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ABBREVIATIONS

ADPF — abiotic depletion of fossil fuels
BA —bottom ash

BFA — biomass fly ash

Ca(OH); — calcium hydroxide

CAC - calcium aluminate cement
CaCOs3 — calcium carbonate

CT — curing time

EFC — Earth Friendly Concrete

FA —fly ash

FS — ferrochrome slag

GBFS — granulated blast furnace slag
GGBEFS - ground granulated blast furnace slag
GLSS — granulated lead smelter slag
GP — geopolymer

GPC — geopolymer concrete

IOT — iron ore tailing

KHFA — ultra-fine kaolite high-performance ash
KL — kaolin

LS — limestone

LWA - lightweight aggregate

M — molarity

MK - metakaolin

NaCl - sodium chloride

NaOH - sodium hydroxide

NS — Nano-silica

OPC — Ordinary Portland cement

PAN — polyacrylonitrile

PE — polyethylene

PET - polyethylene terephthalate
PCFA — powder coal fly ash

POFA — palm oil fuel ash

PP — polypropylene

PVA — polyvinyl alcohol

RHA —rice husk ash

SD —sawdust

SEM — scanning electron microscope
SF —silica fume

Si02/A1203 — silicon dioxide / aluminium oxide
SMF - silico-manganese fume

SSD — saturated surface dry



GENERAL DESCRIPTION OF THE THESIS

The aim of the work

. Evaluate mechanical and long-term properties of geopolymer composite reinforced
with different fibers in compression, tension and three-point bending.

. Determine fiber reinforced geopolymer composite long-term deformation influence
on microstructure in compression, tension and three-point bending.

Tasks

. Develop geopolymer composites that have their properties enhanced by:

a) polyvinyl alcohol fibers;

b) steel fibers;

¢) polypropylene fibers;

d) carbon fibers;

e) waste steel fibers from car tire recycling.

. Determine the developed composites’ properties:

a) compressive, tensile and bending strength;

b) creep and drying shrinkage.

. Develop a method for the long-term load application effect assessment on cement
composites in various stress-strain states.

. Determine possible links between the specimen cross-section microstructure
composition and the long-term deformations.

Scientific novelty

. A new methodology has been developed and patented for long-term property
determination in compression, tension and three-point bending for concrete and
cement composites.

. Patent application The Technique for Outside Effect Determination on Concrete and
Cement Composite Microstructure in Various Stress-Strain States has been
developed and filed.

. The effect of fiber reinforcement effect on geopolymer composite mechanical and
long-term properties has been tested and analysed.

. Long-term load effect on geopolymer composite microstructure in compression,
tension and three-point bending has been assessed.

Practical novelty

. A new method of long-term property determination in laboratory conditions has
been developed for concrete and cement composites that further leads to increased
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information about novel concrete and cement composites and their application in
civil engineering.

A patent was developed and filed for a new technique for outside effect
determination on concrete and cement composite microstructure in various stress-
strain states by testing polished section specimens in a scanning electron
microscope. It allows to increase information regarding long-term load application
effect on concrete and cement composite microstructure.

Compositions of geopolymer composites have been developed to whom mechanical
and long-term properties have been determined and can be used for structure
development for application in civil engineering.

Increased information is provided on fly ash-based geopolymer composite
mechanical and long-term properties and fiber reinforcement influence on their
long-term properties, thus increasing application of these composites in civil
engineering.

Structure of the Thesis

The Thesis is a summary of scientific publications focused on long-term and mechanical

property assessment of plain and fiber reinforced geopolymer composites and the determination

of long-term deformation effect on geopolymer composite microstructure.

Approbation and publications

The results of the Thesis have been published in 22 SCI journals and conference

proceedings (13 of them are published in conference proceedings and 2 are patents) and have

been presented in 15 international conferences.
List of papers

1.
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Proceedings. 13(1) 35.

Gailitis, R., Sprince, A., Kozlovskis, T., Pakrastins, L., Volkova, V. Impact of
Polypropylene, Steel, and PVA Fibre Reinforcement on Geopolymer Composite
Creep and Shrinkage Deformations. (2023) Journal of Physics: Conference Series,
2423 (1).

Radina, L., Sprince, A., Borodinecs, A., Pakrastins, L., Gailitis, R., Sakale, G.
Foamed Geopolymers: A Review of Recent Studies. (2023) Journal of Physics:
Conference Series, 2423 (1).

Gailitis, R., Pakrastins, L., Sprince, A., Radina, L., Sakale, G., Miernik, K. Different
Fiber Reinforcement Effect on Fly Ash Based Geopolymer Long-Term Deflection
in Three-Point Bending and Microstructure. (2022) Materials, 15 (23).

Pupure, L., Varna, J., Gailitis, R., Al-Maqdasi, Z., Pakrastins, L. Development of
Methodology for Experimental Parameter Identification for Inelastic 3D Material

9



10.

11.

12.

13.

14.

15.

16.

17.

Model (2022) ECCM 2022 — Proceedings of the 20th European Conference on
Composite Materials: Composites Meet Sustainability, 6, pp. 282-289.

Gailitis, R., Figiela, B., Abelkalns, K., Sprince, A., Sahmenko, G., Choinska, M.,
Guigou, M. D. Creep and shrinkage behaviour of disintegrated and non-
disintegrated cement mortar. (2021) Materials, 14 (24).

Sprince, A., Kozlovskis, T., Gailitis, R., Valivonis, J., Korniejenko, K., Castel, A.
Tensile creep of cement and concrete composites: Monitoring by means of 2D-
digital image correlation. (2021) Applied Sciences (Switzerland), 11 (18).

Kozub, B., Bazan, P., Gailitis, R., Korniejenko, K., Mierzwinski, D. Foamed
geopolymer composites with the addition of glass wool waste. (2021) Materials, 14
(17).

Gailitis, R., Sprince, A., Kozlovskis, T., Radina, L., Pakrastins, L., Vatin, N. Long-
term properties of different fiber reinforcement effect on fly ash-based geopolymer
composite. (2021) Crystals, 11 (7).

Sprince, A., Gailitis, R., Pakrastins, L., Kozlovskis, T., Vatin, N. Long-term
properties of cement mortar under compression, tension, and 3-point bending.
(2021) Magazine of Civil Engineering, 105 (5).

Gailitis, R., Sprince, A., Pakrastins, L., Bazan, P., Korniejenko, K. Plain and PVA
fibre-reinforced geopolymer compact tension specimen critical area surface
composition assessment. (2021) Vide. Tehnologija. Resursi — Environment,
Technology, Resources, 3, pp. 72—-77.

Gailitis, R., Sprince, A., Pakrastins, L., Korniejenko, K., Kozlovskis, T. Plain
Geopolymer Concrete Cross-Section Surface Analysis After Creep and Shrinkage
Tests in Compression and Tension. (2021) RILEM Book series, 31, pp. 13-24.
Gailitis, R., Sprince, A., Pakrastins, L., Korniejenko, K., Kozlovskis, T. Reinforced
and Plain Geopolymer Concrete Specimen Cross-section Composition Influence on
Creep Strains. (2021) Proceedings of 4th International RILEM conference on
Microstructure Related  Durability = of  Cementitious Composites
(Microdurability2020) (Indexation pending).

Gailitis, R., Korniejenko, K., Sprince, A., Pakrastins, L. Comparison of the long-
term properties of foamed concrete and geopolymer concrete in compression. (2020)
AIP Conference Proceedings, 2239.

Gailitis, R., Sliseris, J., Korniejenko, K., Mikuta, J., Lach, M., Pakrastins, L.,
Sprince, A. Long-Term Deformation Properties of a Carbon-Fiber-Reinforced
Alkali-Activated Cement Composite. (2020) Mechanics of Composite Materials, 56
(1), pp. 85-92.

Sprince, A., Pakrastins, L., Gailitis, R. Long-Term Parameters of New Cement
Composites. (2020) RILEM Book series, 24, pp. 85-94.

Gailitis, R., Korniejenko, K., Lach, M., Sliseris, J., Moran, J., Rodriguez, E.,
Mikuta, J. Mechanical Properties of Geopolymer Concretes Reinforced with Waste
Steel Fibers. (2019) IOP Conference Series: Materials Science and Engineering, 660

().

10



18.

19.

20.

Gailitis, R., Sprince, A., Pakrastins, L., Sahmenko, G., Kozlovskis, T. Drying
Shrinkage Deformation Comparison between Foam Concrete, Geopolymer
Concrete, Disintegrated, and Non-disintegrated Cement Mortar. (2019) IOP
Conference Series: Materials Science and Engineering, 660 (1).

Gailitis, R., Sprince, A., Pakrastins, L., Shakhmenko, G., Kozlovskis, T., Radina,
L. Long-Term Properties of Foamed Concrete. (2019) Proceeding of 13th
International Conference Modern Building Materials, Structures and Techniques
(MBMST 2019) (Indexation pending).

Gailitis, R., Sprince, A., Pakrastins, L., Shakhmenko, G., Kozlovskis, T.
Comparison of the long-term properties in compression of different size foamed
concrete (2019) Vide. Tehnologija. Resursi — Environment. Technology. Resources,
3, pp. 41-44.

National patents

1.

Sprince, A., Pakrastins, L., Radina, L., Gailitis, R., Kozlovskis T. Panémiens betona
un cementa kompozitu ilglaicigo TpaSibu noteikSanai dazados sprieguma stavoklos/
Method for Determination of Long-Term Properties of Concrete and Cement
Composites in Various Stress Conditions/ Latvian patent No. 15659B.

Gailitis, R., Sprince, A., Pakrastins, L. Panemiens ar&jo iedarbju ietekmes
noteikSanai uz betonu un cementa kompozitmaterialu mikrostruktiiru dazados
sprieguma stavoklos/ Technique for Outside Effect Determination on Concrete and
Cement Composite Microstructure in Various Stress-Strain States/ Latvian patent
application No. LVP2023000039 (Filed for patent).

Results of the research were presented at the following conferences

1.

10th Scientific-Technical Conference on Material Problems in Civil Engineering
MatBud’2023, Cracow, Poland, 19-21 April 2023.
Sth International Conference on Innovative Materials, Structures and Technologies,
IMST 2022, Riga, Latvia, 28-30 September 2022.

. 2022 Global Conference on Polymers, Plastics and Composites (PPC2022),

Budapest, Hungary, March 21-22, 2022.

RTU 62. starptautiska zinatniska konference apakssekcija “Biivnieciba”, tieSsaiste,
28. oktobris 2021.

World Symposium on Mechanical-Materials Engineering &  Science
(WMMES2021) Prague, Czech Republic, 9-11 September 2021.

13th International Scientific and Practical Conference. Environment. Technology.
Resources, online, 17-18 June 2021.

The Biot-Bazant Conference on Engineering Mechanics and Physics of Porous
Materials (A One-time Fusion of Concreep and the Biot Conference on
Poromechanics), online, 1-3 June 2021.

4th International RILEM conference on Microstructure Related Durability of
Cementitious Composites (Microdurability2020), online, 29 April — 25 May 2021.
International RILEM Conference on Early-age and Long-term Cracking in RC
Structures (CRC2021), online, 9-10 April 2021.

11



10. RTU 61. starptautiska zinatniska konference apakssekcija “Biivnieciba”, tieSsaiste,
22. Oktobris, 2020.
11. Ist International Scientific Conference Advanced Construction and Architecture
2020 (ACA2020), online, 23-25 September 2020.
12. 4th International Conference on Innovative Materials, Structures and Technologies,
IMST 2019, Riga, Latvia, 25-27 September 2019.
13. 4th Polish Congress of Mechanics, PCM 2019 and the 23rd International
Conference on Computer Methods in Mechanics, CMM 2019, Cracow, Poland, 8—
12 September 2019.
14. 12th International Scientific and Practical Conference “Environment. Technology.
Resources”, RTA, Rezekne, June 20-22, 2019 (Plenary Session).
15. 13th International Conference “Modern Building Materials, Structures and
Techniques”, Vilnius, Lithuania, May 16-17, 2019.
Declaration of the authorship for the papers
Rihards Gailttis has conducted a major part of the experimental work, evaluated the results,
and written all of the appended papers and Patent I1. In general, the co-authors contributed with
experiment planning, provision of materials, SEM internship arranging, specific specimen
preparation, and constructive criticism/advice on the obtained results and their representation
in the publications, which further increased the scientific quality of the publications.

Paper | Reference Corresponding | R. Gailitis’ contribution

No. author

Paper | Gailitis, R., Korniejenko, K., | R. Gailitis 95% of the mechanical

1 Lach, M., Sliseris, J., Moran, property testing and
J., Rodriguez, E., Mikuta, J. evaluation, test result
Mechanical ~ Properties  of formatting and assessment,
Geopolymer Concretes manuscript preparation.
Reinforced with Waste Steel
Fibers. (2019) 10P

Conference Series: Materials
Science and Engineering, 660
(1), art. no. 012007, Open
Access, SNIP 0.344.

Paper | Gailitis, R., Sliseris, J., | R. Gailitis 95 % of specimen preparation

11 Korniejenko, K., Mikuta, J., for the long-term and
Lach, M., Pakrastins, L., mechanical property tests and
Sprince, A.  Long-Term the tests, result evaluation
Deformation Properties of a preparation of the manuscript,
Carbon-Fiber-Reinforced and structure of SEM micro
Alkali-Activated Cement analysis.

Composite. (2020) Mechanics

12



of Composite Materials, 56
(1), pp. 85-92, SNIP 0.832.

Paper | Gailitis, R., Sprince, A., | R. Gailitis Preparation of the geopolymer

I Kozlovskis, T., Radina, L., composite specimens, 80 % of
Pakrastins, L., Vatin, N. the experimental work that
Long-term  Properties  of includes their adaptation to
Different Fiber creep and shrinkage tests, all
Reinforcement Effect on Fly the  mechanical property
Ash-based Geopolymer assessment, creep and
Composite. (2021) Crystals, shrinkage test result
11 (7), art. no. 760, Open assessments, result
Access, SNIP 0.821. formatting, and manuscript

preparation and revision.

Paper | Gailitis, R., Sprince, A., | R. Gailitis Specimen preparation, 85 %

v Pakrastins, L., Korniejenko, of the long-term testing,
K., Kozlovskis, T. Reinforced development, and adaptation
and  Plain  Geopolymer of microstructure specimen
Concrete Specimen Cross- preparation and investigation,
section Composition and further specimen
Influence on Creep Strains. investigation with SEM and
(2021) Proceedings of 4th result quantitative analysis,
International RILEM preparation, and presentation
Conference on Microstructure of the scientific paper and
Related Durability of findings.
Cementitious Composites
(Microdurability2020), Open
Access.

Paper | Gailitis, R., Sprince, A., | R. Gailitis The specimen preparation,

A% Pakrastins, L., Korniejenko, 65% of the long-term

K., Kozlovskis, T. Plain
Geopolymer Concrete Cross-
Section Surface  Analysis
After Creep and Shrinkage
Tests in Compression and
Tension (2021) RILEM Book
series, 31, pp. 13-24. SNIP

0.320.

mechanical property testing,

mechanical property
assessment and creep and
shrinkage test result
assessment, the polished

section  preparation  and
analysis specifically adapted
for the geopolymer composite
purposes,
formatting, and manuscript

testing result

preparation and revision.

13




Paper | Gailitis, R., Sprince, A., | R. Gailitis 80% of the specimen
VI Pakrastins, L., Bazan, P., preparation, 80 % of the
Korniejenko, K. Plain and testing of the long-term
PVA Fibre-reinforced properties, 100% of the
Geopolymer Compact microstructure tests,
Tension Specimen Critical preparation of the manuscript,
Area Surface Composition revision, and presenting in the
Assessment.  (2021) Vide. conference.
Tehnologija. Resursi/
Environment.  Technology.
Resources, 3, pp. 72-77, Open
Access.
Paper | Gailitis, R., Pakrastins, L., | R. Gailitis 100 % of the specimen
VII Sprince, A., Radina, L., preparation, 60 % of the
Sakale, G., Miernik, K. specimen long-term testing,
Different Fiber 100 % of the microstructure
Reinforcement Effect on Fly- specimen preparation and
Ash Based Geopolymer Long- testing, and 100 % of the
Term Deflection in Three- manuscript preparation and all
Point Bending and the revision cycles.
Microstructure (2022)
Materials, 15 (23), Open
Access, SNIP 1.137.
Patent | Sprince, A., Pakrastins, L., | A. Sprince Testing in the laboratory
1 Radina, L., Gailitis, R., environment for  method
Kozlovskis, T., Panp@miens validation of the developed
betona un cementa kompozitu methods for  long-term
ilglaicigo ipasibu noteiksanai property  determination in
dazados sprieguma stavoklos/ compression, tension, and 3-
Method for Determination of point bending of the cement
Long-Term Properties of composites.
Concrete and Cement
Composites in Various Stress
Conditions/ Latvian patent
No. 15659B.
Patent | Gailitis, R., Sprince, A., | R. Gailitis R. Gailitis developed the
1I Pakrastins, L. Panémiens methods for polished section
argjo  iedarbju  ietekmes preparation and  surface
noteikSanai uz betonu un analysis and  assessment
cementa kompozitmaterialu procedures of specimens that
mikrostruktiiru dazados have been subject to long-term
sprieguma stavoklos/ testing. Also, methodology

14




Technique for Outside Effect
Determination on Concrete
and Cement Composite
Microstructure in  Various
Stress-Strain States/ Latvian
patent application No.
LVP2023000039

has been tested, and the results
were published in conference
proceedings as well as full-
text publications. He prepared
the patent application together
with  the RTU  patent
specialist.

15




Thesis to defend

1.

Polypropylene fiber with an amount of 1-5 % and 5 % waste steel cord fiber
incorporation into the geopolymer matrix reduces creep in compression, and 1 %
steel fiber incorporation reduces creep in three-point bending in contrast to creep
exhibited of the plain geopolymer specimens. In the cases of 1 % carbon fiber or
1 % steel fiber incorporation for creep in compression, 1 % PVA fiber incorporation
for specimens tested in tension and 0.5 % PVA/0.5 % steel, and 1 % PVA fiber
introduction for specimens tested in three-point bending raises creep strains. This is
mainly due to the significantly higher specific surface area of polypropylene fibers
and bonding properties between the geopolymer matrix and steel fibers.

Fiber incorporation into geopolymer composite does reduce shrinkage strains only
in the cases of 1-5 % polypropylene fiber, 1 % steel fiber, and 5 % waste steel cord
fiber incorporation in compression and 1 % polyvinyl alcohol fiber introduction in
tension. By adding 1 % carbon fibers, shrinkage is not reduced significantly. This is
because of increased air entrapment due to fiber incorporation and increased micro
crack amount in the specimen.

Developed and validated new methodology “Method for Determining the Long-
Term Properties of Concrete and Cement Composites in Various Stress-strain
Conditions” No. 15659B.

Developed and validated a new methodology “Technique for Outside Effect
Determination on Concrete and Cement Composite Microstructure in Various
Stress-Strain States”, No. LVP2023000039.

As a result of the creep specimen, tested in a linear state, and shrinkage specimen
microstructure analysis, it is determined that in tension, micro cracks have a
significant influence on long-term properties. The amount of them in creep and
shrinkage specimens is similar. The same results are visible in specimens subjected
to three-point bending. For the specimens meant for long-term testing in
compression, micro cracks have not been discovered. The amount of micro cracks
differs due to the specimen surface area and size differences.
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1. INTRODUCTION

Ordinary Portland cement (OPC) is used as a common binder in most of the conventional
concrete structures. The buildings and infrastructure made from concrete have been safe and
durable. Furthermore, properties and their development for regular OPC-based concrete are
well known [1]. This makes the demand for OPC high, and it is expected to rise in the coming
years due to rapid urbanization and the high demand for residential units [2]. Annual OPC
production in the next 30-year period is expected to increase by 50 % [3], [4]. Despite all the
advantages that OPC provides, the biggest drawback is OPC’s energy intensity that further
means high CO; emissions during the manufacturing process.

Carbon dioxide and other polluters are the main cause of global warming. In Fig. 1, where
CO; emissions worldwide are presented, it is visible that the main source of CO> emissions
from a usage perspective is energy production, which produces twice as much CO; than
industry. If we compare each country’s contribution to CO; emission, we see that the biggest
pollutant is China, that emits 1/3 greater amount of CO> than the USA and nearly twice as much
as EU. The United States Geological Survey (see Fig. 2) shows unbalanced OPC production in
the world. The largest producers are based in Eastern Asia [5].

H Residential, 6 % ® Energy, 42 % ® China, 30 % u Other HICs, 8 %
= Other transport, 6 % * Road transport, 16 % mUSA,19% Russia, 7 %
= Industries, 20 % m Other sectors, 10 % mEU. 16 % ®India, 7 %

m Other MICs, 11 % ® Japan, 4 %

16 %

7% _ 7%

4%

(a) (b)
Fig. 1. CO2 emissions worldwide (a); by sectors (b) by countries [6].

17



H China, 58 % ® Indonesia, 2 % mKorea, 1 % Turkey, 2 %

B Brazil, 1 % HEgypt. 1 % Elran, 1 % B Russia, 1 %
® Vietnam, 2 % ® India, 7 % ® Japan, 1% m Saudi Arabia, 1%
m United States, 2 % Other Countries, 18 %

2%
1%
— 2%
20 N 1%
1% = 1% — 2%/ 1%-1% 1%

Fig. 2. OPC production around the world [5].

Depending on the source, the cement production contribution to CO2 emission is reported
to be 5-30 %. In [7], it was reported that cement production contributes 5 % of all CO2
emissions, others estimated that cement clinker production was responsible for 8 % of the world
CO; emissions in 2017 [8], [9] that dropped to 4 % in 2019 [10]. Others claim that all in all,
concrete production is responsible for up to 30 % of all CO, emissions [11].

The calcination process and raw material burning are pointed out as the main sources of
greenhouse gas emission sources [12], [13]. Emission amounts of CO; are alarming, and recent
reductions in them are mainly caused by the COVID-19 pandemic and further disruption in
worldwide supply chains not by demand reduction or novel material application introduction
in the building environment. Therefore, it is a high priority to take measures and drastically
reduce CO: emissions, taking meaningful actions when choosing building materials.

CO> emissions from the production of concrete and OPC can be reduced by different
approaches:

e cement replacement by secondary raw materials and/or secondary cementitious
materials;

e use of alternative fuel and energy resources in clinker cement production;

e use of alternative binders in the manufacturing of cement;

e changes in manufacturing processes and techniques [14].

One of the possible solutions is geopolymeric material that can be produced from recycled
materials such as fly ash, silica fume, various slags, meta-kaolin, and others that would totally
or in part replace the cement in concrete [15], [16]. It is known that alkali activated concrete
has up to 60 % lower energy consumption than the Portland cement concrete [17]. Furthermore,
it is claimed that geopolymer composites have the same or even better mechanical properties
than OPC composites. Even though a lot of research for the purposes of geopolymer wider
commercial application has been done, there is a need for more investigations on long-term
behavior and durability [18]. It has been determined that geopolymer composites have higher
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shrinkage while polymerized as well as the creep values in elevated temperatures and other
specific situations [19]-[27]. But there is a lack of information about the creep and shrinkage
properties of the polymerized geopolymer composite elements, and it is not known if they have
similar long-term property decrease as the OPC based composites.
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2. GEOPOLYMER COMPOSITES

In 1978, a new reaction of solid aluminosilicate with alkali solution was found by
Davidovits to produce a geopolymer (GP). Geopolymer is a binder that is created in the reaction
of aluminium oxide (Al,03) and silicon dioxide (SiO). This binder, in its basic form, has a low
Ca amount, unlike OPC. This binder has a tetrahedral framework that is connected with long-
range covalent bonds [28]. It has been found that the efficiency and rate of GP forming are
greatly affected by hydroxide or hydroxide base plus silicate [29]. To this day, various silicate
and aluminate silicate materials have been used to create GPs, for instance, red mud, rice husk
ash, ground granulated blast furnace slag, fly ash, and metakaolin [30]-[32].

In the literature regarding geopolymer it is claimed that in most cases, geopolymer
composites show the same or superior properties as the OPC based composites. General
property differences between geopolymer concrete and ordinary Portland cement are shown in
Table 1.

Table 1

Differences in the Properties of GPC and OPC [1], [33]-[41]

Properties Geopolymer | Ordinary Portland | Comments
concrete cement concrete

Compressive Higher Lower At an early age. GPC gains higher strength compared

strength to OPC. The main factors influencing GPC strength are
aluminosilicate source, type of activator, curing
conditions and length, and reactivity of the precursors

Water Moderate Slightly lower Internal porosity in the GPC matrix slightly increases

absorption its water absorption in contrast to OPC

Setting time Faster Slower In general, GPC is considered to have a short setting
time, but unlike the OPC setting time, it is more
affected by the factors such as activator type, source
material properties, and exposure to temperature

Shrinkage Moderate Lower Curing conditions and the mixture’s moisture content
affect shrinkage-related crack development to GPC

Tensile strength | Higher Lower GPC shows higher tensile strength and compressive
strength

Durability Higher Lower Presence of silicate and alumina products provides
better durability of GPC

Resistance  to | Higher Lower resistance | Alumino-silicates in GPC contribute to better acid

acids resistance resistance than in OPC

Fire resistance Typically, Limited Due to its chemical composition, GPC degrades less in

higher fire, while OPC shows less fire resistance

Freezing  and | Less More susceptible | GPC shows greater resistance to aggressive

thawing cycles | susceptible environments and to rapid temperature changes in the
environment

CO; emissions | Low High Overall, GPC poses smaller potential CO, emissions
than OPC during the life cycle

Porosity Moderate Lower GPC shows a greater number of pores in the cross-
section

Insulating Higher Limited Depending on the curing condition, precursor and

properties activator types of GPC show better insulating
properties than OPC
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In the next sections, geopolymer properties and its microstructure and environmental
influence will be discussed. In the subsections, geopolymer constituents, properties,
microstructure, and its influence and life cycle assessment will be discussed in detail.

2.1.Constituents

2.1.1. Aluminosilicates
Aluminosilicates, or in other words, materials that are composed of aluminium, silicone,
and oxygen, are the base constituent of GP materials. They are sourced from waste utilization
and are indispensable in making the GP matrix. Fly ash (FA) is a primarily used waste product
for manufacturing GP. Other aluminosilicate sources and individuals in combination with each
other and as standalone aluminosilicates have also been reported. The aluminosilicate materials
as well as additives for the creation of GPs are shown in Table 2.

Table 2

Aluminosilicates as Source Materials for Geopolymer Composites [42]

Type Abbreviation
(a) Aluminosilicate as source material

Fly ash FA
Bottom ash BA
Granulated blast furnace slag GBFS
Metakaolin MK
Natural zeolites

Kaolin KL
Palm oil fuel ash POFA
Granulated lead smelter slag GLSS
Rice husk ash RHA
Ferrochrome slag FS
Ultra-fine kaolite high-performance ash KHFA
Biomass fly ash BFA
Silico-manganese fume SMF
(b) Additives as source material

Calcium aluminate cement CAC
Nano-silica NS
Calcium hydroxide Ca(OH),
Ordinary Portland cement OPC
Silica fume SF

2.1.1.1.  Fly ash
Fly ash is generated during the burning process by industries that consume coal as an energy
source or manufacturing ingredients. Mainly, these are power plants and metallurgic plants.
The scheme of coal power plant operating, where fly ash is obtained, is shown in Fig. 3.
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Fig. 3. Coal power plant’s operational scheme [43].

For power plant application, the coal is crushed and introduced into the ignition chamber
together with air. Here the crushed coal combusts generating heat and molten minerals. Boiler
tubes remove all the heat from the kiln. As a result, fuel gas gets cooler and mineral residue
hardens and forms ash. Coarse ash drops to the bottom of the ignition chamber and is further
characterized as slag. Fly ash particles are retained in the fuel gas. As the gas rises, fly ash
particles are captured in electrostatic precipitators or fabric filters that are placed for particle
emission requirements.

Fly ash contains Al203 and SiO: that are key ingredients to form cementitious substances.
Fly ash reacts with lime Ca(OH): in the presence of water to form compounds identical to
cement. Its usage in concrete has a significant effect, and it is found that it has high potential as
a supportive material to GP. Fly ash containing concrete has greater strength and is more
durable as compared to conventional concrete. By using fly ash, the cost of concrete is reduced
and sulphate resistance is increased [44].

Using fly ash, landfill areas can be conserved and even reduced, water consumption and
energy needs reduced, and greenhouse gas emissions minimized. Using fly ash, the needed
amount of OPC is reduced and therefore CO; emissions are greatly reduced as well. Per ton fly
ash used the CO; emissions are reduced by a ton. Utilizing a whole year’s supply of fly ash in
concrete is equivalent to 25 % disposal of CO» released by vehicles worldwide [45].

In the author’s research, described in Papers I-VII [46]-[52], fly ash from the coal power
plant located in Skawina, Poland, was used. It was determined that this fly ash is particularly
suitable for geopolymer due to high SiO; (47.81 %) and Al,O;3 (22.80 %) content.

2.1.2. Reinforcement

In field practice, fibers are added to concrete to reduce or even altogether avoid early age

cracking caused by shrinkage creep. Fibers also increase the concrete’s tensile strength and
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crack resistance in the later stages of its life [53]. Often the material properties of fibers are
more dominant than the binder properties in altering the performance of fiber reinforced
geopolymer composite [54]. A good example is poly-propylene fibers that regardless of the
binder type (OPC- based or geopolymer) would show weak binder and fiber interaction that
further contributes to reduced compressive strength of the composite [55]-[59]. The physical
and mechanical properties of the fibers used as reinforcement are compiled in Table 3.
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Reinforcement Fiber’s Physical and Mechanical Properties [60]-[65]

Table 3

Material category Density Tensile Modulus of | Ultimate
(g/em?) strength elasticity elongation
(MPa) (GPa) (%)
Metallic Steel 7.65-7.85 345-2850 200-210 0.5-3.5
Carbon Synthetic PAN 1.8-1.9 2500-7000 250-500 0.6-2.5
based Rayon 1.4-1.7 500-1500 35-60 2.5
Mesophase 1.6-2.2 1500-3500 200-900 0.3-0.9
patch
Graphene 130000 1000
Carbon 11000— 1000-1800
nanotube 63000
Polyvinyl 1.2-13 800-2500 29-42 5.7-7
alcohol
Polypropylene | 0.9-0.95 240-760 1.5-10 15-80
Polyethylene | 0.92-0.97 80-3500 5-113 3-100
Aramid 1.38-1.47 2300-3500 63-120 2-4.5
Acrylic 1.16-1.18 270-1000 13.8-19.3
Polyethylene 1.3-14 420-450 3.1-10 11.2
terephthalate
Polyester 1.22-1.38 580-1100 15 35.0
Nylon 1.13-1.41 440-1000 4.1-5.2 16-20
Natural Jute 1.3-1.5 250-350 26-32 1.5-1.9
Sisal 1.34-1.45 280-750 13-26 3.0-5.0
Coconut 0.87-1.4 120-200 19-26 10.0-25.0
Bamboo 0.6-1.1 140-800 11-32 2.5-3.7
Cotton 1.5-1.6 390-600 5.8-11 6.0-10.0
Palm 1.3-1.46 21-60 0.6
Wool 1.3 160 3.5
Hemp 1.4-1.5 270-900 23.5-90 1-3.5
Kenaf 1.4 223-930 14.5-53 1.5-2.7
Coir 1.15-1.46 95-230 2.8-6 15-51.4
Banana 1.4 500 12.0 1.5-9
Flax fabric 1.5 500-1500 50-70
Bagasse 1.3 222-290 17-27 1.1
Abaca 1.5 400-980 6.2-20 1-10
Inorganic E-glass 2.5-2.62 3100-3800 72.4 4.8
S-glass 2.46-2.49 40204650 86.9 5.4
C-glass 2.6 3310 69 4.8
AR-glass 2.7 3240 73 4.4
Basalt 2.65-2.80 30004840 89-110 3.00-3.15
Asbestos 2.55 620 160
Alumina 3.3-3.95 1700-2000 300-380 0.4
Alumina- 34 1590-2550 200-248 0.8-1
silica
Silicone 25004800 195-300
Nitride
Silicone 2.5-2.7 2200-3450 221-250
Carbide
Boron nitride | 7.65-7.85 2100 345

In further subsections, the most commonly industrially used fibers are described.
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2.1.2.1.  Steel fibers

Steel fibers are used mainly due to their high mechanical strength, flexibility and
availability. According to ASTM A820-16 steel fibers can be arranged into 5 groups depending
on their usage and purposes. They are: (1) pieces of smooth or deformed cold-draw wire; (2)
smooth or deformed cut sheet; (3) melt-extracted; (4) mill cut; and (5) modified cold-drawn
wire steel fibers. These fibers have a wide range of tensile strength (310-2850 MPa) and
ultimate elongation (0.5-3.5 %) that differs according to the material and fabrication process
[66]-[68].

