirk University. All samples were carried out in a laboratory environment and with a 5 dm? capacity
mixer. Concrete casting was carried out in three steps. In the first step, solid materials (GBFS, SF, and
aggregates) were mixed at 145 rpm for 2 minutes. In the second step, basalt/polymer fibers were added to
the mixture and mixed for another 2 minutes at 145 rpm. In the third step, alkali activators were added to the
mixture and mixed for another 2 minutes at 280 rpm. After the mixture was prepared, it was poured into steel
molds. After the geopolymer concrete mixtures were poured into the molds, they were wrapped in stretch.
All samples were cured at 60°C for 4 hours after production. After the heat curing, the samples were kept in
the laboratory until the test day. The images of the heat-cured and kept in the laboratory are presented in Fig.
4. The schematic of the process from the production process of the samples to the testing day is presented in
Fig. 5.

Table 4. Materials proportions of geopolymer mixes (kg/m?)

Material Mix-1 (0%SF) Mix-2 (10%SF) Mix-3 (20%SF)
GBFS 700 630 560
SF - 70 140
Sand 593 582 571
Quartz 404 394 390
NaOH 148 148 148
NaSiOs 370 370 370

Fig. 4. Images of tested samples after casting
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Fig. 6. High temperature process

One of the aims of this study is to determine the loss of compressive strength and mass loss after the high
temperature effect on the samples. Therefore, high temperatures of 100°C, 200°C, and 400°C were applied
to the samples. The temperature procedure applied to the samples and the picture of the samples are presented
in Fig. 6. The temperature effect was applied to the samples in the laboratory environment with the help of
an oven. The samples were exposed to a temperature increase of +5°C/min until the target temperature. After
reaching the target temperature, all samples were exposed to high temperatures for 120 minutes. Then, all
samples were cooled in the oven at 5°C/min.

Sample parameters were used when labelling the samples. The first letter of the labelling indicates the
SF ratio of the sample. SFO, SF10, and SF20 represent 0%, 10% and 20% FS ratio, respectively. The fiber
content of the sample is shown in the second row. NF, BF, and PF represent Non-Fiber, Basalt Fiber, and
Polymer Fiber samples, respectively. The temperature value to which the samples were exposed is shown in
the last row. For example, the SF20/BF/200 naming indicates that the SF ratio is 10% and the basalt fiber
sample is exposed to 200°C.
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2.3. Testing procedures

The three-point flexural test was applied to prism samples with dimensions of 40x40x160 mm according to
the ASTM C348-19 [54] standard to evaluate the flexural strength of the tested samples. The flexural test
setup is presented in Fig. 7a. The load-displacement curves of the flexural test applied samples were plotted.
Cube samples with dimensions of 50x50x50 mm were used to investigate compressive strength. The
compressive strength test setup applied according to ASTM C349-18 [55] standard is presented in Fig. 7b.
Transport properties of geopolymer concrete were assessed on the specimens with a 50x50x50 mm size after
24 hours. The tests to determine the transport properties were performed according to the ASTM C642-13
[56], such as dry unit weight and water absorption capacity (as seen from Fig. 7¢). Both the compressive
strength loss and weight loss results of the tested samples after high temperature exposure were also
calculated. Three of the samples were produced, and the average of the three samples was used in the relevant
tables and graphs. In addition, all samples were subjected to the relevant test 24 hours after production.

3. Results and discussion

This section evaluates the physical properties (water absorption and dry density), mechanical properties
(compressive strength, flexural strength), and durability performance (high-temperature resistance) test
results.

3.1. Physical properties

The dry unit weight and water absorption rate results of the samples are presented in Fig. 8. It is seen that
both the SF ratio in the mixture and the fiber type have an effect on the dry unit weight. From Fig. 8a, the
increase in the SF ratio in the mixture generally decreased the dry unit weight. For example, while the average
unit weight of the mixtures containing 0% SF (SF0) was 2186.7 kg/m?, when the SF ratio was increased to
20%, this value decreased to an average of 2125.3 kg/m?*. This supports the effect of SF addition in reducing
the unit weight. First of all, since the specific gravity of SF (2.25 g/cm?) is lower than the specific gravity of
GBFS (2.88 g/cm?), the increase in the SF ratio in the mixture decreased the dry unit weight. SF has very
fine particles with a fineness modulus of 21.2 m%/g. SF has increased workability due to its fine particle size.
However, SF can cause a porous structure in the matrix. The increased porous structure in the matrix caused

a decrease in dry unit weight. The increase in the SF ratio in the mixture also caused an increase in porosity

and, therefore, a decrease in dry unit weight.

