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Concerning sustainability and recycling considerations, geopolymers have recently raised as one of the
most active alternatives to the current cement-based composites, in addition to that, the existence of
fibers in any binding matrix yields a significant improvement in the behavior of the matrix. On the other
hand, using waste materials in the binding matrices fulfills one of the main aims of sustainability, namely
reusing wastes. In this concern, the previous research attempts focused on the effect of using fibers and
wastes separately and hence using them together in one matrix is not clearly highlighted. The main
objective of this study was to examine the engineering properties of metakaolin-based geopolymer mor-
tars in the case of colemanite substitution up to 30% and basalt fiber of different lengths. In the 10 series
produced, firstly 7th day and 28th day compressive and flexural strengths, UPV, abrasion resistance test,
porosity, unit weight, and water absorption results were examined. As the durability tests, 90 cycles of
freezing-thawing between �20 and +20 �C, high-temperature tests of 250, 500 and 750 �C were applied.
Also, geopolymer samples were exposed to 10% Hydrosulfuric Acid (H2SO4) for 3 months. Scanning
Electron Microscopy (SEM), X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FT-IR)
and Thermogravimetric/Differential Thermal Analysis (TGA-DTA) analyses were performed at the end
of the durability tests. The results showed that in the case of 10% colemanite substitution, it increased
the compressive strength results and lowered it at higher rates. With a colemanite substitution of 10%,
the compressive strength results of 28 days increased by 1.71%, and in the case of 20% and 30% coleman-
ite substitution, there was a decrease in the compressive strength of 13.64% and 26.99%, respectively. The
compressive strength results showed that 24 mm long basalt fiber reinforced samples had better results
than 12 mm long basalt fiber reinforced samples. It was seen that geopolymer specimens maintain sta-
bility in freezing-thawing, elevated temperatures, and sulfuric acid effects.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Metakaolin is produced with calcification of kaolin between 500
and 1000 �C and has high pozzolanic properties [1]. It is a binder
material that provides a strong reaction with alkali solutions and
increases strength [2–4]. Davidovits stated that geopolymer com-
posites produced using metakaolin and slag gave the best results
for engineering characteristics [5]. The geopolymerization reaction
produced using metakaolin depends on the metakaolin’s type, the
concentration and activator’s amount and the curing system
applied [6–8]. Much research has been done about metakaolin
based geopolymers [9–13].

Geopolymers are generally alternative to Portland cement and
have important strength and durability properties [14–17]. More-
over, it is a composite material which has lower permeability than
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Portland concrete and has a high resistance to heat and can be
cured rapidly [18]. For a geopolymer, it is beneficial to utilize dif-
ferent waste materials besides metakaolin.

Pelisser et al. [19] examine the flexural modulus, hardness, flex-
ural and compressive strengths, elasticity modulus and
microstructure properties of geopolymer mortars produced by
metakaolin. The results showed that geopolymer mortars were
superior to portland cement mortars. It also had higher perfor-
mance in terms of tensile strength and deformation capacity.

Rovnanik [20] investigated the effect of different curing temper-
atures such as 10, 20, 40, 60 and 80 �C and curing times on the
geopolymerization. The results were compared in terms of
microstructure, pore distribution, and flexural and compressive
strengths. The study showed that the pore size changes with the
curing temperature affected the mechanical properties. It has
shown that geopolymerization can be followed by Infrared Spec-
troscopy analysis.

Zhang et al. [21] produced the metakaolin and F class fly ash-
based geopolymer composites for fire resistance. The strength
results were analyzed with a high-temperature effect. An alterna-
tive product against elevated temperatures was presented accord-
ing to the strength results and thermogravimetric analysis.

Lahoti et al. [22] investigated the effect of Al/Na, Si/Al, H2O/
Na2O and water/binding materials ratios on the compressive
strength properties. While the most important factor in the Ordi-
nary Portland cement samples is known to be water/binder ratio,
the most important factor for geopolymer samples is Si/Al.

Meanwhile, the use of waste materials is one of the important
procedures in this field, the world’s largest boron mine deposits
are in Turkey. Approximately 1.72 million tons of boron products
can be fabricated in Turkey [23,24]. One of the most important
boron products is colemanite. Colemanite is called a calcium
borate mineral and has a hardness value between 4 and 4.5. Also,
the B2O3 ratio of pure colemanite is approximately 51%. In the
stages of production, many by-products are fabricated. These by-
products that generate waste materials cause environmental pollu-
tion. In particular, colemanite waste leads to pollution of underwa-
ter resources. Colemanite waste is utilized as a mineral for the
cement industry to prevent or minimize this situation [24,–25].
Kula et al. examined the contribution of colemanite to the mechan-
ical properties of the mortar produced using fly ash and bottom
ash. The most important parameter is the B2O3 content [26]. It
has been found that colemanite waste has a positive effect on
the mechanical properties when it is used as a mineral additive
up to 10% by weight [27].

Djobo et al. [28] examined the mechanical and durability prop-
erties of volcanic ash-based geopolymer composites produced at
curing temperatures of 27 and 80 �C under aggressive ambient
conditions. Geopolymer samples were exposed to 5% sulfuric acid.
Microstructural analyses of geopolymer samples were examined
after acid effect and the gypsum formation, a secondary phase,
was detected by the reaction of calcium present in the geopolymer
gel with sulfuric acid. Low-temperature cured samples have
increased the acid resistance of Na-rich gel.

Ariffin et al. [29] investigated the strength of geopolymer con-
crete by exposing a 2% sulfuric acid solution to samples produced
using palm oil and pulverized fuel ash as a binder material. Also,
concrete produced using OPC was used for comparison. Comparing
the results, the geopolymer’s stable aluminosilicate structure
showed better performance against sulfuric acid.

Zhang et al. [30] examined the residual flexural and compres-
sive strengths and microstructural analyzes by exposing the sam-
ples to sulfuric acid for up to 120 days with red mud and fly ash-
based geopolymers. OPC was used for comparison purposes and
it was concluded that the main cause of mechanical deterioration
was depolymerization and delamination in the geopolymer gel. It
was found that heavy metal concentrations in geopolymer samples
exposed to sulfuric acid were lower than the limit values in terms
of soil pollution. Mehta et al. [31] investigated the compressive
strength, deterioration and weight loss by applying a 2% sulfuric
acid solution to samples produced using fly-ash based geopolymer
concrete with OPC (10%, 20%, 30%) because of its high calcium con-
tent. The use of substitutes increased sulfuric acid resistance by up
to 10%, while maximum degradation and lowest values were
obtained at the 30% substitution.

