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Abstract. For the last 40 years, there has been increased interest in geopolymer composite
development and its mechanical properties. In the last decades, there have been cases when
geopolymer composites have been used for civil engineering purposes, such as buildings and
infrastructure projects. The main benefit of geopolymer binder usage is that it has a smaller
impact on the environment than the Portland cement binder. Emissions caused by geopolymer
manufacturing are at least two times less than emissions caused by Portland cement
manufacturing. As geopolymer polymerization requires elevated temperature, it also has a
significant moisture evaporation effect that further increases shrinkage. It can lead to increased
cracking and reduced service life of the structures. Due to this concern, for long-term strain
reduction, such as plastic and drying shrinkage and creep, fibre reinforcement is added to
constrain the development of stresses in the material. This research aims to determine how
different fibre reinforcements would impact geopolymer composites creep and shrinkage strains.
Specimens for long-term property testing purposes were prepared with 1% of steel fibres, 1%
polypropylene fibres (PP), 0.5% steel and 0.5% polyvinyl alcohol fibres, 5% PP fibres, and
without fibres (plain geopolymer). The lowest creep strains are 5% PP fibre specimens, followed
by 1% PP fibre, plain, 0.5% steel fibre and 0.5% PVA fibre, and 1% steel fibre specimens. The
lowest specific creep is to 5% PP fibre reinforced specimens closely followed by 1% PP fibre
followed by 0.5% steel and 0.5% PVA fibre, plain and 1% steel fibre reinforced composites.
Specimens with 0.5% steel and 0.5 PV A fibre showed the highest compressive strength, followed
by 1% PP fibre specimens, plain specimens, 1% steel fibre, and 5% PP fibre reinforced
specimens. Only specimens with 1% PP fibre and 0.5% steel, and a 0.5% PVA fibre inclusion
showed improved mechanical properties. Geopolymer concrete mix with 1% PP fibre inclusion
and 0.5% steel and 0.5% PVA fibre inclusion have a 4.7% and 11.3% higher compressive
strength. All the other fibre inclusion into mixes showed significant decreases in mechanical

properties.
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1. Introduction

For the last 4 decades, there has been much research focusing on a three-dimensional inorganic material
group called geopolymer. For the last 15 years, the interest in research regarding geopolymers (GP/GPC)
has increased more than 20 times. Geopolymer composites promise multiple benefits and are claimed
to partially replace ordinary Portland cement (OPC). In some applications, it has been claimed to replace
OPC completely. The main benefits of GP usage are reduced CO» emissions and increased resistance to
harsh environmental impacts such as exposure to increased temperature and acids [1]—[4]. According to
some research [5], [6], the most CO, emission-effective geopolymer is based on caolin. It has been
evaluated that 1 ton of caolin-based geopolymer binder manufacturing has up to 6 times lower CO;
emissions than OPC binder manufacturing. It has to be mentioned that this kind of binder manufacturing
is from 7% to 39% more expensive than OPC-based binders.

Creep and shrinkage, which are time-dependent properties, have a significant effect on concrete
structures. The main concerns are regarding the serviceability and durability of structures. Only in the
last decade have there been studies looking into long-term properties, specifically creep. It has been
determined that in most cases OPC based composites and concrete exhibits larger creep strains than
geopolymer composites [7]-[10].

Shrinkage especially drying shrinkage, also influences long-term strains. Drying shrinkage is caused
by water travel between the specimen and the environment. As it is closely linked together with capillary
pressure in the pore walls, it is necessary to reduce the pore amount to reduce drying shrinkage,
according to capillary tension theory. It can be achieved by pore structure change or significantly
reducing water loss while curing. Also, inert or reactive fillers can give similar gains. Fibre introduction
can also reduce shrinkage [11]-[13]. Fibre addition significantly reduces and, in some cases, can take
out shrinkage altogether. In studies [14]-[16], the addition of 0.5 vol% of polypropylene (PP) fibres or
steel fibres (SF) reduced shrinkage significantly. Furthermore, by introducing two vol% of ST fibres
into the matrix, the shrinkage strains are insignificant.

Fibre reinforcement is frequently used to enhance OPC-based material mechanical properties and
structural application accordingly. According to [17]-[23] all fibre reinforcement is highlighted into two
groups — ones with high elongation properties and, therefore, low modulus of elasticity and ones with
just a high modulus of elasticity. In the first group are such fibres as polypropylene, nylon, polyethylene,
etc. In the second group, mostly are carbon, steel, and glass fibres. All in all, fibres from the first group
are not used for load-bearing functions. Their main task is to increase fracture toughness and resistance
to impact and explosion loads, overcome plastic shrinkage, and reduce cracks in the OPC. The second
group effectively enhances cementitious composites strength and stiffness properties.