Fig. 7. Test setup for (a) flexural, (b) compressive, (c) absorption properties
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SF is a very fine-grained (very high specific surface) pozzolanic material, which increases the activator
requirement of the mixture and reduces workability. Under sufficient time, sufficient humidity, appropriate
pH balance, and sufficient temperature parameters, SF has a high ability to chemically react. The 60°C
temperature cure applied to the samples after the casting process for 4 hours may not have created suitable
conditions for SF to fully react. This means that there may have been unreacted SF particles in the matrix.
For geopolymerization to occur in the matrix, the pH value of the medium must be high (>12). Although
high pH is sufficient for SF to dissolve, the geopolymerization reaction between dissolved silica and alumina
must be completed for the reaction to continue. If the curing conditions are not suitable, SF particles may not
contribute sufficiently to the formation of the binding gel. Unreacted SF particles and insufficient binding
lead to the following results: (i) Low-adherence transition zones may form around SF particles. (ii)
Microcracks and voids may form in these weak zones. (iii) Due to the high fineness of SF, porous structure
formation may increase despite the increased water demand. (iv) Voids formed around unreacted SF grains
after curing cause high porosity. Short-term heat curing and limited reaction of silica fume in a high alkaline
environment cause SF to act as a "filler" instead of a binder. This increases void formation in transition zones
and causes both a decrease in unit weight and an increase in water absorption rate. This effect can be
optimized with long curing times or different activator ratios. Seving and Durgun [57] also stated that
increasing the SF ratio in the geopolymer mixture reduces the dry unit weight. Kumar et al. [S8] and Zhu et
al. [59] similarly reported that the use of SF in the geopolymer matrix or the increase in the SF ratio in the
matrix caused a more porous structure and thus decreased the dry unit weight.

A similar effect to the SF ratio in the mixture was observed in the fiber type. The fiber type in the
geopolymer mixture also affects the dry unit weight. The dry unit weight of the fiber-free samples is generally
higher than the fiber samples. The reason for this situation may be that the fibers randomly distributed in the
matrix in the fiber samples cause a porous structure in the matrix. Especially in the SF20BF20 sample (2136
kg/m?), the porosity-increasing effect of the fiber is observed. The specific gravity of PF is quite low (1.0).
This caused the samples containing PF to have lower unit volume weights. For example, the SF20PF20
sample shows the lowest value with 2064 kg/m>. The volumetric coverage of low-density polymer fibers in
the matrix increases the volume of the concrete without increasing its mass, which in turn reduces the density.
As a result, the increase in the SF ratio in the mixture reduces the total specific gravity and compactness of
the mixture, thus causing the dry unit weight to decrease. Fiber additives showed different effects on dry unit
weight depending on the type of fiber used. While fiber-free samples had higher density, this value decreased
significantly in samples using low-specific-gravity polymer fibers. This is related to both the physical
properties of the fibers and their effects on the void structure in the mixture.
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The water absorption capacity of the samples is directly related to the porosity and pore structure of the
matrix. In addition, the water absorption capacity provides important information about the permeability and
durability performance, and the microstructure of the samples. In this study, it is seen from Fig. 8b that both
the SF ratio in the mixture and the fiber type are effective on the water absorption rate of the samples. The
increase in the SF ratio increased the water absorption rate of the samples. This situation is related to the
reasons mentioned above. In other words, since SF causes a porous structure in the matrix, it increases the
water absorption capacity. Since the increase in the SF ratio limits the formation of the binder gel in the
mixture, it causes the matrix to gain a more permeable structure. This permeability increases the water
absorption capacity. Shariati et al. [60] and Rukzon et al. [61] stated that increasing the SF ratio in the mixture
increases the water absorption capacity by approximately 29%.

The type of fiber used in the mixture affects the water absorption capacity since its distribution within
the matrix is effective. The lowest water absorption rate was generally obtained in samples without fibers
due to the more homogeneous and compact structure of the mixture. This situation has reduced the porosity
of the samples and limited the water absorption capacity. Although basalt fibers have a high elastic modulus
and high specific gravity, they can cause voids to form at the fiber-matrix interfaces when they are randomly
distributed in the mixture. In addition, basalt fibers may cause microcracks after curing due to thermal
expansion. The water absorption capacity of samples using polymer fibers is lower than those using basalt
fibers. It is thought that the reason for this situation is that the flexibility of polymer fibers creates fewer
microcracks compared to basalt fibers, and therefore, their water absorption rates are lower than BF. As a
result, it was concluded that both the SF ratio and the fiber type have a significant effect on the water
absorption capacity. The increase in the SF ratio caused water to penetrate more easily into the concrete due
to the increase in the number of unreacted particles and micro porosity. Since basalt fibers cause microcracks
at the matrix interface, water penetration is easier. The effect of polymer fibers on water absorption capacity
was moderate. These findings show that the selection of SF ratio and fiber type should be made carefully to
increase physical durability, and that especially high SF ratios and basalt fibers can cause negative effects in
terms of permeability when used together. Haruna et al. [62] and Li et al. [63] reported that the increasing
basalt fiber ratio in geopolymer concrete increased the water absorption capacity.

