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ABSTRACT
Alkali-activated composites are significant materials in reducing CO2 emis-
sions and ensuring sustainability. With the increasing concerns about cli-
mate change globally, the interest in alkali-activated materials has also
increased. Researching different fibers has very important potential in this
area. This study aims to make alkali-activated concretes widespread in the
concrete sector by using the materials common in conventional concretes
and ensuring that alkali-activated concretes are an alternative in terms of
sustainability. Experimental studies were conducted to examine the mech-
anical, durability, and microstructural properties (SEM) of slag-based alkali-
activated concrete (AASC) reinforced with three various fibers. The fibers,
polypropylene (PP), polyamide (PA), and steel (ST), were used with two
ratios (%0.4 and %0.8 by vol.). Compressive, splitting tensile, and flexural
strength tests were carried out at 28 and 90days. In terms of durability
properties, the samples were exposed to high temperatures
(300–600–900 �C) and freeze-thaw test (250 cycles). The results showed
that the addition of fibers improved the strength and durability properties;
for instance, the existence of steel and polypropylene fibers increased the
flexural toughness factor values by 430% and 260%, respectively.
Moreover, the compressive strength of the fibrous samples exposed to
900 �C was obtained in the range of 6-23MPa.
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1. Introduction

Portland Cement is the main ingredient in concrete that binds aggregates together (Shaikh, 2013).
However, Ordinary Portland Cement (OPC) production has a tremendous environmental impact, as it
causes high greenhouse gas emissions into the atmosphere (Hardjito et al., 2004). A high amount of
energy is required during Portland cement production. This situation causes a high amount of CO2 emis-
sion. Cement production is 5% effective in CO2 emission, which is the leading cause of global warming,
and a tonne of cement production emits approximately one ton to the atmosphere (Malhotra and
Mehta, 2002). This fact has led to the use and search for new sustainable, less Portland Cement-added
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and cement-supplementary materials (ground granulated blast furnace slag, fly ash) in the concrete
industry (Shaikh, 2013).

Alkali activation is the name given to applying a solid aluminosilicate called a precursor to produce a
hardened binder under alkaline conditions. Alkali-activated binders (sometimes called geopolymer) have
been introduced as a sustainable cement system and can be produced with a wide variety of aluminosili-
cate precursors (Provis, 2018). In alkali-activated systems, ground granulated blast furnace slag (GGBS)
and fly ash can be used together to improve reactivity (Duxson and Provis, 2008). In many studies in the
literature, it has been seen that GGBS was used alone in alkali binder systems, and it exhibited superior
mechanical and microstructural properties (El-Sayed et al., 2011; Pu et al., 1988). On the other hand, add-
ing fibers (steel, polypropylene, and polyvinyl alcohol fibers) can improve the strength properties of
alkali-activated mortar and concrete (Al-Mashhadani et al., 2018). The primary purpose of adding fiber
material in concrete or mortar is to direct the brittle fracture to ductile behavior and increase the flexural
and tensile strengths.

Timothy et al. (2021) investigated the resistance of fly ash-slag based alkali-activated concrete in
aggressive environments. The findings showed that the chloride, freeze-thaw and acid resistance of alkali
activated concrete increased as the slag content increased. In the research, it has been revealed that
alkali-activated concrete has lower freeze-thaw resistance than concrete with Portland cement. The resist-
ance to surface scaling increased with increasing slag ratio, but it was suggested that more studies
should be done to investigate the effect of air entrainment on the freeze-thaw resistance of alkali-acti-
vated concretes. In addition, Alkali activated fly ash/slag mixtures had higher acid resistance than
Portland cement mixtures. Lower calcium content and silicate-rich gel formation after the calcium alumi-
num silicate hydrate gel descaled, which reduced further acid ingress and subsequent mass losses.

PP fibers are in the class of synthetic fibers and are produced as a by-product of petroleum refining
processes (Hossain et al., 2019). PP fiber is preferred for fiber reinforcement due to its cheapness, stability
in alkaline environments, hydrophobic, and high melting point (Noushini et al., 2018). Puertas et al.
(2003) studied the mechanical and durability properties of alkali-activated mortars produced with poly-
propylene fibers. PP fibers were used in the ratios of 0%, 0.5%, and 1% by volume. The compressive
strengths of the mortars produced with ground granulated blast furnace slag (GGBS) and 0.5% and 1%
PP fibers did not give effective results compared to the control series. Also, the use of PP fiber reduced
the flexural strength of GGBS mortars in the study. Nevertheless, PP fiber-reinforced alkali-activated slag
mortars exposed to the freeze-thaw effect showed higher resistance than alkali-activated fly ash mortars.
Increase after the freeze-thaw effect was attributed to the continuous activation of the slag due to the
high humidity environment used in the test (Adesina, 2020). Yurt (2020) investigated the fracture energy
of alkali-activated slag concretes produced with various fibers and stated that the use of PP fibers signifi-
cantly increased the fracture energy compared to concrete produced without fiber. It was seen that PP
fibers showed a good adherence in SEM images and were also in a good distribution. Zhou et al. (2021)
studied the mechanical properties of alkali-activated concretes with different dosages and lengths of bas-
alt and PP fibers. Researchers stated that the compressive strength increased in the first but then
decreased with the increase of fiber ratio. The optimum fiber dosage was suggested as 0.6% by volume
in the study.

On the other hand, the use of steel fibers attracts attention in research studies regarding its effect in
improving the fracture of concrete and its relatively low cost (Bhutta et al., 2017). While ST fibers are
widely used to reinforce conventional concrete, they are produced from cold-drawn wire, sheet metal,
and other forms of steel (Al-Majidi et al., 2017). Khalaj et al. (2015) investigated the tensile strength of ST
fibered slag-based geopolymer composites in line with the effect of production parameters and evalu-
ation of their optimum conditions. The researchers stated that the splitting tensile strengths were the
highest when using 5% fiber reinforcement by weight. Koenig et al. (Koenig et al., 2019) stated that ST
fibers could exhibit post-hardening behavior after initial crack load in alkali-activated concretes. It did not
affect the compressive strength with the polypropylene and steel fibers used in the study. There was a
13% loss in the compressive strength of alkali-activated binder concretes. This decrease in compressive
strength was attributed to the increased voids ratio and viscosity due to the high fiber content. Post-
hardening behavior was observed in all concretes with PP fiber. The low modulus of elasticity and high
binding behavior of PP fibers were thought to be effective. El-Hassan and Elkholy (2021) investigated the
mechanical properties of alkali-activated slag-fly ash mixed concrete containing different hybrid
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combinations of steel fibers at a volume fraction of 1%. Experimental results showed that hybridization
of steel fibers at a certain dosage resulted in superior mechanical properties compared to fiberless series.