The main disadvantage of steel fiber application is corrosion. To limit the corrosion’s effect,
mainly two solutions are applied: (1) usage of stainless steel alloys, for example, austenitic,
ferritic, martensitic, duplex, and precipitation hardenable steels [69], or (2) sacrificial coating
on fibers like copper and zinc [70], [71].

In Papers I, I11, IV, and VII [46], [48], [49], [52], steel fibers were used. In Papers I and
IV [46], [49], waste steel fibers from car tyre recycling were used. As steel chords from tyres
are not useful for metallurgical application, they mostly end up in the landfill. In specimen
preparation, it was observed that due to the different chord cross-section dimensions and length,
it was hard or, in the case of cylindrical specimen preparation, nearly impossible to incorporate
tyre chords into the geopolymer composition while mixing, like for regular steel fiber
reinforcement. Therefore, a more suitable way of incorporation of waste steel fiber
reinforcement is putting it into the mold and then fill and vibrate the matrix into it. In Papers
IIT and VII [48], [52], steel fibers La Gramigna gold (0.3 x 20 mm) were used. It was observed
that low amounts of steel fiber addition do not significantly affect geopolymer composite
flowability and consistency.

2.1.2.2.  Inorganic fibers

Inorganic fibers consist of a mixture of silica and alumina. Those fibers have a high melting
point that makes them suitable for thermal application. These fibers have low cost, high tensile
strength and chemical stability, and good insulating properties [60]. Silica fibers,
aluminosilicate, alumina fibers, and basalt fibers are the most widely used inorganic fibers.

2.1.2.3.  Carbon fibers

Reinforcement fibers, known for having the highest specific strength and lightness, are
carbon fibers. Carbon fibers show outstanding tensile strength and modulus at high
temperatures, chemical and thermal stability, low thermal expansion, and high electrical and
thermal conductivity. Also, carbon fibers show good elastic properties that are not affected by
fatigue deformations while loading and unloading are happening. According to fiber geometric
characteristics, they can be divided into two groups: (1) fibers that are continuous in length and
(2) carbon nanofibers [72], [73].

In Paper II, mechanical and long-term properties of carbon fiber reinforced geopolymer
specimens were examined [47]. It was observed that 1% of carbon fiber reinforcement
introduction into the matrix slightly increases thickness of the geopolymer composite but does
not significantly affect its flowability.
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2.1.2.4. Polymeric fibers

As it is known, polymers are long chains of repeating monomers. They are held together
through strong intermolecular bonds [74]. Depending on the chain order, polymers are divided
into crystalline (over 80 % crystallinity), semi-crystalline (crystallinity between 10 % and
80 %), and amorphous (crystallinity is less than 10 %) polymers [64], [75]. When crystallinity
is increased it also can enhance the polymer’s mechanical properties, rigidity, environmental
stability, and surface roughness. Based on the source material and the specifics of the
production process, polymer fibers can be categorized as synthetic or natural.

Synthetic polymer fibers can be manufactured from raw material or recycled plastic waste.
It has been claimed that the usage of recycled fibers in construction is a good solution for such
widely used plastic disposal as polyethylene terephthalate (PET) and polypropylene (PP) [74].
For reinforcement of cementitious materials, the most widely used fibers are based on PP,
polyvinyl alcohol (PVA), polyethylene (PE), and PET [76]. The main advantages of PP fibers
are low cost, inert characteristics at high pH environment of the cement composite, ability to
control plastic shrinkage-caused cracking in the concrete, and easy dispersion [77]. The
downside for these fibers are low thermal resistance, low modulus of elasticity, and poor
interfacial contact with cementitious matrixes due to their inherent hydrophobic characteristics
[59], [78]-[80]. PET has similar mechanical properties as PP and nylon fibers. In contrast to
previously mentioned fibers, PET fiber manufacturing is more cost effective and
environmentally friendly. Recent developments in PET bottle recycling to produce PET fibers
show promise for the construction industry [81]. The PVA fibers have higher tensile strength
and modulus of elasticity than the abovementioned fibers. Those fibers also show stronger
chemical bonding with cementitious matrix due to hydroxyl groups in its molecular chains [82],
[83].

In Papers III, 1V, and VII, PP and PVA fiber reinforced geopolymer composite’s
mechanical and long-term properties are researched [48], [49], [52].

2.1.2.5. Natural fibers

It is considered that jute, hemp, kenaf, bagasse and sisal are natural fibers. These fibers are
common, widely available, and have low price. Furthermore, they have low density, reduced
thermal conductivity, and good mechanical properties. The main drawbacks of these fibers are
their low durability. At high fiber concentration, fibers significantly reduce the workability of
the mix, and are the cause of inconsistent material properties and poor bonding/interaction with
matrix [84]-[86].

2.2.Geopolymer composite properties

2.2.1. Mechanical properties
One of the most important and preliminary defining property of concrete is compressive
strength. High initial compressive strength is of immense importance for construction materials.
Therefore, flexural strength, tensile strength, and modulus of elasticity are closely linked with
compressive strength. Mechanical properties are greatly affected by the properties of the
utilized source material. It has been found that the compressive strength of GPC is significantly
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influenced by the composition of the mix, the surface area, and particle shape of the fly ash
[87]. The strength of GP composites is affected by many factors. The main factors are calcium
content, molarity of alkali solution (NaOH, KOH), binder/aggregate ratio, solution/binder ratio,
and silicate/hydroxide ratio. Furthermore, the development of strength is equally affected by
the source material’s properties, curing conditions, and filler particle size distribution [88]. It
has been reported that heat cured fly ash-based GP composite achieves its complete
compressive strength within one day. Other reports say that nearly 90 % of compressive
strength can be achieved within a couple of hours if it is cured at temperatures around 80 °C to
90 °C. In Paper II, the geopolymer composite modulus of elasticity development was evaluated
throughout the testing time. The specimens were polymerized for 24 hours at 75 °C. The alkali
solution had 12 mol concentration. It was determined that as the tested specimens’ age was 28
days, the modulus of elasticity from the 28th day till the 62nd day on average increased by
0.8 % each day and dropped the development to 0.4 % per day from the 62nd till the 150th day.
Furthermore, the compressive strength had increased by 7 % and 27 % (for plain and carbon
fiber reinforced specimens, respectively) from the beginning of the tests till the end. It was also
determined that if the geopolymer specimen is subjected to water saturation for 24 hours, then
its compressive strength decreases significantly. Compressive strength decreased by 2.2 % for
plain specimens and 14.3 % to 35.1 % for carbon fiber reinforced specimens [47]. The strength
development of GPC cured in ambient temperature is very close to OPC strength development.
Nevertheless, all of the curing conditions result in long-term strength, and the additional heat
to ambient temperature just speeds up the strength development and achieving of ultimate
compressive strength for the specific GPC mix.

Some researchers have found that using 8-12M NaOH activation solutions and curing
samples at 85 °C for 1 day results in specimens showing compressive strength from 35 MPa to
40 MPa. The compressive strength can be significantly increased if sodium silicate is added to
NaOH (Si02/Na;O = 1.23), reaching up to 90 MPa [89]. In Papers IV and V, the compressive
strength values for the cylindrical specimens, made using 10M NaOH solution and cured for
24 hours in 75 °C, were from 30.37MPa to 36.33 MPa for plain specimens and 44.52 MPa for
waste steel cord reinforced specimens [49], [50]. With the same NaOH solution and curing
conditions, in Paper III, the compressive strength at the age of 28 days is 52.5 MPa, 55.1 MPa,
33.9 MPa, and 48.4 MPa for plain geopolymer composite, geopolymer composite with 1 % and
5 % PP fiber reinforcement and 1 % steel fiber reinforcement, respectively [48]. Specimens,
made with the 12M NaOH solution, at the age of 28 days showed 48.16 MPa and 45.48 MPa
for specimens with 1 % carbon fiber and without them (see Paper II). The curing procedure
for these specimens was done for 24 hours at 75 °C [47]. The cubic geopolymer composite
specimens mentioned in Paper I exhibit compressive strength values of 113.97 MPa,
81.07 MPa, and 85.2 MPa for 3.5 %, 2 % steel cord reinforced and plain geopolymer
composites. These specimens were made using 10M NaOH solution. They were cured for 24
hours at 75 °C [46].

Water/binder ratio also plays a significant role in GPC compressive strength. It has been
found that in order to gain the maximum compressive strength of fly ash-based GP composite,
the optimal SiO2/Al>03 ratio has to be 15.9 [90]. It was also found that compressive strength
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was affected by the molarity of the activation solution. An increase was observed in
compressive strength after 7, 14, 28 and 56 days when using 12—14 M activation solutions. The
decrease in compressive strength was observed using activation solutions with molarities of
14 M and higher. The relations are showed in Fig. 4 [91].
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Fig. 4. Geopolymer mortar’s compressive strength according to curing days, sodium
hydroxide concentration, and sand/binder ratio [91].

In the early days of the GP composite research, tests were done with GP based on kaolinite,
fly ash, NaOH, water and sodium silica mix. It was found that compressive strength was

affected not only by the curing time but also by the curing temperature. Specimens cured at 60
°C for 48 hours had the highest strength (see Fig. 5) [92].
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Fig. 5. Compressive strength development of fly ash-based geopolymer composite cured

at different temperatures [92].

In Table 4, the important effect of variable parts on compressive strength on paste, mortar

and concrete are summarized.
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Table 4

Geopolymer Composite’s Compressive Strength Variation Due to Different Variables [42]

Category | Source materials | Molarity | ¢ (°C) Curing time (h) | Compressive
strength (MPa)
Paste FA 12 70 24 65.0
Fluidized  bed 10 40 24 72.0
FA-MK
FA and SD 10 40 24 67.0
RHA and WTS 10 60 24 24.0
FA and coir 8 75 24 31.4
fiber
FA-MK- 10 20 24 52.0
Sepiolite
FA and POFA 14 65 48 72.7
Nano TiO: in 10 40 72 77.0
fluidized  bed
FA-MK
FA and IOT 10 7 thermal N/A 36.0
cycles at
200
Mortar MK with CG N/A 22 24 97.0
GGBFS, MK 14 65 24 47.9
and RHA
FA 16 65 24 56.0
FA 14 75 22 80.0
Concrete | FA 12 75 24 62.3
FA 15 80 24 48.7
FA 16 60 24 53.6
FA 14 25 24 34.3
BA 14 25 24 0.6
FA and BA 14 25 24 8.4
FA 14 46 24 42.5
FA 14 46 24 40.6
FA and LWA 12 70 24 17.0
FA and KL 14 100 72 54.0
FA and SF 14 100 72 51.2
FA and nano- 12 25 24 46.4
silica
FA and nano- 8 80 24 47.0
silica
FA and LS 8 60 24 32.0
FA and GGBFS 12 75 18 53.2
FA with SSD 8 60 24 62.0
FA, POFA, and 14 65 48 30.1
OPS
PCFA, GGBFS, 3 20 24 9.0
and LWA
POFA, MK, 14 65 48 31.9
OPS, and steel
fiber
POFA, GGBFS, 14 65 24 41.5
and MK

As for the tensile strength of geopolymer composites, in Papers V and VI, plain and 1 %

PVA fiber reinforced specimens achieved 5.13 MPa and 4.95 MPa. These specimens were
made using a 10 M NaOH solution and were cured at 75 °C for 24 hours [49], [51].
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Regarding fly ash-based geopolymer bending strength with and without various fibers,
similar as in Paper VII [52], plain and polymer fiber reinforced specimens show the best
bending strength in contrast to specimens reinforced with low amount of steel fibers or with the
combination of steel and PVA fibers. The bending strength for plain GP is 8.07 MPa and is
followed by the 1 %PVA fiber, 0.5 % PVA/0.5 %steel fiber, and 1 % steel fiber reinforced
specimens with a bending strength of 7.32 MPa, 6.93 MPa, and 6.20 MPa, respectively.
Previously mentioned GP compositions with the best initial bending strength also have the
largest deterioration of bending strength throughout the long-term deflection test. For the plain
and 1 % PVA fiber reinforced, the flexural strength deterioration after the long-term test is 13 %
and 15.15 %, respectively. For the remaining composites the reduction of bending strength is
less than 1 %. Furthermore, the measurement errors of plain and 1 % PVA fiber reinforced GP
are the largest. The errors vary from + 0.49 MPa to + 0.86 MPa for plain GP and + 0.50 MPa
to = 0.70 MPa for 1 % PVA fiber reinforced GP.

2.2.2. Geopolymer composite durability

The resistance to weathering, degradation, abrasion, and chemical resistance are essential
to any structural element. Absorption capability, noticeable volume of pours, water and chloride
absorption, sulfate and/or other acid influence are important parameters that show GPC stability
and suitability for structural use. GP composites usually show higher endurance to aggressive
environment impact than OPC.

The highest durability issue arises from water absorption. High water absorption greatly
reduces the compressive strength of GP composite [93]. Acid attacks, liquid absorption,
strength degradation and weight loss, chloride ingress, discontinuous pores and voids, and
wetting-drying cycles have relatively less impact on durability. GP composites are considered
acid resistant. Nevertheless, acids can have a significant effect on GP composites, their
durability, and composition stability. GP resistance to acids mainly relies on the acid properties
and GPC specimen physical state and chemical composition [94]. Absorption ratios are highly
important because the higher they become, the higher the capillary water level in GPC mix [95].
Strength loss mainly would be generated by imperfections in the chemical composition of the
GP and reduced compactness that leads to reduced split tensile strength, flexural strength, and
compressive strength [96]. Significant weight loss of specimens leads to durability loss mainly
while specimens are submerged in solutions that hold sulphates from sodium and magnesium,
sulphuric acid, and NaCl. In the beginning, it appears that the specimen’s weight increases as
the chemicals penetrate into a structure. Afterward, it is observed that absorption of the
solutions have also led to the expansion of the specimen that further causes a significant amount
of micro cracks that further reduce the durability [97]. Chloride penetration into the specimen
would create the same results as weight loss. As the specimen is subjected to chloride solution,
it would penetrate specimen and would expand in the specimen that leads to micro and macro
cracks that further significantly reduce the durability of the specimen [98]. Discontinuous pores
increase GPC workability and resilience under sever environmental conditions [99]. Heating
and cooling and exposure to moisture cycles influence the microstructure of the specimen and
further affect mechanical properties. The higher the weight loss during these cycles, the greater
reduction in durability of this specimen [100].
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Shrinkage-introduced cracks in most cases have less impact on durability than the
previously stated situations. They can be introduced during the polymerization process and
through moisture cycles. In most cases, shrinkage would not cause a high amount of cracks, but
if a high amount of shrinkage cracks are present, then the durability of the specimen can be
significantly impacted and mechanical properties reduced [101].

2.2.3. Geopolymer composite’s thermal endurance

Unlike OPC that would lose 20-30 % of strength if it is heated at 800 °C to 1000 °C, GPC
shows different thermal properties in elevated temperatures. Geopolymer composites exhibit
decent fire resistance properties at high temperatures due to nano-pore presence in the
microstructure. The melting temperature of GP composites is about 1200 °C with no signs of
spalling [102]. Micro-pores allow evaporation and migration of water vapor in the structure of
GP without posing harm to the aluminosilicate network. While elevated temperatures are
applied to specimens, various processes are happening, for instance, water that has been
absorbed by N-A-S-H gel evaporates, water-free products are formed, melting and
crystallization of stable water free phases that leads to further GP matrix destruction. It has been
observed that if GP paste that contains fly ash is exposed to 800 °C, the residual strength is
increased by 6 %, but metakaolin containing GP paste would show 34 % decrease in residual
strength [103].

2.2.4. Time dependent properties of geopolymer composite

Creep and shrinkage can cause a significant increase in strain with time. Thus, for material’s
use in the long-term, it is of high importance that these properties are studied. Often creep and
shrinkage are considered as independent phenomena, but there are some studies that claim that
these phenomena have strong poromechanical (studies of porous material permeated by
interconnected network of pores) couplings [104]-[106].

Nevertheless, there is still lack of information and research regarding creep and shrinkage
behavior of geopolymer composites in various stresses, especially in tension and three-point
bending.

Methodology for determining the long-term properties of concrete and cement composites
in various stress-strain conditions (Patent I) was developed and verified not only for the
purpose to measure creep strains but also to record shrinkage and modulus of elasticity changes
[107]. Tt also regulates how to carry long-term tests in compression, tension and three-point
bending. The developed method regulates the specimen’s preparation, loading and unloading
procedures, and length and environmental necessities for long-term property laboratory testing.

2.24.1. Creep properties

Creep is defined as a phenomenon where strain increases in time while the applied stress
remains constant [108]. Creep is a very important factor in any cement-based composite. Creep
affects stress distribution and deformations throughout the specimen’s or the structural
element’s cross-section. A survey on concrete bridges in 2011 [109] showed the importance of
reliable estimation of the basic creep compliance function of concrete to accurately predict the
long-term deflection of the bridge over a 20-year period. Basic creep characterization of
concrete is also important in the prediction of relaxation of prestressed cables to nuclear vessels
[110].
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Creep for hardened concrete most often is divided into two occurrences:

(1) basic creep that happens while the specimen has constant moisture; this process is

irreversible;

(2) drying creep (also called Pickett effect or stress-induced shrinkage) happens due to

drying and is partially reversible [111].

Furthermore, drying creep is attributed to a micro cracking effect due to the shrinkage strain
gradient between the external and internal layers of specimen upon drying [112]. Basic creep
can be divided into short-term and long-term creep, referencing it to different kinetics [112]—
[114]. It has been reported that the main factors effecting creep for OPC based materials are
mixture proportions, curing age, temperature and humidity of the surrounding environment, and
the level of applied stress [115]. For geopolymer composites, it is expected that the same factors
are affecting creep development. Creep curve is generally divided into the transient elastic
deformation stage (instant creep), primary creep stage (decelerating creep), steady creep stage
(secondary creep or isokinetic creep), and accelerated creep stage (tertiary creep or creep
failure). They are dependent from creep rate and creep time relations, as it is shown in Fig. 6
[116]. Due to the nature of geopolymer polymerization process, the factors that affect OPC
composite creep would have different effects on geopolymer composites.
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Fig. 6. Schematic diagram of a usual creep curve and creep strain rate [116].

As geopolymer binder is a fairly recently developed material, there has been increased
interest in creep properties of geopolymer in recent years. It has been showed that fly ash-based
geopolymer concrete exhibits low creep values over a 12-week testing period [19].
Furthermore, it has been found that fly ash-based geopolymer has lower specific creep (creep
strain normalized with applied stress) [20] and creep coefficient (the ratio between creep strain
and elastic strain) [20], [21] than OPC concrete. This matches with the results in Papers 11—
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VII [47]-[52], where it was observed that creep properties for plain specimens are low, and in
Paper II [47] it was shown that they are lower than for OPC by around 13 % to 23 %. It was
further concluded in Papers II and I1I [47], [48] that insufficient amount of fiber incorporation
into geopolymer composite would lead to higher creep strains. Still, if the reinforcement is in
sufficient amount and has the necessary properties for the specific service state, the creep is
limited. In Paper IV [49], recycled tyre cord reinforcement decreases creep strains by 30 %. It
has been claimed [22] that this low creep is attributed to a micro aggregation effect of unreacted
fly ash in the binder.

Most of the studies that have looked into the creep properties of the geopolymer composites
have determined creep in compression [23]-[25], [101]. In general, the fly ash-based GP
composite would have a lower creep than OPC based concrete. It has been claimed that GP
concrete cured at 60 °C for 24 hours has up to 50 % less compressive creep than OPC based
concrete [22]. Similar creep properties have been observed for the specimens cured for 6 hours
at 60 °C [101]. There have been creep measurements for GP composites cured from 40 °C to
80 °C for different durations. It was observed that GPs that have been cured at 40 °C for three
days have insignificant or the same creep properties as OPC based specimens, but compressive
creep strains of GP specimens that have been cured for 7 days at 80 °C have been significantly
reduced and got negligible [20]. In Paper II, up to 23 % reduction in creep strains was observed
for the geopolymer composite that has been cured for 24 hours at 75 °C [47].

The creep in tension has a different manner than creep in compression. Tensile creep has a
critical role in assessment of the early age cracking risk [117]. Tensile creep shows more linear
behavior throughout time than creep in compression. The development rate of creep strain in
compression throughout time would decrease. Some researchers claim that creep coefficients
measured for compressive stresses can be multiplied by factor 1 to 3 to get creep coefficient in
tension [118]. The mechanisms of creep in tension are different to those in compression. The
tensile creep strain rate does not reduce at the same rate as the creep strains in the compression
[119]. Tensile creep determination for concrete at early age can be done using the direct tension
experiment or the indirect tension test [120], [121]. The ring test is a simplified indirect tension
method that is quite popular to determine tensile creep and restrained shrinkage cracking risk
[122].

Some researchers [123] claim that at an early age, creep in compression for cement
composites would be bigger than creep in tension, while others [124] claim the opposite. In
Paper V [50], it was determined that creep strain for plain geopolymer composite in
compression is around 35.8 % higher than in tension. Furthermore, creep strains in compression
develop and increase throughout testing time, the creep strains in tension do not exhibit
significant increases throughout test. As for the specific creep values, here significantly,
specimens that have been tested in tension show higher values. They have, on average, 85.92 %
higher specific creep than the specimens tested in compression, as shown in Fig. 7.
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Fig. 7. Creep and shrinkage curves of compression (a) and tension (b), and specific creep (c)
of compression and tension of specimens [50].

In Paper VI [51], it was determined that 1 % PVA fiber reinforced geopolymer composites
exhibit similar creep strains as plain GP. Tensile strength also is similar. It also has to be
mentioned that the 1 % PVA fiber reinforced GP specimens have larger creep strains in the
early stage, but after 40 days of testing, creep strains are equal to the plain and 1 % PVA fiber
reinforced specimens.

Just like the OPC based concrete, also GP concrete shows low tensile capacity. The authors
claim that for reinforced GP structures it is inevitable to show cracking in service life [119]. At
the early stage of structure’s life, a restrained shrinkage is one of the factors that induces early
age cracking. The evolution of restrained shrinkage in the first few days would introduce time
dependent tensile stress development in concrete [125]. In the concrete member that has been
restrained by reinforcement, the shrinkage increases the tensile stress while tensile creep is
relaxing tensile stress. All of the previously referred studies are focusing on quantitative
analysis of experimental data but information regarding creep and shrinkage in GP is limited.

The long-term deflection properties of geopolymer composites are not widely studied. Some
of the studies [126], [127] that looked into long-term properties of specimens tested in
deflection show that geopolymer composites have close correlation with the Portland cement
based composite long-term deflection properties. Paper VII [52] shows similarities with [126]
the acquired deflection characteristics. As for the quantitative comparison, it is impossible to
compare the results presented in Paper VII with other results, for instance, the results published
in [126] where the deflection strain graphs are represented using absolute strain measurements
not relative (measurements not dependent from the measured specimen’s size and applied load
impact) strains. From the results in Paper VII [52] it becomes clear that the usage of steel fibers
is beneficial in contrast to the PVA fiber or combined PVA and steel fiber usage. Furthermore,
while creep properties of geopolymer composites reinforced with 1% steel fibers in
compression and tension show the highest creep and specific creep properties in long-term
deflection, they show the lowest long-term deflection that is 39 % less than the next GP
composition.
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In Patent I, the test setup and procedures necessary for creep testing in compression, tension

and bending are described.
2.2.4.2.  Shrinkage properties

Shrinkage of concrete materials in general comes from the shrinkage of the paste (matrix).
It is due to high dimensional stability of the aggregates [128], [129]. The shrinkage of materials
can be divided into groups based on mechanisms that influence shrinkage development. These
are plastic shrinkage, carbonation shrinkage, autogenous or chemical shrinkage and drying
shrinkage. Plastic shrinkage happens instantly when mixture is poured into mould. Carbonation
shrinkage happens due to CO2 from the environment penetration into the outer surface of the
specimen and reaction with Ca(OH); from the hydration products. That further produces CaCO3
and water molecules. Autogenous shrinkage is caused by self-desiccation of the composites. It
is an unavoidable process that reduces volume of the element and is very likely to happen to
composites with low water/cement ratio [130]. Drying shrinkage is the volume reduction of the
specimen that is caused by water evaporation from the gel pore surface. Most of it happens in
the hardening process of the specimens [131]. For geopolymer composites and alkali activated
composites in general, the main shrinkage comes from autogenous and drying shrinkage. For
geopolymers, autogenous shrinkage means loss of internal water during polymerization that
further creates capillary stress. Drying shrinkage happens due to water evaporation into the
environment, and it is proportional to the moisture loss from the composite [128], [132]-[134].
In contrast to autogenous shrinkage, drying shrinkage is more affected by alkali concentration
and outside environment effects. The tests done in [26] showed that the geopolymer binder
drying shrinkage increased with the increase of alkali concentration (Na;0). In the meantime,
autogenous shrinkage stayed relatively constant, as is shown in Fig. 8.
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Fig. 8. Autogenous and drying shrinkage of alkali activated composites with different alkali
concentration [26].

Other researchers state that it is hard to accurately determine the level of autogenous and
drying shrinkage from one another for the composites mainly due to the fact that autogenous
and drying shrinkage happen simultaneously if the specimen is not sealed. Therefore, measured
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drying shrinkage often has a fraction of autogenous shrinkage as well. The shrinkage, especially
for alkali activated composites, is closely linked to polymerization process and used raw
material properties that greatly influence the moisture loss and the pore structure development
of the composites [27], [128], [135].

In Papers II-VI [47]-[51], drying shrinkage strains were measured. It was determined that
fiber reinforcement plays a significant role in shrinkage reduction for specimens tested in
compression and tension. For instance, in Paper 1V, specimens that have been reinforced with
recycled tyre steel cords show on average 50 % less shrinkage than plain geopolymer
composites [49]. Furthermore, in Paper VI, the 1 % PVA fiber reinforced specimen tested in
tension showed on average 54.21 % lower shrinkage than plain specimens [51]. Also, in Paper
V, shrinkage strains were determined in compression and tension [50]. There shrinkage strains
between compression and tension specimens on average were 15.8 % less for the specimens
meant for testing in tension.

The mechanisms that influence shrinkage can be divided into four groups: capillary stress,
interlayer water loss, disjoining pressure, and surface energy [133]. These shrinkage
mechanisms influence cement-based materials and alkali activated cement-based composites.
While mechanisms are the same, the shrinkage values for the OPC based and geopolymer
composites differ, mainly due to differences in hardening reaction mechanisms [136]. In
general, the alkali activated cement composites, slag-based composites in particular, show
larger shrinkage than OPC based composites. This geopolymer shrinkage increase is mainly
due to the differences in pore size distribution and reaction products in the paste mix. These
results of the previously mentioned research are based on quantitative analysis of experimental
data.

In Patent I, the test setup and procedures necessary for drying shrinkage testing in
compression, tension and bending are described.
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3. GEOPOLYMER MICROSTRUCTURE

3.1.Characteristics and processes of alkali-activating reaction

Some studies have shown that the alkali-activated reaction of fly ash-based GP is affected
by certain factors, such as the finesse of fly ash particles, curing conditions, and alkali activation
solution concentration [137]-[141]. The dissolution process of Al and Si happens when fly ash
is subjected to alkali solution. Larger molecules condense into a gel (polymerization and
nucleation), and as the alkali effect on fly ash continues, larger spheres open to reveal smaller
spheres inside. Smaller spheres then would be dissolved almost fully with the formation of
reaction products inside and outside the large spheres. The AlO4 and SiO4 formation by silicon
and aluminium-rich fly ash dissolution forms three types of monomers by combining with
oxygen atoms. Then, these three types of monomers form a gel with a simple structure. After
that, the gel is restructured and then polymerized and hardened in the disordered structure with
high mechanical strength and forms an alkali-activated cementitious material [142]-[147]. The
polymerization process is shown in the scheme in Fig. 9.
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Fig. 9. Fly ash-based geopolymer cement/concrete chemical development scheme[148].

The influence of the fly ash particle size on the polymerization reaction shows significance
when the reaction temperature is low. Fly ash with a smaller particle size has higher solubility
and stronger reactivity.

3.2.Pore structure of the fly ash-based geopolymer

In general terms pore structure in fly ash-based GP composites is affected by curing
conditions. Geopolymer pores are mainly within the small pore size range. This is unlike OPC
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based composites. There the hydration products do not have a filling or optimizing effect on
the pores. Some researchers [149] observed fly ash-based GP gel pores and capillary pores that
have been cured for 7 and 28 days and concluded that pores were concentrated in the small pore
size range. That differs from OPC composites. Furthermore, in the fly ash based GP, the C-A-
S-H gel was distributed uniformly, and no capillary pores were found in it. Nevertheless, a
small amount of large cavities from partial fly ash particle dissolution were observed. In OPC
based composites, C-S-H gel was concentrated, and capillary pores were formed. In other
studies [150] it was observed that the pore volume increased and morphology varied
significantly when the setting time was increased for OPC composites. It was determined that
the main factor could be the expansion of the basic silica gel and the merging of pores. Fly ash
based composites showed the filling effect of the fly ash particles and gel. This contributes to
negligible variations in pore volume and morphology. Furthermore, variations in micropore
diameter and volume were linked to the polymerization level of fly ash during curing.

Also, silicon content in the alkali activator plays a crucial role in the pore structure
development of fly ash-based GP. A larger quantity of silicone contributes to the larger quantity
of gel and contributes to the uniform distribution of the gel with the pore filling effect at the
micro scale [151], [152]. An alkali activator with high silicon content contributes to the
formation of uniform and dense microstructure [149]. Despite this, in [153] it was determined
that high silicon content in alkali solution does not influence the refinement of pore structure
of fly ash-based GP. It was pointed out that the pore size distribution was concentrated within
the sub-mesoporous region (0.22-3.6 nm), and the pore network was more refined when the
silicon content in alkali solution was low. Pore distribution in mesoporous region was from
3.6 nm to 50 nm, and the pore refinement degraded when the silicon amount in alkali solution
was high. Furthermore, longer curing time can promote formation of the N-A-S-H gel with pore
filling effect and even more reduce porosity [154], [155]. To a certain extent the volume of
capillary pores decreases with the increase of curing temperature [155].

There are many possibilities to measure the porosity of the material. The most often used
ones are [156]:

e mercury porosimetry,
e helium pycnometry,
e image analysis,

e water absorption.

To determine porosity, in Papers IV-VII, a technique for outside effect determination on
concrete and cement composite microstructure in various stress-strain states (Patent II) [157]
was developed and used. The technique is based on polished section specimens that are
examined in the scanning electron microscope (SEM) or optical microscope with a specific
image recording equipment. The acquired images from polished sections are compiled and
rendered and quantitative image analysis is done. This technique (Patent II) can be used not
only for porosity determination but also for the specimen cross section characterization
purposes. It details and regulates the acquiring and storage of specimens. It also regulates the
specimen preparation procedures and image acquiring sequence and recommends the best ways
to render and quantitatively analyse images and their composition.
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In Papers IV-VI, it was determined that fiber incorporation into geopolymer composite
leads to increased porosity. Porosity was increased by 0.61 % and 2.26 % in the specimens
reinforced by the steel fibers from recycled car tyres [49]. Also, it was determined that
specimens that have been subjected to load (tested for creep properties) had around 1.17 % less
air voids than the specimens that had not been subjected to load. For the specimens without
reinforcement, no significant reduction of air voids due to loading was established. In Paper
V, it was determined that the specimens meant for testing in tension had a significantly higher
air void amount than the specimens used in compression tests [50]. The specimens used in
tension have a 2.14 % and 3.01 % higher amount of air voids than the compression specimens.
Also, as these are plain specimens, the difference between the specimens meant for compression
testing and those that have or have not been subjected to load has not been established. For the
specimens used in tension testing there is a difference in porosity. There is a 0.69 % reduction
for specimens subjected to load. Furthermore, in Paper VI, it is determined that for the
specimens used in tension, the testing fiber introduction significantly increases the air void
amount [51]. In specimens with a 1 % PVA fibers, the air void amount is increased by 1.88 %
and 2.50 %. In a three-point bending for the long-term deflection tested specimens, the
differences in air voids between plain, 1 % PVA, 0.5 % PVA/0.5 % steel and 1 % steel fiber
reinforced specimens is within a 1.37 % difference, as it is shown in Paper VII [52]. The
highest air voids are found in plain specimens with 5.02 % of analysed surface area, and lowest
in 0.5 % PVA/0.5 % steel fiber reinforced specimens with 3.65 % of the analysed surface area
consisting of air voids. Significant differences become apparent when the specimen’s cross
section surface analysis is done for the specimens tested for bending strength. Then the air void
and crack area differ from 14.50 % and 16.48 % for 0.5 % PVA/0.5 % steel and 1 % steel fiber
reinforced specimens up to 18.57 % and 22.00 % for plain and 1% PVA fiber reinforced
specimens. This leads to the conclusion that for thin specimens with large surface area, fiber
incorporation allows an entrapped air release.