D. Shen et al.[32] examined the effect of using fly ash as a par-
tially replaced material in high-performance concrete (HPC), they
tested the effect of some mechanical and long term properties such
as autogenous shrinkage and restrained stress on the behavior of
the fabricated samples. They concluded that adding fly ash could
contribute to enhancing the performance of the specimens under
the conducted tests. Yunsheng et al. [33] applied a 20-cycle of
freezing-thawing to the geopolymer samples fabricated using
polyvinyl alcohol fiber. Hardness and impact strength tests indi-
cated no effect after freezing-thawing which leads to a fact that
the existence of PVA fibers could exhibit comparable results
regarding impact properties.

Besides, the process of geopolymerization with the addition of
fibers to the composites and thus the mechanical and durability
performance can be improved. Many studies have been conducted
in the concrete and cement sectors using different fibers such as
carbon, glass, woven fabric, basalt, steel and wood [34–36].
Recently, these studies have shifted to geopolymer composites.
Investigations were made by incorporating polyvinyl acetate,
polypropylene, and polyvinyl alcohol fibers into the geopolymer
matrix [37,38]. Dias and Thaumaturgo investigated the fracture
toughness of geopolymer concrete using basalt fiber.

Arunagiri et al. [39] showed that the basalt fiber admixture pos-
itively affected the mechanical properties of geopolymer concrete
and had the highest compressive strength contributing 2% by vol-
ume. It was also found that basalt fiber contributed significantly to
keep the cracks and prevent sudden failures. When used at an opti-
mum rate, it increases the tensile strength as well as the compres-
sive strength. D. Shen et al. [40] conducted an experimental
investigation on the bonding strength of geopolymer concrete rein-
forced with basalt fiber-reinforced polymer rebars under static
loading. In general, their conclusions stated that reinforcing
geopolymer composites with basalt fiber polymers was beneficial
in terms of bonding strength and strain rates under the aforemen-
tioned loading.

The general withdrawn conclusions state the fact that the pre-
vious research attempts focused on the effect of fibers and wastes
independently, in the light of this fact, no enough experimental
studies were presented in order to clarify the combined effect of
the aforementioned factors. In addition to that, focusing on the
microstructural investigation for such studies needs to be
inspected. The main categories which were concluded from the
research gap and motivated this study mainly focused on fabricat-
ing geopolymeric composites using both fibers and waste materi-
als, behavior under severe conditions, and investigation of
strength and microstructural aspects.

Based on the reasons mentioned above, boron waste colemanite
was added up to 30% as a substitution material to geopolymer
composites produced differently. Also, 1% short (12 mm) and long
(24 mm) basalt fibers were used to see the fiber effect on the
geopolymer samples. The results of the 7 and 28 days compressive
and flexural strength were investigated together with the unit
weight, water absorption and porosity properties of the geopoly-
mer composites. Compressive and flexural strengths, weight-loss
and UPV results after the elevated temperature effect of 250, 500
and 750 �C were investigated. 90 cycles of freezing-thawing
between �20 and +20 �C were applied. Also, geopolymer samples
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were exposed to 10% Hydrosulfuric Acid (H2SO4) for 3 months.
SEM, XRD, FT-IR and TGA-DTA analyses were performed after the
durability tests. However, the weight loss results of geopolymer
samples were measured as a result of the abrasion resistance test.
SEM analysis of geopolymer samples with the effect of 250 and
500 �C was performed.
2. Experimental

For this paper, geopolymer composites were fabricated using
metakaolin from Kaolin EAD and boron waste colemanite obtained
from Eti Mine Company. Al2O3 + SiO2 + Fe2O3 ratio is 97.18% of all
chemical composition of binding metakaolin which has high poz-
zolanic activity. Its fine grains increase the degree of bond forma-
tion in geopolymerization. The slag obtained from Bolu Cement
Company has participated in the mixture by 13%. The specific grav-
ity of metakaolin is 2.52 g/cm3 and the specific gravity of coleman-
ite is 2.42 g/cm3. The chemical properties of three different binders
are described in detail in Table 1. Slag, colemanite, and metakaolin
are shown with the abbreviations S, C and MK respectively.

The standard sand (BS EN 196-1) was obtained from Limak
Group of Companies and was incorporated as aggregate into the
geopolymer mixture. The sodium silicate and sodium hydroxide
(8 M) were mixed and formed the activator solution.

For this paper, to analyze the fiber effect on the flexural strength
after freezing-thawing, high temperature and sulfuric acid expo-
sure and the weight loss after abrasion test, basalt fibers (12 mm
and 24 mm) with two different lengths were added to the geopoly-
mer mortars at a rate of 1% by volume. The properties of basalt
fibers are given in Table 2. Also, short and long basalt fibers are
shown with abbreviations of SBF and TBF, respectively.

The mixture of sodium hydroxide and silicate as the activator,
metakaolin, slag and colemanite as binding materials and standard
sand as aggregate was used for the geopolymer mixture. In prepar-
ing the mortar mixtures, the ratios are taken as 2/3 for silicate/
binding material, 1/2.5 for binding material/sand and 1/3 for
hydroxide/binding material. Previous studies were used during
the preparation of the mixture [22,23,41–47]. Table 3 shows the
amount of material required for the mixture.

To briefly summarize the geopolymer mortar mixture, the
NaOH solution (8 M) prepared 24 h before the mixture was mixed
with Na2SiO3 solution until a complete mix was obtained by a sha-
ker. The main binder material metakaolin (450 g) was mixed with
the activator solution (450 g) by a stirrer drill. The binding/activa-
tor ratio was taken as 1:1. A 13% slag was added to increase the
amount of calcium in the geopolymerization reaction. In the final
stage, the standard sand required for the mortar was added 2.5
times the binder ratio. The mortars produced were placed in prism
and cube molds and subjected to vibration.

After keeping in the molds for 2 h, the samples were taken out
from the molds and kept at the normal temperature for one day
following. At the end of 24 h, they were put into the oven together
with non-flammable oven bags. Temperature curing was applied at
60 �C for 3 days. During the heat curing, the bags reduced the evap-
oration of water in the geopolymeric matrices. It was removed
from the oven at the end of 3 days and kept in the plastic storage
Table 1
The chemical properties for the metakaolin, colemanite waste, and slag.

Chemical properties % SiO2 Al2O3 Fe2O3 TiO2

MK 56.10 40.23 0.85 0.55
S 40.55 12.83 1.10 0.75
C 5.00 0.40 0.08 –
containers until the experimental day. 28 days later, unit weight,
water absorption, porosity, abrasion, freezing-thawing, high tem-
perature, and sulfuric acid tests were carried out.

In this study, three different groups of geopolymer samples
were produced with geopolymer samples prepared by using
100% metakaolin as a control sample. The first group was manufac-
tured as fiberless by substituting up to 30% colemanite. The second
group was obtained by adding 1% short basalt fiber to the first
group and 1% of the tall basalt fiber was added in the third group.
Basalt fiber and colemanite added mixing ratios are shown in
Table 4.

