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c Architecture and Design Department, Escuela Politécnica Superior, Universidad CEU San Pablo, 28040 Madrid, Spain 
d Istanbul Gelisim University, Civil Engineering Department, Avcilar Campus, Istanbul, Turkey   

A R T I C L E  I N F O   

Keywords: 
Geopolymer 
Metakaolin 
Slag 
Fiber 
High temperature 
Sustainability 

A B S T R A C T   

Recently, studies on sustainability and ecology have become widespread in almost all sectors. One of the most 
important reasons for this spread is the rapid increase in industrialization and, thus, the increase in waste caused 
by industries. In this context, significant efforts are being made to evaluate some of these wastes. One of these 
efforts is the production of geopolymers. In this research, metakaolin and slag-based geopolymer mortar samples 
were manufactured, and polyvinyl Alcohol, basalt, and macro synthetic polypropylene fibers were used to 
enhance the physical, mechanical, and high-temperature resistance of the sample. Physical and mechanical tests 
of the produced samples were performed after 28 days. Then, elevated-temperature experiments were conducted 
to evaluate the behavior of the fibers under the influence of high temperature. Following the high-temperature 
test, physical, mechanical and microstructure tests of the samples were performed. As a result, basalt fiber 
enhanced the compressive strength of 800 ◦C-exposed samples by 7.72% compared to the fiber-free sample. Also, 
polyvinyl Alcohol fiber increased the energy absorption capacity of the samples by increasing Charpy impact 
values to 72.22% compared to fiber-free sample. Moreover, macro synthetic polypropylene fiber reduced 
capillary water absorption value up to 12.44% compared to fiber-free sample.   

1. Introduction 

Cement consumption should be reduced in order to decrease global 
warming since it is necessary to decreasing the atmospheric emission of 
carbon dioxide [1]. Due to their low carbon footprint, geopolymer ma
terials are a viable alternative to Portland cement materials [2,3]. 
Geopolymers are obtained by activating materials containing silica and 
alumina, like metakaolin, slag, fly ash, and red mud wastes, with alkalis 
such as KOH, NaOH, and Na2SiO3 [4]. A previous study [5] employed 
thermal treatment at temperatures ranging from 600 to 850 ◦C to 
transform kaolin into the amorphous and highly reactive metakaolin. 
They used thermokinetics and instrumental analysis to explore the heat 
transition of kaolin to metakaolin. Moreover, Geopolymer may be split 
into two types depending on the kind of activator, namely acid-based 
and alkali-based geopolymers, which emerge from activation in acid 
(humic acid and phosphoric acid) and alkaline environments, respec
tively [6,7]. Oxalic, sulfuric, phosphoric, and phosphate acids are 

utilized to make acid-activated geopolymers, but PA is the most common 
[8–11]. On the other hand, there are many studies have been focused on 
alkali solutions in geopolymers [12–16]. 

Previous studies [17–21] showed that the geopolymer is more 
resistant to chemical attack and weather conditions such as freezing and 
thawing than ordinary Portland cement (OPC). Sagoe-Crentsil et al. [22] 
demonstrate that geopolymer has reduced drying shrinkage than OPC 
concrete. Hu et al. [23], studied geopolymer’s adhesion and abrasion 
resistance. Owing to its superior bonding ability and abrasion resistance, 
the findings demonstrated that geopolymer was superior to cement- 
based repair material. Owing to their ceramic-like microstructures and 
characteristics, geopolymers have excellent thermal-physical and me
chanical capabilities when exposed to extreme temperatures, as is 
commonly accepted. Numerous investigations have been conducted on 
the characteristics of geopolymers at elevated temperatures, including 
thermal stability and physical and chemical features [24,25]. Jiang et al. 
[26] studied the physico-mechanical characteristics of a geopolymer 

* Corresponding author. 
E-mail address: savas.erdem@iuc.edu.tr (S. Erdem).  

Contents lists available at ScienceDirect 

Engineering Science and Technology,  
an International Journal 

journal homepage: www.elsevier.com/locate/jestch 

https://doi.org/10.1016/j.jestch.2023.101501 
Received 12 March 2023; Received in revised form 16 July 2023; Accepted 29 July 2023   

mailto:savas.erdem@iuc.edu.tr
www.sciencedirect.com/science/journal/22150986
https://www.elsevier.com/locate/jestch
https://doi.org/10.1016/j.jestch.2023.101501
https://doi.org/10.1016/j.jestch.2023.101501
https://doi.org/10.1016/j.jestch.2023.101501
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jestch.2023.101501&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Engineering Science and Technology, an International Journal 46 (2023) 101501

2

manufacture with fly ash and waste glass powder, which was exposed to 
the consequence of elevated temperatures. In their study, it was found 
that the waste glass powder melted when it was exposed to high tem
peratures. Then the melted waste glass powder filled the pores of the 
geopolymer specimens. In this manner, they found that making use of 
glass powder waste in fly ash-based geopolymers could improve their 
resistance to high temperatures. Sakkas et al. [27] investigated the 
performance of geopolymers under a series of severe heat loads. The 
results showed that the geopolymer specimens retained structural 
integrity after being exposed to 800 ◦C, demonstrating the thermal 
barrier capability of this aluminosilicate material. Khater ve Gharieb 
[28] investigated the influence of nano-silica fume on improving the 
physical and mechanical characteristics and thermal behavior of MK- 
geopolymer composites. They found that incorporating 5% nano-silica 
fume into the MK geopolymer binder improved the physical and me
chanical characteristics following exposure to high temperatures, in 
terms of strength. Alkaline-activated geopolymer based on metakaolin 
has gained popularity [29] because of its strong mechanical qualities 
comparable to cement, as well as its outstanding thermal stability. The 
most important source of metakaolin is kaolin, also known as kaolinitic 
clay or clay stone, from which it is continually possible to produce 
metakaolin by burning. The quality of metakaolin is determined by 
temperature, burning period, quantity burnt, and granule size [30,31]. 
Numerous investigations have demonstrated that the Metakaolin-based 
geopolymer covering has high fire resistance at 800 ◦C [32,33]. 