PA fibers represent a potential area for research and application in improving concrete and mortar
fracture properties (Celik et al., 2018). However, studies examining the relationship between geopolymer/
alkali-activated mortar and concrete with PA fibers are almost negligible in the literature. Celik et al.
(2018) investigated the high-temperature behavior and mechanical properties of boron waste additive
metakaolin-based geopolymer composites reinforced with polyolefin, basalt, modified polyamide, and
polyvinyl alcohol fibers. It has been observed that PA fibers made a significant contribution to the load-
displacement values in terms of ultimate load and mid-span deflection values. However, it has been
stated that the samples with polyamide fibers, which were exposed to high-temperature effects, experi-
enced more weight loss compared to other fiber-added mortars. Ayg€ormez et al. (2020) investigated the
long and short-term effects of the curing conditions of fiber-reinforced colemanite substituted metakao-
lin-based geopolymer composites. Polyolefin and PA fibers were used in the ratio of 0.5, 1, and 1.5% by
volume. While the highest flexural strength results were obtained using high fiber ratios, polyamide fibers
gave higher results than polyolefin fibers due to the stronger bonding degree and higher tensile strength
of PA fibers in the geopolymer matrix.

Concrete can be also exposed to high temperatures due to fire or wars. For such dangerous scenarios,
concrete must be a material resistant to high temperatures. Factors such as aggregate type, raw material
components, binder-alkali ratio, environmental conditions affect the resistance of alkali-activated concrete
to high temperature (Turkey et al., 2021). Qu et al. (2020) studied the high-temperature performance of
alkali-activated concretes produced with slag/fly ash. In the study, slag was substituted for fly ash. It has
been observed that the residual compressive strengths of the alkali-activated concrete exposed to 300 �C,
500 �C, and 700 �C decrease more than the unheated samples with the increase of slag substitution. Rao
et al. (2019) studied the effects of different high temperatures (200 �C, 400 �C, 600 �C and 800 �C) on fly
ash/slag based alkali-activated concrete. According to the results obtained, the samples exposed to
200 �C gave 40% greater results in compressive strength than the unheated samples. The effect of period
exposure time at different temperatures was also reported in the study. It was determined that the aver-
age loss in compressive strength of alkali-activated concretes exposed to 800 �C was 59.3%, 65.4% and
68.7%, respectively, in the exposure time (30, 60 and 90minutes) when compared to the strength at
ambient temperature. One of the most important effects of high temperature causes mass and volume
changes in the composite (Turkey et al., 2021). Md. Nabi and Sarker (2020) produced slag/fly ash-based
alkali-activated mortar by replacing the waste glass with sand. The researchers stated that after exposing
the samples to 800 �C, there was a significant increase in the volume of the sand-based mortar, and this
situation caused longitudinal and transverse cracks on the surfaces.

This study investigated the mechanical and durability properties of alkali-activated concrete produced by
various fibers (polypropylene, polyamide, and steel) and GGBS, which are used without calcining compared
to other binder materials and without the need for heat curing. Slag as a mineral additives and fibers, which
are widely used in concrete technology, were evaluated within the scope of this study. Considering that
these materials are widely used in concrete technology, it is aimed to increase the usability of alkali-acti-
vated composites in the construction sector without the need for heat curing and generalize alkali-activated
concrete by using these materials; thus it can be an alternative to conventional concrete, especially in terms
of sustainability. It is also aimed to standardize alkali-activated concretes by comparing different building
codes. In different fiber ratios, mechanical properties such as compressive, splitting tensile and flexural
strengths were tested using steel, polypropylene, and polyamide fibers. Non-fibrous and fiber-reinforced
alkali-activated slag concretes without air-entraining additives were subjected to freeze-thaw test at 250
cycles and subjected to compressive and flexural tests. Moreover, after non-fibrous and fiber-reinforced
alkali-activated slag samples were exposed to 300–600–900�C, ultrasonic pulse velocity, compressive
strength, and weight loss results were obtained. Also, SEM analysis has been performed to examine the
microstructure properties and to understand the interaction between fibers and matrix.

2. Materials and methods

The testing methodology is described under the following headings. Three specimens were used in all
tests for mechanical and durability properties. The values obtained represent the mean value of
three samples.
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2.1. Materials characterization

The ground granulated blast furnace slag used throughout the study was purchased from Bolu Cement
Industry. The specific gravity of the slag is 2.91 and its chemical properties are shown in Table 1.

Sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) were supplied from As Chemistry Industry
and Trade Company. Sodium hydroxide pellets were diluted one day before pouring concrete using dis-
tilled water to have a 12M concentration. The physical and chemical properties of sodium silicate and
sodium hydroxide solution are shown in Tables 2 and 3.

Polypropylene fibers were obtained from Kordsa Global Industrial Company and satisfy EN 14990-2
fiber class. Polypropylene fibers have a specific gravity of 0.91 and a fiber length of 54-90mm. The tensile
strength of the fibers is 550MPa and the melting temperature is about 160 �C. Hooked-end steel fibers
supplied from Group Energy Iron and Steel Industry with a thickness of 0.55mm, a length of 35mm, a
tensile strength of 1100MPa and a specific gravity of 7.85 were utilized. Polyamide fibers were supplied
from Kordsa Global Industrial Company. In light of the information provided by the company, the fibers
can absorb moisture by 5%, so they were rubbed with a slightly damp cloth before mixing. Polyamide
6.6 fibers satisfy the EN 14889-2 Class I standard, and it has a specific gravity of 1.14, fiber lengths of 6
and 12mm, and tensile strength of 900MPa. Also, all fibers used in the study are shown visually as in
Figure 1.