3.2. Mechanical properties

3.2.1. Compressive strength

Compressive strength results are shown in Fig. 9. First of all, the effect of SF ratio on compressive strength
was evaluated. Increasing the SF ratio from 0% to 10% in samples other than polymer fiber samples
decreased the compressive strength. Increasing the SF ratio did not have a significant effect on compressive
strength in polymer fiber samples. Increasing the SF content in fiber-free and basalt fiber samples caused the
compressive strength to decrease by 17% and 11%, respectively. Increasing the SF ratio in the matrix limited
the formation of binder gel at an early age (24 hours). As is known, a three-dimensional N-A-S-H network
is formed at the end of the geopolymerization process in geopolymer concrete. The formation of this three-
dimensional network occurs in three basic steps. In the first step, Si*" and AI** ions are formed by dissolving
SF and GBFS materials in a high pH environment. In the second step, these ions react with alkali activators
during the polycondensation process and form the N-A-S-H network. In the third step, the N-A-S-H network
hardens and forms the binder phase. In the 24 hours, the inclusion of SF in the above mechanism was slower.
For this reason, the formation of the N-A-S-H network was slower. In this case, increasing the SF ratio from
0% to 10% caused a decrease in the compressive strength. Since GBFS contains both CaO and Al2Os, it
causes the formation of N-A-S-H and C-A-S-H type binder gels. Since SF provides only silica in the matrix,
the Al source in the matrix is limited. In other words, when the GBFS ratio in the mixture decreases and the
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SF ratio increases, the compressive strength also decreases due to the decrease in the Al source. Moreover,
SF could not react completely for 24 hours. In this case, it caused the formation of undissolved SF particles.
Since the undissolved SF particles in the matrix cause a porous structure, they cause the formation of
microcracks. The increase in the number of microcracks also caused the compressive strength to decrease.
However, due to its high fineness and high reactivity, the curing time of SF is short, and it cannot fully
participate in the geopolymer reaction under low temperature conditions to form binder gel, especially at
early ages. It can put a huge drop in early age strength. A higher SF ratio shows more signatures of this
effect. Thus, when applying SF, the curing time, ratios of activator and binder system balance shall be
optimized with precaution.

Another reason why the increase in SF ratio decreases the compressive strength is thought to be the low
adhesion between the insoluble SF particles in the matrix and the binder phase. Weak areas are formed due
to the low adhesion between the insoluble SF particles and the binder phase. Microcracks form in these weak
areas. Microcracks cause the integrity of the matrix to deteriorate, leading to a decrease in compressive
strength. In samples containing polymer fibers, increasing the SF ratio from 0% to 10% significantly tolerated
the decrease in compressive strength. The reason for this situation is that the polymer fibers strengthen the
weak areas between the insoluble SF particles and the matrix. Due to the flexible structure of the polymer
fibers, the formation of microcracks in the low-adhesion areas was limited. This situation also tolerated the
decrease in compressive strength.

Increasing the SF ratio from 10% to 20% also caused a decrease in the compressive strength. Increasing
the SF ratio from 10% to 20% in the fiber-free samples and basalt fiber samples decreased the compressive
strength by 20% and 28%, respectively. In the sample using polymer fiber, the effect of increasing the SF
ratio on the pressure reduction is limited. The reasons why increasing the SF ratio to 20% in the mixture
decreases the compressive strength are similar to the reasons above. Especially, increasing the SF ratio to
20% in the mixture caused the insoluble SF particles in the matrix to increase even more. In this case, it
caused a decrease in the compressive strength. Overall, as the SF ratio increased from 0% — 10% — 20%,
the compressive strength decreased. This reduction is attributed to the increase in unreacted SF particles,
micro-crack formation, decreased bonding gel formation, and increased porosity. Such adverse effects were
determined to be lower in polymer fiber mixtures and higher in basalt fiber mixtures. This study reveals that
even though the usage rate of SF is rising, optimizing the curing cycles and using a proper type of fiber can
minimize the strength degradation. In previous literature studies, it has been stated that increasing the SF
ratio in geopolymer concrete reduces the compressive strength [59,64,65]. Das et al. [58] reported that
increasing the SF content in geopolymer concrete decreased the compressive strength, although it improved
the slump value. Li et al. [66] stated that while there is an improvement in compressive strength when the
SF ratio is used up to 10% in geopolymer concrete, the compressive strength decreases when SF is used at a
rate greater than 10%. However, in this study, it is seen that the use of polymer fiber tolerates the negative
effect of SF on compressive strength.

