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Annotation

The thesis presents the research of fire-resistant materials and their application in
building constructions for the purpose of preventing and protecting the safety of people when
the fire occurs. The thesis author has applied the technology of surface treatment by coating
fire-resistant composite materials on the surface of base materials in building structures. The
coating fire-resistant composite materials on the structural surfaces can be fire-retardant and
preventing the spread of fire to increase the time for evacuating the people in the case of fire.
The fire-resistant composite materials developed in the thesis were based on geopolymer
matrix commercialized in the Czech Republic.

The thesis author and colleagues conducted huge research work at the Technical
University of Liberec (TUL) and the company of Pavus a.s. as well. The author has
developed new geopolymer foams (GFs) as fire-resistant composite materials used for
coating the base materials. The developed GFs have lightweight, low thermal conductivity,
high-temperature resistance above 1000 °C, and flexible applicability. The GFs have coated
on the substrate surfaces by laminating and spraying methods. The author has investigated
and assessed the fire-resistance of GFs coated on the surfaces of the steel, concrete, wood,
aluminum, and polystyrene structures at the TUL. In addition, the fire-resistance of GFs on
the surfaces of concrete slabs, OSB panels, and steel plates has been examined and evaluated
at the company Pavus a.s.

Research results at the TUL have shown that GFs are suitable coating materials for most
substrates such as steel, concrete, wood, aluminum, and polystyrene materials. The fire-
resistant time of the substrate materials coated with a GF protective layer is greatly
improved. The fire-resistant periods of steel plates, concrete slabs, OSB panels, aluminum
plates, and polystyrene boards covered with a GF protective layer with different thicknesses
are 134, 100, 99, 125 and 15 min, respectively. In addition, research results at the company
Pavus a.s indicated that the GFs coated on the concrete slabs, OSB panels, and steel plates
had the respective fire-resistant times of 180, 130, and 50 min.

Moreover, in the thesis geopolymer reinforced with environmentally friendly materials
(wool, basalt, rice husk) has shown a significant improvement in its mechanical properties
and the fire-resistant time. The density, thermal conductivity coefficient, porosity,
compressive and flexural strength of the GFs were measured as 546 — 1028 kg.m™, 0.13 —
0.359 W/im.K, 41.8 — 62.5 %, 1.94 — 9 MPa, 0.96 — 2.93 MPa, respectively.

In short, the research results in this thesis have shown that the GF is an excellent coating
material for the fire-resistant purpose at high-temperature.

Keywords: geopolymer foam, concrete slab, waste fiber, fire-resistant test, OSB panel,
aluminum powder, mechanical properties.
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Anotace

Disertacni prace predstavuje vyzkum materialti odolnych proti ohni a jejich pouziti ve
stavebnich konstrukcich za ti¢elem prevence a ochrany bezpecnosti osob pii vzniku pozaru.
Autor prace aplikoval technologii povrchové tUpravy nandSenim ohnivzdornych
kompozitnich materiali na povrch zakladnich materiald ve stavebnich konstrukcich.
Povrstvene ohnivzdorné kompozity na konstrukénich povrsich jsou nehotlavé a mohou
branit Sifeni ohné, aby se prodlouzil ¢as pro evakuaci lidi v pfipadé pozaru. Ohnivzdorné
kompozitni materidly vyvinuté v praci byly zalozeny na geopolymerni matrici komeréné
dostupné v Ceské republice.

Autor préace s kolegy provedli vyzkumné prace na Technické univerzité v Liberci (TUL)
a ve spole¢nosti Pavus a.s. také. Autor vyvinul nové geopolymerni pény (GF) jako
ohnivzdorné kompozitni materialy pro povlakovani zakladnich materiala. Vyvinuté GF maji
nizkou hmotnost, velmi nizkou tepelnou vodivost, odolnost vici vysokym teplotim nad
1000 °C a flexibilni pouzitelnost. GF se povlakovaly na povrch substratu laminovanim a
nastfikem. Autor zkoumal a hodnotil pozarni odolnost GF povlakovani na povrsich
ocelovych, betonovych, dievénych, hlinikovych a polystyrenovych materiald na TUL.
Krom¢ toho byla ve spole¢nosti Pavus a.s. zkoumana a zhodnocena pozarni odolnost GF na
povrsich betonovych desek, OSB panell a ocelovych plechii.

Vysledky experimentll na TUL ukazaly, Zze GF jsou vhodné povlakové materialy pro
vétSinu substratly, jako jsou ocel, beton, dievo, hlinik a polystyren. Ohnivzdornd doba
materiala povlakovanych ochrannou vrstvou GF je vyrazné zvySena. Doba ohnivzdornosti
ocelovych a betonovych desek, OSB panelt, hlinikovych a polystyrénovych desek
pokrytych vrstvou GF o rtznych tloustkach je u oceli 134 min, u betonu 100 min, u OSB
panel 99 min, u hlinik 125 min a u polystyreny15 min.

Vysledky méfeni ve spole¢nosti Pavus a.s ukazaly, ze GF povlakovani na betonovych
deskach, OSB panelech a ocelovych deskach mély doby ohnivzdornosti 180 min (beton),
130 min (OSB panel) a 50 min (ocel).

Geopolymer vyztuzeny materidly Setrnymi k Zivotnimu prostiedi (vlna, ¢edic, ryzova
slupka) navic v praci prokazal vyznamné zlepSeni svych mechanickych vlastnosti a doby
ohnévzdornosti. GF byla méfena mérna hustota (546 — 1028 kg.m), koeficient tepelné
vodivosti (0,13 — 0,359 W/m.K), pérovitost (41,8 — 62,5%), pevnost v tlaku (1,94 — 9 MPa)
a pevnost v ohybu (0,96 — 2,93 MPa).

Autorovy vyzkumné vysledky ukazaly,ze GF je vynikajici povlakovaci material pro
ohnivzdorné ucely pii vysokych teplotach.

Kli¢ova slova: geopolymerni péna, betonovi deska, odpadni vidkno, zkouska pozZarni
odolnosti, OSB panel, hlinikovy prasek, mechanické vlastnosti.







Preface

The Ph.D. thesis presents the author's research results in the field of the GF for fire-
resistant applications. The main interest of the thesis focuses on research, evaluation and
application of the GF for fire-resistance purposes.

The thesis consists of two parts. The first part is to present a brief overview of
geopolymer materials, research methods, and equipment for the fire-resistant test. This part
contains the experimental results conducted at the Technical University of Liberec (TUL)
and the company Pavus a.s. (Praha). The research results specifically demonstrated the
optimization and application of the GF for fire resistance. The second part includes crucial
research results and is presented as a collection of the following papers (article A-F). The
articles were published in prestigious journals indexed by Web of Science. The articles were
created by the collaborative efforts of the team from idea to publication.

Article A. Thermal conductivity of reinforced geopolymer foam

Van Su Le, Pavlina Hajkova, Vladimir Kovacic, Totka Bakalova, VVolesky Lukas, Chi
Hiep Le, Kevin Ceccon Seifert, Amanda Pereira Peres, Petr Louda. Published in the
Ceramics-Silikaty, volume 63 (4), pages 365-373. May 2019.

Article B. Mechanical properties of geopolymer foam at high-temperature

Van Su Le, Michal M. Szczypinski, Pavlina Hajkova, Vladimir Kovacic, Totka
Bakalova, LukasVolesky, Le Chi Hiep, and Petr Louda. Published in the Science and
Engineering of Composite Materials, volume 27 (4), pages 129-138. May 2020.

Article C. Impact of flax and basalt fiber reinforcement on selected properties of
geopolymer composites

Miroslav Frydrych, Stepan Hysek, Ludmila Fridrichova, Su Le Van, Miroslav Herclik,
Miroslava Pechociakova, Hiep Le Chi and Petr Louda. Published in the Sustainability,
volume 1, pages 12. December 2019. Impact Factor: 2.592

Article D. Permeable water-resistant heat insulation panel based on recycled materials and
its physical and mechanical properties

Stepan Hysek, Miroslav Frydrych, Miroslav Herclik, Ludmila Fridrichova, Petr Louda,
Roman Knizek, Su Le Van, and Hiep Le Chi. Published in the Molecules, volume 12,
pages 12. September 2019. Impact Factor: 3.06

Article E. Fire-resistant sandwich-structured composite material based on alternative
materials and its physical and mechanical properties

Stepan Hysek, Miroslav Frydrych, Miroslav Herclik, Petr Louda, Ludmila Fridrichova,
Su Le Van and Hiep Le Chi. Published in Materials, volume 24, pages 12. May 2019.
Impact Factor: 2.972

Article F. Water absorption properties of geopolymer foam after being impregnated with
hydrophobic agents

Hiep Le Chi, Pavlina Hajkova, Su Le Van, Petr Louda, Lukas Volesky. Published in
Materials, volume 24, pages 12. December 2019. Impact Factor: 2.972
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Chapter 1. INTRODUCTION

1. Fire-resistant materials

Fire-resistant materials can withstand high temperatures and are designed to slow the
spread of fire. Fire-resistant material acts as an insulator, which is the reduction of heat
transfer through the thickness of the material. It is used as a thermal insulation material in
the buildings and construction sector. Fire-resistant materials which are commonly used in
the buildings are presented as follows.

1.1 Gypsum

Gypsum is essentially a non-flammable material. Gypsum prevents the possibility of
fire spreading, resisting the increase in the temperature of non-exposed surfaces. Ceiling
systems and gypsum walls have fire-resistant time levels: 30 min, 60 min, or 120 min [1].
Gypsum ceilings used for office interior is presented in Figure 1.

R T

Figure 1. Gypsum ceilings used for office interior [2].
1.2 Concrete

Concrete is a composite material and is one of the most frequently used construction
materials worldwide [3, 4]. Concrete has excellent fire-resistance because it does not burn,
has low thermal conductivity, and prevents fire from spreading (Figure 2). At temperatures
below 400 °C, the concrete properties are the same as those at room temperature [5-8]. At a
heating temperature of 600 °C, the compressive strength of concrete is only 85% of the value
before heating [9].

il

Figure 2. Fire-resistance of concrete material [10].
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1.3 Wood treated with fire-resistance materials

Wood is a trendy material in construction, both aesthetically pleasing and eco-friendly
material. Nevertheless, the disadvantage of this material is that it has excellent flammable
properties and burns quickly (Figure 3). To meet the needs of using wood in construction
but still ensure safety, construction contractors have chosen wood treated with fire-resistant
materials. The wood might be treated with Fire-resistant liquid, fire-retardant paint or other
methods to reduce the flammability of wood [11]. Fire-treated wood has been a protective
layer that can withstand high temperatures and fire spread [12].

Figure 3. The fire broke the roof of Notre-Dame de Paris cathedral in Paris [13].
1.4 Steel

Steel is widely used in the construction industry [14]. It has higher compressive and
tensile strength than the concrete. The mechanical properties of steel depend on its grade.
There are about 500 types of steel in the Czech Republic [15]. Steel can be applied to any
shape and assembled quickly at the construction site. Steel is inherently non-flammable
material. However, the stress of steel at the critical temperature reduces about 60% compared
to that at room temperature [6, 16]. Standard methods of fire protection for the steel include
plastering, calcium silicate coatings, and mineral wool coatings [8]. Geopolymer foam (GF)
coated on the steel tubes at the company Plaga a.s is depicted in Figure 4.

Figure 4. Le Van Su sprayed the GF on the steel tubes at the company Plaga a.s.
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1.5 Fire-resistant paint

Fire-resistant paint is the most used solution today for fire resistance. It has several types
such as fire-resistant paint for wood and fire-resistant paint for steel (Figure 5). Depending
on the fire-retardant paint rating, it has protection time from 30 to 120 min [17], even 150
min in different cases [18]. It has advantages in aesthetics and flexibility. The disadvantages
of fire-resistant paint are high cost and short life. In addition, the paint production process
causes many toxic emissions for the environment.

Figure 5. Fire-resistant paint for steel [19].

1.6 Glass wool

Glass wool is made from synthetic glass fiber manufactured from stone, slag, and clay
(Figure 6). It has many features such as sound insulation, high electrical insulation, non-
flammable, soft and good elasticity. Glass wool is widely used for buildings and
construction, soundproofing, thermal and electrical insulation, and fire-resistant.
Disadvantages of glass wool are allergies and skin irritation [20].

———

Figure 6. Glass wool building materials [21].

1.7 Calcium silicate

Calcium silicate used to protect electrical circuits and fire-resistant plasterings
(Figure 7). Calcium silicate has excellent fire-resistance [22], even durable in wet weather.
Besides, this material has good tensile strength, bending strength, excellent heat and sound
insulation, and easy installation.
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Figure 7. Calcium silicate board for electrical wiring [23].

2. Geopolymer materials

2.1 Materials related to geopolymer composite used in ancient times [24]

This section shows famous historical constructions and building materials related to
geopolymer composite.

Mesopotamia

Eight million bricks built the Ziggurat of Ur (Figure 8). The bricks are dried and heated
but also enameled. Prof. Davidovits and his colleague claimed the bricks of the Sumer [24].
The bricks have all the characteristics of today's ceramic bricks.

Figure 8. The Ziggurat of Ur [25].

Egypt

Today, 138 construction structures similar to the Cheops pyramid have been found in
Egypt [26]. The book “The Pyramids: An Enigma Solved” written by Prof. Davidovits
explained the construction techniques of the Cheops pyramid. Construction techniques of
new blocks were produced directly on other blocks. The solidification of blocks is similar to
that of today's geopolymer composite.
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Figure 9. The Pyramid of Cheops [27].

Central and South America

The Inca civilization was the oldest in South America and flourished in the Andres. Inca
people have excellent stone processing skills. In the Inca civilization, Inca citizens knew
about stone casting techniques (Figure 10). The starting material (silicate or aluminosilicate)
has been dissolved in an organic extract, and the liquid slurry is then poured into the mold.

Figure 10. Sacsayhuaman, Peru: Ancient people made rocks [28].
Ancient Rome

The Colosseum in Rome was made of high-quality pozzolanic concrete (Figure 11). The
concrete was produced from calcium kaolin clay and volcanic rocks.

Figure 11. Colosseum in Rome, Italy [29].

2.2 Geopolymers

Prof. Joseph Davidovits is a French chemist who invented and developed a geopolymer
material in the period 1970-1973 after the catastrophic fire in France. He established a

7
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private company in 1972, which today is named CORD-GEOPOLYMERE. It focuses on the
study of non-flammable materials.

The first application of geopolymer composite in the construction is the production of
refractory plywood panels developed by J.J. Legrand (Figure 12). Refractory panels were
manufactured in a one-step process (US Patents 3,950,47; 4,028,454) [30]. They comprised
of awooden core in the middle coating with two faces of nanocomposite SILIFACE Q. They
were applied in industry and were commercialized in the French market from 1972 to 1976.
However, refractory plywood panels were abandoned in 1976 by politics.

Na-Poly(sialate)
facing
Figure 12. The fire-resistant wood-chipboards manufactured from geopolymer
(na-poly(sialate)) [31].

Electrical fuses made by geopolymer composite SILIFACE COR70 (Figure 13). It has
excellent mechanical properties, special thermal stability, and low thermal expansion.
Unfortunately, it has high water absorption (0.3%), therefore the project developed
SILIFACE COR70 was canceled.

Figure 13. Electrical fuses made by LEGRAND a.s [31].

The low-temperature geopolymer composite setting (L.T.G.S.) dries at temperatures of
50 - 250 °C, in an alkaline environment through an oligosialate precursor of (-Si-O-Al-O-)
(Na) in concentrations from 2 to 6% by weight of the ceramic paste (Figure 14). Kaolinite
in clay is transformed by L.T.G.S. technology into a three-dimensional composite of
poly(sialate) Na-PS of the modality type. This manufacturing technology changes and
modernizes the traditional industry. It has been patented (European Patent 0,101,714) about
producing high-quality ceramics.
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Figure 14. The geopolymer composite brick L. T.G.S. [31].

The new terminology, geopolymeric binder, is the key to the successful development of
new materials. Geopolymer binders are polymers that set rapidly at ambient temperature
within a few minutes. They are inorganic, hard, stable at high temperatures up to 1250 °C,
and not flammable. This has brought a tremendous impetus to creativity and innovation.
Some art objects made of geopolymer binders are depicted in Figure 15.

Figure 15. Art objects made of geopolymer material [31].

Liquid binders, which are the inorganic equivalent of organic resins, have been
developed by a group of scientists, including Michel Davidovits and Nikolas Davidovits.
The trade names of the binders include GEOPOLYMIT, TROLIT and WILLIT. The
applications of these binders in aeronautical engineering, nuclear sector, artistic
reproductions, thermal insulation of buildings, foundries, castings, metal production, furnace
insulation (Figure 16) and archaeological research have found since 1979.

Figure 16. Example of foamed geopolymer materials [31].

A high-strength cement geopolymer, named QUAZITE, was invented in 1983. It is also
the name of the company founded in 1983. The QUAZITE company developed,
manufactured and marketed this new material for applications in the construction,
architecture and engineering. QUAZITE material is made of mineral aggregates combined
with polymer and monomer. It is defined as (K-Ca) (Si-O-Al-O-Si-O-) poly(sialate-siloxo)
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cement. Understandably, QUAZITE material is concrete with organic adhesive. In August
1983, Lon Star Industries Inc. decided to set up a subsidiary under the name PYRAMENT
(Figure 17).

Figure 17. PYRAMENT in the USA is used for road coverings and repairs [31].

The addition of ground blast furnace slag to the poly(sialate) type of geopolymer
accelerates the setting time and significantly improves compressive and flexural strength
[32]. Geopolymeric cements developed for the long-term containment of hazardous and
toxic wastes (US Patents 4,859,367; 5,349,118) are acid-resistant cementitious materials
with zeolitic properties [33]. Geopolymer cement includes the following compounds:

- Specific alumino-silicates of the kaolinitic clay species, calcined at 750 °C;
- Alkali-disilicates (Naz, K2) (H2SiOa4)s;

- Calcium disilicates Ca(H2SiO4). produced by the alkali-reaction with blast furnace
slag.

This acid-resistant cement hardens very quickly at room temperature and has a
compressive strength up to 20 MPa after 4 hours of drying (Figure 18) when compressive
strength was determined by the standard tests of hydraulic cement mortars. The 28-day
compressive strength of the geopolymetric cement is 70-100 MPa.

PYRAMENT geopolymer cement is an ideal material for repairing runways originally
made of concrete, sidewalks and highways. In the case of a runway for aircraft, 4-6 hours
hardening is enough for Airbuses or Boeings to land here. When a plane catches fire, the
survival chances of passengers are minimal. That is because the parts in the plane, such as
the seat cushions, carpeting, walls, and luggage bins burn quickly and give off flammable
gases leading to the explosion. Therefore, we need to give passengers more time to escape
when the plane fires, the U.S. Federal Aviation Administration initiated a research program
to develop low-cost, environmentally friendly, and fire-resistant materials in 1994. The
geopolymer composite (Figure 19) was selected as the best candidate for this program.

10
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Figure 18. High-early strength of (K, Ca)-poly(sialate-siloxo) cement [34].
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Figure 19. A carbon-epoxy aerospace composite (left) is burning while a carbon-geopolymer
composite (right) still resists a 1200 °C fire [31].

2.3 Summary of geopolymer materials

Geopolymer is a compound of aluminum and silicon (-Si-O-Al-O bonds) which is the
connecting block of chemical chains, similar to zeolite. However, geopolymer is an
amorphous aluminosilicate whereas zeolite is crystalline microporous aluminosilicate
material. The microstructure of geopolymers shows a 3-D molecular structure unit and small
aluminosilicate clusters with pores dispersed within a highly porous network. The cluster
sizes are from 5 to 10 nm [35]. Therefore, the geopolymer structure is perceived as a dense
amorphous phase consisting of a semi-crystalline 3-D alumino-silicate microstructure [36].

Geopolymerization

There are many names that have been used to describe the term geopolymer, such as
geocement [37], low-temperature synthesized aluminosilicate glasses [38], inorganic
polymer concrete [39] aluminosilicate activated alkali systems [40], Alkali-bonded ceramics
[41, 42], or alkaline-activated cement [43, 44]. They have the same nature as the synthesis
of aluminosilicate from the reaction with alkaline solutions [45]. It can be described as a
complex system of soluble reactions and precipitation in an alkaline medium [46]. Prof.
Davidovits indicated that geopolymer synthesis consists of three steps:

¢ Dissolution of aluminosilicate in a strong alkaline solution,

11
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e Reorientation of free ion clusters,
e Both polycondensation and all reactions can be carried out in many ways.

The most proposed mechanism of the geopolymerization process is divided into four
main steps [47, 48]. The first step is the dissolution of aluminosilicate raw materials in an
alkaline solution. At this stage, Si and Al are transferred from the solid phase to the liquid
phase. Next, the formation of Si and/or Si—Al oligomers in the aqueous solution occurs in
the second phase. In the third step, polycondensation of the oligomeric species or units in
the aqueous phase is conducted to form an inorganic polymeric material [47]. Finally, the
bonding of undissolved solid particles in the final geopolymeric structure occurs in the fourth
step [47, 49].

Aluminosilicate Source
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Figure 20. Conceptual model for geopolymerization [46].

Figure 20 describes a reaction mechanism occurring in the transformation of a solid
aluminosilicate source into a synthetic alkali aluminosilicate for geopolymerization.
Geopolymer contains mainly aluminum and silicon in amorphous form. From the studies,
raw materials are divided into two main categories: (1) calcium-rich materials such as blast
furnace slag, and (2) raw materials having low calcium and rich SiO2 and rich Al>Os such as
metakaolin [50]. Because their reaction mechanisms are complex and different [51], any
material containing mainly silicon (Si) and aluminum (Al) in an amorphous form and easily
soluble in an alkaline environment can be used to produce geopolymer [52]. The reaction
happens in the alkaline environment, therefore this material is also called alkali activation
aluminosilicate [53], or alkaline activated cement [52]. Today, the most-used geopolymers
are sodium polysialate ((Na) -PS), potassium polysialate ((K) -PS), sodium-potassium
poly(siloxo-sialate) ((Na, K) -PSS) and potassium poly(siloxo sialate) (( K) -PSS) [47].
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Source materials are usually as metakaolin or calcined kaolin [34, 54-67], fly ash [43,
64, 65, 67-78], natural Al-Si mineral [52, 79], combined flying and metakaolin [53, 68].
Besides, other sources of aluminum and silicon-rich materials can be used for industrial
processes such as fly ash, because it is a waste product of coal-fired plants, slag and
construction residues [53, 67, 80-85].

Geopolymer structure

The structure of geopolymers is based on a three-dimensional aluminosilicate phase. It
has an empirical formula:

Mn (- (SiO2); - AlO2 )n . wH20

Where:

"M" is generally a monovalent cation, potassium or sodium,

"z" is a natural number denoting the number of SiO> units (1, 2, 3, etc.),

"n" represents the degree of polymerization [45, 86].

Based on the Si/Al ratio, four types of polysialates can be distinguished:

e Poly(sialate): Mn — (- SI-O-Al-O-)n M-PS Si: Al =1:1

e Poly(siloxo-sialate): Mn — (-Si—-O-Al-O-Si—O-) n M-PSS Si: Al = 2:1
e Poly(disiloxo-sialate): Mn — (-Si—O-Al-O-Si-0-Si-0-)n M-PSDS Si: Al = 3:1
e Poly(multisiloxo-sialate): (-Si—-O-Al-0O-) Si: Al >> 3:1

The geopolymer structure results from the interconnection of a poly(silicate) molecular
structure by a chain or network - 2D (for the production of low-quality concrete reinforced
mainly with particles) or 3D (solid and heat-resistant matrices reinforced not only with
particles but also with fibers) [87]. Figure 21 shows some examples of poly(sialate)
molecular structures. It includes at least four base units, where z is 1, 2, 3 and higher [88].

Poly(sialate) Os 35'0\2 -0
SiAl=1 (-Si-0-Al-0-) SN )/ A0,
, : AN R
Poly(sialate-siloxo) ~ 0< 3s08t 0l 10
si:Al=2 (-Si-0-Al-0-Si-0O-) A A

0 0

: - Q ? Q. .0
Poly(sialate-disiloxo) oy LTS e Voctoo
SiA3 (-Si-0-ALO-S-0-510) [ g

O\ : (') O
...3. _o_i‘ _b_s‘.:o_o._
Si:A3 © | Y 6
Sialate link o’?' o
o 0o J o
\ 1
w—Si —-O—Sli O e S s O e
O, o

Figure 21. The structure of the geopolymer consists of a polymeric Si - O - Al chain [45].
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2.4 Preparation of geopolymer composites

The raw clay material must have particles smaller than 20 microns with the volume
fraction of at least 40%, and have thermal activation at a temperature lower than 800 °C,

Preparation of alkaline solution in molar ratios:
Si02 / Al03 / NazO (K20)
2-4/1/0.24-0.3
The water content is calculated in molar ratios as follows:
H.0 / Na20 (K20)
14-20/1

The mixing clay material with a massive amount of filler was conducted on a mixer with
a powerful engine. At first, the activated clay was proportionally mixed with a calculated
alkali solution. Next, the fillers were added to the mixture, and it was filled in the mold. The
air bubbles of the mixture in the mold were eliminated by mechanical vibration. Finally, the
obtained samples were wrapped by a thin plastic sheet (Figure 22).

Figure 22. The process of mixing clay materials [24].

2.5 Geopolymer foam

Geopolymer foam (GF) is a lightweight material with a density of 200 to 1000 kg.m™3
[31, 33, 45, 89], stability at high temperatures [90, 91], fire-retardance in the case of
geopolymer having potassium activator [92-94], quickly installed at low-temperatures
[75, 95-97], thermal insulation [98-102]. GFs are considered as building materials [61, 73,
103-107], membranes and membrane support [42, 108-110], adsorbents and fillers [60, 66,
111, 112] or catalyst [91, 113]. The processing method of GFs is the thermal expansion of
K-nano-poly(siloxo) at temperatures above 250 °C.
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In addition, GFs can be produced by the geochemical method using foaming agents such
as hydrogen peroxide (H20>) [73, 114-116], aluminum powder [59, 67, 78, 85, 97, 100, 114,
117-126], sodium perborate [73], and silica fume [127, 128]. GFs can be used to develop a
low density material with thermal insulation properties using thermal expansion agents or
chemical methods [129].

Oxygen gas can be used as a foaming agent because of the decomposition of peroxides
in an alkaline environment. The reaction process is the following:

2H,0, > 2H,0 + 0,

Besides, hydrogen gas also can be considered as the foaming agent. The hydrogen gas
is created by the reaction of metal powder with water and hydroxide in an alkaline
environment [93]. The reaction process is the following:

3
M + 3H;0 + OH™ - M(OH); +— H,
Where: M is metal.

GFs fabrication
GFs production requires the optimization of two parameters:
¢ Kinetics of peroxides decomposition with the creation of oxygen
e Increase in viscosity of the geopolymer precondensate.
It has no standard formula.
The specific examples of GFs fabrication are the following:
Foaming with sodium perborate

The first step was mixing 305g of MK750 (Na, K) — PSS geopolymeric reactant mixture
containing H202 7.5 moles, Na2O 0.246 moles, K>O 0.164 moles, SiO2 1.65 moles, Al2O3
0.43 moles with 90 g of muscovite mica. Then, the mixture was added 12 g of sodium
perborate in 24 g of water and was stored at ambient temperature for 1 hour. Finally, the
mixture is poured into a mold and cured at 60 °C.

Foaming with H20>

Geopolymer foam is usually produced using H20: concentrations of 10, 30, and 110 in
volume. To begin with, we mixed 860 g of an MK-750 (K)-PSS geopolymeric reactant
mixture containing 17.33 moles H20, 1.63 moles K20, 4.46 moles SiO,, and 1.081 moles
Al>03 with 220 g of muscovite mica and 90g of powdered filler (calcium fluoride).
Subsequently, the mixture was added 50 g of H20- (110 Vol.), 120 g of Portland cement and
100 g of water, and then kept at ambient temperature for 1 hour. The mixture starts to expand
after 1 hour and is solidified after 3 hours at ambient temperature. Portland cement may be
replaced with blast furnace slag.
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Foaming with aluminum

The industrial Trolit foams are manufactured with different geopolymeric raw materials
such as silica fume and alumina fume [130]. The Trolit foam consists of 22 wt. % reactive
solid (silica + alumina fumes), 34 wt. % filler (mica types), 36 wt. % hardener (K- silicate
solution with MR = 1.62), and 8 wt. % H202 (30 vol.). Firstly, the reactive solid, filler and
hardener were mixed homogeneously. After that, the blowing agent with determined
quantities was added before pouring the mixture into a mold. The expansion of the mixture
starts immediately and is completed after 10 min. Solidification begins with an exothermic
reaction after 20 min and ends after 60 min.

2.6 Properties and applications of geopolymer composite

Geopolymer composite has outstanding properties such as fast curing, suitable for most
commercial reinforced aggregates, relatively low water permeability, high-temperature
resistance, low specific gravity, high strength and acid-resistance. It is slowly replacing
traditional materials. It has been promising for use in many industrial applications.

Geopolymer composite's first application is to replace metal molds with geopolymer-
molded casting in the plastic manufacturing process. It can suffer temperatures between 250-
300 °C [131]. Later, the technical demands required materials to work at temperatures higher
than 800 °C, initiated by Lyon in 1994-1995 at the American Federal Aviation
Administration [131]. Geopolymer composite is an ideal material for high-temperature
applications because it is a mineral polymer which is never burnt in nature. It can resist the
temperature up to 1400 °C and has a low coefficient of thermal expansion like ceramic
(4.10%/°C) [132]. Geopolymer composite shows a specific heat capacity being 1.5 times
higher than bricks. It has the same value as insulating materials ranging from 1000 to
1600 W/m.K [45]. When the geopolymer is reinforced with carbon fiber, it retains 63%
durability at 800 °C compared with that at room temperature [133, 134]. Although the
brittleness of geopolymer composites reduces, their durability increases after reinforcing
them with natural or synthetic fibers [78, 126, 135-149]. Geopolymer composite is a green
material [116, 123, 124, 150-153].

