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ABSTRACT: The article presents, based on preliminary research, the possibility of using a geopolymer
composite as a protective layer of engineering structures, which protects it against the impact of
harmful factors of the surrounding environment as well as the effects of mechanical interactions.
The most common solutions of such layers are insulations based on synthetic feeds, bitumens — prod-
ucts obtained in the process of processing crude oil. The ecological aspect of the implementation of
geopolymer materials and the process of their production are presented. Technological problems in
the application of geopolymer protective layers on an industrial scale were considered. The paper
presents the results of own research on the influence of the geopolymer composite layer thickness on
adhesion to concrete based on Portland cement, in which the compaction method of the composite
was considered.
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Introduction

The cement industry is responsible for 5% of global CO, emissions, which
accounts for almost 20% of industrial emissions. Every ton of cement pro-
duced emits about 0.81 tons of CO, to the atmosphere (Benhelal et al., 2012;
Siemieniuk, Szatytowicz, 2018). In a short time, cement plants will be noticed
as one of the main culprits of global warming, which will result in the impo-
sition of new emission fees, as a result of which the price of Portland clinker
can increase by up to several dozen percent. An excellent alternative to Port-
land cements seems to be geopolymer binders. They are characterized by
better properties compared to concrete obtained from cements based on
Portland clinker. These properties include: high compressive and bending
strength, including high early strength, good chemical and thermal resist-
ance, high degree of adhesion with steel, minimal shrinkage, no corrosion of
reinforcement. In addition, the production of geopolymer, including all raw
materials needed to obtain it, causes 4-8 times less CO, emissions (Mikuta et
al,, 2014; Zhang, 2015). One of the materials used to obtain it is fly ash which
is a byproduct of combustion of coal dust in power units, and also created in
fluidized bed boilers. This makes the technology of geopolymer concrete
“green” with a large development potential.

The process of obtaining and the structure of geopolymers

The synthesis of geopolymers consists in the alkaline activation of pozzo-
lanic material. The material may be primarily fly ash from the combustion of
coal dust, the activator is a solution of a strong base (NaOH or KOH) with
sodium or potassium silicate. Obtained paste hardens after activation at ele-
vated temperature giving an amorphous material, reminiscent of concrete
based on Portland cement, but with other properties, i.e. high early strength,
good chemical corrosion resistance, high strength at high temperatures, frost
resistance (Hynowski et al., 2017).

The process of binding a geopolymeric paste is based on the polyconden-
sation reaction, during which tetrahedrons [Si0,]*-, [Al0,]° form amorphous
structures, and the presence of Na* or K* ions in the chambers balances the
structure charge. The stages of the formation of a composite based on geo-
polymers run differently than in cement concrete. The polymerization pro-
cess consists of successive reactions, not permeating as in the case of classi-
cal cement bonding. In addition, the polymerization and hardening reaction
of the geopolymer composite is not a spontaneous reaction and requires the
heat to be supplied from the outside, usually heated in the 30-100°C range.
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The synthesis process is usually presented in the literature via two reaction
equations (Zhang, 2015; Davidovits, 1994):

NaOH.KOH

n(Si,0;,AL0,) + 2n8i0, + 4nH,0 n(OH); — $i — 0 — AI(OH),"™ — 0 - i — (OH), (1)

; g | I
n(OH); — Si — 0 — AIOK)," - 0 — §i — (OH); ——% (Na, K)*) (sa‘ —0-AO-0-Si-0-|+4mH0 (2)
| | I
0 0 0
| | |

Substrates Si,05, Al,0,, SiO, are firstly dissolved by alkali hydroxide solu-
tions, such as NaOH and KOH, to release reactive aluminate and silicate oli-
gomers, represented by (OH);-Si-0-Al(OH), and (OH)5-Si-0-Al(OH),)-0-Si-
(OH)2 (1). In the alkaline environment, the polymerization reaction occurs
along with the cross-linking of the structure (2).

