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Abstract
The alkali-activated (AA) binders are assumed to be more ecological than ordinary
Portland cement (OPC) binders, because of lower energy requisition and lower CO2
emissions during the production processes. The purpose of using polypropylene
(PP) fibres in traditional concrete, geopolymers and mortars is to improve strength
properties by inhibiting the growth of cracks that usually occur due to shrinkage,
as well as improving the mechanical properties. This paper presents laboratory
research into the fibre reinforcement impact on the strength properties of an AA
binder made of fly ash suspension. In addition to the suspension, which is a waste
product from the coal power plant, recycled ground glass and metakaolin were used
as the precursors. The chemical activator of the geopolimerisation reaction was
prepared using sodium hydroxide and sodium silicate. Five different sets of the prism
samples 40x40x160 mm were made (with different PP fibres ratio, from 0% to 2%
by weight) and then the flexural and compressive strength tests were performed.
The addition of polypropylene fibres increased the bending strength, which produced
the beneficial effect of reducing crack propagation in cases of tensile stress occurrence.

Keywords: alkali-activated binders, geopolymers, polypropylene fibres, fly ash
suspension, bending strength

1. Introduction

The main component of a traditional concrete mix is cement, whose production plays an
important role in the development of the economy of many countries. Unfortunately, the
applied production technology, involving the burning of clinker at high temperatures,
is the cause of significant greenhouse gas emissions. The amount of carbon dioxide
emitted into the atmosphere by the cement industry accounts for 5% of global anthro-
pogenic CO2 emissions [1]. It is estimated that 1 ton of cement produced emits 1 ton of
carbon dioxide emitted into the atmosphere. This in turn is associated with widespread
disapproval and tightening of regulations that regulate this aspect.

One of the already used pro-ecological solutions is to reduce the content of clinker
in cement and concrete. This is done using industrial by-products as complementary
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materials in conventional concrete. Such by-products are blast furnace slag, fly ash,
natural pozzolana and silica fume. Recent scientific research focuses on the production
of concrete without Portland cement. An example of this is alkali-activated concrete or
geopolymer, in which an alternative ecological binder is used instead of ordinary Port-
land cement. By using such binders, with the abovementioned industrial by-products,
lower energy costs can be achieved and the amount of carbon dioxide emitted to the
atmosphere can be reduced [2].

The general advantage of using polypropylene fibres in traditional concretes,
geopolymers and mortars is the elimination of shrinkage cracks, increase of strength,
increase of water tightness and frost resistance, and as a result increase of durability
of the material. According to [3] polymer fibres are simple or deformed fragments of
extruded and cut polymeric material, prepared for homogeneous mixing with a concrete
mix or mortar. Polypropylene, like polyethylene, has a partially crystalline structure and
is thermoplastic. It shows increased tensile strength, stiffness and a higher melting
point. Polypropylene fibres are characterized by flexibility, low density and very good
chemical resistance [4].

First of all, the biggest andmost desirable advantage of fibre reinforcement dispersed
in the form of fibres is limiting the appearance of cracks as a result of shrinkage. The
distribution of polypropylene fibres in concrete or mortar creates a spatial mesh that
plays the role of micro-reinforcement, which eliminates the need for anti-contraction
nets. The reduction of surface and internal cracks limits the penetration of water and
harmful liquids, and thus - increases the resistance to corrosion. The tightness of the
material also means better frost resistance.

Fibres in concrete significantly improve toughness, which results in better tensile
strength, bending strength, fatigue strength and ductility. In addition, they increase the
impact strength and resistance to crushing, thus limiting the spreading of the material
on the surface as a result of exploitation.

Also, uniform distribution of fibres in the sample eliminates voiding and reduces seg-
regation of ingredients. The fibres cause mutual maintenance of separated fragments
of material as a result of the crack and not allowed to disintegrate into parts.

It needs to be highlighted that steel fibres cannot be used in geopolymeric binders
(there might occur a chemical reaction between the steel and activator).
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2. Materials and Samples Preparation

In general, the alkali-activated materials are obtained by the chemical reaction between
an aluminosilicate-rich material and an alkaline solution. At the same time, various
types of additives can be used to enhance the material properties, such as strength,
workability or to accelerate or delay the setting time.