The ordinary Portland cement industry was creating about 8% of carbon dioxide (COy)
of worldwide man-made emissions [154]. Producing a ton of cement usually generates
nearly a ton of CO, [151]. Completely replacing cement by geopolymer at present is
impossible because of economic reasons and their popularity. To reduce the environmental
pollution, industrial by-products such as fly ash and blast furnace slag are added to the
cement. By this method, it reduces 20 to 30% of the carbon dioxide emissions into the
environment [151]. The primary material that is used to produce a geopolymer is kaolin.
Producing a ton of kaolin would emit 0.18 tons of CO> into the environment, but it is 6 times
less than that of the Portland cement. Besides, the geopolymer is stable and is not destroyed
in the acid environment compared with the Portland cement.

Geopolymer composite can mix with toxic materials, resulting in a decrease in
hazardous waste [155]. The storage of hazardous waste in geopolymeric products can solve
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the waste problem at landfills and prevent them from invading the environment [156, 157].
Geopolymer composite is used as a binder to restore ancient statues or structures [158].

In summary, geopolymers and potential applications are described in Figure 23 [42, 70,
131, 132].
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Figure 23. Geopolymers and potential applications [159].
3. Fire-resistance

Unlike other building materials, geopolymer composite materials have proven to
increase the strength when exposed to fire. In addition, it can increase the fire-resistant time.
The time and temperature of the fire depend on the fire type and place where the fire occurs
[160].

Fire development can be divided into three stages (growth, flashover, decay stage)
[161, 162]. Stages of fire development are described in Figure 24. The first stage of "Growth"
is often overlooked because it is not affected by building structure during the fire [160].

Dacay
(coolingh
stage

Tempearatura

Fully devalopad
fire

Flashover

Growth {pra-
flashover stagel)

Tima

Figure 24. The development of fire [160].
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Structural components in the construction are often required to resist the fire. Some
standards for fire tests of building construction and materials are 1ISO 834, ASTM E119,
Eurocode EN1991-1-2 (Figure 25) [163]. The fire curve is the relationship between
temperature and time (Figure 25).
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Temperature (1'C)
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--------- ASTM (standard)
200 ISO (standard)
———-— Hydrocarbon (Eurocode)

G I I I I I I I
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Time {min}
Figure 25. Temperature versus time relationship of a standard fire [160].

4. The objective of study

4.1 Aims of the research

The experimental investigation of passive fire resistance in construction materials at the
TUL with the aim is to find a type of suitable GF applied in building construction. GF is the
fire-resistant material, thus it is used as a coating material. The GF is coated on base materials
such as wood, steel, concrete and polystyrene.

The main aims of this thesis are:

A. Finding the suitable GFs for fire-resistance purpose and improving their mechanical
properties
e The effect of basalt waste fiber on the mechanical properties of GFs curing at room
temperature;
e Effects of curing conditions on the mechanical properties of GFs;
e Mechanical properties of GFs at high temperatures.
B. Performance of GFs for fire-resistance
e GFs for passive fire-resistance of the structural steel plate;
e GFs for passive fire-resistance of the wooden structural panels.
e GFs for passive fire-resistance of the concrete slab

4.2 Outline of the thesis

The thesis is organized into two parts as follows:
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Part 1 presents a general overview and contains chapters from 1 through 7. Chapter 1
portrays an overview of fire-resistant materials and a summary of geopolymer composites
including history, definition, properties, applications. In addition, this chapter describes the
objectives of the research and the outline of the thesis. Chapter 2 depicts the methods and
equipment used in experimental investigations. This chapter also specifies the raw materials
and the processing of geopolymer composites. Chapter 3 presents the empirical results
conducted at the TUL. Chapter 4 reports on the results performed at the company Pavus a.s.
Chapter 5 introduces a practical application. Chapter 6 presents conclusions and further
perspectives. Chapter 7 presents an overview of the author's articles.

Part 2 shows the reprints of appended articles.
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Chapter 2. EXPERIMENTAL METHODS

1. Preparation of GF

The GF was prepared by three following steps: (1) A geopolymer mortar is prepared by
mixing throughout metakaolin with an alkaline solution of potassium in a predetermined
ratio (liquid to solid) by mechanical stirring; (2) In the second step, silica sand and basalt
waste fibers are added to the geopolymer mortar mixture. The mixture is homogenized by
the mechanical stirring; (3) Lastly, aluminum powders are added to the mixture to create a
protective porous geopolymer that can spray on the selected surface. Homogenization and
foaming of the mixture are carried out by the mechanical stirring.

Note: the last step is omitted if the geopolymer mixture is prepared for a non-porous
protective layer on the selected surface.

The curing times of 1, 3, 7, 14, 28 days for geopolymer samples are determined by each
test method [55, 89, 164, 165]. The geopolymer specimens were cured in the different
temperatures including room temperature, 50, 60, 70, 85, 90, 100 °C in the oven [89, 166].
The purpose of curing at high temperatures is to save time while the specimen retains the
same properties as curing at room temperature. The processing of the geopolymer mortar is
shown in Figure 26. Firstly, the raw materials (cement and its activator, silica sand, and
basalt waste fibers, aluminum powders) are weighed. Next step, the cement (Figure 26.1)
and activator (Figure 26.2) are mixed within 5 minutes at the speed of level 3 of the robot
machine (or 500 rpm). After that, the silica sand and basalt waste fibers (Figure 26.3) were
added, and then the mixture was stirred mechanically for another 5 minutes to obtain a
uniform geopolymer mortar. Subsequently, aluminum powders (Figure 26.4) were added to
the mortar mixture and then mixed for 5 minutes at high speed. Finally, a homogeneous
mixture (Figure 26.6) is poured into the molds (Figure 26.7) [167-172].

:

Figure 26. Processing of geopolymer mortar by Le Van Su
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2. Coating the GF by spraying

The thesis author has coated the GF on base materials such as wood, steel, textile,
concrete and polystyrene by direct spraying.

2.1 Preparation of geopolymer mixtures

The geopolymer mixing procedure is mentioned in subsection 2.1. Materials and
equipment for preparing a geopolymer mixture are shown in Figure 27.

/, } )

Figure 27. Materials and equipment for preparing a geopolymer mixture.
2.2 Basic technical parameters of the spray gun

Spray gun volume: 6 litres (Figure 28 left); airflow: 220 to 250 litres/min; required air
pressure: 2 to 3 bar; unique holes for a chip size change (Figure 28 right). Recommendations
for use: The maximum grain size of the components in geopolymer mortar is less or equal
than 6 mm.

-
-

/

[ )
—_—

Figure 28. Reservoir spray gun with 6 litres volume (left) and sample nozzle size (right).
2.3 Geopolymer protective layer

The volume of the geopolymer mixture is determined by the surface area on which the
surface protection layer will be applied (Figure 29). After securing the required amount, the
geopolymer mixture settles into the reservoir of the spray gun and the size of the nozzle is
selected (Figure 28 left).
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Figure 29. Images illustrating the process of spraying geopolymer mixture and representation
of unmodified surface (OSB panel) in the left and coated surface by GF (right).

3. Characterizations and testing

In this section, the apparent density, compressive and flexural strengths of a GF were
measured. The analytical methods are discussed in detail in separate parts or the articles of
the thesis author.

3.1 Determination of the apparent density of geopolymer materials

Apparent density of geopolymer materials was measured according to standard CSN
EN 1936 [173]. The following equation calculated apparent density:

Mass (1)
Volume

Apparent density =

where:
Apparent density of geopolymer material (kg/mq),
Mass is the mass of the specimen (kg),
Volume is the volume of the specimen (mq).

3.2 Mechanical testing of GF

A hydraulic press was used to measure the compressive and flexural strengths of a GF.
The mechanical testing was conducted with a load cell of 10 kN at ambient temperature
about 22 + 3 °C using a universal testing machine INSTRON (Model 4202) (Figure 30). The
mean strength of the GF was measured from three specimens.

Flexural strength was calculated from a three-point bending test on the samples of size
40 mm x 40 mm x 160 mm [174, 175]. The flexural tests are conducted with a crosshead
speed of 2.0 mm/min and a span length of 120 mm. Three cubes of 40 mm were cut from
the test bar, and they were used for compressive strength testing.
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Figure 30. Universal testing machine INSTRON (Model 4202): a) set-up for flexural test b)
set-up for compressive test.

3.3 Thermal conductivity of geopolymer materials

The measurement of the coefficient of thermal conductivity of geopolymer materials
was performed on cubic samples with dimensions of 40 mm x 160 mm x 160 mm according
to the CSN EN 72 1105 standard using the ISOMET instrument. The coefficient of thermal
conductivity A [W/m. K] is a material parameter depending on physical and mechanical
properties on the material. A material with a small A is understood to be an excellent thermal
insulator, whereas a material with a large A is an excellent heat conductor.

3.4 Scanning electron microscopy

Electron microscopes have been widely used to analyze microstructures of geophysics
due to their high resolution. In this thesis, a scanning electron microscope (SEM) Carl Zeiss
Ultra Plus (Germany) was used to investigate microstructural morphology, pore analysis,
and chemical composition of samples (Figure 31).

Figure 31. Carl Zeiss Ultra Plus SEM with Oxford micro-analytical system.
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3.5 Fire-resistant testing of geopolymer materials

The testing of fire resistance for geopolymer materials was conducted at the TUL by the
thesis author and team members from October 2015 to September 2019. Experimental results
were measured by different size samples using two types of furnaces. The 2-D size for a test
piece is 300 mm x 300 mm (Figure 32a) or 500 mm x 500 mm (Figure 32b) [101]. The test
furnace was heated by a system of natural gas and regulated according to the relevant parts
of the standard 1SO 834 with furnace temperature showing in the following equation:

T/°C =345 logio(8t/min +1) + 20 , (3)
where T (°C) is the standard required furnace temperature at time t (min).

The thermocouples are mounted in the furnace and connected to the computer by the
ADAM 4000 Series (Figure 32c, d).

Figure 32. (a) Small furnace; (b) Big furnace; (c) ADAM 4000 series; (d) Results on laptop.
4. Other devices

The following devices were used during the experiments:

e Digital scale

Range 0 — 0.2 kg, accuracy 0.001 g Use for weighing small quantities that require high
precision, such as bubble glass or fiber.

Range 0 — 5 kg, accuracy 1 g (0 — 2.5 kg) or 2 g (2.5 - 5 kg); It is used to measure raw
materials such as sand, cement and gravel.

Range 0 — 25 kg, accuracy 1 g Use a scale of massive raw materials.
e Mixer Heidolph RZR 2020

Speed 35 up to 2200 per minute, powder 18 W and torque 1 Nm;
e Vibrating High-Frequency Table VSB 15
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Area of bearing 250x250 mm?, 11500 rpm, timer;

e The drying oven Binder can be used to dry specimens under test conditions with the
temperature up to 300°C. The machine can schedule and automatically turn off according
to the desired time.

e The furnace Binder can heat up to 1200°C;

Figure 33. Furnace BINDER (left) and GFs in the furnace at 1100 °C (right).
5. Raw materials

The raw materials used in the experiments were shown in the author's papers A to F.
The following briefly describes them:

The industrially commercial material BAUCIS Ik (Ceské Lupkové Zavody, a.s, Czech
Republic) was a two-component aluminosilicate binder based on metakaolin and activator
by potassium alkaline solution [176].

Table 1. The chemical composition of BAUCIS Ik was determined by XRD.

Formula SiO; | AlbO; | CaO | MgO | TiO2 | Fe;0z | KO | SO3 | MnO | Na;O | LOI
Concentration (%) | 445 | 289 | 176 | 223 | 131 |0.82 0.75 | 0.46 | 0.28 | 0.25 | 2.56

An aluminum powder (pkchemie Inc., Czech Republic) was used to create pores inside
the GF. It has an aluminum content of 99 %, and the average grain size was 65 pm [177].
The chemical composition and particle size of the aluminum powder are shown in Table 2.

Table 2. The chemical composition and size of the aluminum powder.

Name Diameter Al FeO SiO Cu
D50 65um 98% 0.35% 0.4% 0.02%

The silica fume (produced by Kema Morava - sanacni centrum a. s., Republic of
Slovenia) contained 90 % SiO- and the average grain size was 1 mm [178].

Table 3. Chemical composition of silica fume as determined by XRD.

Formula SiO; | Cr203 | KO | AlO3 | MgO | CaO | Fe,Os | SOz | Na,O | BaO | LOI

Concentration (%) 848 |253 |201 |15 |152 |109 |1.09 0.93 | 0369 | 0.1 | 3.68

Sand (produced by Sklopisek Stiele¢ a.s., type ST 03-08) was used with a grain size
from 0.3 to 0.8 mm [179].
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Table 4. Chemical composition of sand as determined by XRD.

Formula SiO2 | Al203 | Other | LOI
Concentration (%) | 99.4 | 0.35 |0.25 | 0.07

Two types of basalt fiber, chopped basalt fiber and a waste ground basalt fiber made
from recycled material, were produced by Basaltex a.s. (Figure 34 and Figure 35). The basalt
fiber had a density of 2900 kg-m and thermal conductivity of 0.027 =-0.033 W/m.K [149].

Table 5. Chemical composition of chopped basalt fiber [180].

Formula SiO, | AlL,O3 | Fe,0O3 | CaO MgO Na,O | K;O | P.Os | MnO | Cr.0O5 | other
Concentration (%) | 52.8 | 17.5 | 10.3 | 8.59 | 4.63 | 3.34 |1.46|1.38|0.28 | 0.16 | 0.06

Table 6. Chemical composition of waste ground basalt fiber as determined by XRD.

Formula SiOz Cao A|203 MgO Fe,O3 Ti02 Na,O K>,O | MnO SOs P,Os LOI

Concentration (%) | 33.6 |26.1 | 144 |8.26 |6.61 198 | 138 | 121 |0.0.76 |0.29 | 0.14 | 2.05

Figure 34. The photographs showing original basalt waster fibers (left) and modified basal
waste fibers after grinding (right).
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Figure 35. SEM micrograph and corresponding EDX energy spectrum of modified waste
basalt fiber after grinding.
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Chapter 3. FIRE-RESISTANT TEST AT TUL

The research results of fire-resistance presented in this chapter are directly related to the
thesis topic. The fire-resistant test was conducted with the conditions at the TUL.

1. GFs for passive fire resistance of the wooden structural panels

This work aims at designing and evaluating the performance under thermal loading of
the GF for passive fire protection of the OSB panels. Fire-resistant testing was conducted on
the Oriented Strand Board (OSB) panels 500 mm x500 mm x 22 mm with a fire exposure
region of 300 mm x 300 mm by the flame of a gas burner into a furnace. The test was
performed at the age of 21 days after the production of the specimens. The results showed
that the fire-resistant period of treated OSB panels coated with a GF layer varied from 40 to
100 min compared to just 20 min of untreated OSB panels in the same testing condition.

1.1 Materials and method

Geopolymer is inorganic material as used a binder. Aluminum powder with a particle
size of 65 um and a purity of 99.5% was used for foaming. Siliceous sand with the particle
size in the range of 0-0.6 mm and waste basalt fiber were used as reinforcements. A
Geopolymer mortar was prepared in three steps. Firstly, geopolymer paste was created as a
two-component system by mechanical mixing metakaolin with alkaline potassium solution
in a liquid-to-solid weight ratio of 0.9 for around 5 min. Secondly, siliceous sand and waste
basalt fiber were added into the pasta mixture. Then the mixture was mechanically stirred
for 5 min. Finally, the aluminum powder was added into the geopolymer mortar mixture,
and the mixture was mechanically stirred for a further 30 s. After mixing, the geopolymer
mortar mixture was immediately poured on the surface of the OSB panel. It was laminated
to create a GF layer with a given thickness (Figure 36). Five samples of the GF with different
thickness layers before testing are shown in Table 7.

Wood sticks to fix a
desired layer thickness

Figure 36. Materials and sample preparation steps to create a GF layer on the surface of the
OSB panels.
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The samples were exposed to fire at the age of 21 days after casting. A custom designed
furnace was used for fire testing. OSB panels 500 mm x 500 mm x 22 mm with different
thickness layers of GF on the OSB substrates were used for the fire testing. The fire exposure
region of the specimens was 300 mm x 300 mm. Figure 37 shows the sample arrangement
for the fire-resistant test.

Thermocouples installation position on sample for both

Figure 37. Photographs showing the sample arrangement for the fire-resistant test.

OSB panel without a GF layer OSB panel with a GF layer
(sample 1) (sample 3)
S e ol 1

Figure 38. Images describing the OSB panels with and without a GF layer after testing.

Table 7. Mixture proportion of GF.

Samples [-] Sand/binder [-]  Binder/liquid [-] Basalt fiber/cement [%] % wt. Al
No. 1 - -

No. 2 1 0.9 30 0.25
No. 3 1 0.9 30 0.25
No. 4 - 0.9 60 2.5
No. 5 - 0.9 60 2.5

1.2 Results and summary

The fire-resistant curves of the samples are presented in Figure 39.
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GFs for passive fire resistance of the structural wood panels
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Figure 39. Evolution of the temperature versus time.
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The results of the fire testing for the OSB panels with and without the GF layer in
Figure 39 are described as follows:

e OSB panel without the GF layer had the fire-resistant time around 22 min;

e OSB panels with the GF layer could suffer the fire within 49 min for sample 2, 41 min
for sample 3, 50 min for sample 4 and 99 min for sample 5;

e Sample 5 resisted the fire for the longest time. Its fire-resistant time was 4.5 times higher
than that of the OSB panel without the GF layer. The maximal temperature in the furnace
did not exceed 800 °C;

e Sample 2 and sample 4 had the same results. Their fire-resisted time was 2.3 times higher
than the OSB panel without the GF layer. The temperature in the furnace did not exceed
700 °C during the test. However, the sample 4 was lighter than the sample 2.

e Sample 3 showed that its fire-resistant time was 1.9 times higher than that of sample 1,
while the fire temperature in the furnace increased to 950 °C.

Experimental results confirmed that the geopolymer could be used for thermal insulation
purposes, and it can be used as an excellent building material for fire-resistance.

2. GFs for passive fire resistance of the structural steel plates

This work aims at designing and evaluating the performance under thermal loading of
GFs for passive fire protection of the steel plate. Two different thickness sizes of the GF
layer were applied to the steel substrates. Fire testing was conducted on the steel plate 500
mm X 500 mm x 2 mm with a fire exposure region of 300 mm x 300 mm using natural gas.

2.1 Materials and methods

Materials and procedures were described in subsection 1.1. Table 8 presents the
materials used to produce GFs.

Table 8. Materials used to produce GFs.

Samples [-] Binder/liquid [-] Basalt fiber/cement [wt. %] Al [wt. %]
1 - - -
2 0.9 60 2.5
3 0.9 60 2.5

Figure 40. Images showing surfaces of the steel plate after the test (sample 2).
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1N KW

Figure 41. Pictures showing surfaces of the steel plate after the test (sample 3).

2.2 Results and summary
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Figure 42. Evolution of the temperature versus time of the samples.
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e The results showed that the fire-resistant time of the steel plate covered with the GF
layer was 41 minutes for sample 2 and 134 minutes for sample 3. However, it was
just 9 minutes for untreated steel panels in the same testing condition.

e Sample 3 resisted the fire at the longest time, and its fire-resisted time was 14.8 times
higher than the steel plate without the GF layer. The maximal temperature in the
furnace did not exceed 900°C (Figure 42).

e The fire-resistant time of sample 2 was 4.6 times higher than that of sample 1. The
temperature in the furnace increased to 800 °C (Figure 42).

3. Evaluation of fire-resistance for concrete slabs

3.1 Description of the problem

The evaluation of the fire-resistance for the concrete slab was performed through test
specimens covered with and without a GF layer. The GF layers with the thickness changing
from 10 mm to 50 mm were applied to the concrete slab as a treated surface layer. The
samples were fixed in a furnace and gradually heated to 1000 °C. Results obtained from the
fire-resistant test for the concrete slab with and without the GF layer are given below.

3.2 Experiment

Table 9 presents the mixing ratio for concrete samples.

Table 9. Mixing ratio for concrete samples.

Sample Sand/cement Cement/activator Basalt fiber/cement ~ Aluminum powder

[%]
1 - - - -
2 - 0.9 0.3 15
3 - 0.9 0.3 15
4 2 0.9 0.01 -
5 - 0.9 0.5 15

Description of samples:

Sample 1 — uncoated concrete slab with dimensions of 300 mm x 300 mm x 25 mm;
Sample 2 - 1.5% Al, 30% basalt-fiber waste, sand-free, the GF layer thickness of 11 mm;
Sample 3 - 1.5% Al, 30% basalt-fiber waste, sand-free, the GF layer thickness of 22 mm;

Sample 4 - 0% Al, 1% basalt fibers with a length of 3.2 mm, 200% sand, the GF layer
thickness of 21 mm;

Sample 5 - 1.5% Al, 50% basalt-fiber waste, sand-free, the GF layer thickness of 50 mm.

The preparation of fillers for the mixture is shown in Figure 43. Test specimens with the
GF layer are presented in Figure 44.
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Figure 44. Test specimens with the GF layer.
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Figure 45. Layout of measuring equipment.

Note: Thermocouples K1, K2, and K5 are located inside the furnace, whereas
thermocouples K4 and K10 are located on the outside of the slab under investigation.

3.3 Measured results

The equipment shown in Figure 45 is prepared for the fire-resistant test of the samples.
The temperatures outside and inside the concrete slab were measured using the
thermocouples (Figure 45). Moreover, the temperature on the outside of the concrete slab
after testing was measured using a thermal camera (model C. A1950). The fire-resistant test
was interrupted when the outside temperature of the concrete slab reached 250 °C.
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Figure 46. The temperature changes of thermocouples over time of uncoated concrete slab with
dimensions of 300 mm x 300 mm x 25 mm. An inserted image showing the temperature of the
thermal camera.
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Figure 47. The inner and outer surfaces of sample 1 after fire testing.
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Figure 48. Sample 2, the temperature changes of thermocouples over time of concrete slabs
covered by a protective GF with a thickness of 11 mm. An inserted image showing the
temperature of the thermal camera.
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Figure 49. The inner and outer surfaces of sample 2 after testing.
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Figure 50. Sample 3, the temperature changes of thermocouples over time of concrete slabs
covered by a protective GF with a thickness of 22 mm. An inserted image showing the
temperature of the thermal camera.
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Figure 51. Sample 3, the inner and outer surfaces of the sample subjected to flame after
finishing.
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Figure 52. Sample 4, the temperature changes of thermocouples over time of concrete slabs
covered by a protective GF with a thickness of 21 mm. An inserted image showing the
temperature of the thermal camera.
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Figure 53. Sample 4, the inner and outer surfaces of the sample subjected to flame after testing.
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Figure 54. Sample 5, the temperature changes of thermocouples over time of concrete slabs
covered by a protective GF with a thickness of 50 mm. An inserted image showing the
temperature of the thermal camera.
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Figure 55. Sample 5, the inner and outer surfaces of the sample subjected to flame after testing.
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3.4 Summary

e The uncoated concrete slab had a fire-resistant time of 653 seconds (Figure 49).

e The application of a GF layer with a thickness of 11 mm led to an increase in the fire
resistance several times. The fire-resistant time of the examined slab covered with an
11 mm GF layer was 2672 seconds (Figure 51).

e For the GF layer with a thickness of 22 mm, the fire-resistant time increased
significantly and reached 4658 seconds (Figure 53).

e Using the GF layer with a thickness of 50 mm resulted in an increase in the fire-
resistant time to 6000 seconds (Figure 57).

4. Evaluation of fire-resistance for polystyrene boards

4.1 Description of the problem

The improvement of the fire-resistance for the polystyrene board was performed through
test specimens covered with and without a GF layer. The GF layer with a thickness of
10 mm with a different mixture, was applied to the polystyrene board as a treated surface
layer. The samples were mounted in a furnace and gradually heated to 800 °C. The achieved
fire-resistance results are given below.

4.2 Experiment

Firstly, geopolymer paste was mixed as a two-component system using metakaolin and
alkaline potassium solution by mechanical stirring for around 5 min. Secondly, siliceous
sand and waste basalt fiber were added into the pasta mixture. Then the mixture was stirred
for 5 min. Finally, the aluminum powder was added into the geopolymer mortar mixture and
then it was stirred continuously for further 30 seconds (Figure 56). After mixing, the slurry
was evenly applied on polystyrene boards in 10 mm thickness of the GF coating (Figure 57).

Figure 56. Preparation of constituent materials for the GF production.
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Figure 57. Test specimen with a GF layer.

Preparation of GF:
The mixing ratio of GF by weight for polystyrene boards is presented in Table 10.
Table 10. The mixing ratio of GF by weight for polystyrene boards.

Sample Activator/ Basalt fibers/  Aluminum powder/  Note:

cement cement cement
1 0.8 0.03 0.015 Long basalt fiber
2 0.9 0.03 0.015 Long basalt fiber
3 0.9 0.3 0.015 Fine fiber

4.3 Measured results

The equipment shown in Figure 58 is prepared for the fire-resistant test of the samples.
The temperatures outside and inside polystyrene boards were measured using the
thermocouples (Figure 58 right). The test ends if the destruction of the polystyrene board
can be visible to the naked eye.

Figure 58. Layout of measuring equipment.

The following graphs show the course of the experiment for the examined samples.
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Figure 60. Fire-resistance curves (left) and the outer surface of sample 2 after testing (right).
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Figure 61. Fire-resistance curves (left) and the outer surface of sample 3 after testing (right).

4.4 Summary

The polystyrene boards showed the fire-resistant time ranging from 10 to 15 min

(Figures 59-61). The GF layers under high temperatures improved significantly the fire-
resistance period of polystyrene boards.
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The results showed that the fire-resistance periods of treated polystyrene boards with a
GF layer were 800 seconds for sample 2 and 600 seconds for sample 3, while the untreated
polystyrene board in the same testing conditions destroyed instantaneously by the fire.

5. Evaluation of fire-resistance for aluminum plates

5.1 Description of the problem

The evaluation of the fire-resistance for the aluminum plate was performed using test
specimens coated with and without the GF layer. The GF layers with a thickness of 11 mm
and 20 mm were applied to the aluminum plate. The samples with and without the GF layer
were fixed in the furnace and then were gradually heated to 800 °C. Results obtained from
the fire-resistant test are given below.

5.2 Experiment

Materials and procedures were described in subsection 4.2. Table 11 presents the mixing
ratio for aluminum samples.

Table 11. Mixing ratio for aluminum samples.

Sample Cement/ Basalt fiber/ Aluminum powder
activator cement [%]

1 - - -

2 0.9 0.4 1.5

3 0.9 0.4 1.5

Description of samples:
Sample 1 — uncoated aluminum plate with dimensions of 300 mm x 300 mm x 2.5 mm;

Sample 2 - 1.5% Al, 40% basalt-fiber waste, sand-free, the GF layer thickness of 11
mm;

Sample 3 - 1.5% Al, 40% basalt-fiber waste, sand-free, the GF layer thickness of 20
mm.

* Testing was interrupted when the outside temperature of the aluminum plate reached
210 °C [16].

The preparation of fillers for the GF mixture is shown in Figure 62.

The prepared aluminum plates were shown in Figure 63. In the next step, a geopolymer
mixture was applied to the surface of the aluminum plate (Figure 64). The uncoated and

coated with a GF layer samples are shown in Figure 65. Figure 66 shows the image layout
on the test furnace.
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5 4

Figure 63. Both surfaces of an aluminum plate: original (left) and grinding (right).

Figure 64. Preparation of geopolymer mixture and its application on the surface of Al plates.
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Figure 65. A photograph showing uncoated Al plate (left) and coated Al plates with 10 mm
thickness of GF layer (middle) and 20 mm thickness of GF layer (right).

Figure 66. An image showing the sample layout on the test furnace.

Note: Thermocouples Kan 1, Kan 2, and Kan 5 were located inside the furnace, whereas
thermocouples Kan 4 and Kan 10 were located on the outside of the aluminum plate under
investigation. A thermocouple labeled Kan 2 was attached to the burner and a thermocouple
labeled Kan 5 was attached next to the burner.

5.3 Measured results

The equipment shown in Figure 66 is prepared for the fire-resistant test of the samples.
The temperatures outside and inside the aluminum plate were measured using the

thermocouples. Testing was interrupted when the outside temperature of the aluminum plate
reached 200 °C.

Results of sample 1 are presented in Figure 67
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Figure 67. Fire-resistance curves of the uncoated aluminum plate (left) and an image showing
the temperature of the outer surface of the aluminum plate (right).

The results of sample 2 are presented in Figures 68 and 69.
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Figure 68. Fire-resistance curves of an aluminum plate with a GF layer of 11 mm thickness
(left) and an image showing the temperature of the outer surface of the plate (right).

Figure 69. Pictures showing the surfaces of the sample after testing: the fire exposure surface
(left), the back surface of the sample (right).

47



Chapter 3 Evaluation of fire-resistance for aluminum plates

The results of sample 3 are presented in Figures 70 and 71.
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Figure 70. Fire-resistance curves of an aluminum plate with a GF layer of 20 mm (left) and an
image showing the temperature of the outer surface of the plate (right).

Figure 71. Photographs showing the surfaces of the sample after testing: the fire exposure
surface (left), the back surface of the sample (right).

5.4 Summary

An uncoated aluminum plate had a fire-resistant time around 250 seconds, and the
outside surface of the sample is above 200 °C (Figure 67).

The fire-resistance increases many times after the application of the GF layer with
different thicknesses.

Sample 3 resisted the fire for the longest time. Its fire-resistant time was 30 times higher
than that of the aluminum plate without the GF layer. The maximal temperature in the
furnace did not exceed 600 °C (Figure 70).

