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REVIEW ON MECHANICAL PROPERTIES OF METAKAOLIN GEOPOLYMER CONCRETE
BY INCLUSION OF STEEL FIBERS

This study summarised the recent achievement in developing fiber reinforced geopolymer concrete. The factor of replacing
Ordinary Portland Cement (OPC) which is due to the emission of carbon dioxide that pollutes the environment globally is well
discussed. The introduction towards metakaolin is presented. Besides, the current research trend involved in geopolymer also has
been reviewed for the current 20 years to study the interest of researchers over the world by year. Factors that contribute to the
frequency of geopolymer research are carried out which are cost, design, and the practicality of the application for geopolymer
concrete. Besides, the importance of steel fibers addition to the geopolymer concrete is also well discussed. The fundamental
towards metakaolin has been introduced including the source of raw material, which is calcined kaolin, calcined temperature,
chemical composition, geopolymerisation process, and other properties. Alkali activators which are mixing solution between sodium
hydroxide (NaOH) and sodium silicate (Na,SiO5) have been reviewed. The mechanical properties of fibers reinforced metakaolin-
based geopolymer concrete which is compressive and flexural are thoroughly reviewed. The compressive and flexural strength of
fiber-reinforced metakaolin geopolymer concrete shows some improvement to the addition of steel fibers. The reviews in this field
demonstrate that reinforcement of metakaolin geopolymer concrete by steel fibers shows improvement in mechanical performance.

Keywords: geopolymer; metakaolin; fiber reinforced concrete; steel fibers; mechanical properties

1. Introduction

Concrete is the most useful material used in construction
sites globally as it is low cost. The concrete is made by cement,
but carbon dioxide will be released in the process of making
cement. It is said that around 7% of carbon dioxide is produced
during the process of manufacturing cement [1]. The tensile
strength of the concrete is relatively low when it is compared
to compressive strength which may restrict the uses of the
concrete [2]. In this new modern era, cement is replaced by
another material which is called geopolymer concrete to reduce
the problem of emission of carbon dioxide. By comparison
to the application of cement, it is said that the application of
geopolymer could reduce the emission of carbon dioxide by
64% [3]. The coarse and fine aggregates that bind together with
the geopolymer will produce the concrete [4]. Geopolymer has
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a similarity with ordinary Portland cement (OPC) which is low
in tensile strength with brittle characteristics, and crack under
low mechanical loading [5,6].

Geopolymer is an inorganic polymer that has good bonding
properties. Besides, geopolymer requires the source materials to
undergo the reaction of polymerisation which is aluminosilicate
material and alkaline activated solution [3]. The source materials
such as fly ash, metakaolin, slag, and rice husk ash are used for
polymerisation process to generate polymer binder. The process
of polymerisation is involved in the mixture of silica (Si) — alu-
mina (Al) which creates a three-dimensional polymeric chain of
Si-O-Al-O bonds [7]. Natural materials or by-products could be
used to generate geopolymer as long as the material itself con-
tains Siand Al. According to the study, it is reported that fly ash
and metakaolin contain sodium aluminosilicate [7]. Moreover,
it is found that metakaolin-based geopolymer has more persistent
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properties compared to the other based geopolymer like fly ash-
based geopolymer and slag-based geopolymer.

The research trend for the geopolymer concrete in the
20 years which is from 2001 to 2020 is constructed in Figure 1
[8]. The graph shows research on geopolymer concrete is gradu-
ally increase from year to year and increase dramatically start-
ing in 2011 until 2020. The frequency for the geopolymer is
influenced by three factors which are the cost, design, and the
practicality of application of geopolymer concrete. The price
of the geopolymer concrete plays an important role as it must
be reasonable and it may be competitive with the other types
of materials. The design of the geopolymer concrete element
is also another reason which affects the uses of geopolymer
concrete in the market. Besides, the practice of application of
geopolymer concrete requires more reliable data for support.

Research Trends in Geopolymer Concrete
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Fig. 1. Summary of research trend involved in geopolymer concrete
from 2001 to 2020 [8]

Metakaolin is commonly used to produce ceramics but it is
also used as the replacement of cement in concrete as it is more
environmentally friendly. Besides, metakaolin can help to
enhance the properties of mortar and concrete. Furthermore,
metakaolin is produced by the utilization of calcined clay which
comes from the calcination of kaolin clay. Suitable treatment is
carried out to convert kaolin into metakaolin [9]. Metakaolin can
be used as a source of alkali-activated or cemented materials in
geopolymers.