For compressive strength cube samples (ASTM C 109 [48]) and
flexural strength prism samples (ASTM C 348 [49]) were utilized.
Following the abrasion test, the weight loss was determined. A
rotary cutter abrasion machine was used for this experiment. By
ASTM C944 [50], samples were eroded for 2 min with a load of
98 N and only in contact with cutters. For this experiment, cylin-
ders with a diameter of 10 cm and a height of 7.5 cm were pro-
duced. This method was repeated three times in total for 2 min
each time and the weight loss after each abrasion period was mea-
sured. The first abrasion and average abrasion loss values were cal-
culated and the results were interpreted.

At the end of 28 days, 10 series of geopolymer mortar samples
were applied at high temperatures of 250, 500 and 750� C. Samples
were made dry in the drying oven at 100 �C for 24 h before testing.
The temperature increment rate is set at 5 �C/min. Specimens were
held at the target temperature for 60 min. After the test, samples
were held in the drying oven for 24 h to prevent thermal shock.
Also, freezing-thawing tests applied to the 10 series between
�20 and +20 �C, which consisted of a total of 90 cycles. 1 cycle
was set to 12 h at �20 �C and 12 h at +20 �C. Geopolymer mortar
samples were kept in a plastic storage box at ambient temperature
at the end of 28 days for 3 months in 10% sulfuric acid solutions.
The specimens were held in the drying oven at 100 �C for 24 h
for better absorption of the solutions. The solutions were renewed
every month to maintain the solution concentration constant. The
solution was placed in a box of 4 units for 1 unit sample volume. At
the end of each month, samples were removed from the box for
exposure to tests and allowed to dry at room temperature.
Strength, UPV and weight loss were examined before and after
all the tests. Visual inspection for the specimens was made.
3. Results and discussion

3.1. Strength results

The effect of basalt fiber and colemanite on compressive and
flexural strength results were investigated. The strength results
are given in Figs. 1 and 2. According to the results, colemanite sub-
stitution increased the compressive strength results by up to 10%
and decreased in higher rates [46,47]. Colemanite wastes can be
used up to 10% for geopolymer composites [26]. When boron min-
erals are used in the cemented system, a protective layer is formed
round cement particles so the contact of water and cement parti-
cles is prevented with this protective layer. So this influence
directly affects the cementitious materials’ hydration mechanism
CaO MgO K2O Na2O B2O3 L.O.I.

0.19 0.16 0.51 0.24 – 1.10
35.58 5.87 0.68 0.79 – 0.03
26.02 3.00 – 0.50 40.00 25.00



Table 2
The properties of basalt fibers.

Fiber type Length (mm) Diameter (lm) Modulus of elasticity (GPa) Elongation (%) Tensile strength (MPa) Density (g/cm3)

SBF 12 13 89 3.15 4100 2.80
TBF 24 20 89 3.15 4800 2.80

Table 3
Mixing amounts of geopolymer mortar (g).

Metakaolin Sand Slag NaOH (8 M) Na2SiO3

450 1125 60 150 300

Table 4
Mixing percentages of geopolymer specimens (%).

Mix ID Replacement ratio MK

MK – 100
10C 10 90
20C 20 80
30C 30 70
10C + SBF 10 90
20C + SBF 20 80
30C + SBF 30 70
10C + TBF 10 90
20C + TBF 20 80
30C + TBF 30 70

Fig. 1. Compressive strengt
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[51]. Also, boron additives increase the cement-based composites’
strength results [52]. When the literature for boron minerals is
examined, it can be seen that there is a critical threshold ratio
for colemanite in terms of increasing strength. With the use of
more than 10% colemanite, it is suggested that some anions and
cations that cause unstable boron compounds have interfered with
the cement activation mechanism in the system. Due to this situa-
tion, the decrease is thought to be seen.

With a 10% colemanite substitution, the 28-day compressive
strength results increased by 1.71% while in the case of 20% cole-
manite substitution there was a decrease of 13.64% and in the case
of 30% colemanite substitution, there was a decrease of 26.99%.
Also, with the addition of basalt fiber and age increase, the com-
pressive strength results of geopolymer samples increased and this
was consistent with previous studies [47,53]. The increase in the
number of fibers crossing the crack surface is one of the most
important reasons that increase the flexural strength of mortar
because it reduces the crack opening. Kayali [54], Zollo [55]
reported that the basalt fiber’s inclusion at different rates makes
a contribution to the yield strength of the sample.
h values for the mixes.



Fig. 2. Flexural strength values for the mixes.

Table 5
Results for voids ratio, unit weight, and water absorption.

Unit weight (g/cm3) Water absorption (%) Voids ratio (%)

100 MK 2.36 25.8 14.78
10C 2.37 25.2 14.49
20C 2.39 23.9 14.15
30C 2.40 23.52 14.06
10C + SBF 2.43 24.06 13.74
20C + SBF 2.43 23.17 13.71
30C + SBF 2.45 22.38 13.13
10C + TBF 2.44 23.82 13.12
20C + TBF 2.46 22.71 12.73
30C + TBF 2.47 22.27 12.64
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When using 24-mm-long basalt fiber, a significant improve-
ment was observed in the compressive strength results. This is
consistent with previous studies [53]. The results showed that
basalt fibers with a length of 24 mm had better results than basalt
fibers with a length of 12 mm. This can be attributed to the effect
that holding mortar particles more robustly is possible with a
longer anchoring. Palchik [56] conducted compressive strength
research using different basalt fibers of 24 mm and 12 mm length
in cubic samples of 10x10x10 cm. 126 samples tested; while 18
samples were produced without fiber, in 108 samples basalt fibers
were used. According to the results, the compressive strength
results increased by 58% with basalt fibers of 24 mm and the com-
pressive strength results increased by 25% in the samples using
fiber with a length of 12 mm.

At the same time, the longer basalt fiber has a significant and
positive effect on the flexural strength of the mortar sample. This
is because longer fibers passing the crack zone can transfer the load
more efficiently and redistribute the stress due to their ability to
significantly reduce concrete cracks than short fibers. The longer
the fibers transfer the stress, the longer the development of the
crack; therefore, the flexural strengths that can be reached
increases. The similar result was obtained by Jianxun Ma [57],
who concluded that increasing the fiber content and length would
increase the flexural strength.