Sample 2 showed that its fire-resistant time was 16 times higher than that of sample 1,
while the fire temperature in the furnace increased to 600 °C (Figure 68).
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6. Evaluation of fire-resistance for carbon steel column

6.1 Description of the problem

Fire-resistant coatings made of the GF are aimed at slowing the rise in the temperature
of the carbon steel column and keeping its temperature below a critical value (about 600 °C).
Therefore, GFs based on potassium activators were used to coat the steel column surface at
room temperature in this subsection. A 6 mm thickness GF layer was sprayed on the steel
column surface. The steel samples were mounted in a furnace and were gradually heated to
a temperature of 1000 °C. The fire-resistant results of the GF are given below.

6.2 Experiment

Table 12. GF composition coating on the steel column samples.

Sand Cement/ Basalt fiber/  Aluminum powder  Silica fume/cement
/cement activator cement [%] [%0]
1 0.9 0.2 1.5 5

Description of samples:
The GF layer with about 6 mm thickness and is sprayed on the surface of the column.

Note: All samples were tested after28 days of aging.

Figure 72. Preparing constituent materials (left) and mixing mortar for spraying (right).
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Figure 73. Sample preparation (left) and the GF spraying on the sample (right).
6.3 Measured results

The equipment shown in Figure 74 is prepared for the fire-resistant test of the samples.
The temperatures outside and inside of the carbon steel column were measured using the
thermocouples (Figure 75). Testing was stopped when the measured temperature on the cold-
side of the column was 600 °C.

Figure 74. Device layout.

Note: A diagram of the location of the thermocouples can be seen in Figure 75 (left).
Thermocouples from 1 to 4 were attached inner column of the cold side. Thermocouples 5,
9 and 10 were located inner furnace of the hot side.
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Figure 75. The position of thermocouples (left) and an outer image after testing (right).
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Figure 76. Fire-resistant curves of the carbon steel column.

6.4 Summary

The fire-resistance of the carbon steel column increases many times after the application
of a GF layer with a thickness of 6 mm. The temperature of the carbon steel column reached
300 °C at the 19th minute, and it begins to affect the mechanical properties of the carbon
steel column. The temperature of the column achieved 600 °C at the 29th minute

(Figure 76). At this temperature, the mechanical strength of carbon steel decreases by 60%
compared to its one at ambient temperature.
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Chapter 4. FIRE-RESISTANT TEST AT PAVUS A.S.

This chapter presents the results of the fire-resistance of the GF coated on the surface of
OSB panels, steel plate, and concrete blocks as a surface protection layer. The author and
colleagues fabricated the test samples at the TUL. Fire-resistant tests are performed at the
testing site of Pavus a.s. in Veseli nad Luznici.

1. Fire-resistant test for OSB panels and concrete slabs

The evaluation of the fire-resistance of GFs coated on the surface of OSB panels and
concrete slabs are presented in this section. The GF layers with different thicknesses were
applied to the surface of samples. The models are fitted with internal thermocouples and
heated up by the test furnace, which is installed by the company Pavus a.s. Test results are
summarized in the following subsections.

1.1 Performance of the test

General
The test was performed on 23 May 2018 using the standard CSN EN 1363-1.
Conditioning of samples

From 20 April 2018 to 23 May 2018, the samples were stored in the environment with
air temperature of 21 - 25 °C and relative humidity of 51 - 56%.

Preparing the furnace for test samples

The samples were attached to a vertical wall of 3 m (width) x 3 m (height) x 0.25 m
(thickness) in the test furnace. The wall was constructed of cellular concrete blocks YTONG
P-500.

Furnace regulation
A system of natural gas heated the test furnace by the standard CSN EN 1363-1 Art. 5.

The plastic of thermoelectric cell (DST) measured the temperatures in the furnace
according to the standard CSN EN 1363-1 Art. 4.5.1.1:

T/°C =345 log10(8t/min + 1) + 20 (3)

Where T (°C) is the standard required oven temperature at time t (min).

Tolerances of the average temperature in the furnace are given according to the standard
CSN EN 1363-1 Art. 5.1.2. The overpressure in the test furnaces was measured by a

differential manometer and automatically regulated by the exhaust fan so that the values of

the overpressure in the furnace correspond to the conditions of CSN EN 1363-1 Art. 5.2.1
and 5.2.5.
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Legend
TC Thermoelectric cell
PST The plastic of thermoelectric cell
DST Board temperature sensor containing PTC g 1mm
HS Heated side of the sample
us Unheated side of the sample

1.2 Used materials

Materials used to produce the GF by weight in Table 13. The author uses the ratio
according to the article A.

Table 13. Materials used to produce the GF by weight.

Sand/ Cement/ Silica fume/  Basalt fiber/ Aluminum powder
cement activator cement cement [%0]
1 0.9 0.05 0.14 1.5

1.3 The subject of the test

For concrete slab samples

The concrete slab samples with dimensions of 300 mm x 300 mm x 140 mm were
fabricated following the standard CSN EN 13381-2, Article 6.3.1. Three thermocouples were
installed in each slab sample at each depth from the concrete surface on the heated side of
the sample (0, 15, 30, 45, 60, 75) mm.

For OSB panel samples

The OSB panels have five layers in which four layers have a thickness of 8 mm and one
layer has a thickness of 22 mm. The sandwich OSB panel made from OSB/3 boards, as
described in Figure 77. The list of samples is summarized in Table 14.

OSB3 22 mm

4x OSB3 8 mm

y
54,0

Figure 77. The sandwich OSB panel.
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Table 14. Details of test specimens.
The substrate sample Protection | Protection
; ; Number
Material Thickness thickness th'Ckr‘eSS Thermocouple
Samples (plan) (reality)
(mm) (mm) (number/sample)

1 Concrete 140 0 0 12
2 30/37 140 0 0 12
3 normal bulk 140 10 + mesh 13.6 12
4 density (2000 140 10 16 12
5 to 2600) 140 20 + mesh 23.5 12
6 kg/m® 140 |20 23.2 12
7 0 0 15
8 20 21.4 15
9 20 21 15
10 sandwich of Ax8+ 10 + mesh 10.2 15
11 OSB panel (20-22) 10 + mesh 10 15
12 20 + mesh 20.4 15
13 20 + mesh 21 15
14 40 + mesh 37.7 15
15 40 + mesh 37.1 15
16 ,,Design OSB+izolat | 20+5 20+1° 9
17 element“ TUL | ion+OSB | 20+5 20+12 9

Total amount TC 225

Note: ? The both surfaces of base material samples were coated by two layers (20 mm
thickness of foamed geopolymer composite and 1 mm thickness of non-foamed
geopolymer).
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Figure 78. Pressure in a furnace, according to CSN EN 1363-1: 5.2.
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Pressure and temperature in the furnace

The pressure in a furnace was measured according to the standard CSN EN 1363-1: 5.2
(Figure 78). The average temperature in a furnace was measured according to the standard
CSN EN 1363-1: 5.1 (Figure 79).
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Figure 79. The average temperature in a furnace, according to CSN EN 1363-1: 5.1.
1.4 Measured results of concrete samples

Evaluation of measured results

The evaluation of the test results was performed according to the standard CSN EN
13381-3. The equivalent thickness ¢ is determined by comparing the temperature fields in
the unprotected concrete slab and the protected sample.

e="T(dp, 1)
where t is the fire-resistant time of the protected concrete element in min.

The temperature field in an unprotected concrete slab with 400 mm thickness was taken
from the standard CSN EN 13381-3.

For the evaluation of concrete slabs with a thickness of 140 mm and the protective layer
with the thickness dp, it is necessary to use a thermal field in an unprotected concrete slab
with a thickness of at least 140 mm + ¢.

The procedure for determining the equivalent thickness ¢ is described in the standard
CSN EN 13381-3.

The characteristic temperatures of samples 1 — 6 are presented in Figure 80.
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Figure 80. The characteristic temperatures of samples 1 - 6.
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Results of regression analysis for the dependence of equivalent thicknesses & on the
protection thickness dp and the required fire-resistant time t are presented as follows.
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Figure 81. The temperature field in an unprotected concrete slab.

The average temperature increase of samples 1 and 2 are presented in Figures 82.
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Chapter 4 Fire resistance test for concrete slabs

The results of the fire-resistant test for sample 3 with the protective GF layer having a
thickness of 13.6 mm are presented in Figures 83-84 and Tables 15-16.
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Figure 83. The increase in the characteristic temperature A®(dcp, t) at a depth dcp =15 mm for
the protected sample.
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Figure 84. The temperature increase A®(dcc, t) in the unprotection slab as a function of the
depth dcc and time t.

Table 15. Calculation of equivalent thickness (sample 3).

t A@(dcp,t) dCC €
min mm mm
(min) | gy | (mm) | (mm)
30 112.4 44.8 | 45
60 218.3 48.7 | 49
90 4275 350 |35
120 | 490.6 36.0 | 36
180 |579.9 37.7 |38
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Table 16. The average temperature increase in the unprotected slab (sample 3).

Time Depth dcc from heated side (mm)
t 0 |10 |20 |30 |40 |50 |60 |70 |80
(min) Temperature increase A®(dec,t ) (°C)
30 min 733 | 489 324 213 136 87 57 36 22
60 min 877 | 663 499 375 281 209 153 111 82
90 min 951 | 758 602 477 378 299 235 183 142
120 min | 1001 | 823 674 551 451 368 300 244 197
180 min | 1069 | 914 776 658 557 472 400 339 286
Legend
t (min) Time
dep 15 mm The depth from the concrete surface on the heated side of the
protected sample
AO(dep, 1) (°C) The increase of the characteristic temperature at the depth dcp
and at time t compared to the initial temperature of the protected
sample
AO(dce,t) (°C) The increase in temperature at the depth dcc from the heated side
and at time t compared to the initial temperature of the
unprotected slab
dec (mm) A®(dce,t ) = AO(dep,t ) The depth from the heated side of the
unprotected slab calculated according to the standard CSN EN
13381-3.
€ = dec - dep (mm) Equivalent concrete thickness
X Concrete was chipped from the 61st minute. Thus evaluation for

fire-resistance is performed when the time is less than or equal
to 60 min.

The results of the fire-resistant test for sample 4 with the protective GF layer having a
thickness of 16 mm are presented in Figures 85-86 and Tables 17-18.
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Figure 85. The increase in the characteristic temperature A®(dcp, t) at a depth dep =15 mm for

the protected sample 4.
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Temperature increase (°C)
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Figure 86. The temperature increase A®(dcc, t) in the unprotection slab as a function of the

depth dcc and time t.

Table 17. Calculation of equivalent thickness (sample 4).

t A@(dcp, t ) dcc €
(min) ) (mm) | (mm)
30 116 441 |44
60 788 4.2 4
90 907 2.3 2
120 969 1.8 2
180 1056 0.9 1

Table 18. Increase of average temperature in unprotected slab (sample 4).

Time Depth dcc from heated side (mm)
t 0 |10 |20 |30 |40 |50 |60 |70 |80

(min) Temperature increase A®(d,t) (°C)

30 min 733 489 324 213 136 87 57 36 22

60 min 877 663 499 375 281 209 153 111 82

90 min 951 758 602 477 378 299 235 183 142
120 min | 1001 823 674 551 451 368 300 244 197
180 min | 1069 914 776 658 557 472 400 339 286

Note:

€ from (60 min) to (180 min)

From the 49" minute, the concrete was chipped off, the
equivalent thicknesses marked in red are not important; it
is possible to evaluate it for fire resistance less than or
equal to it.

The results of the fire-resistant test for sample 5 with the protective GF layer having a
thickness of 23.5 mm are given in Figures 87-88 and Tables 19-20.
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Figure 87: The increase in the characteristic temperature A®(dcp, t) at a depth dcp=15 mm for
the protected (sample 5)
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Figure 88. The temperature increase A®(dcc, t) in the unprotection slab as a function of the
depth dcc and time t.

Table 20. Increase of average temperature in unprotected slab (sample 5).

Table 19. Calculation of equivalent thickness of sample 5.

1 AO( cp, t) dec €
(min) C) (mm) | (mm)
30 61.8 58.4 | 58
60 140.0 63.1 |63
90 210.5 64.7 | 65
120 284.4 62.8 | 63
180 413.1 57.9 |58

Time Depth dcc from heated side (mm)
t 0 |10 |20 |30 |40 |50 |60 |70 |80
(min) Temperature increase A@(dc,t ) (°C)
30 min 733 489 324 213 136 87 57 36 22
60 min 877 663 499 375 281 209 153 111 82
90 min 951 758 602 477 378 299 235 183 142
120 min | 1001 823 674 551 451 368 300 244 197
180 min | 1069 914 776 658 557 472 400 339 286
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Chapter 4 Fire-resistant test for concrete slabs

The results of the fire-resistant test for sample 6 with the protective GF layer having a
thickness of 23.2 mm are given in Figures 89-90 and Tables 21-22.
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Figure 89. The increase in the characteristic temperature A®(dcp, t) at a depth dcp =15 mm for
the protected (sample 6).
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Figure 90. The temperature increase A®(dcc, t) in the unprotection slab as a function of the
depth dcc and time t (sample 6).

Table 21. Calculation of equivalent thickness of sample 6.

t A@(d cp, t) dcc €
(min) C) (mm) | (mm)
30 67.8 56.4 |56
60 149.8 60.8 |61
90 218.4 63.2 |63
120 291.8 61.5 |61
180 414.4 57.6 |58
Table 22. Increase of average temperature in unprotected slab (sample 6).
Time Depth dcc from heated side (mm)
t 0 |10 |20 |30 |40 |50 |60 |70 |80
(min) Temperature increase AG(d cc, t ) (°C)

30 min 733 | 489 324 213 136 87 57 36 22
60 min 877 663 499 375 281 209 153 111 82
90 min 951 758 602 477 378 299 235 183 142
120 min | 1001 | 823 674 551 451 368 300 244 197
180 min | 1069 | 914 776 658 557 472 400 339 286
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Regression analysis

The results of the regression analysis for the dependence of the equivalent thicknesses
€ on the protection thickness dp and the required fire-resistant time t are summarized below

(Table 23).

Table 23. The equivalent thickness for concrete slabs depending on the thickness of the
protection and fire-resistant time.

Fire- Thickness | Equivalent . .
. . hick Test evaluation results according
r.eS|stant protection | thickness w t0 SN EN 13381-3 o 30min
tme t dp € 2 70 . som
(min) (mm) (mm) g 65 F
30 136 44 = 60 /‘ @ 90 min
16.0 45 = EZ 120 min
E K ,
23.5 58 :25 45 % 180 min
23.2 56 E 40 Lineami
60 13.6 4 10 15 20 25 30 _ (30min)
16.0 29 Thickness protection dp (mm) (Lé':]e::iﬂ'}
23.5 63
23.2 61
90 13.6 2
16.0 35
23.5 65 . Polynomial regression
23.2 63 \E, 20 | | o
120 13.6 2 < 65 j/_L‘\ o ks
16.0 36 ¢ 60
23.5 63 é 50 .rna);.‘th‘if:kness
23.2 61 E s * ’
180 13.6 1 £ 40
16.0 38 5 0 30 60 90 120 150 180
235 58 Fire-resistance t (min) vz71'02?42%5?3:;5;;3814%0“+
23 2 58 R?=9.384459E-01
: |

Note: From the 49th minute and the 61st minute, respectively, the concrete was chipped off
in the samples. Therefore, the evaluation for fire-resistance is performed when the fire-
resistance time is less or equal to this value.

The photographs illustrating the course of fire-resistant test are presented below.
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Chapter 4 Fire-resistant test for concrete slabs

Figure 92. The samples inside furnace numbered from left to right in the 1% row
(11, 7, 17, 16) and the 2" row (12, 9, 8, 10).
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Figure 93. The samples inside furnace numbered from left to right in the 3 row
(15, 14, 13, 6) and the 4" row (5, 4, 2, 3, 1).

Figure 94. The view from outside after 30 min testing.
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Figure 95. The view from outside after 183 min testing.

Figure 96. Detail of unprotection slab samples 1 and 2.
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Figure 97. Detail of samples 3 to 6 with different protection thicknesses.

1.5 Measured results of OSB panel samples

The characteristic temperatures of the OSB panel samples are depicted in Figures 98
and 99.
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Sample 7

Sample 8

Sample 9

Sample 10

Sample 11

Temperature (°C)

350 - T
| = | T
I I= ri
300 - 0 mm
250 i J f & mm
' i
200 16 mm
150 24 mm
100
I 32 mm
so - F —
o LTI EESEEREE = = 300°C
o] 10 20 30 40 S50 50
350 T T
¥y I I
f 1 r i 1
300 0 mm
o y i
250 ' . ‘ 8 mm
F i . !
200 i v, v, — 16 mm
1s0 r i 24 mm
T
100
r 32 mm
50
0 1 1T 11 71 = == 300 .c
(0] 20 40 60 80
350 o T
r i ¥ ir 4
ra " &
300 ¥y ' & J O mm
L |
iy ' F
250 'd ' 8 mm
' o
200 — f " = 16 mm
150 — F i f - i
F 24 mm
100 -
¥ o T 32 mm
I i
50
e ] : - = 300 °C
o = — } t
o 10 20 30 40 50 &0 70 20 90
350 = ¥ m
I ! | I |
300 4 ¥ ¥ omm
F i
250 r 8 mm
F | ri l‘
200 . +f - 16 mm
|
4
Fi
150 7 7 24 mm
F
100
r — 32 mm
50 —
= 1 -
o FHEEEH = - e 300 °C
(0] 10 20 30 40 50 60 70 80 90
350  } ¥
¥ | I N i
I f § S ] 1 0 mm
¥ ¥
300 r ‘i
250 r 8 mm
— ' I
200 4 f - 16 mm
¥
r
150 '
- 24 mm
i
100 —p—
32 mm
50 - =
= - = 300 °C
0 I 1T T T I T 17
o 10 20 30 40 50 &0 70 80 90
Time (min)

Figure 98. The characteristic temperature of samples 7-11.
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Figure 99. The characteristic temperature of samples 12-15.

Evaluation of the results of different samples from 7 to 15

Evaluation of measured results of the sample 7 (OSB board without protection) and
samples from 8 to 15 (OSB boards with fire protection layer) was performed according to
the standard prEN 13381-7: 2017-07 and Eurocode 5 (CSN EN 1395-1-2). The carbonization
limit in the sample is defined as an isotherm at 300 °C. The charring depth dchar (in mm) is
defined as the distance of the carbonate boundary from the original surface of the sample
(exposed surface of the unprotected sample or the interface of the fire protection layer and
OSB panel is protected samples). The time of start of charring tcn (in min) is determined as
the time of reaching the temperature of 300 °C at the HS of the unprotected sample or the
interface of the fire protection layer and the OSB board of the protected samples. The
charring depth dcnar for each sample above depends on test time t in min. In the linear phase
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of this dependence, a regression line is interpolated by the least-squares method and its
direction is used to estimate the charring rate as follows:

» For the unprotected sample 7 the charring rate was £, in mm/min;

« For protected samples 8 to 15 the charring rate was 82 = 8 . Kz, in mm / min, and

was determined in the 2" phase (from the beginning of charring tcn to the end of the

test), where Kz is the dimensionless protection coefficient.

Note: The test was terminated after 61 minutes due to the fire damage of samples 16 and
17. During the first 60 minutes of the test, the fire protection layer did not fall off. Therefore,
it was not possible to determine other parameters such as the fire-resistant time and charring
rate in the next phase 3.
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Figure 100. Charring depth and charring rate of sample 7.

Charring rate p was selected according to the standard prEN 13381-7: 2017-07.
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Sample 8 with the fire protection layer having a thickness of 21.4 mm.
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Figure 101. Charring depth and charring rate of sample 8.
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teh = 15.9 min the time of start of charring

B2 = 0.57 mm/min  charring rate under protection

tr=  N/Amin the time of loss of stickability of the fire protection system

Sample 9 with the fire protection layer having a thickness of 21 mm.
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Figure 102. Charring depth and charring rate of sample 9.
teh= 187 min the time of start of charring
Ro= 0.46 mm/min charring rate under protection
tr= N/A  min the time of loss of stickability of the fire protection system

Sample 10 with the fire protection layer having a thickness of 10.2 mm.
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Figure 103. Charring depth and charring rate of sample 10.
teh= 6.6 min the time of start of charring
Ro= 055 mm/min charring rate under protection
tr= N/A  min the time of loss of stickability of the fire protection system
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Sample 11 with the fire protection layer having a thickness of 10 mm.
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Figure 104. Charring depth and charring rate of sample 11.
tch=6.6  min the time of start of charring
R2=0.65 mm/min charring rate under protection
tr= N/A  min
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the time of loss of stickability of the fire protection system
Sample 12 with the fire protection layer having a thickness of 20.4 mm.
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Figure 105. Charring depth and charring rate of sample 12.
teh =17.1 min the time of start of charring
R2=0.49 mm/min charring rate under protection
tr= N/A  min the time of loss of stickability of the fire protection system
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Sample 13 with the fire protection layer having a thickness of 21 mm.
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Figure 106. Charring depth and charring rate of sample 13.
teh =17.4 min the time of start of charring
R2=0.46 mm/min charring rate under protection
tr= N/A  min the time of loss of stickability of the fire protection system
Sample 14 with the fire protection layer having a thickness of 37.7 mm.
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Figure 107. Charring depth and charring rate of sample 14.
teh =44.3  min the time of start of charring
R2=0.39 mm/min charring rate under protection
tr= N/A  min the time of loss of stickability of the fire protection system
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Sample 15 with the fire protection layer having a thickness of 37.1 mm.
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Figure 108. Charring depth and charring rate of sample 15.

Regression analysis

the time of start of charring
charring rate under protection
the time of loss of stickability of the fire protection system

The results of the regression analysis for the dependence of the different samples from
the OSB panels according to the standard prEN 13381-7: 2017-07 and Eurocode 5 (CSN EN
1395-1-2) are summarized below.

Sample Test Thickness Charring rate Protection | Charring
date protection | (without/with protection | coefficient time ten
dp (Mm) layer) (mm/min) ka2 (-) (mm)
11 18-01-05 0 R 0.88 1.00 1.3
7 18-05-23 0 1.00 1.00 1.4
Average 0 0.94
12 18-01-05 5.8 Rz 0.67 0.713 2.9
13 18-01-05 5.4 0.69 0.734 2.7
14 18-01-05 10.7 0.55 0.585 10.7
15 18-01-05 11.4 0.51 0.543 12.9
16 18-01-05 18.9 0.44 0.468 17.7
17 18-01-05 18.0 0.47 0.500 19.1
8 18-05-23 21.4 0.57 0.606 15.9
9 18-05-23 21.0 0.46 0.489 18.7
10 18-05-23 10.2 0.55 0.585 6.6
11 18-05-23 10.0 0.65 0.691 6.6
12 18-05-23 20.4 0.49 0.521 17.1
13 18-05-23 21.0 0.46 0.489 17.4
14 18-05-23 37.7 0.39 0.415 44.3
15 18-05-23 37.1 0.40 0.426 46.7
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Regression (polynomial 2" row)

Thickness Charring rate under Coefficient Charring time
protection protection B> protection kz (-) tch (Mm)
dp (mm) (mm/min)
10.0 0.59 0.628 7.6
20.0 0.48 0.505 17.9
30.0 0.41 0.439 32.1
40.0 0.40 0.429 50.1
ay 7.59E-01 8.08E-01 9.78E-01
a1 -1.95E-02 -2.08E-02 4.68E-01
az 2.66E-04 2.83E-04 1.90E-02
do  (mm) thickness of protection layer

R (mm/min)

B2 (mm/min)
ke ()

ten  (Min)

charring rate of the unprotection sample

where 3 = R (rate of one-dimensional carbonation)

charring rate of the sample with the protection layer

coefficient of protection
the time of start of charring
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Figure 109. Charring rate depending on the thickness of the protection layer.
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Figure 110. Coefficient of protection depending on the thickness of the protection layer.
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Figure 111. The time of start of charring depending on the thickness of the protection layer.

Samples before the test

Figure 112. Samples 11,7,17,16 (1% row) and 12,9,8,10 (2" row) view from left to right.
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Figure 113. Samples 15,14,13,6 (3" row), 5,4,2,3,1 (4" row), view from left to right.

Sample after the test:

Figure 114. Samples 11,7,17,16 (1% row), 12, 9,8,10 (2 " row), view from left to right.
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2. Fire protection system applied to steel plate

2.1 General information

The procedure for producing a test sample is described in subsection 1.2. Test samples
were fabricated at the TUL and then were tested at Pavus a.s.

The GF protection layer for passive fire-resistance was coated on the surface of test
samples. The process of fabricating the protected GF layer for the steel plate is portrayed in
subsection 1.2.

2.2 Performance of the test

General

The test was performed on 5 January 2018 using the standard CSN EN 1363-1 and EAD
350140-00-1106 art. E.9.

Conditioning of samples

From 20 December 2017 to 5 January 2018, the samples were stored in the environment
with an air temperature of 21 - 25 °C and relative humidity of 51 - 56%.

Preparing the furnace for test samples
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The samples were attached to a vertical wall of 3 m (width) x 3 m (height) x 0.25 m
(thickness) in the test furnace. The wall was constructed of cellular concrete blocks YTONG
P-500.

The samples were insulated on the unheated side with Rockwool Techrock 100 stone
wool boards with a thickness of 50 mm and a bulk density of 100 kg / m® supplied from the
manufacturer ROCKWOOL, a.s.

Furnace regulation
A system of natural gas heated the test furnace by the standard CSN EN 1363-1 Art. 5.

The plastic of thermoelectric cell (DST) measured the temperatures in the furnace
according to the standard CSN EN 1363-1 Art. 4.5.1.1:

T/°C =345 log10(8t/min + 1) + 20 (3)
Where T (°C) is the standard required oven temperature at time t (min).

Tolerances of the average temperature in the furnace are given according to the standard
CSN EN 1363-1 Art. 5.1.2,

Legend
TC thermoelectric cell
PST the plastic of thermoelectric cell
DST board temperature sensor containing PTC g 1 mm
HS heated side of the sample
usS unheated side of the sample

2.3 The subject of the test

The selection of samples was performed according to the principles of the standard CSN
EN 13381-4 Article 6.6.3.1, as follows:

« four different sheet thicknesses t = (2, 3, 5, 10) mm representing steel profiles with
three various cross-sectional factors (Ap/V = sp = 1/ta for a perfectly thermally insulated
unheated side of the sample);

« four different thicknesses of fire protection material dp = (5, 10, 15, 20) mm.

Following CSN EN 13381-4, the coefficients of the thickness/cross-section range used
for the selection of samples according to equations (1) and (2) of this standard are given as
follows.

The relation between the thickness of the fire protection material and the thickness range
factor according to the standard is presented.

dp = Kd (dmax - dmin) + dmin (1)

Where
dp is the thickness of the protective material corresponding to the thickness range factor
Ka;
dmax 1S the maximum thickness of the protective material corresponding to a thickness range
factor of 1;
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dmin

is the minimum thickness of the protective material corresponding to a thickness range
factor of 0.

The relationship between the cross-sectional coefficient and the cross-sectional extent
coefficient is as follows.

Where

Sp = Ks (Smax - Smin) *+ Smin 2)

Sp is the cross-sectional factor corresponding to the cross-sectional extent factor Ks;

Smax

Smin

is the maximum cross-sectional factor corresponding to the cross-sectional extent factor 1;
is the minimum cross-sectional factor corresponding to the cross-sectional extent factor 0.

The selection of samples depending on the required values of the cross-sectional
range/thickness coefficients is summarized in the following tables (the stated thicknesses of
the fire protection material are nominal values):

Table 24. The cross-sectional range coefficient and thickness range factor.

Coefficient
cross-sectional Coefficient thickness range Kg
range Ks
0.0 (dmln) 0.2t0 0.5 0.5t00.8 1.0 (dmax)
0.0 (Smin) Sample 1 Sample 2 Sample 3
0.2t0 0.5 Sample 4 Sample 5
0.5t00.8 Sample 6 Sample 7
1.0 (Smax) Sample 8 Sample 10

Table 25. Different cross-sectional coefficient of the protected profile.

Thickness plate Coefficient | Coefficient Thickness protection Coefficient
(mm) Sp Ks dp Kgq
(m) Q) (mm) )
2 500 1.00 dmax/mm = 20 1.00
3 333 0.58 15 0.65
5 200 0.25 10 0.35
10 100 0.00 dmin/mm =5 0.00

Ten samples were tested. Steel plates measuring with dimensions of 200 mm x 300 mm
and four different thicknesses were used as the base plate to simulate four different section
factor of the protected profile. The list of samples is given in the following table.
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Table 26. Information on samples.
Substrate sample Section
Sample Geopolymer | Unheated | factor
composite side AN
Material | Thickness | thickness P
(mm) (mm) (m)
1 10 5405 100
2 10 10.0 +0.8 100
3 10 16.3 £0.6 100
4 5 5.1+0.6 200
5 | Steel 5 16.2 0.5 Mineral 200
6 | Plate 3 |114205 wool 333
7 3 20.610.7 333
8 2 11.7£0.5 500
9 2 16.6 £0.9 500
10 2 20.7 0.8 500
Table 27. Apparent density of GF protection.
Sample | Avg. thickness Weight Apparent density
Number | (mm) (ko) (kg/m?)
1 5.4 0.258 802
2 10.0 0.470 785
3 16.3 0.830 847
4 5.1 0.282 922
5 16.2 0.812 835
6 11.4 0.551 803
7 20.6 1.090 882
8 11.7 0.574 818
9 16.6 0.861 862
10 20.7 1.093 880
Selection average 844
Selection standard deviation 43
Extended uncertainty 87

Legend:
Thickness of fire protection material = total sample thickness - thickness plate
Weight plate = 0.2 m * 0.3 m * thickness plate * 7 850 kg / m®
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Weight of fire protection material = weight of the sample - weight of the plate steel
Apparent density of fire protection material = weight of fire protection material /
(0.2 m * 0.3 m * thickness of fire protection material)

Pressure and temperature in the furnace
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Figure 116. Pressure in a furnace, according to CSN EN 1363-1: 5.2.
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Figure 117. Average temperature in a furnace, according to CSN EN 1363-1: 5.1.
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2.4 Measured results

The temperatures of measured samples using different thermocouples are presented in
Tables 28 and 29. The average temperatures of samples are given in Table 30 and Figures
118-120.