3.3.Geopolymer and OPC composite microstructure differences

As it was mentioned in the previous section, hardened GP shows a denser structure than the
cured OPC composite. In GP system, C-A-S-H matrix chains have been found to be longer than
the C-S-H gel chains in OPC systems. It is mainly because of AI** substituting Si** in bridging
positions. C-A-S-H gels showed a lower amount of Ca/Si ratio and a higher ratio of Al/Si than
C-S-H. There were indications of tobermorite 1.4 nm existence with a chain length of 11 nm
and tobermorite 1.1 nm with a chain length of 14 nm tetrahedra. Furthermore, the modulus of
elasticity for tobermorite 1.1 nm was 77.3 MPa and for tobermorite 1.4 nm — 49.9 MPa. This is
because of higher interlayer cohesion of bonding between bridging tetrahedral of conservative
layers [158].

If the differences in gel composition of GP and OPC composite systems are compared, the
main difference is that the C-S-H forming in OPC composite shows lower Al and higher Ca
content than the formation of C-A-S-H in slag-based GP composites. If the fly ash is introduced
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in the system of GP, N-(C)-A-S-H can be identified with low Ca content, but N-A-S-H can only
be stable at pH lower than 12 [159], [160].

The slag-based GP pore size varies in the field of mesopores (pore size <50 nm). These GPs
also show lower porosity than OPC based composites. If the pore size distribution is compared
to OPC based paste and slag based GP paste, it becomes apparent that most of the pores for the
OPC based paste are within a range of 10 nm to 100 nm, while for the GP paste, most of the
pores were below 20 nm [161]-[163].

3.4.Microstructure development of geopolymer composite incorporating
lime and silica

As fly ash stocks in the future can be exhausted and necessity of elevated temperatures for
such GP polymerization can be an overwhelming boundary, other alternative source materials
have been tested as more suitable base materials for GPs. By introducing lime and silica fume
in the GP matrix [164], compressive strength and microstructure for 7-, 14-, and 28-year old
specimens were determined. The researchers replaced fly ash partially with lime and silica fume
within the range of 5-10 % and 1-3 %, respectively. It was found that by partially replacing fly
ash with lime, the setting time and workability of such material would be reduced, while the
usage of silica fume would increase these properties. The compressive strength for these
specimens increases if 7.5 % lime and 2 % silica fume is used. It was also observed that at the
age of 7 days specimens show a less homogeneous microstructure with some unreacted fly ash
particles. It was deduced that fly ash reacted throughout time as polymerization continued. At
the age of 28 days the microstructure appeared homogeneous and compact. Microstructure
appearance directly contributed to the compressive strength values.
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4. GEOPOLYMER COMPOSITE APPLICATION IN CIVIL
ENGINEERING

High compressive strength, higher durability to acid attacks and thermal durability, low
carbon emissions and low processing energy consumption and others are the properties that
justify the GP application in civil engineering in contrast to conventional Portland cement and
other cement-like materials that have lime in them.

4.1.Geopolymer application in soil stabilization

It has been claimed that GP usage in soil stabilization is feasible especially on sites where
there are soft or weak soils [165]. Some authors [166] have found that very effective in the
stabilization of deep soil are fly ash slurry. It has to be pointed out that these slurries are
calcium-based GPs. Others [167] have deduced that alkali activated metakaolin shows
promising results in soil stabilization in contrast to cement-stabilized soil. It was found that in
an unconfined compressive strength test at the age of 28 days metakaolin (15 %) stabilized soil
had 4 MPa, while the cement (5 %) stabilized soil strength was 3.5 MPa and non-treated soil
showed 0.5 MPa strength. Soils that have been stabilized using metakaolin appear more ductile
[168]. These soils show lower shrinkage. It is significant at 11 % metakaolin concentration.

Researchers have used Class F fly ash (with low Ca content) together with alkali solution
(with sodium hydroxide and sodium silicate). The alkali solution was prepared in 10 M, 12.5 M,
and 15 M concentrations. At the early age, the 15 M solution showed higher strength, but at the
age of 90 days and 365 days, 12.5 M concentration was much higher. Alkali solutions with
concentration of 15 M handled several times were too viscous to handle and crystallized at
lower temperatures. Furthermore, as the sodium silicate and sodium hydroxide are quite
expensive, the 12.5 M solution seems more suitable from this standpoint [166].

It has been concluded that the usage of alkali activated compound in jet grouting is suitable
for soil stabilization and comparable to traditional cementitious grouting methods, however the
strength development has to be researched further [169].

4.2.Geopolymer application in buildings and infrastructure

There have been various claims of the first building in the world that would have its
structure entirely made from GP. Some authors claim that it is the Global Change Institute of
the University of Queensland building (Fig. 10) that was constructed in 2013 by HASSEL in
conjunction with Bligh Tanner and Wagners [170]. The building is made from precast elements.
They were made from slag/fly ash-based GP, called earth friendly concrete (EFC) that is the
Wagners brand name for their commercial form of GP concrete.

41



(@ (b)

Fig. 10. The Global Change Institute of the University of Queensland building: (a) one of 33
floor panel montage and (b) finished building [170].

Other researchers claim that the first two buildings were built in the 1960s in Ukraine,
Mariupol. Two 9-storey residential buildings were constructed from alkali activated material
developed by the Ukrainian scientist Glukhovsky. This material had some Portland cement in
it. The first building made from alkali-activated concrete without Portland cement was built in
1989 in Lipetsk, Russia, and it had 20 floors [171].

Besides the previously mentioned cases there have not been any claims of other residential
buildings made from GP composites.

In contrast to applications in residential buildings, the use of GP composites for
infrastructure purposes is much more common. For instance, in Australia, the Rocla Research
Center has produced and successfully implemented sewer pipes, railway sleepers, cemetery
crypts, box culverts, and wall panels [172]. In 2015, Wagners Australia and Glasby documented
large scale commercial application of GP concrete at the Brisbane West Wellcamp Airport.
Approximately 40000 cubic meters of fly ash-based GP concrete was used to make 435 mm
thick heavy duty pavements in the northern end of the runway, aircraft turning areas, taxiway
on the western side, and hangars on the eastern side of the runway [169]. In India, there has
been a successful experience with pavement stone development and usage on paved road
surfaces [173]. It was concluded that the fresh properties of GP composite (slump value and
spread) were equivalent to the concrete guidelines. Additionally, strength values were greater
than the target values.

Dense microstructure of GP composites results in low permeability that further reduces and
inhibits penetration of seawater, thus making GP composites suitable for marine applications
[174]. The authors of [175] have claimed that aluminosilicate geopolymeric gels are chemically
stable in sea water and can be a sustainable alternative to Portland cement based marine
structures. Some researchers [176] have proposed the use of fly ash and steel furnace slag as
source materials for high density GP composite for coastal protection structures. The
composites achieved a compressive strength value up to 37 MPa and a size reduction of
breakwater structures by 30 % to 40% was proposed without compromising the structural
performance. This resulted in the reduction of material requirements that further reduces overall
carbon footprint. The authors of [177] have had similar reports on enhanced properties of fly
ash-based GP composites exposed to harsh environments such as sea water and acidic
environments.
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Also, in India they have had success with GP concrete road creation. In 2017, at the Council
of Scientific and Industrial Research in the Central Building of the Research Institute in
Roorkee, a 50-meter long and 3-meter wide road segment was laid. In Uttar Pradesh, at NTPC
Energy Technology Research Alliance, a 100-meter long and 6.5-meter wide road segment was
laid. In 2017, several haul roads were laid for heavy load carrying from the mines in
Bhubaneswar. In Lanjigarh, Sesa Sterlite Ltd in cooperation with IMMT laid a 40-meter long
GP road. In late 2019, in Ramagundam, NTPC in association with NETRA laid a 500-meter
long fly ash based GP concrete road [178].

All in all, the GP technology is more advanced and technically more applicable in precast
state. The main factor is that GP is quite sensitive while it is setting (polymerizing). It is easier
to provide a high temperature curing environment and safe alkali processing environment in
specific location than on a building site and have all of the necessary technological means
moveable. This can be concluded for the developed and tested geopolymer compositions in
Papers I-VII. As all of the tested geopolymer specimens were developed, prepared and tested
in laboratory conditions, the acquired properties are only possible in certain conditions. These
conditions are molded structures and polymerized in a controlled environment. Therefore, the
developed geopolymer composite compositions in previously mentioned papers would be
suitable for precast structure development. Also, it would be significantly easier to abide health
and environment requirements in a precast element factory than on site, as the alkali solution is
caustic and hazardous to the environment.

Iftoday’s GP manufacturing technology had to be made mobile, the on-site GP construction
cost would be unaffordable and GP usage financially unreasonable. The only place where low
calcium GP composite usage on building sites seems feasible is in the countries and at time
when the average daily temperature is high to sustain the polymerization reaction of the GP
composite.

4.3.Geopolymer application as mortars

Geopolymer mortars possess similar properties as natural rocks like granite and marble.
Geopolymer composite’s durability characteristics, especially in harsh environments, poses it
as an alternative to conventional cement mortars in building restoration. Researchers [179] have
reported that metakaolin based GP with calcium carbonate (CaCO3) and calcium hydroxide
(Ca(OH)») in it can be used as mortar for the restoration purposes of historical buildings.

In 2012, Zeobond reported the use of a commercial GP concrete ready mix with steel
reinforcement for the creation of slabs and footpaths in Melbourne (Australia). In 2011 and
2012, Zeobond and Rocla produced and tested according to Australian standards precast pipes,
railway sleepers, and pavers and installed them in several construction projects [169].

4.4.Geopolymer application as fire resistant layer

In recent research, scientists investigated GP performance under elevated temperatures and
compared it with OPC concrete specimens. They used Class C fly ash that was activated with
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the solution consisting of sodium hydroxide and sodium silicate. Both GP and OPC concrete
specimens were exposed to temperatures up to 1200 °C. The OPC based specimens showed
severe cracking at temperatures above 800 °C while GP specimens showed an insignificant
amount of visible cracks and no spalling even at high temperatures. The residual compressive
strength for OPC based specimens (49 MPa) was lower than for GP specimens (54 MPa). From
these results it was concluded that GP is suitable to be used as fire resistant coating or as whole
material for structures where fire resistance and structural performance are crucial [38].

4.5.Geopolymer application as insulating layer

Researchers [180] have found that when metakaolin-based GP matrix is mixed together
with sawdust, the resulting material can act as effective insulation material for buildings. If the
water to biomass ratio is up to 2, then the material exhibits low heat conductivity (0.118-0.125
W/mK). This material poses potential for practical application as building insulation.

As all of the geopolymer compositions that have been subjected to microstructure
assessments (in Papers IV-VII) have porosity and air void amount less than 10 % in uncracked
state, they would not be suitable to be applied as an insulating material. Thus, there have been
various studies with similar base compositions with the addition of foaming agent that have
found it suitable for insulation purposes.
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5. GEOPOLYMER COMPOSITE LONG-TERM
ENVIRONMENTAL INFLUENCE

5.1.Environmental assessment of geopolymer long-term impact on

the environment based on life cycle assessment

Life cycle assessment has been the main analytical mechanism that till today has supported
valid claims that GP is an environmentally friendlier material than OPC based composites. A
research done in Australia [181] looked into the hybrid life cycle assessment (hLCA) of
greenhouse gas emissions from cement, concrete, and GP concrete.
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Fig. 11. Comparison of fly ash geopolymer concrete carbon footprint intensities of hLCA and
LCA, made by the authors in [7] and [182], based on [7].

The researchers concluded that unlike life cycle assessment research that had previously
been conducted by Davidovits and Grant hLCA (Fig. 12) shows an increase in greenhouse gas
emissions for 50 MPa OPC concrete: 25 MPa OPC concrete, 25 MPa blended cement concrete,
and 50 MPa GP concrete by 29 %, 22 %, 11-50 %, and 48—103 % (depending on emission
allocation with sourcing of FA), respectively (Fig. 12).
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Fig. 12. Carbon footprint of 8 types of concrete according to hLCA [181].

Furthermore, it was concluded that the findings go hand in hand with other life cycle
assessment research findings. In other words, GP concrete has the greatest potential to reduce
greenhouse gas emissions in comparison to OPC and blended cement-based concrete. Fly ash
and ground granulated blast furnace slag-based GP concrete can substantially reduce
greenhouse gas emissions by 32 % and 43 %, respectively, as compared to OPC concrete with
no loss in compressive strength using the economic allocation method. When compared with
blended cement concrete, ground granulated blast furnace slag-based GP (16 %) has a higher
reduction of greenhouse gas emissions than fly ash based GP (just 9 %). Other research [183]
has a similar conclusion — GP has a 37 % lower global warming potential than OPC. It was also
concluded that GP concrete shows worse results regarding energy requirements for its
production. GP concrete shows a 287 % greater use of fossil fuel resources than OPC based
concrete. It has to be mentioned that in this regard the literature is not consistent because some
authors [184] claim that energy consumption related to GP concrete production is 48 % higher
than for OPC concrete production, others [40] report that abiotic depletion of fossil fuels
(ADPF) for GP concrete is 26 % lower than for OPC based concrete.

The authors in [185] have made similar life cycle assessment evaluations of GP concrete
and OPC concrete usage impact on the environment. They concluded that considering factors
such as ecosystem, human health and resources GP concrete shows less negative impact on the
environment than cement-based concrete. The whole situation is represented in Fig. 13. Cement
in concrete makes the greatest impact (76.42 %) of all ingredients in the concrete, while sodium
hydroxide and sodium silicate in GP have only a combined impact of 59.97 % of all GP
ingredients. If the sodium silicate is replaced with silica fume, then the impact is even more
reduced. The global warming potential for GP concrete is reduced to 148 kg, 135 kg, and 133 kg
of CO2-¢ for GP without silica fume, GP with silica fume, and GP with silica fume and 47.61 %
reduction of sodium silicate, respectively. In the meantime, cement-based concrete has
597.54 kg of CO; impact. It was also found that the impact of GP concrete on the environment
is more affected by the transportation of raw materials than of ordinary cement concrete. For
GP concrete it varies from 20.83-29.01 %, while for cement-based concrete it is 9.71 %.
Researchers also claim that replacing cement with GP in concrete can reduce the costs of
concrete by 10.87-17.77 %.

All in all, the environment gains from using GP composites instead of OPC composites lie
in material location. The GP, researched in Papers I-VII, would be less environmentally
damaging if they were used near the source of fly ash and alkali manufacturing facilities.
Otherwise, all the gains from fly ash utilization in GP are lost by shipping impact on the
environment. As fly ash is considered a waste material, it has to be used in areas where this
waste is located or as close to the location as possible. The only way that the GP composite
usage would be justified would be in the structures where extra resistance to the acidic or harsh
outside environment impact is necessary. Otherwise, GP composites usage would have a higher
negative impact on the environment than that of OPC based composites.
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CONCLUSIONS

The Thesis focuses on methodology development for long-term deformation influence

assessment on innovative cement composite microstructure. The main conclusions are:

1.

Geopolymer composites based on fly ash show remarkable mechanical properties.
Plain geopolymer composites at the age of 7 days show compressive strength equal
to C30/37 class Portland cement concrete. At the age of 28 days, plain geopolymer
composites exhibit compressive strength not lower than C40/45 class Portland
cement concrete, reaching up to 61.44 MPa for cylindrical specimens and 92.0 MPa
for cube specimens.

Fiber reinforcement introduction into geopolymer composite is not beneficial in all
cases. For compact tension specimens, the 1 % PVA fiber introduction led to 3.7 %
lower tensile strength. In three-point bending, 1 % PVA fiber, 0.5 % PVA/0.5 %
steel fiber and 1 % steel fiber reinforcement introduction led to 9 %, 14.2 %, and
23.2 % flexural strength reduction, respectively.

Fiber reinforcement introduction to geopolymer composite for creep strain reduction
is beneficial in the case of flexural stress. Geopolymer composites with 1 % steel
and 0.5% PVA/0.5 % steel fiber reinforcement show 51.7 % and 2.7 % creep
reduction in contrast to plain specimens. Creep strains for compact tension
specimens do not decrease significantly when 1 % PVA fibers are introduced. In
compression, 1 % and 5 % PP fiber introduction reduces creep strains by 21.2 %
and 49.7 % in contrast to plain geopolymer.

The specific creep of geopolymer composites in compression is on average 85.92 %
less than in tension. It shows that in tension, geopolymer composites have 7.5 higher
specific creep than in compression that indicates that in tension, geopolymer
composites are more prone to creep. In three-point bending, the 1 % steel fiber
amount shows 37.1 % less specific creep than the plain geopolymer composite.
Geopolymer composites in three-point bending show 99.18 % less specific creep
than in compression and 99.88 % less than in tension. Furthermore, in compression,
geopolymer composites show 13 % to 23 % lower specific creep than ordinary
Portland cement-based composites.

. Fiber introduction shows benefits in shrinkage strain reduction. For compact tension

geopolymer composites, the 1 % PV A fiber reduces shrinkage strains by 54.21 %.
Regarding long-term property results, the methodology of long-term property
determination in various stress-strain conditions was developed (Patent I) and
patented.

Microstructure analysis of specimens that were exposed to long-term compressive
load showed that fiber incorporation into the geopolymer matrix significantly
increases the amount of air void into the mix. Fiber addition of 1 % would increase
air entrapment by 0.61 % to 2.26 % in steel fibers, 1.88 % in 2.50 % PVA fibers,
and 1 % to 2.26 % in waste steel fiber reinforced specimens. It also shows that air
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10.

11.

entrapment throughout the specimen cross section decreases from 4.7 % to 10.3 %
in contrast to the outer layers of cross section.

Air inclusion for compact tension specimens is on average 5.15 % higher than for
the compression specimens. Furthermore, for PVA fiber reinforced compact tension
specimens, it is on average 19.85 % to 26.29 % higher than for the plain geopolymer
composites.

There are clear indications that the long-term properties of geopolymer composites
are linked with microstructure composition — shrinkage cracks play a huge role, and
in this case, fiber reinforcement improves the mechanical and long-term properties
and reduces shrinkage effects.

Regarding the loading effect on the specimen cross section composition and further
interaction with creep strains, at least with the applied load amount of 20 % from
ultimate load, in compression, no indications of specimen cross section
disintegration or rapture were found. In tension and three-point bending, cracks were
observed for the loaded specimens. It further leads to conclusions that specimen
shape, especially for heat cured geopolymer composite, leads to inner stresses that
due to shrinkage, create micro cracks, and while in compression, micro cracking
would not have an immediate visible effect on the long-term property amount in
tension and three-point bending, where some part or all cross section is subjected to
tensile stress, the long-term properties are influenced immediately.

Regarding the results of quantitative image analysis of the polished sections of long-
term tested geopolymer composites, the method for determining the outside factor
impact on concrete and cement composite microstructure in various stress-strain
states (Patent II) was developed and applied in the patent.
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Abstract. The article presents the research that try to determinate the possibilities of utilization
the waste came from used tires to create the composites based on geopolymer matrix. The tire is
multicomponent construction. It mainly consists of elastomer (rubber), metal and textile fibres
such called textile cord. A lot of components causes difficulties in the tire recycling process. The
main aim of the research was determinate the possibilities of recycling the waste steel from used
tires in geopolymer composites and develop the eco-friendly material for construction industry.
The matrix based on fly ash from power station located in city named Skawina (Poland) and fine
sand at a ratio of 1:1. The process of activation was made by 10M sodium hydroxide solution
combined with the sodium silicate solution. In order to manufacture these composites the
addition of 2% and 3.5% of waste steel fibres by mass was applied. Also specimen without steel
fiber reinforcement were made to get reference specimens. The waste steel fibres came from
recycling company from Argentina — ‘Regomax’. The specimens were prepared according to the
methodology described in the standard EN 12390-1. The research methods used were:
microstructure research, tensile strength and compressive strength tests as well as analysis of
breakthroughs.

1. Introduction

Cement is categorized as indispensable material in the construction industry all over world, special in
developing countries. Due to this increased cement consumption there are intense negative effects, such
as release of carbon dioxide into the atmosphere [1]. In comparison to the traditional materials, such as
Portland concrete, geopolymers have a number of advantages, especially connected with reduction of
footprint and eco-friendly character. Manufacturing of this class of materials compared to the traditional
concretes is economically more beneficial including the low energy consumption.

Additional environmental benefit is connected with using to production process waste materials: for
example, fly ashes and mine tailings. Coal power stations contributes to 25-30% of world’s energy
production. Consequences to this is 800 million tons of fly ash generated worldwide every year by power
stations. Only half of this amount is recycled. This recycled amount can be increased by manufacturing
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environmentally friendly binders such as geopolymer [2]. Also it has to be acknowledged that
production of Portland cement causes significant amount of CO- emissions. Portland cement production
every year causes around 5-7% of the total CO» anthropogenic emissions. Cement production reached a
distressing value of about 4200 million tons in 2016 that contributes approximately to 3570 million tons
of CO; [3].

Geopolymer is comparable in performance to ordinary Portland cement [4]. Geopolymer concrete
main advantage is its contribution to the environment. It is estimated that carbon footprint made by
geopolymer concrete manufacturing is 26 to 46% less than Portland cement concrete if in concrete mix
Portland cement is replaced completely [4, 5]. It is reckoned that production of 1 tonne of caolin
geopolymer contributes to 0.180 tonnes of CO,, that is 6 times less than manufacturing of Portland
cement concrete [6].

Geopolymer belongs to a group of novel three-dimensional inorganic materials. This novel material
got multiple beneficial properties such as low density, low cost, environmentally friendly nature and
high mechanical performance. However like traditional brittle materials, geopolymer shows poor tensile
and flexural properties and appalling fracture behavior [7]. As a composite material geopolymer
concrete is two or more constituent material arrangement. A continuous called matrix and the dispersed
phase or phases, either fibers or particulates, in order to develop another material with desired
combination of properties [5, 8]. A significant increase of tensile strength fracture energy can be
achieved by adding fibers to geopolymer matrix [9, 10].

In terms of sustainable raw material management, it is crucial to recycle industrial waste as much as
possible and also to develop new technologies that not only reduces industrial waste landfills but also
produce materials with new added value [2, 11]. Contemporary, every year approximately 17 million
tons of waste tires, which have no further use [12, 13]. This waste is categorized as serious contaminant
to environment, therefore, recycling of tires is extremely important [14, 15].

This study shows how two secondly used components interacts with each other and what kind of
properties has got developed material. The aim of this study is to show how different amount of reused
steel fiber reinforcement can improve or disapprove material properties in compression and tensile loads.

2. Materials and methods

Cubic (70x70x70 mm) and prismatic (50x50x200 mm) specimens were prepared with 2% and 3,5% by
mass steel fibers from recycled car tire cords and without steel fiber reinforcement. The matrix was
based on fly ash from power plant located in Skawina city (Poland). This kind of fly ash is suitable for
manufacturing geopolymers because of proper physical properties and chemical composition. The fly
ash contains of spherical aluminosilicate particles in different sizes: > 0.0039 in. [>100 pm] — ca.3%,
0.0028 —0.0039 in. [71-100 pm] — ca. 12%, 0.0025 — 0.0028 in. [63-71 pm] — ca. 10%, 0.0022 — 0.0025
in. [56-63 um] — ca. 15% and <0.0022 in. [<56 pm] — ca. 60%. This fly ash is rich in oxides such as
Si0; (47.81%), Al,O3 (22.80%). High value of SiO, and Al,Os is advantageous for geopolymerization.

Steel fibers were obtained from Argentinian company “Regomax”, that recycles old tires to get
milled rubber for synthetic grass and other rubber produce production. Steel cords from tires are
recycling process byproduct that has no particular market as reusable material so they have scrap value
- http://www.regomax.com/.

Specimens were prepared using sodium promoter, fly ash, sand (ratio sand and fly ash — 1:1) and
steel fibers (2% and 3.5%). The process of activation has been made by 10M sodium hydroxide solution
combined with the sodium silicate solution (liquid glass at a ratio of 1:2.5). In order to manufacture the
composites the technical sodium hydroxide in flakes were used and water solution of sodium silicate R—
145 (modulus 2.5, density 0.052 1b/in.? - 1.45 g/cm®). Tap water was used instead of the distilled one.
The alkaline solution was prepared by means of pouring the aqueous solution of sodium silicate and
water over solid sodium hydroxide. The solution was mixed and left until its temperature became stable
and the concentrations equalized about 2 hours. The fly ash, sand, alkaline solution and steel fibers were
mixed about 15 minutes by using low speed mixing machine (to receive the homogenous paste). Next,
it was poured into two sets of plastic molds. The specimens were hand-formed and then subjected to
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vibratory removal of air bubbles. Tightly closed molds were heated in the laboratory dryer for 24h at 75
°C. Then, the specimens were unmolded. The prepared specimens had following dimensions: per each
testing batch 3 cubes 70x70x70 mm and prisms 50x50x200 mm.

3. Results and discussion

3.1. Microstructure research

The SEM observations were made for plain samples (figure 1) as well as for composition reinforced by
fibres (figure 2 and figure 3). The images were made at various magnifications - between 20 — 220x.
The different magnification allows to observe of microstructure of composites, including fibres
distribution as well as it gives a preliminary information about the coherency of fibres (reinforcement)
with the geopolymer matrix.

Figure 1. SEM scan of non-reinforced geopolymer sample.
Ik ~ R

e =
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Figure 2. SEM scan of geopolymer sample reinforced with 2% steel fibers.
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Figure 3. SEM scan of geopolymer sample reinforced with 3.5% steel fibers.
The microstructural observation allow to notice that the structure is coherent - good adhesion the

steel fibres to the matrix. The contact zone are visible on figure 3.

3.2. Compressive strength
Table 1 and figure 4 show the compressive strength for geopolymer concrete cubes 28 days after they
were made.

Table 1. Compressive strength of geopolymer concrete.

Specimen size Compressive

Specimen type Sﬁjﬁ:g]e ern Width, Height, Length, gﬁg}%ﬁss&\ﬁ strength,
mm mm mm ! MPa
. 1 7155 71.20 70.86 581.7 1147
285?,205'3’6’36%‘6‘2:2 2 7217 7142 7138 605.0 117.4
: 3 7119 71.26 71.98 562.7 109.8
Geopolymer with 1 7154 7153 71.15 398.0 78.2
50t stoel Tibers 2 7148 7118 71.30 407.6 80.0
3 7144 7165 71.16 431.9 85.0
Geopolymer 1 7022 7158 71.12 362.0 72,5
. ; 2 7238 7108 71.34 475.2 92.0
without steel fibers 3 7162 7120  71.70 4677 91.1
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Figure 4. Geopolymer cubic specimen compressive strength loading graph.

For specimens with largest amount of steel fiber reinforcement compressive strength is considerably
higher than all other specimens. Furthermore it is interesting that compressive strength of specimens
without steel fiber reinforcement is not the lowest.

3.3. Tensile strength
Table 2 shows the tensile strength for geopolymer concrete spherical specimens 28 days after they were
made. For specimens with largest amount of steel fiber reinforcement compressive strength is
considerably higher than all other specimens. As well as in for cubes the tensile strength of specimens
without steel fiber reinforcement is not the lowest.

Also in figure 5 it is shown that specimens with 3.5% steel fiber reinforcement after first crack
development in bended part still holds and increases load capacity after it breaks.

Table 2. Tensile strength of geopolymer concrete.

Specimen size Compressive

Specimentype  ooo" Width,  Height,  Length, St‘;gr‘gtffsl'(‘ﬁ strength,
mm mm mm MPa
Geopolymer with 1 50.46 50.03 206.67 5.8 10.2
3.5% steel fibers 2 50.56 50.37 203.33 5.9 10.4
’ 3 50.21 51.56 206.67 6.5 11.3
Geopolymer with 1 50.84 50.14 210.00 4.7 8.4
204 steel fibers 2 51.45 50.16 205.00 4.3 75
3 50.23 50.21 210.00 3.6 6.4
Geopolymer 1 50.08 50.22 210.00 4.2 75
without steel fibers 2 49.69 50.25 208.30 4.8 8.6
3 4954 5022 208.30 5.6 101
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Figure 5. Geopolymer spherical specimens tensile loading graph.

As it is visible in figure 6, figure 7 and figure 8 only specimens with 3.5% steel fiber reinforcement
keeps carrying load after crack appearance. All other specimens (with 2% fiber reinforcement and
without fibers) fail after crack appearance.
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Figure 6. Geopolymer spherical specimens with 3.5% steel fiber reinforcement tensile loading graph.
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Figure 7. Geopolymer spherical specimens with 2% steel fiber reinforcement tensile loading graph.
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Figure 8. Geopolymer spherical specimens without steel fiber reinforcement tensile loading graph.

4. Conclusions

Regarding tensile strength specimens with fiber reinforcement of 3.5% has further load capacity even
if some of geopolymer matrix has failed in stretched part of specimen. For specimens with 2% fiber
reinforcement there are not enough fibers in stretched part so they could not carry all the load and
specimen fails. In compressive strength cubic specimens with steel fiber reinforcement fails without
significant late increase in load capacity as the specimens without fiber reinforcement do.

The load-bearing capacity of geopolymer cubes with 3.5% steel fiber reinforcement is 29% higher
than specimens with 2% steel fiber reinforcement and 26% higher than specimens without
reinforcement. Furthermore it can be aknowladge that for geopolymer cubes steel reinforcement gives
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increase in compressive strength when steel reinforcement is 3.5%. For less reinforcement amount there
is decrease in specimen compressive strength.

For tensile strength there is similar conclusion. Specimens with 3.5% steel fiber reinforcement has
got 30% higher tensile strength than specimens with 2% steel fiber reinforcement and 18% higher tensile
strength than specimens without fibers. Furthermore specimens without fibers has got 15% higher
tensile strength than specimens with 2% steel fiber reinforcement. It could only mean, that for
geopolymer matrix reinforced with waste tire steel cord fibers has to be at least 3.5% from mass of the
mix to contribute to specimen strength increase.

The decrease in tensile and compression strength for geopolymer concrete with 2% steel fiber
reinforcement can be because the fibers could be surfaced to specimens top not bottom side where tensile
loads are. Due to this the reinforcement has not worked as it should have and most on tensile load was
carried by geopolymer matrix not steel fiber reinforcement with geopolymer matrix together.
Furthermore, the collapse of specimens with 2% steel fiber reinforcement and specimens without
reinforcement (Fig.5, Fig.7 and Fig.8) is similar and could indicate, that for specimen with 2% steel
fiber reinforcement the steel fibers have not been arranged evenly through the cross section of specimen.
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The aim of this study was to experimentally determine the creep and shrinkage properties of plain geopolymer
and carbon-fiber-reinforced geopolymer concretes. The creep properties of concrete specimens were determined
by loading them by 20% of their ultimate stress. The specific creep of the geopolymer concrete was in the same
range as that of the ordinary Portland cement — 0.00065 1/MPa. New information on the time-dependent
elastic modulus of the concretes was also obtained. The elastic modulus of the plain geopolymer concrete
reached, on the average, 32.03 GPa on day 30, 36.29 GPa on day 62, and 45.73 GPa on day 158, but that of
the carbon-fiber-reinforced one — 30.12 GPa on day 30, 37.79 GPa on day 62, and 53.35 GPa on day 158
after the production of their specimens.

1. Introduction

Alkali-activated concrete has been known for about 100 years. The first scholar to conduct research into an alkali-
activated cement concrete was Purdon, who mixed slag with NaOH to create a new material. In 1979, after years of research, the
French scientist Davidovits patented the term geopolymer, which refers to a low-calcium alkali-activated cement concrete. [1]

The mechanism of geopolymer formation includes a silicon and aluminum reaction, which is released by hydroxide
silicates from sodium and potassium as an alkali activating solution. As a result, a strong alumni-silicate polymer structure is
created. [2]
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The main advantage of geopolymer concrete (GPC) is that it is environment-friendly. The carbon footprint of the
manufacture of geopolymer concrete, in terms of CO, emissions, is by 26 to 46% less than that for Portland cement if the
Portland cement in the concrete mix is replaced completely. [3] It has been estimated that 1 ton of kaolin geopolymer ce-
ment generates 0.180 tons of CO,, which is six times less than that in the case of Portland cement [4].