In the case of basalt fiber with a length of 12 mm and a 10%
colemanite substitution, the rate of increase in compressive
strength of 28 days was 2.86%, while the decrease ratio for 20%
colemanite substitution was 11.19% and the decrease ratio for
30% colemanite substitution was 24.64%. The addition of a
24 mm long basalt fiber and a 10% colemanite substitution yielded
a 3.76% increase in compressive strength of 28 days, while the
decrease ratio for 20% colemanite substitution was 9.79% and the
decrease ratio for 30% colemanite substitution was 24%.

There was an increase in flexural strength results with %10 cole-
manite substitution and basalt fiber [46,47]. With a 10% coleman-
ite substitution, the 28-days flexural strength was increased by
2.54%, with a 20% colemanite substitution flexural strength was
decreased by 0.32% and with a 30% colemanite substitution flexu-
ral strength was decreased by 1.16%. In the case of basalt fiber with
a length of 12 mm, the 28-day flexural strength results were
increased by 17.55%, 13.95%, and 13.53%, respectively. In the case
of the addition of a 24 mm long basalt fiber, the 28-day flexural
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strength results were increased by 25.05%, 23.04%, and 19.34%,
respectively.

3.2. Water absorption, unit weight, and voids ratio

The parameters of voids ratio, unit weight, and water absorp-
tion were investigated and given in Table 5 to see the change of
physical behavior of the matrix formed in the geopolymer struc-
ture with the addition of basalt fiber and colemanite substitution.

Generally, the results showed a slight improvement in physical
properties with the basalt fiber influence. This is due to the ability
of the fiber to absorb water due to its characteristics. Thus, the
water absorption rate of the matrix is reduced. The same condition
was seen in the voids ratio. Neville [58] has shown that as the
basalt fiber’s ratios increase, the basalt fiber component is the
lightest in the mixture and the effect for the unit weight is unno-
ticeable, resulting in a small increase for the concrete unit weight.
Borhan [59] found similar results and indicated that the basalt
fibers’ influence was very small on unit weight. Also, when all
the mixtures were examined, there was an improvement in phys-
ical properties as the colemanite substitution rate increased. It was
found that the rate of water absorption and voids ratio decreased
and the unit weight increased with increasing substitution rate.

The increase in unit weight with colemanite substitution was
between 0.42% and 1.69%. When short basalt fiber was used, the
increment ratios were between 2.97% and 3.81%. When long basalt
fiber was used, the increment ratios were between 3.39% and
4.66%.

3.3. Ultrasonic pulse velocity

Ultrasonic pulse velocity test was applied to investigate the
continuity of the geopolymer matrix structure with colemanite
substitution and the addition of basalt fiber. The 7 and 28 days’
results are given in Table 6. With the influence of basalt fiber
and fiber length increase, the results increased. This was parallel
to the increase in compressive strength [53]. However, the increase
rate was lower than the compressive strength. Concerning the
addition of fibers, the results of the mixes were close which shows
that the homogeneity and the compactness of the matrix were not
impressed with the fibers. Also, there was a slight increase in
velocity between 7 and 28 days. As the colemanite waste substitu-
tions increased, similar properties were observed to the strength
results [46,47]. Al-mashhadani conducted similar research and
found that there was a small improvement difference with the dif-
ferent fiber ratios in the same series as well as the same specimen
at different ages [14].

For 10C samples, the results of 7 and 28 days increased by 1.51%
and 0.90% respectively, while the results of 7 and 28 days for 20C
samples were decreased by 4.10% and 5.11%, respectively. Also,
the results of 7 and 28 days for 30C samples were decreased by
Table 6
Ultrasonic pulse velocity test results (m/s).

7 Days 28 Days

100 MK 3367 3442
10C 3418 3473
20C 3229 3266
30C 3144 3181
10C + SBF 3429 3497
20C + SBF 3272 3321
30C + SBF 3183 3206
10C + TBF 3448 3512
20C + TBF 3313 3367
30C + TBF 3225 3254
6.62% and 7.58%, respectively. 1.84% and 2.41% increase rates were
observed with the effect of short and tall fibers in 10C samples in
28 days, respectively.

3.4. Abrasion resistance

The weight loss resulting from the abrasion test is shown in
Fig. 3. It was seen that the weight loss was reduced in the case of
a 10% colemanite replacement. In the case of increasing substitu-
tion rates, an increase in weight loss was seen similar to the com-
pressive strength.

When the average weight loss in the 10C sample decreased by
30.06%, the average weight loss increase rates in 20C and 30C sam-
ples were 22.70% and 33.13%, respectively. There was also impor-
tant progress in weight loss after the abrasion test with basalt
fiber. The decreases in weight loss in 10C + SBF and 10C + TBF sam-
ples were 52.15% and 63.80%, respectively. The results were consis-
tent with previous results [14,46].

The findings of this study can be considered in accordance with
previous studies [60]. Kabay conducted a study on the abrasion
resistance of the concrete under the influence of basalt fiber. It
was seen that adding basalt fiber improved abrasion resistance sig-
nificantly for the concrete. Also, the increase in fiber content and
length improved abrasion resistance.

3.5. The studied determination coefficients

An attempt has been made to investigate the results’ conformity
degree and find a correlation factor between the results. R2 is called
the correlation factor and the value of R2 directly shows the results’
conformity degree. When this value is greater than 0.8, it shows a
very good correlation level. For this research, between the UPV and
compressive strength and between the abrasion resistance and
flexural strength were correlated. If a general result is obtained, a
good degree of correlation was observed in Figs. 4 and 5. The cor-
relation factor of the compressive strength-ultrasonic pulse veloc-
ity results for fiberless and fiber-reinforced samples was 0.96,
while the correlation factor of the flexural strength-abrasion resis-
tance results was 0.81.

To compare the present results with the previous findings, it is
thought that the results of this study are consistent with them
[14,46] in terms of the correlation between compressive
strength-UPV and show more correlation between flexural
strength-abrasion resistance relation.

3.6. High-temperature test

3.6.1. Strength results
Geopolymer specimens were examined under the influence of

250, 500 and 750 �C temperature. Also, to see the effect of short
and long basalt fibers, they were put in the colemanite substitution
mixtures by volume of 1%. The results of strength after the exper-
iment were observed and compared with the pre-test results
(Figs. 6 and 7). With the 500 �C temperature effect, the results have
started to decrease significantly (Tables 7 and 8).

Geopolymer specimens showed a significant reduction in
strength results due to dehydration and water evaporation with
thermal reactions after 500 �C [61]. When the reduction rates of
the flexural strength results were examined, it was determined
that they were higher compared to compressive strength. The
cause of this situation is the formation of imperfections such as
the growth of porous structures and the spreading of cracks along
with the temperature [62].