Table 28. The sample temperature measured by different thermocouples (samples 1-5).

sample 1 sample 2 sample 3 sample4 sample5
time temperature steel plate, thermocouple number

20 21 22 23 24 25 26 27 28 29
(min)] °Q ¢ (A [ ()9 { (9 | (9 ¢ (9 | (9 ¢ (9 [ (9 & (59
0 10 10 10 10 10 10 10 10 10 10
5] 104 : 103 73 74 42 42 | 136 139 67 67
10| 198 ; 197 | 126§ 127 88 88| 296 295 | 104 104
15| 292 ; 291 | 198§ 201 | 113 111 | 424 420| 163 | 159
20| 381 379 | 266 270 157 156 | 518 ; 515 | 240} 238
25| 456 455 | 334 338 208 i 207 | 593 590 | 313} 310
30| 525 524 | 399 404 259 258 | 657 655 | 381} 379
35| 584 583 | 455§ 460 308 : 307 | 708 ; 706 | 439} 437
40| 635 634 508 { 513 | 356 355 | 744} 744 | 493} 491
45| 679 i 678 | 556 560 | 402 400 | 771} 774 | 542 539
50| 717 716 | 598 i 602 | 446 443 | 792 796 | 586} 583
55| 740 741 | 638 642 488 : 484 | 810, 814 | 626 | 623
60| 764 766 | 672 i 676 | 526 522 | 827 830 ]| 661} 659

Table 29. The sample temperature measured by different thermocouples (samples 6-10).

sample 6 sample 7 sample 8 sample 9 sample 10
time temperature steel plate, thermocouple number

30 { 31 | 32 | 33 | 32 {3 |3 | 37| 38 i 39
(min)] (°C) ¢ (°©) [ (°¢) { (°©) | (°9 : (9 | (9 ¢ (9 | (9 : (°9
ol 10{ 10| 10{ 10| 10/ 10| 10{ 10| 10: 10
5| 98i 97| 64, 64| 102} 105 90| 89| 62 62
10| 200 195| 98{ 98| 241} 250| 106 | 109| 98 : 98
15| 330 322 | 120 123 | 390 397 | 205 206 | 111 : 109
20| 438 430 | 203 202 | 498} 503 | 323 | 321 | 186 181
25| 521 513 | 285 | 284 | 578 | 583 | 425 422 275: 272
30| 586 578 | 360 358 | 641 | 646 | 501 | 500 | 358 355
35| 642 634 | 427 | 426| 693 | 698 | 567 | 566 | 432 429
40| 6881 680 | 485 484 | 734} 738 | 619 | 618 | 493 491
45| 725 718 | 537 | 536 | 765 | 767 | 665 | 664 | 547 i 544
50| 749 743 | 582 | 581 | 788} 794 | 702 | 702 | 592 589
55| 7731 767 | 623 | 623 | 806 813 | 731} 734 | 633} 631
60| 792 | 787 | 661 659 | 820! 828 | 750 | 758 | 669 i 667
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Table 30. The average temperature of samples.

Sample 1 2 3 4 5 6 7 8 9 10
Ay/V*m| 100, 100{ 100/ 200! 200/ 333; 333] 500/ 500: 500
dp/mm 5.4: 10.0{ 16.3 5.1{ 16.2| 11.4: 20.6| 11.7: 16.6: 20.7

time Average temperature
(min) | (°©) : (°9) ¢ (°9) | (9 ¢ (9 | (9 : (9 [ (O : (9 : (9
0 10 10 10 10 10 10 10 10 10 10

5 103 74 42 | 137 67 97 64 | 104 89 62
10 197 §{ 126 88 | 295 104 | 198 98 [ 245 ¢ 107 98
15 292 ¢ 200§ 112 | 422 161 | 326 121 | 394 : 205 : 110
20 380 i 268 157 | 516 239 | 434 : 202 | 500 ; 322 : 183
25 456 i 336 : 208 | 592 i 311 | 517 284 | 581 : 424 : 274
30 525§ 401 259 | 656 380 | 582 : 359 | 643} 500 : 357
35 583 i 457 ¢ 307 | 707 i 438 | 638 427 | 696 { 566 i 431
40 635i 510 355 | 744 492 | 684 : 485 | 736} 619 : 492
45 678 i 558 i 401 | 772 541 | 721 536 | 766 ; 664 i 545
50 717 i 600 : 444 | 794 ¢ 584 | 746 : 582 | 791 702 : 590
55 740 i 640 486 | 812 624 | 770 623 | 810; 732 : 632
60 765 ; 674 : 524 | 828 i 660 | 789 ; 660 | 824 ; 754 : 668

=== sample 1 == sample 2 == sample 3 sample 4
== sample 5 80— sample 6 sample 7 sample 8

sample 9 sample 10 == furnace curve
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Figure 118. The average temperature of samples.
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Legend:

dp The thickness of fire protection layer, in mm

Ap/V  The cross-section factor of the protected steel element, in m™?, see CSN EN 13381-
4 Art. 3.1.9.1 and Figure 1
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Figure 119. The average temperature for a given nominal thickness of the substrate (the cross-
section factor Ap/V).
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Figure 120. The average temperature of samples for a given nominal thickness of dp.
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The time to reach design temperature

The measured periods at design temperatures are presented in table 31.

Table 31. The time to reach temperature.

sample 1 2 3 4 5 6 7 8 9 10

Ap/V*m 100 100 100 | 200 | 200 | 333 333 500 | 500 | 500

dp/mm 5.4 | 10.0 16.3 5.1 16.2 11.4 | 20.6 11.7 | 16.6 | 20.7
Tem. . q

Design The time to reach design temperature
(°C) (min) | (min) | (min) | (min) | (Min) | (Min) | (min) [ (min) | (min) | (min)
350 18.2 | 26.1 | 39.4 | 119 | 279 | 16.0 | 29.4 | 134 | 213 | 29.6
400 21.3 | 299 | 4438 14.0 | 31.7 18.3 | 32.9 15.3 | 23.8 | 32.7
450 246 | 343 | 50.7 | 16.4 | 36.0 | 209 | 36.9 | 17.5 | 26.6 | 36.5
500 283 | 39.0 | 56.9 | 19.0 | 40.8 | 24.0 | 415 | 20.0 | 30.0 | 40.7
550 321 | 441 N/A 22.2 | 46.0 | 27.4 | 46.5 23.0 | 33.6 | 455
600 36.5 | 50.0 | N/A | 25.6 | 52.0 | 31.5 | 52.3 | 26.5 | 38.1 | 51.2
650 416 | 56.5 | N/A | 29.6 | 58.7 | 36.3 | 58.7 | 30.6 | 43.2 | 57.4
700 47.7 | N/A | N/A | 343 | N/A | 42.0 | N/A | 355 | 49.7 | N/A
750 57.0 N/A N/A 41.0 N/A 50.8 N/A 42.2 | 59.0 N/A

Legend

dp The thickness of fire protection material, in mm

Ap/V  The cross-section factor of the protected steel element, in m™, see CSN EN 13381-
4 Art. 3.1.9.1 and Figure 1

Evaluation of measured results

The samples simulated to some extent protected short steel profiles with a cross-section
factor Ap/V = 1/ta and a thickness of fire protection layer dp. The test results can be evaluated
according to CSN EN 13381-4 part 13 and Annex E.5 ("Numerical regression
analysis"NRA). The regression function is described by the relation (E.12) in Article E.5.3

of the standard CSN EN 13381-4 as:

d
t = dg + aldp + do ﬁ + A3ea + a4dpea + an
\%

Ba

0

1

Where:
t the time of reaching the steel temperature O,
dp the thickness protection material
Ap/V  the cross-section factor protection steel profile
ai regression coefficient
Oa steel temperature

+a,+—+a
PA 6 A 6 A
Pl Py Py

(1)
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Note: For this regression evaluation the cross-section factor of the unprotected profile

Am 'V was replaced by the cross-section factor of the protected profile Ap/V.

The input data listed in Table 27 were used to calculate regression coefficients according

to CSN EN 13381-4 Art. E.5.4. "Characterization data" of the fire protection system:

Regression unmodified modified

coefficient
ao -2.269730E+01 -2.180400E+01
ai 6.588565E-01 6.329259E-01
a2 5.992840E+01 5.756980E+01
as 4.185922E-02 4.021177E-02
a4 2.067953E-03 1.986565E-03
as 2.546356E-02 2.446139E-02
a6 3.814886E+00 | 3.664744E+00
a7 -3.940369E+01 -3.785288E+01

Linear modification factor x = 0.960643

The maximum cross-section factor of a protected steel element is derived from the
equation (1) as:

__ axdp+asdpB+agb+ay
(Ap/V)max = tr—(ap+a;dp+as0+a,dy6) @)
Where:
t required time for fire-resistance (min)
dp thickness protection layer (mm)
(Ap/V)max  the maximum cross-sectional coefficient of the protected steel (m™)
element, the temperature of which at the time of the required
fire-resistance tr does not exceed the design temperature ©
aj modified regression coefficient i=0,1...7;
O design temperature steel °C)

e Evaluation results calculated from relation (2) in the range time for fire-resistance
(15, 20, 30, 45, 60, 90, 120) min;

e thicknesses of fire protection layer (5, 10, 15, 20, 25) mm, where the protection
thickness of 25 mm has not been tested, and the corresponding extrapolated results
are given in italics;

e design temperatures (350 - 750) °C;

e cross-section factor of the protected steel profile (50/100 to 500) m for protection
copying the cross-sectional surface, cross-sectional coefficients from the range
(50 to 100) m™ are the results of extrapolation.

The evaluation results are summarized in the following table.

88



Chapter 4

Fire protection system applied to steel plate

. . - H . _1 .
Fire-resistance Thickness maxmu"{gﬁ%ggtfgg?; m- ), for which
(min) protection Design temperature (°C)
(mm) 350 | 400 | 450 | 500 | 550 |600 |650 |700 |750
5 98 | 130 | 176 | 250 | 385 |500 |500 |500 |500
15 10 202 | 326 | 500 | 500 | 500 |500 |500 |500 |500
15 500 | 500 | 500 | 500 | 500 |500 |500 |500 |500
5 75 | 95 | 122 | 158 | 211 | 295 |449 |500 |500
10 132 | 184 | 272 | 459 | 500 |500 |500 |500 |500
20 15 287 | 500 | 500 | 500 | 500 |500 |500 |500 |500
20 500 | 500 | 500 | 500 | 500 |500 |500 |500 |500
5 51 | 62 | 75 | O1 | 111 |136 |169 |214 |280
10 78 | 98 | 125 | 161 | 216 |306 [479 |500 |500
30 15 126 | 170 | 244 | 389 | 500 |500 |500 |500 |500
20 230 | 387 | 500 | 500 | 500 [500 |500 |500 |500
25 500 |500 |500 |500 |500 |500 |500 [500 |500
5 N/A |N/A |N/A | 56 | 65 | 75 | 87 |102 | 119
10 N/A | 58 | 69 | 82 | 98 |118 |144 |178 |225
15 68 | 83 | 102 | 127 | 162 |212 [292 |439 |500
45 20 98 | 125 | 164 | 225 | 334 |500 |[500 |500 |500
25 148 | 207 |316 |500 |500 |500 |500 [500 [500
30 251 437 [500 [500 |500 500 |500 |500 |500
5 N/A |[N/A |N/A [N/A |[N/A | 52 | 59 | 67 | 75
10 N/A [N/A |[N/A | 55 | 63 | 73 | 85 | 98 |114
15 N/A | 55 | 65 | 76 | 90 |107 |129 |157 |194
60 20 62 | 75 | 90 | 109 | 135 |170 |222 |305 |460
25 84 104 |130 |168 |227 [329 |500 |500 |500
30 116 | 151 |205 |301 |500 |500 |500 [500 [500
<15 N/A [N/A [N/A [N/A |[N/A | 54 | 61 | 68 | 77
20 N/A [N/A |N/A | 54 | 62 | 70 | 81 | 93 |108
%0 25 N/A | 52 | 60 | 69 | 81 | 94 [111 |133 |[161
30 56 | 65 | 77 | 91 [108 [131 [163 [208 |[278
<25 N/A [N/A |[N/A [N/A |[N/A | 55 [ 62 | 70 | 79
120 30 N/A [N/A [N/A | 53 | 60 | 69 | 78 | 90 |104

Extrapolation for A p/V < 100 m™ is informative

Photo documentation

Figure 121. The sample before the test.
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Figure 122. The sample after 60 min testing. The view from outside.

Figure 123. The sample before the test.
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Sample 3, protection
thickness of 16.3 mm

Sample 2, protection
thickness 10mm

fSampIe 6, protection‘
thickness 11.4 mm

e~ S0

Sample 5, protection
thickness 16.2 mm

g

Sample 9, protection Samle 3, protction

thickness 16.6 mm thickness 11.7 mm

Sample 3, protection
thickness 20.7 mm

Sample 1, protection
thickness 5.4 mm

Sample 4, protection
thickness 5.1 mm

!._
Sample 3, protection
thickness 20.6 mm

Figure 124. The samples after the test.
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Chapter 5. PRACTICAL APPLICATION

1. Introduction

Fire-resistance of the carbon steel pillars of the liquefied gas tank (Figure 125) of Plaga
a.s. is necessary. Therefore, we performed a passive protection solution for the pillars by
coating a GF layer on their surface in October 2018.

The purpose of the project is to protect the steel pillars from the fire damage. The GF
layer with a thickness of 20 mm was coated on 48 pillars with a diameter of 273 mm and a
length of 4200 mm (Figure 126).

Raw materials and the mixing process were presented in subsections 1.2, and the
spraying technique was described in subsection 2.2 of the chapter 2. High-pressure
sandblasting was used to treat the surface of the pillars before GF spraying (Figure 127).

2. Photo documentation

The gas tank in Plaga a.s., and spray-coating the GF on the surface of the pillars by the
thesis author are depicted in Figures 125 and 126, respectively.

Figure 125. The gas tank in Plaga a.s.
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Figure 126. Spray-coating the GF on the surface of the pillars by the thesis author.

i, 1T -

Figure 127. The surface of the pillars before (left) and after (right) spray-coating the GF layer.
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Chapter 6. CONCLUSIONS AND FURTHER
RESEARCH

The thesis presents the research results of fire-resistance of GFs coated on the surface
of the base building materials (steel, wood, concrete, polystyrene, and aluminum). The main
aim of the thesis is to find out the most appropriate GF for fire-resistance. In addition,
improving the mechanical properties of GFs were conducted and presented in the thesis. The
experimental investigation of GFs for fire-resistance was funded by the project "Application
of GFs as a fire barrier (AGK)" at TUL from 2015-2019. The main results of this thesis are
as follows.

Results of the fire-resistant test conducted at the TUL:

The OSB panel 500 mm x 500 mm x 22 mm coated with 20 mm thickness of the GF
layer resisted the fire with the longest time of 99 min. Its fire-resisted time was 4.5 times
higher than that of the OSB panel without a GF layer. The maximal temperature in the
furnace did not exceed 800 °C.

The longest fire-resistant time of the steel plate 500 mm x 500 mm x 2 mm coated by
the protective GF lamina with a thickness of 10 mm was 134 min. It was 14.8 times higher
than that of the steel plate without the GF layer. The maximum temperature in the furnace
did not exceed 900 °C

The concrete slab 300 mm x 300 mm x 25 mm covered by the GF layer with a thickness
of 50 mm resisted the fire with the longest time of 100 min, and its fire-resistant time was
9.18 times higher than that of the concrete slab without the GF layer. The highest temperature
in the furnace did not exceed 1050 °C.

The polystyrene board 500 mm x 500 mm x 50 mm coated by the GF layer with a
thickness of 10 mm resisted the fire at the longest time of 15 min. The maximum temperature
in the furnace did not exceed 700 °C.

The longest fire-resisted time of the aluminum plate 300 mm x 300 mm x 2 mm covered
by 20 mm thickness of the GF layer was 125 min. This fire-resistant time was 30 times
greater than that of the aluminum plate without the GF layer. The maximal temperature in
the furnace did not exceed 600 °C.

The fire-resistant time of the carbon steel pillars with 273 mm in diameter and 10 mm
in thickness coated by the GF layer with a thickness of 6 mm was 29 min when the outer-
surface temperature reached 600°C, while the temperature in the did not exceed 1000 °C.

Results of fire-resisted measurements performed at Pavus a.s. (Praha):

The concrete slab 300 mm x 300 mm x 140 mm coated by the GF layer with a thickness
of 23.2 mm resisted the fire at the longest time of 180 min, and its fire-resisted time was
three times higher than that of the concrete slab without the GF layer. The maximal
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temperature in the furnace did not exceed 1100 °C, while the outside temperature of the slab
was 414 °C.

The longest fire-resistant time of the OSB panel 495 mm x 495 mm x 54 mm covered
by the GF lamina with a thickness of 37.7 mm was 130 min. It was 3.8 times higher than
that of the OSB panel without the GF layer. At the same time, the maximum temperature in
the furnace did not exceed 1065 °C.

The steel plate 300 mm x 200 mm x 2 mm coated with 20.7 mm thickness of the GF
layer resisted the fire with the longest time of 50 min. In addition, the temperature in the
furnace did not exceed 910 °C.

Results from papers of the thesis author:

The measurement of thermal conductivity of GFs reinforced by basalt fibers was
conducted and presented in the paper A. Results indicated that the basalt waste fiber has a
significant effect on the mechanical properties of the GFs. It has been shown that a higher
addition of basalt waste fibers reduces the thermal conductivity of the GFs due to small,
homogenized and regular pore distribution. The use of basalt waste fiber as a by-product for
reinforcing the GFs conducted at only the ambient temperature significantly improves the
physical, thermal and mechanical properties of the GFs, enabling a reduction in the cost of
the GFs and creating an environmentally friendly material. The lowest thermal conductivity
of the GFs is 0.13 W-m™*-K™1. Moreover, the thermal conductivity is increased by increasing
the fillers with a larger proportion of chopped basalt fibers. Besides, GFs reinforced with
chopped basalt fibers have improved the durability of GFs. The measured compressive and
flexural strengths of GFs are about 5 - 9 MPa and 2 - 3 MPa, respectively. In addition, the
silica fume considered as a harmful waste by-product was added to GFs for improving their
mechanical properties and pores.

In the paper B, GFs containing waste basalt fiber (10, 30, and 50 wt. %) were exposed
to elevated temperatures of 200, 400, 600, 800 and 1000 °C to investigate the effects of fiber
content and temperature on their mechanical properties. The compressive and flexural
strengths of the GFs increased with increasing the fiber content. Although the compressive
and flexural strengths of the composites at low fiber content (10 wt. %) decreased with the
rise of the temperature till 800°C, they enhanced significantly at high fiber contents. The
maximal strengths of the composites achieved with the weight content of 50% and at the
temperature of 1000°C. Therefore, it could be confirmed that the GF composites were stable
at high temperatures. Reinforcing the right content of basalt fibers in the geopolymer can be
created a GF having the heat-resistant property. Moreover, the research showed the influence
of the fiber content on the formation of pores, crack propagation and the formation of
structural changes of the GF.

In the paper C, the GF was reinforced with flax fibers in nonwoven fabric, and the fibers
spread over the entire board thickness. Flax reinforcement of GFs with a density of 448
kg/m? increased the impact bending of composites up to 0.62 J/cm?, and the variability also
increased. Although the impact bending of flax-reinforced GFs was statistically significantly
higher than that of basalt-reinforced GFs, the bending strength of both composites reinforced
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with fibers was comparable. Geopolymers reinforced with basalt exhibited a different pattern
of joint failure than geopolymers reinforced with flax. While basalt fibers peeled off when
the composite was breached, flax fibers remained anchored in the geopolymer and ruptured.

Paper D investigated the properties of a sandwich panel that was made from recycled
materials and coated by a GF layer and a nanofibrous membrane. It was shown that the
addition of wheat husk to the thermal insulation core increased the thermal conductivity
coefficient up to 0.0452 W/ (m.K), but this negative increase can be compensated by the
increase in specific heat capacity of the insulation core with husks up to the value of
0.126 MJ/ (m3.K). The theoretical value of the thermal conductivity coefficient of the
developed panels achieves excellent values on the level of 0.05 W/ (m.K). The sandwich
panel coated by the GF layer and nanofibrous membrane can be used for thermal insulation,
fire-resistance, and water resistance. The panel coated by the GF layer resisted the fire for
the longest time of 13 min. In addition, the nanofibrous membrane covered on the panel
enhanced the water-resistance with a column height of 0.8 m.

The paper E evaluates the physical and mechanical properties of the developed
sandwich composite material based on particles of winter rapeseed stalks, GF and
reinforcing lattices. The fundamental influence of particleboard density on the resulting
mechanical properties of the entire sandwich panel was demonstrated. The density of the
second layer of the sandwich panel and the GF did not have the same impact on its
mechanical properties as the particleboard density. The reinforcing lattice made of basalt
fiber positively influenced the mechanical properties of sandwich composites only if it was
sufficiently anchored in the particleboard structure. The developed materials reached a
higher bending strength than
0.3 MPa in only two cases, and the tensile strength perpendicular to the board plane was also
low. However, these low values are due to the low density of the material and the low
adhesive content. On the contrary, good thermal and fire protection properties were
achieved, namely the thermal conductivity coefficient of the sandwich composite with the
lowest density value was 0.111 W/ (m.K) and all developed sandwich composites resisted
flame for more than 13 min.

In the paper F, the GFs were treated with two types of hydrophobic agents at the age of
7 days after casting. The physical-mechanical properties of GFs such as flexural strength,
compressive strength, bulk density, water absorption capacity, and water absorption
coefficient were measured and assessed. Samples with hydrophobic agents of Lukosil M130
(LS) have the bulk density higher than the hydrophobic samples of Lukofob ELX (LF) and
untreated samples because holes on the surface of the sample are filled with hydrophobic
agents. The physical and mechanical properties of the GFs treated by LS are better than those
by LF. Moreover, using LS for surface treatment of the samples also improved the
mechanical strength of GFs significantly if they are cured at high temperatures. The LF
samples indicate that their total water absorption capacity is much higher than that of LS
samples. The water absorptions of the LS and LF samples respectively was 8.58% and
35.49%, which was lower than the water absorption of untreated samples (47.41%).
However, under capillary water uptake test, the water absorption coefficient of the LF
samples was higher than that of the LS samples. The untreated sample had a high water
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absorption coefficient of 90.39, whereas the LF sample and LS samples showed the values
of 6.47 and 2.27, respectively. LS has proved that it is an excellent hydrophobic agent for
surface treatment of the GF.

In conclusion, the author's research results have shown that a GF is an excellent coating
material for the fire-resistant purpose at high-temperature.

Several topics for research, development, and application of geopolymer composite in
the future are the following:

* Use geopolymer composite for creating molds that can withstand high temperatures,
* Apply geopolymer composite for decoration,

* Improving the durability of geopolymer composite by reinforcing natural fibers

* Optimize the adhesion of geopolymer composite on substrate materials.

* Use GFs for filtering toxins of water.
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Chapter 7. SUMMARY OF APPENDED ARTICLES

Article A. Thermal conductivity of reinforced geopolymer foam.

Van Su Le, Pavlina Hajkova, Vladimir Kovacic, Totka Bakalova, VVolesky Lukas,
Chi Hiep Le, Kevin Ceccon Seifert, Amanda Pereira Peres, Petr Louda. Ceramics-
Silikaty,63 (4),365-373, 2019.

Reinforced GFs were studied in this work as potential building materials. It has been
widely assumed that for a given thermal conductivity L, [W-m™-K™!], GFs can have a lighter
density than other materials. The study sought to test this assumption by comparing the
thermal conductivity between GFs. The thermal conductivity A was measured using an
ISOMET 2014 device. In all the experiments, the GFs were obtained by adding aluminum
powder and several combinations: silica fume and fine sand reinforced by short basalt fibers.
Curing was carried out at room temperature and then in a furnace at 70 °C. After the curing
process, the properties of the samples were tested at 7 and 28 days. The results show that the
thermal conductivity, porosity, compressive strength, flexural strength and density for all of
the tests ranged in the following values: 0.13 - 0.359 W/m'K; 41.8 - 62.5 %; 1.94 - 9 MPa;
0.96 - 2.93 MPa; 546 - 1028 kg'm™, respectively. It was proven that the filler in the GFs has
a significant influence on the mechanical and physical properties of the tested samples.

The effect of the content of reinforcing fillers and fibers on the compressive and flexural
strength and the thermal conductivity coefficient of GFs is shown in Figure 128. The
formation of pores in a geopolymer composite is significantly affected by the percentage
increase of aluminum powder and filler (Figure 129).
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Figure 128. The compressive and flexural strength (up), and thermal conductivity and density
of GFs (down).
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Figure 129. Photos are showing the different types of GFs with dimension 40 x 40 mm?.
Article B. Mechanical properties of geopolymer foam at high-temperature

Van Su Le, Michal M. Szczypinski, Pavlina Hajkova, Vladimir Kovacic, Totka
Bakalova, LukasVolesky, Le Chi Hiep, and Petr Louda. Science and Engineering of
Composite Materials, 27 (4), 129-138, 2020.

In this work, GFs containing waste basalt fiber (10, 30, and 50 wt. %) were exposed to
elevated temperatures of 200, 400, 600, 800 and 1000 °C. With an increase in high-
temperature, the GF materials exhibits a decrease in compressive strength and bending
strength. When heated above 600 °C, GF materials exhibit a significant reduction in
mechanical properties. It shows clearly with the naked eye that surface cracks in case of
samples containing 10% of basalt filler. However, when increasing fillers with basalt fibers
up to 30% and 50%, the cracking of the sample surface is no longer visible to the naked eye.
Especially when the temperature increases, the mechanical properties also increase without
decreasing in the sample of 50% by weighing to the binder (see Figure 130).

Figure 130. Color change and cracks occurrence of GFs with different content of basalt waste
fiber a) 10%, b) 30% and c) 50% after heating at various temperatures.
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The results show that reinforcing the GFs with basalt ground fibers improved the
mechanical properties of GFs at high temperatures (Figure 131 and Figure 132).
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Figure 131. The compressive strength of GFs at different heating temperatures
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Figure 132. The flexural strength of GFs at different heating temperatures.

Article C. Impact of flax and basalt fiber reinforcement on selected properties of
geopolymer composites
Miroslav Frydrych, Stepan Hysek, Ludmila Fridrichova, Su Le Van, Miroslav
Herclik, Miroslava Pechociakova, Hiep Le Chi and Petr Louda. Sustainability, 1(12),
20109.

The submitted paper deals with the physical and mechanical properties of GF materials
reinforced with natural fibers. For this study, we aimed to develop a GF reinforced with long
flax fibers, which were implemented in the GF in the form of a nonwoven fabric that
reinforced the structure of the GF over the entire thickness of the board. To compare the
properties of the developed composite with natural fibers, a GF without fibers and a
geopolymer reinforced with basalt fibers were also produced. The monitored mechanical
properties were impact bending, bending strength and compressive strength. Differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA), Fourier transform infrared
spectroscopy (FTIR) and microscopic analysis was also carried out.

The results clearly showed the positive effect of the addition of natural fibers on impact
bending (Figure 133) and bending strength (Figure 134). However, the reinforcement of
natural fibers in the form of a nonwoven fabric significantly increased the variability of the

101


https://www.researchgate.net/publication/338111461_Impact_of_Flax_and_Basalt_Fibre_Reinforcement_on_Selected_Properties_of_Geopolymer_Composites?_sg=xHGXVcOprX2OMOTC8UhBAL0ICNDF-vLjuL8rjt-MmTNkIlkWgA7z-WRLcKSG5w670TWU9gpca7HK4vZqia52GApe8G7NPgkGDheJtGR_.eaNiw3TXGywbcmkD5MoWMlTjJoB-HRmtvRQ7WqsQ5i_6hLw6V5ax51KVUG-eS6LGDptdSzl55D8jHdUHO6N5MQ
https://www.researchgate.net/publication/338111461_Impact_of_Flax_and_Basalt_Fibre_Reinforcement_on_Selected_Properties_of_Geopolymer_Composites?_sg=xHGXVcOprX2OMOTC8UhBAL0ICNDF-vLjuL8rjt-MmTNkIlkWgA7z-WRLcKSG5w670TWU9gpca7HK4vZqia52GApe8G7NPgkGDheJtGR_.eaNiw3TXGywbcmkD5MoWMlTjJoB-HRmtvRQ7WqsQ5i_6hLw6V5ax51KVUG-eS6LGDptdSzl55D8jHdUHO6N5MQ

Chapter 7 Summary of appended articles

properties of the developed composites (Figure 135). In addition, a different pattern of
joint failure between the geopolymer reinforced with flax fibers and the geopolymer
reinforced with basalt fibers as described in Figure 136.
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Figure 134. Bending strength of geopolymers reinforced with different fibers.
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Figure 135. Compressive strength of geopolymers reinforced with different fibers.

Figure 136. Impact of the addition of fibers on the nature of the joint failure (SEM images): (a)
flax fiber-reinforced geopolymer, (b) basalt fiber-reinforced geopolymer, and (c) geopolymer
without fibers.
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Article D. Permeable water-resistant heat insulation panel based on recycled materials and its
physical and mechanical properties

Stepan Hysek, Miroslav Frydrych, Miroslav Herclik, Ludmila Fridrichova, Petr
Louda, Roman Knizek, Su Le Van and Hiep Le Chi. Molecules, 12, 2019.

