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Abstract
This paper studied the effect of the activation solution content on the mechanical properties of
PVA fiber-reinforced geopolymers based on the activation of Metakaolin. Different fiber content
(0%, 1% and 2% vol.) of PVA fibers was used to reinforce matrices with different composition
(SiO2/Al2O3 molar ratios, i.e. 3.0, 3.4 and 3.8). The amount of activation solution was adjusted to
maintain same workability for all fresh mixes and account for the fiber addition. The properties
assessed were compressive and flexural strength; capillary sorption tests were used to estimate
the durability of the composites. Results show that adjustments in the content of the activation
solution slightly reduce the mechanical strength of geopolymers. Nonetheless, as the amount
of activation solution increases in the mixes, so does the toughness of the PVA-reinforced
composites, which indicates a good correlation between the amount of soluble silica in the fresh
geopolymers and mechanical properties in bending.
Keywords: Mechanical properties; durability; metakaolin; geopolymers; fiber reinforced
geopolymer composite; PVA fiber; sodium silicate solution

1. Introduction
Alkali-activated materials (AAM) are used for many
applications, including binding materials for mortars and
concretes; they may present several advantages to Portland
cement (PC), such as early strength development [1], superior
chemical [2-4] and thermal durability [5-6] as well as low
carbon emissions [7-8]. AAM are as brittle as PC matrices;
therefore, they also require fiber reinforcement to improve
deformation, toughness and crack growth when subjected to
flexion and tension stresses.
A great variety of fibers have been used to develop fiberreinforced AAM. Poly vinyl alcohol (PVA) fibers are highly
stable in alkaline environment and have been used in
the development of high-performance Portland-cement
composites, especially Engineered Cementitious Composites
(ECC), i.e. those presenting strain-hardening behavior and high
ductility (strain capacity of about 5%) [9-11]. Recent studies
have proved that PVA fibers also present good bond to AAM
[12] and may be used to develop composites with improved
impact toughness [13] and excellent resistance to freezethaw cycling [14]. Short PVA fibers as a single reinforcement
or in hybrid systems may be effective to provide deflectionhardening under flexion or strain-hardening behavior of AAM
under direct tension [15-18].
Low calcium or calcium-free AAM are also known as
geopolymers. The reinforcement of metakaolin (MK)-based
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geopolymers with short PVA fibers has been little exploited;
few studies were focused on dry mixes for extruded concrete
[13-14], where a MK alkali-activated matrix initially fixed in
composition (SiO2 / Al2O3 = 4.5; Na2O / Al2O3 = 0.8 and H2O /
Na2O = 6.4) was altered with the addition of pulverized fly ash.
Those studies, therefore, do not present the effect of the SiO2 /
Al2O3 molar ratio on the mechanical properties and durability of
PVA-reinforced composites, despite the fact that this parameter
significantly affects the mechanical properties [20].
Many studies on geopolymer also neglect the fact that, from a
production perspective, an alkaline solution of fixed composition
will be employed and adjustments on its content may the
necessary onsite, either to account for the fiber reinforcement
or unexpected changes in workability due to ambient conditions
or aggregates moisture content. The objective of this paper
is to study the mechanical performance of PVA-geopolymer
made from the alkaline activation of MK. Densified silica
fume (SF) was used in order to alter the composition of the
matrices (namely SiO2 / Al2O3 molar ratio) without changing the
composition of the activation solution. The amount of alkaline
solution is increased to maintain same consistency for all fresh
mixes. The mechanical behavior of the composites is discussed
in terms of the composition of the matrices as well as the content
of the alkaline activator of fixed composition.
Vol. 69, No. 1 § 2017/1 § építôanyag § JSBCM

ÉPA 2017_1.indd 13

|

13

2017.07.18. 17:23:33

építôanyag § Journal of Silicate Based and Composite Materials

2. Materials and methods

2.2 Preparation of geopolymer composites

2.1 Materials
Commercial MK was supplied by Powerpozz; it has mean
particle size of 4.5 μm and chemical composition shown
in Table 1. Small quantities of SF (Table 1) replaced MK as
binder. SF contained low percentage of Al2O3; therefore, small
replacements of MK with SF increased the overall designed
SiO2 / Al2O3 molar ratio of the formulations without the need
for altering the composition of the activator (another source of
SiO2). The replacement of MK with SF to alter the SiO2 / Al2O3
has been employed elsewhere [21]. The alkaline activators
consisted of sodium hydroxide and sodium silicate solutions
(Na2O = 14.7%, SiO2 = 29.4%; H2O = 55.9% wt.). A very fine
natural river sand was used (sieved to pass 600 µm), which is
a common grading for fiber reinforced PVA composites [1718]. The short PVA fibers were supplied by Kuraray Japan; its
geometry and properties are shown in Table 2.
Oxides

