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� Polypropylene fiber reinforced metakaolin geopolymer composites were fabricated.
� Metakaolin was partially replaced with silica fume and colemanite waste.
� Effects of Elevated tepmeratures, freeze-thaw and wetting drying cycles were examined.
� Up to certain extents, the used materials enhanced different porperties of the matrix.
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a b s t r a c t

In this study, metakaolin-based geopolymer samples produced by substitution of silica fume and cole-
manite waste up to 20% were subjected to high-temperature effects at 300, 600, 900 �C, the wetting-
drying effect of 5, 15 and 25 cycles and freezing-thawing effect of 56 and 300 cycles. At the end of the
tests, compressive and flexural strengths, ultrasonic pulse velocity and weight changes’ results were
examined. In addition to these, micro-computed tomography (CT), XRD and SEM analyses were per-
formed to examine the microstructure properties as well as visual inspection. 5 series produced for high
temperature and wetting-drying effects were also produced with polypropylene fiber. It has been
observed that samples exposed to 900 �C maintained their stability. Polypropylene fiber has been shown
to increase the samples’ flexural strength results compared to the non-fiber samples after exposing to
high temperatures. For the freezing-thawing effect, air-entraining admixture was added to 5 series. An
increase for compressive strength was seen after 56 cycles but a decrease was seen after 300 cycles.
The geopolymer samples thus began to suffer the real distortion effect in subsequent cycles after the
freezing-thawing effect, which contributed to geopolimerization in a sense occurring in the first 56
cycles. During the wetting-drying cycles, fluctuations were observed in the results and an increase in
the compressive strength, UPV and weight changes’ results after 5 cycles, a decrease in the results after
15 cycles and an increase again in the results after 25 cycles were seen.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The production of ordinary Portland cement (OPC) is known as
an important parameter that triggers emissions by taking second
place in the production of greenhouse gasses. Emissions from
cement production are expected to increase further in the upcom-
ing years, and it is clear that global warming indices are also
affected. In this context, the evaluation of by-products from differ-
ent industries as admixtures in concrete as well as in cement pro-
vides improved properties and plays a role in reducing
environmental impacts [1–2]. Geopolymer is an inorganic poly-
meric material which is prepared by activating the aluminosilicate
materials such as fly ash or metakaolin with activators, which
becomes reaction products by polycondensation and fragmentary
dissolution in alkaline conditions. Due to the high strength and
small energy consumption, geopolymers are an alternative to
OPC products and eco-friendly [3–4]. Previous studies have shown
that geopolymers are superior in terms of strength properties,
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chemical effects, high temperature, and impact resistance com-
pared to Ordinary Portland Cement samples [5,6].

Based on these facts, the properties of the fabricated matrix led
the research community to incorporate the field with the recent
research technologies and experimental investigations such as rhe-
ology tests and 3D printing technologies, [7–9] examined the fea-
sibility of manufacturing geopolymeric matrix using 3D printing
technology and conducted various experiments on the resulted
specimens. They concluded that more sustainable outcomes could
be manufactured with the resulting materials.

On the other hand, when the difference for chemical structure’s
thermal evolution is examined, it is seen that geopolymer has
higher fire resistance than OPC [3,10–12]. Zuda et al. [13] investi-
gated using lightweight composite material with the binding
material activated by the activator. A fire protective layer applica-
tion was made for Portland cement-based buildings. For this rea-
son, a mixture of expanded vermiculite and electric porcelain
was used to make aggregate resistant to heating. Up to 1200 �C,
mechanical, physical, thermal, water vapor transport and water
properties were investigated. Even at 1200 �C, the compressive
strength showed 30% and flexural strength showed 3.5 times more
performance than the control sample.

In general, for OPC, under the influence of fever, the rate of tem-
perature rise decreases after reaching an estimated temperature of
800 �C in the first 30 min and reaches a constant temperature
between 1000 and 1100 �C within nearly 2.0–2.5 h [14]. If concrete
is constantly exposed to such extreme fire, serious damage and
shedding will occur. Damages change the balance of the reinforce-
ment and consequently cause the collapse of the structure, which
increases economic costs and poses a significant risk to human life.
Portland cement pastes are the main reason for the formation of
this condition, while mechanical properties are weakened by the
decomposition of hydration products. In alkali-activated concrete,
partial sintering is observed with high temperature and it is
thought that compressive strength will increase for this reason
[15–17]. Davidovits has demonstrated that fire resistance for
1200 �C is achieved with an activator containing sodium and
potassium [18]. Barbosa and MacKenzie found nearly the same
results for mixtures with sodium hydroxide and sodium silicate
[19]. It is seen that water loss between 100 and 200 �C and 250
to 800 �C causes contraction; no dimensional changes were
observed in the samples. Above 800 �C, density and volume
changes occurred due to new phases’ crystallization. It is thought
that this contraction isn’t because of a melting point or a viscous
flowing process. This contraction is thought to end suddenly
between 880 and 900 �C. It is seen that the samples retain their
structural stability until they melt at temperatures of 1000–
1300 �C. Bakharev detected shrinkage cracks and a slight decrease
in strength associated with a rapid increase in average pore size
and degradation of aluminosilicates for sodium-activated fly ash
based samples at 800 �C [16]. Martin et al. compared alkali-
activated fly ash based cements with OPC [20]. Samples showed
strength increase after 600 �C while OPC samples lost strength
[21].

Duan et al. [22] examined the microstructure, weight loss, and
residual strength properties by applying thermal cycles to FA-
based geopolymer samples with silica-fume additive. Heating-
cooling cycles of 7, 28 and 56 were performed at 200, 400 and
800 �C. It was observed that silica-fume additive increased the
strength. At the end of the heating–cooling cycles, the strength
and weight loss were seen to be proportional to the increasing
temperature. Although the rate of decrease in strength was almost
the same with the addition of silica fume, the strengths were better
with silica fume after the cycles.

Kong and Sanjayan [23] examined the F-class fly ash-based
geopolymer pastes and mortars. Samples were exposed to 800 �C
in order to see the loss of strength caused by thermal damage.
Geopolymer paste samples showed an increase of 53% in strength
and geopolymer mortar samples showed a decrease of 65% in
strength. The test showed that the aggregates were exposed to
1.5–2.5% expansion after 800 �C temperature, resulting in loss of
strength.

Zhang et al. [24] examined the degree to which the bond
strength of geopolymers was affected by high or room tempera-
ture. 18 different mixtures of metakaolin and fly ash binder mate-
rials were tested at temperatures between 20 and 300 �C. SiO2/K2O
ratio, Si/Al ratio, fly ash content and solid–liquid ratio were taken
as test parameters. In addition to these parameters, additives such
as short carbon fibers, styrene acrylate emulsion, and basalt fibers
were used. It was observed that short carbon fibers did not affect
the degree of bonding at room temperature but limited the cracks
at 100–300 �C. Similarly, epoxy resin was found to increase the
degree of bonding in the range of 100–300 �C.

Ranjbar et al. [25] examined the geopolymer mortar produced
using palm oil fuel ash and fly ash binder materials in terms of
compressive strength and microstructural by exposing to high
temperatures in the early stages. It was observed that the microp-
ore formation accelerated in the samples after high temperatures
and the peak of strength was shifted from 300 to 500 �C.

Türker et al. [26] compared the Ordinary Portland Cement with
alkali-activated mortars produced using slag mortars to a high
temperature of 800 �C. Test results showed significant differences
between slag and Portland cement mortars in the high-
temperature resistance. After exposing to 800 �C, the reduction in
flexural strength and compressive strength was about 80%.

Two effective raw materials used for alkali activation are fly ash
and metakaolin. Preferred reasons include both SiO2 and Al2O3 as
the amorphous source in a single material. Borges et al. investi-
gated the engineering properties of alkali-activated metakaolin
and metakaolin/slag based mortars. 100% MK-based geopolymer
mortars were compared by using dissimilar SiO2/Na2O molar ratios
with 40% slag added samples. The results indicated that with the
slag, the capillary absorption and porosity decreased and the
microstructure changed considerably. In addition, with the addi-
tion of slag, it has been observed that the required activator ratio
for sufficient workability decreased and the strength increased
[27].

Metakaolin has high pozzolanic properties and it is produced
using high temperatures (500–900 �C) for calcining kaolin [23].
Metakaolin which forms a strong matrix with them when different
activators are used provides particularly high strength [28–30].
Davidovits has achieved very high mechanical and durability
results by using metakaolin and slag as a source in geopolymer
composite production [18]. The type of metakaolin, concentration,
and quantity of activator solution and curing conditions become
important while the metakaolin used plays a role in the geopoly-
merization reaction. There are many studies on the production of
different types of geopolymers using metakaolin [31–35].