Flexible fibers have a deflection hardening behavior [34] that 
bridges over fractures created under stress, increasing the material’s 
strength. The drying shrinkage is reduced because of the fiber-bridging 
action. Even more so, these fibers melt in a fire, creating channels for 
water vapor to escape. By doing so, the internal vapor pressure of the 
composites will be reduced, hence reducing the likelihood of cracking 
and eventual disintegration [35]. Recently, studies [36–39] have 
examined fibers that can improve composites’ physical and mechanical 
properties, such as geopolymer. Research on geopolymer concrete by 
Rickard et al. [40] contrasted the high-temperature behavior during the 
hot stage with the residual values. Unlike cement concrete, they re
ported stronger residual compressive strength at temperatures up to 
500 ◦C. The strength values for alkaline-activated materials including 
blends of slag and fly ash were established in experiments published by 
Pan et al. [41]. The found that the differences in strength between 300 
and 600 ◦C imply significant variations in the bonding structures of 
these materials. Previous study [42] found that the dehydroxylation of 
the OH groups occur at higher temperatures (100–300 ◦C) due to 
evaporation of the chemically bound water. Lightweight aggregate 
concrete, geopolymer mortars, and pastes were tested by Abdulkareem 
et al. [43]. They found that the dehydration and dehydroxylation caused 
the 400–600 ◦C strength reduction. At 800 ◦C, geopolymer paste spec
imens lost all strength, but geopolymer mortar and lightweight concrete 
retained 50% and 60%, respectively. It was shown that aggregate type 
and qualities affected temperature resistance. 

Due to the abundance of basalt (volcanic) rocks, which occupy 
approximately 70% of the earth’s surface, basalt fibers (BS) are regarded 
as one of the most sustainable reinforcing fibers [44]. In addition, they 
have superior properties like high tensile strength, non-toxicity, dura
bility, excellent corrosion resistance, and low production costs [45–47]. 
Previous research showed that when utilized at a precise dose, BS may 
improve the mechanical properties of the composites [48,49]. According 
to recent research, macro synthetic polypropylene (MSP) fibers reduce 
the corrosive behavior of structural parts and improve surface appear
ance [50,51]. Also previous studies [52,53] shown that the use of MSP 
fibers improves the mechanical properties of concrete. 

Dhasindrakrishna et al. [54] investigated the rheology and high- 
temperature behavior of geopolymer foam concrete with various 
amounts of polyvinyl Alcohol (PVA) fiber. They found that the PVA fiber 
boosted the compressive strength of the hardened geopolymer foam 
concrete by up to 54% at a 3% dose. Additionally, the fire performance 

was enhanced regarding fire residual strength. They concluded that the 
enhancement was more noticeable at temperatures up to 200 ◦C. Had
daji et al. [55] investigated the flexural strength and microstructure of 
phosphate sludge-based geopolymers reinforced with glass fibers at high 
temperatures. They put forward that the flexural strength of phosphate 
sludge-based geopolymer matrix dropped between 25 and 600 ◦C but 
grew gradually at elevated temperatures, reaching an increase of 3.2% 
at 1000 ◦C. Zhang et al. [56] studied the behavior of fly ash and 
metakaolin-based geopolymer containing PVA fiber at high tempera
tures. They found that the inclusion of PVA fibers in a geopolymer 
mortar enhanced its flexural strength by 66.3%, its cubical compressive 
strength by 50.5%, and its prismatic compressive strength by 29.4% 
after being heated to 200 ◦C. Even though some PVA fiber disintegrated 
at temperatures over 200 ◦C, the flaws left by the melt fibers had a little 
impact on the mechanical properties of the geopolymer mortar samples. 
However, there is a dearth of research on the impacts of fibers on high 
temperature resistance of geopolymer mortars, particularly that also 
investigates the fibers’ effects on capillary water absorption and energy 
absorption. 

The improvement of some physical and mechanical properties of 
geopolymer mortars has always been a matter of curiosity for re
searchers. So, this paper has shown which fiber can achieve which 
property improvement by using 3 different fibers. Consequently, the 
primary objective of this research was to develop eco-friendly geo
polymer mortars whose water permeability decreased and resistance to 
deformation and high temperatures enhanced. Therefore, this work 
produced samples of geopolymer mortar based on metakaolin and slag. 
In addition, PVA, BS, and MSP fibers were utilized in the geopolymer 
mortar samples at percentages of 0%, 0.5%, 0.75%, and 1% for 
enhancing the crack resistance behavior of geopolymer composites and 
make their application sustainable in load-bearing systems. Also, the 
capillary water absorption, Charpy impact, and compressive and flex
ural strength tests were carried on the 28-day specimens to evaluate 
their mechanical and physical properties. Also, visual inspection, me
chanical tests, and Scanning Electron Microscopy (SEM) analyzes of the 
samples were conducted to evaluate the impact of 200, 400, 600, and 
800 ◦C temperatures on the fiber-containing and non-fiber geopolymer 
samples. 