Concrete is known as a brittle material that has a low tensile
stress resistance and cracks propagation. Steel fibers are com-
monly used in cementitious composites because of their high
mechanical strength and flexibility [5]. By mixing the steel fibers
into the concrete could help to increase the tensile strength, duc-
tility, impact resistance, crack resistance, load-bearing capacity,
and also fracture energy absorption [9,10]. When the concrete
starts to crack, it will first reflect on the fiber instead of the
concrete body. The types of fiber will influence the workability
of the mixture of fresh fiber. The crimped types of fiber such as
rectangular and circular will only yield slightly higher slumps.
It is reported that hooked steel fiber is more effective than both
the straight types and crimped types of fiber in the flexural and
compressive strength of concrete [9]. The effect of the hooked
steel fibers addition on metakaolin-based geopolymer concrete
will be discussed in detail.

2. Steel Fiber Reinforced Metakaolin
Geopolymer Concrete

Metakaolin. Metakaolin is produced by a thermal treat-
ment named calcination. Metakaolin undergoes a calcination
process of kaolinite at a temperature between 700°C to 850°C by
dihydroxylation where the water is driven off from the kaolinite
(A,05.25810,) [ 11]. Metakaolin is potentially used as a substitute
material for ordinary Portland cement as they are excellent in
their properties such as thermal stability and acid resistance.
The source of silica and alumina which can be dissolved in the
alkaline solution is called activated solution which can act as the
geopolymer precursor [12]. Based on the study, the inclusion of
metakaolin and steel fiber will greatly influence the mechanical
properties of the concrete. The workability of metakaolin based
concrete is better than silica fume-based concrete in the term of
strength [9]. The normal chemical properties of metakaolin are
listed in Table 1 [13].

TABLE 1

Chemical composition of metakaolin [13]

Composition Result (%)
SiO, 54.00
Al,O4 31.70
TiO, 1.41
Fe,03 4.89
710, 0.10
K,0 4.05
Na,O 2.32
MnO 0.11
L.O.1 1.41

Researchers tend to produce metakaolin from kaolin instead
of using ready-made that available on market. This is due to the
metakaolin that is available in the market is normally made for
a specific purpose which is not suitable to be used as a precur-
sor in geopolymer production. For example, Yunshenget al.
calcined China kaolin at a temperature of 700°C for 12 hours
[14]. Meanwhile, Kenne et al. calcined Cameron kaolin using
a different method in which they heat it up at 105°C for a week
until the mass of kaolin becomes constant. The particle size
of metakaolin produced was 14 pm. After that, the kaolin was
ground and sifted by using a sieve of mesh 90 pm. Then, the
dried kaolin was calcined for 30 minutes at 700°C with vari-
ous calcination rates which are 1, 2.5, 5, 10, 15, and 20 K/min
[15]. Meanwhile, Rovnanik produced metakaolin geopolymer
through the calcination of Czech Republic kaolin at 750°C in
a rotary kiln [16]. Rowles and O’Connor calcined Australian
kaolinite at 750°C in the air for 24 hours [17]. Zhue et al. cal-
cined Fujian kaolin at a temperature of 750°C for 2 hours and
produced a particle size of about 8 pm of metakaolin [18]. There
are researchers produced metakaolin geopolymer by heating at
a higher temperature which is Zhang et al. where China kaolin
was calcined at 900°C and produce 17 um of particle size [19].
There was a limited study of metakaolin geopolymer reported
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using commercialized metakaolin and one of the researchers
was Zhao et al where commercial China Metakaolin was used
as a precursor [20].