Creep strains of GPCs at high temperatures were investigated in [5]. Owing to its low density and porous structure,
GPC can be used as a heat insulation material [6]. A significant increase in its tensile properties and fracture energy can be
achieved by adding fibers to it [7-9]. This effect is mostly observed in bent members, such as beams [10—-11]. The introduc-
tion of a disperse fiber reinforcement can also be used to reduce its shrinkage deformations [12—13]. Additional viscoelastic
properties of concrete can be achieved by adding petroleum products to the concrete mixture [14]. Special structural design
procedures, for example, neural-network-based methods, have been created to predict the mechanical properties of cement-
based structural elements [15—17]. Many experimental results have shown that the GPC in compression has stress—strain
relationships similar to those of the Portland cement [18—19]. Thus, there are many indications that the ordinary Portland
cement can be replaced by a GPC in structural designs [20].

Although the strength and creep properties of GPC in various environmental conditions have already been deter-
mined, its long-term properties under a load have been explored inadequately. Therefore, in this work, its creep shrinkage,
compression strength, and time-dependent elastic modulus are investigated.

2. Methods

2.1. Preparation of specimens

Specimens with 1 wt.% of short carbon fibers and plain specimens (without fiber additives) were investigated. The
matrix was based on the fly ash from a power station located in Skawina (Poland). This kind of fly ash was suitable for
manufacturing geopolymers because of its appropriate physical properties and chemical composition. The oxygen com-
position of the fly ash was determined, and its sew analysis was performed. The ash contained spherical aluminosilicate
particles in different sizes: > 0.0039 in. [>100 um] — ca. 3%, 0.0028-0.0039 in. [71-100 pm] — ca. 12%, 0.0025-0.0028
in. [63—-71 um] — ca. 10%, 0.0022-0.0025 in. [S6—63 um] — ca. 15% and <0.0022 in. [<56 um] — ca. 60%. The ash
was rich in oxides, such as SiO, (47.81%), and Al,O, (22.80%). The content of SiO, and Al,O, was advantageous to
geopolymerization.

The specimens were prepared using a sodium promoter, fly ash, sand (sand to fly ash ratio — 1:1) and carbon
fibers (1 wt.%) or without fibers as a geopolymer concrete (GPC). The activation process was generated by a 12-M sodium
hydroxide solution combined with a sodium silicate solution (liquid glass at a ratio of 1:2.5). In order to manufacture the
composites, a technical sodium hydroxide in flakes was used, together with a water solution of an R—145 sodium silicate
(elastic modulus 2.5 MPa and density 1.45 g/cm?). Tap water was used instead of distilled one. An alkaline solution was
prepared by pouring the aqueous solution of sodium silicate and water over the solid sodium hydroxide. The solution was
mixed and left to stand until its temperature became stable and the concentrations equalized — for about 2 h. The fly ash,
sand, alkaline solution, and fibers were mixed for about 15 min using a low-speed mixing machine (to produce a homogenous
paste). Next, the solution was poured into two sets of plastic molds. The specimens were hand-formed and then subjected
to the vibratory removal of air bubbles. Tightly closed molds were heated in a laboratory dryer for 24 h at 75°C. Then, the
specimens were unmolded. The cylindrical specimens had a diameter of 46 mm and length of 190 mm.

Unmolded specimens were tested by SEM to determine their micro- and nanostructures (see Fig. 1)

86



Fig. 2. Test setup for creep and elastic modulus tests.

2.2. Experimental testing of creep deformations

The compression strength was determined according to standard EN 12390-3:2009. A compression machine with a
loading accuracy of +1% was used, and the loading rate was 0.7 MPa/s. The tests were performed after 30, 62, and 150 days
after the preparation of specimens. The tensile strength was determined in a tensile-split strength test on the same machine
at a loading rate of 0.7 MPa/s. These tests were performed after 62 and 150 days after the preparation of specimens. The
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Fig. 4. Compressed dry and wet GPC specimens.

elastic modulus was obtained 30, 62 and 150 days after specimens had been made. These tests were performed both before
and after creep tests.

For creep and shrinkage tests, six aluminum plates (10x15 mm) were glued to each specimen in pairs. Then, strain
indicators were attached to the plates (see Fig. 2).

The creep strains were measured on GPC specimens subjected to a uniform constant compressive load. At the
same time, shrinkage was measured for the same specimens, in the same room and at the same temperature and moisture
content, without loading.

Tests for the elastic modulus were performed before creep tests. Specimens were subjected to a load 40% of the
ultimate compressive strength. The load was applied and removed gradually in five steps. After each loading and unloading
step, deformations were measured.

In creep tests, specimens were subjected to a load 20% of its ultimate compression strength, which had been de-
termined in compression strength tests. Two groups of specimens were tested (Group 1 — 30 days old and Group 2 — 62
days old). They were kept loaded under a constant load for 88 and 120 days. The loading was carried out in creep lever test
stands designed for creep tests (see Fig. 2)

After the creep tests, specimens were cut in two and placed in water for 24 h for optimum moisture absorption
(see Fig. 3).

Afterwards, all specimens were pressed to determine their compression strength depending on whether they had
been loaded or not and whether they had been soaked in water or not (see Fig. 4 and Table 1).
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TABLE 1. Specimen Water Absorption

Test type Sample Average weight, g Average moisture absorption, g
[ after 24 h in water

Creep 1 GPC without a reinforcement 2872.5 3116.3 243.8
GPC with a reinforcement 2895.0 3050.0 155.0
Creep 2 GPC without a reinforcement 2890.0 3106.7 216.7
GPC with a reinforcement 28717.5 3025.0 147.5
Shrinkage ~ GPC without a reinforcement 2865.0 3105.0 240.0
GPC with a reinforcement 2902.5 3080.0 177.5

TABLE 2. Compressive Strength of 28-Day-Old GPCs

Specimen type ]S)lioae;;:;;n SIIZ_Iee’ig: Average weight, kg Avera%g:(;),nﬁ%resswe Avesrg %ig&rjlll\)/}'}e)zslVe
GPC with carbon fibers 46 95 0.3002 80.0 48.162
GPC without fibers 46 95 0.3000 75.6 45.483
TABLE 3. Compressive Strength of 150-Day-Old GPCs
Test type Sample weighte | beightmm | Soad e | M ength. Nipa
Creep 1 GPC without a reinforcement 2.822 92.5 80.6 48.49
GPC with a reinforcement 2.850 93.5 108.6 65.38
Creep 2 GPC without a reinforcement 2.830 93.0 79.8 48.02
GPC with a reinforcement 2.808 92.0 89.1 53.61
Shrinkage ~ GPC without a reinforcement 2.845 93.0 54.7 32.93
GPC with a reinforcement 2.800 92.5 53.9 32.42

The ability of concrete to creep is usually evaluated by the specific creep, which shows how much the material is
going to creep under the stress applied [21] and is calculated by the formula

Xer (t7 tO) =

(M

Eer (t’ tO) _ ot (t) —Esh (t) — & (ta tO) — 1
c c E,(t,1,)’

where y,,.(t,t,) is the specific creep, ¢, (¢,#,) is the creep strain, g,,(¢) is the total strain, €, () is the shrinkage strain,
&, (t,1y) is the elastic strain, o is the compressive stress, and E,,.(,1,) is the creep modulus.

3. Results and Discussion

On GPC specimens, tests to determine its compression and tensile strength, elastic modulus, creep deformation, creep
coefficient, and shrinkage were conducted.
The results obtained are shown in Tables 2, 3, and 4.

The elastic modulus was determined before and after creep tests. Its ultimate value after seven days from preparation
had not yet been reached (see Fig. 5).

The total creep and shrinkage strains ¢ are given in Fig. 6.
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TABLE 4. Compressive Strength of Moist 150-Day-Old GPCs

- D [ Dvrage [ v cmpresive [ Aveage comprsiv
Creep 1  Geopolymer without a reinforcement ~ 3.116 93.8 79.7 48.0
Geopolymer with a reinforcement 3.050 94.5 70.6 42.5
Creep2  Geopolymer without a reinforcement ~ 3.107 93.7 80.9 48.7
Geopolymer with a reinforcement 3.025 93.5 76.4 46.0
Shrinkage Geopolymer without a reinforcement 3.105 93.0 60.6 36.5
Geopolymer with a reinforcement 3.080 94.5 58.2 35.0
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After creep and shrinkage tests, all specimens were crushed in compression tests. The results of compression tests are
shown in Fig. 7. As is seen, the compression strength of unreinforced GPC was significantly affected by moisture — it was
by up to 15% lower than that of dry ones. It is also evident that the specimens with the longest loading time (Group 1) had a
higher compressive strength than the nonloaded specimens (shrinkage specimens) or those loaded later.

One of the objective measurements in creep is the specific creep strain of a material [21]. In Fig. 8 are shown differ-
ences between the ordinary Portland cement concrete and GPC.

4. Conclusions

The long-term deformation properties of GPCs were obtained by performing 150-day creep-shrinkage experiments.
On the basis of our results, the following conclusions can be drawn.

1. The compressive strength of the unreinforced GPC were similar to that of the classic Portland cement of strength
class C40/45. The GPC reinforced by 1 wt.% of carbon fibers had a little higher compressive strength than plain GPC (on
the average, 45.48 MPa for plain GPC and 48.16 MPa for the carbon-fiber-reinforced GPC before creep tests);

2. In the 130-day test, the strength of plain GPC specimens increased from 7 to 27%. A higher increase in the compres-
sive strength was observed for the carbon-fiber-reinforced GPC (increase by 27% in contrast to 7% for plain GPC specimens).

3. The moist specimens had by about 15% lower compressive strength than the dry ones. Also, water absorption had
a greater effect on the specimens with a carbon fiber reinforcement. The decrease in the compressive strength of plain GPC
specimens was about 2.2%, but for carbon-fiber-reinforced GPC specimens, it decreased by 14.3 to 35.1%.

4. For the water-saturated GPC specimens which had not been subjected to loads during creep tests (shrinkage
specimens), no decrease in the compressive strength was observed. On the contrary, it even increased slightly — by 9.7%
for the plain GPC specimens and by 7.6% for the carbon-fiber-reinforced ones.

5. The elastic modulus of specimens did not reach the ultimate value in the first 28 days after casting. From days 28
to 62, the modulus increased by 0.8% per day, on the average, from days 62 to 150 increased by 0.4% a day, on the average.

6. The plane GPC specimens tested showed a 13% to 23% lower specific creep strain than the ordinary Portland
cement concrete, which means that GPC could be used effectively in many structural applications. The specific creep strain
was higher for the reinforced GPC. The specific creep strain of specimens with a carbon fiber reinforcement was by 12%
higher than that of plain GPC specimens. This indicates that the 1% carbon fiber reinforcement did not affect the long-term
properties of GPC positively. In the contrast, the specimens tended to creep.

7. The specimens tested in creep (loaded) from day 30 after manufacture had a compressive strength by about 8%
higher than the specimens creep-tested from day 62. The compressive strength of creep-tested specimens was by 40% higher
than that of specimens that were used to determine the shrinkage strain. This effect can be partly explained by microstructural
changes and densification of GPC during long-term loading.

Further research is needed to develop practical recommendations for estimation of the long-term properties of GPC
structures.
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Abstract: Geopolymer composites have been around only for 40 years. Nowadays, they are used
in buildings and infrastructures of various kinds. A geopolymer’s main benefit is that it is a green
material that is partially made by utilizing waste products. The carbon footprint from geopolymer
matrix manufacturing is at least two times less than Portland cement manufacturing. Due to the
nature of the geopolymer manufacturing process, there is a high risk of shrinkage that could develop
unwanted micro-cracks that could reduce strength and create higher creep strains. Because of this
concern, a common strategy to reduce long-term strains of the material, such as shrinkage and creep,
is to add fiber reinforcement that would constrain crack development in the material. This article aims
to determine how various kinds and amounts of different fiber reinforcement affect fly ash-based
geopolymer composites’ creep strains in compression. Specimen mixes were produced with 1% steel
fibers, 1% polypropylene fibers, 5% polypropylene fibers, and without fibers (plain geopolymer).
For creep and shrinkage testing, cylindrical specimens @46 x 190 mm were used. The highest
creep resistance was observed in 5% polypropylene fiber specimens, followed by 1% polypropylene
fiber, plain, and 1% steel fiber specimens. The highest compressive strength was observed in 1%
polypropylene fiber specimens, followed by plain specimens, 1% steel fiber specimens, and 5%
polypropylene fiber-reinforced specimens. The only fiber-reinforced geopolymer mix with improved
long-term properties was observed with 1% polypropylene fiber inclusion, whereas other fiber-
introduced mixes showed significant decreases in long-term properties. The geopolymer composite
mix with 1% polypropylene fiber reinforcement showed a reduction in creep strains of 31% compared
to the plain geopolymer composite.

Keywords: fly ash-based geopolymer composite; long-term properties; fiber-reinforced geopolymer

1. Introduction

In recent years, there has been increased interest in geopolymer composites. A geopoly-
mer composite (GP/GPC) is a three-dimensional inorganic material with multiple beneficial
qualities, such as a significantly reduced carbon footprint caused by its manufacturing,
increased resistance to high-temperature exposure, and resistance to various kinds of acid
exposure [1-4]. It is reckoned that the manufacturing of 1 ton of kaolin-based geopolymer
cement production generates 0.180 tons of CO,, unlike ordinary Portland cement (OPC)
concrete, which has a carbon footprint that is up to 6 times greater. At the same time, the
cost margin varies from 7% lower to 39% higher than OPC [5,6].

The creep behavior of cementitious binders significantly affects the durability and
serviceability of concrete structures. There have been several studies focused on the creep
in compression. Most of them have found that, in most cases, the creep of a geopolymer
composite is less than OPC [7-10].

Drying shrinkage is also a factor that influences long-term strains. According to
capillary tension theory, it has been claimed that shrinkage strains are caused by capillary
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pressure in the pore walls. For a geopolymer composite, the ways to reduce the pore
amount include the modification of pore structure or reduction of water loss during curing,
or the inclusion of inert or reactive fillers and fibers [11-13]. In certain cases, the addition
of fibers can significantly reduce or even eliminate shrinkage strains. It has been claimed
that 0.5 vol% of polypropylene fibers or steel fibers reduce the shrinkage significantly, but
the inclusion of 2 vol% of steel fibers results in almost no shrinkage [14-16].

To enhance mechanical properties and, therefore OPC structural applications, fiber
reinforcement is used. Two groups of fibers are used: (i) fibers with a low modulus of
elasticity and high elongation properties (such as polypropylene, nylon, polyethene, etc.,
fibers) and (ii) fibers with a high modulus of elasticity (such as carbon, steel, and glass
fibers). In general, the first group does not improve the strength. Instead, they improve
fracture toughness and resistance to impact and explosion loads. The second group does
effectively enhance the strength and stiffness properties [17].

Polypropylene fibers (PPFs) are the most often used commercial fibers due to their
cost compared to steel fibers as well as their corrosion resistance [18]. They also have
many advantages over other synthetic fibers, mostly due to their lightweight properties,
cost efficiency, low thermal conductivity, and resistance to acid and alkali attacks [17].
Furthermore, the plain polypropylene fibers have the ecological benefit of decomposing
in the natural environment, unlike polypropylene fiber fabric [19]. According to previous
studies, PPF incorporation improves splitting tensile strength and flexural strength, creep
behavior, tensile strength, and shrinkage reduction. It has been claimed that the incorpora-
tion of 1% PPF results in the optimum performance enhancement to splitting and flexural
strength performance increases. Still, the fiber incorporation above 3% leads to a decrease
in workability [17].

Steel fibers (SFs) are increasingly used as auxiliary reinforcement for temporary load
cases, partial substitution of conventional reinforcement, and a total replacement of tra-
ditional reinforcement in overall compression. Due to SF-reinforced concrete structure
having good overall durability and mechanical performance, it has gained popularity,
and the conventional reinforcement has been partially or completely replaced in stati-
cally indeterminate structures [20]. Steel fiber increases mechanical properties such as the
strength and stiffness of concrete [17]. They are used in structural applications where it
is important to control the cracking processes, such as industrial pavements and tunnel
linings and ultra-high performance steel fiber-reinforced structures, such as cooling towers,
silos, sewage, and industrial wastewater tunnels and treatment plants. The addition of
SF increases deformation and ductility capacity in cases where the maximum flexural
load is exceeded [20,21]. It has been revealed that the distribution and orientation of SF
significantly affect the strengthening effect of concrete. Also, the aggregate should not
exceed three-quarters of the length of fiber or 25 mm [22].

Due to the previously stated environmental concerns and the apparent benefits of
geopolymer composite and fiber incorporation in OPC, it is necessary to evaluate the fiber
influence on creep and shrinkage strain development in geopolymer composites.

2. Materials and Methods

A geopolymer cylindrical specimen matrix was based on fly ash sourced from the
local power plant in Skawina city (Poland). This kind of fly ash is suitable for geopolymers
because of its physical properties and chemical composition. The fly ash contains spherical
aluminosilicate particles and is rich with oxides such as SiO; (47.81%) and Al,O3 (22.80%).
The high value of SiO; and Al,O3 provides advantages for geopolymerization.

Geopolymer specimens were prepared using sodium promoter, fly ash, and sand (the
ratio of sand to fly ash was 1:1). The activation solution was made using a 10-molar (10 M)
NaOH solution combined with the sodium silicate R-145 solution (with a molar module of
2.5 and a density of around 1.45 g/cm?3, with a ratio of NaOH and Na,O + SiO, of 1:2.5).
The technical NaOH in flake form and tap water was used instead of distilled water to
make NaOH solution. The alkaline solution was prepared by pouring sodium silicate
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and water over solid sodium hydroxide into the aqueous solution of sodium silicate and
water. The solution was mixed and left over night until its temperature stabilized and the
concentrations were equalized. The fly ash, sand, and alkaline solution were mixed for
about 15 min using a low-speed mixing machine in order to create a homogenous paste. A
quarter of the specimens were reinforced with 1% (by mass) of short PPFs (approximately
3 mm in length), another quarter of the specimens were reinforced with 5% of the same
PPFs, another quarter of the specimens were reinforced with 1% steel fibers (approximately
18 mm in length), and last quarter of the specimens were plain geopolymer. Next, the
mixes were poured into the plastic molds, as shown in Figures 1 and 2. The specimens
were hand-formed, and then the air bubbles were removed by vibrating. The molds were
heated in the laboratory dryer for 24 h at 75 °C. After the geopolymerization process,
specimens were unmolded [23,24]. All of the geopolymer specimens were prepared at
Cracow University of Technology (CUT).

(a) (b)

(b)

Figure 2. Geopolymer composite mixes, which were reinforced with 1% steel fibers reinforced (a) and plain (b).

For creep strain tests in compression, specimens were prepared according to RILEM TC
107-CSP recommendations [25]. All specimens were shaped to dimensions of @46 x 190 mm
or approximately 1:4 diameter to height ratio. For stain gauge attachment, 6 aluminum
plates (10 x 15 mm) were glued in pairs to each specimen. Afterwards, strain gauges
were attached to those plates, as is shown in Figure 3a. Two aluminum plates were glued
to the specimens to determine the shrinkage—one to the top and one to the bottom part
of it. Hereupon, shrinkage specimens were placed in the measuring stand to determine
the shrinkage strains throughout testing time, as is shown in Figure 3b. All the specimen
preparatory work was done at Riga Technical University (RTU). Creep and shrinkage tests
were carried out in a room with controlled atmosphere conditions: temperature 24 &1 °C
and relative humidity 30% == 3%.
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() (b)

Figure 3. Prepared creep test specimens (a) and shrinkage specimens (b).

Shrinkage and creep strains were monitored every day for the first two weeks, after
which they were monitored every other day. A constant load was applied throughout the
whole creep testing period. The specimens were loaded with a load equivalent to 20% of
the ultimate compressive strength, which was determined in compressive strength tests.
Specimens were loaded gradually by 25% of the determined load in a short period (within
5 min). A creep test was carried out on tests stands, as is shown in Figure 4.

() (b)

Figure 4. Creep test specimens set up in stands (a) and the test stand scheme (b) [26].

3. Results and Discussion

The compressive strength was determined before the creep tests. For each mix type,
four specimens were used to determine compressive strength values. The specimen’s age
at the time of testing was 28 days. The compressive strength values are shown in Table 1
and Figure 5.

The applied load and counterweight amount necessary for creep test stands were calcu-
lated, considering the compressive strength values represented in Table 1. As Moradikhou
states [27], the compressive strength improvement due to fiber incorporation is slight.
However, with 5% PPF and 1% SF incorporation, the compressive strength is significantly
lower. Ravinder et al. claimed that when fiber dosage increased from 0% to 0.3%, the
compressive strength increased by 6% [28]. From Figure 5, it is clear that 1% PPF inclusion
into the mix has improved the compressive strength of the composite. The compressive
strength has increased by 4.9% in contrast to OGP. Other authors have observed that the
compressive strength went up with a certain fiber inclusion amount, and when this amount
is exceeded, the compressive strength drops significantly [29,30]. The compressive strength
increased up until the fiber amount reached 0.60% by volume. Afterwards, the compressive
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strength of the tested high-strength concrete specimens drops significantly down to the
compressive strength level of a plain high-strength concrete specimen (PPF reinforcement
0.9% by volume). Similarly, it is with geopolymer composites where specimens with 5%
PPF incorporation show an 18.62 MPa or a 35.5% drop from OGP compressive strength.
Furthermore, the error amount in the compressive strength tests for the 5% PPF reinforced
composites are twice as big as those for plain geopolymer specimens; therefore, it seems
that a higher amount of fiber incorporation into the composite does not only affect the
mouldability of it but also an inner structure that significantly affects compressive strength.

Table 1. Compressive strength values of different types of specimens.

Test Specimen Type Average Compressive Strength, MPa
Plain geopolymer composite 505
(OGP) :
Geopolymer composite with 1% polypropylene 551
fibers (GP with 1% PPF) ’
Geopolymer composite with 5% polypropylene 339
fibers (GP with 5% PPF) ’
Geopolymer composite with 1% steel fibers 484
(GP with 1% SF) :
70.000
L]
S 60.000
% 50.000
§ 40.000
g
© 30.000
‘'z 20.000
(2]
g, 10.000
& 0.000
Geopolymer Plain Geopolymer  Geopolymer
composite with  geopolymer composite with composite with
1% steel fibers  composite 1% 5%
(GP with 1% (OGP) polypropylene polypropylene
SF) fibers (GP with fibers (GP with
1% PPF) 5% PPF)

Figure 5. Geopolymer composite compressive strength values with measurement errors.

The creep and shrinkage tests were started after the first compressive strength test.
Creep and shrinkage tests were carried out for 67 days.

The total strains and creep strains (total strains without shrinkage strains) are shown
in Figure 6.

Figure 6a,b show that the shrinkage strain amount is around 20% to 25% of all of the
long-term total strain amount for all of the tested specimens. Notably, the shrinkage strains
for the specimens with 1% steel fiber-reinforced geopolymer meaningly decrease, unlike
the other geopolymer specimens. It is also visible that the creep strain curves have much
slower strain, gaining capacity in the first 14 days without shrinkage strain. It is apparent
that the geopolymer composite with 5% polypropylene fibers has the least amount of total
strains and creep strains. Furthermore, the 1% steel fiber incorporation into the mix seems
to not give any gains regarding creep strains and shrinkage strain reduction. Steel fiber
incorporation has made it even worse than plain geopolymer. The creep strains for the 1%
steel fiber geopolymer composite is, on average, 40% higher than the plain geopolymer.
Additionally, a significant amount of elastic strains are observed in the curves of Figure 6.
To evaluate creep strain amount, more thoroughly elastic strains were taken away (please
see Figure 7).
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Figure 6. Reinforced and plain geopolymer composite total strains (a) and creep strains (b).
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Figure 7. Creep strains without elastic strains of reinforced and plain geopolymer composite.

If the elastic strains are taken away, the relation of Figure 6b for the first 28 days is still
visible in Figure 7. It is apparent from reviewing Figures 6b and 7 that the amount of elastic
strains for the tested specimens varies from 68.5% to 80.9%. The elastic strains for tested
geopolymer composites are 80.9%, 77.6%, 75.0%, and 68.5% for specimens with 5% PPF, 1%
SF, OGP, and 1% PPF, respectively. The highest creep strain was observed in the specimens
that were reinforced with 1% steel fibers. The lowest creep strains were observed for the
specimens that were reinforced with 5% polypropylene fiber.

Obtained results from long-term property tests and compressive strength tests lead
to thinking that only a geopolymer composite with 1% PPF incorporation could be used
for engineering purposes, such as repairing mortar or the prefabrication of plates. The
1% SF-reinforced geopolymer composite did not reach intended amount of load-bearing
capacity, most likely due to an insufficient amount of fiber incorporation. The 5% PPF-
reinforced geopolymer composite specimens showed the lowest creep strains. However, the
compressive strength for these composites was the lowest and the greatest margin of error
within the tested specimens. Additionally, these specimens had the highest elastic strain of
all the tested specimens. Therefore, it is apparent that reinforcement amount for the 5% PPF
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reinforced geopolymer composite specimens was too much, and the reinforcement amount
of 3% could represent a sufficient amount of PPF reinforcement. As for the shrinkage,
the 1% PPF and 5% PPF showed the lowest values, followed by the 1% SF and OGP. The
5% PPF-reinforced composite showed, on average, a 27.27%, 60.33%, and 63.20% lower
shrinkage strains than the 1% PPF-reinforced geopolymer composite, the 1% SF-reinforced
composite, and the OGP composite, respectively.

4. Conclusions

Long-term properties of fly ash-based geopolymer composite with various amounts
and kinds of reinforcement were determined by performing 67-day creep and shrinkage
tests. Additionally, compressive strength was determined before the long-term testing.
Results of the research showed the following findings:

e The geopolymer composite with 5% polypropylene fiber incorporation had the highest
creep resistance of all types of specimens, followed by specimens with 1% polypropy-
lene fiber reinforcement, the plain geopolymer, and specimens with 1% steel fiber rein-
forcement. At the peak, the geopolymer with 1% polypropylene fiber had 1.40 times
higher creep strains. In comparison, the geopolymer without reinforcement and with
1% steel fiber had values that were 1.99 and 2.44 times higher, respectively.

o If the elastic strains are exempt, then the 5% polypropylene fiber reinforced geopolymer
showed the smallest amount of creep strains, followed by the 1% polypropylene fiber-
reinforced specimen, the 1% steel fiber-reinforced specimen, and the plain geopolymer
specimen. The creep deformation differences were 1.84, 2.19, and 2.99 times, respectively.

e The specimens with 5% polypropylene had the least elastic strains, followed by
the 1% polypropylene-reinforced specimen, the plain specimen, and the 1% steel
fiber-reinforced geopolymer composite specimen. The difference were 1.25, 1.67, and
2.52 times, respectively.

e  Each type of reinforcement was observed to have its own optimal amount that con-
tributes to increased material mechanical and long-term properties. A 10-M geopoly-
mer composite incorporating 1% polypropylene fibers was observed to improve the
compressive strength, providing low creep and shrinkage strains. Specimens with 5%
polypropylene fiber reinforcement were observed to have the lowest creep and second
lowest shrinkage strains. They also were observed to have the lowest compressive
strength of all of the tested specimens.
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REINFORCED AND PLAIN GEOPOLYMER CONCRETE SPECIMEN
CROSS-SECTION COMPOSITION INFLUENCE ON CREEP STRAINS
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(1) Riga Technical University Riga, Latvia
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Abstract

Low calcium alkaline solution activated cement composite, or geopolymer concrete has been
around for about 40 years. The main benefit of this material - it is partially made by utilising
waste products, such as fly-ash, slags and others. It has been claimed that the manufacturing of
various geopolymer binder produces up to 6 times less CO2 than the production of Portland
cement. Because of the nature of the binding process of the geopolymer concrete, there are
some differences in the cause of the shrinkage. Because of this aspect, the long-term property
development mechanism is slightly different, and the microstructure of the specimen could be
different than for ordinary Portland cement.

Although the researches regarding the geopolymer concrete composition and mechanical
properties have significantly been reviewed in the previous couple of years, there has been a
lack of investigations regarding the long-term properties and the conditions affecting and
influencing long-term properties of the geopolymer concrete.

Two geopolymer concrete mixes are the test subject for this article - plain geopolymer and
reinforced geopolymer with 1% waste steel fibers that have been subjected to creep and
shrinkage tests. Waste steel fibers are the by-product of the car tire recycling process. The steel
industry is not willing to take them, but if recycle these products they can be used as fiber
reinforcement. The microstructure analyses with SEM were done by analysing specimens
polished sections. Afterward acquired images of specimen cross-sections were analysed by
determining the amount of fiber, geopolymer binder, filler, and air void amount in analysed
cross-section. The results were cross-referenced with creep and shrinkage test results of
analysed specimens.

The aim of this article is to determine the loading influence and geopolymer concrete
microstructure influence on long-term properties by evaluating polished specimen sections.
Keywords: Geopolymer concrete, polished section micro-analysis, long-term properties

1. INTRODUCTION

In recent years there has been increased interest in low carbon footprint materials such as
geopolymer concrete. Geopolymer concrete is a novel three-dimensional inorganic material that
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is formed due to a silicon and aluminium reaction that is activated by hydroxide silicates from
sodium and potassium alkali activating solution. There are several beneficial properties such as
low CO» emissions, low cost, low density and remarkable mechanical properties [1-4]. As the
mechanical properties are similar to Portland cement concrete geopolymer concrete main
advantage in this scope is its environmental contribution. If geopolymer matrix fully replaces
the Portland cement the carbon emission for this material drops from 26 to 46% and reduction
in costs varies from 7% less up to 39 % higher than for material with Portland cement as a
binder [4, 5].

In terms of sustainable and effective resource management, it is critical to recycle and reuse
industrial waste as much as possible so that the fraction of recycled material that goes to
landfills is as little as possible. Furthermore, produced materials from recycled products should
have new added value [6, 7]. Every year approximately 17 million tons of old tires are created,
that have no further use [8]. This waste is a serious contaminant to the environment, so it is
extremely important to recycle them.

Creep is an essential factor in human-made materials, especially to concrete and similar
materials. Stress and deformation distribution throughout the cross-section of the specimen is
affected by creep. The main creep affecting factors are the temperature of the surrounding
environment, relative humidity, and applied stress level [9, 10].

As the shrinkage strains appear simultaneously to creep strains, it is crucial to measure
shrinkage throughout the time of creep testing. Geopolymer shrinkage appears mainly due to
water loss while curing reaction and evaporation and pore structure relevant factors, for
example, alkaline activator, water content, binder material, and curing conditions. The pores
develop during the polymerisation process [11].

This study shows the microstructure difference of waste steel cord reinforced and plain
geopolymer concrete that has/has not been subjected to load.. And further, the microstructure
composition results have been tried to link to achieved creep strains.

2. MATERIALS AND METHODS

Geopolymer cylindrical specimen matrix was based on fly ash sourced from the power plant
in Skawina city (Poland). This fly ash is suitable for geopolymers because of its physical and
chemical properties. The fly ash contains spherical aluminosilicate particles as well as it is rich
with oxides such as SiO; (47.81%), Al203 (22.80%). The high value of SiO» and Al>O3 gives
advantages for polymerisation [12].

Geopolymer specimens were prepared using sodium promoter, fly ash, sand (ratio sand and
fly ash — 1:1). The process of activation has been made by 10M NaOH solution combined with
the sodium silicate solution (at a ratio of 1:2.5). To make the composite the technical NaOH as
flakes were used and water solution of sodium silicate R—145. Tap water was used instead of
the distilled one. The alkaline solution was prepared by pouring the aqueous solution of sodium
silicate and water over solid sodium hydroxide. The solution was mixed and leftover the night
until its temperature is stabilised, and the concentrations equalised. The fly ash, sand, and
alkaline solution were mixed for about 15 minutes by using a low-speed mixing machine (to
receive the homogenous paste). Then half of the specimens were reinforced with 5% by mass
of steel cords from recycled car tires. Then the mix was poured into the plastic moulds as it is
shown in Fig.1. The specimens were hand-formed and then the air bubbles were removed by
vibrating them. Moulds were heated in the laboratory dryer for 24h at 75 °C. Then, the
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specimens were unmolded. All the geopolymer specimen preparation was done at Cracow
University of Technology (CUT), Poland.

