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Improving Geopolymer Characteristics with Addition of
Poly-Vinyl Alcohol (PVA) Fibers

Ekaputri, J.J.1, Fujiyama, C.2, Chijiwa, N.3, Ho, T.D.* and Nguyen, H.T.?

Abstract: This paper presents the benefits of using Poly-Vynil Alcohol (PVA) fibers in improving
the mechanical properties of class F fly-ash-based geopolymer concrete. The activator was a
combination of 8M sodium hydroxide and sodium silicate. The mass ratio of Na2SiOs to NaOH
varied at 1.5, 2,0 and 2.5. Cylindrical specimens with a diameter of 100 mm and a height of 200
mm were prepared for compression strength, splitting, and elastic modulus. The PVA fibers in the
geopolymers were fixed at 0.4%, 0.6%, and 0.8% by total concrete volume. It was found that the
mixture with an alkali ratio of 1.5 and a PVA fiber content of 0.4% had the best workability. The
highest strength was obtained in a mixture with alkali activator ratios of 1.5 with 0.6% fiber
addition. The workability issue and fiber direction in the concrete were the dominant factors

influencing the properties of concrete.
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Introduction

Geopolymer is a non-Portland cement material that
generally uses fly ash as the main binder to produce
geopolymer concrete [1,2]. Using fly ash as a choice in
making geopolymer technology is one of many inven-
tions to decrease by-product piling in power plants.
Geopolymer binder is formed by mixing fly ash with
alkali solution, where sodium hydroxide (NaOH) with
a concentration of 8 to 16 molar is applied [3,4]. Other
than NaOH, sodium silicate (Na2SiOs) is also mixed
to enrich soluble silica in the binder system, where the
fly ash usually contains less reactive silica than other
alumina-silica source e.g. metakaolin. In general, the
alkali ratio in the geopolymer concrete mixture is
determined by the mass ratio of Na2SiOs to NaOH
solution to simplify the mixing design. The ratio is
varied from 0.5 to 3.0 depending on the soluble silica
requirement in the binder [5]. However, higher alkali
ratio cannot be always approved in the mixing. This
is because the water to solid ratio becomes low as well
as it decreases the fluidity of fresh concrete.

A common mechanical problem with geopolymer
concrete is its consistency, which usually is lower than
conventional concrete.
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Sometimes, micro-cracks occur during the hardening
process because of its brittleness and low tensile
strength. Proper curing, and the addition of fiber are
the solutions to minimize early onset of the occurrence
of cracks. Some fibers, such as natural fiber and syn-
thetic fiber, have been recommended as an addition in
geopolymer mixture. It has also been reported that a
certain fiber composition improved the concrete’s
mechanical properties [6-15]. Amidst all suggested
fibers, poly-vinyl alcohol (PVA) is one of the recom-
mended fibers, since its water absorption is relatively
low as well as its excellent tensile property [11,16]. It
was also discovered that the geopolymer gel covered
PVA fiber properly It improves the interfacial bonding
strength between the fiber and geopolymer concrete
[17]. However, workability problems always occur
when the fiber is added in fresh concrete. Therefore, a
proper composition is required to determine the
optimal mixture composition.

A study on using PVA fiber in geopolymer concrete 1s
presented in this paper. The property of concrete as
well as the workability problem of fresh concrete
causing the change of geopolymer macro-pore is also
provided. Furthermore, this paper also reflects one of
the efforts to apply more coal ash to address the
problem of waste management at power plants.

Materials and Methods

Materials

The main material in this geopolymer mixture is class
F fly ash. The material was obtained from PT
Petrokimia Gresik, a fertilizer industry in East Jawa,
Indonesia. Its chemical composition by X-Ray Fluo-
rescence (XRF) analysis is listed in Table 1.
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Table 1. Fly Ash Chemical Composition (% by mass)

Si02 Al2Os Fea03 CaO Na20

K0

TiO2 MgO Mn30s Cr203 SOs3

48.47 26.05 12.54 5.18

0.47 1.66

0.92 2,77 0.19 0.02 1.05

Not all silicate content in Table 1 is reactive.
According to a reactivity test, the provided soluble
SiO2 was only 33.70%, which is much lower than the
total silicate (SiO2) provided in Table 1. This means
only some particles of silicate in fly ash can react in
alkali conditions. The Scanning Electron Microscope
(SEM) image of fly ash is presented in Figure 1. It
shows some irregular particles that have some
potential practical problems because of a rapid setting
time. This means the workability of fresh concrete
becomes poor because of slump-loss in a very short
time.

Since soluble silica plays an important role in the
geopolymerization process, Naz2Si0s gel was added to
mix with the NaOH solution, which was kept con-
stant at 8 molars for all mixtures. Na2SiOs consists of
18.5% Na20, 36.4% SiOq, and 45% H20.