In addition to using fly ash and metakaolin as the essential bin-
der materials in the production of geopolymers, it is also possible
to treat different waste materials as binder materials. Turkey has
the largest boron deposits and nearly 72% of the available boron
in the world. Boron mine can be used in different fields such as
energy, agriculture, and medicine. An estimated 1.72 million ton-
nes of boron compounds and minerals are known to be fabricated
in Turkey [36]. Tincal, ulexite, and colemanite are important prod-
ucts. Colemanite is called calcium borate mineral with a hardness
of 4 to 4.5 and its specific gravity is 2.4 g/cm3. The B2O3

0s content in
pure colemanite is 51% and after concentration the perborates,
sodium borates and boric acid are formed. In addition, a large num-
ber of by-products are produced. The effects of these by-products
affect the environment in a negative way. The colemanite wastes
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pollute the existing underwater resources and have brought nega-
tive results. One of the most suitable methods to reduce the nega-
tive effects of colemanite is to be considered as a mineral additive
in the concrete and cement sector [36,37]. Kula et al. studied the
engineering properties of the samples produced using colemanite
together with bottom and fly ash. B2O3 content becomes important
here [38]. It has been determined that the mortar produced by
using 10% colemanite wastes as additives increases the mechanical
properties [39].

In addition, silica fume can be widely used to improve cement
and concrete microstructure [40–42], strength [43–44], durability
[45–47]. However, investigations on silica fume added geopolymer
composites have failed to satisfy. Chindaprasirt et al. studied the
durability properties of FA-based geopolymer and used silica fume
for increasing strength and resistance under the influence of acid
and sulfate. 3.75% silica fume added geopolymer had an optimum
compressive strength (17.0 MPa) in 28 days. The residual compres-
sive strength results of the 5.75% silica fume added geopolymer
sample was higher than the control samples under the influence
of 5% magnesium sulfate and 3% sulfuric acid solutions [48]. Ros-
tami and Behfarnia investigated the permeability and strength of
alkali-activated slag concrete by replacing slag with silica fume.
The results showed that by replacing the silica fume, its permeabil-
ity can be reduced and its compressive strength can be improved,
and water curing is the most appropriate method [49].

Fibers with different geometric properties and materials used in
the structural application are divided into two categories: low
modulus (non-metallic) and highmodulus (metallic) [50]. The fiber
in each category improves the specific properties of the matrix. In
general, metallic fibers provide increased bending strength due to
their high stiffness, while non-metallic fibers manage matrices’
plastic shrinkage as they have a higher surface contact area and
aspect ratio [51]. Polypropylene and steel fibers are widely used
in fiber reinforced concrete applications [52]. An increase in impact
resistance is achieved with polypropylene fibers to improve the
performance of concrete; strain is increased against failure; a thin
cracked free surface; it is more resistant to water permeability and
consequently improved durability [53]. However, the use of the
fibers is limited, as the workability is reduced by adding the fibers
to the cemented matrices at a high rate; using the fibers optimally,
the interaction between the surface and the matrix can be
increased so that it is considered an effective solution to increase
the engineering properties of the composites [54–55]. Sukonta-
sukkul et al. examined the strength performance of the geopoly-
mer composites with polypropylene and steel fibers. As a general
result, by hybridization of steel fiber can increase toughness, resid-
ual strength of the reinforced geopolymer composites with
polypropylene fiber. It has been found that both the second peak
and the load drop are improved. With the increase of steel fiber,
strength and residual strength have gradually improved [56].

Bhutta et al. [57] conducted research on the appropriate fiber
reinforcement for strengthening the matrix properties of geopoly-
mer composites. Polypropylene and macro-steel reinforced
geopolymer composites were found to be better at flexural
strength. Three different types of straight, length-deformed, end-
deformed steel fibers and length-deformed polypropylene fiber
were used. The optimum ratio for fiber was taken into account at
0.5%. The most ductile flexural was observed in the end-
deformed steel fiber between three different steel fibers.
Polypropylene fibers didn’t have any significant effect on compres-
sive strength.

Mohseni [58] investigated the flexural and compressive
strength, displacement, water absorption, Si/Al ratio and electrical
resistivity properties of MK-based geopolymer concrete containing
polypropylene fibers with 0.3, 0.5 and 1% ratios. The results
showed that flexural strength increased by 28% using polypropy-
lene fiber. In addition, if the sodium silicate/sodium hydroxide
ratio was considered as 3 and the polypropylene was used as 1%,
it showed that the most ideal mixture was obtained in terms of
structural, environmental and economic terms.

An important technological breakthrough in the construction
industry in the last century is air-entraining agents (AEA). AEA
benefits by producing air voids in addition to gel and capillary
pores [59]. AEA is often added to fresh cement mixtures to improve
processability and consistency, reduce decomposition and bleed-
ing, and increase durability [59–61]. Another benefit of the AEA
is that it reduces thermal conductivity by increasing the air content
that provides resistance to heat flow [62,63]. The present disadvan-
tage of air entrainment is that it decreases compressive strength by
increasing porosity and subsequent reduction of total density. In
contrast, the reduction in strength can be compensated by the
AEA due to its water-reducing effect. In addition, it has been con-
firmed in other studies that an increase in air bubbles with this
additive has a significant effect on frost resistance [64].

Studies on the freezing-thawing resistance of geopolymers are
limited and studies have often investigated the freezing-thawing
effect of the external environment. Vegas et al. investigated the
freezing resistance of blended cement comprising calcined paper
sediment and conducted freezing-thawing tests for dissimilar
waste paper sediment calcined containings [65]. Chul-Woo et al.
focused on investigating the strength of concretes containing silica
fume and fly ash exposed to combined degradation mode [66].
Yawei et al. researched alkali-activated slag concrete’s damage
mechanics models under the influence of freezing-thawing cycle
test [67]. Susan et al. examined the engineering properties of
alkali-activated metakaolin/slag concrete [68]. Peijiang et al. exam-
ined the resistance of FA-based mortars exposed to freezing-
thawing test with curing in ambient conditions and discussed
the composition tailoring’s importance [69].

Cai et al. [70] examined alkali-activated slag concrete with
freezing-thawing resistance. The samples showed excellent resis-
tance at the end of the test and the coefficient of resistance for
freezing-thawing was found to be approximately 90%. Yunsheng
et al. [71] made freezing-thawing and sulfuric acid tests on fly
ash geopolymer composites produced using polyvinyl alcohol
fiber. After 20 freezing-thawing cycles test and 1 month exposure
to sulphuric acid solution, the samples showed no effect on stiff-
ness and impact strength.

Wetting-drying cycle tests are applied to measure the resis-
tance against the effects of sudden weather conditions. These con-
ditions, together with the deterioration of the building materials,
drying shrinkage in consequence of water evaporation in hot
weather, and the formation of cracks due to sudden climate
change, results in reduced strength or material collapse [72].

The main objective of this study is to examine the high-
temperature effect on the geopolymer composites produced using
metakaolin partially replaced with silica fume and colemanite
waste and its behavior under the effects of freezing-thawing and
wetting-drying cycles. On the other hand, there are limited studies
on the geopolymer composites’ behavior with the polypropylene
fiber under the high temperature and wetting-drying effects and
with the air-entraining agent under the effect of freezing-
thawing. Thus, polypropylene fiber-reinforced and none-fibrous
series of geopolymer samples were exposed to 300, 600, 900 �C.
In the same way, the series with and without air-entraining admix-
ture was subjected to the freezing-thawing effect of 56 and 300
cycles. Also, the durability tests included the wetting-drying for
5, 15 and 25 cycles. Compressive and flexural strengths, ultrasonic
pulse velocity and weight changes’ results were examined. In addi-
tion to these tests, micro-computed tomography (CT), XRD and
SEM analyses were performed to examine the microstructural
properties as well as visual inspection.



Table 2
Fine aggregate’s gradation and standard limit values.

Characteristic Grain size (mm)

0.08 0.16 0.5 1.0 1.6 2.0

Remaining (%) 99 87 72 34 6 0
Limit (%) 99 ± 1 87 ± 5 67 ± 5 33 ± 5 7 ± 5 0

Table 3
Sodium hydroxide’s chemical properties (%).

NaOH Na2CO3 Cl SO4 Al Fe

99.1 0.3 �0.01 �0.01 �0.002 �0.002

Table 4
Sodium silicate’s chemical properties.

Na2O (%) SiO2 (%) Density (20 �C)
(g/ml)

Fe (%) Heavy metals
(as Pb) (%)

8.2 27.0 1.360 �0.005 �0.005

Table 5
The properties of polypropylene fiber.

Length
(mm)

Diameter
(mm)

Specific
Gravity

Nominal Tensile
Strength (MPa)

Aspect
Ratio

12 0.0075 0.91 750 1600

Table 6
The properties of air entraining admixture.

Specific Gravity
(kg/l)

PH
value

Alkali content
(%)

Chlorine ion content
(%)

0.98–1.03 9–11 �10 (by weight) <0.1 (by weight)

Table 7
Geopolymer mortar mixing proportions (g).

Metakaolin Fine aggregate Slag NaOH (12 M) Na2SiO3

450 1125 60 150 300
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2. Experimental

In this study, silica fume and colemanite were used as substitu-
tion materials while metakaolin was used as the main binding
material. Metakaolin is a fine-grained binder material and it has
a high pozzolanic activity with a total SiO2 + Al2O3 + Fe2O3 ratio
of 97.18%. The amount of metakaolin passing through a 45 lm
sieve is 0.30%, indicating fine grains. In addition, it has a high reac-
tivity due to its fine-grained properties, because it has a small par-
ticle size and a high surface area and therefore having fine grains
increases the degree of reaction. The slag was used in 13% of the
mixture. The chemical properties of the materials used in this
study are given in detail in Table 1. Colemanite, silica fume, meta-
kaolin, and slag were expressed in C, SF, MK and S abbreviations,
respectively.