Among the samples without SF, the mixture without fiber reached the highest compressive strength,
while among the samples containing 10% SF, the mixture with polymer fiber reached the highest
compressive strength. Moreover, among the samples containing 20% SF, the use of polymer fiber
significantly increased the compressive strength compared to other fiber types. Although basalt fibers have
a high elasticity modulus, they cause fiber agglomeration and a weak interface despite their irregular
distribution in the matrix, which causes a decrease in compressive strength. In addition, basalt fibers caused
the formation of microvoids in the transition regions. However, due to the thermal expansion coefficient of
basalt fibers being different from the matrix, it caused microcracks to form around the fibers, especially at
an early age. For these reasons, basalt fiber addition can reduce the compressive strength instead of increasing
it.
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Fig. 9. (a) compressive strength and (b) relationship between compressive strength and unit weight of tested samples

The use of polymer fibers in geopolymer concrete improved the compressive strength. In addition, the
polymer fibers had volumetric contributions due to their low specific gravity. In addition, due to the flexible
structure of the polymer fibers, they exhibited a more homogeneous distribution in the matrix. Due to the
more homogeneous distribution, a discontinuous environment was provided in the matrix. In addition, the
microcracks around the polymer fibers were fewer than the basalt fibers. Thus, the local stresses around the
polymer fibers were also limited. Moreover, the polymer fibers, especially in cases where the matrix weakens
at high SF rates, maintain the structural integrity with the crack bridging effect and play a role in improving
strength. Therefore, the SF20PF20 sample showed the highest strength in the entire SF20 group (35.35 MPa).
The fiber-free samples recorded the highest compressive strength values in this group owing to the absence
of weak points where fiber-matrix transition regions occur, particularly in the low SF ratios. On the other
hand, with no mechanism to control cracking, its performance in resisting environmental effects may be
curtailed. At low SF ratios, fiber-free mixtures gave the maximum value of compressive strength since the
matrix is solid and homogeneous. On the other hand, the polymer fiber additive had an obvious stabilizing
effect on the damaged matrix at high SF ratios and had a more favorable reaction than the basalt fiber
additive. Despite the potential for high strength, basalt fibers can limit compressive strength due to dispersion
issues and interfacial failure in the formulation. In such systems with high SF, polymer fiber must be
preferred considering mix design, whereas an increase in distribution homogeneity and workability for basalt
fiber must be achieved.

3.2.2. Flexural strength

The flexural strength results are presented in Fig. 10. Increasing the SF ratio caused a significant decrease in
the flexural strength of the fiberless samples. Among the fibered samples, it was observed that increasing the
SF ratio did not have a significant effect on the flexural strength. The flexural strength was high in basalt
fibered samples. SF has a significant effect on the flexural behavior of geopolymer concretes, especially
those cured at an early age. Among the fiberless samples, increasing the SF ratio caused a significant decrease
in the flexural strength. For example, while the fiberless mixture with a 0% SF ratio had a flexural strength
of 4.80 MPa, this value decreased to 3.39 MPa when the SF ratio increased to 20%. The reason for this
situation can be explained by the limited reaction of SF in the 24 hours. SF (with a high specific surface and
amorphous structure) is known to demonstrate high pozzolanic activity at the appropriate pH and temperature
conditions, yet the applied curing of 4 h at 60°C was insufficient for the complete activation of SF, resulting
in a higher amount of unresolved SF particles within the matrix. In the transition areas, having the excess
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binder, which led to the formation of weak adhesion zones due to the appearance of microcracks and
increased porosity of these transition regions, caused a descending effect on the flexural strength. However,
the negative effect of SF was partially balanced in the fiber-added mixtures. The addition of basalt fiber to
the mixture caused the negative effect of SF on the flexural strength to decrease. For example, while the
basalt fiber mixture with 0% SF ratio showed a flexural strength of 7.00 MPa, this value was measured as
6.20 MPa in a similar mixture with a 20% SF ratio. The ability of basalt fibers to avoid microcrack
propagation in the matrix and load distribution by the load-bearing fiber-matrix bridging mechanism, due to
its high elasticity modulus (89 GPa) and high tensile strength (~4800 MPa), proves this fact. However, it is
important to mention that based on the rigid structure of basalt fibers, in special conditions where there is no
or not enough binding gel generated in the matrices, voids and fiber agglomeration might take place at the
fiber-matrix interfaces. In the samples using polymer fibers, the effect of increasing the SF ratio on the
flexural strength was reduced. Due to the low specific gravity and flexible structure properties of the polymer
fibers, they were more homogeneously distributed in the matrix. Due to this homogeneous distribution, the
weak areas at the fiber-matrix interface were fewer compared to the basalt fiber samples. Moreover, due to
the flexible structure of the polymer fibers, the local stresses formed around the fibers were compensated.
Since the local stresses were compensated by the polymer fibers, the local stress concentrations were reduced.
The formation of microcracks was limited due to the decrease in these stresses. Therefore, the matrix
continuity is satisfied. This mechanism contributed to the preservation of the flexural strength, especially in
high-ratio mixtures where the binding capacity of the SF decreased.