This paper deals with the development and characteristics of the properties of a
permeable water-resistant heat insulation panel based on recycled materials. The insulation
panel consists of a thermal insulation core of recycled soft polyurethane foam and winter
wheat husk, a layer of geopolymer that gives the entire sandwich composite strength
(Figure 137) and fire-resistance, and a nanofibrous membrane that permits water vapor
permeability, but not water in liquid form. The observed properties are the thermal
conductivity coefficient, volumetric heat capacity, fire-resistance, resistance to long-term
exposure of a water column, and the tensile strength perpendicular to the plane of the board.
The results showed that while the addition of husk to the thermal insulation core does not
significantly impair its thermal insulation properties (Figure 138), the tensile strength
perpendicular to the plane of these boards was impaired by the addition of husk (Figure 139).
The GF layer increased the fire-resistance of the panel for up to 13 min (Figure 140) and the
implementation of the nanofibrous membrane resulted in a water flow of 154 cm? in the
amount of 486 g of water per 24 h at a water column height of 0.8 m (Figure 141).

Figure 137. View of sandwich panel cut.
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Figure 138. Influence of the proportion of the husk in the insulation board on the thermal
conductivity coefficient.
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Article E. Fire-resistant sandwich-structured composite material based on alternative
materials and its physical and mechanical properties

Stepan Hysek, Miroslav Frydrych, Miroslav Herclik, Petr Louda, Ludmila
Fridrichova, Su Le Van and Hiep Le Chi. Materials, 24(12), 2019.

The development of composite materials from alternative raw materials and the design
of their properties for the intended purpose is an integral part of the rational management of
raw materials and waste recycling. The submitted paper comprehensively assesses the
physical and mechanical properties of composite sandwich material made from particles of
winter rapeseed stalks, GF and reinforcing basalt lattices. The developed composite panel is
designed for use as a filler in constructions (building or building joinery). The observed
properties were: bending characteristics, internal bonding, thermal conductivity coefficient
and combustion characteristics.

The results showed that the density of the particleboard has a significant effect on the
resulting mechanical properties of the entire sandwich panel (Figure 142). On the contrary,
the density of the second layer of the sandwich panel, geopolymer, did not have the same
influence on its mechanical properties as the density of the particleboard (Figure 143). The
basalt fiber reinforcement lattice positively affected the mechanical properties of sandwich
composites only if it was sufficiently embedded in the structure of the particleboard. All of
the manufactured sandwich composites resisted flame for more than 13 min, and the fire-
resistance was positively affected by the density of the GF layer (Figure 144).
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Figure 142. Influence of particleboard density, geopolymer composite density and the number
of lattices on the bending coefficient of composite materials.
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Article F. Water absorption properties of geopolymer foam after being impregnated with
hydrophobic agents

Hiep Le Chi, Pavlina Hajkova, Su Le Van, Petr Louda, Lukas VVolesky. Materials, 24
(12), 20109.

GFs is classified as a lightweight material with high porous in its matrix which has an
excellent offer for applications requiring fire-resistant, thermal, and acoustic properties.
However, the high sensitivity to humid environments can be a major barrier to GFs that
limits the variety of applications of this material. Based on this drawback, two types of the
hydrophobic agent (Lukosil M130 and Lukofob ELX) were used as an impregnator to treat
the surface of GFs samples. This paper presented the results of the water absorption
properties of the untreated and treated GFs. The obtained properties were flexural strength,
compressive strength, density, total water absorption, the rate of water absorption, and water
absorption coefficient. The results showed that the samples after being impregnated with
hydrophobic agents improved their waterproof property significantly, especially using
Lukosil M130 (Figure 145). Moreover, the samples treated with Lukosil M130 had a positive
impact on their mechanical strength (Figure 146).
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Reinforced geopolymer foams were studied in this work as potential building materials. It has been widely assumed that for a
given thermal conductivity i [W-m-K"'], geopolymer foams can have a lighter density than other materials. The study sought
to test this assumption by comparing the thermal conductivity between geopolymer foams. The thermal conductivity 1 was
measured using an ISOMET 2014 device. In all the experiments, the geopolymer foams were obtained by adding aluminium
powder and several combinations: silica fume and fine sand reinforced by short basalt fibres. Curing was carried out at
room temperature and then in a furnace at 70 °C. After the curing process, the properties of the samples were tested at 7 and
28 days. The results show that the thermal conductivity, porosity, compressive strength, flexural strength and density for all of
the tests ranged in the following values: 0.13 - 0.359 WK, 41.8-62.5%; 1.94-9 MPa; 0.96-2.93 MPa, 546 - 1028 kg-m’j,

respectively. It was proven that the filler in the geopolymer foams has a significant influence on the mechanical and physical

properties of the tested samples.
INTRODUCTION

Geopolymer foams (GFs) have been widely inves-
tigated because of their unique properties, such as low
thermal conductivity (TC), good mechanical properties,
excellent high temperature stability [1], environmen-
tally friendly, simple fabrication and lower sintering tem-
perature [2-5]. Geopolymers were specified by Joseph
Davidovits in the 1970s as a new class of 3-dimensional
aluminosilicate materials. [6] Geopolymer materials
have a number of advantages, such as excellent mecha-
nical properties, good fire resistance and thermal
stability, and they are resistant to acid attacks. A low
density geopolymer can be considered as a potential
material for applications in many fields. They have been
used as thermal insulation, building materials [3, 7, §],
membranes and membrane supports [9, 10], adsorbents
and fillers [11-14] or catalysts [15, 16]. Due to its low TC,
geopolymers are designed for fire-resistance, which can
be exposed to high temperature for an extended period
of time [6, 17].

Nowadays, cement is very popular in the construc-
tion industry. The global cement production is expected
to increase from 3.27 billion metric tonnes in 2010 to
4.83 billion metric tonnes in 2030 [18]. One of the

weaknesses of cement is its low fire-resistance com-
pared to some other materials, and it causes a global
warming effect. The production of one tonne of cement
generates one tonne of carbon-dioxide. That is a reason
why a substitute for cement should be developed. Geo-
polymers are a good candidate for this, because they
offer great properties, such as green materials, low cost
and durability, low global warming potential (GWP),
and excellent fire-resistance [20].

Concrete accounts for a large proportion of weight
on a structure. The use of lower density GFs is benefi-
cial in term of reduced structural load bearing with
the further benefits of acoustic and thermal insulation
[21-23]. However, the mechanical strength is strongly
related to the density and low-density geopolymers can
exhibit acceptably low strength. Sufficient mechanical
strengths can be achieved with the controlled addition of
foaming agents in order to achieve an optimum density
and pore structure. Different foaming agents can be
used to synthesise low-density geopolymers. Metallic
aluminium powder is commonly used, which is very
reactive in alkaline environments [22, 24, 25].

Fibre reinforcement has been used in various har-
dened binders to improve the mechanical properties
[26-30]. Basalt fibres are inorganic and as such have
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a much higher melting point (1450 °C) than organic
fibres, making them a suitable candidate for high tem-
perature resistant geopolymer composites [31-34]. Com-
posite materials based on geopolymer matrices can
be produced for various applications requiring good
performances at elevated temperatures, but also for
applications where thermal insulation at room tempe-
rature is necessary.

Foaming methods to reduce the density of the
geopolymer have been investigated, as low density geo-
polymers are increasingly being reported in literature
as effective in improving the insulating properties [35].
It was found that the addition of more metal powders to
the foamed geopolymer resulted in a lower TC, which is
caused by the higher porosity [36]. The macrospores are
developed thanks to the release of gaseous hydrogen as
a result of the aluminium reaction in the strong alkaline
environment [24]. Meanwhile, two criteria were consi-
dered in selecting the mixtures for the TC testing:

e Mixtures with a compressive strength higher than
2 MPa;

e Mixtures with a bulk density lower than 1100 kg:m™.

The lowest TC performance (0.132 W-m™K") was
recorded for the one-part geopolymer mortars and 1.2 %
Al. Furthermore, a close value of the TC was measured
for the same mixture with the 1.5 % aluminium powder
[37]. The aluminium powder was used to create bubbles
in the porous structure and provide information for the
porous geopolymer production. It was introduced by
adding the 0.05 - 1 % aluminium powder as a reactive
material in the geopolymers to react with the water
inside those materials and generate hydrogen gas inside
the specimens [38, 39]. The TC diminished from 1.65 to
0.47 W-m™K! for the density from 1800 to 600 kg'm*
[40]. The addition of silica fume as a pore forming agent
with an optimum at 5 - 10 wt. % [24] was used. The
compressive strength of the geopolymer matrix without
the basalt fibre added samples aged 28 days was 35 MPa
which increased significantly by 37 percent when only

il m ‘I Ji | i U‘.‘“l] .l“"w"'
f [ 12 18

a) air curing

the weight increase of 10 wt. % of basalt fibres were
added [41]. As such, the thermal and fire resistance
properties of the foamed geopolymers containing the
fibre reinforcement were also investigated [33]. The TC
measurements should be made at a certain moisture and
humidity level for the same batch, as the moisture in the
samples has a significant influence on the measurement
[33].

This study has been undertaken to investigate
the thermal, physical and mechanical properties of
geopolymer foamed materials with and without fillers.
Evaluating these properties is important for better
manufacturing processes and adequate applications.

EXPERIMENTAL

Materials

The industrially supplied material BAUCIS LK
(Ceské Lupkové Zavody, a.s, Czech Republic) was a two-
component aluminosilicate binder based on metakaolin
and activated by potassium alkaline [19]. An aluminium
powder (pkchemie Inc., Czech Republic) was used to
create pores inside the geopolymer. It had an alumi-
nium content of 99 % and the average grain size was
65 um [42]. The silica fume (produced by Kema Morava
—sanacni centrum a. s., Republic of Slovenia) contained
90 % SiO, and the average grain size was | mm [43].
A sand (produced by Sklopisek Stiele¢ a.s., type ST
03-08) was used with a grain size from 0.3 to 0.8 mm
[44]. Two types of basalt fibre (Figure 1), a chopped
basalt fibre and a waste ground basalt fibre from recycled
mate-rial produced by Basaltex a.s. were used. The
basalt fibre had a density of 2900 kg'm™~, and thermal
conductivity of 0.027 + 0.033 W-m™- K" [45].

This work evaluates the impact of the component
addition on the binder of the GFs, when one of them
was changed and the other components remaining un-
changed.

i

b) raw brine immersion

Figure 1. The waste ground basalt fibres (a), the chopped basalt fibre (b).
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Table 1. The composition of the mixtures (all in the ratio of mass).

Mix. A/B SF\B S/B F1/B F3/B Note Mix. A/B SF\B S/B F3/B  Note
S1 0.008 S5 0.008 0.026 0.066 0.018

S2 0.008 0.053 S6 0.008 0.026 0.263 0.018 I

S3 0.008 0.158 S7 0.008 0.026 0.526 0.018

S4 0.008 0.263 S8 0.008 0.026 1.05 0.018

S9 0.00053 0.026 0.526 0,018 S14 0.008 0.026 0.526 0.0026

S10 0.0026 0.026 0.526 0,018 S15 0.008 0.026 0.526 0.008

S11 0.0053 0.026 0.526 0,018 1III S16 0.008 0.026 0.526 0.013 v

S12 0.008 0.026 0.526 0,018 S17 0.008 0.026 0.526 0.018

S13 0.016 0.026 0.526 0,018 S18 0.008 0.026 0.526 0.026

*4 — Aluminium Powder Agent, B — Activator LK/Baucis = 0.9 (ratio according to manufacturer), SF — Silica Fume, S — Sand, F1 — Waste Ground

Basalt Fibres, F3 — Chopped Basalt Fibres.

The “Note” shown in Table 1:

I: A change in the content of the waste ground basalt
fibres and chopped basalt fibres without changing
the binder

II: The component of the GFs with a different concen-
tration of the sand and constant other components
(binder, silica fume, aluminium powder and chopper
basalt fibres)

III: The component of the GFs with a different concen-
tration of the aluminium powder and other constant
components (binder, silica fume, sand and chopped
basalt fibres)

IV: The component of the GFs with a different concen-
tration of the chopped basalt fibres and other constant
components (binder, silica fume, aluminium powder
and sand)

Sample preparation

The preparation of the GF samples was made as
follows: first, the geopolymer binder was prepared by
mixing a potassium activator, which was recommended
by the suppliers of the BAUCIS LK, and the mixture
was stirred for 5 minutes at room temperature until the
solution homogenised. Next, the geopolymer was mixed
with different fibres, sand, silica fume content and the
mixture were homogenised for a further 5 minutes. The
aluminium powder was then added at the end of the
mixture preparation for about one minute at high speed.
Directly after mixing, the fresh GFs were cast into
moulds. The geopolymer foam formation was allowed to
stabilise after 2h to 4 h (depending on the composition).
The samples were then covered by plastic sheets, cured
at 70 °C for 24 h, aged for 27 days at room temperature,
and then demoulded for testing and characterisation.

Characterisation of the test methods
and the samples for measuring

The flexural strength was measured three times for
eachmixture, using prims with a size 0of40 x 40 x 160 mm’*
after 28 days at room temperature, and three cubes of

40 mm?® were cut from the tested prims and used to test
the compressive strength. The test was carried out on the
Universal Testing Machine INSTRON Model 4202 (the
maximum load of the sensor is 10 KN) at a loading speed
of 1 mm'min”. The weight, height, width, and length
of each sample was measured to calculate the volume
density. For the strength and density measurements, the
mean values of three samples for each mixture were
used.

The TC A was measured using an ISOMET 2014
device. The measurement was based on the analysis of
the temperature response of the analysed material to
the heat flow impulses. It was equipped with various
planar or probes and a planar probe with a range of
0.015 to 6 W-m™-K"'. The specimens were cast in moulds
of 160x160x40 mm®. The samples were covered with a
plastic film during setting in a furnace at 70 °C for 24 h.
After de-moulding they were cured at room temperature
for 6 days before the test.

The pore size distributions of two series of GFs
were determined using an AutoPore IV 9510 mercury
intrusion porosimeter, which operates at pressures from
0.01 to 414 MPa. All the samples of the tests were used
on a 40 x 40 x 10 mm? plate.

RESULTS AND DISCUSSION

Effect of the fillers and the basalt
waste fibre reinforcement

The compressive strength of the GFs without
the addition of the waste basalt fibre (sample SI) was
1.94 MPa which significantly increased by 36 %, 87.6 %
and 97.4 % when 5, 15.6, 26.3 % of the waste basalt
fibre was added, respectively, while on the other hand,
the flexural strength of the GFs without the addition of
the waste basalt fibre (sample S1), was 1.04 MPa which
significantly increased by 32.7 %, 50.9 % when 15.6,
26.3 % of the waste basalt fibre was added, respectively
(Figure 2.) Furthermore, group I has a lower volume
density and thermal conductivity compared to the other
group (Figure 3). However, their strength is the lowest.
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Sample S4 is stronger than group I, while the same
thermal conductivity can be found on samples S1 and S4.
In group II, the results showed a significant increase in
the compressive strength, and the same thing happened
when comparing the GFs with the flexural strength.
After the samples of the GFs were made with a sand

aggregate as a filler, the result of sample S8 showed
an increase in the compressive strength of 60 % com-
pared to S5, and 300 % compared to S1 without the sand.
Samples S6 and S7 had nearly the same strength value, but
the volume density of S7 is larger than S6, while having
a lower thermal conductivity. The typical compressive

10
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Figure 2. The compressive and flexural strength of the GFs with the reference samples.
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Figure 3. The thermal conductivity and volume density of the GFs with the reference samples.

Table 2. The values of the thermo-physical characteristics of the GFs from this work and literature.

RM FAT Density Flexural Strength Compressive strength Thermal conductivity Ref.
(grem™) (MPa) (MPa) (W-m™K™)
MK AL 0.58-1.1 0.96-2.9 2-9 0.13-0.359 This work
MK AL, Zn 0.7-12 - 1-7 0.17-0.55 [46]
MK H,0, 0.37-0.74 - 03-11.6 0.11-0.17 [47]
MK H,0, 0.3-0.58 - 03-44 0.09-0.16 [1]
MK Al 0.36 - 0.59 - - 0.12-0.17 [48]
MK H,0, 03-0.6 - 1.8-52 0.15-0.17 [3]
MK SI 03-1.1 - - 0.08 -0.12 [49]
MK Al 0.8-1.1 - 44-95 0.3-0.65 [50]
Mk, FA H,0, 0.44-0.84 - 03-6 0.08 -0.17 [51]
MK, Glass H,0, 0.5-1.45 - 3.1-24 0.42-0.75 [52]
MK, RHA, VA Si 0.36 —0.47 - - 0.12-0.17 [8]
FA AL 0.671 1 6 0.145 [5]
FA Al 0.89-0.93 - 55-109 0.25-0.39 [53]
FA H,0, 06-1.2 - 1.2-7 0.1-04 [4]
FA Al 0.55-0.97 - 2-8 0.1-0.25 [24]
FA, Slag SAC 0.6-12 - 2-30 0.1-0.5 [7]

RW — Raw Materials, FAT — Foam Agent Type, FA — Fly Ash, RHA — Rice Hush Ash, VA — Volcanic Ash, SAC — Surface-Active Concentrate,
Ref. — Reference Literature
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strength for the GFs with densities of 680 - 1028 kg'm™ is
5 - 8 MPa. The presence of these minerals and aggrega-
tes may have provided a better strength. However,
our results were high on the thermal conductivity of
0.16 - 0.36 W-m™K" in group III, when the different
foaming aluminium powder agent amounts of 0.053,
0.26, 0.53, 0.8 and 1.6 % of mass were added to a binder
geopolymer matrix. The compressive strength, volume
density and thermal conductivity of the GFs decreased
from 10 to 45 %. Sample S8 with a high compressive
strength of 9 MPa was achieved within the samples
containing 0.053 % aluminium powder. The use of the
sand aggregate had a positive effect on the strength
for the GFs. Samples S9 to S13 were added at a Baucis
ratio: sand 1:1 due to these values, the volume density
was around 850 - 950 kg'm>. The average strength
for samples S10, SI1 and S12 was around 7 MPa. The
addition of aluminium in the GFs had a bigger effect
on the porosity, thermal conductivity and volume
density. Because sample S13 has used a high amount
of aluminium powder, an important decrease in the
strength, due to the lack of time to create pores in the
GFs, and faster hardening was observed. In group 1V,
the compressive strength was around 7 MPa except for
sample S14, which was determined to be 4.04 MPa.
The thermal conductivity and volume density were
significantly reduced from 0.36 to 0.2 W-m™K' and
from 1028 to 808 kg:m?, respectively. The values of
the thermal conductivity of samples S16 and S17 were
the same at around 0.25 W-m™-K'. On the other hand,
sample S17 had the highest flexural strength of all of the
samples in group I'V.

Analysis of the micro porosity using
an Hg intrusion porosimeter

The pore size distribution in the range of 0.003 -
- 300 um, significantly influence the volume of porosity
of the GFs when considering the reinforcing fibre,
fillers, such as sand, the foaming agent. In Figure 4, it
was shown that the volume of the porosity decreases
when the basalt waste fibre percentage increases. When
it was increased by up to 26.3 % via the weight of the
binder (Table 1), it also increased. In Figure 5, it was
clearly shown that when the amount of sand decreased,
the volume of the porosity also decreased. In Figure 6,
the percentage of the aluminium powder on the GFs
increased, and, therefore, the volume of the porosity of
the GFs also increased.

Analysis of the macro porosity
by imaging
In Figure 7, the photographs of the porous samples
S1-S4, S5-S8, S9-S13, and S14-S18 are shown. The pores

seem irregular in the all of the samples. The reactivity
of the foaming agent, the viscosity and homogeneity of

the slurry influence the morphology of the pores (shape
and diameter) and their distribution [48]. In Figure 7a,
the degree of the pore generation and its size when the
percentage of basalt waste fibre was increased can be
visually observed. It appears that the size of the largest
pores is one cm (Figure 7a). When the percentage of the
fillers, such as the sand, increase in the GFs, the pore
size is reduced, and the pores become more uniform
in diameter (Figure 7b). An increase in the percentage
of the aluminium powder or chopped basalt fibre
significantly increases the size of the pores, as seen in
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Figure 4. The average pore sizes of the different samples S1-S4.
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Figure 5. The average pore sizes of the different samples S5-S8.
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Figure 7. Photos of the different types of GFs with dimension 40 x 40 mm?®.

Figure 7c and Figure 7d, respectively. Several works can
be mentioned to provide an explanation. Larger pores
are created in the GFs based on a potassium activator
[20]. The low viscosity and the high alkalinity of the
slurry help in the creation and coalescence of the H,
bubbles; however, this leads to the fast consolidation
of the mixture, thereby, causing the wide statistical
distribution of the pore size probability [51]. The circular
shape and uniformity of the pore distribution improve
the insulating properties of the foams [8, 54]. The broad
and heterogeneous distribution of the pores are formed
by the intricate network between the porous cavities,
which in sum contain a large amount of air This leads to
the significant dissipation of the sound waves within the
porous matrix [8, 55]. The amount of irregularly formed
therein increases the pores considerably. The smaller
the formed air voids are, the more regular their shape
and homogenous distribution increases the comparable
thermal conductivity of the volume density.
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Figure 8. The relationship of the thermal conductivity with the
volume density. Data from Ref. [1, 3-5, 7, 8, 33, 45-57] and
this work.

Evaluate the relationship between the thermal
conductivity and volume density

The exponential trend line with numeric values of
R? = 0.88 shows that the congruent transformation is
consistent with the individual measured values. In other
words, the increase in the thermal conductivity depends
on the volume density. The thermal conductivity also
increases with the rising volume density. The values
measured in this work are also in accordance with these
rules. (Orange curve in Figure 8)

According to the description in Timakulov’s work
[41], the compressive strength of fly-ash geopolymer
was reduced when a 15 - 30 wt. % basalt fibre addition
was used. Nonetheless, the results of this work indicate
the opposite trend. The concrete’s density ranges from
2100 to 2415 kg'm™ [28, 56], while the GFs have a
volume density under 1200 kg'm? (see Table 2 and
Figure 8). The thermal conductivity mostly depends on
the composition, fillers and testing conditions [57, 58].
This reduction in the strength is due to the fact that the
GF needs more aluminium powder in order to achieve
large porosity, which decreases the volume density
and thermal conductivity. GFs with a wide range of
thermal conductivity were successfully synthesised
by adding an aluminium powder. Compared to other
works [46, 50], where a similar volume density and the
same foaming method are shown, the strength and the
thermal conductivity indexes do not achieve results as
good as those in this work (Table 2). It is evident from
the analysis of References 5 and 25 in Table 2 that the
result is similar in this work; however, the description
in Reference 35 is not in accordance with this work.
Furthermore, many heavy metals are contained in the
used fly-ash, and these may be hazardous substances
that cause health risks [59]. This article shows the
possibility to obtain a lower thermal conductivity or a
low volume density from a potassium and Baucis (LK)
alkaline environment and/or fumed silica and/or fillers
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and/or reinforced fibre through the aluminium powder
foaming method. The conclusion derived from this work
and other literature summarises the dependence on the
investigated parameters, such as fibres for reinforcement,
fillers and a foaming agent.

The use of a fibre basalt waste as a by-product for
reinforcing the GFs combined with the ambient tempe-
rature significantly improves the physical, thermal and
mechanical properties of the GFs, enabling a reduction
in the cost of the GFs and to create an environmentally
friendly material. The lowest thermal conductivity of
the GFs is 0.13 W-m™"-K".

Fillers such as sand, fibres and silica fume as an
agent supporting the foaming properties, which improve
the properties, were used in the GFs for the reinforcement.
This is primarily manifested in the compressive and
flexural strengths, whose measured values are around
5 -9 MPa and 2 - 3 MPa, respectively. The use of silica
fume as a waste by-product as an additional ingredient
used to obtain the GFs is catalogued according to the
risks to the health or the environment as a green material
within the current description of the supplier and for
concentrated product.

The results of this work allow for the design of the
ratio of a proportional mixture (see Table 3).

With the growing demand for housing and of the

Table 3. The composition / information on the ingredients.

Ingredient name % Wt. Note
Baucis LK (clay) 41 -49.6

Potassium alkaline 37.3-44.7 .

Fibre waste basalt 13.5-20.7 Without fillers
Aluminium 0.62-0.68

Baucis LK (clay) 31.54 —44.84

Potassium alkaline 28.39 —-40.36

Chopper fibres 042-5.6 .

Sand 6.28 - 31.54 With fillers
Silica fume 1.58-2.24

Aluminium powder 0.16 —0.67

construction industries in developed and developing
countries, the demand for sustainable and friendly
materials is increasing, as well as the growing popularity
of geopolymers. These materials must be light and be
able to withstand heat, have good sound absorption and
be durable. Let us look at the common values in Table 2,
where the values are shown as the results of this work.
It is clear that they allow for the use of the investigated
material as a thermal insulation and relative sound
insulation.

CONCLUSIONS

The GF characterisation shows that a basalt waste
fibre has a significant effect on the mechanical properties
of the GFs and the necessary fillers’ content.

It has been shown that a higher addition of basalt waste
fibres reduces the thermal conductivity of the GFs due to
small, homogenised and regular pore distribution.

The results also show that the thermal conductivity is
increased after adding fillers with a larger proportion of
chopped basalt fibres.
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Abstract: In this work, geopolymer foam composites con-
taining waste basalt fibre (10, 30, and 50%wt) were ex-
posed to elevated temperatures of 200, 400, 600, 800 and
1000°C. With an increase in high temperature, the geopoly-
mer foams material exhibits a decrease in compressive
strength and bending strength. When heated above 600°C,
geopolymer foams materials exhibit a significant reduc-
tion in mechanical properties. It shows clearly with the
naked eye that surface cracks in case of samples contain-
ing 10% of basalt filler. However, when increasing fillers
with basalt fibres up to 30% and 50%, the cracking of the
sample surface is no longer visible to the naked eye. Es-
pecially when the temperature increases, the mechanical
properties also increase without decreasing in the sample
of 50% by weighing to the binder. The results show that re-
inforcing the geopolymer foams with basalt ground fibre
improves the mechanical properties at high temperatures.

Keywords: aluminium, compressive strength, flexural
strength, agent powder, basalt fibre

1 Introduction

Cement and their variants are widely used in the construc-
tion industry. By 2030, about 4.83 billion tons of cement
will be produced globally [1]. Cement is the primary aggre-
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gate to produce concrete. One of the weaknesses of con-
crete is its low fire-resistance compared to some other con-
struction materials, and it causes global warming to affect
the production of one tonne of cement generates one tonne
of carbon dioxide [2].

Geopolymer is a break-through material. The produc-
tion of one tonne of kaolinite-based geopolymeric cement
generates only 0.18 tons of CO,, compared with 1 tonne
of CO, for Portland cement (six times less) [3]. Fly ash-
based geopolymeric cement has attracted intensive re-
search word-wide because it emits even less CO,, up to
nine times less than Portland cement.
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Figure 1: Maximum application temperature of some insulation
materials [4].

Geopolymer materials have several advantages such
as high durability, suitable fire-resistant and thermal sta-
bility, excellent mechanical properties, and resistance to
acid attacks. Low-density geopolymers could be consid-
ered as potential materials for applications in many fields
such as thermal insulation, fire resistance and other high-
temperature applications (Figure 1). Due to its low thermal
conductivity, geopolymer designed for fire resistance ap-
plications could be exposed to high temperature for an ex-
tended period.

The construction made of concrete usually has a large
net mass [5]. The use of geopolymers of lower density is
beneficial in term of reduced structural load-bearing with
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further benefits of acoustic and thermal insulation [6, 7].
Different foaming agents can be used to synthesise low-
density geopolymers. Metallic aluminium powder is com-
monly used and is very reactive in alkaline environments
and react at room temperatures [7-9].

Fibre reinforcement has been used in various hard-
ened binders to improve mechanical properties [10-15].
Reinforced geopolymer adds either steel fibres, glass fibres
or carbon fibres or basalt fibres to carry mechanical prop-
erties and for high temperature resistant geopolymer com-
posites [16—19].

This study was conducted to study the physical and
mechanical properties of geopolymers with enhanced
fillers. Evaluating these properties is essential for better
material use purposes.

2 Materials and Methods

2.1 Used materials

During the experiments, the following raw materials were
used: binder, grounded basalt fibre and foaming agent.
The used binder material was Baucis Lk, supplied by Ceské
Lupkové Zavody (Czech Republic). This is an inorganic two-
component aluminosilicate material based on metakaolin
and potassium alkaline silicate solution [20]. Grounded
basalt fibre was used in the experimental work as reinforce-
ment material. To obtain grounded fibres, the stone wool
Isover N (manufactured by Saint-Gobain Construction Prod-
uct CZ a.s.) was milled (see Figure 2).

The preparation of geopolymer coatings was carried
out using aluminium powder (foaming agent). This pow-
der produces bubbles in the material volume, which in-
creases porosity and reduces the weight of the geopolymer
coating. The chemical composition and particle size of the
aluminium powder are shown in Table 1.

Table 1: The chemical composition and size of the aluminium pow-
der.

FeO
0.35%

Sio Cu
0.4% 0.02%

Diameter Al
65um 98%

Name
D50
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Figure 2: Photograph of basalt fibre grounded using the mill.

2.2 Geopolymer synthesis

Geopolymers were synthesized using cement and the acti-
vator. The materials were homogenized with a stirrer for 5
minutes. After homogenization, the filler (basalt fibre) and
aggregate (fine sand) were added to the mixture, and they
were stirred for a further 5 minutes to full homogenization.
Aluminium powder was added to the geopolymer slurry
after 10 minutes of mixing period, and they were mixed
for a further 30 s at high RPM. Immediately after mixing,
samples were poured into test moulds. The synthesis of
geopolymers was carried out according to Figure 3.

Afterwards, the polymer paste was poured into
moulds of dimensions 40x40x160 mm (see Figure 4). In 2
to 8 minutes, geopolymer began to expand (pores forma-
tion) and finished after 20 to 30 minutes. Samples were
cured at room temperature for 1 to 2 hours, and then the
test specimens cut by hand-saw.