In geopolymer composite mortar samples, the fine aggregate
(unit weight is 1.352 kg/m3 and specific gravity is 2.563 g/cm3)
has been used according to BS EN 196-1. The standard fine aggre-
gate’s granulometry, sieve analysis, the limit values are given in
Table 2.

In preparation of mortar samples, a mixture of sodium hydrox-
ide (12 M) and sodium silicate as SiO2/Na2O = 3.29 M ratio was
added as an activator. The properties of sodium hydroxide and sil-
icate are given in Table 3 and Table 4, respectively.

In this study, polypropylene fiber was used to investigate the
flexural strength of geopolymer mortars after high-temperature
test. Properties of polypropylene fiber are given in Table 5. In addi-
tion, air-entraining additive was used in this study. Air entraining
additive facilitates the development of a constant air voids system
in concrete by increasing the durability of the concrete. The AEA’s
properties are given in Table 6. Air entraining admixture and
polypropylene were expressed in AEA and PP abbreviations,
respectively.

Colemanite, silica fume, slag, metakaolin, fine aggregate,
sodium silicate, and hydroxide were used to prepare the mixture.
The mortar mixes were prepared with binder material/fine aggre-
gate ratio as 1/2.5, sodium hydroxide/binder material ratio as 1/3
and sodium silicate/binder material ratio as 2/3. Previous studies
were used for the mixture [73–79]. Table 7 shows the amounts
of the materials.

For the geopolymer mortar mixture, 450 g of metakaolin was
mixed by using the mixer drill with the activator consisting of Na2-
SiO3 solution and a pre-prepared NaOH solution (12 M) one day
before. The activator/binder ratio for this mixture was taken as
1:1. Following this stage, 60 g of slag (13% of the binding material)
was added to the mix for increasing the calcium ratio. Fine aggre-
gate was used as aggregate and fine aggregate/binder ratio was
taken as 2.5/1. In the final stage, a total of 0.8% by volume
polypropylene fiber was added to these 5 series for the high tem-
perature and wetting-drying tests, while a 0.1% by weight air-
entraining admixture was added for the freezing-thawing test.
The obtained mortar was applied to the molds and then vibrated.

Dissimilar temperatures and times were applied in the previous
study as curing conditions. Three different temperatures (40, 60,
80) oC and times (2, 24, 72 h) were applied. In addition, the effect
of using a non-flammable oven bag during curing was investigated.
The prepared samples were able to be removed from the mold after
Table 1
The binders’ chemical properties.

Chemical analysis, % SiO2 Al2O3 Fe2O3 TiO2

MK 56.10 40.25 0.85 0.55
S 40.60 12.83 1.37 0.75
SF 90.58 1.37 0.15 –
C 5.00 0.40 0.08 –
2 h as slag was used. After 24 h in room conditions, the samples
were cured in the drying oven based upon the previous experimen-
tal investigations which the authors have done [80].

Geopolymer samples placed in the molds were removed to be
kept at room temperature for 2 h after the vibration was applied
and a natural cure was applied for 24 h. Geopolymer specimens
were held in the drying oven for 72 h at 60 �C with the non-
flammable oven bags following the 24-hour period. The non-
flammable oven bags helped for preventing evaporation of water.
After heat curing, samples were kept in closed plastic boxes for
up to 28 days. After 28 days, high temperature and freezing-
thawing, wetting-drying tests were performed.
CaO MgO K2O Na2O B2O3 L.O.I.

0.19 0.16 0.55 0.24 – 1.11
36.08 6.87 0.68 0.79 – 0.03
0.35 4.02 2.55 0.58 – 0.40
26.02 3,00 – 0.50 40.00 25.00
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It has been found that using colemanite waste up to 10% has a
good performance with the advantages of forming a protective
layer and filling the voids, and has shown a significant improve-
ment in microstructure due to the relative permeability and brittle
of the geopolymeric matrix [81–82]. Thus, boron waste is suitable
to use up to 10% in geopolymer composite samples [38]. In previ-
ous studies, it has been found that by using boron minerals with
cement-based systems, it provides a protective layer for cement
particles and restrains contact among cement particles and water.
This effect directly influences the hydration mechanism of cemen-
titious materials [83]. In addition, it has been determined that the
mechanical properties of cement-based composites are improved
under favour of colemanite waste [84].

Silica fume, because it has very fine grains, plays an important
role in the process of converting large voids to small ones. In con-
clusion, similar to the behavior of cemented matrices, it has been
shown that geopolymeric matrices provide improvement by
reducing voids rates [85]. However, it has been found that silica
fume, if used more, reduces the workability and adversely affects
the properties of the mortar. The high specific surfaces of the silica
fume particles have a negative effect on workability. Table 8 shows
the 28 days strength results of 9 mixtures.

When the pre-mix results were taken into consideration, high
temperature, freezing-thawing, and wetting drying tests were per-
formed with 5 series (control samples MK, 10SF, 20SF, 10C and
20C) which have the highest results. In the final stage, a total of
0.8% by volume polypropylene fiber was added to these 5 series
Table 8
Trial mixes for the current research.

Mixes Compressive strength
at 28 d (MPa)

Flexural strength
at 28 d (MPa)

100% MK 60.37 10.43
90% MK + 10% SF 59.74 13.17
80% MK + 20% SF 67.30 13.50
70% MK + 30% SF 46.04 10.76
60% MK + 40% SF 43.80 10.38
90% MK + 10% C 61.59 11.95
80% MK + 20% C 47.85 10.97
70% MK + 30% C 43.41 9.61
60% MK + 40% C 33.16 9.02

Fig. 1. Classification of the
for the high temperature and wetting-drying tests, while a 0.1%
by weight air-entraining additive was added for the freezing-
thawing test for the durability properties.

After the 28 days, geopolymer mortar sample series were sub-
jected to temperatures of 300, 600 and 900 �C in the high-
temperature furnace. The samples were dried for 24 h at 105 �C
before the test. The temperature increase rate of 5 �C/min was
adjusted in the high temperature oven. The samples were kept at
maximum temperature for 1 h after reaching the desired tempera-
ture. The samples were then allowed to cool down in the oven to
avoid thermal shock. The samples were analyzed after heat treat-
ment and mechanical and physical changes were investigated.
Flexural and compressive strengths, ultrasonic pulse velocity and
weight changes’ results were examined. After the 28 days, the
geopolymer series were also subjected to the freezing-thawing test
with a total of 56 and 300 cycles. In each cycle, the freezing period
was set to 90 min, the thawing period was set to 30 min, and the
temperature range of the test was set to 4 �C to �18 �C. Wetting-
drying test was performed for 28 days samples. The test involved
drying the samples at 65 �C for 24 h and then immersing them in
water at room temperature for 24 h. This was considered 1 cycle
and samples were subjected to 5, 15 and 25 cycles. The same tests
were made for freezing-thawing and wetting-drying. For compres-
sive strength 50 mm cubes were used (ASTM C 109) [86], and for
flexural strength (ASTM C 348) [87] prismatic molds were used.
3. Results and discussion

The tests in this investigation were conducted based on three
categories, namely elevated temperature, freezing-thawing, and
wetting drying cycles. The tests are illustrated in (Fig. 1).

3.1. Elevated temperature

3.1.1. Compressive and flexural strength results
Changes in geopolymer samples that were kept under the effect

of 300, 600 and 900 �C were investigated. In addition, polypropy-
lene fibers were added to the blends by 0.8% by volume to achieve
their effect. After the high-temperature test, flexural and compres-
sive strengths results were compared with the 28 days’ results
(Figs. 2, 3). After 600 �C, there was a significant decrease in com-
investigation’s tests.
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Fig. 3. Residual flexural strength results after high-temperature test.

Table 9
Compressive strength loss rates due to high temperature (%).

300 �C 600 �C 900 �C

MK 32.61 55.15 86.00
10 SF 31.15 51.89 82.89
20 SF 31.07 50.37 82.40
10 C 31.49 52.70 84.10
20 C 33.02 53.23 86.00
MK-PP 34.82 56.84 86.38
10 SF-PP 32.79 54.26 84.96
20 SF-PP 32.07 53.74 84.32
10 C-PP 32.38 54.10 85.19
20 C-PP 34.55 55.55 86.54

Table 10
Flexural strength loss rates due to high temperature (%).

300 �C 600 �C 900 �C

MK 54.77 69.54 84.95
10 SF 51.11 67.48 82.92
20 SF 49.19 66.89 80.59
10 C 53.90 68.04 83.77
20 C 54.23 68.54 84.78
MK-PP 48.91 64.98 84.60
10 SF-PP 45.08 60.84 81.42
20 SF-PP 43.91 58.52 79.04
10 C-PP 46.43 62.89 82.07
20 C-PP 47.66 64.05 83.53
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Table 11
Ultrasonic pulse velocity loss rates due to high temperature (%).