2. Experimental work 

2.1. Materials 

This study used metakaolin (MK) and slag (S) as binder materials for 
geopolymer mortar samples. The chemical compositions of binder ma
terials are given in Table 1. The specific gravities of metakaolin and slag 
materials used in geopolymer mortars were 2.52 and 2.90 g/cm3, 
respectively. In addition, the chemical properties of Sodium hydroxide 
(NaOH) and sodium silicate (Na₂SiO3) materials used as activators of 
geopolymer mortar samples are given in Tables 2 and 3, respectively. In 
addition, the effects of PVA, BS, and MSP with various ratios on the 
physical, mechanical, and high-temperature resistance of the geo
polymer mortars were investigated. These fibers were used by volume at 
0.5, 0.75, and 1% ratios. Hence, the properties of these fibers are given 
in Table 4. Also, metakaolin, slag, sand, PVA, BS, and MSP used in fiber- 
containing metakaolin, and slag-based geopolymer mortar samples are 
shown in Fig. 1. 

2.2. Mixture proportions and mixing procedures 

This study produced metakaolin and slag-based geopolymer mortar 
samples using various fibers at different ratios. Besides the fiber- 
containing samples, fiber-free samples (0 F) were produced as control 
samples as shown in Table 5. The weights of materials were weighed 
with a precision balance before starting the mixing process. In addition, 
12 molarity sodium hydroxide solution was made 24 h before the 
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blending process and left to cool. Then, Na₂SiO3 solution was added to 
the obtained NaOH solution in a 1:2 ratio. Thus, the activator solution 
was obtained and mixed homogeneously with metakaolin. Afterward, 
slag was added and blended homogeneously for 2 min. Then, the sand 

and fibers at 0, 0.5, 0.75, and 1% volume ratios were added to the 
mixtures and mixed homogeneously for 2 min. Finally, the obtained 
mixtures were poured into 40x40x160mm and 50x50x50mm molds, 
pre-lubricated, placed on a vibration table, and vibrated. After one day, 
the hardened samples were taken off their molds and kept at 20 ± 2 ◦C 
for 28 days. 

2.3. Tests conducted 

In this study, various fibers were added to the geopolymer mortar 
specimens with different percentages to investigate how fibers affect the 
mechanical and physical characteristics of the geopolymer mortar. Thus, 
capillary water absorption, compressive strength, Charpy impact, and 
flexural strength experiment were conducted to look at the impact of 

Table 1 
Chemical properties of MK and S (%).  

Materials Al2O3 SiO2 CaO TiO2 Fe2O3 Na2O K2O MgO Loss of Ignition 

MK  40.23  56.1  0.19  0.55  0.85  0.24  0.51  0.16  1.1 
S  12.83  40.55  35.58  –  1.1  0.79  –  5.87  0.03  

Table 2 
The chemical composition of Na₂SiO3 (%).  

SiO2 Na2O Fe Density (g/ml) 20 ◦C Heavy metals  

26.5  9.60  ≤0.005  1.36  ≤0.005  

Table 3 
The chemical composition of NaOH (%).  

NaOH Na2CO3 Fe (%) Al (%) SO4 (%) Cl (%) 

99  0.4  ≤0.002  ≤0.002  ≤0.01  ≤0.01  

Table 4 
The properties of PVA, BS, and MSP fibers*.  

Fiber Specific 
gravity 

Melting 
temperature (◦C) 

Elasticity 
Module (GPa) 

Length 
(mm) 

Color 

PVA  – 190–200 – 12 White 
BS  2.73 – 88 12 Brown 
MSP  0.91 165 10 12 White 

*Provided by supplier of the fibers, the company Arkem Chemical in Istanbul, 
Turkey. 

Fig. 1. Images of materials and fibers used in geopolymer mortar blends: (a) Metakaolin, (b) slag, (c) sand, (d) PVA, (e) BS, and (f) MSP.  

Table 5 
Mixture proportions of metakaolin and slag-based geopolymer series (kg/m3).  

Series MK S NaOH Na₂SiO3 Sand Fiber Vol (%) 

0 F 310 276 158 316  1140.5  0.00 
0.5 PVA 310 276 158 316  1140.5  0.50 
0.75 PVA 310 276 158 316  1140.5  0.75 
1 PVA 310 276 158 316  1140.5  1.00 
0.5 BS 310 276 158 316  1140.5  0.50 
0.75 BS 310 276 158 316  1140.5  0.75 
1 BS 310 276 158 316  1140.5  1.00 
0.5 MSP 310 276 158 316  1140.5  0.50 
0.75 MSP 310 276 158 316  1140.5  0.75 
1 MSP 310 276 158 316  1140.5  1.00  
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PVA, BS, and MSP content on the properties of the samples. Further
more, SEM analyses of 1 PVA, 1 BS, and 1 MSP samples were performed. 
The specimens were then exposed to the elevated-temperature effect. 
The specimens that were subjected to high temperatures were per
formed to bending and compressive strength testing. Thus, the me
chanical properties of the fibers before and after the impact of elevated 
temperatures were compared. 