Ecological aspect of the implementation of engineering
products and constructions from geopolymers

The production of Portland clinker is a highly energy intensive process,
the temperatures prevailing in the rotary kiln reach 1500°C (Kurdowski,
1981), however in this process it is not the fuel emission that has the largest
share in CO, emissions, but the raw material emission (Duda, Tamasiak,
2015). This is because raw materials for the production of Portland clinker
are dominated by carbonates - above all calcium carbonate, which is decar-
bonising at a temperature of approx. 850°C. The demand for cements based
on Portland clinker is still growing. Therefore, the cement industry is becom-
ing one of the main emitters of anthropogenic CO,. The geopolymer compos-
ite has a great chance of reducing greenhouse gases in this industry sector,
the synthesis of which consumes twice less energy with 4-8 lower CO, emis-
sions than in the case of Portland clinker (figure 1).

An important aspect of geopolymer concrete technology is the use of inci-
dental combustion products (ICP) in the process of obtaining geopolymer.
ICP can include fly ash from conventional coal boilers with well-known prop-
erties as well as fly ash from fluidized bed boilers. The latter due to the unsta-
ble chemical composition of the fuel used for firing the boiler are character-
ized by variable parameters, which is why they are currently classified as
arduous waste.
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Figure 1. Comparison of CO, emissions and energy consumption in the production of
cement and geopolymer binders

Source: Provis, Van Deventer, 2009, p. 195.

At Bialystok University of Technology, research on thin protective layers
of concrete structures was carried out, resulting in patent protection of the
number PL 230045 B1 “Method of ensuring durability of concrete structures
and concrete mix in the protective layer” (Bottryk et al, 2016). Further
research is carried out to replace concrete based on Portland cement with
geopolymer concrete and to use it as protective layers of road surfaces, both
asphalt and concrete. This layer, protecting the road surface against harmful
environmental factors and mechanical impacts, will prolong its service life,
which in turn will reduce the consumption of bitumen in the form of asphalt
or in the case of concrete Portland cement.

Own research in the field of thin protective layers from
geopolymers

The aim of the conducted preliminary research was to assess the possi-
bility of using geopolymer mortars as thin protective layers of cement com-
posites. The research consisted in examining the dependence of the adhesion
of the geopolymer layer to the cement concrete on its thickness. Standard
sand was used as the aggregate. The activator used was a mixture of sodium
water glass with a molar modulus of 1.6 < MR < 2.6 with a substance content
of approx. 35-43% (Na,0 + SiO,) and a 14 molar NaOH solution. The mass
ratio of the sodium silicate solution to the sodium hydroxide solution
Na,Si0,/NaOH was constant at 2.5. However, the ratio of activator to fly ash
was 0.5. The fly ash used came from the combustion of coal dust in the
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Ostroteka Heat and Power Plant. The chemical composition and physical
properties of the ash are presented in the table (table 1). The plain concrete
used in the composite was designed for class C30/37 based on Portland
cement CEM I 42.5 R (table 2) with a w/c ratio of 0.5. The thickness of the
tested layers was 1.5 cm, 3.0 cm and 4.5 cm, respectively.

Table 1. Chemical composition and physical properties of fly ash

Component % by weight
Sio, 54,6
Reactive Si0, 42,36
Al,05 253
Fe,0; 497
Na,0 084
Ca0 2,14
Reactive Ca0 1,84
Free Ca0 <0,03
K,0 28
Mg0 18
Tio, 1,07
P,0s 0,55
S04 037
Ba0 0,15
S0 0,07
Mn;0, 0,06
Ignition losses 437
Humidity 0,12

Source: external laboratory [31-12-2018].