The effect of using both basalt fiber and polymer fiber on the flexural strength is observed. Fibers played
an active role in resisting tensile stresses, especially in the tensile region of the section. Crack development
in the tensile region was limited. In addition, the bridging effect of fibers against cracks in the matrix was
also effective on the flexural strength. Due to the bridging mechanism of fibers against cracks, the continuity
of load transfer within the matrix was ensured. In this case, it prevented sudden and brittle fractures. The
load-deflection curves of the samples under flexural moment are presented in Fig. 11. In particular, the
significant effect of basalt fiber reinforcement on flexural performance is seen. It is seen that the load-
deflection curves of the samples consist of three regions. An elastic behavior is observed in the load-
deflection graphs of the samples in the first section. It is seen that the behavior in this region is independent
of the material property and is related to the section rigidity. In addition, the slope of this section also provides
information about the elastic modulus of the samples. This shows that the elasticity modulus of both basalt
and polymer fiber samples is higher than the samples without fibers. In the second region, at the end of the
elastic region, the graphs exhibit non-linear behavior instead of linear behavior. Although this behavior was
observed in basalt fiber samples, it was not observed in fiberless and polymer fiber samples. The third region
is the region where the strength decreases after the maximum load. In both fiberless and polymer fiber
samples, a sudden loss of strength was observed after the maximum load was reached. However, in basalt
fiber samples, the strength decreases after the maximum load is reached more gradually. However, the
ductility of polymer fiber samples is higher than that of fiberless samples. Also, the images of samples after
the flexural test are shown in Fig. 12.

In summary, both types of fiber can improve the flexural strength of SF-based geopolymer concrete, but
they have different effects and mechanisms. Basalt fibers make a brilliant contribution to preventing crack
development, owing to their high strength and rigidity, while polymer fibers limit the impact of microcracks
with their flexibility and constant distribution ability, and maintain continuity in the matrix. With increasing
SF ratio, the role of basalt fibers decreases slightly, with a high flexural strength maintained, while polymer
fibers show stable performance under increasing porosity and weak binding conditions. In this sense, it has
been concluded that fiber type and binding structure should be evaluated together in the design of the
geopolymer concrete, and that polymer fibers may be more advantageous in systems with high rates of SF
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use, and basalt fibers may be more productive in systems with less use. There are many studies in the
literature reporting that fiber reinforcement increases the flexural strength in geopolymer concrete [67-69].
However, studies indicating that the effect of SF on the flexural strength is tolerated by the fibers are limited.
In this study, it was concluded that the effect of SF on the flexural strength is tolerated by using both basalt
and polymer fibers.
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Fig. 12. Images of samples after the flexural test

3.3. High temperature effect

3.3.1. Compressive strength and mass loss after high temperature exposure

The compressive strength results of the samples after high temperature are presented in Fig. 13a. When the
temperature exposed to the samples increased from 20°C to 100°C, the compressive strengths increased by
5%-25%. When the temperature to which the samples were exposed was increased to 100°C, the excess
moisture in the sample evaporated, and the pores partially closed. This increased the compactness of the
matrix and caused the strength to increase. Significant increases were also observed in the compressive
strength of the fibrous samples. For example, the compressive strength of the SFOBF sample increased from
36.9 MPa to 42.5 MPa. The reason for this situation was that the fibers were better interlocked with the
matrix at high temperatures.