The fiber-free specimens and those containing PVA, BS, and MSP 
fibers with different ratios were stored for 28 days at 20 ± 2 ◦C. After 28 
days, three 50x50x50 cube samples from each series were conducted to a 
compressive strength test using 2000 kN capacity press machine, and the 
average value of the obtained results was considered. The compressive 
strength tests were carried out according to ASTM C39 and with a speed 
of 0.6 MPa/sec. In addition, three 40x40x160 prism specimens from 
each series were conducted to a flexural strength test using 3-point 
bending test machine, and the average value of the obtained results 
was considered. The flexural strength tests performed in this research 
were conducted according to ASTM C 348. 

Then, 40x40x160 prismatic geopolymer mortar samples were sub
jected to the Charpy impact test using pendulum impact Charpy test 
machine. According to ASTM E23, the Charpy impact test was applied, 
and it was compatible with the previous work performed by ZIADA et al. 
[14]. Hence, the experimental setup and procedure shown in Fig. 2 were 
used to conduct the Charpy impact test. The results of geopolymer 
samples containing fiber were compared with the results of geopolymer 
samples without fiber using the obtained results in kgf-m units. Thus, the 
increases in Charpy impact percentages of the fibrous specimen in 
comparison to the 0 F samples were determined. 

The capacities of capillary water absorption of fibrous and fiber-free 
geopolymer mortar specimens were calculated according to ASTM 
C1585. In addition, a capillary water absorption test was performed 
similarly to previous studies’ capillary water absorption experiments 

[14,57,58]. The tests of water absorption were conducted on 40x40x160 
specimens. As the first step of this experiment, the samples were dried in 
the oven until they reached constant weight. Subsequently, the surfaces 
of the specimens were coated using paraffin, with the exception of the 
test surface. Then, the samples were placed on wooden sticks to sink in 
water at a depth of 5 mm. The samples kept in water were taken out of 
the water after 1, 3, 5, 24, 48, and 72 h. Subsequently, their weights 
were measured, and the weight differences were calculated by sub
tracting the difference from their initial weights. In addition, the 
capillary water absorption coefficient was calculated using the least 
squares method and formula 1, as in the study of Tanıyıldız et al. [57]. 

KC ×
̅̅
t

√
=

Q
A

(1) 

Kc, capillary water absorption coefficient ((kg/ (m2. √s))); t is time; 
Q, Weight difference (kg); A is the area of the submerged surface (m2). 

Moreover, fibrous and free-fiber geopolymer mortar specimens 
based on metakaolin, and slag were subjected to elevated-temperature 
effects. In the first stage of the experiments, the specimens were oven- 
dried until they reached a constant weight. Then, the high- 
temperature furnace was set to 5 ◦C per minute, and the dried samples 
were placed in it. Thus, as seen in Fig. 3, using high temperature furnace 
the high-temperature test was completed one hour after the temperature 
increased and reached 200, 400, 600, and 800 ◦C in four groups sepa
rately. In other words, the samples were placed in the furnace, and they 
were exposed to the increasing temperature until reaching temperatures 
200, 400, 600, and 800 ◦C. Then, the samples were kept in the furnace 
for one more hour under the influence of the 200, 400, 600, and 800 ◦C 
separately. Following that, the samples were allowed to cool freely in 
the furnace. After 24 h, the samples cooled down. This heating rate 
adheres to RILEM guidelines to reduce strains caused by temperature 
variations between the sample’s hotter surface and colder interior [59]. 
Subsequently, compressive and flexural strength tests were performed 

Fig. 2. Charpy impact test procedure: (a) Placing the sample in its assigned 
area, (b) Raising the pendulum of the device, (c) setting the drag indicator to 
zero, (d) getting values obtained on the drag indicator. 

Fig. 3. Cube and prism geopolymer mortar samples placed in a high- 
temperature furnace. 
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on the specimens. Hence, flexural strength values of 40 × 40 × 160 mm 
prismatic specimens subjected to the elevated-temperature impact were 
found. Also, the compressive strengths of 50 × 50 × 50 mm cube 
specimens were performed. The visual inspections of the specimens 
subjected to elevated temperature and flexural tests were conducted. 
Finally, SEM analysis was performed using Zeiss EVO LS 10-SEM device 
to evaluate the microstructural of the samples in general and examina
tion the fibers in the matrix. 

3. Results and discussions 

3.1. Compressive strength and flexural strength results 

After 28 days, three 50x50x50 cube samples from each series were 
subjected to a compressive strength test, and the results were averaged. 
The compressive strength test’s average results of 0 F, 0.5 PVA, 
0.75PVA, 1 PVA, 0.5 BS, 0.75 BS, 1BS, 0.5 MSP, 0.75 MSP, and 1 MSP 
series are shown in Fig. 4. Generally, it was discovered in this work that 
increasing the fiber content in geopolymer mortar enhanced the 
compressive strength of the specimens. As illustrated in Fig. 4, according 
to 0 F samples, the compressive strength of 0.5 PVA, 0.75PVA, and 1 
PVA increased by 1.81, 3.11, and 2.17, respectively. The compressive 
strength of metakaolin and slag-based geopolymer mortars increased 
marginally to 0.75% PVA fiber concentration, then decreased slightly by 
1% PVA. The compressive strength increases of 0.5 PVA and 0.75 PVA 
samples was due to PVA preventing fracture development and carrying 
the load. In a previous study [60], the compressive strength of cemen
titious composites containing 0.3, 0.6, 0.9, 1.2, and 1.5% PVA fiber was 
investigated, and it was found that the compressive strength decreased 
after the PVA content was 0.6%. As stated by previous studies [61,62], 
excess PVA fiber created additional voids in the matrix, leading to a 
decrease in compressive strength. The increase in PVA content compli
cates the consolidation process of PVA in the matrix and thus leads to an 
increase in the porosity of the matrix [63]. 