Test results usually showed a similar tendency to the specimens
before elevated temperatures. The long and short basalt fibers rein-
forced specimens exhibited a lower strength loss than the control



Fig. 3. Results of weight loss: a) 1st abrasion weight loss and b) average weight loss, respectively.
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sample. Also, they showed a more standardized behavior than the
control specimen. This is because the basalt fibers have preserved
their shape and have not lost their mechanical integrity.

The fibers’ desired engineering properties are connected to their
crystalline phases’ homogenous and thin distribution. The targeted
microstructure properties can be acquired with a nucleating agent
adding such as TiO2, ZrO2 or P2O5. Nevertheless, basalt rock doesn’t
need a core material, such as Fe3O4, along with melting, however,
produces; therefore, nucleating agents provide benefits over alter-
native fibers required to achieve nearly the same microstructure
[63,64]. After elevated temperatures, Kong et al. investigated the
relative performance of the metakaolin and F-class fly ash-based
geopolymers. They reported that the geopolymers were exposed
to a strength loss after exposure to temperatures of 800 �C. Results
indicated a 34% drop in the strength of using metakaolin after
300 �C [65].

The specimens’ flexural strength results indicated a leaning to
grow similar to the compressive strength results. Also, the



Fig. 4. The UPV-compressive strength relationship.

Fig. 5. The weight loss-flexural strength relationship.
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increased grown age and fiber content indicated an improvement.
Good bonding properties of basalt fibers with the geopolymer
matrix lead to better structural performance along with high elas-
tic modulus. The basalt fibers have good bonding properties with
the geopolymeric matrix, so the reinforced geopolymers showed
a better structural performance with higher elastic modulus. These
findings were compared with the previous studies [14,35,66].
Natali et al. investigated the flexural strength of samples contain-
ing various fibers. All of the fibers showed a good performance in
flexural strength [66].



Fig. 6. Results of compressive strength after high-temperature effect.

Fig. 7. Results of flexural strength after high-temperature effect.
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Table 7
Losses in the compressive strength after elevated temperatures (%).

250 �C 500 �C 750 �C

100 MK (control) 18.51 41.28 57.67
10C 14.20 37.72 56.87
20C 14.26 44.15 60.62
30C 17.56 45.08 64.28
10C + SBF 11.16 36.84 56.63
20C + SBF 11.34 44.80 60.67
30C + SBF 13.70 46.57 63.86
10C + TBF 10.40 34.76 55.71
20C + TBF 10.27 42.70 57.90
30C + TBF 11.09 46.09 59.46

Table 8
Losses in the flexural strength after elevated temperatures (%).

250 �C 500 �C 750 �C

100 MK (control) 38.48 60.04 77.70
10C 36.70 56.39 76.74
20C 44.22 64.48 79.47
30C 46.31 70.58 83.00
10C + SBF 33.46 53.26 75.81
20C + SBF 42.12 64.19 78.48
30C + SBF 45.58 69.18 81.84
10C + TBF 32.18 51.99 75.23
20C + TBF 41.24 �62.11 77.29
30C + TBF 43.51 �67.94 81.12
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Amuthakkannan et al. investigated the importance of fiber con-
tent and length on the engineering properties of composites. In
their research, it was reported that the flexural strength increased
importantly with the increment of fiber length and content [35].
Dias and Thaumaturgo investigated flexural behavior by using
basalt fibers. Also, with every increase of fiber content, they
showed an improvement in flexural behavior, and 1.0% basalt fiber
enhanced the flexural strength by 23.80% according to fiberless
samples. The flexural strength results after high temperature
showed that all mixtures gained an important improvement com-
pared to the control specimen. The basalt fiber specimens showed
a better performance than the other samples with lower strength
ratios.

The compressive strength reduction rates of colemanite-
substituted fiberless samples were between 56.87% and 64.28% at
750 �C and between 56.63% and 63.86% for short basalt fiber sam-
ples and between 55.71% and 59.46% for long basalt fiber samples.
Basalt fiber supplementation was similar to the results of 28 days
and increased the results [47].

Flexural strength reduction rates of colemanite-substituted
fiberless samples were between 76.74% and 83% at 750 �C and
between 75.81% and 81.84% for short basalt fiber samples and
between 75.23% and 81.12% for long basalt fiber samples. Flexural
strength results increased with basalt fibers [47].

Colemanite substitution increased compressive strength results
up to 10% but decreased results with more colemanite substitution.
The compressive strength results of 10C, 20C and 30C samples at a
temperature of 750 �C were 22.54 MPa, 15.67 MPa, and 14.77 MPa,
respectively. The compressive strength results of 10C + SBF,
20C + SBF and 30C + SBF samples at a temperature of 750 �C were
22.92 MPa, 16.49 MPa, and 15.23 MPa, respectively. The compres-
sive strength results of 10C + TBF, 20C + TBF and 30C + TBF samples
at a temperature of 750 �C were 23.61 MPa, 18.79 MPa and
16.44 MPa, respectively.
The flexural strength results of 10C, 20C and 30C samples at a
temperature of 750 �C were 2.45 MPa, 2.03 MPa, and 1.87 MPa,
respectively. The flexural strength results of 10C + SBF, 20C + SBF
and 30C + SBF samples at a temperature of 750 �C were
2.69 MPa, 2.32 MPa, and 1.95 MPa, respectively. The flexural
strength results of 10C + TBF, 20C + TBF and 30C + TBF samples
at a temperature of 750 �C were 2.93 MPa, 2.65 MPa and
2.13 MPa, respectively.

3.6.2. Ultrasonic pulse velocity results
With the elevated temperatures, the sample pore structure

growth and the water evaporation in the matrices increase. Addi-
tional voids occur with the loss of mass. Additional voids are the
cause of the fall in the UPV results [67]. The UPV results are shown
in Fig. 8 and the reduction ratios are given in Table 9. The UPV
results after elevated temperatures indicate that the reinforced
specimens with basalt fiber performed slightly better according
to other samples. All samples showed similar behavior and
remarkable changes with UPV values after 250 �C and thereupon
a large drop. Geopolymer samples indicated a dramatic decrease
after 250 �C for the UPV results. This situation shows that the
geopolymeric matrix has been severely damaged after exposure
to 250 �C and is also in agreement with the strength loss. Due to
the larger cracks formation after the elevated temperatures and
the fibers’ melting process over 250 �C in the geopolymeric matrix,
the ultrasonic velocity waves’ propagation time was delayed and
lower values were obtained.