In this work, three samples of geopolymer foams with
different weight percentages of basalt waste fibre (Table 2)
were prepared and tested. All samples were made mod-
ules on 40x40x160 mm. They were cured after 28 days at
room temperature. They were heated in a furnace at vari-
ous temperatures of 200, 400, 600, 800 and 1000°C. The
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Geopolymer paste
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Smin | Stiming step
Geopolymer paste

Aluminium powder

\ Further

30 5 at high RFM.

Geopolymer paste

Foam stabilizer

Pouring the moulds

Tests

Figure 3: Schematic flowchart of geopolymer foams processing.

Table 2: Composition of geopolymer foams.

Mix ratio by weight

Binder Activator Grounded basalt Aluminium
fibre powder
1 0.9 0.1 0.015
1 0.9 0.3 0.015
1 0.9 0.5 0.015

heating rate of the furnace was set to 5°C per minute until
it reached the desired temperature, and the final tempera-
ture was kept for two hours. After they were holding them
in the furnace until they lowered room temperature and
then take to test.

2.3 Test procedures

The evaluation of the samples was carried out using me-
chanical tests, and subsequently, the structure of the
tested samples was analysed. Drying of samples was done

in a designated room at room temperature or an elevated
temperature until the test requirements were met. The fi-
nal result value was determined as the average of three
measurements.

2.3.1 Apparent density

Apparent density was calculated with the following equa-
tion:

Mass

Apparent density = Volume 1)

Where:

Apparent density (Kg/m?);

Mass is the mass of the specimen (Kg);
Volume is the volume of the specimen (m?);
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(b)

(c)

Figure 4: Prepared samples: a) in moulds of size 40x40x160 mm, b)
after cut by hand-saw c) samples removed from moulds.
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2.3.2 Flexural strength and compressive strength

The strength was evaluated by a hydraulic press, universal
Testing Mechanical INSTRON Model 4202 (Figure 5). Flex-
ural strength was calculated from a three-point bending
test on the samples of size 40x40x160 mm [21, 22]. Three
cubes of 40 mm were cut from the test bar, and they were
used for compressive strength testing. Continuously tested
three samples were performed after 28 days.

The compressive strength of geopolymer foams (fem)
was calculated by the equation:

F,
f cm = X:X (2)

Where:
fem is compressive strength (MPa);
Fmax is the maximum applied load indicated by the testing
machine (N);
Ac is the original cross-sectional area of a specimen in a
compression test (mm?);

The flexural strength (Rmo) was calculated by the
equation:

3FmaxL

Rmo = = p2

G)

Where:

Rumo is the flexural strength (MPa);

Fmax is the maximum applied load indicated by the ma-
chine (N);

b is the average width of the specimen (mm);

h is the average depth of the specimen (mm);

L is span length (mm);

2.3.3 Weight loss

Weight loss was calculated using the equation:

Wo- W

Wi = =

*100 (@)
Where:

W1 is the weight loss (%0);

Wy is the initial mass (g);

W is the remaining mass at any given time(g);

2.3.4 Dry shrinkage

Dry shrinkage was calculated using the following equa-
tion:

S; = % x 100 (5)
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Figure 5: Universal testing machine INSTRON (Model 4202): a) test set-up for flexural strength b) test set-up for compressive strength.

Where:

S; is the dry shrinkage (%);

Ly is the length of the specimen (mm);

L is the remaining length of the specimen at any given time
(mm);

2.3.5 Water Absorption

Water absorption is used to measure the permeability
of geopolymer foams. The test made on the specimen
(40x40x80) mm. All the samples were kept in room tem-
perature for 28 days before they were tested. Each result
was calculated from the average of three samples. Accord-
ing to ASTM C642 06 regulation, the samples were cured in
an oven at a temperature of 100 to 110°C for not less than
24 h and determine the mass A. The samples were soaked
in water for interval 24h. Surface-dry the sample by remov-
ing surface moisture with a towel, and determine the mass
B.

Water absorption was calculated using the following
equation:

0% = {B;A] « 100

(6)
Where:

A is the mass of the dry sample (g);

B is the mass of the wet sample (g);

3 Results and discussion

As part of this work, research was carried out that is rele-
vant to building materials and those that have fireproofing
properties. The physical characteristics of the material at
room temperature and subjected to elevated temperatures
were characterized. The density, water absorption, pore
size, compressive and flexural strength were tested, and
the weight loss and shrinkage of the materials after heat-
ing were examined. The building material that is to con-
stitute a fire barrier must be characterized by the smallest
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Figure 6: The density of geopolymer foams with increasing basalt waste fibre concentration at room temperature.
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Figure 7: The absorption coefficient of geopolymer foams with increasing basalt waste fibre concentration.

possible change in physical parameters - otherwise a build-
ing disaster may occur during a fire. Compressive and flex-
ural stregth testing will give an answer as to whether the
material will continue to withstand when exposed to high
temperatures.

3.1 Characterization of materials in room
temperature

The addition of fibres contributes to the increase in the
geopolymer foam density. However, it is not a significant
increase (Figure 6). Furthermore, the addition of the fibre
leads to reduced water absorption (Figure 7).

The fibre content also affects the pore size (Figure 8).
The smallest pores occur in samples with a 50% fibre con-
tent (Figure 8c), the largest in samples with a content of
10% (Figure 8a).



DE GRUYTER

Mechanical properties of geopolymer foam at high temperature = 135

a) b)

¢)

Figure 8: Pores size of geopolymer foams with various content of reinforcing fibre a) 10%, b) 30%, c) 50 % (total image width: 40 mm).

3.2 Characterization of material subjected
to elevated temperature

All samples exhibit a colour change after heating from
200°C to 1000°C as follow: grey at 200°C, blackish-grey
from 400°C to 800°C, yellowish-grey at 1000°C (Figure 9).
There are visible cracks on samples containing 10% which
were heated up to 600, 800 and 1000°C (Figure 9a). Sam-
ples reinforced with a larger amount of basalt fibre tend
to crack less (Figure 9b and 9c). It is clearly seen that the
fibers contribute to a change in the transfer of stress associ-
ated with sintering the material and thus inhibit the propa-
gation of cracks from the places where these stresses arise.
The temperature of the material has a significant in-
fluence on the absorption coefficient. It decreases rapidly
at 200°C, 400°C, and 600°C. However, at 600°C, 800°C,
1000°C, it doesn’t decrease, and it’s stable (Figure 10). This
is particularly evident in the case of a sample with 50%
fibre content, where coefficient doesn’t decrease at range
from 400°C to 1000°C. A similar situation occurs in the
case of weight loss of tested samples at different tempera-
tures (Figure 11). Weight loss increases in range from 200°C
to 600°C. A further increase in temperature does not result
in weight loss. The weight loss of unreinforced and the low
fiber content samples is associated with the evaporation of
water and gases in the pores, which are much larger than
those of samples reinforced with more fibers. For the same
reason, there is a significant change in the water absorp-
tion of samples with low (or no) fiber content.
Temperature also has a significant impact on the
density (Figure 13) and shrinkage (Figure 12) of geopoly-

mer composites — both increase with the temperature.
The fastest growth is visible at high temperatures, above
400°C. In the case of density changes, a slight decrease
was observed in all samples at a temperature of 400°C. The
highest density changes at increasing temperature were
observed in samples with less (10% and 30%) fibre content.
Shrinkage is associated with the chemical nature of the ma-
terial from which geopolymers are made. At high tempera-
ture there is a transformation from an amorphous to a crys-
talline phase. This happens following the crystallization of
amorphous sodium aluminosilicates into nephelin.

Figures 14 and 15 show changes in strength (compres-
sion and flexural, respectively) depending on the temper-
ature. The increasing dependence of strength on the tem-
perature in the range from 400°C to 1000°C was observed.
However, samples with a temperature of 200°C than 400°
C were characterized by much higher strength. This is par-
ticularly evident in the case of samples with a lower fibre
content (10% and 30%). Samples with 50% fibre content
are characterized by the highest strength at temperatures
above 400°C. At 1000°C, a sudden increase in strength
in the sample with a 50% fibre content was observed (at
1000°C the compressive strength is 83.61% higher than
compressive strength at 200°C). Samples reinforced with
a higher fiber content are characterized by higher bending
strength due to the smaller number of pores, which dra-
matically affect the strength of the material, increasing its
fragility. In addition, the crystallization of aluminosilicate
mentioned above occurs at a high temperature, which fur-
ther promotes mechanical strength.
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Figure 9: Colour change and cracks occurrence of geopolymer foams with different content of basalt waste fibre a) 10%, b) 30% and c) 50%
after heating at various temperatures.
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4 Conclusions

The results showed that the reinforcement of geopolymers
with different content of basalt fibres influences the me-
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Figure 12: Shrinkage by the length of geopolymer foams with differ-
ent content of basalt waste fibre at high temperature.
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Figure 13: The density of geopolymer foams with different content of
basalt waste fibre at high temperature.
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chanical properties of the obtained composites. The high
fibre content improves practically all of the tested param-
eters, making the material also stable at very high temper-
atures. Through the reinforcement of the geopolymer com-
posite with the right amount of basalt fibres, it’s possible
to obtain heat-resistant material. The research showed the
influence of the content of introduced fibres in the forma-
tion of pores, crack propagation and in the formation of
structural changes of the material, which ultimately result
in its mechanical properties.

The obtained results are promising and lead us to fur-
ther research towards the development of fireproof com-
posite materials based on geopolymers.
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Abstract: The submitted paper deals with the physical and mechanical properties of geopolymer
composite materials reinforced with natural fibres. For this study, we aimed to develop a geopolymer
composite reinforced with long flax fibres, which were implemented in the geopolymer in the form
of a nonwoven fabric that reinforced the structure of the geopolymer over the entire thickness
of the board. In order to compare the properties of the developed composite with natural
fibres, a geopolymer without fibres and a geopolymer reinforced with basalt fibres were also
produced. The monitored mechanical properties were impact bending, bending strength and
compressive strength. Differential scanning calorimetry (DSC), thermogravimetric analysis (TGA),
Fourier transform infrared spectroscopy (FTIR) and microscopic analysis were also carried out.
The results clearly showed the positive effect of the addition of natural fibres on impact bending
and bending strength. However, the addition of natural fibres in the form of a nonwoven fabric
significantly increased the variability of the properties of the developed composites. In addition,
a different pattern of joint failure was noted between geopolymer reinforced with flax fibres and
geopolymer reinforced with basalt fibres.

Keywords: geopolymer; natural fibre; flax; basalt; reinforcement

1. Introduction

Reinforcing polymers with fibres can create high-performance materials. The specific mechanical
properties of the materials that use high-quality natural fibres achieved better values than composites
reinforced by man-made fibres that had already been developed [1]. Flax is a very strong natural
fibre with a tensile strength of 1.5 GPa and a specific tensile strength of GPa-m3-kg~!. Thanks to these
properties and their renewability, flax fibres are considered an environmentally friendly alternative to
glass fibres for use in composites. These fibres have a number of other advantages compared to glass,
basalt or carbon fibres: they do not cause skin irritation, their edges blunt less, they do a very good job
of absorbing energy, vibration and UV radiation, they do not create static charge, they are resistant to
insects and bacteria, they are harmless to health, they are biodegradable and they do not release VOCs.

Sustainability 2020, 12, 118; d0i:10.3390/su12010118 www.mdpi.com/journal/sustainability


http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0001-8642-0847
https://orcid.org/0000-0002-0470-3163
https://orcid.org/0000-0002-0426-2943
http://www.mdpi.com/2071-1050/12/1/118?type=check_update&version=1
http://dx.doi.org/10.3390/su12010118
http://www.mdpi.com/journal/sustainability

Sustainability 2020, 12, 118 20f12

Combined with low density and high strength, they are designed for material use in composites [2,3].
On the other hand, their disadvantages are degradation at lower temperatures, higher variability of
mechanical properties, lower maximum tensile strength, lower relative elongation and low resistance
to natural impacts. The free and bound water content also poses problems in the manufacture of
composites made from natural fibres [2,4,5].

The higher absorption capacity of natural fibre composites makes them an intuitive choice for
use in automobiles, where they are able to absorb a significant amount of impact energy. In addition,
composites with these fibres are not fragmented [4,6]. Adversely, the high variability of their properties
makes it more difficult to use them in the automotive industry, and it is therefore necessary to seek out
other applications. One solution may be to use natural fibres in building composites. In recent years,
geopolymer composites have appeared as a progressive material [7,8].

A geopolymer is formed by the alkaline activation of aluminosilicates and consists of a repeating
unit of sialate monomer (-Si-O-Al-O-). This material is considered a third-generation cement and has
many interesting properties [9]. Geopolymers are environmentally friendly building materials that
have excellent fire, strength, thermal insulation and acoustic properties. Another of their advantages is
the possibility of foaming, which makes it possible to regulate and optimise their properties [10-12].
Geopolymers can be well reinforced, for example, with basalt fibres. This combination is suitable for
high-temperature applications [13].

If a geopolymer mixture is produced by mixing, it is not possible, for technological reasons, to use
reinforcing fibres that are longer than 32 mm. Longer fibres tend to wind around the mixing propeller
and it is not possible to distribute them by blending throughout the whole mixture. If we want to
use natural fibres made from flax, which can be longer than 10 cm [14], it is necessary to choose an
appropriate application method. The submitted research describes a method of reinforcing geopolymer
with long flax fibres in the form of nonwoven fabric. We assume that the implementation of fibres
into the geopolymer in the form of nonwoven fabric will have a synergistic effect, and the resulting
composite will achieve high strength characteristics due to the oriented fibre structure. In order to
compare the properties of the developed reinforced flax fibre composite, a geopolymer reinforced with
basalt fibres and a geopolymer without reinforcement were produced.

2. Materials and Methods

2.1. Materials

The flax fibres were supplied by Holstein Flachs GmbH (Alte Ziegelei, Germany) and consisted of
purified flax fibres. The average fibre length was 5.9 mm and the softness was 67 dtex. Before fibre
processing, the fibres were not dried, however they were air conditioned at 20 °C and 65% relative
humidity for four weeks and they reached an equilibrium moisture content of 10%. The flax fibres
were implemented in the composites in the form of fibre mat. The flax fibre clusters were fed into a
carding machine (Figure 1) equipped with a set of rollers with wire working coatings. The fibre web
emerging from the carding machine was laminated to form a non-reinforced fibre mat with a base
weight of 225 g/m?.

Basalt chopped fibres supplied by Orlimex CZ (Czech Republic, Usti nad Orlici) with a length of
6 mm were used. The fibre diameter was 18 pm. The suitability of basalt fibres for use with concrete
is declared by the producer. The basalt fibres were implemented into the geopolymer by mixing,
as opposed to flax fibres, which were implemented into the geopolymer in the form of a fibre mat.
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Figure 1. Production of a flax fibre mat.

The following manufacturing process was used to produce geopolymer composites. Alkaline
Activator Baucis Lk (CESKE LUPKOVE ZAVODY, as, Nové Straseci Czech Republic) was poured into
a Heidolph RZR 2020 rack mixer (Heidolph Instruments GmbH & CO. KG, Schwabach, Germany) and
a weighed amount of Baucis Lk metakaolin cement inorganic two-component aluminosilicate binder
(CESKE LUPKOVE ZAVODY, as, Nové Straseci, Czech Republic) was added. The two components
were mixed vigorously for 5 min. The mixture was then mixed for 5 min with added fibres (basalt
variant only). In the last step, aluminium powder with a purity of at least 99% and an average particle
size of 52 um (PK CHEMIE, Czech Republic) was added, followed by mixing for 30 s. The prepared
mixture was poured into moulds with dimensions of 300 X 300 mm. According to the variants, the
height of the samples was in the range of 17-20 mm, depending on the interaction of the individual
components. The percentage of the individual components used in the production of geopolymers is
shown in Table 1. Basalt fibres (6 mm long) were mixed into the geopolymer, and a fibre mat made
from flax fibres with a length of 5.9 cm was placed in the prepared mould and the geopolymer mixture
was subsequently cast.

Table 1. Materials used to produce geopolymers by weight.

Component Percentage of Individual Components
Cement Baucis Lk 50.45%
Activator Baucis Lk 44.90%
Fibres (flax or basalt) 2.16%
Aluminium powder 2.49%

2.2. Methods

2.2.1. Mechanical Properties

All of the mechanical properties tests were performed after air conditioning the samples at 20 °C
and a relative humidity (RH) of 65% for one month. The bending strength test was carried out on
the basis of standard CSN EN 789 [15], where three-point bending was tested and the distance of
the supports was 240 mm. The universal testing machine P 100—LabTest II from LaborTech (Opava,
Czech Republic) was used, and the test duration was between 45 and 90 s. For this test, specimens
with dimensions of 300 X 50 mm and a height of 20 mm were cut from the produced boards. A total of
20 specimens were used. The compressive strength test was carried out on the basis of standard CSN
ISO 1920-10 [16], the universal testing machine P 100—LabTest II from LaborTech was used and the
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test duration was between 45 and 90 s. For this test, specimens with dimensions of 50 X 50 mm and a
height of 20 mm were cut, and 20 pieces were used in total. The impact strength test was carried out
on the basis of standard CSN EN 10045 [17] and the pendulum impact testing machine from Wance
was used. For that test, specimens with dimensions of 20 x 20 X 150 mm were cut, and 20 pieces were
used in total.

2.2.2. Thermogravimetric Analysis (TGA), Differential Scanning Calorimetry (DSC) and Fourier
Transform Infrared Spectroscopy (FTIR) Analysis

Samples for TGA, DSC and FTIR analyses were milled and homogenised using a laboratory
ball mill and the obtained powder was analysed. A TGA analysis was carried out using the device
TGA/SDTA 851 (Mettler Toledo, Greifensee, Switzerland). A temperature program from 25 to 1000 °C
was chosen with steps of 10 K/min in the presence of a nitrogen atmosphere with a nitrogen flow rate
of 50 mL/min. The DSC analysis was performed using a DSC 3+ device (Mettler Toledo, Greifensee,
Switzerland). A temperature program from —50 to 700 °C was chosen with steps of 10 K/min in the
presence of a nitrogen atmosphere with a nitrogen flow rate of 50 mL/min. The measuring commenced
by conditioning the samples at =50 °C for 10 min. Infrared spectroscopy was performed using a
Spectrum One spectrometer (PerkinElmer, Waltham, MA, USA). Obtained powder from composites
was placed directly on the attenuated total reflection crystal and pressed with reproducible pressure.
The spectral range was recorded from 4000 to 400 cm~! with a count of 10 scans each.

2.2.3. Scanning Electron Microscopy

The shape characteristics of the used fibres and the evaluation of composite joint failure were
performed using scanning electron microscopy (Tescan Orsay Holding, a.s., Brno, Czech Republic).
Ruptured samples from the bending strength tests were used in order to assess the joint failure.
The samples of both fibres and composites taken were gold coated using a laboratory coater, and
a microscopic analysis was performed using scanning electron microscope MIRA 3 (Tescan Orsay
Holding, a.s., Brno, Czech Republic). The following conditions were used: secondary electron detector,
acceleration voltage 10 kV, working distance 7 mm.

2.2.4. Statistical Data Processing

Descriptive statistics (arithmetic mean, standard deviation) and analysis of variance were used to
characterise the obtained data. Tukey’s post-hoc test was used to determine if any of the differences
between the pairwise means were statistically significant. A significance level of & = 0.05 was selected
for all of the analyses. The fibre type acts as a factor in the analysis of variance. The impacts of the
fibre type on the physical and mechanical properties were shown graphically, and the vertical columns
represent 95% confidence intervals.

3. Results and Discussion

3.1. Characteristics of the Used Fibres

Figure 2a,b shows the surface morphology of the used flax fibres. The figure shows the rough
and rugged surface of fibres, but also variability in surface structure. In terms of replacing glass fibres
(with a smooth surface and circular cross-section) as reinforcement in the geopolymer with these
rough surface fibres, an increase in adhesion between the geopolymer and the reinforcing fibres can be
expected, which should lead to higher strength of the resulting composite. This hypothesis will be
verified by comparing the geopolymer with flax fibres and with basalt fibres, as shown in Figure 2c.
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Figure 2. SEM figures of used fibres: (a) flax fibres, magnification 1000x, (b) flax fibre, magnification
4000%, and (c) basalt fibres.

3.2. Impact of the Addition of Fibres on the Mechanical Properties of the Composite

Table 2 shows the average densities of the produced composites. Due to manual production, there
was a higher density variability in samples due to variability in the basis weight of the composites.
Flax-reinforced geopolymer composites showed the highest variability due to the higher variability
of natural fibres [4] and variability in the basis weight of flax nonwoven fabric [3]. Flax-reinforced
geopolymer composites also showed the lowest density due to the highest foaming of geopolymer
composites, and therefore the occurrence of larger pores.
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Table 2. Average densities of composites at 20 °C and relative humidity (RH) 65%.

No. Type of Fibres Density (kg/m3)
1 Flax 448 (51)
2 Basalt 456 (22)
3 Without reinforcement 556 (35)

Values in parentheses are the standard deviations.

Figure 3 shows the effect of added fibres in the geopolymer on impact bending. Samples of the
geopolymer reinforced with flax fibre were tested, as well as samples reinforced with basalt fibre, and
samples without the addition of fibres were used as a reference set. The graph in the figure shows that
the highest impact bending value of 0.62 J/cm? was achieved by the material reinforced by flax fibres.
This difference is statistically significant, at a significance level of 0.05. At the same time however, there
was also a high variability of the measured values for this material. This high variability originates both
in the high variability of natural fibre properties [4], in the variability of nonwoven fabric properties
(caused mainly by the variability of the basis weight) [3], and also in the variability of the basis weight
of the resulting composite, caused by worse spillage of geopolymer in the nonwoven textile form.
Basalt fibre reinforcement also increased impact bending compared to the reference set, and for samples
with added basalt fibres, impact bending was measured at an average of 0.32 J/em?2, and 0.21 J/em? for
samples without fibres. However, this difference is not statistically significant at a significance level of
0.05. In addition to adding fibres, the impact bending of fibre-reinforced geopolymers can be further
increased by increasing the proportion of cement in the geopolymer [18] or by adding a small amount
of carbon nanomaterials such as carbon nanotubes or nanofibers [19].
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Figure 3. Impact of the addition of fibres on impact bending.

Figure 4 shows the effect of fibre reinforcement on flexural strength. It was found that in both
cases the flexural strength of geopolymers with added fibres was statistically significantly increased,
that is, from 0.59 MPa for samples without added fibres, to 0.91 MPa for samples with basalt fibres, and
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to 0.95 MPa for samples with flax fibres. Unlike the dynamic test, this static test did not demonstrate
the effect of the fibre type on flexural strength. This finding corresponds to the literature [2,5] where
natural fibres are reported to have a higher absorption capacity than artificial fibres. Overall, the
bending strength values are set lower than in similar research on geopolymers reinforced with flax
fibres [18], but in this research, the developed composites have a density several times higher. The
resultant properties of impact bending and bending strength could be significantly improved by using
a coupling agent or functionalising the fibre surfaces [20], however, the goal of this study was not to
maximise the properties of composites.
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Figure 4. Impact of the addition of fibres on bending strength.

The durability of natural fibres as reinforcements in geopolymer composites is affected by the
alkalinity of the activators of geopolymer matrices. The alkaline environment is the main reason
for natural fibre degradation in cementitious matrices [21]. The results of the tests showed that the
mechanical properties (either static or dynamic) of the geopolymer were significantly improved by
the addition of flax fibres. Thus, the activator used in the form of an aluminium powder caused
sufficiently rapid curing of the geopolymer, and the flax fibres were not decomposed by the alkaline
mixture. Further reduction of the curing time of the geopolymer can be achieved, for example, by
using nanoclay [22] or nanosilica [23].

The results of the compressive strength test are shown in Figure 5. The graph shows that by
adding fibres to the geopolymer, the composite properties are not improved in terms of compressive
strength. The highest compressive strength of 0.62 MPa was measured for samples without added
fibres. The lowest compressive strength value of 0.33 MPa was measured in samples reinforced with
flax fibres. The difference between the compressive strength in samples without fibres and samples
with basalt fibres is not statistically significant; the decrease of compressive strength in the samples
with flax fibres is statistically significant, at a significance level of 0.05. The low compressive strength
of samples with flax fibres is given by the low density of these samples (Table 2), or by the higher
number of pores in the geopolymer. The bending strength and the impact bending of the flax fibre
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composite was improved, however, the compressive strength decreased significantly. Based on these
results, it could be pointed out that the fibres exert a toughening effect on the material, acting as an
impact modifier.
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Figure 5. Impact of the addition of fibres on compressive strength.
3.3. Characteristics of Joint Failure

Electron microscopy showed a different pattern of joint failure for composites with flax and basalt
and without fibres. Both flax and basalt fibres exhibited reinforcing properties in the geopolymer, and
during bending they were able to transfer the tensile load. Because of the rough surface, flax fibres
were better anchored in the geopolymer matrix than basalt fibres, which have a smooth surface. Basalt
fibres have higher tensile strength, but due to their smooth surface, they are not able to transfer the
maximum possible tensile stress. The mechanisms of failure for flax and basalt fibre composites are
therefore different. Figure 6a shows the failure of the geopolymer with flax fibre—breakage of the flax
fibre that is fully anchored in the geopolymer matrix. This failure mode in these types of composite
materials corresponds to the literature [24]. In terms of basalt fibres (Figure 6b), the fibres do not break,
but rather peel off from the geopolymer. This is due not only to the high tensile strength of basalt
fibres [25,26], but also to their smooth surface. In Figure 6¢, only geopolymer breakage is visible; the
fibres were not present in the reference set.
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5

50 um

50 um

Figure 6. Impact of the addition of fibres on the nature of the joint failure (SEM figures): (a) flax
fibre-reinforced geopolymer, (b) basalt fibre-reinforced geopolymer, and (c) geopolymer without fibres.

3.4. TGA, DSC and FTIR Analysis

Figure 7 captures the measured curves from the TGA analysis. Cellulose degradation is apparent
at a temperature of 260.74 °C in the geopolymer filled with flax. This does not occur in the case of the
two remaining composites. For all three types of geopolymers, over a temperature range of about 690
to about 700 °C, there is evident melting of the aluminium that was added to the geopolymers in order
to activate the foaming reaction. The analysis shows that all three types of composite materials are
thermally stable and the captured curves contain no significant jumps. The highest weight loss of the
sample is manifested in the temperature range from 25 to 200 °C, which is caused by a loss of moisture
(both loose and bound) due to heating. The individual relative decreases are 4.3% for geopolymer
without fibres, 4% for geopolymer with flax fibres and 5.7% for geopolymer with basalt fibres. Most of
the water in the geopolymers evaporates to 100 °C, whereas the remaining hydrated water leaves at
the interval from 100 to 200 °C. Further weight loss is above 600 °C, probably due to sialate bonds and
the release of hydroxyl ions [27].
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Figure 7. Thermogravimetric analysis (TGA) of geopolymer samples.
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Figure 8 captures measured curves from the DSC analysis, and these results correspond to the
performed TGA analysis. All three types of composite materials show a significant decrease in water
content at temperatures ranging from 60 to approximately 90 °C. Endothermic peaks in the range of
250 to 290 °C can be caused by the melting of geopolymer components or by the breakdown of their
bonds. IR spectroscopy could be used for their precise specification. In the case of fibre-reinforced
composites (flax and basalt), a slight endothermic reaction is evident at 374 °C for geopolymer with
flax and at 376 °C for geopolymer with basalt. This reaction can be attributed to degradation of the
bonds between the fibres and the geopolymer. At the end of the observed temperature range, the
melting range of aluminium is again apparent for all three types of geopolymers.
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Figure 8. Differential scanning calorimetry (DSC) of geopolymer samples.

Figure 9 captures measured spectra from the FTIR analysis. From the figure can be seen that
the obtained signals exhibited only slight differences between the variants. Very few differences
are due to the absolutely prevailing inorganic matrix. The weight ratio of the fibres used was only
2.16%. The differences caused by the types of reinforcing fibres used can be seen at the wavelengths
of 1430-1460 cm™!, which correspond to C-H deformation (asymmetric) and aromatic skeletal
vibration [28]. The high peak around 1000 cm~! represents vibration Si-O from silicate, and vibration
C-O from cellulose and skeletal vibration. From the performed chemical analyses, it can be concluded
that the reinforced inorganic matrix is stable and is not negatively affected by the reinforcing fibres.



Sustainability 2020, 12, 118 11 of 12

0.50. B?S,alt rein‘forcement
hout reinforcement

0.45) Flax reinforcement
0.40-

0.35!

0.30;

Absorbance

025
0.20

0.15

0.10/
/

> __/J:f\/
0.00- - = . : il . ,
3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm_l)

Figure 9. Fourier transform infrared spectroscopy (FTIR) of geopolymer samples.

4. Conclusions

In the present research, the geopolymer was reinforced with flax fibres, with the flax fibres being
implemented in the geopolymer as a nonwoven fabric and the fibres spread over the entire board
thickness. The following conclusions can be drawn from the results. Flax reinforcement of geopolymer
composites with a density of 448 kg/m? increased the impact bending of composites up to 0.62 J/cm?;
however, the variability also increased. While impact bending of flax-reinforced geopolymers was
statistically significantly higher than basalt-reinforced geopolymers, the bending strength of both
composites reinforced with fibres was comparable. Geopolymers reinforced with basalt exhibited a
different pattern of joint failure than geopolymers reinforced with flax. While basalt fibres peeled off
when the composite was breached, flax fibres remained anchored in the geopolymer and ruptured.
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Abstract: This paper deals with the development and characteristics of the properties of a permeable
water-resistant heat insulation panel based on recycled materials. The insulation panel consists
of a thermal insulation core of recycled soft polyurethane foam and winter wheat husk, a layer of
geopolymer that gives the entire sandwich composite strength and fire resistance, and a nanofibrous
membrane that permits water vapor permeability, but not water in liquid form. The observed
properties are the thermal conductivity coefficient, volumetric heat capacity, fire resistance, resistance
to long-term exposure of a water column, and the tensile strength perpendicular to the plane of the
board. The results showed that while the addition of husk to the thermal insulation core does not
significantly impair its thermal insulation properties, the tensile strength perpendicular to the plane of
these boards was impaired by the addition of husk. The geopolymer layer increased the fire resistance
of the panel for up to 13 min, and the implementation of the nanofibrous membrane resulted in a
water flow of 154 cm? in the amount of 486 g of water per 24 h at a water column height of 0.8 m.