Polycarboxylic ether-based, highly water-reducing superplasticizer MasterGlenium 51 concrete admix-
ture supplied from BASF was used as a superplasticizer. Technical specifications of the plasticizer additive
are given in Table 4.

2.2. Experimental methodology

Fibers were added to the AASC in the proportion of 0.4% and 0.8% by volume for each fiber class to
inspect the effect of ratios of different fibers on the behavior of AASC under the conducted tests.
Suffixes in the mix ID represent steel for ST, polypropylene for PP, and polyamide for PA followed then
by the fibers ratio number. Seven mixtures in total were prepared and Table 5 summarizes the mix
designs of non-fibrous and fibrous AASC’s.

2.3. Mix preparation

Detailed procedures for mixing AASCs are described as follows: In the study, 100mm side cubes,
100� 200mm cylinders, 100� 100� 500mm metal prism molds were used to perform flexural strength,
compressive strength, splitting tensile strength, high-temperature, and freeze-thaw tests. Alkali activators
were prepared 24 hours before concrete casting. According to the amounts obtained from the mixing
design, 12 molars of sodium hydroxide solution was prepared using distilled water. The dry mixture was
mixed into the concrete mixer (aggregates to be saturated dry surface) to obtain a homogeneous mix-
ture. Immediately afterward, the alkali activators prepared the day before were poured together with the
superplasticizer. After mixing the alkali activators and the dry mixture for two minutes, the mixer was
stopped, the fibers (according to the concrete class produced) and additional water were poured and
mixed again for two minutes. After the completion, the mixture was poured into cubes, cylinders, and
prism molds. The vibration was applied to the casting to evacuate the air gaps and to obtain a homoge-
neous mixture. To prevent alkali volatility immediately after casting, the top of the molds were covered
with plastic covers. After 24 hours, the AASC samples were removed from the molds and cured at room
temperature as shown in Figure 2.

Table 1. Chemical composition of ground blast furnace slag (GGBS).

Oxides SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O TiO2 LOI

Amount (%) 40.5 12.8 1.1 35.5 5.8 0.18 0.79 0.75 0.03
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2.4. Testing

Among the physical property tests, apparent porosity, water absorption, and unit weight values were
determined in accordance with the ASTM C20 (ASTM C20-00, 2015). Three samples were tested for each
series and the results were expressed as the average. Before the compressive strength test, the ultrasonic
pulse velocity test has been carried out for the cube samples after 90 days for the whole mixture series.
Ultrasonic pulse velocity test was applied in accordance with the ASTM C597 (ASTM C597, 2016) stand-
ard. Compressive and splitting tensile strength tests were carried out after 28 and 90 days. Also, a three-
point loading test was carried out for flexural performance in accordance with the ASTM C1609 (ASTM
C1609, 2019) standard after 90 days. Shimadzu brand automatic test device with a capacity of 50 kN was
used for flexural tests. Flexural toughness values were calculated in accordance with the JSCE-SF4 (JSCE-
SF4, 1984) test method.

AASC samples were exposed to 300, 600, and 900 �C in a high-temperature furnace. Nabertherm brand
B130 industrial type furnace was used for the high-temperature effect. Before the experiment, the sam-
ples were dried in the oven for one day and their weights were measured. The high-temperature effect
was applied to all series after 90 days. The device was set on the control panel to increase 5 �C per
minute to reach the target temperature and to be kept at the target temperature for 1 hour. The samples
were cooled in the oven in order not to be exposed to effects such as explosion and fracture at the end
of the test due to possible thermal shock. Some physical and mechanical changes of the samples were
analyzed after exposure to heat. The results of compressive strength, weight loss, and ultrasonic pulse
velocity were investigated.

After 90 days, AASC samples were subjected to freeze-thaw tests with a total of 250 cycles.
Temperature values ranged from �20�C to 20�C, with 12 hours hot and 12 hours cold. In order to

Table 2. Physical and chemical properties of sodium silicate.

SiO2 Na2O (%) Fe (%) Heavy metals (%) Density (20 �C) (g/cm3) pH

27.0 8.2 �0.005 �0.005 1.360 11–12.4

Table 3. Physical and chemical properties of sodium hydroxide.

NaOH (%) Na2CO3 (%) SO4 (%) Cl (%) Al (%) Fe (%) pH Density (gr/cm3) Boiling Point (�C)
99 0.3 �0.01 �0.01 �0.002 �0.002 14 2.13 1388

Figure 1. The fibers: (a) polypropylene, (b) steel, and (c) polyamide fibers.

Table 4. Technical specifications for superplasticizer.

Structure of the material Modified polycarboxylic ether based

Appearance Brown liquid
Specific gravity (�C) 1.082–1.142 kg/lt
pH 6–7
Alkali content (%) �3.0 (by mass)
Chloride content (%) �0.10 (by mass)
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evaluate the weight loss results of samples subjected to freeze-thaw tests, their weight was measured
before testing. Compressive and flexural strength results were evaluated. In addition, the samples taken
out from the freeze-thaw stage were subjected to the ultrasonic pulse velocity test just before the com-
pressive strength test.

3. Result and discussion

3.1. Physical properties

Unit weight, void ratio, water absorption result values are listed in Table 6. In general, physical properties
varied according to the type and ratio of fiber. Compared to the reference sample (100S), samples pro-
duced with 0.4% fiber by volume showed improvement and decreased porosity, while samples produced
with 0.8% fiber by volume showed an increase. The fibrous series gave better water absorption results
than the reference series and showed an overall improvement. The water absorption results were corre-
lated with the voids ratio results, and the relationship is shown in Figure 3.

3.2. Compressive strength results

Compressive strength results at 28 and 90 days are shown in Table 7 and Figure 4. Compared to the con-
trol series, it was observed that there was a decrease in compressive strength in most of the fibrous ser-
ies for both 28 and 90 days. The highest decrease in strength occurred in the polypropylene fiber series,
and it was found that it gave up to 40% less strength than the control series on the 28th and 90th days.
It was stated in the literature that the increase in the use of polypropylene fiber caused a weakening in
the compressive strength characteristics of concrete (Al-Mashhadani et al., 2018; Bhutta et al., 2017). The
addition of PP fibers causes poor workability in mixtures, leading to poor compaction. Poor workability
and compaction caused a decrease in compressive strength (Amran et al., 2022). Series with polyamide
fibers gave a strength result of 9-20% less than the control series.