The UPV reduction rates of colemanite-substituted fiberless
samples were between 70.72% and 73.09% at 750 �C and between
69.35% and 71.49% for short basalt fiber samples and between
68.25% and 70.84% for long basalt fiber samples. Basalt fiber sup-
plementation was similar to the results of 28 days and increased
the results [47]. Colemanite substitution increased ultrasonic pulse
velocity results up to 10% but decreased results with more cole-
manite substitution. The UPV results of 10C, 20C and 30C samples
at a temperature of 750 �C were 1017 m/s, 923 m/s and 856 m/s,
respectively. The ultrasonic pulse velocity results of 10C + SBF,
20C + SBF and 30C + SBF samples at a temperature of 750 �C were
1072 m/s, 989 m/s and 914 m/s, respectively. The ultrasonic pulse
velocity results of 10C + TBF, 20C + TBF and 30C + TBF samples at a
temperature of 750 �C were 1115 m/s, 1003 m/s and 949 m/s,
respectively.

3.6.3. Results of weight loss
Weight-loss rates with temperature increase are shown in

Fig. 9. When the weight-loss results were examined, smaller
weight loss was observed for other samples according to the con-
trol sample. So the fibers perform significant progress in weight
loss reduction. Furthermore, it has been shown that the increase
in fiber length positively affects the performance of geopolymer
mortars after elevated temperatures. Also, colemanite substitution
reduced weight loss. After elevated temperatures, a dehydration
reaction occurs in the matrice and the present moisture moves
towards the sample’s surface and goes away. Due to this condition,
internal damage occurs in the microstructure and leads to weight
loss increases. The major reason for the loss before 600 �C was
the evaporation of condensed hydroxyl groups along with free
water. Above 600 �C, weight loss increase because of the fiber
and matrix interfacial reactions was observed. Increasing was seen
in weight loss because of the significant fiber degradation. Never-
theless, with the fiber, the weight loss decreased according to the
control sample [68]. So, the geopolymer specimens showed



Fig. 8. Results of ultrasonic pulse velocity after high-temperature effect.

Table 9
Losses in the UPV after elevated temperatures (%).

250 �C 500 �C 750 �C

100 MK (control) 46.66 67.37 71.70
10C 44.95 64.73 70.72
20C 46.33 67.61 71.74
30C 48.29 68.22 73.09
10C + SBF 44.58 64.00 69.35
20C + SBF 45.68 66.97 70.22
30C + SBF 46.51 67.40 71.49
10C + TBF 43.42 62.47 68.25
20C + TBF 45.03 66.47 70.21
30C + TBF 45.94 66.41 70.84
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decreased engineering properties and fractures in a very brittle
manner [69].

Weight-loss rates in colemanite-added fiberless samples were
between 1.02% and 1.34% at 250 �C, between 2.37% and 2.72% at
500 �C and between 4.23% and 4.68% at 750 �C. The weight-loss
rates for colemanite-added short basalt fiber specimens were
between 0.93% and 1.23% at 250 �C, between 2.22% and 2.62% at
500 �C, and between 4.12% and 4.48% at 750 �C. Also, the weight-
loss rates in colemanite-added long basalt fiber specimens were
between 0.72% and 1.01% at 250 �C, between 1.99% and 2.38% at
500 �C and between 3.87% and 4.15% at 750 �C.

3.6.4. Visual inspection and analyses
Visual examination of samples exposed to 750 �C temperature

was performed immediately after the test (Figs. 10 and 11). By
examining samples exposed to high temperature, a color change
was noticed [47]. However, the cracks on the surfaces were small
and the samples protected their stable condition. With this situa-
tion, the effect of temperature after 750 �C becomes more pro-
nounced. The samples’ surface tends to be coarser. At 750 �C,
tiny cracks that are become more apparent and a brittle structure
is formed. The major reason is the destruction of the main chains of
the geopolymeric system.

The SEM analysis images after the temperature effect of 250 and
500 �C are given in Figs. 12 and 13. After the temperature effect of
250 �C, it was understood that there were no significant cracks in
microstructures. After the temperature effect of 500 �C, the
increase in cracks was noticed [70]. Concerning the samples’
micrographs after exposure to heat effect, the geopolymeric net-
work’s viscous sintering occurs and shows the main conclusion
of the ensuing thermal shrinkage because of elevated temperatures
[71]. This situation happens to more significant after the elevated
temperatures so it ensues in fewer pores which causes the
geopolymer specimens to collapse. But it was understood that
geopolymer samples continued to maintain its structure.
10C + TBF sample also showed the continuity of the matrix formed
and a good bonding during the geopolymerization.

Figs. 14 and 15 show the FT-IR spectra of the 10C + TBF sample
before and after the 500 �C temperature. 997.54 and 980.95 cm�1

respectively indicate the previous and subsequent wavelengths
of the 10C + TBF sample. These numbers indicate the Si–O–Al
bonds corresponding to the asymmetric stretching vibrations. Si–
O–Al bonds showed a decrease according to the pre-experiment
but the sample was found to protect Si–O–Al bonds. Also, the
intensity of the bands before the experiment was found to be in
the range of about 3600 and 1450 cm�1 [72,73].

The DTA and TGA curves are shown in Fig. 16 for the 10C + TBF
sample. The red curves here correspond to weight loss. In the
10C + TBF sample, 5.878% weight loss was found in the TGA anal-
ysis after 500 �C. As can be seen, it was found that geopolymer
composite samples retained their stability after a temperature



Fig. 9. Results of weight-loss rates after high-temperature effect.

Fig. 10. a) 100MK, b) 10C, c) 10C + SBF, d) 10C + TBF, e) 20C samples after high temperature.
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Fig. 11. a) 20C + SBF, b) 20C + SBF, c) 30C, d) 30C + SBF, e) 30C + TBF samples after high temperature.
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effect of 500 �C. The weight loss is mostly in the range of 0–380 �C
because of the evaporation of bound and free water present in the
matrix. The endothermic peaks occurring in this range were
observed in DTA curves. After 700 �C, the weight loss became con-
stant. In this case, it is because of the chemically bound water and
hydroxyl groups (OH) evaporation in the geopolymer [74,75].

The main structure of classical geopolymers was protected and
showed lower microstructural deterioration and less strength loss
after higher temperatures according to the XRD analysis [47,76].
Fig. 17 shows the XRD spectra of the 10C + TBF sample after high
temperatures of 500 �C. For 10C + TBF sample at 600 �C, amorphous
hump covering quartz peaks at 28� in the 10C + TBF sample was
preserved, showing that these phases were inert along with the
elevated temperatures [76].
3.7. Sulfuric acid effect test

Geopolymer mortar samples were exposed to 10% Hydrosulfu-
ric Acid (H2SO4) for 3 months after 28 days. Strength results of 1,
2 and 3 months were compared with the 28 days’ results. Also,
the UPV results with the solution effect were compared with the
28-day results (Figs. 18–20). As a result of the test, the samples
were taken out from the solutions and left to dry at room condi-
tions. After drying, the surfaces of the samples were cleaned with
the wire brush and the weight losses of the samples were deter-
mined (Fig. 21). The maximum deterioration in all samples was
observed in 3 months. The major reason for the decrease in
strength is the deterioration of the alumina-silicate bonds due to
the effect of sulfuric acid. Also, the zeolites’ formation and geopoly-
mer products’ depolymerization increases the loss of strength. But
the geopolymer mechanism, which fabricates polymerization reac-
tion products with strong alumina-silicate bonds, is not handily
influenced by acid exposure [77].