Alkali Activator. The main constituents of geopolymers
contain alkali-activated solutions which are very important for
the formation of Aluminium (Al) and Silicon (Si) crystals and
are commonly based on solvent alkali metals solution. NaOH
or KOH and Na,SiO; or K,Si05 are the types that are widely
been used in the geopolymerization process [13,21]. There is
a solid or liquid form of an alkali activator. Generally, cement
combined with activator and precursor is favored and water
is used as a mixture. To produce an alkaline activator in order
to balance the negative electrode of alumina with silica, concen-
trated alkaline aqueous hydroxide solutions or silicate solution
which is usually containing potassium (K) or soluble alkali metal
sodium (Na) base are used [22]. Most researchers conclude that
the optimum ratio of Na,SiO;/NaOH is equal to 0.8-1.0 [23, 24].
Meanwhile, the optimum ratio of metakaolin to alkali activator
is equal to 0.8 with 10 M of NaOH solution [23].

Fibers. Reinforcement of concrete with the inclusion of
fibers is generally used to increase the mechanical properties of
metakaolin geopolymer especially in terms of flexural strength
and toughness. Fibers and synthetic particles in reinforcement
of metakaolin geopolymer such as steel [24-28], polypropylene
[29], aluminum [30], carbon nanotubes [20], polyacetal [31],
slag [32], and polyvinyl alcohol (PVA) [33] have been studied.
On the same time, natural fibers such as jute [34], palm oil [35],
corn husk [36], wool [37], rice husk [38], bamboo [39-41], basalt
[42-46,48] malva [47], and fique [48] have been investigated
as well.

Hooked steel fiber is widely used for OPC concrete rein-
forcement. The material properties of fibers are usually more
dominant in affecting the performance of a reinforced geopoly-
mer composite than binders [5]. The role of the fiber is very im-
portant as it is mainly reflected when the concrete starts to crack
and it also improves the post- cracking performance as there is
the fiber bridging of the crack section. It is said that adding steel
fibers to concrete can produce a better crack control effect and
improve the tensile strength before and after cracking initiates
[25]. The inclusion of steel fibers could help to improve fatigue
strength and dynamic resistance of the concrete. However, as
the amount of steel fiber added increases, the workability of
concrete will decrease [25].

3. Mechanical Properties of Geopolymer Concrete

Compressive Strength. Fiber content were set to 0.25%,
0.50%, 0.75%, 1%, 1.5% and 2% by volume that has been
conducted by previous study [22]. The concrete mixture was
made in cubes of size 150 mm x 150 mm % 150 mm to measure
the compressive strength. The test will be carried out in 3 days,
7 days, and 28 days before crushing. The results of the test for
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3 days, 7 days, and 28 days curing with different percentages
of the addition of hooked steel fibers were summarized as in
Figure 2. The results depicted that there is a significant strength
improvement in the mixture of steel fiber reinforced concrete.
The optimum fiber content of the compressive strength of the
cube was found to be 1% [49].

Compressive Strength of Concrete Mixture
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Fig. 2. Compressive strength versus fibers content [49]

In the other study, Malik et al. stated the improvement
of compressive strength by the addition of fibers is equal to
31.79% compared to unreinforced geopolymer concrete [50]
where unreinforced concrete shows a compressive strength
equal to 34 MPa. The reason for improvement to the compres-
sive strength is due to the synergistic and bridging effect in the
matrixes in which the propagation of cracks was stopped by the
fibers. A previous study on the metakaolin geopolymer concrete
found a method to produce high compressive strength of unre-
inforced metakaolin geopolymer concrete which is by addition
of slag where 80 MPa was obtained [51]. The reinforcement
of metakaolin-based geopolymer concrete with the addition of
another type of fibers such as polyacrylonitrile (PAN) fibers
increases the compressive strength to 99.84 MPa at fibers addi-
tion equal to 0.8% by volume [52].