MK (%)

SF (%)

SiO2

54.54

95.53

Al2O3

44.16

2.48

CaO

-

0.58

Fe2O3

0.51

0.16

Na2O

-

0.10

K2O

-

1.01

SO3

-

0.12

TiO2

0.32

-

Specific gravity

2.5

2.3

Table 1. Chemical composition of MK and SF
1. táblázat MK és SF kémiai összetétele

Type

Diameter Length Specific Tensile Elongation Young
(µm)
(mm) gravity Strength
(%)
Modulus
(g/cm3)
(MPa)
(GPa)

REC15

40

8

1.3

1600

6

41

Table 2. Properties of PVA fiber
2. táblázat PVA szálak jellemzői

Formulation

Flow
table
(mm)

s/b ratio

Matrices with three different Si2O2 / Al2O3 molar ratio were
produced, equal to 3.0, 3.4 and 3.8; their solution composition
(Na2SiO3 / NaOH wt. ratio) and molarity of NaOH solution were
kept always constant, equal to 1.5 and 8 M, respectively, which
gave rise to a fixed R = SiO2/Na2O molar ratio in the solution
equal to 1.08. The 8-mm PVA fibers were employed at 1% and
2% volume fraction; unreinforced geopolymers were also used
as reference matrices. The alkaline solution to binder (MK or
MK+SF) ratio was 1.10 in mass for all geopolymers without
PVA fiber; that amount of solution provides a consistency of
253-255 mm to the fresh mixes (Table 3), according to the
flow table test given by BS 1015-3 [22]. The addition of PVA
fibers alters the workability of the fresh mixes; so the solution
to binder (s/b) was increased to 1.25 and 1.40 for geopolymers
with 1% and 2% PVA fibers, respectively, in order to maintain
the overall consistency between 253-261 mm. Table 3 shows
the formulations, their mix design and consistency, as well as
the activating parameters of the matrices (molar ratios). The
formulation codes contain (i) the term MK to designate that
the main precursor is metakaolin; (ii) the numbers 3.0, 3.4 or
3.8 to designate the SiO2/Al2O3 molar ratio (obtained from the
chemical composition of MK, SF and solids in the activator)
and (iii) the terms PVA_1 and PVA_2 to describe the inclusion
of either 1% or 2% vol. PVA. It is possible to observe that the
s/b ratio increased for mixes with PVA, but the H2O / Na2O
molar ratio was kept constant (12.8) for all geopolymers. As
water does not take place in the alkali reaction, any change
in that activating parameter may adversely affect the porosity
and transport properties such as permeability. The changes in
the activation content, however, affected the Na2O/SiO2 and
Na2O/Al2O3 molar ratio (Table 3), with consequences in the
mechanical strength that will be discussed in section 3.1.
The alkaline solutions (Na2SiO3 and NaOH) were mixed
together on the day of casting to prepare the liquid activator
and allowed to cool down before mixing. A Hobart mixer was
used for mixing; firstly, the alkaline solution was added, then
MK (or MK+SF) was added in small amounts while mixing.
This procedure allowed for complete homogenization of the
pastes, which were quite sticky. The dried sand (aggregate to
binder ratio = 2.0 for all formulations) was subsequently added,

PVA %
vol.

s/b ratio

Composition of the alkaline solution

MK 3.0

0

1.10

255

1.10

8

1.5

1.08

3.0

12.8

0.25

0.73

1.10

257

1.10

8

1.5

1.08

3.4

12.8

0.25

0.79
0.85

NaOH
(M)

Na2SiO3/
NaOH (mass)

SiO2/ Na2O
(molar)