(b)
Figure 1: Plain geopolymer (a) and recycled tire steel cord reinforced geopolymer (b)
concrete

All specimens were prepared according to RILEM recommendations [13]. The dimensions
of the specimens were @ 46 x 190 mm or ¥ diameter to height ratio respectfully.

For creep deformation tests, 6 aluminium plates (10 x 15 mm) were glued to each specimen
in pairs. Afterward, strain gauges were attached to those plates. For the shrinkage specimens, 1
aluminium plate was glued to the top and bottom part of the specimen. Afterward, shrinkage
specimens were placed in the measuring stand to measure the shrinkage throughout testing time.
All the specimen preparatory work was done at Riga Technical University (RTU), Latvia.

Creep and shrinkage strains were monitored for the first two weeks every day, afterward-
every two days. During creep tests, specimens were subjected to constant load throughout the
whole creep testing period. The load that specimens were subjected to was equivalent to 20%
of the ultimate compressive strength, which was determined in compressive strength tests.
Specimens were loaded gradually by 25% of the determined load in a short period (within 5
minutes). Creep test was carried out on tests stands shown in Fig.2.

(b)

Figure 2: Specimen testing to creep strains

After creep and shrinkage tests cylinders middle parts (where the creep strain measurements
were recorded) cut to disc shape specimens with a thickness of Smm. The surfaces of specimens
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were saturated with polyester resin to make specimens more durable for surface polishing
cycles.

(b) (c)
Figure 3: Specimen polishing stages (a, b) and the result (c)

Afterward, for all specimens, their surfaces were polished by various grade sandpapers and
polishing compounds. The process is shown in Fig.3. Polishing was done according to the
sequences shown in Table 1.

Table 1: Specimen surface polishing steps

Polishing
Polishing compound Polishing Compression force to
stage (sandpaper or cycle time, specimen polishing
number paste grade) minutes surface, daN
type

1. P180 2 2.5

2. P320 2 2.5

3. P600 2 2.5

4. P1000 2 2.5

5. 3um 4 2.5

Afterward, specimens were delivered to Cracow University of Technology (CUT) where
they were carbon plated and surface images at 25-time magnification made.

To get the optimal amount of the specimen cross-section data and images, the reviewed
cross-section is divided into zones that represent the centre, middle and outside areas of the
specimen. The adopted principle is shown in Fig.4.
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Figure 4: Specimen cross-section division into zones

The achieved SEM images from each examined specimen’s cross-section were joined
together in Adobe Photoshop CC to get a full cross-section image. The next step was cross-
section image dividing into layers based on what partition of cross-section (matrix, filler, air
voids or reinforcement) is visible in it and RGB tone allocation. The process is shown in Fig.
5. The process step order is shown by the numbers. The layer dividing starts with the filler layer,
then void layer, reinforcement fiber layer and finished with the matrix layer.

Figure 5: Image dividing sequence in layers and tone allocation

When the image was divided into layers, and the RGB tone allocated the specific tone pixel
amount was divided by the number of image pixels. In doing so, the amount of particular
partition of the cross-section was achieved.
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3. RESULTS AND DISCUSSION

The compressive strength of the tested specimens at the beginning of the test is shown in
Table 2. The specimens in the creep test were subjected to a load that was calculated from
Table’s 2 compressive strength values.

Table 2: Compressive strength values of 7days old cylinder specimen

Specimen material Average compressive strength, MPa
Plain geopolymer concrete 30.37
Tire steel cord reinforced geopolymer 44.52
concrete )

After the initial compressive strength test, the creep and shrinkage tests were carried out for
90 days (approximately 3 months). The creep and shrinkage strain measurements are shown in
Fig. 6.

12
12
10
o 10
o =
g ° E8
g 6 =
= 2"6
r .=
é“ £ 4
J‘j (0]
(7]

[§e]
(o]

0 0
20 14 28 42 56 70 0 14 28 42 56 70
) Time, days Time, days
——Plain geopolymer =—TPlain geopolymer
== Reinforced geopolymer =—=Reinforced geopolymer
() (b)

Figure 6: Shrinkage (a) and creep (b) strains

Figure 6 has shown shrinkage and creep strain curves. It is easy to determine that geopolymer
concrete specimens reinforced with steel cords have significantly (~50%) less shrinkage and a
bit smaller (~30%) creep properties than plain geopolymer concrete. Furthermore, it is visible
that cord reinforced specimens have a slight delay in shrinkage strains to plain geopolymer
specimens. That leads to thinking that steel cords from old tires have a significant restraining
quality to shrinkage introduced strains.

The cross-section composition values of plain and waste steel cord reinforced geopolymer
concrete is shown in Table 3.
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Table 3: Average values of specimen cross-section composition

Matrix Filler Air void Steel cord
Geopolymer . . . .
Test type concrete amount in amount in amount in amount in
type Cross- Cross- Cross- Cross-
section, % section, % section, % section, %
Shrinkage Plain 78.96 16.91 4.13 -
Reinforced 77.11 13.81 6.39 2.69
Creep Plain 76.17 19.22 4.61 -
Reinforced 77.79 15.43 5.22 1.56

From the cross-section composition values presented in Table 3, it is clear that specimens
reinforced with waste tire steel cords have a significantly larger amount of air voids than plain
geopolymer specimens. Also, filler distribution to creep and shrinkage specimens is uneven for
both geopolymer types. For plain geopolymer, the difference is 2.31% and for reinforced
specimens 1.62%. The filler amount difference in specimen cross-section composition
depending on specimen type on average is 3.45% in favour of plain geopolymer. The difference
is up to 2.26% for specimens that have not been subjected to load and 0.61% for those that have
been loaded. This result leads to the conclusion that relatively large fiber incorporation into a
geopolymer mix leads to foaming up process.

It is also apparent that the void amount for steel cord reinforced specimens that have been
loaded is 19% lower than those that have not been loaded. The reason for this can be because
steel cord reinforced specimens in contrast to plain ones have 32% higher compressive strength
and they carried by the same amount greater load during creep tests than plain geopolymer
concrete keeping the load value 20% from compressive strength load value. Therefore, the
reinforcement is restraining the deformations but matrix and voids in it in this instance is the
subject that is deformed for these specimens.

4. CONCLUSIONS

— The quantitative image analysis of the plain and recycled tire steel cord reinforced
geopolymer concrete cross-sections shows that on average the plain geopolymer concrete
specimens have from 1% up to 2.26% less amount of air voids than steel cord reinforced
specimens.

—  Further analysis shows that if the reviewed cross-section part is more to the centre of the
specimen, then the level of the air voids decreases from 4.2% to 5.4% for plain
geopolymer and from 4.7% up to 10.3% for steel cord reinforced geopolymer concrete.
This could be due to insufficient vibrating to the specimens.

— Examining shrinkage and creep strain curves and cross-referencing them to achieved
specimen cross-section composition, there is no direct link that cross-sections of
specimens have significant flaws that would affect creep properties.

— For shrinkage strains, it is determined that for reinforced specimen greater porosity, the
shrinkage strain remains lower mainly because reinforcement is restraining and delaying
the strains to happen.
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Further testing and analysis are needed for specimen upper and lower parts to determine
what loading influence is to specimen parts where the stress distribution is not
homogeneous.
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Abstract. Low calcium alkali-activated cement composite known as geopolymer
has been around for more than 40 years. The main benefit of geopolymer based
composites is the environmental aspect - it is partially made by utilizing waste
products, such as fly-ash, slags, and others. It has been estimated that geopolymer
binder production makes up to 6 times less CO2 than the production of Portland
cement. Due to the polymerization or in other words nature of the geopolymer
binding process, there are some differences in creep and shrinkage development.
Because of this microstructure of the specimen could be dissimilar to ordinary
Portland cement. There has been an absence of investigations regarding the geo-
polymer composite long-term properties and micro-analysis. Also, the conditions
affecting the long-term properties of the geopolymer composites have been little
studied.

The subject of the research is geopolymer concrete that has been tested for creep
and shrinkage in compression and tension. The specimens for microstructure
analysis were acquired from the cylindrical shape (compression) and compact
tension (tension) specimens. Polished sections were used for SEM microanalysis.
Acquired polished section image cross-sections were analyzed by determining
the amount of geopolymer binder, filler, and air void in the analyzed cross-sec-
tion. The results were cross-referenced with creep and shrinkage test results. Af-
ter creep and shrinkage tests in compression and tension specimen cross-section
zones that have been subjected to the highest stresses were chosen and analyzed.
The article's main aim is to determine the geopolymer composite microstructure
and applied load influence on long-term properties.

Keywords: Geopolymer concrete, polished section microanalysis, long-term
properties, compression, tension



1. Introduction

Alkali activated cement composites based on industrial waste products such as fly ash,
blast furnace slag, etc., have been considered a cement for the future[1], [2]. As the
cement consumption, year by year, go up and now is responsible for 1.5 billion tonnes
of CO; emissions annually. It becomes a significant issue around 36% of global energy
consumption to research viable alternatives for less polluting binder usage with com-
parable properties regarding workability [3]. The use of alkali-activated materials is
beneficial to CO; reduction. It is positive from a sustainable environment standpoint as
it incorporates such industrial by-products as fly ash and slag [4]. The issue regarding
wide usage of geopolymer is mainly due to the binder hardening or the polymerization
process. This process requires heat; the temperature can vary from 40 to 100°C (de-
pending on fly ash or slag type and alkali activator) and the polymerization time from
12 to 48 hours and more, therefore, excluding on-site construction works due to diffi-
culties in achieving satisfactory structural performance [5].

Geopolymer is a low calcium alkali-activated cement composite. It is formed due to
a silicon and aluminium reaction activated by hydroxide silicates from sodium and po-
tassium alkali activating solution [6], [7].

Geopolymer concrete has similar compressive strength to regular Portland cement
(PC) based composites. Unlike regular PC, geopolymer composites 85% of their final
compressive strength can reach in 48 hours [8]. Long-term property wise geopolymer
composites have 78% less shrinkage and 50% less creep strains than foamed regular
concrete and a bit worse than regular PC composites [9].

Creep and shrinkage are well-known phenomena for cement and cement-like based
composite materials, and it may influence the lifetime of structures. Most of the creep
and shrinkage effects develop in the first ten years after construction. It is expected that
the creep and shrinkage development after the first ten years are not significant and
have a small impact on the performance of the structure [10]-[12]. Concrete and similar
materials are considered to insufficient strain capacity and low tensile strength. And,
consequently, they are brittle and susceptible to cracking. For cementitious composites
under compression damages first happen in the paste-aggregate interface. The tensile
stresses are necessary to determine long-term tensile properties for these materials [13].
Furthermore, because of the difficulties of performing tensile creep tests and differ-
ences in creep mechanisms in tension and compression, it is equally important to deter-
mine the factors that influence creep properties in compression and tension [14].

The paper focuses on the microstructure differences in specimens that have been
used in creep tests in compression, tension, and shrinkage tests. Therefore, microstruc-
ture images were acquired and analysed. Results of image analysis were cross-refer-
enced with the creep and shrinkage curves to determine whether there are notable cor-
relations.



2.  Materials and Methods

2.1. Geopolymer mix preparation

Geopolymer specimen matrixes were based on fly ash sourced from the power plant
based in Skawina city (Poland). The fly ash contains spherical aluminosilicate particles
and contains oxides such as SiO; (47.81%), AO3 (22.80%). The high value of SiO,
and AlOs allows polymerization [15].

Geopolymer specimens were prepared using sodium promoter, fly ash, and sand
(sand and fly ash ratio — 1:1). The geopolymer activation process has been made by
10M NaOH solution and the sodium silicate solution (at a rate of 1:2.5). The technical
NaOH in flake form and tap water with sodium silicate R—145 solution is used to make
the composite solution. The alkaline solution was prepared by pouring sodium silicate
and water over solid sodium hydroxide into sodium silicate and water aqueous solution.
The solution was mixed, and the temperature was stabilized. The fly ash, sand, and
alkaline solution were mixed for about 15 minutes using a low-speed mixing machine
(to achieve homogenous paste). Then the geopolymers were poured into the plastic
moulds, as is shown in Fig.1. The specimens were hand-formed, and then the air bub-
bles were removed by vibrating the mass. Moulds were heated in the laboratory dryer
for 24h at 75 °C. Then, the specimens were unmolded. All the geopolymer specimen
preparation was done at Cracow University of Technology (CUT), Poland.

b ©

Fig. 1. Geopolymer composite preparation (a) and moulding process (b and c), CUT lab.

2.2. Test specimen preparation

For creep testing in compression, specimens were prepared according to RILEM TC
107-CSP recommendations [16]. All of the specimens were @ 46 x 190 mm or approx-
imately 1:4 diameter to height ratio. For the dial gauge attaching six aluminium plates
were glued on specimens intended for creep testing in compression. Afterward, dial
gauges were attached to those plates. For shrinkage specimens one aluminium plate
was glued at the bottom and top part of each specimen. After that, shrinkage specimens
were placed in a stand for shrinkage measurements.



For creep measuring in tension, compact tension (CT) shaped specimens were used
[17]. Specimens were cut out from a cube that was 150x150x150mm. Each cut CT
specimen was 15mm thick. Afterward, the notch was cut as well as two bore holes were
made (for attaching within a loading rig), as shown in Figure 2.
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Fig. 2. Geometry of the Compact Tension (CT) specimen [17], [18].
The 2 mm wide notch in the CT specimen was sawn using a Proxxon MICRO MBS
240/E bandsaw. According to Figure 2 (a), the aluminium plates were glued to speci-

mens intended for creep and shrinkage tests. Plates were glued 25mm to each side from
the notch center. There were prepared 12 cylinders and 12 CT specimens.

2.3. Experimental setup

‘When the specimens' preparation was done, compressive strength and tensile strength
ultimate values were determined. The procedure is shown in Figure 3.

(®)

Fig. 3. Compressive (a) and tensile (b) strength determination, RTU lab.



The ultimate compressive load was determined using Controls Mod. Nr C56G2 press
with a speed of 0.8 MPa/sec. The ultimate tensile load was determined using INSTRON
3000 All-Electric Dynamic Test Instrument with speed 0.15mm/sec. Determined
strength values were compiled in Table 2. Following strengths determination, creep
specimens were placed into lever test stands and were loaded with a constant static load
equal to 20% of the ultimate load values (see Figure 4). With these stands, it is possible
to apply constant loading to the specimens and to keep it uniform over a long period.
Strains were measured using mechanical dial gauges “lY” with a scale interval of
1/100 mm and maximum measuring range of 10 mm.

(®)

Fig. 4. Creep specimen placement into compression (a) and tension (b) test stands, RTU lab.

To determine basic creep behavior, similarly shaped shrinkage specimens were
placed in equivalent environmental conditions, and their strain changes were monitored
(no load applied to the shrinkage specimens). Conclusions were made based on sub-
tracting shrinkage strain values from the creep values. Figure 5 shows the test setups
for shrinkage tests. All specimens were kept in a dry atmosphere of controlled relative
humidity in standard conditions: temperature 20+1°C and relative humidity 48+3%.
The geopolymer specimen preparation and strength, long-term tests were done at Riga
Technical University (RTU), Latvia.

@ )

Fig. 5. Shrinkage test setup for compression (a) and tension (b) specimens, RTU lab.



2.4. Microstructure composition specimen preparation

After all long-term tests, specimen cross-section parts for the scanning electron micro-
scope (SEM) were prepared for microstructure composition determination. Figure 6
shows prepared compression and tension specimen samples for microstructure analysis.

Fig. 6. SEM samples preparation (a) SEM samples polishing (b) and prepared samples before the
gold plating (c), RTU lab.

For the specimens that have been subjected to compression tests, cylinders middle parts
were cut into disc shape samples with a thickness of 15mm. Compact tension specimens
(CT) middle part where notch ends were drilled. The drilled samples were with @ 48mm
and 15mm thickness. Afterward, all samples were polished according to the sequence
described in Table 1.

Table 1. Specimen surface polishing sequence.

Polishing stage  Polishing compound Compression force to speci-

number (sandpaper or paste P;[:Z}::r;%ni};:e men polishing surface, daN
grade) type
1. P180 2 2.5
2. P320 2 2.5
3. P600 2 2.5
4. P1000 2 2.5
5. P1200 2 2.5
6. 3um 4 2.5

When the microanalysis samples were prepared, they were delivered to Cracow Uni-
versity of Technology (CUT) and covered with gold. For each sample, the characteristic
cross-section areas were chosen and marked. The characteristic cross-section areas
were analyzed. These sample areas were shown in Figure 7.



(a) (b
Fig. 7. Compression (a) and tension (b) SEM samples, CTU lab.

For specimens that have been subjected to compression testing, the cross-section was
divided into five squared (10x10mm) section parts distributed into the central and pe-
ripheral part of the specimen cross-section. Still, for the specimens subjected to tensile
loads (CT specimens), the microanalysis is done to the cross-section part near the notch
and deeper into the specimen.

The SEM microanalysis was done in JEOL JSM-820. The achieved SEM images
afterward were compiled together and divided into layers using Adobe Photoshop CC.
The division into layers was based on partition type within cross-section (matrix, filler,
air voids). For each of these partitions, the RGB tone was allocated. The process is
shown in Figure 8. The layer dividing process begins with filler layer separation that
was continued with the void layer.

Fig. 8. Image dividing sequence in layers and tone allocation.

When the image dividing and RGB tone allocation was done, the specific tone image
pixels were counted and registered. By doing so, the composition amount of the studied
cross-section was acquired.



3. Results and Discussion
The compressive and tensile strength of the tested specimens is compiled in Table 2.
Specimens intended for creep tests were subjected to a load equal to 20% of the load

values shown in Table 2.

Table 2. Compressive and tensile ultimate load values.

Specimen type Ultimate load value, av- Average compressive and
erage (kN) tensile strength, MPa
Cylinders, plain geopolymer 60.35 36.33
CT, plain geopolymer 0.28 5.13

After the compression and tension ultimate load tests, the creep and shrinkage tests
were carried out for 91 days (more than three months). Tests were started on the 7 day
since the preparation of the specimens. The creep and shrinkage curves for compression
and tension specimens are shown in Figure 9.

0.001
0.0008 7&'\—&7—

0.0006 §————
0.0004 44— —

0.0016 —————————  0.0016
£0.0014 —————= 0.0014

« Specifi creep, (mm/mm)/MPa

]
0.0002
g 12
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Time, days X Time, days Time, days
o eoeooShrinkage of cylinder ~ ****** Shrinkage of CT oo oo Specific creep of
specimen specimen cylindrical specimen
== == == Creep of cylinder = «= «= Creep of CT specimen == == == Specific creep of CT
specimen specimen
(a) (b) (c)

Fig. 9. Creep and shrinkage curves of compression (a) and tension (b) specimens and specific
creep (c) of compression and tension specimens.

The curves in Figure 9 (a) and (b) show that throughout testing time creep strains for
CT specimens are almost half of the creep strains in compression. The difference on
average is 46%. It is also apparent that the amount of elastic strain at the beginning of
the tests and further strain development characteristics are different for specimens in
compression and tension. Furthermore, specific creep in tension (Figure 9 (c)) is more
than 7 times greater that in compression. It leads to a conclusion that there are signifi-
cant microstructural differences to the microstructural development of the specimens
tested in compression and tension, and also, plain geopolymer composite has similar
creep properties as the regular Portland cement-based composites. Also, the shrinkage
curve for CT specimens in Figure 9 (b) clearly shows that specimens have properly



polymerized and achieved their modulus of elasticity close to what could be considered
as the final modulus of elasticity value. Therefore, the notch is opening, unlike Portland
cement composites that due to hydration would close the notch.

The obtained cross-section composition results are shown in Table 3.

Table 3. Compressive and tensile ultimate load values.

Test type Specimen ~ Matrix amount Filler amount  Air void amount
type in cross-sec-  in cross-sec-  in cross-section,
tion, % tion, % %
. Cylinder 73.48 20.08 6.44
Shrinkage cT 73.61 16.94 9.45
Cylinder 73.76 19.62 6.62
Creep cr 75.64 15.60 8.76

First of all, it becomes apparent that the cylinder’s air void wise was much better shape
than the cube used to make CT specimens. The all in all cross-section composition
analysis show that porosity for CT shaped specimens on average is from 24% to 32%
higher than cylinder-shaped specimens. It means that due to the cube’s dimension, it is
much harder for air to escape from the middle parts of the cube while it was vibrated
than it is for the air in the cylinder-shaped specimens.

The notch cross-section part's analysis was done to further determine the low amount
of elastic strains for CT specimens.

(@
Fig. 10. Crack assessment of shrinkage specimen notch base at 100 times (a) and 200 times (b)
magnification and creep specimen notch base at 100 times (c) and 200 times (d) magnification.
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In Figure 10, the notch part (tip) is in the middle of the left-hand side of each image.
Here it is apparent that there are a significant number of cacks in the notch area. Fur-
thermore, the crack amount for creep specimens is close to shrinkage specimens with a
slight increase to creep specimens. All that leads to thinking that due to early age test-
ing, shrinkage plays a considerable role in the crack development, making specimens
undergo larger plastic strains.

To further analyze the load impact to CT specimen cross-section notch zone (3mm
from the beginning of the notch) was measured. The notch’s overall general area and
the notch’s length and width from six equally spaced measurements along the notch
length. The results are shown in Table 4.

Table 4. Notch base part analysis.

Test type Average  Difference, Average Difference, Average Difference,

length of % width of % area of the %
the notch, the notch, notch,
mm mm mm?’

Shrinkage 2.979 1.2 0.684 5.4 1.974 5.7
Creep 3.016 0.723 2.094

It is clear to see that creep specimen notch basis was more deformed than shrinkage
specimens. In the length of 3mm from the notch base, the notch area is average 5.7%
bigger; thus, it was deformed than the notch part of the shrinkage specimens. Further-
more, while the width of the analyzed shrinkage specimens’ notch part stays the same
for the creep specimens, width increases on average by 0.168mm or 28.11%.

4.  Conclusions

1. Compact tension (CT) specimens on average have a 5.15% higher amount of air
voids than cylinder type specimens. The filler amount in the analyzed CT specimen
cross-sections is 7.16% less than cylindrical specimen cross-sections, while the
matrix amount stays the same. Therefore, while the cube specimens as a base of
the CT specimen preparation for long-term tests are not bad, the CT specimen mak-
ing directly in the right shape moulds would be considered a better practice for air
void filler distribution wise.

2. The creep strain amount for the compression specimens is 35.8% higher than the
creep strains for tension specimens. In contrast to ultimate load values, the differ-
ence is 99.54% in favor of the compression intended specimens.

3. Specific creep for specimens in compression is on average 85.92% less than for
CT specimens. Therefore, geopolymer composites have 7.5 times larger creep
strains in tension than in compression.

4. From the creep and shrinkage strain curves and notch base part cracks analysis, it
is apparent that tension specimens, in this case, CT specimens, have lower elastic
strain part and, in early stages, develop cracks in the base of the notch. Tension
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specimen elastic strains at the beginning of tests are on average 90.9% less than
compression specimens.

5. Due to early age testing and lack of fiber reinforcement, the shrinkage strains play
a considerable role in the crack development into the CT specimens and, therefore,
the increased amount of plastic strains of the tension specimens. Tension specimens
have 0.000379 mm/mm or 47.6% higher plastic strains than was determined by
creep compression specimens.
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Abstract - For more than 40 years, low calcium alkali-
activated cement composite, or in other words, geopolymer,
has been around. In recent years there has been increased
interest in this material and its properties. It is mainly due to
the claim that geopolymer is the cement of the future. This
claim is based on environmental factors. For instance, the
CO2 emissions for geopolymer binder can be up to 6 less than
for Portland cement binder. Most of the researches regarding
geopolymer composite properties examine only mechanical
and long-term properties in compression. There has been a
lack of long-term tests in tension due to difficulties in
performing them. As the tensile stresses are an essential part
of structure assessment, it is necessary to evaluate new
material properties as thoroughly as possible. Due to the
nature of geopolymer specimen hardening (polymerisation),
there is a difference in modulus of elasticity development and
shrinkage caused by binding that could have factors that
regular Portland cement specimens do not.

This article aims to evaluate the surface composition of
plain and 1% PVA reinforced geopolymer compact tension
specimens that have been subjected to creep and shrinkage
tests. Specimen cross-section images were acquired using the
scanning electron microscope (SEM). Using the quantitative
image analysis method, amounts of cross-section composition
elements are determined. Furthermore, the amount of cracks
is determined and compared between plain and PVA fiber-
reinforced specimens.

It has been determined that even though 1% of PVA
fibre-reinforced specimens have lower tensile strength, their
creep and shrinkage strains are lower, and the number of
microcracks at the notch base of the specimen. Still, it has to
be acknowledged that the amount of air voids in all analysed
specimens is relatively high.

Keywords - Geopolymer composite, long-term properties,
creep, shrinkage, quantitative image analysis

. INTRODUCTION

Alkali-activated materials have been known as an
alternative binder to ordinary Portland cement (OPC)
mainly due to environmental reasons. Year by year, cement
consumption goes up and now is responsible for more than
1.5 billion tonnes of CO, emission annually or, in other
words, 5 to 8% of global CO, emissions. This due to
limestone decomposition to generate reactive calcium
silicate and aluminate phases [1]-[4]. By using alkali-
activated materials, environmental benefits are gained in
two ways. One is waste material stockpile reduction
because, in alkali-activated material, such materials are
used like fly ash, blast furnace slag, etc., as a part of the
binder. The second way is by using these industrial waste
materials as binder components, the necessity for OPC is
reduced, and therefore, the CO2 is reduced. It has been
estimated that by replacing OPC as a binder altogether with
a geopolymer matrix, the emitted CO; level can be reduced
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up to 46% [5], [6]. The negative aspect of binder change
from OPC to geopolymer shows in cost increase,
approximately up to 39% [7].

Alkali-activated blast furnace slag cement types have
been studied since the 1930s, but research in alkali-
activated composites and geopolymers has increased
significantly since the 1980s [1]. Geopolymer is a low
calcium alkali-activated binder formed because of silicon
and aluminium reactions activated by hydroxide silicates
from sodium and potassium hydroxide solutions [7], [8].
The main issue regarding the wide usage of geopolymer
composites in construction is mainly because there is a
need for increased temperature for proper binder
hardening. In fact, for sufficient polymerisation, composite
has to be subjected to temperature from 40 to 100°C
(depending on fly ash or slag type and alkali activator) and
heated in this temperature from 12 to 48 hours and more,
therefore, preventing any on-site construction works [9].

Geopolymer composites have similar compressive
strength to OPC-based composites. The difference between
geopolymer and OPC composites is that geopolymer
composites will achieve 85% of their final compressive
strength in the first 48 hours [10]. Long-term property
geopolymer composites have 78% less shrinkage and 50%
less creep strains than foamed OPC-based composite and a
bit larger creep and shrinkage strains than OPC composite
[11].

Creep and shrinkage are very well-known phenomenon
for cement and similar binder-based composites. These
phenomenons may influence the lifetime of structures.
Most creep and shrinkage happen in the first ten years of
the composite’s lifetime. Cement and cement-like
materials are considered to have insufficient tensile strain
capacity and low tensile strength. Consequently, they are
brittle and susceptible to cracking. As performing creep test
in tension is quite difficult and there are differences in creep
and shrinkage mechanisms in compression and tension, it
is necessary not only to develop and carry out these kinds
of tests but also to determine factors that are influencing
long-term properties in tension [12]-[16].

This article focuses on determining the differences in
compact tension (CT) specimen polished section sample
surface compositions after creep and shrinkage tests. The
polished section's specific zone is marked. The images
taken and quantitively analysed to determine whether the
1% PVA fibre reinforcement incorporation has a
significant effect on sample microstructure and, therefore,
influence long-term properties.

Il. MATERIALS AND METHODS

For long-term tests, two types of geopolymer
composites were prepared. Geopolymer specimen matrixes
were based on fly ash sourced from the power plant based
in Skawina city (Poland). The fly ash contains spherical
aluminosilicate particles and contains oxides such as SiO2
(47.81%), Al203 (22.80%). The high value of SiO2 and
AI203 allows polymerisation [17].
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Geopolymer specimens were prepared using sodium
promoter, fly ash, and sand (sand and fly ash ratio — 1:1).
The geopolymer activation process has been made by 10M
NaOH solution and the sodium silicate solution (at a rate of
1:2.5). The technical NaOH in flake form and tap water
with sodium silicate R—145 solution is used to make the
composite solution. The alkaline solution was prepared by
pouring sodium silicate and water over solid sodium
hydroxide into sodium silicate and water aqueous solution.
The solution was mixed, and the temperature was
stabilised. The fly ash, sand, and alkaline solution were
mixed for about 15 minutes using a low-speed mixing
machine (to achieve homogenous paste). Then the
geopolymers were poured into the plastic moulds, as is
shown in Fig.1. The specimens were hand-formed, and
then the air bubbles were removed by vibrating the mass.
Moulds were heated in the laboratory dryer for 24h at 75
°C. Then, the specimens were unmolded. All the
geopolymer specimen preparation was done at Cracow
University of Technology (CUT), Poland.

The mixes were moulded into cube moulds
150x150x150mm. The mixing procedure is shown in Fig.

Fig. 1. Plain (a) and fibre-reinforced (b) geopolymer composite mixing
and moulding (c, d) process, CUT lab

For long-term testing purposes, each of the cubes was
cut to the tile-shaped CT specimens with a thickness of
15mm. Each of the tile-shaped specimens had grip 20mm
holes drilled, and 2mm notch sawed according to ASTM
E647 [18]. The rules of ASTM E647 for specimens
preparation, please see Fig. 2 (b). The actual prepared CT
dimensions are shown in Fig. 2 (a).
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Fig. 2. Geometry of the Compact Tension (CT) specimen [18], [19]

Compact tension specimens for the creep test were
loaded with 20% of their tensile strength, and shrinkage
specimens were kept in the same environment as the creep
specimens (*without loading). Strain readings were done
simultaneously for both tests. Tests were carried out for 91
days.

When long-term testing was done, each of the CT
specimens had their notch base area drilled out. In Fig. 3
(a,b,c) drilling process is shown.

(©
Fig. 3. CT specimen notch base sample drilling process, RTU lab

@ (b)

When areas for polished section samples were drilled
out, they were ground and polished with various
compounds at various speeds and durations. The polishing
and grinding are done with Mecatech 334 automatic single
station polishing machine. The polishing sequence is
shown in Table 1.

TABLE 1 SAMPLE SURFACE POLISHING SEQUENCE

Polishing Polishing Polishing Compression
stage compound cycle time, force to
number (sandpaper minutes sample
or paste polishing
grade) type surface, daN
1. P180 2 25
2. P320 2 25
3. P600 2 25
4. P1000 2 25
5. P1200 2 25
6. 3um 4 25

The polishing procedure is shown in Fig.4 (a,b).
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Fig. 4. Notch base samples grinding (a) and polishing (b) process,
RTU lab

After grinding and polishing, samples are dried in the
chamber at 40°C for 48 hours to release all the excess
moisture from grinding. When samples are dried, they are
placed in zip-lock bags together with silica gel so that
samples stay dried for longer.

At the beginning of the samples’ SEM microanalysis,
the samples are covered with gold (Fig. 5 (a)). After the
sample covering the specific zone on it is marked, the
specific area's tracing on the polished section would be
done more precisely

(Fig. 5 (b)).

A

(@
Fig. 5. CT specimen polished section sample covering with gold (a)
and placement in SEM vacuum chamber (b), CUT lab

The marked zone on the sample in Fig. 5(b) is 10 x 20
mm. SEM microanalysis is done in JEOL JSM-820.
Achieved images are compiled and divided into layers and
analysed using Adobe Photoshop CC. Dividing into layers
is based on the partition type visible within the analysed
cross-section. Division layers are matrix, filler, air-voids,
and reinforcement. For each specific layer, an RGB tone is
allocated. The process is shown in Fig. 6(a,b,c,d).

(d)

Fig. 6. Image dividing sequence into layers
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When the image dividing and RGB tone selection were
made, the amount of specific RGB pixels was counted. This
way, the composition amount of the studied cross-section
was acquired.

I11l. RESULTS AND DISCUSSION

The tensile strength of the CT specimens at the
beginning of the long-term tests is compiled in Table 2.