300 �C 600 �C 900 �C

MK 51.25 72.73 77.55
10 SF 48.15 69.09 74.25
20 SF 47.23 68.13 73.82
10 C 48.60 71.45 76.39
20 C 51.22 72.62 76.62
MK-PP 52.68 72.85 78.14
10 SF-PP 50.89 69.64 74.60
20 SF-PP 49.96 68.70 74.28
10 C-PP 50.88 71.11 76.98
20 C-PP 52.03 71.98 77.36
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pressive and flexural strengths (Tables 9–10). The geopolymer
composites’ strengths were significantly reduced by a temperature
range of 600 �C to 900 �C due to the evaporation of water and
dehydration of the geopolymer matrix, the melting of the fibers
due to high temperature and the thermal reaction mechanism of
free water evaporation [88]. For the geopolymer mortar sample,
the decrease for flexural strength with high-temperature effect
was higher than compressive strength. This was due to the fact
that the flexural strength was more sensitive to the development
of internal microstructure defects, such as the propagation of
cracks and the growth of porous structures at high temperatures
[89].

The compressive strength losses for fiberless geopolymer sam-
ples ranged from 31.07% to 86%, whereas this rate increased
slightly and ranged between 32.07% and 86.54% in the polypropy-
lene fibrous geopolymer samples. Flexural strength losses for fiber-
less geopolymer samples ranged from 49.19% to 84.95%, while this
rate decreased and ranged between (43.91–84.60) percent in the
polypropylene fibrous samples. The goal of adding fiber to cement
or geopolymer mortar is to increase flexural strength and improve
flexural toughness [90]. Polymer fibers are a widely used type of
material for reinforcing geopolymer composites and it has been
confirmed that fibers can improve the geopolymer’s flexural
strength and toughness very effectively [91–95]. Zhang et al. pro-
duced polypropylene fiber reinforced calcined kaolin and fly ash
based geopolymer composites and it was found that the fibers
increased the flexural strength by 38.6% [91]. Al-mashhadani
et al. studied the engineering properties of fly ash-based geopoly-
mer composites using steel and polyvinyl alcohol fibers, and it was
found that flexural strength increased 39.84% and 31.45% com-
pared to the control sample when using polyvinyl alcohol and steel
fibers, respectively [95]. Although it has been claimed that fibers
can increase compressive strength [92–93] if used at the appropri-
ate dosage, it is reported a decrease in compressive strength with
fiber addition [91,94–95]. There are many harmful pores in fiber-
reinforced materials, which can weaken the bond between the
fibers and the cement or geopolymer matrix and thus adversely
affect the matrix [96–98]. With respect to polypropylene fibers,
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the decrease in compressive strength is caused by both the low
density of the fibers used and the flocculation of the fibers result-
ing in a decrease in unit weight and compressive strength and an
increase in water absorption rate. According to this; it was
observed that compressive strength values decreased with
polypropylene fiber additive in all blends. Reducing the workabil-
ity of mortars with increasing fiber addition is known from the
studies [99]. In addition to the low modulus that causes low
residual stress, polypropylene fibers have been found to be
hydrophobic, meaning that they desire to move away from
water-based systems [100–101]. Polypropylene fibers also appear
to increase porosity while reducing processability; this adversely
affects mortar compaction. Polypropylene fiber is more effective
in stopping the micro-cracks caused by tensile stresses in the lower
regions of the mortar during the flexural strength test, and as a
result, the flexural strength increases with increasing fiber
yield [102].

Pliya et al. [103] conducted research on the behavior of high
strength concrete under high temperatures (150, 300, 450 and
600 �C) using polypropylene and steel fibers. The amount of
polypropylene fibers with a length of 6 mm was taken as 1 and
2 kg/m3. Four heating–cooling cycles were applied to the concrete
samples. According to the results of this research, while the
MK-PP 10 SF-PP 20 SF-PP 10 C-PP 20 C-PP

600 900

lts after high temperature test.
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polypropylene fibers did not have a significant effect on the
remaining compressive strength after reaching 600 �C, samples
containing 1 kg/m3 polypropylene fiber showed higher residual
compressive and splitting tensile strength results when heated to
300 �C. Ding et al. [104] used a 15 mm long polypropylene fiber
to examine the ultimate load, residual compressive strength, flex-
ural toughness, fracture mode and energy of self-compacting high-
performance concrete held at 300, 600 and 900 �C for 3 h. The
results indicated that PP fibers had a significant effect on the
reduction of surface cracks but did not show a clear effect on the
mechanical properties of the concrete. Yermak et al. [105] investi-
gated the behavior of steel and polypropylene fiber reinforced con-
crete at high temperature. Polypropylene fibers have been found to
prevent macroscopic damage of steel fiber concretes during firing.
Rudnik and Drzymała [106] focused on the thermal behavior of
polypropylene fiber reinforced concrete at high temperatures.
Samples were exposed to 100, 200, 300, 400, 500 and 600 �C. The
authors concluded that polypropylene fibers had no significant
effect on the thermal stability of concrete samples. When the com-
pressive strength results after high temperature were examined, it
was observed that the results showed similar behavior to the sam-
ples before high temperature. This situation is consistent with the
above-mentioned studies. Polypropylene fibers have no effect on
compressive strength.

The flexural strength results of the samples after high tempera-
ture showed a tendency to grow in contrast to the compressive
strength results. Polypropylene fibers can control the cracks
formed while reducing the width and number of cracks. This is
the main reason for the increase in flexural strength. The positive
behavior of the fibers in flexural strength in concrete can be
explained by the fiber’s short distance and a very large connection
in the matrix. Therefore, after microscopic cracks have formed in
the composite tissue, the conversion of these microscopic cracks
into the macroscopic cracks can be prevented by means of fibers.
The fibers continue to withstand the tension and transfer this
tension from one end of the cracks to the other until they leave
the matrix [107]. In addition, polypropylene fibers melt at
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160–170 �C to release pore pressure by forming a free path for
escaping water vapor. Thus, it is assumed that surface cracks are
very limited or not. Kalifa [108] suggests that molten polypropy-
lene is absorbed by the matrix and plays a role in the pressure
relief with empty fiber beds.

The increase in compressive strength seen in silica fume addi-
tive geopolymer composites can be attributed to the have a more
dense microstructure resulting from the fact that fine silica fume
particles acting as a micro-aggregate filler that is dispersing in
geopolymer and can fill the inner space in the geopolymer paste’s
microstructure. On the other hand, the highly reactive pozzolan
silica fume reacts with calcium hydroxide formed from the reac-
tion between the calcium oxide in the main binder material and
the alkali from the activator mixture. This reaction results in the
formation of C-S-H gel. The presence of silica fume particles
results in a compact microstructure and strength increase [109–
111]. As a result of the pozzolanic reaction between calcium
hydroxide and silica fume, more C-S-H is formed in the matrix,
which increases the strength development of geopolymer compos-
ites [48]. Obviously, after examining the geopolymer composites
under the effect of high temperature, it was found that compres-
sive strength was improved by adding silica fume. While it was
observed that the compressive strength of each geopolymer com-
posite after high temperature decreased with thermal effects, the
results with silica fume were higher than the control sample.
The results of compressive strength loss for silica fume additive
geopolymer as a result of thermal cycles are consistent with the
findings reported previously [112–114]. If colemanite waste is
replaced with primary binder material up to 10%, it is possible
to influence the results positively. Silica fume and colemanite
waste can act similarly in case of substitution and reduce the voids
ratio to form a more compact structure. These conditions
decreased the rate of deterioration after the high-temperature test
and increased the strength compared to the control sample
[81,82].

The replacement of SF increased the residual compressive and
flexural strengths. The residual compressive strengths were
MK-PP 10 SF-PP 20 SF-PP 10 C-PP 20 C-PP

900
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45.72 MPa, 29.36 MPa, and 11.17 MPa, respectively, at 300 �C,
600 �C and 900 �C for 20 SF. For 20 SF-PP, at 300 �C, 600 �C, and
900 �C, the residual flexural strengths were obtained as 7.87 MPa,
5.82 MPa and 2.94 MPa, respectively.
Fig. 6. MK samples exposed

Fig. 7. 10 C samples expose

Fig. 8. 10 SF samples expose
Colemanite waste had a positive effect on the replacement of up
to 10%. For 10 C samples, the residual compressive strengths were
obtained as 42.81 MPa, 29.13 MPa and 9.79 MPa at 300 �C, 600 �C,
and 900 �C, respectively. For 10C-PP, the residual flexural strengths
to high temperature.

d to high temperature.

d to high temperature.
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were obtained as 6.38 MPa, 4.78 MPa and 2.31 MPa at 300 �C,
600 �C, and 900 �C, respectively.