Some studies claimed the maximum improvement of
compressive strength for metakaolin geopolymer concrete with
reinforcement of fibers is about 65% compared to unreinforced
metakaolin geopolymer concrete [53]. Metakaolin-based ge-
opolymer concrete used in this study is 50% of metakaolin and
50% of fly ash. However, previous studies have also reported
that there is no significant impact of steel fiber addition on the
compressive strength of concrete [54]. In fact, there is a study
that shows a slight reduction in the compressive strength of
metakaolin geopolymer concrete. This is found by Borges et
al. where PVA fibers with a dimension of 8 mm of length and
40 um of diameter were used at a proportion of 1% and 2% (by
volume) cured for 28 days [55]. The results showed a reduction
in compressive strength in which the unreinforced metakaolin
geopolymer matrix obtained 61 MPa while the reinforcement
samples of 1% and 2% of fibers addition produced 59 MPa and
50 MPa respectively. However, this reduction in compressive
strength does not automatically decrease the value of flexural
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strength where the flexural strength of this sample at 2% is
8 MPa compared to the unreinforced matrix which is equal to
4 MPa [55]. Ekaputri et al. also observed similar results where
the addition of PVA fibers at 0.3% and 0.6% reduced the com-
pressive strength of metakaolin geopolymer concrete compared
to the unreinforced matrix material [56]. Both researchers
which are Borges et al. and Ekaputri et al stated the reduction
of compressive strength value with the addition of fibers is re-
lated to the number of voids that present from the geopolymer
samples [55,56].

Besides, curing temperature is one of the factors that reflect
the compressive strength of geopolymer concrete. This is due
to the compressive strength that is related to the geopolymer
process There is a study about the effect of curing temperature
on the geopolymer process as summarized in Table 2 [52]. The
geopolymerization process undergoes two steps. First, the ge-
opolymer was dried at 40°C for 2 hours. It is to overcome the
loss of water which can cause geopolymer cracking. Second, the
geopolymer was heating up at a higher degree for 24 hours to
determine the excellent mechanical properties of geopolymer.
The result showed that the total heat evolved at 60°C has achieved
1796 J/g. 1t is the highest total heat evolved. This is proven that
the geopolymerization process is favorable. It has achieved the
highest compressive strength at 60°C. Thus, the optimum curing
temperature for geopolymerization process is 60°C.

TABLE 2

The effect of curing temperature on compressive strength
for 24 hours [52]

Total Heat Compressive
Step 1 Step 2 Evolution (Jg™) Strengl:h (MPa)
40°C for 2 hours 30°C 497.07 7.03
40°C for 2 hours | 40°C 1267.76 8.55
40°C for 2 hours 50°C 1414.58 11.77
40°C for 2 hours 60°C 1796.50 17.87
40°C for 2 hours 70°C 1480.82 13.77
40°C for 2 hours 80°C 1149.59 13.13

Flexural Strength. Flexural strength of 7 days and 28 days
of the fiber-reinforced geopolymer concrete and the control
specimen has been discussed from the previous study as summa-
rized in Figure 3 [23]. Based on the result, the control specimen
of 7 days and 28 days flexural strengths were found 5.82 MPa
and 7.11 MPa, respectively. By adding 0.15%, 0.20%, and 0.25%
by volume of hybrid fibers into the mixture of geopolymer con-
crete at 28 days, the flexural strength generates approximately
56%, 33%, and 51% improvement. The addition of 0.15% fib-
ers shows the maximum flexural strength of the optimal hybrid
fiber content. By comparison, the short fibers are greater against
smaller cracks while the long fiber is activated at higher loading
conditions to prevent major cracks [30].

Besides, a report studies the flexural strength test in a dif-
ferent type of concrete [25]. The result indicated that the addition
of steel fiber in geopolymer concrete causes greater flexural
strength. This is supported by other researchers where they have
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Fig. 3. The flexural strength of fiber reinforced geopolymer concrete [30]

claimed that the addition of steel fibers which is below 2% will
increase the flexural strength of metakaolin geopolymer con-
crete cured at ambient temperature [53]. It has greater flexural
strength than a normal geopolymer concrete. This is because of
the mechanical development which is contributed by the high
modulus of elasticity of the steel fiber in geopolymer concrete.
The steel fibers addition in geopolymer concrete influences
flexural strength at the low fiber content which is around 0.75%
of fibers addition [57]. The improvement of flexural strength
for geopolymer concrete with the addition of steel fibers seems
significant compared to compressive strength.

There is another study on metakaolin geopolymer matrix
with the addition of class F fly ash where steel fibers were added
for reinforcement [27,28]. The unreinforced metakaolin geopoly-
mer composites that were produced showed a comparable value
in flexural strength compared to the conventional OPC concrete.
The study was conducted with 2% of steel fibers addition and the
results showed an increase to the flexural strength value which
is higher than the addition of 2% of PVA [27,28].