TABLE 2 TENSILE STRENGTH OF CT SPECIMENS

Mix type Ultimate tensile Average tensile
load value, average strength, MPa
(kN)

Plain  geopolymer 0.2767 5.1326
composite
Geopolymer 0.2667 4.9471
composite with 1%
PVA

When the tensile strength values are determined, then
load for the creep test is calculated. Creep and shrinkage
tests are carried out for 91 days. The creep and shrinkage
curves are shown in Fig.7.
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Fig. 7. Plain and fibre-reinforced geopolymer composite CT specimen
creep and shrinkage strains

From Fig. 7, it is apparent that 1% PVA fibre
incorporation into geopolymer composite does not bear any
significant improvements in creep properties. The creep
curves for plain and reinforced specimens are the same. As
for the shrinkage strain curves, there is a significant
difference between plain and fibre-reinforced specimens.
The difference here is, on average, a 54.21% decrease in
shrinkage strains for reinforced specimens in contrast to
plain specimens.

Also, it is visible in Fig.7 that reinforced specimens
have a significant reduction on day 70". This leads to
thinking that something has happened to one or more
specimens that could have caused this reduction in strains
and loss of load-bearing capability. To further elaborate on
this decrease in strains, the quantitative surface
composition analysis is done for the notch-based polished
sections. The results of the analysis are compiled in
Table 3.
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TABLE 3 CROSS-SECTION COMPOSITION OF CT SPECIMENS

Test Mix Matrix Filler Air void Fiber
type type |amount, % |amount, % | amount, | amount,
% %
- 75.48 16.93 7.59 -
£
o
75.75 14.07 9.47 0.71
) 3
g e
2 |a2
& |E¢
77.39 15.60 7.01 -
5
[
74.98 1458 9.51 0.93
g |82
o [

As shown in Table 3, the reinforced samples show
higher amounts of air voids than plain samples. On average,
the increase is 19.85% and 26.29% for reinforced shrinkage
and creep specimens, respectively. Further analysing
results, there are differences between plain and reinforced
samples. For instance, plain samples that have been
subjected to load (samples from creep specimens) show a
lower amount of air voids than those that have not been
subjected to any load. The decrease to loaded specimens on
average is 7.64%. The same is not happening with fibre-
reinforced samples. There is a slight visible increase of
0.42% in air void amount for loaded samples for them. This
amount is negligible and leads to thinking that even
specimens are tested only in tension; there is still some
compression happening to specimens. As these
compression strains are quite low, the fibre reinforcement
does not allow compression effects to occur in the cross-
section.

At the microanalysis, it was also discovered that fibre-
reinforced samples have a significantly higher amount of
micro-cracks that had developed a macro crack that would
explain the creep curve drop in one polished section case
Fig. 7 onday 70™. In Fig. 8 (a,b), the actual image is shown.

In Fig. 8 (b), there is directly visible one main crack that
starts at the CT specimen base and goes throughout the
sample.

Further analysing the surface microanalysis results in
Table 3 shows a common trend that all of the reinforced
samples have lower filler amounts than plain samples. The
filler amount is relatively stable in context whether samples
have or have not been subjected to any load. The difference
between shrinkage and creep samples for reinforced
samples is 3.51%, and for plain samples, 7.86%.

The matrix amount of all the samples is similar to all
other entity amounts.
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(b)

Fig. 8. Fibre-reinforced CT specimen notch base sample air void,
reinforcement, filler placement (a), and air void/crack placement (b) in
polished section

1VV. CONCLUSIONS
Such conclusions can be drawn from the results:

1. The air inclusion amount for the fibre-reinforced
samples is significantly higher and is not influenced
by tension strains. It is 19.85 and 26.29% higher
than plain shrinkage and creep samples
correspondingly.

2. Increased air void amount and low amounts of fibre
reinforcement increase the possibility of sample
cracking and load-bearing capability loss. Fibre-
reinforced specimens show 3.7% lower tensile
strength and structural imperfections due to the
small fibre reinforcement amount.

3. Reinforced samples show lower amounts of filler in
them. In contrast to plain specimens, the filler
amount for reinforced shrinkage and creep samples
is 3.51% and 7.86%, respectively.

4. Fibre reinforcement does not significantly affect
creep properties in tension but affects shrinkage
strain reduction. On average, shrinkage strains are
54.21% lower for fibre-reinforced specimens than
plain geopolymer CT specimens.
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Abstract: This study investigated the effect of a low amount of polyvinyl alcohol (PVA) and steel fiber
reinforcement on fly ash-based geopolymer composite long-term deflection and its microstructure.
For testing purposes, specimens with different amounts and types of fiber reinforcement as well as
plain (reference) were prepared. The long-term deflection test was performed by loading specimens
with 40% of the ultimate flexural strength. A microstructure analysis was performed using polished
section specimens, and images were acquired at 25-times magnification on a scanning electron
microscope. The results of the flexural strength test show that all geopolymer composites with
fiber reinforcement have lower flexural strength than plain geopolymer composites. The long-term
deflection tests show that the highest deflections exhibit 1% PVA fiber-reinforced specimens. The
lowest amount of deflection is for 1% steel fiber-reinforced specimens. Specific creep shows similar
results to plain, and 1% steel fiber-reinforced specimens, while 1% PVA and 0.5% PVA /0.5% steel
fiber-reinforced specimen exhibits the same properties. The quantitative microanalysis of the polished
section further confirms the deflection results. Specimens with 1% PVA fiber reinforcement have
significantly higher porosity than all other specimens. They are followed by plain specimens and 1%
steel fiber, and 0.5% PVA /0.5 steel fiber-reinforced specimens have almost the same porosity level.

Keywords: fly ash-based geopolymer composite; long-term deflection; fiber-reinforced geopolymer

1. Introduction

Currently, the most popular construction material is concrete based on ordinary
Portland cement (OPC). Its popularity is mainly due to the low cost of concrete. As the
worldwide population grows, it is estimated that the consumption of OPC will increase so
much that yearly CO, pollution will grow from around 7% at present to 17% [1].

Geopolymer is considered a very sustainable material, mainly because it can be
produced from industrial waste materials. A significant number of studies show that
geopolymer has the necessary properties to be a suitable construction material and is very
likely to replace OPC concrete, completely in some cases [2-6]. There have been estimations
that producing concrete-like materials by means of geopolymerization can reduce CO,
emissions regarding OPC production by up to 86% per one ton of Portland cement [1].

Geopolymer matrix can be produced from fly ash and various slags, such as granulated
blast furnace slag, kaolin, and pozzolans. Most studies have researched geopolymers based
on fly ash. Fly ash is a byproduct of coal power plants. In some countries, fly ash remains
20 to 60% cheaper than Portland cement. In most cases, these countries have coal power
plants [7].

According to the life cycle assessment of ordinary Portland cement concrete (OPCC)
and alkali-activated binary concrete (AABC), the AABC has 44.7% less kg CO; eq/m?® than
OPCC. These results indicate that AABC usage as an alternative to OPCC is valid [8].
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As it is known, geopolymer composites have similar compressive strength to OPC-
based composites. Geopolymer composite also achieves 85% of its strength in the first
48 h [9]. Moreover, its tensile and flexural strength are close to OPC but slightly more brittle.
It is well known that fiber introduction into the composition of geopolymer composite
in a certain amount reduces creep and shrinkage in compression and tension, further
reducing cracking effects and redistributing stresses throughout the cross-section of the
structure [10-13]. It is known that steel fibers have high mechanical strength, flexibility, and
availability. They have many shapes and can be manufactured in different ways that further
show their strength. The tensile strength of steel fibers differs from 310 to 2850 MPa [14].
The most popular polymer fibers are polyvinyl alcohol (PVA) and polypropylene (PP).
Polypropylene fibers have low-cost favorable characteristics in high pH environments
and the ability to control plastic shrinkage-caused cracking, but they have low thermal
resistance, low modulus of elasticity, and poor interfacial contact with the cementitious
matrix [15,16]. The PVA fibers have a higher modulus of elasticity and tensile strength, as
well as showing higher chemical bonding with the cementitious matrix [17,18].

Tensile and flexural strength can be significantly increased by the addition of fibers.
By adding 2% of sorghum fibers, the tensile strength can be increased by 36% [19]. It is
claimed that the addition of 2% PVA fibers or 2% steel fibers, or hybrid fiber reinforcement
consisting of 1% PVA and 1% steel fibers, leads to great flexural strength [20].

Long-term deflection assessment is of high importance for the further development
of geopolymer construction structural design for serviceability. There are only a few
deflection assessments under flexural stress results reported for geopolymer composites.
Results from the research of [21] show a close correlation with OPCC’s long-term deflection
properties. Still, data are inconclusive on whether geopolymer composite is subjectable to
larger long-term deflections than OPCC.

The aim of this article is to determine the long-term deflection properties of different
fiber-reinforced geopolymer composites under three-point bending and the fiber reinforce-
ment influence on specimen microstructure after long-term and mechanical tests.

2. Materials and Methods

The geopolymer composite matrix was based on fly ash from the coal-powered power
plant located in Skawina, Poland. This specific fly ash is suitable for geopolymer production
because it contains spherical aluminosilicate particles. It is rich in oxides such as SiO;
(47.81%) and Al,O3 (22.80%). The significantly high content of SiO, and Al,Oj in this fly
ash is advantageous for geopolymerization.

Geopolymer composites preparations were made according to the following steps:

1. Day 1—10 M NaOH solution preparation. Alkali solution is prepared by mixing
NaOH flakes with water. As the chemical reaction is exothermic, the container with
the solution after mixing is placed in cold water for one hour to reduce the temperature.
Then, the R-145 sodium silicate is added to the sodium hydroxide and mixed until the
solution has an even consistency. The solution is left until the next morning to settle.

2. Day 2—Geopolymer specimen preparation.

2.1.  Specimen dry mix is prepared by mixing quartz sand and fly ash together. The
sand and fly ash content ratios are 1:1 by mass. Sand and fly ash are mixed in
a mixer for 5 min at the machine’s lowest speed.

2.2.  After dry mix preparation, the previously prepared alkali solution is added to
the dry mix and mixed until the geopolymer achieves a moldable consistency.
Mixing is performed for 15 min at the machine’s lowest speed [22,23]. For
the fiber-reinforced specimens, after the first 15 min of mixing, the previously
prepared and weighed fiber reinforcement (Figure 1) is added, and the whole
geopolymer composition is mixed for 5 min. Whole geopolymer mixing is
shown in Figure 2.
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2.3.  The geopolymer mixture is poured into previously oiled plywood molds. The
molds are vibrated to release entrapped air and covered with plastic film, then
placed into a heat chamber at 75 °C for 24 h.

(b) (0 (d)

Figure 2. Geopolymer composite composition preparation procedure from geopolymer paste (a) to
PVA (b) and steel (c) fiber addition and end composition (d).

The weight and weight ratios regarding geopolymer composite preparation are com-
piled in Table 1. The properties of the fibers used in the specific geopolymer composites are
presented in Table 2.

Table 1. Used geopolymer composite alkali solution and dry mix quantitative parameters.

Alkali Solution Dry Mix
Constituent Weight (g) Constituent Weight Ratio
NaOH flakes 400 Quartz sand 1.00
Water 1000 Fly ash 1.00
R-145 Na,O + SiO; solution (molar 3500 Fibers 0.01

module 2.5, density 1.45 g/cm?)

Table 2. Basic properties of the used fibers.

Fiber Parameter PVA Mesofibers Steel Fibers
er Faramete (MasterFiber 400/401) (La Graminga GOLD)
Length (mm) 18.00 20.00
Diameter (mm) 0.16 0.30

Tensile strength (MPa) 790-1160 2635-3565
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After mixing, the geopolymer composite was laid in plate molds and polymerized for
24 h at 75 °C. The polymerization process is shown in Figure 3.

(a) (b) (o)

Figure 3. Geopolymer composite molding (a) and polymerization process (b,c).

After polymerization, plate shape specimens were cut into beam-shaped specimens
with dimensions 20 x 75 x 450 mm. Specimen cutting and preparation were performed in
Riga Technical University facilities (RTU). Specimens before and after cutting are shown in
Figure 4.

(@) (b)
Figure 4. Geopolymer composite plate specimens before (a) and after (b) cutting.

After cutting, specimens were packed into plastic and aluminum film to prevent shrink-
age. The aluminum plate was also glued to the specimen to allow accurate measurements
of creep deflection. The procedure is shown in Figure 5.

(b) (c)

Figure 5. Geopolymer composite specimen wrapping (a,b) and plate-gluing (c) process.
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After this, flexural strength was determined, and the specimens were placed on
a deflection creep stand and loaded with 40% of the ultimate flexural strength value.
Placement into the deflection creep stand was according to the scheme in Figure 6. The
actual specimen placement into deflection creep stand is shown in Figure 7.

400

i |

{

-—20

Deformation
indicator

~—~— Applied load

Figure 6. Specimen placement into the long-term deflection test stand.

Figure 7. Setup and testing of long-term deflection strain in three-point bending.
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A creep test was carried out for 108 days in the RTU lab, and the specimens were
unloaded on the 95th day of testing.

After the creep tests, three specimens were used for quantitative microstructure inves-
tigations and three to determine flexural strength after long-term testing, which were then
also used for a microstructure analysis. The specimens intended for the microstructure
analysis middle part where the load was applied and deflection measured were saturated
with epoxy resin to develop polished section specimens for the microstructure testing
purposes, as shown in Figure 8.

Figure 8. Geopolymer composite polished section casting into epoxy (a,b) and cutting (c) procedure.

The polished section specimen development shown in Figures 8 and 9 was performed
according to the procedure mentioned in [24,25].

"a IV

-

(a) (b)

Figure 9. Geopolymer composite polished section specimen polishing with sandpaper (a) and
polishing paste (b).

After the polishing process, the polished section specimens are examined using a
scanning electron microscope JEOL IT200 (JEOL, Tokyo, Japan) to determine the loading
effect on a measured zone of the beam specimens. Images of the specimens are taken at
25-times magnification.

3. Results and Discussion

The flexural strength was determined before and after the creep tests. For each mix
type, three specimens were used each time to determine flexural strength values. The
specimen age at the time of testing was 28 and 274 days. From the destructive deflection
tests, the ultimate flexural load is determined, and the bending strength is calculated

according to the equation:
_ oL )
77 22 (
where:
F—Applied force;
L—Span of the specimen;
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b—Width of the specimen
d—Thickness of the specimen
The flexural strength values are shown in Figure 10 and Table 3.

10.0

9.0

]
=T

(=)
[=}

Flexural strength, MPa
b W - wn
> o o o

—
[=]

[=]
[=]

Plain GP Plain GP GPwith GPwith GPwith GPwith GPwith GP with
after PVA 1% PVA 1% 05%PVA/0S%PVA/ 1% ST 1%ST
after 0.5%ST 05%ST after
after

Figure 10. Geopolymer composite flexural strength values with measurement errors before and after
long-term deflection tests.

Table 3. Geopolymer composite flexural strength average values and coefficient of variation values.

Geopolymer Age 28 Days Age 274 Days
Composite Type Flexural Strength (MPa)  Coefficient of Variation  Flexural Strength (MPa)  Coefficient of Variation
Plain GP 8.07 10.67 6.98 7.05
1% PVA GP 7.32 6.93 6.21 11.25
0.5% PVA/0.5% St GP 6.93 2.85 7.05 1.34
1% Steel GP 6.20 227 6.18 0.87

As shown in Figure 10 and Table 3, the plain geopolymer composites exhibit the
highest flexural strength, followed by the 1% PVA fiber-reinforced specimens and 0.5%
PVA/0.5% steel, and 1% steel fiber reinforced specimens with a 9%, 14%, and 23% reduction
in flexural strength, respectively. Despite this factor, plain specimens have the highest
standard deviation. For plain specimens, this is +/—0.86 MPa; +/—0.51 MPa for 1% PVA
fiber-reinforced specimens; +/—0.20 MPa for 0.5% PVA/0.5% steel fiber-reinforced; and
+/—0.14 MPa for 1% steel fiber-reinforced specimens. Similar flexural strength values
were achieved by [26,27]. Nazari et al. studied boroaluminosilicate geopolymer with
steel fiber reinforcement 2, 3, and 5% by volume, and the results show flexural strength
ranging from 6.3 to 11.8 MPa. They found that this was achieved by not only increasing the
fiber amount, but also by increasing the ratio of borax and sodium hydroxide ration. Still,
the main influence on the flexural strength increase is the increase in fiber reinforcement.
Plain geopolymer specimens exhibit flexural strength from 5.0 to 9.5 MPa [26]. Constancio
Trindade et al. [27] tested geopolymer based on metakaolin reinforced with PVA and
polyethylene (PE) fibers (the fiber content introduced in the geopolymers was 2% by
volume). The flexural strength of the specimens that were not subjected to elevated
temperatures showed significantly higher flexural strength than fly ash-based specimens. In
other words, metakaolin geopolymer exhibits 19.7 MPa to PVA fiber-reinforced specimens
and 23.5 MPa to PE fiber-reinforced specimens. Plain specimens have a flexural strength
of 9.8 MPa. Others [28,29] report similar flexural strength with small-scale specimens
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that show a bending strength of 4.6 MPa to plain and 3.5 to 4.6 MPa reinforced with
steel fibers. Large-scale beam-shaped specimens with reinforcement bars have bending
strength from 22.46 to 29.36 MPa to reinforced specimens and 18.96 MPa to plain specimens.
Still, according to the previously mentioned research and its specimen thickness-to-span
ratio, it shows that the specimens tested in this study have rather remarkable flexural
strength that most likely would be at its highest amount if the steel fiber reinforcement
were approximately 4 to 5%, and the PVA fibers from 3 to 4%.

Specimens that were crashed after long-term tests showed a decrease in flexural
strength. For specimens reinforced with 0.5% PVA/0.5% steel and 1% steel fibers, the
decrease was slight, but for plain and 1% PVA fiber-reinforced specimens, the decrease was
14% and 15.2%, correspondingly.

For all of the geopolymer composite mixes, the flexural values determines at the age of
28 days are higher than [21] the 28-day flexural strength values. Plain GP flexural strength
is 14.1% higher than the highest flexural strength achieved in [21]. Still, it has to be noted
that the specimen dimensions here and in [21] are different.

Based on Table 3 and the claims of Z. Junwei [30] that appropriate fiber reinforcement
should improve structural defects such as micro holes and micro cracks, this further leads to
increased mechanical properties. In turn, this leads to the conclusion that the fiber amount
used in this study is too low.

As seen in Figure 11, the lowest creep deflection is linked to the specimens with 1%
steel fiber reinforcement, followed by plain geopolymer specimens, geopolymer with 0.5%
PVA/0.5% steel fibers, and 1% PVA fiber-reinforced specimens. In other words, creep
deflections for the plain specimens, 0.5% PVA/0.5% steel fiber-reinforced, and 1% PVA
fiber-reinforced specimens are 48.2%, 53.1%, and 59.6% larger, respectively, than the 1%
steel fiber-reinforced specimens.

0.00045
0.0004
0.00035 /__’_/
0.0003 —)
© 0.00025
& 0.0002
E
2 0.00015
0.0001
0.00005
0 .
0 14 28 42 56 70 84 98
Time, days
— OGP GP 1% ST
e GP ar 1% e GP 0.5%ST
PVA 0.5%PVA

Figure 11. Plain, 1% PVA fiber-reinforced, 1% steel and 0.5% PVA/0.5% steel fiber-reinforced speci-
men creep deflections.

If we compare the results in Figure 11 with the long-term deflection results from [31],
we can see that, unlike OPC mortar specimens that would exhibit hydration effects and
show that autogenous and drying shrinkage have a leading effect over creep effects, the
GP specimens do not show such an effect. Furthermore, the long-term strains for the GP
are 0.8% from the flexural strength registered to OPC mortar specimens tested at an early
age. In their study, Un et al. [21] presented long-term deflection of composite geopolymer
beams, and there is visible close relation with the Figure 11 curves. Furthermore, it is clear
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that when specimens reach the age of 100 days (in Figure 11, day 72), the creep strains stop
generating and stabilize.

As flexural strength for different geopolymer compositions is different, the flexural
deflections are also different. To evaluate creep deflections without different stress amount
impact, the specific creep is calculated (see Figure 12). The calculation is made according to
the equation:

@

t,t € t) —eg, (1) — e (t, 1 1
Xer(t o) = ‘S”(U' 0) _ kop (t) sn(t) — e (t, to) B

e ~ Eq(tt)

where:
Xer(t, tp) is the specific creep,
ecr(t, tp) is the creep strain,
eop(t) is the total strain,

g, (t) is the shrinkage strain,

€,(t, to) is the elastic strain,

o is the compressive stress,

Er(t, to) is the modulus of creep.

0.00016
0.00014
0.00012

0.0001

eep, %/MPa

0.00008

0.00006

0.00004

Specific cr

0.00002

0
0 14 28 42 56 70 84 98
Time, days
w—— QOGP GP 1% ST

e GP ar 1% PVA e (5P 0. 5% ST
0.5%PVA

Figure 12. Plain, 1% PVA fiber-reinforced, 1% steel, and 0.5% PVA/0.5% steel fiber-reinforced
specimen specific creep.

In Figure 12, the specific creep values show similar relations to the creep deflection
values in Figure 11. The differences are shown in values. Specimens with 1% steel fiber
reinforcement still have the lowest specific creep, followed by plain geopolymer specimens
with 39.0% higher specific creep, 0.5% PVA/0.5% steel fiber-reinforced specimens with a
43.6% increase, and 1% PVA fiber-reinforced specimens with 52.2% higher specific creep.
This leads to that the assumption that, even though specimens with the addition of polymer
fiber—as mentioned in this study in Table 3 and other studies [26-29]—have higher flexural
strength, they are more prone to creep effects and would have larger long-term deflections
than steel fiber-reinforced specimens.

Further, to elaborate on the bending force influence on the specimen cross-section at
which the load is applied, a SEM image quantitative analysis is carried out. In Figure 13, an
acquired SEM image dividing the sequence into layers is shown on the specimen that is
subjected to the flexural strength test.
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Figure 13. Geopolymer specimen reinforced with 0.5% PVA /0.5% steel fibers after long-term and
bending strength test image dividing sequence from raw image (a) to air voids (b), added reinforce-
ment (c), and filler (d) and matrix (e) in 25-times magnification. The image area is 20 mm high and
75 mm wide.

The quantitative image analysis is based on a determination of the specimen cross-
section composition-parameter quantity ratio to all areas of the cross-sections. In other
words, each partition of the studied cross-section is divided into a separate layer, and a
specific RGB color is assigned to this layer. When all of the images of the specific cross-
section are divided into layers and color codes are assigned, the number of pixels is counted
for all of the raw undivided image, as well as for each of the specific color layers. Then,
the acquired number of pixels linked to the specific layer is attributed to the total number
of pixels in the whole image, and the quantitative amount of the specific cross-section
composition partition is determined. In the case of the long-term deflection specimens,
the zone viewed in this research (the location in which the load is applied) is only 75 mm
thick. As each of the polished section specimens at the beginning is approximately 15 mm
thick, only four specimens are made and studied. The results of the quantitative image
cross-section analysis for the specimens used for long-term deflection tests are compiled
in Table 4, and in Table 5, the results from the analysis of flexural strength regarding the
specimen surface quantitative image are compiled.

Table 4. Results of geopolymer composite polished-section microstructure image quantitative analysis
after long-term deflection test.

Geopolymer Composite Matrix Filler Air Voids Fiber Reinforcement
Type (%) (%) (%) (%)
Plain GP 75.93 19.05 5.02 -
1% PVA GP 74.58 19.62 4.64 1.16
0.5% PVA/0.5% St GP 77.76 18.12 3.65 047

1% Steel GP 77.50 17.28 4.62 0.60
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Table 5. Geopolymer composite from flexural strength test polished-section microstructure image
quantitative analysis results.

Geopolymer Matrix Filler Air Voids, Cracks  Fiber Reinforcement
Composite Type (%) (%) (%) (%)
Plain GP 65.10 16.33 18.57 -
1% PVA GP 61.02 16.04 22.00 0.94
0.5% PVA/0.5% St GP 69.09 15.99 14.50 0.42
1% Steel GP 67.87 15.12 16.48 0.52

First, from Table 4, it is clear that the highest quantity of air voids was in the plain
geopolymer composite specimens. From the fiber-reinforced specimens, it becomes appar-
ent that the highest air void amount to the amount of fibers visible in the cross-section was
from the 1% steel fiber-reinforced specimens. The smallest ratio between fiber and air void
amount was linked to the specimens reinforced with 1% PVA fibers.

Furthermore, as all of the reinforced geopolymer composites were 1% reinforced from
the filler and matrix mass, it is clear that the PVA fiber reinforcement amount was around
three times larger than the amount of steel fibers that were used, and about two times larger
than the PVA and steel fiber reinforcement mix. The previous two statements lead to the
assumption that steel and PVA + steel fiber reinforcement does not have such a significant
frothing capability while mixing as the PVA fibers alone. The reduction in the matrix for
the PVA fiber specimens is significant.

In the microstructure images, cracks can be observed from the specimens that were
destroyed during the flexural strength tests. In these cases, the fiber-bridging effect is
noticeable, especially for the specimens with 1% PVA fiber incorporation. Furthermore,
the crack opening for specimens reinforced with 1% PVA fibers is bigger than for all the
other specimens. This correlates with the study of Y. Hiddaji et al. [32], in which SEM
was used to determine the microstructure changes prior to and after high-temperature
exposure in metakaolin and phosphate sludge-based geopolymer composites reinforced
with glass fibers. In specimens that were not exposed to a temperature impact, they
found small microcracks caused by water evaporation. They also found larger crack
distribution of the glass fiber-reinforced specimens than the plain specimens that had
straight cracks on the fractured surface. This shows that fiber reinforcement, due to
polymerization effects and water evaporation, creates small but quantitatively more cracks
than in plain specimens. Furthermore, Z. Deng et al. [33] found that PVA—fiber interaction
with geopolymer composites leads to an increase in porosity. Furthermore, the authors
indicated that with a higher PVA fiber content, higher porosity would be achieved. They
found that when the PVA fiber amount is increased to 0.3% and up to 0.6% increases by
7.01% and 9.13% from the plain specimens. Thus, we can assume that the plate specimens
used in this study had much better entrapped air release, unlike the prismatic specimens
used by Z. Deng.

From Table 5, it becomes apparent that the changes in the polished section surface
composition in contrast to Table 4 are significant. The specimens reinforced with 1% PVA
fibers have the highest crack and air void amount and are followed by plain specimens,
1% steel fiber-reinforced specimens, and 0.5% PVA /0.5% steel fiber-reinforced specimens.
Therefore, it is safe to assume that even though 1% PVA fiber-reinforced specimens have
the lowest flexural strength, they retain some load-bearing capacity for the longest period,
while the load is applied, and cracking of the stretched zone has begun. This is less so for
1% steel fiber-reinforced specimens, and less again for 0.5% PVA /0.5% steel fiber-reinforced
specimens. This was also observed while specimens were loaded. The period between
the achievement of ultimate flexural strength value and specimen collapse was longer
than the 1% PVA fiber-reinforced specimens, while for 1% steel fiber-reinforced and 0.5%
PVA/0.5% steel fiber-reinforced specimens, it was similar. Furthermore, it can be noted
that, as expected, the plain specimens that collapsed under load were brittle, while the
fiber-reinforced specimen collapse was plastic. In this case, PVA fibers that have a lower
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modulus of elasticity than steel fibers show that they cannot provide stress distribution
throughout the specimens. Moreover, this leads to the assumption that the material is more
elastic, and it would deflect other specimens with different or no reinforcement until it
reaches the ultimate bending strength. This leads to bigger cracks and empty areas in the
specimen cross-section, as is visible in Table 5 and when comparing with Table 4.

4. Conclusions

The long-term deflection properties of fly ash-based geopolymer composites reinforced
with PVA and steel fibers were determined in a 109-day long creep test. Flexural strength
was determined before and after the deflection creep tests, and a quantitative microstructure
analysis was conducted on the specimens that were exposed to both the long-term test and
a flexural strength test after the long-term test. The results of the performed tests show that:

e  The highest flexural strength before and after the tests is found in the plain geopolymer
specimens. The 1% PVA fiber-reinforced and 0.5% PVA /0.5% steel fiber-reinforced
specimens have 9% and 14.2% lower flexural strength, respectively. The 1% steel fiber-
reinforced specimens have 23.2% lower flexural strength than the plain specimens.
After long-term deflection tests, the flexural strength values from the plain specimens
are 11.1% and 11.4% lower for 1% PVA and 1% steel fiber reinforcement and 0.9%
higher for the specimens reinforced with 0.5% PVA/0.5% steel fibers;

e  The lowest long-term deflection in three-point bending is linked to the 1% steel fiber
reinforced specimens. The 0.5% PVA/0.5% steel fiber-reinforced, plain, and 1% PVA
fiber-reinforced specimens have 49.3%, 51.7%, and 60.6% higher long-term deflection,
respectively;

e  Specimens reinforced with 1% steel fibers or those with the lowest specific creep are
less likely to deform under three-point bending, followed by plain specimens, 0.5%
PVA/0.5% steel fiber-reinforced specimens, and 1% PVA fiber-reinforced specimens,
by 37.1%, 43.3%, and 53.5%, respectively;

e  The microstructure quantitative analysis of long-term deflection test specimens shows
that specimens with 1% PVA fiber reinforcement have two times higher detected fiber
reinforcement amount than all the other fiber-reinforced specimens, while air void
amounts for the 1% PVA fiber reinforced specimens are 1.51 and 1.37 times higher
than 0.5% PVA/0.5% steel, and 1% steel fiber-reinforced specimens. The flexural
strength test specimen microstructure quantitative analysis showed 5.52% and 7.50%
lower air void and crack amount linked to 1% steel fiber and 0.5% PVA /0.5% steel
fiber-reinforced specimens than to 1% PVA fiber reinforced specimens, showing that
these specimens have lower plasticity than those reinforced with 1% PVA fibers;

e Overall, it is apparent that beam-shaped specimens with random fiber distribution
throughout have lower deflection strength. Moreover, steel fiber incorporation into
geopolymer specimens seems to be most beneficial for reducing long-term deflection.
It can be concluded that for the bent specimens, not only the lowest bending strength
and its reduction while exposed to the long-term load application, but also the low-
est long-term deflection and specific creep is linked to the specimens with 1% steel
fiber incorporation.

The next stage of this research will be to take all the data from the composition
geopolymer composite long-term tests on compression, tension, and three-point bending
and develop a model on long-term property assessment for this kind of geopolymer com-
posite, as well as to identify the links and similarities between the tensile and compressive
long-term properties and long-term flexural properties of these geopolymer composites.
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(57) Kopsavilkums:

Izgudrojums attiecas uz bavniecibu un inZenierzinatni, un tehnologiju, proti, uz papémienu betona un
cementa kompozitu ilglaicigo ipasibu noteikSanai dazados sprieguma stavoklos. Papémiena piedavats
Slides deformacijas stiepé noteikt, izmantojot koncentrétas stiepes (CT) paraugus, kas dod iespé&ju
samazinat eksperimentalo rezultatu izkliedi un ir Tpasi piemérots smalkgraudainu betona un cementa
kompozitu deformaciju nolasisanai, izmantojot tikai vienu digitalo deformaciju.



LV 15659

IZGUDROJUMA APRAKSTS

Tehnikas nozare

[001] Izgudrojums attiecas uz buvniecibu un inZenierzinatni, un tehnologiju, proti, uz
pan€mienu betonu un cementa kompozitu ilglaicigo Ipasibu noteikS$anai dazados sprieguma

stavoklos.

Zinamais tehnikas Iimenis

[002] Projektgjot €kas un inzenierbiives ir nepiecieSams prognozét biivkonstrukciju elementu
darbibu un iesp&jamo seku attistibu visa kalpoSanas laika. IlgstoSas slodzes ietekmé
konstrukcijas rodas Sludes deformacijas (tas ir dimensionalas, neelastigas izmainas laika,
ilgstosas slodzes iespaida, kas norisinas péc sakotngjam, acumirkligajam deformacijam. Slides
deformacijas varbiit vairakas reizes lielakas par sakotngam deformacijam. Ilglaicigas
deformacijas vertiba raksturo materiala sladétsp&ju (ACI 209.1R-05, 2005; Neville et al., 1983
u.c.), kas var izsaukt buvkonstrukciju parmérigu izlieci, plaisasanu, nestabilitati, izklausanos,
ieprieksgja sasprieguma zudumus u.c. novirzes. Ja nepilnibas pamana laikus, tad visbiezak tas
tiek savlaicigi noverstas, bet, ja bojajumus nepamana vai ignorg, tie var novest pie konstrukciju
priekslaicigas sagrusanas. Biezi $adas konstrukcijas sagriist ilgi pirms paredz&éta kalpoSanas
laika beigam. Slides deformaciju lielums, galvenokart, ir atkarigs no slodzes lieluma, ka ar no
betona un cementa kompozita stipribas. Betona un cementa kompozita §lides un rukuma
deformacijas (tas ir no slodzes neatkarigas deformacijas, kas veidojas paraugos, kuri paklauti
apkartgjas vides apstaklu ietekmei ar iesp&am mitruma izmainam un pielaujamu izztsanu).
Zusanas rukums ir atkarigs no paraugu formas un izmériem (ACI 209.1R-05, 2005; Neville et
al., 1983 u.c.). Ipasibas ietekmé ari liels skaits citu faktoru, pieméram, ta sastavs -hidratétas
cementa pastas apjoms betona un cementa kompozita; pildvielu veids, apjoms, geometrija un
Tpasibas; kimiskas piedevas; Skiedru veids, daudzums un geometrija, arl apkart&jas vides
apstakli - mitrums, temperatira, ka arT betona un cementa kompozita elementa geometriska
forma un izméri.