3.1.2. Ultrasonic pulse velocity results
As the temperature increases, the sample pore structure’s

growth and the water evaporation in the matrix increases. Addi-
tional voids arise due to the mass loss formed. Additional voids
that occur in this way result in lower ultrasonic pulse velocity
results [115]. The ultrasonic pulse velocity results and reduced
rates of the samples exposed to high temperatures are shown in
Fig. 4 and Table 11, respectively. All samples showed similar
behavior as a result of high-temperature effects and a significant
decrease in UPV values after 300 �C was observed. As a result of
the observation, it was determined that serious damages occurred
in the solid geopolymeric matrix after the effect of 300 �C and this
situation was consistent with the loss of compressive and flexural
strength results. In addition, the formation of microfractures accel-
erated with higher temperature effects and the density of the com-
posites was reduced and the ultrasonic velocity waves’
propagation time was prolonged and lower UPV values were
formed. Also lower UPV values were formed due to the melting
of fibers in the matrix composites and leaving microscopic
Fig. 9. 20 SF samples expose

Fig. 10. 20 C samples expos
channels above 300 �C [116]. The results in the fiber series are also
consistent before high temperature. Regardless of the temperature
effect, there was no significant difference with the addition of
polypropylene fibers, on the contrary, it slightly affected the per-
formance of the samples. This is thought to be related to the prop-
erties of fibers and their behavior in the geopolymeric matrix
[95,102]. The UPV results loss rate in non-fiber geopolymer mor-
tars ranged between 47.23% and 51.25% at 300 �C, between
68.13% and 72.73% at 600 �C and between 73.82% and 77.55% at
900 �C. In fiber geopolymer mortars, a decrease in the rate of ultra-
sonic pulse velocity was observed between 49.96% and 52.68% at
300 �C, between 68.70% and 72.85% at 600 �C and between
74.28% and 78.14% at 900 �C.

According to the results of the ultrasonic pulse velocity of the
samples shown in Figs. 4, 20% silica fume substitution positively
affected the post-temperature results. Because the silica fume
has fine grains that are dispersed in the microstructure of the
geopolymer matrix and act as micro-aggregate fillers, a dense
microstructure has been formed, which shortens the propagation
of ultrasonic velocity waves [112–114]. Similarly, the addition of
colemanite waste had a positive effect on the results up to 10%. Sil-
ica fume and colemanite waste can act similarly in case of
d to high temperature.

ed to high temperature.
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substitution and reduce the voids ratio to form a more compact
structure. So UPV results were higher with silica fume and cole-
manite in the geopolymer composites [81]. The residual ultrasonic
pulse velocity results in MK samples were 1722 m/s, 963 m/s and
793 m/s at 300 �C, 600 �C and 900 �C, respectively. The residual
ultrasonic pulse velocity results in 10C samples were 1869 m/s,
1038 m/s and 850 m/s at 300 �C, 600 �C and 900 �C, respectively.
The residual ultrasonic pulse velocity results in 20SF samples were
1941 m/s, 1172 m/s and 963 m/s at 300 �C, 600 �C and 900 �C,
respectively.
3.1.3. Weight loss results
The main components of the metakaolin binder material are the

amorphous phases Al2O3 and SiO2 and are widely used due to their
Fig. 11. SEM micrographs of 10 C geopolymer samples after exposure
goodmechanical and durability properties as well as a high specific
area and less impurity [117]. The geopolymer composites’ com-
pressive strength is significantly reduced due to the dehydration
of the matrix resulting from the free water evaporation’s thermal
reaction mechanism and high temperature [88]. The geopolymer’s
solid matrix suffers serious damage after high-temperature effect
and increasing temperatures further increases the expansion of
the cracks and increases the loss of compressive strength due to
the formation of matrix voids. When the temperature rises, a dehy-
dration reaction occurs and moisture moves towards the sample
surface and escapes, this leads to microstructure’s internal damage
and consequently weight loss in the geopolymer composite [118].
Weight loss in the early stage of heating in the geopolymer sample
occurs very quickly due to free water and structured water [119].
to 300 �C a) magnified 1000 times and b) magnified 5000 times.
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Weight loss mainly consists of three forms of water loss: Free,
adsorbed and chemically bound water. The weight loss shows a
sudden increase above 400 �C. It can be said that most of the
resulting weight loss occurs between 400 �C and 800 �C. The main
cause of weight loss below 600 �C is the evaporation of condensed
hydroxyl groups and free water [120]. Evaporation of water plays a
role in this loss, as well as decomposition of unhydrated and
hydrated compounds beyond 400 �C. Dehydration begins beyond
400 �C with the release of chemically bound water involved in
the formation of internal pores. In addition, viscous sintering in
the geopolymeric network shows the main cause of thermal
shrinkage due to high temperature effect [121]. The apparent effect
Fig. 12. SEM micrographs of 20 SF geopolymer samples after exposure
increases with increasing temperature, so the shrinking pores of
the samples increase the tendency to collapse [82].

It was observed that the increase in weight loss percentage was
higher with polypropylene fiber reinforced samples. The main rea-
son for this is that polypropylene fibers above 160 �C melt and cre-
ate channels in the concrete. This results in more weight loss in
fiber samples due to fiber evaporation at high temperatures. At
temperatures above 600 �C, these fibers become molten condition
and evaporate. At higher temperatures, the polypropylene fiber
was completely evaporated. As a result of these parameters’ cumu-
lative effects, weight reduction increases in samples with high
temperatures [122].
to 300 �C a) magnified 1000 times and b) magnified 5000 times.
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The weight loss results due to high temperature are given in
Fig. 5. Weight-loss rates in fiber geopolymer mortars with high-
temperature effects were between 1.92% and 2.81% at 300 �C,
between 2.93% and 4.84% at 600 �C and between 4.78% and 6.01%
at 900 �C. Weight-loss rates in non-fibrous geopolymer mortars
were between 1.63% and 2.5% at 300 �C, between 2.64% and
4.12% at 600 �C and between 4.25% and 5.67% at 900 �C. According
to the MK sample, silica fume and colemanite waste replacement
decreased weight loss. Silica fume and colemanite waste can act
similarly in case of substitution and reduce the voids ratio to form
a more compact structure. So weight loss results were lower with
silica fume and colemanite in the geopolymer composites [81].
Fig. 13. SEM micrographs of 10C geopolymer samples after exposure
3.1.4. Visual inspection of the samples
Changes in the surface of the sample under the high-

temperature effect were also examined (Figs. 6–10). The photos
were taken immediately after the high-temperature test. When
the samples were exposed to 300 �C, there was no significant color
change in proportion to the reduction in compressive strength. In
the samples exposed to 600 �C, the color change was observed.
With a significant loss of compressive strength in the 600 �C–
900 �C range, cracks have started to be seen. After 900 �C, geopoly-
mer samples had a significant amount of color change, but the
cracks remained at a lower rate. This was consistent with the fact
that geopolymer specimens maintained stable conditions under
to 600 �C a) magnified 1000 times and b) magnified 2000 times.
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high-temperature influence. The samples’ surface had a tendency
to be a little coarser [82,123].

To get an idea about the geopolymeric matrix with its bonding
degree, scanning electron microscopy (SEM) was performed for 10
C and 20 SF samples after heat treatment with 300 �C and 600 �C.
In addition, when the microstructural analysis is examined, it will
be possible to have an idea about the variation of the relations
between the microstructure and mechanical properties of geopoly-
mer samples with elevated temperature. Microstructural changes
in 10 C and 20 SF samples after exposure to 300 �C and 600 �C
are shown in Figs. 11–14. The microstructure of specimens was
preserved after exposure to 300 �C. No significant damage to the
Fig. 14. SEM micrographs of 20 SF geopolymer samples after exposure
specimens occurred when exposed to 300 �C. The microstructure
of metakaolin-based geopolymer samples became more porous
due to weight loss, matrix decomposition, and phase transforma-
tions when exposed to high temperatures after 500 �C. Although
deformations and macrostructural crack formation are seen in
Figs. 13–14, the microstructure remains unchanged after thermal
attack; however, a decrease in porosity for samples was observed
at 600 �C compared to 300 �C temperature. The formation of
silica-rich gels as reaction products in the geopolymeric gel may
produce a decrease in pore volume after high temperature, which
is believed to result in a high densification level and cause the
structure to collapse at about 600–750 �C; moreover, it is
to 600 �C a) magnified 1000 times and b) magnified 5000 times.
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determined that the initial densification temperature decreases
with the increment in Si/Al ratio [124]; These factors promoted
to the pore reduction for synthesized geopolymers. Acceleration
in pore volume reduction and water loss in the geopolymer with
evaporation and dehydroxylation after thermal attack can cause
the structural defects or the defects formation intensifying; these
effects can also contribute to loss of strength after thermal attack.
In addition, new crystal phases formed by redistribution of atoms
Fig. 15. XRD patterns for 10C geopolyme

Fig. 16. XRD patterns for 20 SF geopolym
due to uncontrollable diffusion result in loss of strength seen in
the samples. In spite of this situation, the basic structure of classi-
cal metakaolin-based geopolymers was preserved according to the
XRD results, and geopolymer materials showed lower microstruc-
tural deterioration at higher temperatures and therefore showed
less strength loss [82,125].

XRD technique can be used to better understand possible
transformations in mortar samples that have been affected by high
r samples �300 �C - after exposure.

er samples �300 �C – after exposure.
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temperature [126]. XRD has been applied to investigate the compo-
sition of the reaction products formed in geopolymer composites.
Figs. 15–18 show the XRD spectra of 10 C and 20 SF geopolymer
samples exposed to high temperatures of 300 and 600 �C. A broad
hump shows the formation of geopolymerization amorphous gels
with 20–40� 2-theta [127]. The consistent appearance of the broad
Fig. 17. XRD patterns for 10C geopolyme

Fig. 18. XRD patterns for 20 SF geopolyme
hump at 300 �C showed the composites’ thermal resistance proper-
ties. New crystalline phases are produced while the samples repre-
sent their original structural properties at 300 �C. Some
characteristic peaks observed in the XRD model are quartz, thom-
sonite, zeolite, goethite, and semi-crystalline hillebrandite. For 10
C samples exposed to 300 �C the quartz peaks occurred at 28� and
r samples �600 �C – after exposure.

r samples (600 �C) – after exposure.