There is another type of reinforcement in a composites
geopolymer called hybrid reinforcement in which two differ-
ent types of fibers were added into the matrices. This kind of
reinforcement normally consisted of 2 different materials that
represent different properties were added to gain the synergy ef-
fect [58]. Previously, steel fibers incorporated with plastic fibers
are most often used in geopolymer reinforcement that involved
hybrid reinforcement. An example of this hybrid reinforcement
is between short steel and PP fibers [59-61]. However, most of
the hybrid reinforcement is found to be applied on fly ash-based
geopolymer concrete instead of metakaolin-based geopolymer
concrete. There is a limited study involved of metakaolin-
based geopolymer composites with reinforcement of hybrid
fibers which is between short steel and PVA fibers [27,28]. The
experiment was conducted with the inclusion of 1% of steel
fibers incorporated with 1% of PVA fibers and the metakaolin
geopolymer matrix was blended with class F fly ash and testing
was performed at 28 days [27,28]. The results show a sample of
metakaolin-based geopolymer composite with hybrid reinforce-
ment exhibit higher flexural strength compared to the sample
with reinforcement of only 2% PVA fibers [27,28]. However, this
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hybrid reinforcement shows lower flexural strength compared
to the reinforcement of composites with only 2% of steel fibers
addition [27,28].

The previous study also found an improvement from 4 MPa
to 13.76 MPa for flexural strength obtained by reinforcement
of metakaolin geopolymer concrete with 0.8% of PAN fibers
addition [61]. The flexural enhancement towards metakaolin
geopolymer concrete was significant. Meanwhile, Celik et
al. found the optimum of polyamide (PA) fibers added to the
geopolymer matrix composed of metakaolin, slag, and cole-
manite waste is at 1.2% that produced 11.4 MPa compared to
unreinforced matrix material of 8.8 MPa cured at 28 days [58].
However, there is almost no improvement to the compressive
strength for this sample [58]. The reinforcement of metakaolin
based geopolymer concrete with PA shows a lower mechani-
cal improvement compared to basalt and PVA fibers but they
obtained better performance than composites with polyolefin
fibers.

Fiber reinforced geopolymer composites also made from
mixing of metakaolin and fly ash Class F that has been done in
Hong Kong in which PVA fibers have been used (length: 6 mm
and diameter: 14 um) [63]. In this study, 1% and 2% by volume
of fibers were added into the matrices. Research of metakaolin-
based geopolymers also involved fly ash Class C [64]. Ge-
opolymer composites investigated by Zhang et al. [65] consist
of metakaolin and fly ash produced 6.5 MPa of flexural strength.
The flexural performance of this sample increase with PVA fibers
addition from 0% to 1.2% by volume. The best fiber addition is
at 1.2% which 10 MPa of flexural strength was obtained [65].
There is another research involved of metakaolin geopolymer
matrix with addition of fly ash Class F where two dimensions
of PVA fibers were used which are the length of 8 mm with a di-
ameter of 40 um [27,28] and length of 12 mm with a diameter
of 0.1 mm [68]. Fibers addition for both types is equal to 2%
and testing was performed at 28 days. Results showed flexural
strength for both types of samples obtained lower and comparable
value compared to conventional OPC concrete. However, these
geopolymer composites were found to be more ductile in the
cracking mechanism [27, 28]. Based on the previous data, higher
flexural strength can be achieved by the addition of a smaller
dimension of fibers which is smaller in length and diameter. Be-
sides, there is another research conducted related to geopolymer
composites made from metakaolin and slags with reinforcement
of PVA fibers (length: 7 mm and diameter: 18 pm) [68]. Results
show unreinforced metakaolin geopolymer composites produce
flexural strength of 6.9 MPa and reinforcement of metakaolin
geopolymer composites at 1.0% of PVA fibers increases the value
up to 11.2 MPa [68]. Metakaolin-based geopolymer matrices
contain slag and colemanite waste from Turkey obtained 8.8 MPa
of flexural strength and improved to 12.2 MPa with the addition
of 1.2% of PVA fiber (length: 8§ mm and diameter: 39 pm) [58].
The metakaolin geopolymer composites with reinforcement
of PVA show the second-highest effect to the improvement of
flexural (after basalt fibers) with the best improvement of com-
pressive strength compared to others [58].
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Polypropylene (PP) also was previously added into both fly
ash and metakaolin-based geopolymer [67,68]. However, at the
first stage, the results of mechanical performance do not show
positive effects at a low fibers content which is lower than 1.0%
[69,70]. Further studies involved PP reinforcement in metakaolin
geopolymer shows an improvement to the mechanical perfor-
mance at low fibers addition. The metakaolin was produced by
calcination of kaolin at 900°C for 6 hours with the addition of
short PP fibers (length of 3 mm and diameter of 10 pm) [71].
Fibers below 0.75% by weight were added and the sample was
tested on the 3 day. Results show an increase in compressive
and flexural strength depending on the addition of the fibers.
The optimum of fibers addition for compressive strength is at
0.5% that produces 52.3 MPa. Meanwhile, the highest flexural
strength recorded was 9.4 MPa at 0.75% of fibers addition. The
compressive and flexural strength of unreinforced metakaolin
geopolymers on the 3" day was 41.5 MPa and 5.5 MPa respec-
tively [69]. Further research also has been done where Chen et
al. enhance the mechanical performance by the addition of poly-
cyclic emulsion (PAA) into the metakaolin geopolymer matrix
[72]. The PP used in the investigation was changed to 8 mm long
and a diameter of 40 pm which is longer and bigger than the
previous fibers. Results show the flexural strength without the
addition of fibers was enhanced to 7 MPa which is higher than
the previous metakaolin geopolymer. Meanwhile, the addition
of 0.2% of PP fibers increases the flexural strength of modified
metakaolin geopolymers to 9.2 MPa [72].