Geopolymer samples have better resistance to chemical effects
than Portland-based samples. The stability of geopolymer samples
formed in the acidic environment is related to the crystal phase
formation in the aluminosilicate structure, the more crystalline
phase formation in the aggressive environment increases the sta-
bility. Also, the morphological structure is the other cause of resis-
tance to acid activity and low Ca content plays a role in providing
superior endurance. The final products resulting from the acid
attack are the calcium salt and also the hydrogels of aluminum, sil-
icon and iron oxides. The low calcium rate reduces the formation of
synthetic products that affect durability [77].

In the 10C samples, 40.25 MPa, 34.40 MPa, and 26.62 MPa were
obtained respectively in 1, 2 and 3 months, whereas the strength
results were increased with the basalt fiber effect and the results
of 10C + SBF were 42.33 MPa, 36.18 MPa and 27.72 MPa in three
months, respectively. The results of 10C + TBF were 43.69 MPa,
37.64 MPa and 29.16 MPa for three months, respectively.
Amuthakkannan et al. investigated the fiber content and length of
the strength properties of geopolymer composites. In their
research, it was reported that the flexural strength increased impor-
tance as the fiber length and content increased [35]. Colemanite
waste has improved results if it is used as substitution by 10%.

The reduction in the flexural strength under the influence of
acid is due to reasons similar to the compressive strength [77]. In
the 10C samples, the residual flexural strengths were found respec-
tively as 7.1 MPa, 5.98 MPa and 4.87 MPa in 1, 2 and 3 months,
whereas the strength results were increased with the basalt fiber
effect and 8.45 MPa, 6.73 MPa and 5.52 in three months respec-
tively in the 10C + SBF samples. In the 10C + TBF samples,



Fig. 12. SEM micrographs for 10C + TBF sample after 250 �C.
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8.86 MPa, 7.12 MPa and 5.83 MPa results were obtained in three
months respectively.

The reduction in the UPV rates with the acid effect is due to the
increase of microcracks in case of high exposure of the samples to
sulfuric acid [77]. If the voids ratio increase, the waves’ transition
time will increase and the results will decrease. In the 10C samples,
the ultrasonic pulse velocity were obtained respectively as
3129 m/s, 2878 m/s and 2446 m/s in 1, 2 and 3 months, whereas
the results were increased with the effect of basalt fiber and
3105 m/s, 2926 m/s ve 2560 m/s in three months respectively in
the 10C + SBF samples. In the 10C + TBF samples, 3165 m/s,
2949 m/s ve 2591 m/s results were obtained in three months
respectively.
Weight loss due to sulfuric acid was low in 3 months. The major
reason is the stability of the aluminosilicate structure present in
the geopolymer sample. In the 10C samples, weight loss results
were obtained as 0.36%, 0.73%, and 1.3% respectively in 1, 2 and
3 months, while the results were decreased with the effect of
basalt fiber and 0.25%, 0.64% and 1.14% in 3 months respectively
in the 10C + SBF samples. In the 10C + TBF samples, weight loss
results were obtained as 0.19%, 0.57% and 0.92%, respectively.

After the sulfuric acid effect, some deterioration was observed
on the sample surface. The damage was parallel to the high acid
solution concentration. At the end of the experiment, the surface
became softer, but not easily scratched. However, it was found that
the samples were stable (Figs. 22 and 23).



Fig. 13. SEM micrographs for 10C + TBF sample after 500 �C.
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Microstructural changes in the 10C + TBF specimens after sulfu-
ric acid effect at the end of 3 months are shown in Fig. 24. The
geopolymer samples’ microstructure after the acid effect was por-
ous by the formation of microcracks resulting from the degradation
of Si–O–Al bonds in the geopolymer gel. The reason for the cracks’
formation is the shrinkage of the gel layer and due to this situation,
the sulfuric acid is more easily transferred to the internal
microstructural areas. The observed needle-shaped particles began
to disappear by dissolving in the acid.
Analysis of XRD analysis after the effect of sulfuric acid showed
that metakaolin-based geopolymer composites retained the basic
structure [78]. Fig. 25 shows the XRD spectra of the 10C + TBF sam-
ple exposed to 10% sulfuric acid for 3 months. Significant changes
were observed in the spectra after the acid effect. The peak inten-
sities for the zeolite phases were decreased compared to the pre-
test levels. The quartz peaks corresponding to the typical amor-
phous geopolymer gel phase at 2h between 27� and 28� were pro-
tected after exposure to the acid solution [79].



Fig. 14. FT-IR results of 10C + TBF sample before 500 �C.

Fig. 15. FT-IR results of 10C + TBF sample after 500 �C.
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Fig. 26 shows the FT-IR spectra of the 10C + TBF sample after the
sulfuric acid effect. 984.05 cm�1 shows the wavelength after the
experiment. This number indicates the Si–O–Al bonds correspond-
ing to the asymmetric stretching vibrations. Si–O–Al bonds
showed a limited decrease compared to the pre-experiment situa-
tion. Also, the intensity of the bands after the experiment was
found to be between about 3050 and 1300 cm�1 [72,73].

The DTA and TGA curves are shown in Fig. 27 for the 10C + TBF
sample. The red curves here correspond to weight loss. In the
10C + TBF sample, 0.732% weight loss was observed in the TGA
analysis after the sulfuric acid effect. As can be seen, it was found
that geopolymer composite samples retained their stability after
the sulfuric acid effect. The weight loss was very small and mostly
in the range of 0–300 �C because of the evaporation of bound and
free water present in the matrix. The endothermic peaks occurring
in this range were observed in DTA curves. After 700 �C, the weight
loss became constant. In this case, it is because of the chemically
bound water and hydroxyl groups (OH) evaporation in the
geopolymer [74,75].

3.8. Freezing-thawing test

The results of the 90 cycles test were compared with the 28th
day. The samples’ UPV, residual strengths, and weight loss



Fig. 16. TGA-DTA results of 10C + TBF sample after 500 �C.

Fig. 17. XRD patterns of 10C + TBF sample after 500 �C.
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results were given in Figs. 28–31. The geopolymeric matrix’s
compact structure creates a good adhesion level. So geopolymer
composites showed good performances after freezing-thawing.
After 90 cycles, the losses in the strength and UPV results were
low. When using basalt fiber, the UPV and strength losses
decreased and the results were higher. The behavior in the using
fibers was like the condition before the test. The weight losses
were very small due to the humidity of the test environment.
The results of the test were consistent with the previous studies
[74,75].