By increasing the temperature to 100°C, alkali activators in the matrix reached more surfaces at the micro
level and caused the geopolymerization process to progress better. In addition, especially due to the slow
reaction feature and low reactivity of SF during the 24 hours, binding phases such as N-A-S-H and C-A-S-
H were not fully formed. When the samples were exposed to 100°C, the solubility of Si** and Al** ions in
SF and GBFS increased. The dissolved Si** and AI** ions reacted more effectively with Na* ions and formed
N-A-S-H gels. Due to the presence of GBFS, CaO reacted and formed C-A-S-H gels. These binding gels
formed by the high temperature effect caused the filling of the voids in the matrix and the tightening of the
internal structure. In this case, it caused an increase in compressive strength. Moreover, the temperature cure
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applied to the samples for 4 hours at 60°C was not sufficient for the complete activation of SF. After the
samples were exposed to a temperature of 100°C, this temperature created an additional curing effect on the
samples. This second curing effect caused incomplete reactions in the matrix to progress. This situation
created a reaction accelerator effect in the matrix. After the samples containing Na-silicate and GBFS were
heated to 100°C, they may cause thermal contractions at the micro level. These thermal contractions
prevented the formation of local stresses due to basalt fiber and polymer fiber. The formation of cracks was
prevented in this way. The increase in the compressive strength of the samples produced from geopolymer
concrete due to exposure to a temperature of 100°C is related to chemical and physical processes such as (i)
decrease in the viscosity of the activators, (ii) better formation of binder gels during the geopolymerization
process, (iii) development of the cure effect, instead of “water evaporation and pore closure” as in traditional
concretes.

Increasing the temperature to 200°C causes the compressive strength increased, although the rate of the
increase in compressive strength decreased. However, the compressive strength remained constant in some
samples. Nevertheless, when compared to the compressive strength of the samples cured at 60°C, the
compressive strength of the samples exposed to 200°C increased significantly. In this case, as explained
above, this was due to the formation of more binder gel because of temperature. In the samples using polymer
fibers, there was a slight loss of strength. The reason for this situation is that the temperature of 200°C is
closer to the melting temperature of polymer fibers (255-265°C). For example, the compressive strength of
the SF10PF20 sample decreased from 39.55 MPa to 38.65 MPa. In the samples with basalt fibers (for
example, SFOBF20: 48.10 MPa), the strength reached its maximum value. This is due to the high temperature
resistance of the basalt fibres (+950°C). Heat treatment up to 200°C represents the optimum resistance level,
especially for mixtures with basalt fibres and low SF content. However, the effect of the polymer fibres
remains stable or begins to weaken at this point.

As the temperature increased to 400°C, a significant decrease in the compressive strength of all samples
occurred between 40% and 75%. This temperature value significantly affected the strength limits of both the
matrix and the fibers. Cracks, thermal expansion differences, and deterioration of the binder phase are
intensely seen in the geopolymer matrix. This is the main reason for the loss of strength. It was observed that
the greatest decrease was experienced in basalt fiber mixtures. This situation may be due to the deterioration
of the compatibility of the basalt fibers with the matrix due to the thermal expansion difference. In mixtures
with a high SF ratio (especially SF20), the decrease in strength is at higher levels. Because the binding was
insufficient at the beginning, the weak areas completely deteriorated at 400°C. For example, the compressive
strength of the SF20BF20 sample decreased from 34.0 MPa to 9.75 MPa. After 400°C, serious strength
losses occurred due to both the deterioration of the binder gel structures and fiber-matrix incompatibilities.
The fiber type and SF ratio directly affect the severity of this decrease. The least loss was observed in samples
SF10PF20 and SF20PF20, reflecting the positive effect of the flexibility of polymer fibers and the optimum
selection of the SF ratio. Tayeh et al. [70] also stated that geopolymer concrete exposed to 100°C and 200°C
temperatures increased its compressive strength. Studies in the literature also reported that applying
temperatures up to 300°C to geopolymer concrete improved its compressive strength [71, 72]. Additionally,
studies in the literature have shown that exposure of geopolymer concrete to a temperature of 400°C
significantly reduced its compressive strength [73-75].

The change in the masses of the samples after the high temperature effect is presented in Fig. 13b.
Although the masses of the samples exposed to 100°C and 200°C increased, the masses of the samples
exposed to 400°C decreased. The highest mass increase and the highest mass decrease were reached in the
SFOPF20 and SF20BF20 samples, respectively. Since NaOH and especially Na:SiOs are hygroscopic
compounds that can absorb moisture from the air, the active alkaline components remaining in the samples
contribute to gelation by absorbing atmospheric moisture from the environment during the heating process
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up to 100°C. This may cause a small net mass increase due to water absorption of the solid components
participating in the reaction. Since the dissolution and polycondensation reactions are even faster at 200°C,
the mass increase occurred due to the formation of N-A-S-H and C-A-S-H gels continuing. After the samples
were exposed to 400°C, a mass loss of 5%-10% occurred. Especially at 400°C, the structure of the binder
gels was significantly broken down. Overheated NaOH/Na.SiOs residues could evaporate. This situation
caused mass loss. Aslani and Asif [71] and Verna et al. [76] also reported that the exposure of geopolymer
concrete to temperatures of 100°C and 200°C caused an increase in mass parallel to the results of this study.
Moreover, Verna et al. [76] reported that the exposure of geopolymer concrete to 400°C caused its mass to
decrease.