Also, the compressive strength of 0.5 BS, 0.75 BS, and 1 BS increased 
by 1.06, 3.46, and 4.30%, relative to 0 F specimens. As a result, it was 
determined that the content of BS fiber enhanced the compressive 
strength of the metakaolin and slag-based geopolymer specimens. Kat
khuda and Shatarat [64] examined the influence of BS fiber on the 
mechanical properties of concrete. They found that adding BS fiber 
improved the compressive strength of the concrete. Also, their study 
found the highest compressive strength with a BS fiber content of 1%. 
However, Niaki et al. [65] found that the addition of BS at a concen
tration of 0.5–3.5 wt% enhanced the compressive strength up to an 
optimal fiber content of 2%. At a fibers concentration of 2%, the 

compressive strength rose by approximately 10% in comparison with 
the control mixture. At 0.3 vol% of BS, Jiang et al. [66] recorded a 
maximal 10% improvement in compressive strength. 

On the contrary, the increase of MSP fiber decreased the compressive 
strength of the geopolymer mortar samples. Consequently, the 
compressive strength of 0.5 MSP, 0.75 MSP, and 1 MSP decreased by 
0.75, 1.06, and 1.96, respectively. Previous studies [67,68] have shown 
a reduction in the compressive strength of samples when different kinds 
of MSP fibers are added. This decrease may be ascribed to the presence 
of pores caused by the inclusion of MSP fibers and the presence of weak 
interfacial connections between the matrix and MSP fibers [69]. The 
pores and weak interfacial connections between the matrix and MSP 
fibers are caused because the fact that the surface of MSP fibers is hy
drophobic, so they did not wet by the geopolymer mortar. 

The average value of three 40x40x160 prism specimens from each 
series were tested for flexural strength. Fig. 5 illustrates the effect of 
flexural strength test results of geopolymer samples containing PVA, BS, 
and MSP fiber in various ratios. As seen in Fig. 5, the flexural strengths of 
all samples containing fiber were higher than the 0 F samples. In addi
tion, the max rising in compressive strength reached 4.30%, while the 
max rising in flexural strength was found to be 14.05%. As showed in 
Fig. 5, the flexural strength results of 0.5 PVA, 0.75 PVA, and 1 PVA 
increased by 5.13, 11.18, and 14.05%, respectively, compared to 0 F 
samples. It demonstrates that the flexural strength improved dramati
cally when the PVA fiber concentration rose from 0% to 1%. Flexural 
strength increased fastest with a 1% PVA fiber concentration. This in
crease in flexural strength was attributed to the connection established 
by PVA fiber, which increased tensile zone strength [70]. A previous 
study [71] showed that PVA fibers with content between 2 and 3% 
sound to be the most efficient at enhancing the durability, and structural 
integrity of cementitious composite. Also, Akkari [72] stated that with a 
small fiber percentage of 0.77%, it was feasible to obtain the highest 
compressive strength and flexural strength in comparison to the other 
fiber ranges used. Additionally, the flexural strength of 0.5 BS, 0.75 BS, 
and 1 BS rose by 3.50, 8.68, and 10.98, respectively, compared to 0 F 
samples. Hence, the flexural strength of 1 PVA increased by 14.05% 
compared to the 0 F samples, while the flexural strength of BS increased 
by 10.98%. Thus, the PVA fiber enhanced the geopolymer mortar 
samples more effectively than the BS fiber. Consequently, it was found 
that adding BS fiber to metakaolin and slag-based geopolymer mortar 
samples increased their flexural strength values. Because BS fibers 
arresting the crack growth of the samples, they significantly decreased 
the cracks performed by the flexural tests. The fact that the fibers arrest 
and inhibit the crack growth is also valid for samples containing other 
fibers subjected to mechanical tests. Also, they slowed fracture 

Fig. 4. Compressive strength test results of geopolymer mortar-based on metakaolin and slag contained PVA, BS, and MSP fiber in various ratios.  
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formation by dispersing the resulting tension. Consequently, BS fibers 
significantly increased flexural strength. These findings were consistent 
with previous studies [14,73]. Katkhuda and Shatarat [64] claimed that 
flexural strength increased continuously beyond 0.3% fiber content. The 
flexural rigidity of the fiber-reinforced concrete increased by approxi
mately 75% relative to the normal concrete. Jiang et al. [66] observed 
that adding basalt fiber to concrete enhances its flexural strength. They 
also stated that the flexural strength increased with the number of basalt 
fibers. However, when the percentage of BS surpassed 0.3%, the flexural 
strength dropped in comparison to samples containing a lower per
centage of basalt fibers. In addition, although the increase in MSP fiber 
decreased the compressive strength of the geopolymer mortar speci
mens, it increased the flexural strength of the same series. It was noted 
that the flexural strength values of 0.5 MSP, 0.75 MSP, and 1 MSP 
increased by 1.68, 2.83, and 3.88, respectively. This may be due to the 
bridging function of the fibers, which limits the fracture propagation 
and narrows cracks, as demonstrated in a previous study [74]. 