Keywords: heat insulation; sandwich panel; polyurethane foam; geopolymer; nanofiber membrane

1. Introduction

One of the most important challenges for the construction industry is to reduce the energy demands
of buildings throughout their entire life cycle. During the use of a building, its thermal demands are
undoubtedly influenced by its insulation. Commonly used thermal insulation materials for building
insulation are produced from petrochemical products or from natural sources, but their production is
highly energy intensive (glass, rock, wool) [1]. From this perspective, the use of recycled and plant
materials is very promising for the production of thermal insulation. In the case of plant materials, rice
husks [2], sunflower stalks [3], wheat straw [4], wheat husks [5] flax fibers [6], hemp fibers [7], larch
bark [8], and many others can be considered for thermal insulation production. Recycling synthetic
materials or using agricultural or industrial residues can be an effective way to reduce virgin materials
consumption [9]. Products from recycled plastics such as polyethylene terephthalate [10] and recycled
textile fibers [11] provide very good thermal insulation properties.

However, a significant disadvantage of plant materials consisting mainly of cellulose,
hemicelluloses, lignin, and pectins is their flammability [12]. In terms of building materials, their
resistance to burning by geopolymer applications [13,14] can be improved significantly. Geopolymers
are materials usually synthesized using an aluminosilicate raw material and an activating solution
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mainly composed of alkalis of sodium or potassium and water glass [15,16]. Due to the properties of
geopolymers in the form of high strength, resistance to chemicals and, in particular, thermal stability
and fire resistance, applications of these geopolymers in the form of protective coatings or coatings on
structures [17-21] have been studied in recent years. In the past, the fire resistance of particleboards
based on winter rapeseed stalks [13] has been successfully increased by the geopolymer layer. Even
better geopolymer properties can be achieved, for example, via the implementation of carbon fibers,
which result in better mechanical properties of the entire composite [22].

An important property of cellulose-based plant fibers is hygroscopicity. This property may be an
advantage in some applications and a disadvantage in other applications. However, in terms of thermal
insulation of structures, high humidity in the insulation is undesirable, as water reduces the thermal
insulation properties of the material [23]. On the other hand, we require, from natural fiber, thermal
insulation interior vapor permeability through the building envelope to the exterior [24,25]. Preventing
the permeability of liquid water from the exterior into the building envelope and, at the same time
ensuring the transport of water vapor from the interior through the building envelope to the exterior,
is ensured by a suitably-selected wall structure [26]. One of the elements that can be used in the wall
structure for this purpose can be a nanofibrous membrane, which provides water vapor permeability,
but prevents the permeability of water in the liquid state [27]. In addition, a suitably-designed
nanofibrous membrane can withstand a very high water column, which can affect the building, for
example during floods [27].

This paper deals with the use of post-harvest residues of winter wheat and recycled polyurethane
foam in combination with geopolymer foam and a nanofibrous membrane for the production of
composite materials with properties for the given purpose of use. The aim of this work is to determine
the influence of winter wheat husk and the implementation of a nanofibrous membrane and a
geopolymer layer into the sandwich panel structure on its mechanical and physical properties. This
paper contributes to finding material utilization of wheat husks, which provides storage of CO, in
comparison with energetic utilization of this raw material. Moreover, addition of husks into the
heat insulation panel may bring additional benefits during manufacturing of these panels. Since
wheat husks contain 12.7% moisture [5], no steam injection would be necessary for hardening of
polyurethane adhesive.

2. Materials and Methods

2.1. Heat Insulation Board Manufacturing

The insulation boards were made of crushed flexible polyurethane (PUR) foam, winter wheat
husk, and PU4349/3 one component moisture curing binder (Leeson Polyurethanes Ltd., Warwick,
UK). The crushed flexible PUR foam was supplied by the Molitan company (Molitan a. s., Breclav,
Czech republic) as recyclate from manufacturing rests. The apparent density of the used PUR foam
was 24 kg/m? and the bulk density was 11.3 kg/m>. The PUR particle fraction analysis is shown in
the results. Winter wheat husks were mixed into the boards at 0% and 25% to the weight of the PUR
recycled material. The analysis of the husk fraction is presented in the results. The adhesive was
applied to the particles by spraying in a laboratory adhesive applicator, and the proportion of adhesive
on the dry matter was 15%. The carpet was manually layered and compressed between the steel
screens, and curing was carried out in a heat chamber at an air temperature of 120 °C for 15 min.
The boards were then air conditioned at 20 °C and 65% relative humidity (RH) for 3 days. Figure 1
shows the surface view of the thermal insulation boards.
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Figure 1. Surface view of the thermal insulation layer, board without husks on the left, board with
addition of husks on the right.

2.2. Geopolymer and Nanofiber Membrane Application

A geopolymer layer of 1 cm thickness and a density of 880 kg/m® was applied to one side of
the insulation board to increase its fire resistance. The composition of the geopolymer is shown
in Table 1. A more detailed identification of its composition is given in previously published
research [13]. A nanofibrous membrane was manually deposited on the surface of the freshly-applied
and uncured geopolymer. The nanofibrous membrane was implemented into the composite due to
the above-described reason in order to prevent the permeability of water molecules in a liquid state,
but allowing for the permeability of water vapor. In order to protect the nanofiber membrane from
damage, it was laminated between two non-woven fabrics made from polyester with a basic weight of
55.6 g/m?. The nanofiber membrane was made of polyurethane via electrospinning using Nanospider
technology (Elmarco s.r.o., Liberec, Czech Republic). The solution was spun in an electric field with a
voltage of 80.7 kV, the distance of the condenser was 190 mm, the velocity of the supporting base fabric
was 0.1 m/min, the relative humidity in the spinning chamber was 21%, and the surface weight of the
produced nanofibrous layer was 6 g/m?.

Table 1. Geopolymer composition.

Component Percentage of Individual Components
Cement Baucis Lk 43.2%
Activator Baucis Lk 38.9%
KEMA MIKROSILIKA 4.3%
Mineral wool ISOVER 13.0%
Aluminum powder 0.6%

Table 2 shows the variants of the sandwich composites being developed. Two variants of the
percentage husk representation were chosen and composites with and without a membrane were made.
The geopolymer layer was always constant. Figure 2 shows a cut of the sandwich panel.
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Table 2. Variants of the manufactured sandwich-structured panel.

Permeable Water-Resistant Heat Insulation Panel

Recycled PUR:wheat husk ratio 1:0 31

Nanofiber membrane 0 1 0 1

Note: polyurethane (PUR).

Figure 2. View of sandwich panel cut.

2.3. Physical and Mechanical Properties Estimation

All of the tests were carried out after air conditioning of the material under conditions of 20 °C
and 65% relative humidity. The distribution of husks and crushed PUR foam fraction was determined
via a screen analysis and the results were then graphically expressed. The density of the material was
determined according to standard EN 323 [28] and internal bonding (tensile strength perpendicular to
the plane of the board) according to EN 319 [29]. The methodology of these experiments is described in
more detail in [13]. The thermal insulation properties of boards were measured using the Isomet 2104
device (Applied Precision, Ltd., Bratislava, Slovakia) according to the method described previously
in [30], using a probe with a measuring range of 0.015 to 2 W/(m-K). The thermal conductivity coefficient
of the entire sandwich panel was determined by a calculation, because the thermal insulation properties
of the sandwich materials cannot be measured by the used method. The calculation was carried out
according to the thermal resistances of the individual layers (Equation (1)) and; therefore, the total
thermal conductivity coefficient of the developed sandwich panels is a theoretical value that is based
on the thermal resistance values of the individual layers and does not include thermal resistance during
heat transfer.

M

where Ao is the total thermal conductivity coefficient of the sandwich panel, dyo is the total thickness
of the sandwich panel, d;. is the thickness of one layer in the sandwich panel, A; is the thermal
conductivity coefficient of one layer in the sandwich panel, and R; is the thermal resistance of one layer
in the sandwich panel.

The fire resistance of the panels was performed via a thermal loading test. This test was performed
according to the methodology previously published in [13], and comes from slightly modified standard
EN 1363-2 [31]. A custom-designed furnace that allows for testing samples with dimensions of
300 mm X 300 mm was employed in order to characterize the behavior of the developed panels in
different types of fire. Chosen external fire curves are presented in the results. Two temperature
sensors were used, the first located in the burner chamber and the second on the outside of the flame.
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The course of temperatures was monitored over time. The flame intensity was controlled by the flow
of gas and the flame was directed parallel to the plane of the tested sample.

The water permeability of sandwich composites was measured on our developed prototype.
Unlike similar devices used to measure, for example, water column resistance, the used prototype
measures the actual amount of liquid that the test sample releases over time at a defined hydrostatic
pressure [27]. Samples with a circular cross section with a diameter of 17 cm were mounted in a test
capsule using a seal and, subsequently, the surface of the sample of 154 cm? was exposed to a water
column 80 cm in height, corresponding to a pressure of 7.8 kPa. The water that passed through the
composite was measured for 24 h. Throughout the experiment, the constant height of the water column
to which the composite was exposed was maintained.

2.4. Statistical Analysis

Data was statistically processed using Statistical2 software (Tulsa, OK, USA). Descriptive statistics
and graphical representations were used to describe the data. The influence of the observed factors
on the variables was shown graphically: Thermal conductivity coefficient, thermal capacity, tensile
strength perpendicular to the level of the board. The vertical columns correspond to 95% confidence
intervals. Subsequently, a Tukey posthoc test was performed to determine if any of the differences
between sample means were statistically significant. A significance level of « = 0.05 was used for all
analyses. The temperature course during the thermal loading test was depicted using point chart as a
function of time.

3. Results and Discussion

Figures 3 and 4 show the distribution of the PUR foam crushed fraction and the winter wheat
husk. While the predominant part of the crushed PUR foam particles is in the range of 5 to 15 mm, the
predominant part of the husk can be characterized by dimensions of 1.5 to 3 mm. The particle size has
a major influence on the mechanical properties of the boards [32]; however, in the case of the sandwich
panels, where one layer is significantly stronger than the other, the geopolymer layer takes over all the
flexural strength [33]. In this research, the particle size affected tensile strength perpendicular to the

level of the board.
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Figure 3. Fraction of crushed PUR foam.
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Figure 4. Fraction of winter wheat husk.

Figure 5 shows the effect of the weight ratio of husk in the insulation board on the thermal
conductivity coefficient. The picture shows that in both cases the measured thermal insulation
cores achieved very good thermal conductivity values in the range from 0.0427 to 0.0452 W/(m-K).
The addition of the husk to the crushed PUR foam resulted in a slight deterioration of 0.0025 W/(m-K)
(a statistically significant difference); nevertheless, these are still very good values compared to other
alternative raw materials. The achieved thermal conductivity values are slightly lower than in the
case of thermal insulation boards made from reeds [1], bagasse [34], or cotton stalks [35]. However, it
should be noted that, in the above competing products, the manufactured boards had a higher density.

For example, 30 kg/m3 recycled polyethylene terephthalate boards achieved a thermal conductivity
coefficient of 0.0355 W/(m-K) [10].

0.047
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0.045 =

A (W/mK)
|
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0 25
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Figure 5. Influence of the proportion of the husk in the insulation board on the thermal
conductivity coefficient.
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Figure 6 shows the effect of the weight proportion of husk in the insulation board on the volumetric
heat capacity. The difference between the individual variants is statistically significant at a level of
0.05. As with the thermal conductivity coefficient, the addition of husk increased this characteristic.
However, in this case, this is an improvement in the characteristic that can compensate for the increase
in the thermal conductivity coefficient, in the form of a higher accumulation capability of the material
and the retention of heat in the walls at a slight decrease in exterior temperature [36]. However, panel
cores containing husks achieved, still, a much lower volumetric heat capacity than another agriculture
by-product—corn husks [37].

0.15

0.14

0.13

% 0126

0.12

cp (MJ/m3K)
|
|

0.11
0.108¢"

0.10

0.09

0 25

Wheat husks (%)
Figure 6. Influence of the proportion of the husk in the insulation board on volumetric heat capacity (cp).

Table 3 shows the calculated thermal conductivity coefficient values of the entire sandwich
composite panels and the measured density values of the individual materials. There were slight
deviations in the actual thermal insulation board densities from their nominal values. The influence
of nanofiber membranes on thermal insulation properties or fire resistance was not evaluated.
The geopolymer layer only slightly worsened the thermal insulation properties of the sandwich
composite. The total thermal conductivity coefficient is around 0.05 W/(m-K), which is a fully adequate
value for thermal insulation materials [9], and produced panels are comparable to other commonly used
materials [38]. The reached thermal conductivity coefficients are higher than the thermal conductivity
coefficients of commercially-produced heat insulation panels from PUR or PIR (polyisocyanurate)
panels; however, the developed panels are from recycled materials and from recycled PUR that was
initially not produced for thermal insulation.

Table 3. Average densities of materials and thermal conductivity of sandwich panels.

Recycled PUR:Wheat Heat Insulation Board Geopolymer Density A20/65
Husk Ratio Density (kg/m3) (kg/m®) (W/(m-K))
1:0 49.4 (1.7) 885 (32) 0.049 (0.006)
3:1 51.6 (4.2) 885 (32) 0.051 (0.006)

Note: Values in parentheses are the standard deviations. Polyurethane (PUR).



Molecules 2019, 24, 3300 8 of 12

There was a statistically significant effect of the proportion of husk in the thermal insulation
core on its internal bonding (Figure 7). With an increase in the proportion of husk in the material,
internal bonding was reduced to 0.64 kPa, which is already insufficient for thermal insulation materials
according to standard EN 13162+ A1 [39]. For the production of industrially-useable thermal insulation
panels with winter wheat husk admixtures, it would then be necessary either to select a higher
proportion of adhesive [40] or to include pre-treatment of wheat husks in the production process,
in order increase their surface energy and thus reach higher bonding [5].

1.3

12 ¢

-
sy

1.069..

_
o

Internal bonding (kPa)

o
-q

"$0.64

o
o

0.5

0 25
Wheat husks (%)

Figure 7. Influence of the proportion of the husk in the insulation board on internal bonding of
composite materials.

The graphs in Figure 8 show the behavior of the entire panel under fire load. The samples were
exposed to a flame with rapid (Figure 8a) and gradual (Figure 8b) temperature increases. No effect of
the wheat husk additive on fire resistance was observed. However, the fire resistance of the boards was
affected by the rate of temperature increase. In the case of a fast onset, the boards withstood the effect
of flame for approximately 500 s, and more than 800 s in the case of gradual onset. Regardless of the
steepness of the onset temperature curve, it was observed that when the temperature inside the furnace
rises to around 400 °C, the temperature on the outer surface of thermal insulation boards increases
to around 60 °C, which is then held constant until the material burns. These results correspond
with results for sandwich-structured composites made from rapeseed stalks [13], and, because of the
flammable insulation core, the panel withstood lower temperatures than in [16], where geopolymer
composites were filled only by basalt microfibrils.
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Figure 8. Burning characteristics of produced panels: (A) Rapid temperature increase; (B) gradual
temperature increase.

The developed sandwich panels were able to withstand fairly long-term exposure to a water
column with a height of 80 cm. In 24 h, only 486 g of water flowed through the 154 cm? area (Figure 9).
There was no difference found between the sandwich panel with the addition of husk and no husk.
All of the resistance of the sandwich composite to the long-term effect of the water column is due
to the used nanofibrous membrane and the interface between the nanofibrous membrane and the
geopolymer. With regard to the thermal insulation sandwich panel without a nanofibrous membrane,
this sandwich is virtually unable to prevent water flow. When the sandwich without a nanofibrous
membrane was encumbered with a water column with a height of 80 cm, 3700 g of water flowed
through the 154 cm? area over 4 min.

600

i
o
=]

400

300

200

N i

100

=}

0

Weight of watter (g)

10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 90,000
Time (sec)

Figure 9. Effect of the nanofibrous membrane on the resistance of the sandwich panel against the

long-term effects of the water column.
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The results show that the geopolymer layer in the entire sandwich panel suitably complements the
thermal insulation core. The geopolymer layer provided the material with fire resistance, and it can be
assumed that it would increase flexural strength [41], while only slightly worsening the overall thermal
conductivity coefficient. The geopolymer layer was thoroughly bonded to the thermal insulation core,
and in the tensile strength test perpendicular to the plane of the board, there was no breach between
these layers, but in the insulation core. The nanofibrous membrane also contributed to improving the
properties of the entire sandwich composite. It gave the material resistance to long-term exposure to
the water column, while not negatively affecting any other material properties.

4. Conclusions

The paper presented properties of a sandwich panel from recycled materials enhanced by a
geopolymer layer and a nanofibrous membrane. It was shown that the addition of husk to the thermal
insulation core increased the thermal conductivity coefficient up to the value of 0.0452 W/(m-K), but this
negative increase can be compensated by the increase in specific heat capacity of the insulation core with
husks up to the value of 0.126 MJ/ (m3K). The theoretical value of the thermal conductivity coefficient of
the developed panels achieves excellent values on the level of 0.05 W/(m-K). The geopolymer layer and
nanofibrous membrane provided the sandwich panel with the necessary properties for use as thermal
insulation in exposed building walls, and fire resistance and water resistance increased nominally.
The panel resisted fire with a gradual temperature increase for more than 13 min, and incorporation of
a nanofibrous membrane provided enhanced resistance to a water column with a height of 0.8 m.
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Abstract: The development of composite materials from alternative raw materials, and the design
of their properties for the intended purpose is an integral part of the rational management of raw
materials and waste recycling. The submitted paper comprehensively assesses the physical and
mechanical properties of sandwich composite material made from particles of winter rapeseed stalks,
geopolymer and reinforcing basalt lattices. The developed composite panel is designed for use
as a filler in constructions (building or building joinery). The observed properties were: bending
characteristics, internal bonding, thermal conductivity coefficient and combustion characteristics.
The results showed that the density of the particleboard has a significant effect on the resulting
mechanical properties of the entire sandwich panel. On the contrary, the density of the second layer of
the sandwich panel, geopolymer, did not have the same influence on its mechanical properties as the
density of the particleboard. The basalt fibre reinforcement lattice positively affected the mechanical
properties of sandwich composites only if it was sufficiently embedded in the structure of the particle
board. All of the manufactured sandwich composites resisted flame for more than 13 min and the fire
resistance was positively affected by the density of the geopolymer layer.

Keywords: composite material; sandwich panel; rapeseed; geopolymer; reinforcing lattice

1. Introduction

Through their properties, basalt fibres are intended for use as a reinforcement in composite
materials. These fibres have a higher tensile strength than E-glass fibres, larger strain to failure than
carbon fibres and good resistance to alkaline exposure; they are also non-flammable, chemically stable,
non-toxic and, overall, can be used in conditions from —200 °C to 600 °C [1-3]. Basalt fibres may be
used separately as microfibers, successfully fulfilling the function of a reinforcing agent in composite
materials based on inorganic matrices [4-7], or as a reinforcement element in the form of a surface
fabric, the use of which appears to be very effective [1,8]. In addition, basalt fibres arranged in the
form of a surface fabric have been successfully used in the past, for example in reinforcing concrete
beams [9], historical pillars [10] or surface panels [1,11,12]. In all of the mentioned cases, basalt fibres,
whether as single fibres, fibre bundles or fibre lattices, function as a reinforcement element in a matrix
made of concrete, mortar or other material. In the presented research, the basalt fibre surface fabric
was used to reinforce the particleboard from winter rapeseed stalks.
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Winter rapeseed stalks are an abundant raw material in the European Union, with about
45 million tonnes produced annually [13], which would approximately two times suffice for the annual
consumption of wood for the production of particleboard in the EU [14]. In addition to the production
of bioethanol [15], it can be successfully used in the production of particleboard [16].

In terms of carbon dioxide binding, their use for further production of material is far more meaningful
than their use for energy purposes. Boards made from these stems can also have very good properties [17].
However, the combination of these post-harvest residues with cheap urea-formaldehyde adhesive is
very attractive, which offers a very cost-effective composite material with acceptable properties [18].
Geopolymer was used in order to improve the mechanical properties and fire resistance of this cheap
composite reinforced with basalt surface fabric.

Geopolymers are amorphous three-dimensional alkali-activated aluminosilicates [19] and are
considered an environmentally friendly building material [20]. These are materials that have great
potential in various applications due to their specific properties (thermal insulation, fire resistance,
strength, acoustics). Due to the possible foaming of the geopolymer, a lightweight material is produced
while maintaining the fire and strength characteristics. Examples include a geopolymer-based
composite and basalt fibre, which is suitable for high-temperature applications [4] or geopolymer foam
concrete (GFC) panel with excellent sound absorption [21].

The sustainable development of production, processing and consumption cannot be achieved
without the responsible waste management [22] and efficient use of materials [23,24]. This paper
responds to the latest research trends and deals with the development of a new lightweight composite
material from alternative raw materials for the production of highly functional composite materials
with properties for the intended use. The aim of the work is to determine the influence of density
of individual layers of sandwich composite material and reinforcing lattices on its mechanical and
physical properties.

2. Materials and Methods

Particles from winter rape stalks were used to produce particleboards. The producer of particles
from winter rape stalks was Miko Stroh (Borota, Hungary). The dimensional characteristics of the
used particles are given in Table 1. The dimensional characteristics of particles were determined using
screen analysis (Imal, Modena, Italy).

Table 1. Dimensional characteristics of particles.

Dimension (mm) 0-025 0.25-0.50.5-0.8 0.8-16 1.6-2 2-3.15 3.15-8
Percentage (%) 1.2 2.8 4.8 39.4 20.1 23.1 8.6

2.1. Lattice

Lattices made from basalt fibre with loop dimensions of 25 mm were supplied by Alligard
(Libavské Udoli, Czech Republic). According to the producer’s declaration from the technical data
sheet, each bundle of fibres contained 6500 microfibers with a diameter of 11-18 um. The linear mass
density of the bundle was 2400 tex and the density of microfibers was 2700 kg/m?. The tensile strength
of the individual bundles was 600 MPa. According to the variants, two, one or no lattices were pressed
into the particleboard. In the composite material with the two-lattice variant, the lattices were placed
in the surface layer, and in the variant with one lattice it was pressed in the middle of the board.
The lattices were inserted into the particles during the layering of the particle carpet, according to the
variant in the middle of the carpet, or on its surface from both sides (Figure 1).
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Figure 1. Lattice placed in the surface of the board. From the left: layered carpet in the form for pre-pressing,
carpet after cold pre-pressing, pressed board.

2.2. Adhesive Mixture Application

A urea-formaldehyde adhesive (UF) was used to manufacture particleboards, which was applied
to particles using a laboratory adhesive applicator. The used hardener was (NH4)(NO3), and the ratio
between the solids hardener and dry adhesive was 10%. The hydrophobizing agent used was paraffin
emulsion. The solid content of whole adhesive mixture was 50%. A resin dosage of 10% solids on
particle dry mass was used. The detailed composition of the adhesive is given in [25].

2.3. Pre-Pressing and Hot-Pressing

Particleboards were pressed from particles dried to 8% moisture content. The first step was cold
pre-pressing with conditions: pressure 4 bars, time 1 min. The pre-pressed board was pressed using a
heated HLP350 hydraulic press (Hofer Presstechnik GmbH, Taiskirchen, Austria) at 165 °C. Pressing
was carried out according to the press cycle (Table 2). The nominal board thickness was 12 mm. Plates
were pressed in two variants according to density and in three variants according to the number of
grids. An illustration of the various composite variants is given in Table 3. After pressing, the boards
were conditioned at 20 °C and at a relative humidity (RH) of 65% until moisture stabilization.

Table 2. Pressing Cycle.

Phase No. Thickness at the End (mm) Moving Time (s) Remaining Time (s)
1 40 0.1 0
2 18 3 0
3 11.8 8 12
4 12 5 10
5 12.3 3 0
6 12 3 141
7 12.5 25 0
8 500 0.1 0

2.4. Geopolymer Application

In order to increase the fire resistance of the manufactured materials, geopolymer was applied to
the manufactured board from one side with a nominal height of the layer of 1 cm and a nominal density
of 885 and 915 kg/m?. The variants of the manufactured sandwich-structured panel are listed in Table 3.
In order to compare the developed material with commercially-sold products, a commercially-sold
oriented strand board (OSB) (class 3, density 620 kg/m3) was selected. This board was used for reference
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samples instead of particleboard from rapeseed stalks and reinforced lattices. Both geopolymer variants
were also applied to the OSB.
The mixture for the geopolymer production consists of the following five components.

(1) inorganic, two-component, aluminosilicate binder based on metakaolin Cement Baucis Lk (Ceské
Lupkové Zavody, a.s., Nové Straseci, Czech Republic),

(2) alkaline activator in liquid form Activator Baucis Lk (Ceské Lupkové Zavody, a.s., Nové Straseci,
Czech Republic),

(3) anticorrosive powder additive for concrete and malt based on amorphous SiO, Kema Mikrosilika
(Kema Mikrosilika-sanaéni centrum s.r.o., Sviadnov Czech Republic),

(4) Dbasalt fibres Mineral wool Isover Uni—basalt fibres (Saint-Gobain Construction Product CZ a.s.,
Praha, Czech Republic),

(6) aluminium powder with a purity of at least 99% and an average particle size of 65 um
Aluminium powder-Alpra—very fine, (PK Chemie, Tfebi¢ Czech Republic). The geopolymer
was manufactured according the methodology previously published in [8]. Two manufactured
geopolymer density variants were selected; the percentage of all components in each variant is
shown in Table 4.

Table 3. Variants of manufactured sandwich-structured panel.

Layer Specification Fire-Resistant Sandwich-Structured Panel
Board density (kg/m?) 340 500
Geopolymer density (kg/m3) 885 915 885 915
Lattice count o 1 2 o0 1 2 0 1 2 0 1 2

Table 4. Geopolymer composition.

Percentage Share of Individual Components

Component
Geopolymer Density 885 kg/m3 Geopolymer Density 915 kg/m3
Cement Baucis Lk 43.2% 43.4%
Activator Baucis Lk 38.9% 39.1%
Kema Mikrosilika 4.3% 4.3%
Mineral wool Isover 13.0% 13.0%
Aluminium powder 0.6% 0.2%

2.5. Composite Material Properties Estimation

Before all of the tests, the panels we air-conditioned at 20 °C and a relative humidity (RH)
of 65% for three weeks. After this period, the equilibrium moisture was achieved. The density,
the tensile strength of the composite material perpendicular to the board’s plane and the three-point
bending characteristics were measured according international standards. The density of boards was
measured according to EN 323 [26], the internal bonding was measured according to EN 319 [27] and
the measurements of three-point bending characteristics were carried out according to EN 798 [28].
The bending test bodies were placed on the universal testing machine so that the geopolymer layer
was directed upward in order to be subjected to compressive stress during bending, and the layer
with reinforcing lattice to tensile stress. The measurement accuracy of the universal tensile machine
was 0.25% of reading. For a more thorough characterization of the bending properties of sandwich
composites, the bending coefficient was calculated according to the following Formula [29]:

h h
K = — = — 1
bendC = R 7 1
12'ymax
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where:

Ryinc—The minimum curve radius based on the basic bending equations.
Kpendgc—The coefficient of bendability based on the basic bending equations.
Ymax—The maximum deflection.

lp—The distance between supports.

h—The thickness of the sample.

The tensile and bending tests were performed using universal testing machine TIRA test 2850.
The thermal conductivity of boards was estimated using Isomet 2104 (Applied Precision, Ltd., Bratislava,
Slovakia) according the method described previously in [30], the thermal conductivity was measured
using a probe with a range of 0.015-2 W/(m-K). According to the technical data specification of the
probe, the measurement accuracy is 5% of reading +0.001 W/(m-K). The thermal conductivity coefficient
of the entire sandwich panel was subsequently calculated. The recalculation was performed according
to the thermal resistances of the individual layers according to Formula (2). The total coefficient of
thermal conductivity of the developed sandwich panels is therefore the theoretical value based on
the values of the thermal resistances of the individual layers and does not include thermal resistance
during heat transfer.

d d
Atot _ tot _ tot (2)

) d;
LR ¥y -
where:

Ator—The total thermal conductivity of the sandwich panel.
dior—The total thickness of the sandwich panel.

d;—The thickness of one layer in the sandwich panel.

Ai—The thermal conductivity of one layer in the sandwich panel.
R;—The thermal resistance of one layer in the sandwich panel.

The thermal loading test was carried out for the purpose of characterizing the fire resistance of
the panels. Slight deviations from the standard EN 1363-2 [31] were used. Alternative external fire
curves were chosen for the behavioural characteristics of the developed material in different types of
fire. These curves are shown in the results. A custom designed furnace was used for the fire testing.
Samples with dimensions of 300 mm X 300 mm were placed in a vertical position and were exposed to
flames in a direction parallel to the plane of the board. The flame intensity was managed by controlling
the flow of gas and was increased over time. Two sensors for temperature monitoring were used
to characterize the behaviour of the material in this test. The first was placed in a chamber with a
burner and the second on the outside of the flame. The temperature measurement accuracy was 0.1 °C.
The temperature was monitored over time.

The number of measured samples for each variant was 30 for density, internal bonding and
bending tests. The thermal conductivity was measured on 10 samples for each variant and one sample
from each variant was used for the thermal loading test.