The most used fibre is Polypropylene (PPF). The main factors are their relatively low cost to steel
fibre and their corrosion resistance [24]. These fibres also are superior to other synthetic fibres due to
their low density and cost contrast to other synthetic fibres, low thermal conductivity, and significant
chemical resistance; in other words, the alkali environment of concrete does not affect them [17], [18].
Furthermore, raw polypropylene fibres are likely to decompose in nature, unlike the same fibre fabric
that places ecological challenges to be decomposed [25]. Some studies [26], [27] have shown that PPF
usage increases splitting tensile strength and flexural strength. Also, creep and shrinkage strains are
reduced. According to research, the optimal amount of polypropylene fibres to increase splitting and
flexural performance is 1%. It has been claimed that the addition of PPF of 0.10, 0.15, 0.20, 0.25, and
0.30% results in 32, 53, 78, 91, and 100% crack limitation. In these cases, PPF reinforcement bridges
the cracks and disallows crack growth. When fibre incorporation is above 3%, the workability is
decreased [17].



IMST 2022 IOP Publishing
Journal of Physics: Conference Series 2423(2023) 012030  doi:10.1088/1742-6596/2423/1/012030

Steel fibres are being increasingly used as additional reinforcement in constructions exposed to
temporary load cases. In some cases, they act as a partial replacement for conventional steel
reinforcement. In certain cases, like overall compression, SF can replace traditional reinforcement.
Concrete structures reinforced with SF overall show good durability and mechanical performance.
Conventional reinforcement replaced by SF has particular popularity in statically indeterminate
structures [28]. Frequently steel fibres are used in structures with a great risk of cracking [17]. Industrial
pavements and different structural linings as well as cooling towers, various silos and different
wastewater and sewage treatment plants. The seismic resistance of concrete structures is also increased
as well as the deformation capability, and ductility capacity of these fibres [28]-[30]. There has been
some research where it was revealed that steel fibre incorporation in concrete mixture decreased the
structural ductility of the reinforced concrete beams. Results show that it was very visible in the case of
reinforcement ratio [31]. It has been known that steel fibre orientation and distribution throughout
concrete structure cross-section significantly affects the strength. Furthermore, the aggregate is not
allowed to be more than % of the length of fibre or 25mm [32].

Because environmental concerns and the apparent benefits of geopolymer usage instead of regular
OPC and fibre reinforcement undoubtedly significantly impact the mechanical and long-term properties
of OPC, there is a necessity to evaluate fibre reinforcement impact on geopolymer composite mechanical
and long-term properties as well as to determine optimal fibre incorporation amount.

2. Materials and methods
The matrix of the prepared samples and the alkali solution was the same as in [33]. As it is mentioned

previously, the used fly ash contains spherical alumino-silicate particles and is rich with oxides such as
Si0, (47.81%), Al,O3 (22.80%), which makes it suitable for polymerization.

The geopolymer mix preparation is done according to the [33]. When the sand and matrix mix is
prepared in the mixer fibres are added. For 20% of specimens, 1% (by mass) short PP fibres
(approximately 3mm in length) are added. For the next 20% of the specimens, 5% of the same PP fibres
are added. The third 20% portion of the specimens are reinforced with 1% of steel fibres (approximately
18mm in length). The next 20% of the specimens are reinforced with 0.5% of steel fibres and 0.5% of
PVA. The last 20% of the specimens are left without fibre reinforcement as a reference mix. Fibre
reinforcement types are shown in Figure 1. The technical properties of the fibres are compiled in Table
1.

All of the specimen pouring and setting is done as it is described in [34], [35].
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(©
Figure 1. Polypropylene (PP) fibres (a), polyvinyl alcohol (PVA) fibres (b), and steel fibres (c) were
used as reinforcement

Table 1. Used fibre reinforcement basic properties

Polypropylene fibres  Polyvinyl alcohol fibre Steel fibre (SF)
(PP) (PVA)
Length, mm 12.00 18.00 20.00
Diameter, mm 0.034 0.16 0.30
Tensile strength, 300-400 790-1160 2635-3565

MPa

Specimens that were meant for long-term tests as well as for the mechanical property assessment
were prepared according to RILEM TC 107-CSP recommendations [36]. The dimensions of the
specimens were @ 46 x 190 mm. For creep and shrinkage specimens, six aluminium plates (10 x 15
mm) were glued in pairs to each specimen. It is done so that strain gauges can be attached. The strain
gauge attachment is shown in Figure 2 (a). Hereupon, shrinkage specimens were placed in the same
laboratory near the creep test stands, as shown in Figure 2 (b), to get accurate and representative
shrinkage strains. Long-term tests of the specimens are done simultaneously in the laboratory with a
temperature of 24+1°C and relative humidity of 30+3%.
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(@ (b)
Figure 2. Specimens intended for creep tests (a) and shrinkage tests (b)