3.3. Splitting tensile strength results

Tensile strength test was applied to the AASC series on 28th and 90th days. Splitting tensile strength
tests were carried out adhering to ASTM C496 standards. Three samples were tested for each AASC series
and the mean value of the results was recorded.

Splitting tensile strength results and the rate of change of the strengths of 28 and 90 days compared
to the control sample and the results of 28/90 days are shown in Table 8. While it was observed that the
splitting tensile strength of AASC specimens at 28 days varied between 2 and 3.1MPa, these values
increased and varied between 2.9 and 3.8 at 90 days strength. Among the series, the highest splitting
tensile strength values were obtained in the ST fibered AASC series.

When the relationship between fiber usage ratio by volume and splitting tensile strength was exam-
ined, the splitting tensile strengths decreased in almost all series at 28 days. However, it was seen that
this decrease in strength was less with the increase in the use of fiber by volume, i.e 100S04PA series
lost 31.19% compared to the control sample, while 100S08PA experienced a loss of strength with a rate
of 15.25%. According to the 90-days results, the highest splitting tensile strength was seen again in the

Table 5. Mixture ID notation and concrete composition.

Mixture ID
GGBS
(kg/m3)

Fine
aggregate
(kg/m3)

Coarse
aggregate
(kg/m3)

Type of
fibre

Fibre
dosage
(V%)

Superplasticizer
(kg/m3)

Na2SiO3

(kg/m3)
NaOH
(kg/m3)

Alkali
solution/binder

100S (Control) 360 746 1120 – 0 6 115.7 46.3 0.45
100S04PP 360 746 1120 Polypropylene 0.4 6 115.7 46.3 0.45
100S08PP 360 746 1120 Polypropylene 0.8 6 115.7 46.3 0.45
100S04ST 360 746 1120 Steel 0.4 6 115.7 46.3 0.45
100S08ST 360 746 1120 Steel 0.8 6 115.7 46.3 0.45
100S04PA 360 746 1120 Polyamide 0.4 6 115.7 46.3 0.45
100S08PA 360 746 1120 Polyamide 0.8 6 115.7 46.3 0.45
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steel fiber reinforced-AASC series. Apart from the steel fiber-reinforced AASC samples, it was seen that
the splitting tensile strength decreased compared to the control series. No positive effect of PA and PP
fibers was seen on the splitting tensile strength results. It has been observed that the PA fiber-reinforced
AASC series gave more strength loss results as the volume of fiber usage rate increased. In the literature
for AASC concretes with PA fiber, the results on the splitting tensile strength were almost negligible.
Therefore, according to the results of the study, it can be said that PA fibers cannot be effective in
improving tensile, toughness and post-crack behaviors of AASC. More studies should be done on the
relationship between PA fibers and alkali-activated concrete. Reduction in the splitting tensile strength of
PP fiber-reinforced AASC series may be due to the agglomeration of PP fibers causing ineffective bridging
in the AASC (Adesina, 2020).

3.4. Compressive strength-splitting tensile strength relations

On the other hand, with extensive studies on OPC-based concrete, the tensile strength can be tested
conventionally or estimated by compressive strength (Ding et al., 2016). The American Concrete Institute
ACI structure code 318 (ACI Committee, 2005) offers the possibility to estimate the splitting tensile
strength by using the compressive strength of the corresponding sample. ACI 318 approach is applied to
understand the consistency of AASC samples with codes. Splitting tensile strength can be calculated
using equation (1) where fct is splitting tensile strength and f

0
c is the compressive strength.

fct ¼ 0:56
ffiffiffiffi
f 0c

q
(1)

Figure 5 shows the splitting tensile strength and compressive strength relation based on experimental
data and ACI 318 structure code. In addition, the proportionality of these results to each other is shown
in Table 9. It was seen that the splitting tensile strength of AASC specimens changed marginally with
compressive strength and the ACI318 building code had a poor consistency with experimental results.
AASC specimens had a linear relationship between the splitting tensile strengths and the experimental’s
square roots of compressive strengths. Based on the results, the following estimation equation 2 was pro-
posed for the splitting tensile strength of AAS concretes.

fct ¼ 0:42
ffiffiffiffi
f 0c

q
(2)

More work should be done to establish a general relationship between the compressive strength and
the splitting tensile strength of fibrous AAS concrete. There were differences between the equations pro-
posed by researchers in studies. Some previous studies (Chi, 2012; Yang et al., 2012) for AASC have
shown highly consistent results with ACI structure code 318. Different equations were proposed in stud-
ies where the ACI structure code and AASC experimental studies were inconsistent. Aliebdo et al. (2019)
concluded that the splitting tensile strength was 0.5554 times the square root of the average

Figure 2. AASC samples left to cure at room temperature.

120 ÖF. KURANLI ET AL.



compressive strength, while Parthiban and Mohan (2017) concluded that it was 0.62 times which was not
similar to that proposed in this study.

3.5. Flexural strength

Flexural strength results at 90 days are shown in Figure 6. Three-point loading was applied by load from
the midpoint of the upper surface of AASC specimens. The improvement ratio in flexural strength of the
fiber reinforcement except ST fiber was adversely affected compared to the control sample. It was
observed that the improvement rate developed negatively as the amount of fiber usage by volume
increased. For instance, sample 100S04ST gained 4.12% strength, while this ratio resulted in 4.2%
strength loss in sample 100S08ST. Likewise, while sample 100S04PP showed 6.69% strength loss, this rate
increased up to 17.19% in sample 100S08PP. The same evaluation can be made for the AASC series with
PA fibers. With the increase in PP fiber dosage amount, the workability of AASC mixtures decreased and
as a result, the mixtures cannot be appropriately compacted, causing a reduction in flexural strength
(Adesina, 2020).