Figure 1. Fly Ash Particles by SEM Image.

Three alkali variations of the Na2SiOsto NaOH ratio
were 1.5, 2.0, and 2.5, that affected the water to solid
ratio which varied by 0.27, 0.26, and 0.25, respec-
tively. The weight ratio of alkali solution to fly ash was
kept at 24:74, while the weight ratio of paste (fly ash
and alkali) to aggregate was set at 25:75. Locally
available aggregates, natural sand and crushed
stones were used. To provide proper workability and
prevent rapid setting, a polycarboxylate-supper-
platicizer was used. It was added to the fresh concrete
with a dosage of 2% of fly ash, by weight. A certain
dimension of PVA fiber was selected from NYCON-
PVA RECS 15. Detailed information is provided in
Table 2. The fiber was added at the end of the mixing
process to avoid balling of the mixture. In the fresh
mixture, variations of fiber by concrete volume were
fixed at 0.4%, 0.6%, and 0.8%. The mix design of

geopolymer concrete and workability of each mixture
are presented in Table 3. The code of specimens
according to the alkali mass ratio and the fiber
content by concrete volume fraction.

Table 2. PVA Fiber Properties

Specification
Diameter (micrometer) 38
Length (mm) 8
Tensile (MPa) 1600
Bending Strength (MPa) 40000
Melting temperature (°C) 225
Absorption < 1% by mass
Density (g/lcm?) 1.3

Fiber application in fresh concrete decreases the
workability, and therefore mixtures containing
higher fiber content lose slump as shown in Figure 2.
Without superplasticizer, the fresh concrete becomes
too hard to place in the mould.

(b) Poor workability

Figure 2. Slump Test of Fibrous Mixture



Ekaputri, J.dJ. et al. / Improving Geopolymer Characteristics with Addition / CED, Vol. 23, No. 1 March 2021, pp. 28-34

Table 3. Materials Composition and Workability of Fresh Concrete

kg per m?

.. Fiber Slump
No. Code NaOH Na, SiOs Fiber Ag?rggea te Ag;ir;:te i‘ls{l Alkali ratio content (%) (mm)
1 GC1.5-04 84 126 4.0 720 1080 390 1.5 0.4 90
2 GC1.5-0.6 84 126 6.5 720 1080 390 1.5 0.6 50
3 GC1.5-0.8 84 126 10.5 720 1080 390 1.5 0.8 0
4 GC2.0-04 70 140 4.0 720 1080 390 2.0 0.4 50
5 GC2.0-0.6 70 140 6.5 720 1080 390 2.0 0.6 30
6 GC2.0-0.8 70 140 10.5 720 1080 390 2.0 0.8 0
7  GC2.5-0.4 60 150 4.0 720 1080 390 2.5 0.4 10
8 GC2.5-0.6 60 150 6.5 720 1080 390 2.5 0.6 6
9 GC2.5-0.8 60 150 10.5 720 1080 390 2.5 0.8 0

Fresh concrete was placed into a cylindrical mould
with a diameter of 100 mm and a height of 200 mm.
All specimens were demoulded a day after casting
and were cured at moist curing at room temperature
until the specific age for testing at 3, 7, 14, 21, and 28
days. A series of testing, according ASTM standards,
was conducted. The tests included compressive
strength [18], splitting tensile test [19] that is shown
in Figure 3, direct tensile test that is shown in Figure
4, modulus of elasticity, Poisson’s ratio and porosity.
To ensure reliable results, the average of three
identical specimens for each variation was reported.
Some fiber-free specimens were prepared as a control
system.

Figure 4. Direct Tensile

Figure 3. Splitting Test

Results and Discussion

Compressive Strength

The effect of fiber content on compressive strength
using different alkali ratios is presented in Figure 5.
In general, at the early age, fiber addition shows less
influence than at the later age. Because of the
interaction between fiber and geopolymer matrices,
concrete gained its strength at the later age, caused
by the increasing rigidity of the concrete. This
occurred when the load was transferred from the
matrices to the fiber. However, in the group of
specimens with higher alkali ratio (GC2.5), the
expected higher strength contributed by the fiber was
not found. This is because the fresh concrete in this
group already displayed poor workability. The lowest
water to solid ratio as the effect of high alkali ratio
contributed to this outcome. Therefore, the additional
fiber added to the system caused the mixture to be too
stiff. Because of the inserted fiber, splitting of concrete
matrices took place even at the early age and
instigated the lower strength results.