In the temperatures between 100-200°C, the mass change rates were positive, which is attributed to the
hygroscopic effect of the sodium silicate and sodium hydroxide activated materials, contrary to the
conventional water evaporation effect. The increased net mass of the samples was due to the retaining ability
of the binder gel structures obtained at those temperatures, and particularly the thermal expansion tendency
of the polymeric fibers. Conversely, the significant mass loss encountered in all samples at 400°C relates to
the decomposition of the binder phases, thermal separations, and fiber/matrix interface deteriorations.
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Fig. 13. (a) Compressive strength results and (b) mass loss of tested samples after high temperature exposure
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3.3.2. Flexural strength after high temperature exposure

The flexural strength results of the samples exposed to high temperatures are presented in Table 5, and the
load-deflection curves in Figs. 14-16. The flexural strength of most of the samples exposed to 100°C
increased. Although the increasing trend in the flexural strength of the samples exposed to 200°C continued,
the flexural strength of the samples exposed to 400°C decreased. The exposure of the samples to 100°C
caused the geopolymerization process to progress and the N-A-S-H and C-A-S-H gels to develop better. For
this reason, the matrix became more compact, and the fiber-matrix interaction increased. Moreover, the
crack-bridging effect of the polymer and basalt fibers in the matrix became more effective. Due to the
bridging effect of the fibers, the internal stresses of the matrix decreased, and the load transfer became
continuous. The significant increase seen in the SFO group is related to the more reactive binder phase
production of the mixtures without SF.

The matrix exhibited more rigid behavior due to the samples being exposed to a temperature of 200°C
(Fig. 17). However, in some samples (especially those with polymer fibers), the fiber-matrix interface was
negatively affected by this situation due to the fibers starting to be affected by the temperature. At 200°C,
the flexural strength generally reached its peak or remained stable. However, for mixtures containing a high
SF ratio and polymer fibers, the flexural strength started to decrease. At this point, the type of fiber and the
SF ratio are the main factors determining the performance. The flexural strength of all samples exposed to a
temperature of 400°C decreased significantly. At this temperature, the flexural strength decreased due to
significant damage to both the fibers and the matrix. At a temperature of 400°C, the N-A-S-H and C-A-S-H
binder gels in the matrix were significantly damaged. After 400°C, regardless of the fiber type, the flexural
strength decreased significantly because the microstructure was damaged. The load carrying capacity
decreases, and the crack propagation becomes uncontrollable.

Soaking in high temperature (at 60°C and 70°C) has a greater effect on flexural strength than soaking in
lower temperature (at 20°C and 40°C). The development of gelation in the matrix at 100°C, the interlocking
of the fibers in the matrix, and the decline of internal stresses contributed to a significant increase in flexural
strength. Flexural strength was maximized in some mixtures at 200°C. The binding phases reaching the
maximum reaction level at this temperature were successful. On the contrary, at 400°C, the flexural strength
of all the mixtures decreased significantly due to the microstructure destruction, gel disintegration, and loss
of function of the fibers. The basic parameters defining the severity of this decrease were the SF ratio and
fiber type.

Table 5. Flexural strength of tested samples after high temperature (MPa)

Specimen 20°C 100°C 200°C 400°C
SFOBF20 7.00 7.15 6.60 3.11
SFONF20 4.80 5.15 5.35 2.25
SFOPF20 5.20 5.10 5.65 2.85
SF10BF20 6.85 6.95 5.95 3.81
SF10NF20 4.00 4.15 3.81 1.95
SF10PF20 4.85 4.40 5.22 3.00
SF20BF20 6.20 6.50 5.93 3.25
SF20NF20 3.39 3.85 3.35 1.90