Displacement controlled flexural test was applied to the AASC series. The load-displacement graph is
shown in Figure 7. Series with PP fiber exhibited high displacement property among all series and contin-
ued to develop the flexural strength by showing the effect of fiber property after the first crack value,
and by increasing the displacement. For example, sample 100S08PP showed the best load-displacement
behavior among the series, increasing from the initial crack value of 0.619mm and 4000N to 5500N and
again to 4000N, showing a displacement performance of approximately 7.4mm. It can be said that
short-term ups and downs were effective in load values together with the increase in the displacement
value in the PP fibered series and PP fibers positively affected the energy absorption capacity. Also, it
was seen that the increase in the use of fiber by volume in the PP fibered series had a positive effect on
the development of the flexural strength-displacement graph. Among the steel fiber series, only the
100S08ST series showed outstanding flexural improvement performance compared to the control series.
It turned out that the series with 0.4% steel fiber by volume was negligible in improving the flexural per-
formance. It can be said that the increase in the use of steel fiber in the AASC series had a positive effect
on the development of load-displacement. Farhan et al. (2018) investigated the effect of different types
of steel fibers on the engineering properties of ambient cured, alkali-activated slag-fly ash concrete. In
the study, it was determined that the compressive, splitting tensile and flexural strength of slag-fly ash
concrete mixtures activated with alkali increased with the addition of steel fibers. Researchers have
reported the stress-strain response of concrete mixtures to change from brittle to ductile with the add-
ition of steel fibers.

All of the PA fibered series could not show an increase in flexural strength after the first crack value.
Although there were improvements in the displacement value after the displacement value read in the
first crack value in the PA fibered series, the small fluctuations in the flexural strength could not exceed
the first crack strength value. However, it can be observed that high volume PA fiber series increased the
energy absorption capacity compared to the fiberless series.

3.5.1. Relationship between compressive and flexural strength
In conventional concrete technology, flexural strength (frÞ can be estimated by using compressive
strength (fcÞ: ACI Committee 363 (ACI Committee 363, 1997) and IS:456-2000 (IS 456-2000, XXXX) stand-
ards define the relationship between compressive strength and flexural strength, respectively, as follows:

Table 6. Physical properties of AASC’s.

Mix ID Unit Weight (g/cm3) Porosity (%) Water absorption (%) Water absorption change (%) Porosity change (%)

100S 2.59 8.87 3.76 Control Control
100S04ST 2.61 8.53 3.57 �5.1 �3.8
100S08ST 2.81 9.44 3.71 �1.3 6.4
100S04PP 2.57 7.76 3.27 �13.0 �12.5
100S08PP 2.54 8.5 3.66 �2.7 �4.2
100S04PA 2.57 8.04 3.41 �9.3 �9.4
100S08PA 2.55 9.37 4.05 7.7 5.6
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Figure 3. Correlation between porosity and water absorption in AASC.

Table 7. Compressive strength results at 28 and 90 days.

Mix ID 28 Days (MPa) IR(%) 90 Days (MPa) IR (%) 28/90

100S 67.49 Control 76.75 Control 0.88
100S04ST 67 �0.73 73.93 �3.67 0.91
100S08ST 58.36 �13.53 79.86 4.05 0.73
100S04PP 51.45 �23.77 65.29 �14.93 0.79
100S08PP 42.17 �37.52 45.41 �40.83 0.93
100S04PA 56.83 �15.79 61.17 �20.30 0.93
100S08PA 53.55 �20.65 61.01 �20.51 0.88

Figure 4. Compressive strength values of the investigated AASC.

Table 8. Splitting tensile strength results at 28 and 90 days.

Mix ID 28 Days (MPa) IR (%) 90 Days (Mpa) IR (%) 28/90

100S 2.95 Ref. 3.23 Ref. 0.91
100S04ST 2.75 �6.78 3.22 �0.31 0.85
100S08ST 3.18 7.80 3.85 19.20 0.83
100S04PP 2.15 �27.12 2.93 �9.29 0.73
100S08PP 2.77 �6.10 2.93 �9.29 0.95
100S04PA 2.03 �31.19 2.92 �9.60 0.70
100S08PA 2.50 �15.25 2.78 �13.93 0.90
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fr ¼ 0:94
ffiffiffiffi
fc

p
(3)

fr ¼ 0:7
ffiffiffiffi
fc

p
(4)

Table 10 and Figure 8 shows the results of the estimated flexural strengths and experimental flexural
strengths obtained with the models suggested by the mentioned standards. It has been revealed that
the ACI Committee 363 standard overestimates the experimental flexural strength values. On the con-
trary, the IS:456-2000 standard underestimated the actual values. However, it is possible to say that both
standards make estimations close to real values. In order to provide more consistent results for FRAAC, a
linear relationship with the square root of compressive strength has been revealed and a new equation
as follows with a proportionality constant of 0.80 is proposed:

fr ¼ 0:8
ffiffiffiffi
fc

p
(4)

3.6. Flexural toughness factor

In order to emphasize the effect of fiber reinforcement on energy under an external load effect of the
AASC series, the flexural toughness factor was calculated by applying the JSCE-SF4 (JSCE-SF4, 1984) test.
The flexural toughness factor is shown in Figure 9. According to the data obtained from the AASC series,
it was revealed that fiber addition gave better results in terms of flexural behavior than the fiberless ser-
ies. Especially, the ST and PP fibered series with 0.8% by volume showed a quite remarkable toughening
effect. For example, while the ST fibered series showed a remarkable increase in flexural factor values
from 25% to 430%, in the PP fibered series the values in the two fiber volume classes converged and
showed a significant increase of 260% compared to the fiberless series. The results obtained were in
accordance with other studies in the literature (Al-Mashhadani et al., 2018; Xu et al., 2017).

3.7. Elevated-temperature test

AASC samples were exposed to high temperatures at 300�C, 600�C, and 900�C. After the tests were com-
pleted, weight loss, ultrasonic pulse velocity, and compressive strength tests were performed in each
temperature class.