Fig. 19. X-ray CT images for a) 10C sample after exposure to 300 �C b) 10C sample after exposure to 600 �C c) 20SF sample after exposure to 300 �C d) 20SF sample after
exposure to 600 �C.
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Fig. 20. Residual compressive strength results after freezing-thawing tests.
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68� and for 20 SF samples at 28� and 76�. The fact that geopolymer
samples have better thermal stability and durability is attributed to
their zeolite-like structure [88]. The different types of characteristic
peaks may depend on the geopolymer composite mixture designs,
aluminosilicate source type, filler type, alkali activator type, unre-
acted alumina or silica, and other unreacted impurities [128]. At
600 �C, amorphous hump covering quartz peaks at 28� in both 10
C and 20 SF samples were preserved, indicating that these phases
were inert during high-temperature exposure [125]. The results
showed that geopolymers still had structural stability at 300 �C;
however, higher temperatures (600 �C) caused structural problems
resulting from the degradation of mechanical properties. Further-
more, the shifting of the amorphous hump to lower angles after
500 �C indicated that in geopolymers, there was a microstructural
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Fig. 22. Ultrasonic pulse velocity resu
reconstruction associatedwith the rearrangement or flow of atomic
species such as Si and Al [125].

Therefore, it can be concluded that decomposition of gel, ther-
mal incompatibility, and crystallization result in a decrease in
strength in mortars that are subjected to a high-temperature effect
of 600 �C in bulk. The geopolymers’ structure includes tetrahedral
AlO4 and SiO4 units randomly distributed along polymeric chains,
interconnected spaces of sufficient size to accommodate alkali ions
and weakly bound water molecules [129]. Therefore, if this struc-
ture is maintained at temperatures above 500 �C, the water mole-
cules held in the cavities suddenly reach high kinetic energy. When
there is an increase in the movement of molecules, the held water
begins to escape from the structure in the form of steam creating a
high internal pressure that produces expansive forces within
MK-AEA 10 SF-AEA 20 SF-AEA 10 C-AEA 20 C-AEA

s 300 Cycles

ults after freezing-thawing tests.
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microstructures. Internal and surface cracking occurs in the sam-
ples due to the forces generated and the degradation of the
microstructures caused by displacement of the hump in XRD mod-
els results in the geopolymeric network partial collapse [130].

X-ray CT images of 10C and 20SF samples after exposure to 600
and 900 �C are shown in Fig. 19. Fig. 19 is a representative cross-
sectional view of the samples. Due to the drying shrinkage, small
cracks are observed near the surface side of the sample. In addition,
the temperature gradient in the sample is another cause of crack
formation. Particularly during the period in which water evapora-
tion increases, a lower temperature is formed in the core area of
the sample than the outside. Because of this, the shrinkage in the
core area is less than the outer layer. This mismatch between
shrinkage creates cracks. In addition, the size and water content
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Fig. 24. Geopolymer samples after 56 cycles freez
of the sample can trigger crack formation. In terms of crack forma-
tion, the 10C sample will experience higher strength degradation
than the 20SF sample due to cracks caused by the temperature
effect of 600–900 �C. In X-ray CT images, bright colors show com-
ponents such as gravel and fine aggregate with high X-ray attenu-
ation, while components with none X-ray attenuation or low are
indicated by dark colors (air voids). In addition to the small cracks
in the internal structures, the morphological structures of the
geopolymers have rounded pores. A more dense structure was
observed in the 20SF sample due to the property of silica fume.
In contrast, many more pores were observed in the 10C sample
exposed to 900 �C. This result shows that silica fume reduces the
loss of strength in the geopolymer sample according to colemanite
waste [131–133].
MK-AEA 10 SF-
AEA

20 SF-
AEA

10 C-
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20 C-
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s after freezing-thawing tests.

ing-thawing test a) without AEA b) with AEA.
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3.2. Freezing-thawing test

3.2.1. Compressive and flexural strength and ultrasonic pulse velocity
results

The use of air-entraining admixture has shown a reducing effect
on the compressive and flexural strengths and ultrasonic pulse
velocity results. This has been reported to result from a decrease
in pore volume. This is related to workability. The use of air-
entraining additives increases the workability and therefore
reduces the pore volume. The presence of air voids is effective here.
Due to the adverse effect of air content on strength results,
strength decreased [134]. For this reason, AEA should be used care-
fully on applications. This was seen when 28-day results were
compared. Compressive strength of 61.59 MPa, flexural strength
of 11.95 MPa and ultrasonic pulse velocity of 3636 m/s results
were obtained in 28 days for 10C sample, while compressive
strength of 61.12 MPa, flexural strength of 10.68 MPa and ultra-
sonic pulse velocity of 3586 m/s were obtained in 28 days for
20C-AEA samples. Compressive strength of 67.3 MPa, flexural
strength of 13.50 MPa and ultrasonic pulse velocity of 3678 m/s
results were obtained for 20 SF samples in 28 days while 20 SF-
AEA samples had a compressive strength of 66.73 MPa, flexural
strength of 12.25 MPa and ultrasonic pulse velocity of 3624 m/s
in 28 days. Using air-entraining admixture increased the air con-
tent in the mortar, resulting in a decrease in compressive and flex-
ural strength and ultrasonic pulse velocity values. Geopolymer
mortar samples showed some loss of strength due to this situation.

The results obtained from the freezing-thawing tests were com-
pared with the results of 28-day results (Figs. 20–22). In this study,
trends of compressive strength results were different for two dif-
ferent cycles. It is noteworthy that the compressive strength
results of geopolymer mixtures exhibited an increase rather than
a reduction for 56 cycles. The humid environment in which the
experiment was performed provided the filling of the voids in
the samples. This was mainly related to the fact that the geopoly-
meric matrix was compact, had a good degree of adhesion which
made it resistant to the effect of freezing and thawing, in addition,
a progress process of the matrix was made through the freezing-
thawing cycles. So geopolymeric products are still being created
during the 56 cycles of freezing-thawing test. This process can be
considered as the continuation of the curing process of geopoly-
Fig. 25. Geopolymer samples after 300 cycles freez
merization. The matrix then gave better results in terms of com-
pressive strength properties and ultrasonic pulse velocity rates.
This has been reported by some authors to have contributed to
the development of concrete properties (e.g. dynamic modulus
and strength) of freezing-thawing cycle tests with the presence
of wet and humid ambient conditions [71,135,136]. In these stud-
ies, it was thought that activation of raw materials such as fly ash,
metakaolin and slag occurred during the test and binding products
were formed and frost attack prevented. This phenomenon may
not be desirable in determining the freezing resistance of the mate-
rials. In order to avoid microstructure changes due to geopolymer-
ization or hydration due to freezing-thawing cycles, it may be
reasonable to postpone the test start at raw materials, especially
fly ash with low reaction kinetics. When the flexural strength
results of geopolymer mixtures were examined, there was a
decrease instead of increase in compressive strength. Following
the 56 cycle test, the reduction in flexural strength is as follows:
When the sample is under the influence of the compressive loads,
the cracks are parallel to the compressive load action. It means that
the damage is caused by the flexural stress perpendicular to the
compressive load. For this reason, the influence of freezing-
thawing cycles on flexural strength is greater than compressive
strength.

As a result of the 56 cycles of freezing-thawing effect, an
increase in compressive strength was also observed in geopolymer
samples with air-entraining admixture (AEA), but this was smaller
compared to samples without air-entraining. Using AEA allowed
the geopolymer samples to remain more stable. The highest com-
pressive strength result after test was 70.52 MPa in 20 SF samples.
The lowest value was seen in 20C samples as 47.26 MPa. The high-
est flexural strength after freezing-thawing test was observed in 20
SF samples as 12.97 MPa. The lowest value was 9.81 MPa in 20C-AE
sample. The highest ultrasonic pulse velocity after freezing-
thawing test was 3791 m/s in 20 SF samples.

An increase in compressive strength was observed after 56
cycles but a decrease in compressive strength was observed after
300 cycles. At the end of the 300 cycle freezing-thawing test, losses
occurred in both strengths’ results and ultrasonic pulse velocity. At
the end of the test, the highest residual compressive strength was
obtained in 20 SF-AEA samples with 53.14 MPa, when the lowest
residual compressive strength was obtained with 28.86 MPa in
ing-thawing test a) without AEA b) with AEA.
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20C samples. The highest flexural strength result was obtained in
20 SF-AEA samples with 8.45 MPa and the lowest result was
obtained with 5.67 MPa in MK sample. When the UPV results were
evaluated, the lowest and highest values after 300 cycles were
2935 m/s and 3316 m/s, respectively. Silica fume, which is a very
active pozzolan, has generally been shown to produce satisfactory
behavior in the freezing-thawing cycles without the need for a
specific air void structure [137]. Also if colemanite waste is
replaced with primary binder material up to 10%, it is possible to
influence the results positively.