[003] Ir zinami standarti betona ilglaicigo pasibu - §lides deformaciju eksperimentalai
noteikSanai spiedes slogojuma, bet tajos sniegta informacija nav viennozimiga un izstradatas
metodikas vairak atbilst parastas stipribas betonu ilglaicigo ipasibu — $lades deformaciju
spiedes slogojuma un rukuma deformaciju noteikSanai un prognozeéSanai. Tajos §ludes

deformacijas spiedé, galvenokart, ir ieteikts noteikt, izmantojot cilindriskus paraugus.
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Piedavato paraugu geometriju attiecibas svarstas no 1/2 1idz /4. Ir ar standarti, kas iesaka lietot
prizmatiskas formas paraugus.

[004] Standartos deformacijas tiek ieteikts noteikt, paraugus, galvenokart, ievietojot atsperu vai
hidropneimatiskajos stendos, bet Siem stendiem ir butiski trilkumi — paraugus nav iesp&jams
paklaut nemainigai slodzei neierobezoti ilgu laiku, jo uzspriegums ar laiku samazinas un
eksperimentu laika ir nepiecie$amas veikt spriegumu Iimena korekcijas.

[005] Ir zinams standarts EN 12390 ,,Sacietéjusa betona testésana”, Kas attiecas uz Eiropas
regionu, bet tas nesniedz informaciju par to, ka noteikt betona ilglaicigas ipasibas — §lude un
rukums.

[006] Ir ar1 zinams standarts 1ISO 1920-9:2009 ,,Testing of concrete — Part 9: Determination of
creep of concrete cylinders in compression”, kura sniegta informacija par to, ka noteikt slades
deformacijas spiedes slogojuma, un ISO 1920-8:2009 ,Testing of concrete — Part 8:
Determination of drying shrinkage of concrete for samples prepared in the field or in the
laboratory”, kura savukart aprakstits, ka noteikt ztSanas rukuma deformacijas. Bet nav
izstradati standarti betona un cementa kompozitu $lides deformaciju noteik$anai stiepes un
lieces sprieguma stavoklos.

[007] Konstrukciju vai to modelu eksperimentalo parbauzu rezultata var uzzinat cementa un
betona kompozitu realos dazadu pasibu raksturliclumus, pieméram, stipribu, parvietojumus,
deformacijas u.c. Ar eksperimentalo parbauzu metodikam var novertet art dazadu ieksgju un
argju faktoru ietekmi uz konstrukcijam, ko ne vienmér iesp&ams novertét ar teordtiskiem
aprékiniem; ka arT dazadu konstrukciju kopdarbibas efektivitati, ar atseviska elementa ietekmi
uz bives kop&jo darbibu. Eksperimentalajas parbaud@s var iegiit arT izejas datus dazadu
konstruktivo materialu salidzinaSanai vai, ja nepiecieSams, tas var izmantot, lai novertetu esoso
konstrukciju stavokli, ka arT izmantot veicot konstrukciju pastiprinasanu, vai parbaudot
konstrukciju pie slodzes palielinasanas (veicot buivju parbuvi vai funkcijas mainu), tapat tas var
izmantot, lai parbauditu teorétisko aprékinu precizitati.

[008] Ir zinams buavkonstrukciju projektéSanas standarts EN 1992-1-1:2005 ‘“Betona
konstrukciju projektésana”, kura mingts, ka Sis standarts lietojams normalas un augstas
izturibas betonam, kura kubiska stipriba nav augstaka par 105 MPa, ka ari, ka taja dotas slades
koeficients (ta ir §lides un momentano, elastigo deformaciju attieciba). Slides koeficients ir
bezdimensionals lielums, kas parasti ir robezas no 0 [idz 5. Tas parada materiala §ladetsp&ju un
to izmanto, lai aprékinatu konstruktivo elementu parvietojumus un iepriek$ saspriegto
konstrukciju sasprieguma zudumus. Slides koeficientu ietekmé dazadi faktori, pieméram,

slodzu limenis, cementa kompozita vecums u.c. (ACI 209.1R-05, 2005; Neville et.al., 1983;
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Gilbert, Ranzi, 2011 u.c.) ka vertibas ir izmantojamas tikai gadijumos, kad netiek prasita augsta
precizitate un, ja betona cilindriska stipriba neparsniedz 90 MPa, bet nav noradits, ka rikoties,
ja projekta tiek prasita augstaka precizitate un tiek izmantoti augstakas stipribas betona un
cementa kompoziti.
[009] Lai dotie EN 1992—1-1:2005 sludes koeficienti biitu izmantojami konstrukciju aprékinos,
ir nepiecieSams atrast un pielietot biitisko ietekmes faktoru parejas koeficientus. Bet, lai tos
noteiktu, ir javeic plasi eksperimentali pétijumi dazadu veidu biivmaterialu (tas ir maksligs,
akmens veida kompozitmaterials, cementa/pildvielu daudzfazu buvmaterials, kas sastav no
rupjo un smalko pildvielu dalam, kuras ir iestradatas cementa pasta (@i/c >0.45; foos =
12 -40 MPa) (Neville et al., 1983 u.c.), augstas (tas ir maksligs, akmens veida
kompozitmaterials ar augstu mehanisko stipribu un zemu caurlaidibu (it/c < 0.4; foos= 40-120
MPa) (Neville, 1998; Naaman, Reinhardt, 2003) un seviski augstas (tas ir maksligs, akmens
veida kompozitmaterials ar seviski augstu mehanisko stipribu un zemu caurlaidibu (ii/c > 0.2;
max fekos = 120 — 400 MPa) (Naaman, Reinhardt, 2003; Graybeal, 2006) stipribas betonu un
cementu kompozitiem.
[010] Ir arT zinams standarts ACI 209R-92 “Prediction of Creep, Shrinkage, and Temperature
Effectsin Concrete Structures”, kura ir apkopoti dazadi Slides un rukuma deformaciju
ietekméjoSo faktoru koeficienti. Sis standarts ir vienigais $ada veida inZenieraprékinu
paligmaterials, kur apkopots liels skaits dazadu autoru eksperimentalo datu rezultati (no 1937.
— 1979. gadam), kas dalgji uzskatami par novecojusiem, jo nav zinu par laika posmu no
1979.gada Iidz 2020.gadam. Minétaja laika posma iegiitie dazadu faktoru ietekmes koeficienti
izmantojami tikai parastas stipribas betonu un cementa kompozitiem, bet ped&jo 40 gadu laika,
kompozitu sastavi un Ipa§ibas ir mainijusies, betonu un cementu kompozitu sastavi nepartraukti
tiek uzlaboti un vairs nepietiek tikai ar parastas stipribas betonu pasibam. Tatad Sos ACI 209R-
92 standarta faktorus ir nekorekti piclietot misdienu augstas un seviski augstas stipribas
betoniem un cementa kompozitiem, at3kirigo iek§gjo un argjo faktoru del.
[011] Ir arT zinams Andinas Sprinces promocijas darbs ,,Metodologija ipasi smalkgraudainu
cementa komporzitu ilglaicigo ipasibu noteiksanai un plaisu attistibas izpétei”, 2015.9.
10.aprilis, kura izveidota metodologija ipasi smalkgraudainu cementa kompozitu (ISCK), kam
pildvielas lielakais, geometriskais izmérs < 5 mm, ilglaicigo pasibu noteikSanai un plaisu
attistibas izpéetei.
[012] ISCK ilglaicigo ipasibu noteikSanas un plaisu attistibas izpétes metodologija nosaka
cementa kompozitu sastava, paraugu izgatavosanas un eksperimentalo parbauzu veikSanas

procediiru aprakstus, ka arT iegilito datu apstradi un aparatiiras izvéli. Metodologija ir lietojama
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materialu mehanisko Tpasibu noteikSanas laboratorijas. Metodologijas izstrades gaita ir
parveidots stends cementa kompozitu vienass $liides deformaciju noteikSanai stiepe un adaptéts
stends vienass $liides deformaciju noteik$anai spiedg.

[013] Zinamais panémiens vispariga gadijuma ir iedalams tris dalas: pirma — materiala un
paraugu gatavosanas apraksts; otra — dazada veida eksperimentalo testu procediiru apraksts, un
tre$a — iegiito datu apstrade un meklg§jamo parametru noteikSana. Panémiens ietver tehnisko
pamatojumu, iekartu un meérieri¢u izvéles pamatprincipus, ka arT registréjamo parametru
sarakstu.

[014] Pirmaja dala tiek veikta dazadu cementa un betona kompozitu sastavu projektésana,
sastavdalu sagatavo$ana, daudzumu noteikSana un sajaukSana, veidnu sagatavoSana un
nepiecieSsamo formu eksperimentalo paraugu beton€Sana, ka arT paraugu pirmapstrade péc
atveidoSanas un talaka sagatavosana eksperimentalajam parbaudem.

[015] Otraja dala tiek veikta parbaudes iekartu sagatavoSana un eksperimentalas parbaudes,
savukart tre$aja dala tiek veikta datu detaliz&ta apstrade.

[016] Eksperimentalas parbaudes iedalamas tris apak$dalas. Pirmaja apak$dala veic Tslaicigos
testus un nosaka cementa un betona kompozitu stipribas raditajus — spiedi, stiepi, ka arT
atbilstoso sprieguma stavoklu elastibas modulus (tas ir konstruktivo materialu fizikalas
konstantes, kas raksturo materiala elastigas ipasibas stiepes un spiedes deformaciju gadijuma
jeb materiala stingribu un ta sp&ju pretoties elastigam formas un izm&ru izmainam, kas rodas
materialam pieliekot ar&jus spekus. Betona un cementa kompozitu elastibas moduli ir atkarigi
no to sastavdalu elastibas moduliem (ACI 209r-92; Neville et.al., 1983 u.c.)). Cementa un
betona kompozita stipribas raditaji nepiecieSami, lai talak noteiktu pareizu slodzu limeni, kas
savukart nepiecieSams otras apaksdalas ilgstoSajos testos.

[017] Otraja apaksdala nosaka cementa un betona kompozitu ilglaicigos raditajus ar un bez
slodzes pielik$anas, atbilstosi nosakot §lades deformacijas spiedg, stiep€, ka arT zusanas rukuma

deformacijas.

Izgudrojuma meérkis un bitiba

[018] Konstrukciju model&sanai un darbibas prognozg$anai ir nepiecie$ama informacija par
materialu atsevisko komponensu ipasibam, turklat betona un cementa kompozitu paSibu
raksturojoSo parametru noteik$anai ir nepiecieSams izstradat pap€mienu, kura ir sniegta
informacija, ka noteikt dazadi slogotu — spiedg, stiepé un liecg, betona un cementa kompozitu

ilgstosas 1pasibas. leglstamie ilglaicigo 1pasibu izp@tes dati veicinas arvien racionalaku,


https://ortus.rtu.lv/science/lv/publications/20120
https://ortus.rtu.lv/science/lv/publications/20120
https://ortus.rtu.lv/science/lv/publications/20120
https://ortus.rtu.lv/science/lv/publications/20120

LV 15659
5

spriegumu laukiem atbilsto§aku, jauno betonu un cementa kompozitu izveidosanu, ka arT eso$o
sastavu uzlaboSanu.

[019] Ar So panémienu var noteikt spiedes, stiepes un lieces stipribu, spiedes, stiepes un lieces
elastibas moduli un elastigas deformacijas spiedg, stiepé un liecg, kas ir islaicigi noteiktas
materialu Tpa$ibas, tapat ar to nosaka ar ilglaicigas materialu Ipasibas - $lides deformacijas
spiedes, stiepes un lieces slogojuma. Ar piedavato panémienu var noskaidrot dazadu argjo
ietekmju, pieméram, gaisa temperatiiras un mitruma izmainu, paraugu geometrijas, slodzes
lielumam u.c. un iek$gjo ietekmju — sastava izmainu, ciet€8anas apstaklu un citu ietekmju
iedarbibu uz ilglaicigajam 1pasibam.

[020] Panémiena ietvaros tiek piedavats izmantot §lides sviru stendus deformaciju noteik$anai
dazados slogojumos, lai noteiktu elastigas un $lides deformacijas, ka art elastigos un §ludes
parvietojumus/izlieces lieces slogojuma. Sie stendi lauj izmantot samazinatu izméru paraugus,
kas vairak raksturigi augstas un seviski augstas stipribas betonu un cementa kompozitu
konstrukciju izmériem. Izmantojot Sos stendus, paraugiem iesp&jams pielikt konstantu slodzi
un noturét to nemainigu ilgu laiku, turklat eksperimentu laika nav nepiecieSama spriegumu
Iimena korekcija, kalibréSanas liknes ir linearas, iespgams parbaudit betona un cementa
kompozitus, kam pildvielu maksimalais izmers < 5 mm, vienlaikus nodrosinot materialu

ietaupTjumu.

lzgudrojuma izklasts

[021] Piedavatais panémiens betonu un cementa kompozitu ilglaicigo Ipasibu noteikSanai
dazados sprieguma stavoklos ietver $adus solus: materiala un paraugu sagatavosSanu $lides
deformaciju spiedes, stiepes slogojumos, ka arT ziiSanas rukuma deformaciju, §lides modulu
dazados sprieguma stavoklos noteikSanai, kas ir ilglaicigi nosakamie materialu Ipasibu
parametri; eksperimentalo testu procediiru izveidosanu $ludes deformaciju spiedes, stiepes
slogojumos, ziisanas rukuma deformaciju, §lades modulu spiedg, stiepé noteik$anai; un iegato
datu apstradi, k@ arT betonu un cementa kompozitu ilglaicigo ipaSibu noteikSanu, turklat
panémiens ir raksturigs ar to, ka tas papildus ietver paraugu sagatavosanu lieces stipribas un
Sludes deformaciju, $lades parvietojumu/izlie¢u noteik$anai lieces slogojuma, un papildus testu
procediiru izveidosanu lieces stipribas, lieces elastibas modula un sludes deformaciju, Slades
parvietojumu/izlieces lieces slogojuma, zii$anas rukuma deformaciju (lieces paraugiem), lades
modula liecg noteik$anai un iegtito datu apstradi.

[022] Panémiens ari ir raksturigs ar to, ka betona un cementa kompozitu dazados sprieguma

stavoklos stipribu nosaka, parbaudot katram sprieguma stavoklim atbilstosus, minimums tris
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vienada izméra un sastava paraugus, paklaujot atbilstoSu geometriju un izméru paraugus katra
no sprieguma stavokliem - spiedes, stiepes un lieces slodzei un, nosakot graujoso dazados
sprieguma stavoklos stipribu, turklat nosakot to tada pat veida paraugiem kadi tiks izmantoti
ilglaicigajos $lades un rukuma testos, pienem vid&jo vertibu, bet ar noteikumu, ka atsevisko
lieces stipribu atskiribas neparsniedz 20% no vidgjas veértibas, turklat papildus nosaka betona
un cementa kompozitu stipribas pieaugumu laika. To nosaka slogotiem un neslogotiem
paraugiem péc ilglaicigo Tpasibu testiem. liglaicigo testu - §lides deformaciju noteik$anas testu
standarta garums kopa ar atslodzi rit 4 ménesus jeb ~120 dienas. Atslodzes laika (90 dienas péc
slogosanas) tiek registrétas Slades atgriezeniskas deformacijas (tas ir materiala izmainas péc
ilgstosa slogojuma nonemsSanas vai cementa kompozita samitrina$anas, kura izpauzas §lades
atgriezeniskas — momentanas pasibas (Neville et al. 1983; Bulavs, Radins, 2006 u.c.)). Tas
registré 30 dienu perioda p&c 90 slogojuma dienam.

[023] Panémiens arf ir raksturigs ar to, ka betona un cementa kompozitu §lides deformacijas
dazados sprieguma stavoklos nosaka, paraugus slogojot ar konstantu, vienmérigu, statisku
slodzi, turklat paraugus sakotngji atkartoti slogo un atslogo divas reizes un katra slogojuma
iegtitos deformaciju radijumus salidzina, lai parbauditu vai slogojums ir centrisks, lai izpilditos
$is nosactjums katra nolasijuma starpibas nevar parsniegt 20 % no vidgjas aritmétiskas vertibas,
kas iegiita no visiem attieciga slogojuma radijumiem. Ilglaicigo testu pirmaja slogo$anas diena
paraugiem veic indikatoru nolasijumus pirms slodzes pielikSanas un p&c tam pie katras slodzes
pakapes pielikSanas, talak, p&c visa, aprékinata slodzes lieluma pielikSanas, indikatoru
nolasTjumus veic ar intervalu ik p&c stundas, to darot pirmas 6 Iidz 8 stundas, péc tam divas
nedglas nolasTjumi tiek registréti ar intervalu katru dienu, tad nakosas ned€las nolasijumus veic
ar 2 — 3 dienu intervalu, p&c 30. dienas nolasijumus veic reizi ned€la, ja tests tiek turpinats ar
péc 90 dienu sasniegSanas, tad turpmak nolasTjumus veic vienu reizi menesi, Sasniedzot
interesgjoso slogojuma ilgumu, slodzi pakapeniski nonem un pie katras slodzes pakapes, tapat
ka testa sakuma, nolasa deformaciju lielumus, iegiistot tiilitgjas jeb acumirkligas, atgriezeniskas
deformacijas, ka arT redzot neatgriezenisko deformaciju dalu.

[024] Pirms eksperimentalajam parbaudém un eksperimentalo parbauzu laika, paraléli registré
sekojosus datus: uzraksta parbaudes nosaukumu; parbaudés izmantoto iekartu nosaukumus, to
maksimalas slogotspgjas, slogosanas diapazonus; merinstrumentu nosaukumus, to mériSanas
precizitates, mérinstrumentu bazes, mérinstrumentu skaitu, riipnicas numurus, merinstrumentu
izvietojumu; regulari registré apkartgjas vides apstaklus (mitrumu; temperatiiru); tapat apraksta
materiala un paraugu raksturojums - materiala nosaukumu, sastavdalas un to raksturojumu; 4/c

attiecibu; materiala izgatavoSanas procediiru; paraugu sagatavoSanu; paraugu cietéSanas
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apstaklus (temperatdru un mitrumu) un ciet€8anas ilgumu; paraugu atveidnoSanas laiku,
mark&jumu ar Sifru, kas satur materiala apzimg€jumu un kartas skaitli (piem. BS —1 (cementa
kompozits ar stikla piedevu, pirmais paraugs)); paraugu parbauzu raksturojumus (paraugu
formas un geometrisk0s izmérus; paraugu svaru; paraugu izgatavoSanas dienas; paraugu
testéSanas dienas — betona un cementa kompozitu vecumu; registré dienu, kad paraugi sakusi
7iit un $ludet; paraugu vecumu testa sakuma un testa beigas); §ludes testu parametrus (spiedes,
stiepes, lieces stipribas; pienemtos sprieguma limenus; noteiktos slodzu lielumus; slogojuma
un atslogojuma ilgumus; slogojuma pakapes; mérieri¢u nolasijumus; vidgjotos radijumus);
rukuma testu parametrus - mérieri¢u nolastjumus; vidéjotos radijumus; svara izmainas, mitruma
zudumus; aprékinamos parametrus — betona un cementa kompozitu blivumus; relativas
deformacijas spiedes, stiepes un lieces slogojumos; kopgjas, ilglaicigas deformacijas spiedes,
stiepes un lieces slogojumos; elastigas un Slades deformacijas spiedes, stiepes un lieces
slogojumos; $lades parvietojumu un izlieu lielumus lieces slogojuma; elastibas un §lades
modulus spiedes, stiepes un lieces slogojumos; Slades koeficientus spiedg, stiepé un liecg;
Tpatngjas elastigas un ipatng&jas sludes deformacijas spied€, stiepé un liec€; $liudes funkcijas

spiedg, stiepe un liece.

Iss Zim&juma apraksts

[025] 1. zZim. paradita betonu un cementa kompozitu ilglaicigo Tpasibu noteik$anas strukturizéta

shéma dazados sprieguma stavoklos.

Izgudrojuma IstenoSanas piemeri

[026] Betonu un cementa kompozitu ilglaicigo ipaSibu noteik$anai izgatavo sastavu, Kuru
iepilda testiem atbilstoSos veidnos. Ieglitos paraugus atveidno un sagatavo testiem — Katram
atskirigajam sprieguma stavoklim (slogojuma testam) ir citi paraugi. Tad veic stipribas testus,
ka arT elastigo deformaciju testus un Iidz ar to veic elastibas modula testus, tad nosaka
ilglaicigas deformacijas dazados slogojumos, ka arT bez slodzes — tas ir nosaka rukuma
deformacijas. P&c tam veic datu apstradi un nosaka ilglaicigos parametrus — §lides koeficientu,
Sltdes moduli un ipatngjo Sludi.

[027] Paraugu sagatavoSana. Betona un cementa kompozita sastavu izgatavo atbilstosi
projekteSanas nosacijumiem, iepilda ieprieks sagatavotos veidnos un ievieto standarta noteiktos
cieteSanas apstaklos (20£2 °C, RH > 95+5%). Péc 24-48 h paraugus atveidno, veic paraugu

pirmapstradi un visus paraugus pirms parbaudém marké ar Sifru. Talak paraugus atkal ievieto
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standarta cieté$anas apstaklos (20 =2 °C, RH > 95 + 5 %) Iidz atbilsto$o parbauzu veikSanai.
P&c noteikta betonu un cementa kompozita paraugu apripes laika (cietinasanas) sasniegsanas,
tos iznem no tidens un gatavo eksperimentalajam parbaudeém. Pirms tam visus paraugus nosver
un parbauda to izméru atbilstibu.
[028] Spiedes stipribas noteikSanai izmanto kubus — 100x100x100 mm; prizmas — 40x40x160
mm; cilindrus ar @47x190 mm. Pielietojot parejas koeficientus, stipribas noteikSanai var tikt
izmantoti ar citu izméru paraugi, butiski, lai paraugu geometrija spiedes testos un ilglaicigajos
testos spiedes slogojuma sakrit. Slogo$anas atrums paraugiem 0,8 MPa/s (atbilstosi EN 12390—
3:2002 standartam). Eksperimentali kubiska, cilindriska vai prizmatiska spiedes stipriba
nosakama atbilstosi ilglaicigo slodzes testu sakuma dienai, jo, izejot no graujosas slodzes
lieluma, tiek aprekinats slodzes lielums, kas japieliek §ludei paklautajiem paraugiem. Paraugus,
spiedes iekarta, novieto maksimali centriski starp spiedes plakném. Lai iegtitu korektus datus,
paraugu malam jabit paralélam un gludam.
[029] Betona un cementa kompozitu spiedes stipribu nosaka parbaudot, minimums tris vienada
izméra un sastava paraugus, paklaujot spiedes testam, ka graujoso spiedes stipribu pienemot
vidgjo vertibu, bet ar noteikumu, ka atsevisko spiedes stipribu atskiribas nedrikst neparsniedz
20% no vidgjas vertibas.
[030] Nosakot cementa kompozitu stipribas pieaugumu laika péc ilglaicigo testu beigam,
Sludes un rukuma parbaudem izmantot0s paraugus atkartoti nosver un sagrauj spiedg.
[031] Betona un cementa kompozita stiepes stipribu var noteikt, izmantojot koncentrétas stiepes
(CT)- 150x150x12mm vai kuponveida paraugus 100x50x12 mm un 150x70x12 mm, batiski,
lai izvEleta paraugu geometrija stiepes testos un ilglaicigajos testos stiepes slogojuma sakrit.
Eksperimentali CT vai kuponveida paraugu stiepes stipriba nosakama atbilstosi ilglaicigo
slodzes testu sakuma dienai, jo, izejot no graujosas slodzes lieluma, tiek aprékinats slodzes
lielums, kas japieliek Sludei paklautajiem paraugiem. Paraugus centriski ieliek stiepes iekartas
satvergjzoklos un slogo pakapeniski lidz sagrauSanai ar aptuveno atrumu ~5 pm/s (Pereira et
al., 2011, 2012).
[032] Betona un cementa kompozitu stiepes stipribu nosaka parbaudot, minimums tris vienada
izm&ra un sastava paraugus, paklaujot stiepes testam un, ka graujoSo stiepes stipribu pienem
vid&jo vertibu, bet ar noteikumu, ka atsevisko stiepes stipribu atSkiribas neparsniedz 20% no
vidgjas vertibas.
[033] Nosakot betona un cementa kompozitu stipribas pieaugumu laika péc ilglaicigo testu

beigam, $liides un rukuma parbaudém izmantotos paraugus atkartoti nosver un sagrauj stiep€.
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[034] Lieces stipribas noteikSana. Betona un cementa kompozitu un betona lieces stipribu
nosaka, izmantojot platnveida paraugus 450x75x20mm, Kas ir tadi pasi ka ilglaicigajos testos.
Eksperimentali lieces stipriba nosakama atbilstosi ilglaicigo slodzes testu sakuma dienai, jo,
izejot no graujosas slodzes lieluma, tiek aprékinats slodzes lielums, kas japieliek Sladei
paklautajiem paraugiem. Paraugu centriski ieliek tris punktu lieces stenda. Paraugu slogo
pakapeniski I1dz sagrausanai.
[035] Betona un cementa kompozitu lieces stipribu nosaka parbaudot, minimums tris vienada
izm@ra un sastava paraugus, paklaujot lieces slodzei un, ka graujoso lieces stipribu pienemot
vidgjo vertibu, bet ar noteikumu, ka atsevisko lieces stipribu atSkiribas nedrikst neparsniedz
20% no vidgjas vertibas.
[036] Nosakot cementa kompozitu stipribas pieaugumu laika p&c ilglaicigo testu beigam, §ludes
un rukuma parbaudem izmantotos paraugus atkartoti nosver un sagrauj liece.
[037] Visu sprieguma stavoklu — spiedg, stiep& un liecg elastibas modulus nosaka no elastigajam
deformacijam spiedg, stiep€ un liec€, kas norisinas $liides parbauzu sakuma. Katra sprieguma
stavokla §ludes paraugu slogoSanu veic iesp&ami atri (15 min laikd), lai precizi nodalitu
elastigas un §ludes deformacijas. NepiecieSamo slodzi (betona un cementa kompozita izmainas
elastigaja apgabala) paraugiem pieliek pakapeniski piecos piegajienos, katra pakape pieliekot
vienadu slodzes lielumu, kas ir vienada ar 20 % no kopgjas slodzes lieluma, un péc katra posma
nosaka acumirkligas deformacijas v@rtibas, kuras ievieto Huka likuma vispargja izteiksme un
nosaka elastibas moduli.
[038] Slides deformaciju noteiksanai spiedes slogojuma izmanto cilindriskos paraugus ar
izmériem BJ47x190 mm vai prizmatiskos paraugus ar izmériem 40x40x160 mm. Lai izslegtu

galu efektu ietekmi uz parbaudes rezultatiem, paraugu geometriskajiem izmériem jaizpildas
- b 1 . o
nosacljumam T < 2 kur b — parauga $kersgriezuma lielakais izmérs; 1 — parauga garums

(RILEM TC 107-CSP, 1998). Visiem §ludes paraugiem uz sanu virsmam uzIimé aluminija
plaksnes (10x15 mm), kas izvietotas centriski un simetriski, lai nodro$inatu deformaciju
meérinstrumentu ,,nazu” stabilu novietojumu. Lim&jot plaksnes, ir janodroSina, ka ,,naza”
asmens pilniba saskartos ar plaksni un varét nolasit korektus parvietojumus. Vienam
cilindriskam paraugam uzIimé seSas, bet prizmatiskajam paraugam — Cetras plaksnes,
izmantojot epoksida Itmi. Attalums starp divu aluminija plaksnu centriem ir 50 mm.
Pamats]tdes (tas ir deformaciju pieaugums laika zem vienmérigas, konstantas vai cikliskas,
mainigas slodzes ar ierobeZotu, izol€tu mitruma apmainu paraugos. Ta parada Sludes

deformaciju lielumu konstanta mitruma bez mitruma kustibas caur materialu. Deformaciju
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picaugums norit ilgsto$i daudzu gadu garuma. Deformaciju lielums salidzinajuma ar ziiSanas
§ludi ir mazaks. Parauga forma un izmgri btiski neietekmé deformaciju lielumu (ACI 209.1R—
05, 2005; Neville et al., 1983; Neville, 1995 u.c.)) vértibas noteiksanai, dalu paraugu ietin divas
kartas aluminija folijas, tadéjadi nodro$inot, ka neiestasies ZiiSanas process un tajos norisinasies
tikai pamatsliide, bet, lai noteiktu ZGiSanas $ladi (ta ir deformaciju dala, kuru ierosina betona un
cementa kompozita zi$ana un, kas noteikta paraugiem slogotiem ar vienmerigu, konstantu vai
ciklisku, mainigu slodzi, kas atrodas apkartgjas vides apstaklos un paraugiem ir pielaujama
z$anas un mitruma sakotngja izmaina. Deformacijas piecaugums ierobezota laika sasniedz gala
vertibu. Deformaciju lielums salidzinajuma ar pamatsludi ir lielaks. Parauga forma un izmers
bitiski ietekmé deformaciju lielumu (ACI 209.1R-05, 2005; Neville, et al., 1983; Neville, 1995
u.c.), dalu paraugu atstaj neietitus, tada veida pielaujot paraugu za$anu, ka ari za$anas rukuma
deformacijas.
[039] Visiem paraugiem, pirms tos ievieto spiedes $lides sviru stenda, uz sanu virsmam
piestiprina deformaciju meérierices — tenzometrus vai HBM DDI digitalos deformaciju
méritajus. Prizmatiskajiem paraugiem — divus, bet cilindriskajiem paraugiem tris, kas izvietoti
vienados attalumos cits no cita. Tenzometru ,nazus” ievieto uz pielimetajam plaksném,
tenzometru baze — 50 mm. Tenzometrus paraugiem piestiprina ar elastigam gumijam vai metala
skavam. Slides paradibas eksperimentalai pétisanai paraugus ar tenzometriem ievieto §lides
sviru stendos maksimali centriski starp spiedes plakném, pa diviem paraugiem katra stenda.
HBM DDI1 deformaciju m&rijumus caur daudz kanalu registré$anas iekartu HBM ,,Spider 8”7,
registré datora, izmantojot datorprogrammu HBM ,,CatMan”. Visus paraugus slogo ar
konstantu, vienmerigu, statisku slodzi (~ 20 —-40% no graujoSajiem spriegumiem, neparsniedzot
betona un cementa kompozita darbibas linearo posmu). Paraugus atkartoti slogo un atslogo
divas reizes un katra slogojuma iegiitos deformaciju nolasijumus salidzina, lai parbauditu vai
slogojums ir centrisks, lai izpilditos §is nosacijums katra nolasijuma starpibas nevar parsniegt
20 % no vid@jas aritmétiskas vertibas, kas iegiita no visiem radijumiem. Pirmaja diena péc
paraugu noslogosanas, nolasijumus registré ik péc stundas, tad pirmo ned€lu tos turpina
registrét vienu reizi diena. P&éc pirmas ned€las nolasijumus registré ar 2—3 dienu intervalu lidz
apm@ram 30 dienam kop§ slogo$anas sakuma, péc pirma ménesa nolasijumus registré reizi
nedgla. Ja tests tiek turpinats ari, sasniedzot 90 dienas, tad talak registr&Sanu veic vienu reizi
meénes1. Sasniedzot eksperimenta interesgjoso slogojuma ilgumu, slodzi pakapeniski nonem un
pie katras slodzes pakapes, tapat ka testa sakuma, nolasa deformaciju lielumus, iegtstot talitgjas
jeb acumirkligas, atgriezeniskas deformacijas. Slodzes nonemsanas pakapes ir vienadas ar

slodzes pielik$anas pakapém. Kad paraugs atslogots, to nemainigi atstaj §lides sviru stenda, lai
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noteiktu atgriezeniskas deformacijas laika. Deformaciju atgriezeniskuma mérijumu nolasiSanai,
datus registré nepiecie$ami ilga perioda un registré$anas biezumu veic tapat, ka noslogojot
paraugus.