The samples were formed by two methods in steel cubic molds with
a side of 100 mm. The first method (I) was done by compacting the geopoly-
mer concrete layer on the bottom of the mold by 30 second vibration. Then
the mold was supplemented with ordinary concrete, then vibrated with
a steel piston for 30 seconds. In the second method (II), both the geopolymer
layer and the ordinary concrete were successively vibropressed for 30 sec-
onds (figure 2).
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Table 2. Technical parameters of Portland cement CEM | 42.5R used in the tests

Requirements according

Properties to the standard Test results  The basis of tests
PN-EN 197-1

Specific surface (Blaine method) [cm%/g] - 4124 PN-EN 196-6

The beginning of binding [min] >60 184 PN-EN 196-3

End of binding [min] - 242 PN-EN 196-3

Change in volume [mm] <10 10 PN-EN 196-3

Compressive strength [MPa]

- after 2 days: >20,0 301 PN-EN 196-1

- after 28 days: >425<625 60,2

S04 content [%] <40 2,95 PN-EN 196-2

Cl content [%] <0,1 0,089 PN-EN 196-21

Cr(VI) soluble content [ppm] <20 0,18 PN-EN 196-10

Insoluble residue [%] <5,0 0,57 PN-EN 196-2

Ignition losses [%] <5,0 3,33 PN-EN 196-2

Source: https://www.cemex.pl/cement-czerwony.aspx [03-01-2019].

The composite molds were seasoned for 24 h on the grate above the
water surface, then placed for another 24 h in a laboratory dryer at 65°C to
accelerate the activation of the geopolymer and accelerate the hydration
of concrete based on Portland cement. The seasoning method was aimed at
assessing the possibility of shortening the time that should be allowed to
allow the surface to be used in the summer season.

After a 48 h curring period, the samples were subjected to testing, which
consisted in applying a shear force at the interface between the two layers
carried with a steel bar. Previously, the samples (rotated by 90° in relation to
the forming direction) were placed on the pressure plate of the testing
machine (figure 3).
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1 Figure 2. Schematic diagram of the vibrating station with
vibropressing: Qp — pressure force, Po - force
forcing the upper vibrator to vibrate, P1 - force

5 forcing the vibrator to vibrate; 1 — guides,
2 - inertial load, 3 - extension, 4 - form, 5 — upper
vibrator with adjustable force, 6 — pressure piston,
7 — bottom vibrator
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Figure 3. Scheme of the station for testing the
adhesion between layers by splitting
(PD - the press platens, BZ - ordinary
concrete layer, WG — geopolymer
layer, PD - steel bar carrying the load,
F - the direction of load application)

PD

Source: author's own work.
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Results of the research

The results obtained are shown in the graph (figure 4). The dependence
of the splitting force of the composite layer on both the compaction method
and the thickness of the geopolymer layer is visible. Three samples were
made and tested for each of the compaction methods. The average values of
the destructive force of the combination of layers were: for a layer with
a thickness of 1.5 cm: I method - 6.67 kN, II method - 14.0 kN; for the 3.5 cm
layer: I method - 6.17 kN, Il method - 19.17 kN; and for the 4.5 cm layer in
the case of I method, 8.33 kN, and II, 35.83 kN.

In the case of the second compaction method, the mean values of shear
force grow linearly with the increase of the geopolymer layer thickness, while
with the application of the compaction method I the values differ slightly.
It can be assumed, which requires further research, that better adhesion will
be obtained by subjecting both layers to vibropressing.
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Figure 4. Graph of dependence of splitting force and compaction
methods on geopolymer layer thickness

Source: author's own work.
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Conclusions

Obtained results of preliminary tests on the application of geopolymers
in the form of protective layers encourage further research on the use of geo-
polymer material as protective layers of concrete structures and road sur-
faces. At the further stage of testing, it is necessary to carry out tests such as:
abrasion, roughness, thermal expansion, water absorption, frost resistance,
compressive and tensile strength as well as stiffness of the obtained compos-
ite. An extremely important aspect is the development of the optimal tech-
nology of works, because the presented data unambiguously indicate that the
value of the shear force needed to break the geopolymer protective layer is
affected by both thickness and compaction method. When using this solution
on an industrial scale, attention should be paid to the stability of the geopol-
ymer embedment parameters to the structure being protected, because it
will affect the quality of the obtained composite. The implementation of geo-
polymeric materials for general use will indirectly result in a decrease in
anthropogenic CO, emissions and a reduction in the use of petroleum mate-
rials in construction.
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