2.1. Precursors (solid components)

As the main solid precursor, it was used the carbon fly ash suspension obtained from
the one of the biggest Polish power plants using primarily lignite as a source of energy
production. In the chemical composition of fly ashes from this power plant, it can be
found an increased as well as differentiated CaO content. The reason for this is the lake
chalk present in the composition of incinerated lignite. Lake chalk consists mainly of
calcite (CaCO3), which undergoes thermal dissociation in the combustion process. The
products of this reaction are lime (CaO) and carbon dioxide (CO2). Therefore, these fly
ashes are classified as calcium ones [5].

The production technology of the fly ash suspension which was used in this research
involves the fusion of fluidized ash suspension and water, followed by milling to obtain
a fine-grained material of grey colour. The atomic composition of the fly ash suspension
is presented in Table 1, while the oxide composition in Table 2.

TABLE 1: The atomic composition of the fly ash suspension (Authors’ own work).

Element [at. %]

Oxygen 62.06

Silicon 14.61

Calcium 9.28

Aluminium 8.72

Sulphur 2.02

Iron 1.59

Magnesium 0.85

Titanium 0.51

Sodium 0.30

Potassium 0.08

Except the fly ash suspension, also metakaolin and recycled ground glass addition
were used for samples preparation.
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TABLE 2: The oxide composition of the fly ash suspension (Authors’ own work).

Oxide [wt. %]

SiO2 39.56

CaO 23.45

Al2O3 20.05

SO3 7.27

Fe2O3 5.72

TiO2 1.83

MgO 1.54

Na2O 0.42

K2O 0.17

The ground glass is a glass powder, which is formed as a result of processing a glass
cullet in a special crusher. This product is widely used, starting with the production of
household chemicals (washing powders, cleaning pastes), up to industrial production.
It is often used in the production of ceramic materials as a filler - thanks to it, the
absorbability is reduced and the material gets gloss [6]. The standard oxide composition
of the soda-lime glass is presented in Table 3.

TABLE 3: The standard oxide composition of the soda-lime glass (Manufacturer’s data).

Oxide [wt. %]

SiO2 72.60

Na2O 13.90

CaO 8.40

MgO 3.90

Al2O3 1.10

minors 0.10

In turn, metakaolin is a powdered mineral that arises in the process of kaolin calcina-
tion. Thismaterial is highly reactivewith pozzolanic properties. It contains active particles
of aluminium and silicon oxides, which very easily react with free calcium hydroxide
Ca(OH)2. As a result of these reactions, the products in the form of released aluminates,
silicates and calcium aluminosilicates are similar in structure and composition to the
Portland cement hydration products. Applied to concrete mix reduces the porosity of
the material, which causes its sealing and reduces water absorption. This positively
affects the improvement of properties such as: frost resistance and strength, shrinkage
resistance and corrosion resistance to the environmental impact [7]. The metakaolin
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used in this research was a commercial product widely available on the construction
market. The oxide composition of the product is shown in Table 4.

TABLE 4: The oxide composition of the metakaolin (Manufacturer’s data).

Oxide [wt. %]

SiO2 53.12

Al2O3 42.24

K2O 0.73

TiO2 0.64

Fe2O3 0.45

CaO 0.44

MgO 0.26

H2O 0.22

Na2O 0.09

P2O5 0.03

Cl 0.02

MnO 0.01

S 0.01

Polypropylene fibres were added to the mixture, which have a special coating that
allows easy distribution in it. The exact features of the PP fibres are shown in Table 5.

TABLE 5: The properties of the polypropylene fibres (Manufacturer’s data).