3.2. Charpy impact test results 

This experiment was conducted on three 40x40x160 mm geo
polymer prismatic samples based on metakaolin and slag for each series. 
Also, the average findings were obtained in kgf-m units. Then, percent 

increases of the performed results of the fiber-containing samples were 
calculated compared to the values of the fiber-free samples, and these 
increases are given in Fig. 6. The Charpy impact experiment test takes 
advantage of the potential energy of a falling pendulum to crack spec
imens at large strains and describe the composites. Mechanical charac
teristics evaluation depends on the propagation of stress waves, 
potential energy, or kinetic energy [75]. Consequently, including PVA, 
BS, and MSP fibers improved the Charpy impact experiment results of 
the samples. All series’ Charpy impact experiment findings ranged be
tween 16.2 and 27.9 kgf-m. The highest increases were seen in 1 PVA 
samples, about 72.22%, compared to 0 F samples. Impact energy ab
sorption and analogous attributes rely significantly on fiber qualities 
[76]. Also, the energy absorption capacity of PVA fiber was emphasized 
in previous studies [39,77]. In addition, increasing the percentage of 
MSP fiber increased the Charpy impact test results. This can be attrib
uted to the fact that the MSP fiber used in this study has ribbed-surface, 
which could help it to absorb more energy. 

3.3. Capillary water absorption results 

The 28 days geopolymer samples were exposed to capillary water 
absorption. The results of three samples for every series were found, and 
the average results of each series were determined. The curves of 

Fig. 5. Flexural strength test results of geopolymer samples contained PVA, BS, and MSP fiber in various ratios.  

Fig. 6. Increases of Charpy impact results of geopolymer mortars contained fibers compared to 0 F sample.  
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capillary water absorption illustrated in Fig. 7 were created by 
measuring the quantity of absorbed water over time in terms of the 
water’s contact area. As shown in Fig. 7, increasing the BS fiber and PVA 
fiber content increased the water absorption capacity of the samples, 
while increasing the MSP fiber content decreased the water absorption 
capacity of the samples. Fig. 8 illustrates the capillary water absorption 
coefficient (Kc) of the samples containing fibers and sample-free fiber (0 
F). The least-squares method was utilized to obtain Kc values. Kc of 0.5 
PVA, 0.75 PVA, and 1 PVA increased by 0.40, 2.84, and 5.39%, 
respectively, compared to 0 F samples. 

The water absorption capacity of fiber-contained matrix is highly 
reliant on the composites’ transition zone thickness and porosity. The 
inclusion of fiber can enhance the thickness of the transition zone and 
the porosity of the transition zone, hence increasing water absorption 
[78]. Similarly, a previous study [79] indicated that the inclusion of PVA 
fibers increased the water absorption capacity of geopolymer specimens. 

Also, water absorption coefficients of samples 0.5 BS, 0.75 BS, and 1 
BS increased by 2.77, 5.41, and 9.54%, relative to 0 F specimens. These 
increases occur due to the inclusion of basalt fibers, which enhances of 
connectivity of pores at fractions. Comparable outcomes were reported 
in previous studies [14,80,81]. In contrast, water absorption coefficients 
of samples 0.5 MSP, 0.75 MSP, and 1 MSP decreased by 7.16, 8.26, and 
12.44%, respectively, compared to 0 F samples. Because of the fact that 
the surface of MSP fibers is hydrophobic, the MSP fiber-contained 
samples absorbed less water than PVA and BS fibers-contained sam
ples. Behfarnia and Behravan [82] investigated polypropylene fibers’ 
performance in concrete and found that water absorption decreased in 
all fiber-containing concrete examples. Also, Bolat et al. [83] investi
gated the performance of macro synthetic fibers in concrete, and they 
found that the synthetic fiber content decreases the capillary water ab
sorption of the concrete samples. In addition, Saradar et al. [84] found 
that BS dosage enhances concrete water absorption. Dilbas and Cakir’s 
[85] investigation on BS dose and concrete water absorption yielded 
similar results. 

3.4. Visual assessment after high-temperature tests 

In order to investigate the effect of high temperature on the fibrous 
and non-fiber geopolymer mortar samples, the images of the middle 
sections of the samples were observed and shown in Table 6. For this 
purpose, 0 F, 1 PVA, 1 BS, and 1 MSP samples exposed to 20, 200, 400, 
600, and 800 ◦C temperatures were examined. As Table 6 shows, when 

the temperature to which 1 PVA sample is exposed changes from 20 ◦C 
to 200 ◦C, the color of the PVA fibers changes from white to brown. Also, 
after 400 ◦C, the PVA fibers disappeared. This result was consistent with 
a previous study [54]. This study also observed that the fibers partially 
melted when the temperature to which 1 MSP samples were exposed 
changed from 20 ◦C to 200 ◦C, and after 400 ◦C, the MSP fibers melted 
completely. Also, when the MSP fibers melted, caused pores and chan
nels formed instead as shown in Table 6. In addition, as seen in previous 
studies [86], the inside color of the specimens started to darken at 
400 ◦C, and it was observed that it turned gray until it reached 800 ◦C. 
Although MSP melt at 165 ◦C and PVA melt at 190–200 ◦C (Table 4), and 
they melt completely when exposed to 400 ◦C while they are in the 
geopolymer matrix (Table 6), BS fiber is more resistant to higher tem
peratures relatively. Because of this, the samples containing 3 different 
fibers were exposed to temperatures between 200 and 800 ◦C to do an 
accurate comparison among the 3 fibers. Thus, the damages left in place 
by the molten fiber were examined. For instance, according to visual 
assessment and the mechanical tests carried out in the study, when the 
MSP fibers melted, the gaps and channels left behind were larger and the 
damage was more than PVA fibers. 