Fig. 18. Residual compressive strengths after exposure to sulfuric acid.

Fig. 19. Residual flexural strengths after exposure to sulfuric acid.
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Fig. 20. Ultrasonic pulse velocity results after exposure to sulfuric acid.

Fig. 21. Weight loss results after exposure to sulfuric acid.
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Fig. 22. Visual inspection after exposure to sulfuric acid over 3 months.
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After the test, the highest result for compressive strength was
obtained with 38.53 MPa and in the 10C + TBF sample, while the
lowest result was 19.52 MPa in the 30C sample. The highest
residual flexural strength result was obtained with 9.56 MPa
and in the 10C + TBF sample while the lowest result was
5.85 MPa in the 30C sample. When the ultrasonic pulse velocity
results were examined, the highest and lowest values after the
test were 3409 m/s and 2948 m/s. The lowest result was
obtained with 0.43% and in the 10C + TBF sample as weight loss,
while the highest result was 0.87% in the 20C sample. Visual
inspection for the samples was performed at the end of the test
and given in Fig. 32. While there was no significant change in
the samples’ external appearance, the main event that affects
the deterioration is the water expansion in the permeable struc-
ture. Freezing allows water to expand to 9% by volume, which
creates a hydraulic pressure [80].

The air spaces in the specimen supply an area where ice could
expand. Nonetheless, after the useable free space is filled up, the
freezing ice produces pressure on the cement matrix round it. After
the strength result passes over concrete’s stress, micro-cracks and
deterioration happen [81,82]. Since the first geopolymer’s strength
is superior, it can withstand higher pressures than freezing water
afore micro-cracks happen.

Microstructural studies showed that micro-cracks appear in
the interface between aggregate and paste because of capillary
water expansion during freeze-thaw cycles. These micro-cracks
can result in the mortar to deteriorate. Crystals happen after
exposure to freeze-thaw cycles. This is expected to reduce
strength [83]. For all samples, weight loss after the 90 cycles
was less than 1%.

The microstructural analysis examined in the 10C + TBF sample
after 90 cycles are shown in Fig. 33. Post-test SEM images of
geopolymer samples showed micro cracks. This explains the
strength and loss of ultrasonic pulse velocity. In spite of this, it
was observed that the geopolymer sample retained its stability.
When the XRD analysis was performed in the 10C + TBF sample,
in the same way, it was observed that Quartz peaks were between
22� and 28� while the peaks were not changed according to the
pre-test conditions (Fig. 34).

Fig. 35 shows the FT-IR spectra of the 10C + TBF sample after the
freezing-thawing test. 987.22 cm�1 shows the wavelength after the
experiment. This number indicates the Si –O– Al bonds corre-
sponding to the asymmetric stretching vibrations. The change in
Si–O–Al bonds after the test was limited compared to the first case.
Also, the intensity of the bands after the experiment was found to
be between about 3050 and 1315 cm�1 [72,73].

The DTA and TGA curves are shown in Fig. 36 for the 10C + TBF
sample. The red curves here correspond to weight loss. In the
10C + TBF sample, 0.619% weight loss was observed in the TGA
analysis after the freezing-thawing test. As can be seen, it was
found that geopolymer composite samples retained their stability
after the freezing-thawing test. The weight loss was very small



Fig. 23. Visual inspection after exposure to sulfuric acid over 3 months.
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and mostly in the range of 0–300 �C because of the chemically
bound water and hydroxyl groups (OH) evaporation in the matrix.
Endothermic peaks occurring in this range were observed in DTA
curves [74,75].

4. Conclusions

For this paper, engineering properties were investigated in the
case of colemanite substitution with basalt fiber reinforced
geopolymer composites prepared using metakaolin as the major
binder material:

� According to the results, colemanite substitution yielded an
improvement regarding strength properties and ultrasonic
pulse velocity test results by up to 10% and decreased at higher
rates.

� The compressive strength results showed that basalt fibers with
a length of 24 mm had better results than basalt fibers with a
length of 12 mm. This can be attributed to the effect that hold-
ing mortar particles more robustly is possible with a longer
anchoring. At the same time, the longer basalt fiber has a signif-
icant and positive effect on the flexural strength of the mortar
sample.

� Geopolymer specimens showed a significant reduction in
strength results due to dehydration and water evaporation with
thermal reactions after 500 �C. When the reduction rates of the
flexural strength results were examined, it was determined that
they were higher compared to compressive strength. The cause
of this situation is the formation of imperfections such as the
growth of porous structures and the spreading of cracks along
with the temperature.

� With the increase in temperature, the sample pore structure’s
growth and the water evaporation in the matrices increase.
Additional voids occur with the loss of mass. Additional voids
are the cause of the fall in the UPV results. Colemanite substi-
tution reduced weight loss after the high-temperatures. Dehy-
dration and moisture loss in samples produced under
elevated temperatures lead to weight loss and microstructure
damage.

� Geopolymer samples have better resistance to sulfuric acid
effect. The stability of geopolymer samples formed in the acidic
environment is related to the crystal phase formation in the alu-
minosilicate structure, the more crystalline phase formation in
the aggressive environment increases the stability. With using
basalt fiber, the UPV and strength losses decreased and the
results were higher.

� The geopolymeric matrix’s compact structure creates a good
level of adhesion. Due to this situation, geopolymer composites
showed good performances after freezing-thawing. After 90
cycles, the losses in the strength and UPV results were low.



Fig. 24. SEM micrographs of 10C + TBF after exposure to sulfuric acid over 3 months.
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Fig. 25. XRD patterns of 10C + TBF sample after exposure to sulfuric acid over 3 months.

Fig. 26. FT-IR results of 10C + TBF sample after exposure to sulfuric acid over 3 months.
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Fig. 27. TGA-DTA results of 10C + TBF after exposure to sulfuric acid over 3 months.

Fig. 28. Residual compressive strengths after the freezing-thawing test.
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Fig. 29. Residual flexural strengths after the freezing-thawing test.

Fig. 30. UPV results after the freezing-thawing test.
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Fig. 31. Weight loss results after the freezing-thawing test.

Fig. 32. Visual inspection after the freezing-thawing test.
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Fig. 33. SEM micrographs of 10C + TBF sample after the freezing-thawing test.
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Fig. 34. XRD patterns of 10C + TBF sample after the freezing-thawing test.

Fig. 35. FT-IR results of 10C + TBF specimen after the freezing-thawing test.
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Fig. 36. TGA-DTA results of 10C + TBF specimen after the freezing-thawing test.
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