Activating parameters
SiO2/
Al2O3

H2O/
Na2O

Na2O/
SiO2

Na2O/
Al2O

MK 3.4

0

MK 3.8

0

1.10

253

1.10

8

1.5

1.08

3.8

12.8

0.22

MK 3.0_PVA_1

1

1.25

258

1.25

8

1.5

1.08

3.0

12.8

0.27

0.81

MK 3.4_PVA_1

1

1.25

261

1.25

8

1.5

1.08

3.4

12.8

0.26

0.87

MK 3.8_PVA_1

1

1.25

257

1.25

8

1.5

1.08

3.8

12.8

0.25

0.94

MK 3.0_PVA_2

2

1.40

254

1.40

8

1.5

1.08

3.0

12.8

0.29

0.89

MK 3.4_PVA_2

2

1.40

260

1.40

8

1.5

1.08

3.4

12.8

0.28

0.96

MK 3.8_PVA_2

2

1.40

260

1.40

8

1.5

1.08

3.8

12.8

0.27

1.03

Table 3. Formulations studied
3. táblázat Vizsgált összetételek
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followed by another 2-3 minutes of mixing for homogenization.
The PVA fibers were added at the end of the mixing process
and the mortars were mixed for another 5 minutes to ensure
proper dispersion of fibers.
The geopolymers were cast in 50 mm cubes for compressive
strength, 50 × 100 mm (diameter × height) cylinders for
capillary absorption tests and (50 × 50 × 240) mm beams for
flexural strength tests. The specimens were cured at 45°C for
24h and subsequently at room temperature for 27 days prior
to testing.
2.3 Mechanical Properties
Compressive strength testing was performed after 28 days
in conformity with ASTM C39 [23]; four specimens for
each formulation were tested and the average and standard
deviation reported. The flexural strength was carried out using
a third-point loading test according to ASTM C 1609 [24];
mid-span displacement was monitored by means of a Linear
Variable Differential Transducer (LVDT) and the load was
applied with a servo-hydraulic universal INSTRON machine at
standard displacement rate of 0.025-0.075 mm/min. The main
parameters calculated as per ASTM C1609 were the flexural
first-peak strength, f1, (Eq. 1), flexural peak strength, fp, (Eq. 2).
(1)
(2)
Where P1 and Pp are first-peak load and peak load, respectively,
L is the span length (180 mm), b is the average width (~50
mm) of the specimen at the fracture and d is the average depth
(~50 mm) of the specimen at the fracture. Four samples of
each geopolymer formulation were tested and a representative
curve is presented. The average toughness of the composites
was also calculated, from the area under the Load × Mid-span
deflection curves until imminent fracture of the composites,
when the test was stopped.
The estimation of the durability of the FRGC was carried out
by capillary sorptivity tests, following the recommendation of
ASTM C1585 [25], but using cylindrical samples with other
dimension (50 × 100, diameter × height). The test consists of
monitoring the gain of weight over time as water passed into
the dried sample through capillary suction until 72 h of testing.
Five cylinders were used per geopolymer and the average of
the capillary sorptivity (g/cm2) was calculated and plotted
against the square root of time. The slope of the curves, known
as the coefficient of capillary suction (g/cm2.h1/2) was used as a
parameter to estimate the durability of the composites studied.

Figure 1. Compressive strength of geopolymers as a function of (a) volume of PVA
fibers; (b) activator content; (c) Na2O/SiO2 molar ratio.
1. ábra Geopolimerek nyomószilárdsága (a) a PVA száladagolás függvényében,
(b) az aktivátor tartalom függvényében, (c) a Na2O/SiO2 moláris arány
függvényében

3. Results and discussion
3.1 Mechanical properties
Fig. 1 shows the compressive strength of the geopolymers.
A large standard deviation indicates that the results were quite
variable. Fig. 1a shows that the PVA fiber inclusion decreased