Shrinkage and creep strains were monitored daily for the first two weeks, later — every second day.
The creep specimens were subjected to constant load throughout all testing time. They were subjected
to load equivalent with 20% of the compressive strength. Compressive strength was determined prior to
the long-term tests using the same shape specimens as the loaded specimens for creep testing. Initial
loading is done within 5 minutes in steps equal to 25% of the applicable amount of load.

3. Results and discussions

The compressive strength test was done at the age of 28 days. To determine compressive strength values
for each mix four specimens were used. The results are shown in Figure 3.
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Figure 3. Geopolymer composite compressive strength

The calculations of applicable load for creep tests were based on compressive strength values shown
in Figure 3. As it is stated in [37], the increase in compressive strength to fibre-reinforced cement
composite is not significant. In some research, a decrease in compressive strength due to fibre
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incorporation has been observed [38]-[41]. It is also visible here, where although, with 5%
polypropylene fibre and 1% steel fibre inclusion, the compressive strength in contrast to plain
geopolymer specimens is significantly lower. Furthermore, the error of compressive strength values of
5% polypropylene fibre reinforced specimens is two times larger than specimens without reinforcement.
At the end, it can be concluded that at some point high amount fibre incorporation would significantly
reduce composite workability, and consequently, the inner structure is distorted, which leads to
significant effects on compressive strength values. It becomes apparent that as [18] states in their review
that using two different material fibre mixes as reinforcement can improve mechanical properties much
more than just one type of fibre used. Also, Figure 1 is shown that the error margin for 0.5% SF and
0.5% PVA fibre-reinforced composite is significantly less than all other tested specimens. Still,
compressive strength is at least 7% higher than all other specimens compressive strength.

As the compressive strength tests were concluded, the 50-day long creep and shrinkage tests were

done.

Measured long-term strains are shown in Figure 4.
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Figure 4. Plain and reinforced geopolymer composite creep (a) and shrinkage strains (b)

From Figure 4 (a) and Figure 4 (b), it becomes apparent that the shrinkage strain amount is around
20 to 25% from creep strains for all of the tested specimens. Furthermore, curves representing creep
strain curves show less activity in strain development in the first 14 days than shrinkage curves. They
show huge gains in the first 14 days. Here, in Figure 4 (a), the strain peak on the first day is from the
elastic strains. Figure 5 shows that all geopolymer composites, except geopolymer composite with 1%
steel fibre reinforcement, have lower creep strain development in contrast to shrinkage strain. From the
Figure 4 curves it is evident that geopolymer specimens with 5% of polypropylene fibres exhibit lowest
amount of creep. As for the shrinkage strains, the lowest amount of it is for the 1% PP fibres reinforced
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geopolymer composite. Unfortunately, the 1% steel fibre addition shows no noticeable improvement in
restraining creep and shrinkage. Steel fibre incorporation has made the creep and shrinkage curves larger
than those of specimens without any reinforcement. On average, the creep strains of steel fibre-
reinforced specimens are 40% higher than specimens without any reinforcement. It is remarkable that
geopolymer composite with 0.5% steel fibres and 0.5% PVA fibres, even though it does not have the
lowest shrinkage strains, has significantly more significant stress development delay than all other tested
composites. On average, this composite shows 41% fewer shrinkage strains than OGP specimens.

0.0008 T OGP creep without
0.0007 /,"""--\A’___..._.._.. elastic strains
g 0.0006 7 P A S = = = GP with 1% PPF creep
= 0.0005 _—,'—‘.:_;-—-—--— - T : x without elastic strains
E / @ \Sw
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- o a «“ = = 0.5% PVA creep
Time, days without elastic strains

Figure 5. Tested geopolymer composite creep strains without elastic strains

When the creep strains elastic strains are removed, then in the first 28 days, the strain rising relation
represented in Figure 4 (a) is also visible in Figure 5. The shrinkage strains of 1% steel fibre-reinforced
geopolymer specimens decrease irrelevantly. The highest creep strains show composite specimens
reinforced with SF. The specimens, which are reinforced with 5% of PP fibre show the lowest creep
strains of all specimens. Also, geopolymer composite specimens with 5% PP fibre incorporation show
the poorest compressive strength.