SF20PF20 4.90 4.85 5.13 2.75
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The load-deflection curves of the samples exposed to high temperatures were also similar to the graphs
of the samples kept in normal environments. It is seen that basalt fibers play an active role among the samples
exposed to high temperatures. It is seen that the basalt fiber samples exhibit more ductile behavior. The
samples with and without polymer fibers exhibited a sudden decrease in strength after reaching the maximum
load. Although there was a decrease in the load carrying capacity as the temperature value to which the
samples were exposed increased to 100°C and 200°C, there was no significant decrease in the deformation
capacity. However, significant decreases occurred in both the load-carrying capacity and deformation
capacity of the samples exposed to 400°C. Although the load carrying capacities of the samples with and
without polymer fibers were almost the same in the samples exposed to 100°C, the deformation capacity of
the samples with polymer fibers was higher. For this reason, the samples with polymer fibers exhibited more
ductile behavior compared to the samples without fibers. A more ductile behavior was exhibited due to the
effectiveness of polymer fibers in the matrix. It is observed that the use of basalt fibers in samples exposed
to 200°C also caused more ductile behavior. Due to the resistance of basalt fibers to high temperatures, these
samples exhibited more ductile behavior compared to other samples. Among these samples, the use of
polymer fibers exhibited more ductile behavior compared to samples without fibers. Both the load-carrying
capacity and deformation capacity of samples with polymer fibers are higher than samples without fibers.
Crack distribution was prevented due to the bridging effect of fibers in the matrix. Significant decreases
occurred in both the load-carrying capacity and deformation capacity of samples exposed to 400°C. In
particular, the load-carrying capacity and deformation capacity of samples without fibers decreased
significantly. Among these samples, the load-carrying capacity of samples with polymer fibers is almost the
same as the deformation capacity of samples with basalt fibers. A positive effect of using polymer fibers on
the load-deflection curves at a temperature of 400°C was observed.
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Fig. 17. Images of samples exposed to high temperatures after flexural test (a) 100°C, (b) 200°C, (c) 400°C

4, Conclusions

The aim of this study is to experimentally investigate the effects of using SF at different rates (0%, 10% and
20%) instead of GBFS in geopolymer concrete mixture and two different fiber types (basalt fiber and
polymer fiber) on mechanical strength, physical properties, and thermal performance. Dry unit weight and
water absorption rate tests were applied for physical properties, in which the compressive strength and
flexural strength tests were applied for mechanical strength. Furthermore, compressive strength, flexural
strength, and mass loss of samples exposed to 100°C, 200°C, and 400°C temperatures were evaluated for
thermal performance. The findings are summarized below:

e The increase in SF ratio in the geopolymer concrete mixture caused the compressive strength to
decrease. Since SF limits the formation of the binding gel in the matrix at 24 hours of early age, a
negative effect of SF on the early age compressive strength was determined. This effect was
associated with the insufficient activation of SF and the formation of micro-voids by the particles
remaining undissolved in the matrix.
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e In samples exposed to 100°C, compressive strength increased by up to 25% compared to the initial
temperature (20°C). In particular, in the SFOBF sample, the compressive strength increased by
approximately 15%, from 36.9 MPa to 42.5 MPa.

e The use of basalt and polymer fibers in the geopolymer mixture has balanced the negative effect of
SF on mechanical performance. The formation and propagation of microcracks have been limited due
to the low specific gravity, flexible structure, and homogeneous distribution of polymer fibers in the
matrix. This has also caused an improvement in the mechanical strength. However, the high elasticity
modulus of basalt fibers has increased the flexural performance. Nevertheless, the irregular
distribution of basalt fibers in the matrix has also caused the compressive strength to decrease.

e The exposure of the samples to 100°C temperature positively affected both the flexural strength and
the compressive strength. After 100°C, the flexural strength and compressive strength increased. This
increase can be explained by the development of gel formation, decreased porosity, and increased
effectiveness of the activators due to the effect of temperature as a second cure. However, after 400°C,
significant decreases were observed in the compressive strength of all samples.

o The compressive strength of the SF20BF sample decreased by 71% after 400°C. A significant
decrease in compressive strength occurred due to the high temperature caused by both the high SF
ratio and the defective regions at the fiber-matrix interface.

e The synergy between silica fume and fiber types enabled a balanced improvement in both mechanical
strength and thermal durability. While a certain decrease in the strength values of the samples was
observed as the SF ratio increased, the fibers compensated for the early age weaknesses by limiting
microcracks. In addition, fibers further improved flexural strength and ductility, highlighting the
complementary roles of mechanical and physical enhancements in geopolymer concrete.

Future research could examine the long-term durability of geopolymer concrete under thermal cycling.
Optimizing curing conditions to improve early-age SF reactivity and developing better fiber dispersion
methods to prevent agglomeration are also important. Studies on hybrid fiber use and varying fiber volumes
may offer further performance enhancements.
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