The most critical cause for the breakdown is the water expan-
sion in the mortar which is permeable while freezing occurs. When
freezing occurs, the water volume increases by approximately 9%
and hydraulic pressure is created in the sample due to this effect
[138]. Furthermore, when the available free space is got full, freez-
ing creates hydraulic pressure on the geopolymermatrix surround-
Fig. 26. SEM micrographs of 10 C samples after exposure to freezing
ing the ice. If the force exceeds the tensile strength of the mortar,
the formation of micro-cracks starts and deterioration occurs. It is
expected that compressive strength will decrease with this effect
[139,140]. Since geopolymer samples have high initial compressive
strength, they can withstand higher pressures from freezing water
before the formation of micro-cracks. Due to the compact structure
present in the geopolymeric matrix, a good adhesion level is
achieved. With this effect, geopolymer composites are highly resis-
tant to the effect of freezing-thawing test.

The geopolymer samples thus began to suffer the real distortion
effect in subsequent cycles after the freezing-thawing effect, which
contributed to geopolimerization in a sense occurring in the first
56 cycles. Because of this, it may be necessary to determine the
actual start time of the freezing-thawing test. Reducing the surface
stresses caused by the use of air-entraining admixture is provided.
It provides a controlled, small, uniformly distributed air bubble in
-thawing a) magnified 1000 times and b) magnified 5000 times.
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the fresh sample, which is permanent even after hardening is com-
plete. This ensures that small air bubbles remain in the concrete.
This provides resistance to the effect of freezing-thawing [134].
The air-entraining admixture has been found to reduce the rates
of reduction in compressive and flexural strengths and ultrasonic
pulse velocity results after the freezing-thawing effect begin to
manifest itself. The residual strength results due to these condi-
tions were higher.

3.2.2. Weight change and visual inspection of the samples
The percentages of weight changes obtained as a result of

freezing-thawing tests are given in Fig. 23. The moist environment
ensured where the test has conducted the filling of the voids in the
Fig. 27. SEM micrographs of 20 SF samples after exposure to freezing
samples produced and therefore the weights increased in the
geopolymer samples after 56 cycles. The increase rates decreased
in the case of using AEA. In this case, since using AEA increased
the air-bubble voids, the weight increase was limited. The highest
weight increase in geopolymer samples was observed in MK sam-
ple as 0.39% and the lowest weight increase was observed in 20 SF-
AE as 0.03% after 300 cycles freezing-thawing test [141]. According
to the MK sample, silica fume and colemanite waste replacement
decreased weight changes. Silica fume and colemanite waste can
act similarly in case of substitution and reduce the voids ratio to
form a more compact structure. So weight change results were
lower with silica fume and colemanite in the geopolymer compos-
ites [81].
-thawing a) magnified 1000 times and b) magnified 2000 times.
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This situation, which occurred in 56 cycles, started to change
with the progressing cycles. However, after 300 freezing-thawing
cycles, no striking reduction in weight of the samples was
observed. The weight change that occurs during the freezing-
thawing cycles is due to the movement of moist media outside
and inside the sample and micro-cracks. As soon as micro-cracks
occur, filling the degraded zones with the effect of the surrounding
moist environment will increase the weight of the sample. Because
Fig. 28. XRD patterns for 10 C geopolymer sam

Fig. 29. XRD patterns for 20 SF geopolymer sa
of this, weight gain was observed in the first 56 cycles freezing-
thawing test. Weight loss was observed due to desquamation on
the surface of the sample with progressing cycles. However, the
compact structure of the geopolymer sample has led to this occur-
rence at a low rate. Because of this, weight loss was also low. Due
to the natural structure of the silica fume, weight reduction was
not seen, but the weight increase according to the 56 cycles
decreased. The air-entraining additive reduced weight loss. The
ples after exposure to freezing-thawing.

mples after exposure to freezing-thawing.
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stable, homogeneous porous network obtained by the addition of
an air-entraining additive limited the weight loss change
[142,143]. The highest weight loss in geopolymer samples was
observed in MK sample as 0.43% and the lowest weight increase
was observed in 20 SF-AE as 0.01% after 300 cycles freezing-
thawing test.

After the freezing-thawing cycles were completed, all surfaces
of the geopolymer samples were carefully examined. Surface anal-
ysis after 56 cycles and 300 cycles of freezing-thawing tests
showed no significant damage to the appearance of the samples.
No significant change in external appearance was observed, while
the deterioration remained at the microcrack level. The main rea-
son for the deterioration in the water expansion formed in the per-
meable structure. With freezing, water expands to 9% and leads to
the formation of hydraulic pressure. This results in micro-cracks.
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Fig. 31. Residual ultrasonic pulse velocit
However, this did not lead to surface damage. Visual inspection
of samples after 56 and 300 cycles is given in Figs. 24, 25 [144].

Microstructural changes in 10 C and 20 SF samples after the
freezing-thawing effect of 300 cycles are shown in Figs. 25, 26.
Microcracks formation was observed when the SEM images of
the geopolymer samples were examined. Most of them pass
through the existing interface between the metakaolin spheres
and the gel, indicating that the interface has a defective area. It
was also observed that the microcracks were interconnected to
form a network. A small amount of damage to the integrity of
the structure can be explained in this way. This explains the losses
in compressive and flexural strengths and ultrasonic pulse velocity
results. However, it was observed that the geopolymer sample
remained stable due to the slow development of microcracks.
Because of this, it has been observed that geopolymer samples
0 C 10 SF-PP 20 SF-PP 10 C-PP 20 C-PP

5 Cycles 25 Cycles

results after wetting-drying tests.

MK-PP 10 SF-PP 20 SF-PP 10 C-PP 20 C-PP

5 Cycles 25 Cycles

y results after wetting-drying tests.
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showed high resistance against the freezing-thawing effect of 300
cycles. The results obtained are consistent with other studies just
as shown in Fig. 27 [138,145].

XRD tests were performed to investigate the polymerization
products of the geopolymer and to perform compound analyzes.
After the 300 cycles of freezing-thawing test, XRD spectra of 10C
and 20 SF samples between 10�–80� 2h were examined and partial
gel dissolution and further gel development were observed in the
geopolymers. For 10C and 20 SF samples were exposed to
freezing-thawing, quartz peaks were formed at 22� and 28�. Differ-
ent characteristic quartz peaks could not be detected from the rest
of the diffraction angles. The main crystals seen in geopolymer
samples after freezing-thawing test are quartz and mullite. Since
fine aggregate is proportionally the main component in the mortar,
0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

MK 10 SF 20 SF 10 C 20 C

Fl
ex

ur
al

 S
tr

en
gt

h 
(M

Pa
) 

28 Days 5 Cycles 1

Fig. 33. Residual flexural strength re

0.00

0.50

1.00

1.50

2.00

2.50

MK 10 SF 20 SF 10 C 20 C

W
ei

gh
t C

ha
ng

e (
%

) 

5 Cycles 15 Cyc

Fig. 32. Weight change rate resul
quartz is the main phase seen in the XRD analysis. The hump
formed between 20� –40� 2h shows the typical XRD pattern of
geopolymer amorphous gel. Some low quartz peaks were detected
at higher angles, but these did not affect the main stability of the
geopolymer samples. So, according to the XRD patterns, no signif-
icant change was observed in peaks in comparison with the pre-
treatment states of 10C and 20 SF samples under the freezing-
thawing effect (Figs. 28, 29). The results obtained are consistent
with previous results [146].

3.3. Wetting-drying test

During the formation of wetting-drying cycles, fluctuations
were observed in the compressive strength, ultrasonic pulse veloc-
MK-PP 10 SF-PP 20 SF-PP 10 C-PP 20 C-PP

5 Cycles 25 Cycles

sults after wetting-drying tests.
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ity, and weight changes’ results by applying heating-cooling cycles.
If the results were analyzed in general, an increase in the results
after 5 cycles, a decrease in the results after 15 cycles and an
increase again in the results after 25 cycles were seen. These fluc-
tuations in the compressive strength, ultrasonic pulse velocity, and
weight changes’ results are expected and are attributed to the
severity of the regime which undermines the integrity of the com-
posite materials under service conditions. With the formation of
heating-cooling cycles with wetting-drying; in fact, the repetitive
crystallization of ions in water by continuous repetition of hydra-
tion and evaporation creates some changes in the composite mate-
Fig. 34. Geopolymer samples after 25 cycles wetting-drying test a) without PP b)
with PP.

Fig. 35. XRD patterns for 10 C geopolymer sa
rial; this leads to shrinkage following expansion and creates
internal stresses in the pores which increase or decrease the
strength of the composite material. In other words, drying shrink-
age and thermal expansion coefficient differences are the main rea-
son for this situation [52,147].