At the later age, the rigidity of the concrete increased
because of the interaction between fiber and
geopolymer matrices. Concrete gained its strength at
the later age of the testing sample. This occurred

Test when the load caused cracks, the fiber restrained the
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Figure 5. Compressive Strength of Specimens at Different Age
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crack opening. However, with the group of specimens
with higher alkali ratio (GC2.5), contribution of fiber
to the strength was likely very small. This is because
the fresh concrete in this group already had poor
workability. The additional fiber added to the system
caused the mixture to become rigid. The lowest water
to solid ratio as the effect of a higher alkali ratio
contributed to this effect. Some disintegration of links
between particles and greater formation of internal
gap may take place even at the early sample age. It
also instigated the lower strength which was observed
in this group. This condition is shown in Figure 6,
where the contribution of fiber to 28 day-compressive
strength is evidently greater at the lower alkali ratio.
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Figure 6. The Effect of Fiber to the Alkali Ratio on
Compressive Strength

Splitting Tensile Strength and Direct Tensile
Strength

As predicted, because the fiber’s tensile strength is
hundreds of times greater than concrete’s, its
contribution to increase tensile strength of concrete is
greater than the compressive strength [20]. Figure 7
shows the effect of fiber to split tensile strength. In a
low alkali ratio, mixtures including fiber, demon-
strate good strength improvement. In this condition,
the fiber contributed to improvements in the splitting
strength. This effect occurred where the fiber was
distributed evenly in the concrete mixture and
showed some resistance to cracks in a direction
perpendicular to the fiber, as shown in Figure 8. Fiber
has less influence in the specimens with a 2.0 and 2.5
alkali ratio. This was especially seen in the group with
an alkali ratio of 2.5, when the workability of fresh
concrete was poor, the effect of 0.8% fiber by concrete
volume on the split strength was very small.

The same phenomenon was observed with the direct
tensile test. As the weakness of concrete is its tensile
characteristics, almost all the tensile load is res-
trained by the fiber. However, this occurs when the
fiber is distributed evenly in the mixture. In Figure 9,

the contribution of fiber to the tensile strength is
unseen in the group with alkali ratios of 2.0 and 2.5.
Since it is impossible to control the fiber direction in
the mixture, because of poor workability, some fibers
were positioned in the same direction as the crack’s
stripe. This is represented in Figure 10. It caused not
only a decrease in the tensile strength but also
increased the risk of fiber incapacitation to transfer
any tensile load.
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Figure 7. Splitting Tensile Strength

Figure 8. Fiber is Perpendicular to the Crack Direction
(750x magnification)
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Figure 9. Direct Tensile Test
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Figure 10. Fiber is Alongside the Crack Direction (750x
magnification)

Porosity Test

Compaction of mixture is one of the indicators of
concrete quality. Well-compacted concrete during
casting produces excellent mechanical properties. A
mixture with poor workability causes not only
disaggregation of matrices but also macropores which
decrease concrete performance.

A series of porosity tests were conducted to inves-
tigate the effect of pores on the 28 day-compression
strength of concrete. Figure 11 represents the results
with dual ordinates: porosity (%) and 28 day-
compressive strength (MPa). Total porosity, which is
divided into open and closed porosity, is related to the
compaction of the concrete that contributes to its
strength. Mixtures with higher porosity resulted in
lower strength. Obviously, the presence of fibers
increases the potential formation of open porosity that
is the main role of total porosity. In every group of
alkali ratio, increasing the fiber content to between
0.6% to 0.8% by volume fraction caused concrete

strength to decrease. However, despite displaying a
greater number of pores, the strength of fibrous
specimens was always higher than the concrete with
no fiber. In Figure 11, the optimum strength is shown
by a specimen with alkali ratio of 2, containing fiber
content of 0.6% by concrete volume.

The Effect of Fiber in Mixture with High Alkali
Ratio

The group of specimens with an alkali ratio of 2.5 was
observed to produce some problems with fiber
distribution which resulted in low mechanical pro-
perties. These specimens were the ones investigated
for modulus of elasticity, Poisson’s ratio and some
mechanical properties of concrete at the sample age of
28 days. The results are presented in Figure 12. Fiber
reinforced the concrete and braced the concrete
matrices. It acted as a passive-confinement to reduce
the Poisson’s ratio. Consequently, it enhanced the
elastic modulus, compressive and tensile strength.
The effect of strength hardening behavior was
observed followed by fiber-matrix adhesion. The same
phenomenon was found by Trindade et al. [21] and Xu
et al. [22]. However, the direction of fiber was
problematic to control during casting. In some cases,
where a dense mixture containing more fiber, it
resulted in a uniform direction of fiber. This decreases
the strength of concrete as the fibers are already
localized in the same line with a given load. The load
causes the specimens to easily split up. Accordingly, a
linear connection between modulus of elasticity and
Poisson’s ratio and mechanical properties is displayed
in Figure 13. This result is slightly different from the
previous study [9,11]. In those results, enhancement
of all mechanical properties of geopolymer concrete
was caused by the application of PVA fiber of up to
0.8% volume fraction.
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Figure 11. Effect of Porosity on Concrete Strength
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