Besides, there is research that uses polyvinyl chloride
(PVC) fibers as reinforcement in metakaolin-based geopolymer
concrete [68]. Slag was added to the metakaolin matrix and
tested was conducted with the addition of 1% of PVC addition
with a length of 7 mm and diameter of 400 pum. Unreinforced
metakaolin composites obtained 6.9 MPa, meanwhile, the rein-
forced metakaolin composites increase the flexural strength up
to 10 MPa [68]. This result shows the flexural strength of this
sample is slightly lower compared to composites with reinforce-
ment of PVA.

3. Summary

The review on the mechanical properties of metakaolin-
based geopolymer concrete has been discussed including the
introduction, raw materials, compressive, and flexural strength.
It can be summarized that metakaolin geopolymer concrete has
a high potential to replace OPC concrete to reduce the emission
of CO,. The mechanical properties of reinforced metakaolin
geopolymer concrete also shown an excellent performance. The
compressive strength of geopolymer concrete can be improved
with the addition of steel fibers up to 65%. Besides a normal
metakaolin geopolymer concrete, there is a researcher conducted
research on a mixture of metakaolin with slag and composite me-
takaolin geopolymer which is 50% metakaolin mixed with 50%
fly ash that resulting in the improvement of compressive strength.
Besides, there have some studies from previous experiments that
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show almost no significant effect on the addition of fibers. There
also study stated a slight reduction in compressive strength with
the addition of fibers that have been mentioned in this review.
Besides, the flexural strength of geopolymer concrete is increased
with fiber addition until a maximum at around 0.75% of fiber
addition. Aging time shows improvement to the flexural strength.
Addition of various percentages of fibers shown an improvement
to the flexural strength. There is an improvement of flexural that
involved hybrid metakaolin geopolymer (metakaolin mixed with
class F fly ash, metakaolin mixed with slag & metakaolin mixed
with slag and colemanite) also stated in this review. Comparison
of different types of fibers to the flexural strength also has been
mentioned. The contribution of hybrid reinforcement also has
been discussed previously by researchers and shows an effect
on the flexural. Various types of fibers and dimensions of fibers
as reinforcement in metakaolin geopolymer concrete have been
compared as well. Overall, the researches that have been done
related to the metakaolin geopolymer is limited compared to fly
ash geopolymer. This is due to the performance of metakaolin
geopolymer is lower. This is the reason most researchers devel-
oped metakaolin-based geopolymer by mix with other types of
the precursor such as slag, fly ash, and colemanite to increase
the mechanical performance.
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