3.7.1. Compressive Strength
Residual strengths and compressive strength loss rates due to elevated temperature tests are shown in
Table 11 and Figure 10, respectively. The residual strengths of the fiber-reinforced AASC series at 300 �C

Figure 5. Splitting tensile strength and compressive strength relation.
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almost entirely increased compared to the 90-day strength. Similar results were available for fiberless
AASC samples in the literature (Fan et al., 2018). These increases in compressive strength were attributed
to the low diffusion coefficient of Naþ. The low diffusion property resulted in the high melting tempera-
ture of AASC. These increases in compressive strength showed that the alkaline activation process contin-
ued up to 300–400�C (Hussin et al., 2015). Guerrieri et al. (2009) also explained this by hydration and
sintering of unreacted binders. Significant increases occurred in polypropylene and polyamide fiber-rein-
forced AASC series in 300�C. For example, in the AASC series with 0.4% and 0.8% polypropylene fiber by
volume, there was an increase of 49% and 89%, respectively. Likewise, increases such as 30% to 60%
were recorded for series with polyamide fiber. The positive behavior of the fibers in the compressive
strength up to 300

�
C can be explained by the large connection in the matrix. Microscopic cracks in the

composite tissue can be prevented from turning into macroscopic cracks due to the fibers (Shehab et al.,
2016). PP and PA fibers melt at 160–170 and 260�C, respectively. PP and PA fibers melt and create a free
path to escape water vapor to release pore pressure (Ayg€ormez et al., 2020). Kalifa et al. (2001) suggested
that the matrix absorbed the molten polypropylene and played a role in the empty fiber beds and pres-
sure relief.

On the other hand, it was seen that there was a serious decrease in the residual compressive strengths
at 600�C and 900�C. For a temperature of 600�C, it can be said that there were satisfactory values in
terms of compressive strength, although it was seen that there were high losses in the residual compres-
sive strength compared to 90 days. Residual compressive strength at 600 �C varied between 39 and
61MPa and an average compressive strength of 50MPa was obtained. It was seen that the highest
residual strength at 600 �C was in the steel fiber series. At 600 �C, the losses of AASFC series compared to
the 90-day strength were between 8% and 39% and were recorded as an average loss of 32%. It was
observed that the compressive strength of the series experienced a significant strength loss at 900 �C. As
well as these losses were up to 90%, an average loss of 85% occurred in all series. Compressive strength
at 900 �C varied between 6 and 23MPa. Series at 900 �C did not give a satisfactory strength result. It
stood out as a result of the residual compressive strength of 23MPa obtained in the polypropylene
fibered series (100S04PP) at 900 �C temperature. It can be said that the voids formed by the release of

Table 9. Split tensile strength by ACI318 and experimental.

Mix ID ACI 318 Code Experimental STS ACI318/Exp. STS

100S 4.91 3.23 0.66
100S04ST 4.82 3.22 0.67
100S08ST 5 3.85 0.77
100S04PP 4.52 2.93 0.65
100S08PP 3.77 2.93 0.78
100S04PA 4.38 2.92 0.67
100S08PA 4.37 2.78 0.64

Figure 6. Flexural strength values of investigated mixes.
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free water from the mass due to the high-temperature effect, the polypropylene fibers melted and were
effective in these voids and therefore exhibited higher compressive strength than expected (Ayg€ormez
et al., 2020). Kong et al. (2008) stated that there was an incompatibility between the matrix of high-tem-
perature alkali activated concrete and the expansion of the coarse aggregate. Researchers stated that the
matrix shrank by 1% at a temperature of 800 �C, while a certain amount of aggregate expanded up to
2.5%, and the loss of strength was observed in AASC at higher temperatures. It was also stated that
replacing amorphous structures in alkali activation by crystalline Na-feldspars at temperatures of 800 �C
and above caused a decrease in compressive strength (Mustafa et al., 2011).

3.7.2. Weight loss
Weight loss results in each series after high-temperature tests are shown in Figure 11. At 300 �C, the
AASC series lost 5.3% weight on average, and the weight loss ranged from 3.87% to 6.98%. At 600 �C,
the weight loss of the series was 6% on average, and the weight loss varied between 4.64% and 7.29%.
While the average weight loss was 10% at 900 �C, these values varied between 9.41% and 12.8%. It can
be said that the use of fiber had no serious effect on weight loss. Generally, it was seen that the weight
loss percentage increased as the temperature increased. An increase in temperature caused dehydration
in alkaline activation. The AASC matrix was seriously damaged due to the high-temperature effect, and
as a result, the cracks in the concrete expanded even more. It increased the loss of compressive strength
by creating matrix voids in expanding cracks. As the temperature rose, dehydration began and moisture
escaped by moving towards the sample surface. This led to internal damage of the microstructure and
natural weight loss of the composite (Ayg€ormez et al., 2020).

3.7.3. Comparison of experimental results with existing models
The residual compressive strength at high temperatures can be estimated by many empirical models.
The empirical models (Equations (5)–(8)) in the literature and the Eurocode (2005) standard are shown
below:

f
0
cT ¼ l�f 0c by Eurocode (5)

f
0
cT ¼ f

0
c 1þ T

1000
� 2� T

1000

� �2
( )

100 �C � T � 800 �Cð Þ by Shaikh and Hosan ð2016Þ (6)

Figure 7. Load-deflection curves of AASC.
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f
0
cT ¼ f

0
c

0:93þ 0:0025T�7x10�6T2 100�C � T � 400�C
1:0242þ 0:0006T�2x10�6T2 400�C � T � 800�C
1:0252�0:001T þ 2x10�7T2 600�C � T � 1200�C

by Aslani and Samali ð2014Þ
8<
: (7)

f
0
cT ¼ 1:268�e� T�259:7

532:8 Þ2�f 0c Zhang et al: ð2020Þ:ð (8)

Table 10. Experimental and theoretical results of flexural strengths.

Mix ID
Experimental
fr (MPa)

fr by ACI
Committee 363

ACI Com.
363/Experimental

fr by
IS:456-2000

IS:456-2000/
Experimental

100S 6.88 8.24 1.20 6.13 0.89
100S04ST 7.16 8.08 1.13 6.02 0.84
100S08ST 6.59 8.40 1.27 6.26 0.95
100S04PP 6.42 7.60 1.18 5.66 0.88
100S08PP 5.70 6.33 1.11 4.72 0.83
100S04PA 6.81 7.35 1.08 5.47 0.80
100S08PA 5.90 7.34 1.24 5.47 0.93

Figure 8. Comparison between predicted flexural strength and experimental flexural strength of FRAAC samples.