3.5. Compressive and flexural strength after high-temperature tests 

The effect of PVA, BS, and MSP fibers on the mechanical properties of 

Fig. 7. Capillary water absorption curves of geopolymer samples contained PVA, BS, and MSP fiber in various ratios.  

Fig. 8. Kc of geopolymer samples contained various ratios of PVA, BS, and 
MSP fiber. 
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geopolymer mortar samples exposed to high-temperature effects was 
investigated. Hence, flexural and compressive strength values of the 
specimens exposed to high-temperature effects were obtained. The 
average results for each series were determined based on the results of 
three samples for each series. Figs. 9 and 10 illustrate the compressive 
and flexural strength values of high-temperature exposed metakaolin 
and slag-based geopolymer mortar samples. It was observed that the 
compressive strength of the 0 F sample increased by 6.18% when the 
temperature increased by 200 ◦C. Also, it was noticed that the sample’s 
bending strength increased by 1.68% when the temperature of the 0 F 
sample was increased to 200 ◦C. The reason for this is that the unreacted 
particles in the metakaolin and slag-based geopolymer mortar samples 
reacted with the temperature effect, and this caused the samples to be 
more compact [87]. However, the same is not valid for all fiber- 
containing samples. For example, the increase in PVA content of sam
ples containing PVA from 0.5% to 1% decreased the compressive 

strength increases from 3.13% to 0.84. In addition, the increase in PVA 
content of the samples containing PVA decreased the flexural strength 
increases from 2.16% to 1%. Previous investigations demonstrated that 
fibrous geopolymer concrete provides superior bond strength relative to 
OPC concrete [88,89]. According to previous studies [90,91], the 
addition of various fibers is recommended to enhance the mechanical 
bond of the concrete matrix. However, in this study, increasing tem
perature causes deformation and melting of PVA and MSP fibers. 
Therefore, it is thought that as the fibers melt, their mechanical bond 
with the matrix decreases. 

Conversely, it was for samples containing BS. As a result, the sam
ples’ compressive strength rose from 3.98% to 4.31% due to the increase 
in BS percentage. Additionally, the samples’ higher BS content caused a 
rise in flexural strength from 5.92% to 9.64%. The reason for this is that 
BS fibers are not affected by 200 ◦C. The opposite hand, the compressive 
strength of the MSP fiber specimen’s exposure to 200 ◦C declined 

Table 6 
Images of fibrous and non-fiber geopolymer specimens subjected to high-temperature effects.  

Fig. 9. Compressive strength results of geopolymer samples subjected to the elevated-temperature effects.  

M. Ziada et al.                                                                                                                                                                                                                                  



Engineering Science and Technology, an International Journal 46 (2023) 101501

9

relative to the 20 ◦C specimens, unlike the PVA and BS specimens. A 
previous study [92] analyzed the efficiency of using BS to resist high 
temperatures and found that concrete containing BS may be utilized at 

high temperatures (200–800 ◦C). However, these decreases increased 
when the fiber content rises. This is due to MSP fibers’ high-temperature 
sensitivity and low melting point. Therefore, when the samples’ MSP 

Fig. 10. Flexural strength results of geopolymer samples subjected to the elevated-temperature effects.  

Fig. 11. (a, b) 500× and 1000× magnified SEM images of 200 ◦C exposed 1 PVA samples (c, d) 500× and 1000× magnified SEM images of 400 ◦C exposed 1 
PVA samples. 
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percentage rose, the compressive strength drops from 2.33% to 10.68%. 
In addition, the increase in MSP content in the samples increased the 
flexural strength decreases from 0.85% to 27.15 %. 

After 400 ◦C, the compressive strength decline of PVA and MSP 
samples started to be more pronounced and continued up to 800 ◦C, 
contrary to the samples containing BS fiber. In comparison to the 0 F 
specimens, the specimens with PVA fiber exposed to 800 ◦C decreased 
by 5.95%, and the samples with MSP fiber decreased by 22.54%. In 
contrast, the samples with BS fiber increased by 7.72% compared to the 
0 F sample. In addition, the highest compressive strength drops of the 
samples with PVA, BS, and MSP fiber were obtained as 82.25% from 1 
MSP sample relative to the 20 ◦C samples. In addition, the bending 
strength decreased increased from 1% to 74% compared to the 20 ◦C 
samples. These reductions were thought to be due to endothermic pro
cesses and the occurrence of dehydration in the matrix [86]. While the 
water particles in the samples evaporated, the steam movement nega
tively affected the sample’s internal structure. In addition, the alumina- 
silica gel crystallized with the increase in high temperature, which 
caused the voids in the matrix to increase [93]. In addition, in the pre
vious study [94], it was emphasized that the increase in high tempera
ture caused the formation of microcracks in the matrix’s interfacial 
transition zone (ITZ), and thus thermal mismatches occurred. 