2.6. Statistical Analysis

The data was characterized using descriptive statistics (sample mean and sample standard
deviation) and a multi-factor analysis of variance. The sample standard deviation was calculated
according to Formula (3). For the analysis of variance, the following factors were used: lattice count,
board density and geopolymer density. Graphically were depicted the influences of the factors on
the following variables: bending strength, modulus of elasticity, bending coefficient and internal
bonding. Vertical columns in the graphical representation of the analysis of variance represent
95 percent confidence intervals. Limits of the confidence intervals were calculated according to
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Formula (4). The graphics are listed for illustration of the descriptive statistics. The Tukey HSD test
was used to determine if any of the differences between the sample means were statistically significant.
A significance level of o« = 0.05 was selected. The temperature course during the thermal loading test
was depicted using point chart as a function of time.

5 — Zf\il (xi - E)z (3)
- n—1
where:
s—The sample standard deviation.
x—The observed value.
n—The number of observations.
Lip =%+ —= X t,1(a) @

where:

L1 »—The upper and lower limits of the confidence interval.
s—The sample standard deviation.

X—The sample mean.

n—The number of observations.

ty—1(a)—The percentile of the t distribution.

3. Results and Discussion

Figure 2 shows the effect of the density of the particleboard, the number of lattices and the
density of the geopolymer on the bending strength of the sandwich boards. It was found that
particleboard density has the greatest impact on bending strength, whereas geopolymer density did
not have a statistically significant effect on composite panel properties. In addition, the influence of
the inserted lattices was observed where, in the case of the use of one lattice, the bending strength
of the test material increased compared to the variants without lattices. With the increasing number
of reinforcement elements in the composite, its bending strength generally increases [12]. However,
when two reinforcing lattices were used, the bending strength dropped, surprisingly. This seemingly
paradoxical phenomenon can be explained by the anchor of the lattices in the composite. Whereas
in the case of one-lattice variants, the lattice is firmly anchored in the middle of the particleboard
material, for two-lattice variants these lattices are on the surface and are not fully anchored in the
composite material. In the variant with two lattices, the lattice is on the borderline of the particleboard
and the geopolymer in the neutral zone during bending, and it therefore does not impact the strength
of the material [29]. It can be assumed that this lattice located in the neutral zone would affect the
impact strength, i.e., a property that is also important in security doors. While the lattice at the bottom
edge of the sandwich composite is exactly in the tensile zone during bending and the used lattice
has a tensile strength of 600 MPa, due to insufficient anchoring in the particleboard, it did not have
a positive effect on the resulting bending strength of the tested material. The geopolymer reference
samples with an OSB showed a bending strength of 0.66 MPa for a lower density geopolymer and
0.65 MPa for a higher density geopolymer. The differences between these averages are within statistical
error. The reference samples from commercially sold OSB thus achieved a significantly higher bending
strength, but this high strength was caused by the significantly higher density of the OSB (620 kg/m?)
compared to particleboards from rapeseed stalks (340 and 500 kg/m?3) and a smaller dimension of
glued particles [32-34].
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Figure 2. Influence of particleboard density, geopolymer density and the number of lattices on the
bending strength of composite materials.

The developed material exhibited high elasticity, the average modulus of elasticity (MOE) values
reached 0.14-0.28 MPa (Figure 3). These are considerably lower MOE values compared to the material
on the same rapeseed base [16]; however, in the previous research, another adhesive and another
press cycle were used, which implied a different vertical density profile of particleboard. Reference
samples with an OSB reached a modulus of elasticity of 0.37 MPa for a lower density geopolymer and
0.29 MPa for a higher density geopolymer. A decrease in MOE was observed along with the decreasing
particleboard density used in the sandwich panel, which is consistent with theoretical assumptions [35].
Adversely, the influence of geopolymer density was not observed. When using higher rapeseed
particleboard densities, it is apparent (however, not statistically significant) that MOE increases with
the number of lattices, but it does not increase at a lower particleboard density. This phenomenon may
be due to the anchoring of reinforcing lattices in the board, where these lattices are better embedded in
a higher density board and are able to transfer a certain load.

A bending coefficient KbendC (Figure 4) was determined for another characteristic of the bending
properties of the developed material. The proportion of material thickness to its minimum bending
radius was highest for the sandwich panel with a particleboard density of 340 kg/m? in combination with
two lattices and a layer of geopolymer with a density of 300 kg/m3. Other differences are not statistically
significant at a significance level of 0.05. Compared to wood-based sandwich materials [29,36],
the developed material exhibited a lower bending coefficient. However, wood or sandwich material
based on lamellae is characterized by high elasticity and a high bending coefficient. The bending
coefficient (KbendC) of beechwood is about 0.033 [29]. However, a higher bending coefficient was
achieved than in a commercially available wood particleboard (0.01), and values comparable to those
of composite material of higher density were obtained, and only from rapeseed particles bonded with
epoxy-polyester adhesive [37]. The developed sandwich material thus makes it possible to use boards
from rapeseed particles of lower density and bonded with a cheaper, less flexible UF adhesive while
maintaining good bending characteristics.
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Figure 5 captures the effect of the observed factors on the tensile strength perpendicular to the
plane of the boards of the developed sandwich panels. There was a clear influence of particleboard
density on the internal bonding of the sandwich composite. With an increasing density of particleboard,
the internal bonding of composite panel increases according to theoretical assumptions [32]. On the
other hand, the effect of using reinforcing lattices and density of geopolymer on internal bonding
was not observed. We can positively assess the fact that there was no breach in the joint between the
particleboard and the geopolymer. (As there is no breach of the test specimens in the geopolymer
material, this factor is not stated in the chart). The material was breached in the middle of the
particleboard at the lowest density point. The lowest particleboard density was attained at its centre
thanks to the chosen high-speed closing of the press [38].

90
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o o
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o
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Figure 5. Influence of particleboard density and the number of lattices on the internal bonding of
composite materials.

The ascertained values of the thermal conductivity coefficient of manufactured panels and the
actual measured values of the density of the individual materials are specified in Table 5. Mild variations
in the actual density of the particleboard and the geopolymer from their nominal values were found.
The effect of reinforcing lattices on thermal insulation properties and on combustion resistance was
not assessed. The thermal conductivity coefficient of the sandwich composite with the lowest density
value was 0.111 W/(m-K) and just exceeded the value of 0.1 W/(m-K), which is considered a threshold
value for thermal insulating materials. According to theoretical assumptions, the highest values of
the thermal conductivity coefficient were obtained [39] for the highest density sandwich composite;
nevertheless, the value of 0.214 W/(m-K) can be considered an acceptable thermal conductivity value
compared to other load-bearing building materials, such as a wall made from wet pine wood [40].
The good thermal insulation properties of geopolymer foam concretes due to air-cavity content were
described earlier, the thermal conductivity coefficient ranged from 0.15-0.48 W/(m-K), which is a
better thermal insulation compared to the foamed Portland cement concrete of the same density [21].
Low thermal conductivity (0.15-0.4 W/(m-K)) is also described by [41], who prepared geopolymer
foams with Al powder as a foaming agent.
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Figure 6. Influence of panel composition on burning characteristics, (A) board density 340 kg/m3, geop.
density 885 kg/m?; (B) board density 500 kg/m?, geop. density 885 kg/m3; (C) board density 340 kg/m?,
geop. density 915 kg/m3; (D) board density 500 kg/m?, geop. density 915 kg/m?3.
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Table 5. Average densities of materials and thermal conductivity of boards.

Sandwich Panel Combination Board Density (kg/m3) Geopolymer Density (kg/m3)  A20/65 (W/(m-K))

1 340 (18) 885 (32) 0.111 (0.009)
2 340 (18) 916 (28) 0.113 (0.014)
3 498 (17) 885 (32) 0.134 (0.008)
4 498 (17) 916 (28) 0.214 (0.013)

Values in parentheses are the standard deviations.

Geopolymers can be successfully used to increase the fire resistance of materials [42,43]. Figure 6
captures the burning characteristics of developed panels. The effect of the particleboard and geopolymer
density on the fire resistance of the panels was observed. Despite slight variations in temperature rise
in the furnace, there was a clear influence of geopolymer density on the resistance time of the panel (the
time of reaching the temperature of 100 °C on the outside of the panel). On the contrary, the density of
the particleboard layer did not affect its fire resistance as the density of the geopolymer layer. This is
the opposite effect of the individual layers, rather than the influence of the individual layers on the
mechanical properties where the density of the particleboard is the most important parameter.

4. Conclusions

The submitted paper evaluates the physical and mechanical properties of the developed sandwich
composite material based on particles of winter rapeseed stalks, geopolymer and reinforcing lattices.
The fundamental influence of particleboard density on the resulting mechanical properties of the
entire sandwich panel was demonstrated. The density of the second layer of the sandwich panel
and the geopolymer did not have the same impact on its mechanical properties as the particleboard
density. The reinforcing lattice made of basalt fibre positively influenced the mechanical properties of
sandwich composites only if it was sufficiently anchored in the particleboard structure. The developed
materials reached a higher bending strength than 0.3 MPa in only two cases, and the tensile strength
perpendicular to the board plane was also low. However, these low values are due to the low density of
the material and the low adhesive content. On the contrary, good thermal and fire protection properties
were achieved, namely the thermal conductivity coefficient of the sandwich composite with the lowest
density value was 0.111 W/(m-K) and all developed sandwich composites resisted flame for more
than 13 min.
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Abstract: Geopolymer foam is classified as a lightweight material with high porous in its matrix which
has great offer for applications requiring fire-resistant, thermal, and acoustic properties. However,
the high sensitivity to humid environments can be a major barrier of geopolymer foam that limits the
variety of applications of this material. Based on this drawback, two types of hydrophobic agent
(Lukosil M130 and Lukofob ELX) were used as an impregnator to treat the surface of geopolymer
foam samples. This paper presented the results of water absorption properties of the untreated and
treated geopolymer foam composites. The obtained properties were flexural strength, compressive
strength, density, total water absorption, the rate of water absorption, and water absorption coefficient.
The results showed that the samples after being impregnated with hydrophobic agents improved
significantly their waterproof property especially using Lukosil M130. Moreover, the samples treated
with Lukosil M130 had positive impact on their mechanical strength.

Keywords: geopolymer foam; Lukosil M130; Lukofob ELX; water absorption; water uptake; water
absorption coefficient; flexural strength; compressive strength

1. Introduction

The term “geopolymer” introduced by Davidovits in the 1970s [1] is the inorganic aluminosilicate
polymers which is produced by a combination of rich source materials in silica and alumina such as
metakaolin, fly-ash, blast furnace slag, etc., with strongly alkali activators [2-6]. When considering a
proper mixing ratio of raw materials, type and concentration of alkaline activator geopolymers can
exhibit a wide variety of desired properties and characteristic such as high compressive strength, low
shrinkage, high temperature resistance, acid resistance, and fire resistance up to 1200 °C, etc., [7-13].
In recent years, this type of material has become an attractive topic in research for the reason
that geopolymer concrete offers great potential for alternative to Portland cement-based concrete
because of the issue of CO, emission in production of the Portland cement causing the environment
pollution [14,15].

Among many products that are established on geopolymer binders, geopolymer foam belongs to
the class of lightweight materials with high porous in its structure which has great use in some areas
of the construction requiring fire-resistant, thermal, and acoustic insulation properties [16-23]. It is
well-known that geopolymer foam is formed from solid geopolymers with addition of foam agents
such as metals (silica, alumina, zinc powders), H,O,, etc., thus pure geopolymer foam is very sensitive
to brittle fracture because of the large number of void spaces in structure. The addition of various types
of the fillers including particles and fibers will help to improve significantly the mechanical properties
of geopolymer foams [19]. However, the existence of fillers especially fiber reinforcements in matrix
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has a strong influence on the long-term durability of the composite when considering the weathering
aspect. The structural performance of geopolymer foam makes it very sensitive to humidity because
of easy water ingress through the highly porous structure. The water carrying aggressive agents
in the environment, such as H,O, O,, CO,, CI~, SOy, cause reinforcement corrosion leading to the
deterioration of the structures, such that its service-life is reduced.

Microstructure of geopolymers defines the possibility for water ingress in the material,
and therefore microstructure is a key criterion in geopolymer long-term durability. The high sensitivity
to humid environments can be considered as a major barrier of geopolymer foams that limits the
variety of applications of this material. Therefore, the surface treatment of these composites should
be adapted to increase their service life. There are three basic approaches used in applying surface
protection to concrete [24]: (i) Hydrophobic impregnation is to produce a water-repellent surface,
and the pores and capillaries are internally coated, but they are not filled; (ii) impregnation is to
reduce the surface porosity by filling partially or totally the concrete pores; (iii) coating is to produce a
continuous protective layer on the concrete surface. Some hydrophobic agents can ingress deep into
the inner structure and fill a large number of matrix pores resulting in reduction of surface porosity
and improvement of mechanical strength of the treated concrete. The others produce a pore lining
effect or form a protective layer at the concrete surface, which acts as a barrier to prevent and/or delay
the water penetration.

In the previously reported findings, many researches have been performed on the techniques,
various raw materials, foam agents, etc., to achieve improved physical-mechanical properties of
geopolymer foam such as fire resistant, thermal, and acoustic properties. In this work, the surface
impregnation treatment will be carried out in order to evaluate the water absorption properties of
the geopolymer composites. Two types of hydrophobic agents based on siloxane was used, and
geopolymer foam is a composite material which was produced by a combination of geopolymer paste
and the fillers such as quartz sand, silica fume, chopped basalt fiber, and foam agent.

2. Materials and Methods

2.1. Raw Materials

Geopolymer Baucis Ly, supplied by Ceske Lupkove Zavody, a.s Czech Republic, was used as the
aluminosilicate source for producing geopolymer paste (in weight percent: SiO,—47.4; Al,03—29.7;
Ca0—14.5; MgO—2.6; TiO,—1.8; Fe;O3—0.5; K;O—0.3; Na,O—1) along with potassium silicate
activator of modul 1.71 (in weight percent: 5i0,—19.56; K,0—17.87; HyO—62.57). In order to prepare
geopolymer paste, the mixing ratio of two components (solid, liquid) was taken out according to the
requirement of the manufacturer.

Quartz sand with brand name ST 03/08, supplied by Sklopisek Strelec a. s. Czech, was used
as the fine aggregates for the geopolymer mortar matrix (grain size: 0.315-0.80 mm). Powder
additive (microsilica) based on amorphous SiO, for concrete and mortar was purchased from Kema
Mikrosilika—Sanac¢ni centrum s.r.0., Sviadnov Czech Republic. The chemical composition of microsilica
as follows (wt. %): 5i0,—90, Ca0—0.8, MgO—max. 1.5, Al,O3—max. 1, Na,O—0.5. This additive
was added into geopolymer mortar to enhance both the workability of the fresh mortar and mechanical
strength of the hardened mortar. The chopped basalt fiber (BF) was provided by Kamenny Vek, and the
tows were about 6.4 mm long with the individual fiber diameters of 13 pm, the density of 2.67 g/cm3,
tensile strength in the range of 2700-3200 MPa, and tensile modulus of 85-95 GPa. An aluminum
powder, supplied by Pkchemie Inc., Czech Republic, was used to make geopolymer foam.

Two different types of the hydrophobic agents with the commercial names Lukosil M130 and
Lukofob ELX, provided by Lucebni zavody Kolin a.s., Czech Republic, were used as impregnator for
the geopolymer foam samples. Lukosil M130 product is a transparent solution of methyl-silicon resin
in xylene, in which the presence of methyl group in the polysiloxane chain makes it hydrophobic with
density of 1000-1020 kg/m?, viscosity of 30-40 mPa.s/20 °C, heat resistance of max. 230 °C. Its thermal
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curing enhances hardness and marked improvement in mechanically and mainly chemically resistant
film. After drying, it forms a thin, non-stick, heat and weather-resistant film. Lukofob ELX product
is a milk-white aqueous emulsion of methyl-silicone resin designed for the final surface waterproof
impregnation of porous or less porous silicate materials, which has density of 1000-1010 kg/m?,
viscosity of 60-80 mPa.s/20 °C [25,26].

2.2. Preparation of Geopolymer Foam Composite

The raw materials and mixing ratio for producing geopolymer foam composite are shown in
Table 1. Geopolymer mortar was prepared as the following steps. First, geopolymer cement and
activator with a given ratio were mechanically stirred for about 3 min to gain homogenous geopolymer
paste. Second, silica fume was added to the slurry and mixture was stirred for about 2 min more.
Next, rough quartz sand along with chopped basalt fiber was added to prepared mixture followed
by mixing for a few minutes until ensuring a homogenous mortar. Finally, Al powder was added
into prepared mixture and stirred for about 1 min to create pores inside the geopolymer composite.
It should be said that the mixing ratio used in Table 1 was optimized in our lab. The freshly prepared
mortar was poured immediately into the molds with a dimension of 40 x 40 x 160 mm?. After casting,
all the specimens were wrapped using a polypropylene film, and cured at room temperature, ~22 °C,
with 45% relative humidity for 24 h. Afterward, the specimens were demolded, and wrapped again
using a polypropylene film, and kept at room temperature until 7 days. Finally, the specimens were
unwrapped and put into the drying oven at the temperature of 70 °C until an unchanged weight is
reached so that they can be used to impregnate with silicone solutions.

Table 1. Mixture of geopolymer foam composite.

By wt.% of Geopolymer Cement By Weight Ratio (-)
BF content Silica fume Al powder Geopolymer cement Activator Silica sand
15 5 1.5 1 0.9 1

2.3. Impregnation Process of the Samples with Silicone Solutions

Before performing this step, all the specimens were carefully weighed. Because of the large porous
size of the geopolymer foam, the impregnation approach (wet out) was selected to easily apply the
silicone solutions to all surfaces of the geopolymer foam specimens. The specimens prepared in the
previous step were placed in a clean bath followed by pouring the silicone solution into the bath until
the specimens are immersed in solution to a depth of 20 mm. It should be noted that during immersion
the bottom surface of the samples was changed to ensure that the solution is uniformly absorbed into
the matrix at all surfaces. They were left for about 30 min to ensure the visible pores in matrix are
completely drenched with the solution. The specimens are then removed and drained for about two
hours before being placed in the drying oven at the temperature of 70 °C for 48 h. All specimens
are removed out of the oven after 48 h and weighed again. The final sample of the impregnation
process can be clearly seen in Figure 1. It was found that it consumed about 45.92 g of Lukosil M130 to
impregnate each specimen, whereas for Lukofob ELX is about 22.38 g, and this consumed value is
calculated only after the impregnated specimens were dried in the oven.
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Untreated sample

Sample treated with Lukofob ELX

Sample treated with Lukosil M130

Figure 1. Photographs of the samples without and with impregnation of the silicone solutions.

2.4. Geopolymer Foam Composite Estimation

The water absorption test of the specimens was performed to know the total water absorption
capacity of untreated and treated geopolymer foam. It was determined in accordance with CSN EN
13755 standard. The samples after being dried to constant mass in the early step were placed in a
container of boiled water (to remove dissolve gases) at a room temperature of ~22 °C with a level
reaching half the height. Water is gradually added after 1 h to % of the height, after 2 h to complete
immersion to a depth of 25 + 5 mm. The samples are removed from the water after 48 h, wiped with
a damp cloth, and weigh quickly. The test was measured for five samples and an average value of
measurements was taken. The total water absorption is calculated as per the Equation (1):

A="2"T 100 (%) )
mg
where A is total water absorption (%), m, is mass of oven-dried sample in air in gram, 1, is mass of
the sample saturated with water in gram.

The determination of the water absorption coefficient by capillary action is performed according to
CSN EN 1925. The samples with a dimension of 40 x 40 x 40 mm? that were cut from 40 X 40 x 160 mm3
samples were weighed and the area of the submerged base is calculated and expressed in square
meters. The sample is placed on thin pads in a closed container so that only a part of the base rests on
them. The base was immersed in water to a depth of 3 mm and the water level during test was kept
constant. The amount of absorbed water is found out through the weight of the sample in a period of
time throughout the contact with water. The mass of water soaked in grams divided by the area of the
immersed base of the sample in square meters as a function of the square root of time expressed in
seconds is expressed by the graph. The water absorption coefficient was defined as equivalent to the
slope of the linear regression line of the first part of the graph.

The flexural strength and compressive strength tests were applied to evaluate the mechanical
properties of the geopolymer foam specimens, in which the test method is conducted according to EN
196-1 [27]. The testing machine with load cell capacity of 100 kN (FP Lab Test II, from LABORTECH
s.r.o. Opava, Czech Republic), located at the Technical University of Liberec Laboratory, with the
applied load under displacement control at a loading rate of 4 mm/min, was used. The mechanical
strength of the specimens was tested as the following procedure: (i) The samples with label D-sample
mean that they were dried at 70 °C in oven to constant mass in order to perform water absorption tests,
as mentioned early; (ii) the samples with label D-W-sample mean that the number of the samples were
selected in step 1 and then soaked in water for 48 h; (iii) the samples with label D-W-D-sample mean
that the number of the samples were selected in step 2, then they were again dried in oven at 70 °C to
constant mass. In other words, the samples that were impregnated by Lukosil M130 are named the
LS-sample while those were impregnated by Lukofob ELX are named the LF-sample. Five samples for
each recipe was tested and an average value of measurements was taken.
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3. Results and Discussion

Figure 2 shows the influence of the impregnators on bulk density of the geopolymer foam
composite samples. The bulk density value of the reference sample was 758.2 kg/m3 which increased
by 23.66% and 14.99% when the specimens were impregnated by Lukosil M130 and Lukofob ELX
solutions, respectively. The higher value of bulk density in LS-sample can be explained by the fact that
Lukosil M130 has significantly lower viscosity compared to Lukofob ELX, which can be attributed
to better penetration into geopolymer matrix leading to greater bulk density. Moreover, Lukosil
M130 uses xylene liquid as a solvent, which attributed to the superior dissolving of methyl-silicone
component in solution resulting in better ingress into the matrix pores. On the other way Lukofob
ELX uses water as a solvent which results in largecluster size of methyl-silicone resin because of its
insolubility in water leading to poor ingress into the matrix pores.

1000

937.58 -
871.91

60| 758.2

600 |-

Bulk density (kg/m®)

400

200

Untreated sample LS-sample LF-sample

Figure 2. Bulk density value of the geopolymer foam composites.

Figure 3 shows the flexural strength and compressive strength of the geopolymer foam composite
samples. It can be observed that when all samples were saturated in water after 48 h of immersion, they
did not show a significant reduction in mechanical strength compared to dry samples. The average
mechanical strength of the untreated samples is 2.52 MPa in flexural and 5.92 MPa in compressive
strength. The average mechanical strength of the LS-samples and LE-samples increases by 61.51%
(4.07 MPa), 28.55% (3.23 MPa) in flexural and 28.17% (7.61 MPa), —1.85% (5.81 MPa) in compressive
strength, respectively, compared to untreated samples. It showed that the LS-samples show a marked
improvement in their mechanical strength, while the LF-samples have the enhanced flexural strength
value, compared to the untreated those. The improved mechanical strength of the LS-samples can be
explained by the fact that the greater precipitation of the methyl silicone components in the matrix
acts as a reinforcing agent, contributing to enhanced mechanical strength. Moreover, the LS-samples
showed an increase in mechanical strength again when they were oven-re-dried after immersion in
water. This finding can be said that it seems that the initial oven-dry mode at 70 °C for 48 h of the
LS-samples after impregnation is not effective enough for Lukosil M130 to fully utilize its effects, as a
result of the maximum unsatisfactory mechanical strength of those samples. The effect of Lukosil
M130 on the marked improvement in mechanical properties of the substrates is clearly mentioned by
the manufacturer if they are reasonably cured at high temperatures [24].

Figure 4 shows the total water absorption capacity of the geopolymer foam composite samples
after 48 h of immersion in water. Itis notable that the water-resistant performance of treated geopolymer
foam was improved significantly, especially those treated with Lukosil M130. The total water absorption
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of untreated samples is 47.41%, which significantly decreased by 25.14% and 81.90% when the samples
were treated with Lukofob ELX and Lukosil M130, respectively.
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Figure 3. Mechanical properties of the geopolymer foam composites: (a) flexural strength; (b)

compressive strength.

The loss rate of absorbed water of the samples under oven-drying is shown in Figure 5. It is
found that the amount of absorbed water is released from the samples very quickly during the first
2 h of the oven-drying process, and the geopolymer foam samples almost achieve constant weight
after 5 h of oven-dried, except for the LF-samples. The residual percentage of water after this duration
was 1.2%, 2.2%, and 13.04%, respectively for the untreated samples, LS-samples, and LF-samples.
This is attributed to the penetration of hydrophobic agent of Lukofob ELX caused by its material
characteristics. Lukofob ELX is an aqueous emulsion with high viscosity, which limits good penetration
into pore spaces and deep transportation into matrix. Moreover, the pores at the surface layer of the
samples are sealed partially (see in Figure 1). Thus, a barrier in the surface layer is formed which
hinders the water penetration and migration. As a result, it takes longer time for water to escape
from the material. In the contrast, because of the complete dissolving of methyl silicone in xylene
solvent, the hydrophobic agent of Lukosil M130 is transported deeper into the matrix and fills in a
greater number of matrix pores as well, as a result of better elimination of water absorption capacity.
This result is consistent with the results of the bulk density and mechanical strength performance of
the LS-samples and LF-samples.
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Figure 4. Total water absorption of the geopolymer foam composites.
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Figure 5. The rate of water loss during the oven-dried process of the geopolymer foam composite.

Figure 6 shows the results of capillary water uptake curves with different service duration, whereas
the water uptake rate at the initial period is indicated in Figure 7, and the results of the water uptake
coefficient of geopolymer foam composite are listed in Table 2. It can be observed that there is a large
reduction in capillary water uptake of samples treated with two types of hydrophobic agents, despite
high open porosity in geopolymer foam. The untreated samples quickly absorbed a large amount of
water during test, and the high rate of capillary water uptake happened in the initial period and this
degree was gradually decreased over time. For the LE-samples the low rate of capillary water uptake
occurred in the initial period but then increased in the intermediate period and finally a reduction of
the water uptake rate exhibited for further periods. This phenomenon is consistent with the above
explanation regarding the slow loss rate of water under oven-dried process. The initial capillary
uptake is controlled by the surface layer of the sample which acts as a barrier that hinders water
penetration. However, once the water gets over this obstacle, an observed rapid increase of capillary
suction because of water requirement of the inner pores can be seen in the intermediate period of
30 min to 2 h. Eventually a subsequent decrease of the capillary suction indicated for the longer periods
because of higher water content in the interior of the sample and the slow progressive participation
of the less accessible pores [28]. The rate of capillary water uptake of the LS-samples is lower in the
initial period compared to the LF-samples and tends to reach saturation after 6 days of test. The water
absorption coefficient is defined as equivalent to the slope of linear regression line of the initial period
of the graph which is selected from 0.5 min to 10 min (Figure 7). However, because of the higher
capillary suction in the intermediate period, the authors think that the water absorption coefficient of
the LF-sample should be mentioned over the period of time that ranges from 30 min to 2 h (Figure 8).
The water absorption coefficient of the untreated samples is 90.39, which decreased significantly by
97.49% when the samples are treated by Lukosil M130 (Table 2). On the other hand, it decreased
marked by 95.31% and 92.84% when the LF-sample considered in the initial and intermediate period,
respectively (Table 2). It is observed that capillary water uptake test revealed better waterproofing
ability of the LF-samples compared to test method of total water absorption, in which the samples
were immersed in water up to full saturation.
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Figure 6. Capillary water uptake for geopolymer foam composite with different service duration.
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Figure 7. Water uptake rate of the geopolymer foam samples at the first period of 0.5 min to 10 min: (a)

the untreated samples; (b) the LS-sample (red line) and the LF-sample (green line).

Table 2. Water absorption coefficient of geopolymer foam composites.

No. Sample Water Absorption Coefficient (g/m?/s%) Correlation Coefficient (R?)
Untreated 90.39 0.97
sample
(Initial) 4.24 0.98
LF-sample
(Intermediate) 6.47 0.99

LS-sample 2.27 0.99




Materials 2019, 12, 4162 9of 11

2,500

2,000

1,500 i

1,000

500 -

Intermediate water uptake rate (g/m?)

' I " 1 ' | " 1 ' | " 1 " | ' I "
0 50 100 150 200 250 300 350 400 450
Square root of time (sec"?)

Figure 8. Water uptake rate at the intermediate period of 30 min to 2 h of the LF-sample.
4. Conclusions

In the present research, the geopolymer foams were treated with two types of hydrophobic agent
at the age of 7 days after casting and their physical-mechanical properties such as flexural strength,
compressive strength, bulk density, water absorption capacity, and water absorption coefficient
were analyzed. Based on the experimental results achieved, the following conclusions are outlined:
The higher bulk density of the LS-sample revealed that the hydrophobic agent of Lukosil M130 filled
in the greater number of pores in the matrix leading to better physical-mechanical properties of
the geopolymer foam composite compared to that of Lukofob ELX. Moreover, using Lukosil M130
for impregnating samples also helps significantly in the improvement of mechanical strength of
geopolymer foams if they are reasonably cured at high temperatures.

The LF-samples indicate that their total water absorption capacity is much higher than that
of LS-sample. The LS-samples with water absorption capacity of 8.58% decreased significantly by
81.90%, while the LF-samples with this value of 35.49% decreased by 25.14%, compared to untreated
samples with value of 47.41%. However, under capillary water uptake test, the water absorption
coefficient of the LF-samples was quite good compared to that of the LS-samples. The untreated sample
obtained water absorption coefficient with 90.39 while this value was 6.47 and 2.27 for LF-sample,
LS sample, respectively.

Lukosil M130 has proved that it is an excellent hydrophobic agent for geopolymer foam as it is
applied by the impregnation method. The authors recommend that further work is required to find out
the optimal oven-dried regime (temperature and time) of the LS-sample which influences significantly
on their mechanical strength. Moreover, the preliminary results obtained in this work were tested at
the early-age impregnated samples. Therefore, the long-term performance of waterproof property of
geopolymer foam treated with Lukosil M130 and Lukofob ELX should be considered. On the other
hand, Lukofob ELX is considered as a hydrophobic agent with high environmental friendliness.
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