Feature Description

type of polymer polypropylene-ethylene

class Ia

length 12 mm

diameter 34 µm

shape short, stitched, rounded, straight

linear density 8.3 dtex

tensile strength 3500-3900 N/m2

strength in relation to thinness 1-28 cN/tex

melting temperature 165 °C

fiber ignition temperature 365 °C

The biggest benefits of using polypropylene fibres as an additive are [8]:

1. reduction of plastic and shrinkage cracking;
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2. increased abrasion resistance;

3. increase of flexural strength;

4. better fire resistance;

5. extended durability;

6. higher level of residual strength;

7. non-magnetic fibres (resistant to rust);

8. chemically inert and alkali resistant.

2.2. Activators (liquid components)

An alkaline activator for the production of AA binder samples is the mixtures of aqueous
sodium hydroxide solution and the sodium silicate, in the ratio 1:2. NaOH solution was
made with the use of pellets (of molar mass equal 40 g/mol) mixed with distilled water
in such a proportion as to obtain the 10-molar solution.

Sodium silicate is a specific chemical and physical mixture, it is colourless and odour-
less. After the water has evaporated, a thin layer of solidified silicates remains on the
surface. The resulting crust is hard, completely watertight and moderately transparent
(transparency depends on the type of water glass and the thickness of the layer). When
drying, water glass has sticking properties, which is why it is used in various types
of adhesives and as a binder for cracked glass or porcelain. Due to the fact that the
composition contains only silicates and sodium particles, the dried mass is refractory.
This mixture also is used as an addition to mortars. In this research, it was used the
sodium silicate of R-145 type and purity higher than 99%. The molar ratio was between
1.6 and 2.6, while the density was about 1.45 g/cm3.

2.3. Mixture

Percentage share of the solid precursor in the mixture was about: carbon fly ash
suspension (80%), metakaolin (10%) and ground glass (10%). The ratio of precursor to
activator was equal 1.0, while the ratio of precursor to sodium silicate was equal 1.5. Five
sets of samples were prepared for the tests of the fibres impact on strength properties of
the AA binder. For each series, the samples were prepared with a different percentage
of the fibres (Table 6).

DOI 10.18502/keg.v5i4.6802 Page 116



 
RICON19 - REMINE International Conference

TABLE 6: The percentage of the fibres used in the mixture (Authors’ own work).

The set of samples The content of microfibres in
relation to the dry components [%]

I 0.00

II 0.25

III 0.50

IV 1.00

V 2.00

The exact mass of all components was checked with a laboratory scale with accuracy
to 1.0 mg. All dry and weighted components were mixed together carefully. Then the
precursor and activator were combined and mixed. Finally, the PP fibres were added to
the mixture.

Fresh geopolymeric mixture with high alkaline conditions may react with steel, that is
why it was casted in a mould made of Plexiglas (PMMA). Then the mould was placed in
the climatic chamber with constant temperature 60°C and humidity 40%. The reaction
of geopolimerisation may be faster and influenced positively with a higher temperature
of curing [9]. Heat curing usually influences the final mechanical parameters as flexural
and compression strength. The exact curing temperature which has the most favourable
consequences on the final AA binder strengthwas the purpose of earlier research [10, 11].
All samples were prepared exactly in the same way and from the same mixture and
then placed into the climatic chamber for 24 hours. After the first day of heat curing,
samples were left in the room temperature (20°C) for 27 days.

3. Results

The samples were tested after 28 days of curing time. As there is no standard for the
methodology of strength test of AA binders, the standard procedure for mortars was
used [12]. For performing the strength tests, the PILOT automatic compression-flexural
tester was used.

3.1. Three-point flexural strength test

The sample during the testing is shown in the Figure 1.

The values of flexural strength of all AA binder samples are shown in Table 7. These
values are the average ones from all of the samples with the same ratio of PP fibres.
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Figure 1: The view of the sample during the bending test (Authors’ own work).

Diagram (Figure 2) shows the relationship between the quantity of the fibres and the
flexural strength of tested samples.

TABLE 7: The results of three-point bending tests (Authors’ own work).