In addition, the density of the mortar is further increased by
heating the sample under the influence of wetting-drying, and thus
the UPV results are higher. This is due to the fact that geopolymer-
ization is faster and complete. Therefore, it has been shown in dif-
ferent studies that wetting-drying method can be used as a curing
method. Petermann et al. [148] found the highest strength and
lowest porosity for the mortar when applied wetting-drying to
the geopolymer samples as a curing method. This showed that in
the first stage more geopolymerization occurred with wetting cur-
ing and in the next stage higher compressive strength was
achieved by drying curing. Hydration reactions of high-calcium
compounds are supported by wetting curing while strengthening
is supported by providing geopolymer structure containing
improved bond with heat curing. Therefore, wetting-drying
method has been determined as the most suitable method as a cur-
ing method by Arslan et al. According to Arslan et al., with the
wetting-drying curing, the geopolymerization’s formation and
the new crystalline geopolymerization products’ formation were
provided [144].

The compressive strength results of the 10 C sample were
70.36 MPa after 5 cycles, 67.74 MPa after 15 cycles and
73.12 MPa after 25 cycles. The compressive strength results of 20
SF samples were 74.47 MPa after 5 cycles, 70.56 MPa after 15
cycles and 75.97 MPa after 25 cycles (Fig. 30). The ultrasonic pulse
velocity results in the 10 C sample were 3723 m/s after 5 cycles,
3687 m/s after 15 cycles, and 3701 m/s after 25 cycles. In 20 SF
samples, UPV results were 3745 m/s after 5 cycles, 3718 m/s after
15 cycles and 3756 m/s after 25 cycles (Fig. 31). With respect to
polypropylene fibers, the decrease in compressive strength is
caused by both the low density of the fibers used and the floccula-
tion of the fibers resulting in a decrease in ultrasonic pulse velocity
mples after exposure to wetting-drying.



Fig. 36. XRD patterns for 20 SF geopolymer samples after exposure to wetting-drying.
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and compressive strength and an increase in water absorption rate.
According to this; it was observed that compressive strength and
ultrasonic pulse velocity values decreased with polypropylene
fiber additive in all blends [99]. The compressive strength results
of 10 C-PP samples were 65.35 MPa after 5 cycles, 63.38 MPa after
15 cycles and 66.18 MPa after 25 cycles. The compressive strength
results of 20 SF-PP samples were 69.44 MPa after 5 cycles,
65.56 MPa after 15 cycles and 68.75 MPa after 25 cycles. The ultra-
sonic pulse velocity results in 10 C-PP samples were 3585 m/s after
5 cycles, 3567 m/s after 15 cycles, and 3614 m/s after 25 cycles. In
20 SF-PP samples, UPV results were 3617 m/s after 5 cycles,
3591 m/s after 15 cycles and 3645 m/s after 25 cycles.

When the weight changes according to the initial situation were
examined, the weight changes after 5,15 and 25 cycles in the 10 C
sample were 1.47%, 1.35%, and 1.62%, respectively. In 20 SF sam-
ples, the weight changes after 5, 15 and 25 cycles were 0.96%,
0.83% and 1.11%, respectively. In addition to the low modulus that
causes low residual stress, polypropylene fibers have been found to
be hydrophobic, meaning that they desire to move away from
water-based systems [100,101]. Because of this, weight changes
were less due to the effect of polypropylene fibers. When the
weight changes according to initial situation were examined, the
weight changes after 5,15 and 25 cycles in the 10 C-PP samples
were 1.04%, 0.83% and 1.22%, respectively. In 20 SF samples, the
weight changes after 5,15 and 25 cycles were 0.56%, 0.38% and
0.79%, respectively (Fig. 32).

When the flexural strength results of geopolymer mixtures
were examined, there was a decrease instead of an increase in
compressive strength. The reduction in flexural strength is as fol-
lows: When the sample is under the influence of the compressive
loads, the cracks are parallel to the compressive load action. It
means that the damage is caused by the flexural stress perpendic-
ular to the compressive load. Therefore, the effect on flexural
strength is greater than compressive strength for wetting-drying.
Due to this situation, a decrease in flexural strength was observed
with oncoming cycles. The flexural strength results in the 10 C
sample were 11.18 MPa after 5 cycles, 10.85 MPa after 15 cycles
and 10.54 MPa after 25 cycles. In 20 SF samples, the flexural
strength results were 12.27 MPa after 5 cycles, 11.94 MPa after
15 cycles and 11.56 MPa after 25 cycles. Polypropylene fibers can
control the cracks formed while reducing the width and number
of cracks. This is the main reason for the increase in flexural
strength. The positive behavior of the fibers in flexural strength
in concrete can be explained by the fiber’s short distance and a
very large connection in the matrix. Thus, the results in polypropy-
lene reinforced samples were higher. The flexural strength results
in the 10 C-PP samples were 11.92 MPa after 5 cycles, 11.56 MPa
after 15 cycles, and 11.11 MPa after 25 cycles. In 20 SF-PP samples,
the flexural strength results were 13.21 MPa after 5 cycles,
12.92 MPa after 15 cycles and 12.67 MPa after 25 cycles (Fig. 33).

According to the visual inspection after the 25 cycles wetting-
drying test, geopolymer mortars remain structurally stable with-
out any visible cracks or deterioration on their surfaces. Obviously,
there was no significant damage to the appearance of the geopoly-
mer mortar samples after 25 cycles of wetting-drying, while the
deterioration remained at the level of micro-cracks (Fig. 34).

XRD analyses of 10 C and 20 SF are given in Figs. 35, 36. When
the XRD patterns are examined, the crystal peaks are defined as
quartz. Quartz, together with mullite, represents the majority of
peaks observed in the diffraction image. In addition, broad hump
representing the typical amorphous geopolymer gel phase
between 22� and 28� 2h was detected in two samples [81].
Although some small shiftings were observed in the location of
the peaks in both samples, no significant differences were
observed. This shows that the systemmaintains its structure under
the effect of wetting-drying and the geopolymer reaction has
begun to be rearranged. The microstructural changes in the 10 C
and 20 SF samples after the wetting-drying effect of 25 cycles
are shown in Figs. 36, 37. Significant differences were not observed
when geopolymer samples’ SEM images were examined after
wetting-drying. Therefore, it was observed that geopolymer
samples showed high resistance to wetting-drying effect



Fig. 37. SEM micrographs of 10 C samples after exposure to wetting-drying a) magnified 700 times and b) magnified 2000 times.
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consisting of 25 cycles. When the micrographs of the 10 C sample
are examined, the continuity of the geopolymer matrix is clearly
evident, so it has been found that the use of colemanite waste in
the geopolymeric system creates a good degree of binding to
the wetting-drying effect. Similarly, 20 SF samples (Figs. 27 and
38) have been found to have a consistent and compact matrix
resulting from the property of silica fume after wetting-drying
effect [149].
4. Conclusions

In this study, the durability properties of the samples formed in
the case of colemanite waste and silica fume substitution to
geopolymer matrices produced using metakaolin as the main bind-
ing material were investigated:
� The compressive and flexural strengths of geopolymer compos-
ites were significantly reduced by a temperature range of 600 �C
to 900 �C due to the dehydration of the geopolymer matrix, the
melting of the fibers due to high temperature and the thermal
reaction mechanism of free water evaporation. The decrease
in flexural strength was higher than compressive strength with
high-temperature effect. This was due to the fact that the flex-
ural strength was more sensitive to the development of internal
microstructure defects, such as the propagation of cracks and
the growth of porous structures at high temperatures.

� When compared to the normal non-fibrous ones, the specimens
with Polypropylene fibers yielded a slight enhancement to the
performance of the manufactured composites.

� The replacement of SF up to %20 and colemanite waste up to
10% increased the residual compressive and flexural strengths.



Fig. 38. SEM micrographs of 20 SF samples after exposure to wetting-drying a) magnified 2000 times and b) magnified 2000 times.
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� With a significant loss of compressive strength in the 600 �C–
900 �C range, cracks have started to be seen. After 900 �C,
geopolymer samples had a significant amount of color change,
but the cracks remained at a lower rate. This was consistent
with the fact that geopolymer specimens maintained stable
conditions under the high-temperature effect.

� The use of air-entraining admixture has shown a reducing effect
on the results of compressive and flexural strengths and ultra-
sonic pulse velocity. The use of air-entraining additives
increases the workability and therefore reduces the pore vol-
ume. Due to the adverse effect of air content on strength results,
strength decreased.

� Under the effect of 56 cycles freezing-thawing test, it is note-
worthy that the compressive strength results of geopolymer
mixtures exhibited an increase rather than a reduction. The
humid environment provided in which the experiment was per-
formed filling of the voids in the produced samples and thus
increased ultrasonic pulse velocity rates.

� An increase in compressive strength was observed after 56
cycles but a decrease in compressive strength was observed
after 300 cycles. At the end of the 300 cycle freezing-thawing
test, losses occurred in the compressive and flexural strengths
and ultrasonic pulse velocity results.

� During the formation of wetting-drying cycles, fluctuations
were observed in the compressive strength, ultrasonic pulse
velocity, and weight changes’ results by applying heating-
cooling cycles. If the results were analyzed in general, an
increase in the results after 5 cycles, a decrease in the results
after 15 cycles and an increase again in the results after 25
cycles were seen. These fluctuations in the compressive
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strength, ultrasonic pulse velocity, and weight changes’ results
are expected and are attributed to the severity of the regime
which undermines the integrity of the composite materials
under service conditions.
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