3.6. SEM analyses 

SEM analysis of geopolymer mortar samples based on metakaolin 
and slag subjected to elevated-temperature effect was conducted. 
Because PVA and MSP fibers has melting point close to 200 ◦C, SEM 
images were obtained when 1 PVA, 1 BS, and 1 MSP specimens were 
subjected to 200 ◦C and 400 ◦C. In addition, SEM analysis of the 0 F 
sample subjected to the same temperatures was also performed for 
comparison. Thus, SEM analyses of 1 PVA, 1 BS, 1 MSP, and 0 F speci
mens subjected to 200 and 400 ◦C are given in Figs. 11-14, respectively. 
In Figs. 11-14, (a) and (c) coded images were magnified at 500x; how
ever, (b) and (d) coded images were magnified at 1000x. Fig. 11(a) and 
(b) illustrate the PVA fiber in the matrix in 1 PVA sample exposed to 
200 ◦C. Moreover, the inhibition of microcrack expansion formed by 
PVA fiber is shown especially in Fig. 11(b). On the other hand, in 1 PVA 
sample exposed to 400 ◦C in Fig. 11(c), it was seen that the PVA fiber 
was not seen in the matrix; thus, there was no obstacle to the develop
ment of microcracks. Fig. 12 (a) and (b), showing 1 BS sample and 1 PVA 
sample, show the BS fiber in the matrix when subjected to 200 ◦C. Also, 1 
PVA sample subjected to 400 ◦C in Fig. 11 did not contain PVA, while 
Fig. 12 (c) and (d) showed the presence of BS in 1 BS sample exposed to 
400 ◦C. Hence, the resistance of BS to 400 ◦C demonstrated in previous 
tests was consistent with SEM analysis. This was also because the fact 

Fig. 12. (a, b) 500× and 1000× magnified SEM images of 200 ◦C exposed 1 BS samples (c, d) 500× and 1000× magnified SEM images of 400 ◦C exposed 1 
BS samples. 
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that the BS fiber slowed the expansion movement of cracks [14,95]. In 
addition, Fig. 12 (c) shown the surface of the fibers has notches. This 
could be attributed to the effects of alkalis on BS. Furthermore, some 
matrix particles can be seen on the surface of the pull-out BS fibres 
indicating that BS fibres were closely bonded with the surrounded 
geopolymer matrix. Afroz et al. [96] examined the influence of the 
principal compounds responsible for concrete deterioration such as 
sulfate, chloride, and alkalis on Bs. The fibers were unaffected by 
chloride and sulfate solutions, but they were affected by alkali solutions. 
On the other hand, the 1 MSP samples shown in Fig. 13 had a more 
irregular and hollow interior structure than the other samples. In addi
tion, the presence of foreign particles in the 1MSP sample exposed to 
400 ◦C could be attributed to the fact that the MSP fibers completely 
dissolved and changed their shape. Finally, Fig. 14 (a) and (b) show that 
the 0 F sample exposed to 200 ◦C had a continuous geopolymer matrix 
and a more compact structure than the 1MSP sample. However, it was 
observed that the 0 F sample contained more microcracks than the 1 BS 
sample when exposed to 400 ◦C. This was because of the increase in the 
rate and amount of water loss due to the evaporation of water particles 
in the samples exposed to 400 ◦C, and this caused the cracks to be 
formed. Thus, cracks and voids formed in the samples caused the in
ternal structure of the samples to deteriorate [43]. 

4. Conclusion 

This study produced metakaolin and slag-based fibrous geopolymer 
mortar samples using PVA, BS, and MSP fibers. After comparing and 
analyzing the obtained results of this study, the findings are summarized 
below:  

1. Compared to the 0 F samples, the compressive strengths of the 
specimens containing PVA and BS increased, On the contrary, using 
MSP fiber reduced the compressive strength of the geopolymer 
mortar samples. Also, the flexural strengths of all fiber-containing 
specimens were bigger than the 0 F specimens. Including PVA, BS, 
and MSP fibers improved the Charpy impact test results of meta
kaolin and slag-based geopolymer samples. Thus, the PVA fiber 
samples had more energy absorption than the other fibers; thus, the 
impact of energy absorption significantly depended on the fiber used.  

2. The color of PVA fiber in geopolymer mortar specimens subjected to 
200 ◦C turned brown, and PVA fibers burned after 400 ◦C. Similarly, 
MSP fibers in geopolymer samples exposed to 400 ◦C completely 
melted, and pores were formed instead. Also, the inner color of the 
specimens subjected to 800 ◦C turned gray. Eventually, while the 
flexural and compressive strength of the specimens containing PVA 
and BS fibers was subjected to 200 ◦C relatives to the specimens at 
20 ◦C, the flexural and compressive strength of specimens containing 
MSP fiber decreased. In addition, after 400 ◦C, the flexural and 

Fig. 13. (a, b) 500× and 1000× magnified SEM images of 200 ◦C exposed 1 MSP samples (c, d) 500× and 1000× magnified SEM images of 400 ◦C exposed 1 
MSP samples. 
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compressive strength drops of the specimens containing PVA and 
MSP became more pronounced in contrast to those containing BS 
fiber and continued to decrease up to 800 ◦C.  

3. There is a decrease occurs in the water absorption of the samples 
containing MSP fiber cured at 20 ◦C and not exposed to high- 
temperature effects. On the other hand, while the MSP samples 
were exposed to temperatures more than 200 ◦C, MSP fiber gradually 
melted and negatively affected the mechanical properties of the 
samples, since the melting point of MSP fiber is 165 ◦C. This study 
suggests using BS fiber for structures exposed to fire hazards, MSP 
fiber for structures exposed to water, and PVA fiber for structures 
requiring high energy absorption. 
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