Figure 9. Flexural toughness factor of investigated series.
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where f
0
cT is predicted residual compressive strength at elevated temperature (MPa), T is elevated tem-

perature in �C, f
0
c is compressive strength at ambient temperature, e is natural constant, l is reduction

factor recommended by Eurocode.
Figures 12–18 show the comparison of the estimated compressive strength values obtained with the

empirical models mentioned and the measured compressive strength values. It has been revealed that
the estimated compressive strength values obtained for 300 �C temperature give lower results than the
experimental compressive strength values in almost all empirical models. The models recommended by
Zhang et al. and Eurocode at 300 �C showed relatively more consistent results compared to other models.
At the estimated compressive strengths obtained at 600 �C, all the models proposed showed much more
consistent results than the estimated compressive strengths obtained at 300 and 900 �C. In general, the
Eurocode model gives closer results than other recommended models. It has been seen that the esti-
mated compressive strengths obtained by Eurocode at 900 �C are quite compatible with the measured
compressive strength values. More studies need to be done to confirm the consistency of exist-
ing models.

3.8. Freeze-thaw test

Freezing and thawing are essential parameters for underwater structures in cold regions and are an
evaluation criterion for concrete durability. Figure 19 shows the compressive strengths of AASC before
and after 250 cycles. Also, Tablo 12 shows the improvement rates of the residual compressive strengths
according to the 90-day compressive strengths.

Table 11. Compressive strength loss retes after elevated temperature.

Mix ID
300oC 600oC 900oC
(%) (%) (%)

100S 0.00 �38.96 �90.91
100S04ST þ16.22 �22.97 �87.84
100S08ST þ6.25 �23.75 �92.50
100S04PP þ49.23 �18.46 �64.62
100S08PP þ88.89 �8.89 �75.56
100S04PA þ60.66 �13.11 �83.61
100S08PA þ39.34 �36.07 �75.41

Figure 10. Compressive strength values at elevated temperatures.
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As seen in Table 11 and Figure 11, one of the most significant results of AASC samples after being
exposed to the freeze-thaw effect was the increase in residual compressive strength in some mixture
classes. These increases ranged from 2.3% to 11.9%. Increases in residual compressive strength revealed
that the GGBS binder continued to activate alkali under high humidity conditions during the freezing-
thawing tests. Activation produced a large amount of reaction product, improving the residual strengths
(Puertas et al., 2003). The humid environment allowed the gaps to be filled with the reaction products of
the binder. Due to the compactness of the alkaline activation matrix and its good adhesion, the samples
became resistant to the freezing-thawing effect (Ayg€ormez et al., 2020). The process of development of
the residual strengths can be considered as a continuation of the curing process in alkaline activation
(Kampala et al., 2014). It was seen that PA fibered mixes had the best improvement rate in the residual
compressive strengths. The increase in the use of PA fibers had a positive effect on the development of
residual compressive strength. Using 0.4% PA fiber by volume provided an increase of 8% while using
0.8% by volume fiber provided an increase of approximately 12%. No improvement was observed in the
residual compressive strengths with the use of PP fiber. The loss in remaining strength decreased with
the increase in PP fiber usage. The increase in the use of ST fiber negatively affected the development of

Figure 11. Weight loss of each series as a result of elevated temperatures.

Figure 12. Comparison of experimentally measured compressive strengths of 100S with existing models.
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residual compressive strength. The doubling of the use of ST fiber in volume decreased compressive
strength by 2.1% compared to the 90-day strength.

It was seen that the use of fiber did not have a positive effect on residual compressive strength after
250 freeze-thaw cycles when compared to the control sample which was a fiberless series as seen in
Figure 11. According to the results of freeze-thaw tests, the PP fiber reinforcement for AASC samples
affected the results most negatively. PP fibers resulted in an average of 36% loss of compressive strength
compared to the fiberless series, and it was observed that this loss increased as fiber usage increased.
Likewise, the increase in the use of ST fiber by volume also adversely affected the development com-
pared to the control series. In the PA fibered series, this situation was the opposite; as the fiber usage
volume increased, the rate of decrease in the residual compressive strength decreased. However, it was
found that PA fibers also did not improve compressive strength in general compared to the control ser-
ies. The only improvement in the residual compressive strength compared to the non-fibrous series after
250 cycles were in the 0.4% ST fiber series with an improvement rate of 2%.

On the other hand, UPV is a non-destructive test method used to identify matrix uniformity and
internal cracks. Figure 20 shows the correlation between the residual compressive strengths and UPV

Figure 13. Comparison of experimentally measured compressive strengths of 100S04ST with existing models.

Figure 14. Comparison of experimentally measured compressive strengths of 100S08ST with existing models.
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results of the fibrous and non-fibrous series. After 250 cycles of freeze-thaw tests, it was found that the
residual compressive strengths and UPV values had an agreeable relationship. The average correlation
coefficient of 0.84 showed consistency (Table 12).

Figure 21 and Table 13 show the flexural strength results obtained after 250 cycles of freeze-thaw
tests. While the highest flexural strength was 9.83MPa with the 100S08PA series, the lowest flexural
strength result was 6.66MPa with the 100S08ST series. On the other hand, the samples generally showed
an improvement compared to the 90-day flexural strength results. After 250-cycle freeze-thaw tests, it
was seen that all series had an average growth rate of 24% compared to 90-day flexural strength. The
AASC series that showed minor improvement compared to their 90-day flexural strength were ST fibered
series. As the use of ST fibers by volume increased, this growth rate changed from negative to positive. It
was seen that the highest growth rate was in series with PA fibers. With the doubling of the PA fiber
ratio, it was observed that the improvement in flexural strength almost doubled. The same expressions
can be said for the AASC series with PP fiber. Especially, the increase in the use of fiber by volume signifi-
cantly increased the rate of development five times.

Also, growth rates of the flexural strengths obtained after the freeze-thaw tests were compared to the
fiberless control series. Apart from the PA fibered series, it can be said that the fiber addition did not

Figure 15. Comparison of experimentally measured compressive strengths of 100S04PP with existing models.

Figure 16. Comparison of experimentally measured compressive strengths of 100S08PP with existing models.
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Figure 17. Comparison of experimentally measured compressive strengths of 100S04PA with existing models.