Figure 2. Load (kN) versus mid-spam deflection (mm) curves for MK-based
geopolymers
2. ábra Teher (kN) lehajlás (mm) ábrák MK bázisú geopolimerekre
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the average compressive strength in MK 3.0_PVA_1 and MK
3.0_PVA_2, compared to their counterpart MK 3.0 (from
50 MPa without fiber to 36 MPa with 2% PVA). The drop
in the compressive strength, however, is neither observed in
PVA-geopolymers with SiO2 / Al2O3 with 3.4 nor statistically
significant in those with SiO2 / Al2O3 = 3.8, despite the
remarkable reduction in the average strength from 61 MPa in
MK 3.8 to 50 in MK PVA_2. Fig. 1b shows that the reduction
in strength may be not associated with the fiber addition, but
rather with the increase in the amount of solution (s/b from
1.10 to 1.40). In fact, a rise in the solution content to account for
the fiber addition corresponds to an increase in the Na2O/SiO2
molar ratio in the geopolymers, with consequent reduction
in the strength. Indeed, Fig. 1c shows that the strength drops
when the Na2O / SiO2 increases from 0.21 to 0.29, which is
the case for the formulations with 1% and 2% PVA (all with
Na2O / SiO2 > 0.25). It is possible to see that the rise in the
s/b from 1.0 to both 1.25 and 1.45 ensured suitable workability
for PVA-reinforced geopolymers; however, the higher amount
of Na2O available in the systems also reduced the strength.
Previous research [26] has indicated that the optimum Na2O /
SiO2 molar ratio is approximately 0.25 for higher compressive
strength, which is in line with Fig. 1c.
The higher strength for MK 3.8 compared to MK 3.0 and MK
3.4 is in accordance with the studies of De Silva et al [30], who
found that the compressive strength of MK-based geopolymers
increases with higher SiO2/Al2O3 molar ratios varying from 2.5
to 5.0, especially observed at later stages.
Fig. 2 shows the Load (kN) × mid-span (mm) deflection
curves for the geopolymer studied after third-point loading
tests. The reference formulations (MK 3.0, MK 3.4 and MK
3.8) curves are enlarged in the inset of the graph for clarity.
A deflection-hardening behavior was observed for composites
reinforced with 2% PVA, i.e. MK 3.0_PVA_2, MK 3.4_PVA_2
and MK 3.8_PVA_2. These composites presented a ratio
between the peak strength and first peak strength (fP / f1) equal
to 1.7, 1.8 and 2.2, respectively, as shown in Table 4.
MK
3.0
1.0

1.5

1.7

1.0

1.0

1.8

1.0

1.0

2.2

Ductility
index
(δfp/δf1)

1.0

3.5

12.0 1.0

1.0

4.8

1.2

1

23.5

0

3

3

10

0

2

20

8

0

Table 4. Average fP / f1 ratio, ductility index and toughness of the AAM
4. táblázat Átlagos fP / f1 arány, duktilitási index és szívósság

Table 4 also presents results of the ductility ratio (δfp / δf1)
and toughness of the composites. Is it possible to see that the
toughness was substantially increased at 2% PVA addition for
all geopolymers. Table 4 shows that an increase from 1% to 2%
PVA yielded a toughness 2.7 and 10 times higher for matrices
with SiO2 / Al2O3 equal to 3.4 and 3.8, respectively. Indeed, a
higher SiO2 / Al2O3 molar ratio increased the deformation and
toughness of the PVA-geopolymers: MK 3.8_PVA_2 presented
toughness 2.5× and 2× higher and ductility index 2.0× and 4.9x
16

Figure 3. Cracked samples after bending tests
3. ábra Megrepedt próbatestek hajlítóvizsgálat után

Fig. 4 confirms that the improvement in toughness is related
not only to the SiO2 / Al2O3 molar ratio but also to the amount
of solution in the fresh mixes. Irrespective of the matrix
composition, a significant increase in toughness is observed as
the solution to binder content increased (Fig. 4a), which also
corresponds to a rise in the soluble silica content (Fig. 4b).

MK
MK MK MK
MK MK MK
MK
3.0
3.0 3.4 3.4
3.4 3.8 3.8
3.8
PVA_1 PVA_2
PVA_1 PVA_2
PVA_1 PVA_2

(fp/f1)

Toughness
(J)

higher than MK 3.0_PVA_2 and MK 3.4_PVA_2, respectively.
So, it is possible to observe that a higher SiO2 / Al2O3 has a
positive effect in the ductility and toughness of AAM for a
fixed PVA percentage equal to 2%. This is also evident on the
fractured samples after bending tests (Fig. 3). It is possible to
observe that the composites with 2% PVA presented several
cracks but MK 3.8_PVA_2 was the only one with multicracking behavior typical from high-ductile composites.

Figure 4. Toughness of the PVA-geopolymer as a function of (a) solution to binder ratio
and (b) soluble silica / binder
4. ábra PVA geopolimerek szívóssága (a) az oldat/kötőanyag arány függvényében, (b)
az oldható szilika/kötőanyag arány függvényében

3.2. Capillary sorption
Fig. 5 shows the capillary sorption of the geopolymers
studied, as well as the coefficient of capillary suction C (g/cm2.
h1/2). It is possible to see that the addition of PVA fibers with
employment of a higher solution to binder content increased
the capillary sorption compared to the plain matrices (Fig.
5 and Fig. 6); this is in line with the compressive strength
results, which show a reduction in strength with fiber addition.
Nonetheless, the rise in C with the employment of 2% PVA
fibers (compared to the unreinforced matrix) is similar for
matrices with different SiO2 / Al2O3 molar ratio: 47% in MK
3.0_PVA_2 (0.53 against 0.36 g/cm2.h1/2); 51% in MK 3.4_
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Figure 5. Capillary sorption of AAM studied
5. ábra A vizsgált AAM minták kapilláris szorpciója