Still, Figure 5 does not give full closure on which of the tested geopolymer composite mixes have
greater creep properties. Even though all of the creep specimens are subjected to the same stress level,
the stress values still are different. For this aspect, it is necessary to determine specific creep. The
equation for this is shown down below. Determining specific creep makes it possible to take away the
differences in the subjected stress amount to the specimens. The specific creep is determined using
equation 1.

The determined specific creep values are shown in Figure 6.

gcr(tito) _ Erop()—&sn(O)—€er(tite) 1 1)
o B a - Ecr(L,to)

Xer(t,t0) =
Xer(t, to) - specific creep,
g.-(t, ty) - creep strain,
Ekop (t) - total strain,

&sn (t) - shrinkage strain,



IMST 2022 IOP Publishing
Journal of Physics: Conference Series 2423(2023) 012030  doi:10.1088/1742-6596/2423/1/012030

ge1(t, ty) - elastic strain,
o - compressive stress,

E (¢, ty) - modulus of creep
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Figure 6. Tested geopolymer composite specific creep with (a) and without (b) elastic strains

As visible from Figure 6 (a) curves, both the PP fibre-reinforced geopolymer composite mixes show
superior specific creep properties. Therefore, there are less likely to creep in contrast to all of the other
mixes. If the curves from Figure 6 (a) and Figure 6 (b) are cross-referenced, there is an interesting
characteristic regarding how specific creep reduces whether the elastic strains are included or absent in
creep strains. On average, the specific creep calculated from creep strains without elastic strains is 50%
less than the specific creep calculated from creep strains with elastic strains. The 0.5% steel fibre and
0.5% PVA fibre reinforced composite shows the same specific creep strains with and without elastic
strain partition as the OGP specimens.

4. Conclusions

Fifty-day-long creep and shrinkage tests were done on the geopolymer specimens based on fly ash
matrix with different kinds and amounts of fibre reinforcement to determine long-term properties. Prior
to the long-term tests also, compressive strength was determined. Summarizing gained data and
measurements, the conclusions from this study are as follows:

e Geopolymer composite with 5% polypropylene fibre inclusion has the lowest creep strains of
all specimens. They are followed by specimens with 1% polypropylene fibre, plain geopolymer,
and specimens with 1% steel fibre reinforcement. When the strains are at the highest point,
specimens with 1% of polypropylene fibre have 1.4 times higher creep strains. For instance, the
difference of creep strains between geopolymer without reinforcement, with 0.5% steel fibre
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and 0.5% polyvinyl alcohol fibres, and with 1% of steel fibre, is correspondingly 1.99, 2.04 and
2.44 times higher.

e Also, when elastic strains are removed from strain curves, the 5% polypropylene fibre
reinforced geopolymer is the one with the smallest creep strains and is followed by the 1% PP
fibre reinforced, 1% steel fibre reinforced, plain, and 0.5% steel and 0.5% polyvinyl alcohol
fibre geopolymer specimens. The creep strain difference of the corresponding specimens to the
5% polypropylene fibre reinforced specimens are 1.84, 2.19, 2.99, and 3.03 times.

e The specimens with 1% and 5% polypropylene fibre reinforcement have significantly better
specific creep properties than all of the rest tested geopolymer composite mixes. Plain
geopolymer composite has on average 19.4% higher specific creep, 0.5% steel fibre and 0.5%
polyvinyl alcohol fibre reinforced geopolymer composite has on average 19.6% higher specific
creep, and 1% steel fibre reinforced geopolymer composite shows 49.6% higher specific creep.

e Without elastic strains, 5% polypropylene fibre reinforced specimens show superior specific
creep over all other tested specimens. For example, the specimens with 1% polypropylene fibre
have, on average, 32.1% higher specific creep, and plain and 1% steel fibre reinforced
specimens show, on average, 31.1% and 49.8% higher specific creep correspondingly.

e Fibre reinforcement mix containing 0.5% steel fibre and 0.5% polyvinyl alcohol fibre does not
affect creep and shrinkage strain development compared to plain geopolymer composite. Still,
it helps to increase compressive strength by 11.4%.

e Each type of reinforcement has its optimal amount, which ensures that the mechanical as well
as long-term properties increases. For example, a geopolymer composite made using 10M
NaOH solution and reinforced with 1% polypropylene fibres not only improves compressive
strength but also leads to low creep and shrinkage and, accordingly, low specific creep. On the
other hand, specimens with 5% polypropylene fibre reinforcement correspond to the lowest
creep and have 2nd lowest shrinkage strains, while they appear with the lowest compressive
strength and the highest elastic strains from all of the tested specimens.
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