Figure 18. Comparison of experimentally measured compressive strengths of 100S08PA with existing models.

Figure 19. Residual strength results after the freeze-thaw test.
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have a positive effect on the flexural strength results after the freeze-thaw test. While the ST fibered ser-
ies experienced a 15% loss compared to the control series, the PP fibered series showed slight improve-
ment with the increase in fiber volume. The PA fibered series showed complete improvement compared
to the control series. It was seen that PA fiber-reinforced AASC showed an average improvement of 21%
compared to the control series and were resistant to the freeze-thaw.

Weight change rates obtained from the freeze-thaw tests are shown in Figure 22. After the freeze-thaw
tests, the weight of the samples increased by a small percentage. In the freeze-thaw tests, the filling of the
voids in the produced samples by the humidity in the environment caused the weight of the samples to

Figure 20. UPV results of AASC’s after freeze-thaw tests.

Table 12. Improvement ratio of residual compressive strength.

Mix ID 90 Days (Mpa) Residual strength, 250 cycle (Mpa) IR (%)

100S 76.75 78.56 2.36
100S04ST 73.93 80.15 8.10
100S08ST 79.86 78.25 �2.10
100S04PP 65.29 55.90 �12.23
100S08PP 45.41 44.25 �1.52
100S04PA 61.17 67.33 8.03
100S08PA 61.01 70.16 11.92

Figure 21. Flexural strength results after freeze-thaw tests.
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increase after 250 cycles (Sun and Wu, 2013). The weight changes that occurred after the freeze-thaw tests
were due to the micro-cracks in the samples and the ability of moisture to move into the sample. At the
same time, there was a change in weight due to the moisture in the sample moving out. The degraded areas
that occurred with the formation of micro-cracks can be filled with the effect of the moist environment and
the sample weight can increase (Ayg€ormez et al., 2020). Awoyera et al. (Awoyera and Adesina, 2020) investi-
gated the durability properties of alkali-activated slag composites. The study revealed that the composites
exposed to freezing and thawing showed some scaling after only 40 cycles but did not show any scaling in
the same number of cycles in the other mixtures without air entrainment.

3.9. SEM analysis

SEM micrographs of non-fibrous and reinforced AASC specimens are shown in Figures 23–26. In order to
understand the microstructural changes of AASC mixtures, SEM analyzes were performed for each mix-
ture class after elevated temperature, freeze-thaw, and mechanical tests. SEM analyses were taken from
the fracture AASC samples’ core and performed on very tiny samples.

When the SEM images were examined, it was seen that the mixtures were more intense at room tem-
perature and after freezing-thawing in all mixture classes. Unreacted GGBS particles were also seen in
micrographs at room temperature. Unreacted GGBS particles can be positively associated with increased
compressive strength up to 300�C. While the temperature increase up to 600�C caused cracks in some
mixtures, minor changes were observed in the matrix properties in general. However, it turned out that
large cracks were formed that became much more visible in all mixture classes after exposure to 900�C.
The deterioration in the binder phase, together with the development of micro and macro cracks, caused
a decrease in compressive strength and an increase in mass losses with the increase of temperature in
almost all mixture classes (Rovnanik et al., 2013). The microstructure of GGBS based AACs became more
porous when exposed to high temperatures after 600�C due to matrix decomposition and weight loss.

Table 13. Improvement ratio of residual flexural strength by 90 days and control sample after the freezing-thawing test.

Mix ID 90 Days (MPa) 250 Cylce (MPa) IR by 90 days (%) IR by control sample (%)

100S 6.88 7.98 15.84 Control
100S04ST 7.16 6.77 �5.49 �15.11
100S08ST 6.59 6.66 1.10 �16.44
100S04PP 6.42 6.96 8.45 �12.70
100S08PP 5.70 8.13 42.69 1.94
100S04PA 6.81 9.52 39.83 19.34
100S08PA 5.90 9.83 66.61 23.27

Figure 22. Weight change after the freeze-thaw tests.
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Figure 23. SEM micrographs of non-fibrous 100S mix.

Figure 24. SEM micrographs of samples reinforced with ST fibers.
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Figure 25. SEM micrographs of AASC samples reinforced with PP fibers.

Figure 26. SEM micrographs of AASC samples reinforced with PA fibers.
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The porous structure was seen in all mixture classes at 900�C. The microstructure of GGBS based AACs
became more porous when exposed to high temperatures after 600�C due to matrix decomposition and
weight loss. The porous structure was seen in all mixture classes at 900�C.

4. Conclusions

In this paper, research has been conducted to examine the effect of adding three different fibers on the
mechanical and durability behavior of slag-based alkali-activated concretes and the conclusions are
as follows:

� When the effect of fibers on compressive, splitting tensile, and flexural strength results were examined,
it was observed that a decreasing trend occurred. This situation can be explained by the low bonding
strength of the PP and PA fibered series at matrix interface transitions. Despite this situation, it was
observed that steel fibers increased the splitting tensile strength. The addition of steel fibers to the AAS
matrix effectively improved the post-crack behavior and positively affected the tensile strength.

� When the load-displacement curves and flexural toughness factor were examined, it was observed
that PP and ST fibers significantly improved the post-crack behavior of alkali-activated concrete com-
pared to the control sample. While it was observed that PA fibers improved flexural toughness factor
values, it was found that it did not have a positive contribution to post-crack behavior.

� At 600 �C, the samples were exposed to a loss of strength between 8.8% and 38.96%, and at 900 �C,
the samples were exposed to a loss of strength between 64.62% and 90.91% in terms of compressive
strength.

� Apart from the PA fibered series, it can be said that the fiber addition did not have a positive effect
on the flexural strength results after the freeze-thaw test. The PA fibered series showed complete
improvement compared to the control series.

� The splitting tensile strengths of AASC were not close to those predicted by the ACI building code
318. An equation has been proposed that can accurately estimate the relationship between the split-
ting tensile strength and the corresponding compressive strength of AASC’s. Estimated compressive
strengths obtained at 600 �C, all the proposed models showed much more consistent results than
the estimated compressive strengths obtained at 300 and 900 �C. In general, the Eurocode model
gave closer results than other recommended models.
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