PVA_2 (0.52 against 0.35 g/cm2.h1/2); 53% in MK 3.8_PVA_2
than MK 3.8 (0.29 against 0.19 g/cm2.h1/2). Fig. 5 and Fig. 6 also
indicate that the matrix with SiO2 / Al2O3 = 3.8 has reduced
capillary sorption when compared to the others matrices with
lower ratios, i.e. 3.0 and 3.4. The highest C is 0.29 g/cm2.h1/2 for
MK 3.8_PVA_2, which is even lower than C in unreinforced
matrices with SiO2 / Al2O3 = 3.0 and 3.4 (MK 3.0 with C =
0.36 and MK 3.4 with C = 0.35 g/cm2.h1/2). The results indicate
that MK 3.8_PVA_2 is a matrix which not only exhibits better
mechanical properties (highest peak strength, fP/f1, ductility
index and toughness, ~50 MPa compressive strength), but also
displays better durability-related properties (lower capillary
sorption) among the investigated matrices.

workability of the fresh mixes (253-261 mm using the
flow table test).
2. The employment of higher solution to binder ratio to
account for fiber addition has a slightly negative impact
on the average compressive strength and capillary
sorption. A rise in the solution content with fixed
composition may represent an increase the Na2O/SiO2
molar ratio to a level that exceeds the optimum value
(0.25) to achieve better mechanical properties.
3. The addition of PVA fibers at 2% vol. allows for the
development to geopolymers with deflection-hardening
behavior in flexion. Improved toughness and ductility
are related not only to the SiO2 / Al2O3 molar ratio but
also to the amount of soluble silica in the fresh mixes
(i.e. amount of sodium silicate); a significant increase in
toughness is observed as the solution to binder content
or soluble silica to binder ratio (by mass) increased. The
toughness is also higher when a matrix of higher SiO2
/ Al2O3 molar raio is designed. Overall it is possible to
conclude that the reduced mean strength and higher
capillary sorption of geopolymer made with fibers and
higher solution content are compensated with better
deformation and toughness.

5. Acknowledgements
Figure 6. Coefficient of capillary sorption as a function of the solution to binder ratio
6. ábra Kapilláris szorpciós együttható az oldat/kötőanyag arány függvényében

4. Conclusions
This paper studied the mechanical and durabilityrelated properties of unreinforced metakaolin (MK)-based
geopolymers with different SiO2 / Al2O3 molar ratios (3.0,
3.4 and 3.8) and also reinforced with short PVA fibers with
volume fraction of 1% and 2%. The effect of solution content
on the mechanical properties was also discussed. The following
conclusions can be drawn:
1. PVA fibers may be used to reinforce MK-based
geopolymers; the amount of activating solution,
however, needs adjustments as the PVA content
increases (herein up to 2%) in order to maintain the
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Lúgos oldat tartalom hatása PVA szálerősítésű MK
bázisú geopolimerek mechanikai jellemzőire
A cikk bemutatja PVA szálerősítésű, aktivált metakaolin
bázisú geopolimerek mechanikai tulajdonságait az aktiváló
oldat tartalom változtatásának hatására. Az alkalmazott PVA
száltartalom 0 V%, 1 V% és 2V % volt. A vizsgált geopolimerek
SiO2/Al2O3 moláris hányada 3,0-3,4-3,8 volt. Az aktiváló oldat
mennyiségét úgy választották meg, hogy a friss keverékek
bedolgozhatósága azonos legyen mindegyik száltartalom ese
tén. Vizsgált jellemzők: nyomószilárdság, hajlító-húzószilárdság, kapilláris vízfelvétel (tartóssági jellemzők becslésére).
A vizsgálatok kimutatták, hogy az aktiváló oldat mennyiségének hatása van a mechanikai jellemzőkre. Az aktiváló oldat
mennyiségével arányosan változott a geopolimerek szívóssága, és az oldható szilika tartalom jó korrelációt mutatott a
hajlítóvizsgálatokból megkapható mechanikai jellemzőkkel.
Kulcsszavak: Mechanikai jellemzők; tartósság; metakaolin;
geopolimer; szálerősítésű geopolimer kompozit; PVA szál;
nátronvízüveg oldat
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