The set of samples Mean value of destructive
force F [kN]

Flexural strength f𝑏 [MPa]

I 0.855 2.00

II 1.070 2.488

III 1.088 2.476

IV 1.199 2.809

V 1.226 2.784

Analysing the results of the flexural test, it can be observed that for the sets with
0.25% and 0.50% as well as for the sets with 1.00% and 2.00% the results are similar. It
might indicate that saturation of the samples with PP fibres occurs gradually and after
reaching the specific level, the flexural strength is not increasing. As the flexural strength
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Figure 2: The flexural strength and the fibre content dependence (Authors’ own work).

is appointed during three-point strength test (when sample is under tensile), the results
also prove, that the fibre reinforcement allows to achieve higher strength values. In this
case, the difference between the samples without fibre reinforcement and with fibre
reinforcement equals respectively about 24% (for sets no. II and III) and about 40% (for
sets no. IV and V).

Figure 3 presents the AA binder beam after the destruction. The protruding fragments
of polypropylene fibres visible in the place of fracture of the sample prevented the
disconnection of both parts of the beam. What interesting, even though the solid matrix
was destroyed in the crack plane, the fibres were still connecting the halves of the
beam, so the separation was not possible.

Figure 3: The view of the sample after destruction (Authors’ own work).
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3.2. Compression strength test

Generally, the fibres are not assumed as the reinforcement in case of compression
stress state. However, the halves of the tested beams remain after the three-point
flexural strength test, so it was decided to use these elements in compression strength
test according to the standard [12]. An example of the sample during the compression
strength test is presented in Figure 4.

 

 

Figure 4: The sample under uniaxial compression strength test (Authors’ own work).

The values of compression strength were determined on the basis of the destructive
forces’ magnitudes. The results of those tests are presented in Table 8. While diagram
(Figure 5) shows the relation between compressive strength of the AA binder samples
and the content of the PP fibres.

DOI 10.18502/keg.v5i4.6802 Page 120



 
RICON19 - REMINE International Conference

TABLE 8: The results of uniaxial compression strength tests (Authors’ own work).

The set of samples Mean value of destructive
force P [kN]

Compression strength f𝑐
[MPa]

I 34.89 21.80

II 38.60 24.12

III 37.71 23.57

IV 39.10 24.44

V 37.63 24.14

Figure 5: The dependence of the compression strength and the fibre content (Authors’ own work).

Analysing the results of the compression tests it is noticeable that the compression
strength of AA binder samples with different content of the PP fibres is similar (the
difference between the extreme values does not exceed 4%). On the other hand, the
difference between the compression strength of the set without fibre reinforcement
and sets of samples with fibre reinforcement is about 8.1-12.1%. So even though the PP
fibre cannot be assumed as a compression reinforcement, but due to compaction of
the mixture and additional bonding between the matrix and the fibre, the higher values
of the compression strength were achieved in this laboratory research.

4. Conclusions

Basing on the results of performed flexural and compression strength tests the following
conclusions were drawn:
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1. The use of fiber reinforcement in AA binder samples showed the best results in
the flexural strength test, as a general increase in strength was observed with
increasing the amount of PP fibers.

2. The most favorable strength test results were obtained in both cases for a series
of samples with a one percent content of polypropylene fibers, bending and com-
pression strength values are the highest of all obtained (although the differences
between the values for particular sets were not significant).

3. The additive of polypropylene fibers already in the amount of 0.25% increase the
flexural and compression strength of the AA binder samples. The increase for
flexural strength is about 24%, and in the case of compression is about 8-10%.

4. A slight decrease in strength in the case of samples with a 2% fiber content is most
probably caused by the saturation of the mixture, which consequently caused its
exaggerated compaction and reduced its workability.

5. The PP fibers used in the test, showed the increasing of the crack resistance or
even limiting the crack formation. After the bending strength tests (after reaching
the flexural strength) the halves of the beams still remained connected with each
other only with fibers and they were not easily separated.

When comparing the obtained results with the results for OPC binders presented in
the literature, it can be concluded that used polypropylene fibers have a positive effect
on the AA binder strength properties.

Summing up, the analysed fly ash suspension-based alkali-activated binder shows the
tendency to perform better mechanical properties, while strengthened with PP fibres.
As the researches on fibre impact on strength properties of the AA binder are still in
the initial stage, so the presented conclusions should be helpful for the next laboratory
research.
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