[040] Zasanas rukuma deformaciju noteik3anai spiedes formas paraugiem var tikt izmantotas
divas metodes. Pirma, kad rukuma deformacijas méra parauga garakas malas galos, izmantojot
rukuma skavu vai arl, mérot deformacijas paraugu vidusdala, tapat ka merot Sludes
deformacijas. Izmantojot pirmo pieeju, visiem rukuma paraugiem to galos pielimé divus pus
sferiskus metala reperus, kas ir izvietoti péc iespgjas precizi paraugu galu centra, lai fiks€tu
precizu stavokli nolasiSanas bridi. Otraja pieeja paraugus sagatavo tapat ka sliides testam ar
se$am vai Cetram aluminija plaksném uz paraugu sanu virsmam. Lai noteiktu korektas $lades
deformacijas, ziiSanas rukuma deformaciju noteiksanai sagatavo identiska sastava un identisku
izm&ru paraugus ka sludes parbaudém. Ja nepiecieSams noteikt pamatslidi un zosanas §ludi,
tad atbilstosi jasagatavo arT dala rukuma paraugu, ietinot divas kartas aluminija folijas, lai
nodrosinatu, ka neiestasies zi$anas process, bet dalu paraugu atstaj neietitus, pielaujot tajos
zSanas procesu.

[041] Paraugu gatavosana stiepes slodzes un $liides deformaciju noteikS$anai stiepes slogojuma,
izmantojot koncentrétas stiepes paraugus (CT).

[042] Prizmu 150x150x600 mm sazagé ar dimanta griez&jdisku 12 + 1 mm biezas plaksnés,
izveidojot koncentrétas stiepes paraugus (Compact Tension (CT)) (ASTM-E647, 2005) ar gala
izm&riem 150x150x12 mm. Stiepes spriegumu intensitates palielinaSanai, stiepes paraugus
veido iesp&jami planus.

[043] Lai batu prognoz&jama un tiktu konkretizéta maksimalo $ludes deformaciju, tostarp
nelinedra slogojuma gadijuma arT mikroplaisu un plaisu paradiSanas, vieta (tas ir apskatamais
laukums), tad paraugam ar ,,Proxxon 27172 MICRO” MBS 240/E dimanta lentzagi (lentzaga
izméri 1065x3,0x0,3 mm) iezage 80 mm garu un 0,5 — 2 mm Sauru iezagg&jumu (notch), kura
gala stiepes slogojuma laika koncentrésies maksimalie spriegumi, Saurais iezag€jums papildus
palielina spriegumu intensitati.

[044] Paraugu gatavosana stiepes slodzes un $ludes deformaciju noteik$anai stiepes slogojuma,
izmantojot kuponveida (Coupon) paraugus. Prizmu 150x150x600 mm sazagg 12 + 1 mm biezas
plaksnés, izveidojot kuponveida paraugus ar gala izm&riem 100x50x12 mm un 150x70x12 mm.
Stiepes spriegumu intensitates palielinasanai, paraugus veido iesp&jami planus.

[045] Lai batu prognoz&jama un tiktu konkretizéta maksimalo $ludes deformaciju, tostarp
nelineara slogojuma gadijuma arT mikroplaisu un plaisu paradiSanas, vieta (tas ir apskatamais

laukums), tad paraugam 100x50x12 mm ar ,Proxxon 38070 FKS/E” dimanta zagi
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(@50x0,5 mm) paraléli parauga isakajai malai, pa centralo ass linijas perimetru, iezaggé vispirms
2 mm un, tad 10 mm (parauga isaka §kérsizméra virziena) dzilus iezag&umus, turklat dzilako
iezag€jumu iegiist, zaggjot rievu aptuveni trTs piegajienos (Paegle, Fischer, 2011, 2013; Pereira
etal., 2012).

[046] Savukart paraugam 150x70x12 mm ar dimanta griez&jdisku iezage 20 mm garu un 2 mm
Saurus iezag€jumus abas parauga pus€s. Pirms parbaudém paraugiem simetriski un centriski
iezag&jumam pielimé Cetras aluminija plaksnes.

[047] Pirms testiem abu tipu paraugu virsmas jaapskata, lai atrastu vislabako deformaciju, ka
arT registré$anas un novero$anas vietu, un atbilstosi tai ar dimanta kronurbi izurbj divus @20
mm caurumus. Attalums no parauga malas 11dz slodzes pielik§anas caurumu centriem ir 30 mm
un attalums starp slodzes pielik§anas caurumu centriem ir 90 mm (Pereira et al., 2010; 2012).
[048] Pirms eksperimentdlajam parbaudém CT paraugiem simetriski iezag€jumam pielimé
divas aluminija plaksnes (10x10 mm), bet kuponveida paraugiem simetriski iezag€jumiem
pielimé Getras aluminija plaksnes (10x10 mm), izmantojot epoksida limi. Visiem paraugiem,
pirms tos ievieto stiepes Sliides sviru stenda, uz sanu virsmam piestiprina deformaciju
meérierices — tenzometrus vai HBM DD digitalos deformaciju meéritajus. CT paraugiem —
vienu, bet kuponveida paraugiem divus, kas izvietoti vienados attalumos cits no cita.
Tenzometru ,nazus” ievieto uz pielimétajam plaksném, tenzometru baze — 50 mm.
Tenzometrus paraugiem piestiprina ar elastigam gumijam vai metala skavam. Sliides paradibas
eksperimentalai p&tiSanai paraugus ar tenzometriem ievieto $lides sviru stendos maksimali
centriski starp satvérgjZzoklu elementiem, pa vienam paraugam katra stenda. HBM DD1
deformaciju mérjjumus caur daudz kanalu registrésanas iekartu HBM ,,Spider 8”, registré
datora, izmantojot datorprogrammu HBM ,,CatMan”. Visus paraugus slogo ar konstantu,
vienmerigu, statisku slodzi (~20 —40% no graujosajiem spriegumiem, neparsniedzot betona un
cementa kompozita darbibas linearo posmu). Paraugus atkartoti slogo un atslogo divas reizes
un katra slogojuma iegiitos deformaciju nolasijumus salidzina, lai parbauditu vai slogojums ir
centrisks, lai izpilditos $is nosacijums katra nolasijuma starpibas nevar parsniegt 20 % no
vidgjas aritm&tiskas vertibas, kas iegiita no visiem radijumiem.

[049] Pirmaja diena p&c paraugu noslogosanas, nolasijumus registré ik péc stundas, tad pirmo
ned€lu tos turpina registrét vienu reizi dienda. P&c pirmas ned€las nolasijumus registré ar 2—3
dienu intervalu lidz apméram 30 dienam kop$ slogoSanas sakuma, p&c pirma meneSa
nolasijumus registré reizi ned€la. Ja tests tiek turpinats ari, sasniedzot 90 dienas, tad talak
registréSanu veic vienu reizi ménesi. Sasniedzot eksperimenta interesgjoso slogojuma ilgumu,

slodzi pakapeniski nonem un pie katras slodzes pakapes, tapat ka testa sakuma, nolasa
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deformaciju lielums, iegtstot tiilitejas jeb acumirkligas, atgriezeniskas deformacijas. Slodzes
nonemsanas pakapes ir vienadas ar slodzes pielikSanas pakapeém. Kad paraugs atslogots, to
nemainigi atstaj §lides sviru stenda, lai noteiktu atgriezeniskas deformacijas laika. Deformaciju
atgriezeniskuma m&rTjumu nolasiSanai, datus registré nepiecieSami ilga perioda un
registréSanas biezumu veic tapat, ka noslogojot paraugus.

[050] Zusanas rukuma deformaciju noteik$anai stiepes formas paraugiem var tikt izmantota
viena metode. Paraugus sagatavo tapat ka §ludes testam ar divam vai ¢etram aluminija plaksném
uz paraugu sanu Saurakas virsmas. Lai noteiktu korektas Sludes deformacijas, tad ziiSanas
rukuma deformaciju noteik$anai sagatavo identiska sastava un identisku izmeéru paraugus ka
Sludes parbaudem.

[051] Slides deformaciju noteik3anai liecé izmanto platnveida paraugus ar izmériem
450x75x20mm. Sakotngji tiek izgatavota plaksne ar izm&riem 500x500x20mm. Svaiga betona
vai cementa kompozitu lieSanas laika parliecinas, ka veidna virsma ir iespgjami gluda. Ja
izgatavota sastava Ipatnibu d€] pec saistiSanas laika beigam (sacietéSanas) tiek konstatéts, ka
plaksnes virsma ir negludumi, tad tos izmantojot dimanta slipdisku uzmanigi un ripigi
izlidzina, lai platnes virsma biitu ar nemainigu biezumu un gluda. P&c platnes atveidnoSanas un
virsmas slip&Sanas platni sazage sijveida platnu elementos ar dimensijam 20x75x450mm
(Ranaivomanana et al., 2013)

[052] Katram paraugam centrd, izmantojot epoksida ITmi, tiek pielimé&tas aluminija plaksnites
1,6x10x15mm. Uz §1s aluminija plaksnes tiek atspiesta deformaciju mériekartas vadikla.

[053] Slades deformaciju noteikiana liecé. Slides deformacijam liecé nosaka ieprieks
sagatavotajiem paraugiem. Lieces stenda katram test€tajam paraugam tiek kombinéti atsvari,
lai sasniegtu nepiecieSamo slodzes apjomu. Papildus tiek uzstadita pasija/as, kur ar sviras
skavas ierobezotaj skavu stiprina deformaciju indikators.

[054] Pirms paraugu ievietoSanas stenda katrs ta indikators tiek parbaudits, lai nav mehaniski
bojajumi, kas liegtu indikatoram uzradit objektivus mérijumus. Stenda tiek ievietoti paraugi ta,
lai parauga centra atzime biitu pretl pasijai piestiprinatas ierobezotajskavas centram. P&c tam
uz parauga centra tiek uzlikta skava, kurai pievieno asi ar atsvariem, kas slogo paraugus.
[055] Paraugiem nepiecieSamo slodzi pieliek pakapeniski — vismaz piecas pakapes, pec katra
posma nosakot acumirkligo deformaciju vertibu, zinot elastigas deformacijas var aprékinat
elastibas moduli liecé. Lai novertetu deformaciju meriericu korektu darbibu, paraugi stendos
atkartoti tiek slogoti un atslogoti divas reizes un ieglitie nolastjumi tiek salidzinati, lai to

starpibas neparsniedz 20 %. Slades paraugi liecé ilgstosi tiek slogoti ar nemainigu, statisku
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slodzi (~ 20 —40% no graujoSajiem spriegumiem, neparsniedzot betona un cementa kompozita
darbibas linearo posmu).

[056] Pirmaja diena péc paraugu noslogosanas nolasijumus veic ik p&c stundas, tad pirmo
nedélu tos registré vienu reizi diend. P&c pirmas ned€las nolasijumus veic ar 2 — 3 dienu
intervalu Iidz apméram 30. dienai kop$ slogoSanas sakuma, p&c tam nolasTjumus veic reizi
nedgla. Ja tests tiek turpinats, sasniedzot 90 dienas, tad turpmak nolasijumus veic vienu reizi
meénesl.

[057] Sasniedzot eksperimentam interes€joso slogojuma ilgumu, slodzi pakapeniski nonem un
pie katras slodzes pakapes, tapat ka testa sakuma, nolasa deformaciju lielums, iegiistot tulitgjas
jeb acumirkligas atgriezeniskas deformacijas. Slodzes nonemsanas pakapes ir vienadas ar
slodzes pielikSanas pakapem. Kad paraugs atslogots, to atstdj nemainigi §ludes sviru stenda, lai
noteiktu atgriezeniskas deformacijas laika. Deformaciju atgriezeniskuma meérfjumu nolasiSanai,
datus registré nepiecie$ami ilga perioda.

[058] Lai izslégtu zusanas rukuma deformacijas, tadgjadi nosakot tikai pamat$ltidi, tad paraugus
ietin viena karta polietiléna (PE) pakosanas pléve. Otro kartu paraugiem veido no paslimgjosas
aluminija lentas, kura tiek uzlimé&ta viena karta. Katram paraugam centra tiek parSkelts
pakojums (PE pléve un aluminija lenta) un pielim&tas aluminija plaksnites izmeros
1,6x10x15mm, izmantojot epoksida Iimi. Uz §is aluminija plaksnes tiek atspiesta deformaciju
mériekartas vadikla.

[059] P&c tam zona starp aluminija plaksniti un pakojumu tiek pildita epoksida lime, lai
nenotiktu gaisa, mitruma kustiba no parauga un uz paraugu. Uz apliméta parauga virsmas
perpendikulara virziena tiek veidota atzime ar markieri, kas apzimé parauga centralo asi, kur
tiek pielikta slodze.

[060] Cementa kompozitu paraugu vecums Visu slogoSanu sakuma, spriegumu limenis,
slogo$anas ilgums, atslodze atkarigi no datu talakas izmantoSanas.

[061] Ilgsto$o testu laika registre arT telpas apkartgjas vides mitrumu un temperatiiru.

[062] Zusanas rukuma deformacijas nosaka un izmantoto, lai noteiktu korektas §lides
deformacijas lielumu. Rukuma testam sagatavo identiska sastava un identisku izmeru paraugus
ka sludes parbaudém un deformacijas méra paraléli §lides deformaciju nolasijumiem, paraugi
tiek turéti identiskos apkartgjas vides apstaklos, v€lams blakus §lides paraugiem.

[063] Zasanas rukuma deformaciju noteiksanai lieces formas paraugiem var tikt izmantot vienu
metodi. Paraugus sagatavo tapat ka §lades testam ar divam aluminija plaksném uz paraugu sanu
virsmam. Lai noteiktu korektas Slides deformacijas, tad zusanas rukuma deformaciju

noteikSanai sagatavo identiska sastava un identisku izmeru paraugus ka slides parbaudem. Ja
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nepiecieSams noteikt pamatslidi un ziiSanas $ladi, tad atbilstosi jasagatavo arT dala rukuma

paraugu, ietinot divas kartas aluminija folijas, lai nodroSinatu, ka neiestasies ziiSanas process,

bet dalu paraugu atstaj neietitus, pielaujot tajos ZliSanas procesu.

[064] Piedavatais panémiens ir pielietojams, izpildoties $adiem nosacijumiem:

pielietoto cementa un betona kompozitu $ltides deformaciju spiedé noteikSanas paraugu
mazakais izmérs (b) ir ierobezots ar matricas lielakas pildvielas pieckarSu izméru (&) —
bmin > 5 @ (RILEM TC 107-CSP, 1998); bet liclakais izmérs (l) ir icrobezots ar stenda
maksimali iesp&jama, ievotojama parauga garumu — | <200 mm;

Sludes defomacijas spied€ un ziiSanas rukuma deformacijas spiedes paraugiem noteikt,

izv€loties vienotu parauga geometriju abam paraléli veicamajam parbaudém; ieteicams
. . C e . - b 1
izmantot paraugus ar geometriskajiem izmériem, kas atbilst nosactjumam n < 2 kur b

— parauga Skérsgriezuma lielakais izmérs; | — parauga garums (RILEM TC 107-CSP,
1998);

stiepes, lieces stipribas un $lades deformaciju noteik$anai stiep€ un liecg, ka arf rukuma
deformaciju noteikSanai stiepes un lieces paraugiem ieteicams izmantot platnveida
paraugus. Stiepes paraugiem papildus veido iezag&jumu viena vai abas parauga puses;
Sludes parbauzu spriegumu ltmenis, nosakot deformacijas linearaja Slides posma,
atrodas robezas 1idz 40% no graujo$o spriegumu lieluma;

slogojuma sakums un ilgums, ka arT atslodzes ilgums S$lides parbaudeés atkarigs no
izvirzita mérka un var biit neierobezots;

ilglaicigas parbaudes var tikt veiktas paraugiem divas mitruma koncentracijas —
gaissausiem un mitriem;

laboratorija tiek rekomendgts uzturét pastavigus apkartgjas vides apstaklus (temperatiiru

un gaisa mitrumu).
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PRETENZIJAS

1. Papémiens betonu un cementa kompozitu ilglaicigo ipasibu noteikSanai
sprieguma stavoklos, kas ietver §adus solus:

i) betona un cementa kompozitu paraugu sagatavoSanu kubu, cilindru, prizmas vai plataveidu
forma, iepildot test€jamo kompozitu atbilstosi projekteSanas nosacijumiem

ieprieks§ sagatavotos veidnos un atstajot cietéSanai 20+2 °C temperatiira un RH > 95+5 %, uz
24-48 stundam, p&c ka paraugus atveidno, veic paraugu pirmapstradi un, pec izveéles paraugus
atstdj talakai ciet€Sanai tideni 11dz atbilstoSajam eksperimentalajam parbaudém;

ii) testéjamo paraugu ievietoSanu stenda, slogoSanu ar slodzi, péc ka paraugu atslogo;

iii) parauga atkartotu slogoSanu un atslogoSanu vismaz vél vienu reizi un katra slogojuma
iegilitos deformaciju nolasTjumu salidzinaSanu, registréjot ari apkartjas vides mitrumu un
temperaturu,

iv) betona un cementa kompozitu ilglaicigo Ipasibu noteik$anu, izmantojot iepriek$gjos solos
ieglitus datus un kvantitattvu attelu analizi.,

2. Panémiens saskana ar 1. pretenziju, kas raksturigs ar to, ka betona un cementa
kompozitu stipribu nosaka, parbaudot minimums tris vienada izméra un sastava paraugus,
paklaujot stipribas testam, ka graujoso stipribu pienemot vidgjo vértibu, bet ar noteikumu, ka
atseviS$ko stipribu atSkiribas neparsniedz 20% no vidgjas vertibas, turklat papildus nosaka
betona un cementa kompozitu stipribas piecaugumu laika, slogotiem un neslogotiem paraugiem.

3. Panémiens saskana ar jebkuru no iepriek§gjam pretenzijam, kas raksturigs ar to,
ka Sludes deformaciju noteikSanai izmanto §liides stendus, turklat paraugu slogosanu veic ar
konstantu, vienmérigu, statisku slodzi 80-100 dienas, péc ka paraugus atslogo 20-40 dienas.

4, Panémiens saskana ar jebkuru no iepriek§gjam pretenzijam, kas raksturigs ar to,
ka paralgli $lades testiem veic paraugu zu$anas rukuma testus, kuru laika nepartraukti registré

arT apkartgjas vides mitrumu un temperatiiru.
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PANEMIENS AREJO IEDARBJU IETEKMES NOTEIKSANAI UZ BETONU UN
CEMENTA KOMPOZITMATERIALU MIKROSTRUKTURU DAZADOS
SPRIEGUMA STAVOKLOS

[001] Izgudrojums attiecas uz biivniecibu un biivniecibas materialu testé€Sanas panémieniem,
proti uz pap@mieniem argo iedarbju ietekmes noteikSanai uz betonu un cementa

kompozitmaterialu mikrostruktiru dazados sprieguma stavok]os.

Zinamais tehnikas limenis

[002] Veicot €ku un inzenierblivju projektesanu, tiek prognozeéta un novertéta konstrukciju
un to dalu darbiba visa biives ekspluatacijas un dzives cikla laika. To veic novertgjot ilglaicigo
1pasibu (Sludes, rukuma u.c.) ietekmi [1; 2]. IepriekSmingtas Ipasibas noteic eksperimentali
atbilsto§i mérfjumu veikSanas standartiem (RILEM u.c.) [3] un metodologijam [4], un
matematiski parver§ atbilstoSos parcialajos faktoros atbilstosi konstrukcijas vai konstrukciju
kopas darbibas raksturam un paredzetas apkartgjas vides ietekmes raksturam. Tomér &ku un
inzenierbiivju ekspluatacija médz atskirties no projektéSana paredzetajiem apstakliem. Ta
rezultata ilgstosa ekspluatacijas perioda konstrukciju pretestiba eso$ajam argjam iedarbeém
(gan no mehaniskas slodzes, gan apkartgjas vides apstakliem) var blit samazinata.

[003] Ir zinami nacionalie standarti, kuri reglament® &ku un inZenierbiivju apsekoSanu (LBN
405-21, LVS 190-11:2009), tomér tie balstas uz kvalitativu apsekojumu (vizualu apsekojumu,
kur§ balstas uz apsekotaja pieredzi izteikt pien€mumu par redzeta nolietojuma ietekmi uz
konstrukcijas mehaniskajam Ipasibam). Sads apsekojuma veids ir subjektivs, tas nebalstas
skaitliskas, kvantitativas, viennozimigas vertibas, bet tiek argumentets tikai ar apsekotaja
empirisku noveérojumu.

[004] Ir zinams zinatnes novirziens petrografija, kur péta iezu sastavu, uzbuvi un izcelsmi.
Pétniecibas paraugu sagatavosana ir adapt€jama ari akmenim Iidzigiem materialiem un lauj
veikt mikrostruktiras izpéti betoniem un cementa bazes materialiem tos sazaggjot, slipgjot un
pul&jot, un talak izmantojot mikroskopus p&tot to mineralogisko sastavu un mikrostruktiiras

raksturu. P&tniecibas nozare tiek saukta par betonu petrografiju.



[005] Ir zinamas Gunter Grundmann un Herbert Scholz vadlinijas ,, The preparation of thin
sections, polished sections, acetate foil prints, preparation for elutriation analysis, and
Staining tests for the optical and electron microscopy” [5], kura sniegta informacija ka pareizi
ieglit un sagatavot planus pul€tos paraugus (no anglu valodas polished thin section specimens)
dazada veidu mineralu petrografijas izp&t€m gan optiskaja, gan sken&joSaja elektronu
mikroskopa (no anglu valodas Scanning Electron Microscope, SEM). Vadlinijas nesniedz
informaciju par pulétu, biezu paraugu iegiiSanas un apstrades metodeém.
[006] Ir zinamas Donald E. Cadwell un Paul W. Weiblen vadlinijas ,, Diamond disc
Preparation of Polished Thin Sections for Electron Microprobe Analysis” [6], kura aprakstita
planu, pulétu paraugu iegiisana, sagatavoSana un analize. Tom@r neparadas nekadi paraugu
uzglabasanas posmu apraksti, ka paraugi, kuri ir trausli vai apkartgjas vides ietekm¢& var mainit
savas TpaSibas, ir jauzglaba vai jaizolg.
[007] Ir zinami plano pul€to paraugu sagatavoSanas un analizes pan€mieni [4; 5]. Tie ietver
sekojoSus secigu solus:
(i)  paraugu impregnéSanu un uzglabasanu lidz apstradei epoksida svekos;
(i)  liekas epoksida sveku kartas nopemSanu no virsmas, kuru ITmés pie
objektstiklina;
(iii)  paraugu piezagésanu lidz 10,0 mm biezos paraugos. Parauga garumam un
platumam jaatbilst optiska mikroskopa paraugu ietvara specifikacijai;
(iv)  paraugu IimeSanu pie objektstiklina ar epoksida limi;
(v)  atkartotu parauga zagéSanu lidz biezumam 0,5 mm;
(vi)  paraugu virsmas pulésanu Iidz biezumam 30 pm;
(vii)  parklajstiklina ITméSana uz atklatas virsmas ar UV (ultravioleto starojumu)
aktivizetu Itmi.
[008] Materialu un eksist&josu konstrukciju un to dalu 1pasibu novertésanai gan slodzes, gan
apkart&jas vides ietekmes rezultata ir nepiecieSama ne tikai informacija par mehaniskajam
ipaSibam (ja tada ir pieejama), bet ari informacija par to, kas konstrukcijas elementam,
materialam vai konstrukcijai kopuma norisinas iekSieng. Publikacija ,, Geopolymer
Microstructure Using Polarization and Fluorescence Microscopy” [7] ir skaidroti iemesli
kapéc veicama betona un cementa bazes materialu mikrostruktiiras pétnieciba un analize, un

aprakstita geopoliméru un betona mikrostruktiiru p&tnieciba ar optisko mikroskopu, izmantojot



planus pul€tus paraugus. Lidz ar to ir nepiecieSams panémiens argjo iedarbju ietekmes
noteikSanai uz betonu un cementa kompozitmaterialu mikrostruktiru dazados sprieguma
stavoklos, kas neapdraudetu talaku konstrukcijas vai elementa ekspluataciju un biitu iespgjams

paraugu izmantot ptniecibai ilgstosi, izslédzot ta Ipasibu mainu argjo faktoru ietekmé.

Izgudrojuma meérkis un butiba

[009] ST izgudrojuma pan@miena mérkis ir precizi noteikt ekspluaticija eso$ajam
inzenierbtivém un &kam ekspertizes gaita to konstrukciju materialu realo fizisko stavokli
ekspluatacijas rezultata ka arT argjo iedarbju rezultata, tadejadi laujot izvairities no nepreciza
konstrukciju stavokla un atlikuSo resursa noveérté$anas.
[010] Izgudrojuma panémiena meérkis ir arl jauniem, eksperimentaliem konstruktiviem
buvmaterialiem noteikt mikrostruktiras izmainas ilgstoSa slogojuma un apkartgjas vides
ietekme.
[011] Izgudrojuma méerkis ir sasniegts ar panémienu, kurs ietver §adus secigus solus:

(i) ieglt paraugu dalas vai konstrukciju elementa urbto kodolu parauga

sagatavosanai;

(i)  impregnét, cietinat un uzglabat paraugus epoksida vai lidzvertigos svekos lidz
sola (iii) uzsaksanai;

(iii)  talak uzglabatos paraugus piezagét 1,0 Iidz 2,0 cm (ieteicams 1,0-1,5 cm)
biezos paraugos un markét. Parauga garumam un platumam jaatbilst skengjosa
elektronu mikroskopa ietvara specifikacijai. Paraugus p&c zage€Sanas ievieto
zavskapi un zave 40 °C temperatiira 24 stundas;

(iv)  paraugus slipét un pulét. Péc katra slipeSanas un pul€Sanas cikla paraugu
virsmas skalot un péc slipgSanas un pulésanas cikliem paraugus zavé (40 °C
temperatiira 24 stundas). L1dz solim (v) — mikrostruktiras p&tiSanai — paraugus
uzglaba gaisa necaurlaidiga iepakojuma ar silikag€lu vai lidzvertigu mitrumu
uzsticoSu vielu iek$a kimiska un mehaniska stavokla fikséSanai, ka arT konturg
interes€joSas petamas zonas parauga Skérsgriezuma. Papildus, atkariba no
mérjjumu iekartas Tpatnibam (piem&ram, elektronu mikroskopam), pirms

konturgSanas un secigas mikrostruktiiras petiSanas, parauga virsmu parklaj ar



konduktivu parklajumu, piemeéram, zeltu vai oglekli, atbilstosi izmantotam
skengjoSajam elektronu mikroskopam,;
(v)  pétit paraugu mikrostruktiru, izmantojot elektronu mikroskopu vai optisko
mikroskopu ar att€lu uznemsanas funkciju;
(vi)  veikt att€lu kvantitativo analizi, kura tiek uzskaitita un analizéta atte€la vai

att€los redzama parauga virsmas kompozicija un saturs.
[012] Ar izgudrojuma panémienu iespSjams noteikt materiala morfologiju — porainibu,
plaisasanas izpausmes, to raksturu un apjomu. lesp&jams ari noteikt hidratacijas pakapi,
stiegrojuma korozijas pakapi, ietekmi uz apkarteso$o betona konstrukcijas dalu, pildvielu un
saistvielas savstarpgjo izkliedi elementa Sk&rsgriezuma un pie liela parauga zonas
palielinajuma — kontakta zonu un tas ipasibas starp pildvielu un saistvielu un/vai stiegrojumu
un saistvielu.
[013] Saskana ar izgudrojuma pan€miena soli (ii) betona un cementa kompozitu materialu
vai konstrukciju paraugus pirms sola (iii) ievieto epoksida svekos un cietina, nodroS§inot sveku
un, p&c iespgjas, konstrukcijas vai parauga vakuumésanu un anaerobu vidi, tad€jadi nodrosinot
deformaciju un kimiska stavokla fiks€Sanu pec iesp&jas tuvak stavoklim parauga iznemsanas
bridim no konstrukcijas vai laboratorijas parauga. Epoksida svekus iesp&jams aizstat ar
lidzvertigiem svekiem vai substanc€m (piemé&ram, poliuretana svekiem), kuri nodro$ina
paraugu konservaciju, pilnigu aizsardzibu no apkartgjas vides ietekmes un nemijiedarbojas vai
neveido kimiskas reakcijas un savienojumus ar parauga materialiem.
[014] Izgudrojuma panémiens ir raksturigs ari ar to, ka laika posma starp paraugu
sagatavoSanu mikrostruktiras izpetei skengjoSaja elektronu mikroskopa un/vai optiskaja
mikroskopa un paSu mikrostruktiru izp€ti mikroskopos (starp pané€miena solu (iv) un (v)
izpildi), paraugus uzglaba gaisa necaurlaidigd iepakojuma ar mitrumu uzsficoSam vielam
(piemé&ram, plastmasas maisina ar ravejsledzgja tipa aizdari (pazistams ka zip-lock maisins) ar
silikagelu ieksa kimiska un mehaniska stavokla fikséSanai.
[015] Pirms eksperimentalajam parbaudém katrs paraugs tiek markets un, atkariba no
mérfjumu iekartas Tpatnibam (piem&ram, elektronu mikroskopam), tiek parklats ar konduktivu
parklajumu, pieméram, zeltu vai oglekli, atbilstoSi izmantotam skengjoSajam elektronu
mikroskopam. Ja paraugs ir ar pétamas virsmas laukums ir vienads vai lielaks par 1 cm?, tad

uz ta tiek atzZimétas raksturigas, pétamas zonas.



[016] Papildus, ta ka ar izgudrojuma panémienu ir iesp&ams noteikt mikrostruktiiras
izmainas, pieméram, plaisaSanu, poru deformé&Sanos un izm@ra samazinaSanos un citas
izmainas, kuras notiek materialam, konstrukcijas elementam vai konstrukcijai kopuma
iekSieng, betona un cementa kompozitu mikrostruktiiras petniecibai no konkréta parauga
izgatavo vismaz 3 pulétas virsmas paraugus, kas atrodas viens virs otra pétita Skersgriezuma
pa garenasi.

[017] Uzpemtie mikrostruktiiru att€li, ja tie reprezent€ virsmas laukumu, kas sastav no
vairakiem att€liem (atbilstosi palielinajumam), tick apvienoti viena kopgja attela, atbilstosi to
uznemsSanas kartai un atrasanas vietai pétamaja Skérsgriezumu laukuma. Att€lu apvienosanai
iespgjams izmantot dazadas programmas, pieméram, Adobe Photoshop [8] vai patstavigi
programmétas programmas, kas apvieno att€lus péc atskaites punktiem (secigi sekojosu att€lu
kopigajiem punktiem vai attéla Tpatngjam zonam). legito att€lu sadala slanos atbilstosi
pétitajiem sk&rsgriezuma raksturlielumiem (plaisa un $kérsgriezuma materials vai matrica,
pildviela, gaiss, stiegrojums) un/vai veic rentgena staru difrakciju (no anglu valodas X-ray
difraction, XRD) analizi interes€joSajam skérsgriezuma zonam.

[018] Atbilstosi att€la zonu kvantitativajiem parametriem ka laukumam un to
reprezent€joSajam zonas pikselu skaitam veic analizi un iegiist secindjumus par konkréta
Skersgriezuma Tpasibam.

[019] Izgudrojuma izpratnei pievienoti $adi Zim&umi:

1. zim. Izgudrojuma pané€miena principala blokshéma pulétas virsmas paraugu sagatavosanai
un pétiSanai.

2a. Zim. P&tama parauga virsmas rekomendeta zonu uznemsanas sekvence vertikali konturétai
Skeérsgriezuma apskatamai zonai, kur n ir att€la uznemsanas kartas skaitlis, kur§ norada uz ta
uznemsSanas secibu un velak apvienoSanas kartibu.

2b. Zim. Petama parauga virsmas rekomend&td zonu uzpnemsSanas sekvence horizontali
konturgtai Skeérsgriezuma apskatamai zonai, kur n ir att€la uznemSanas kartas skaitlis, kur§
norada uz ta uznemsanas secibu un vélak apvienosanas kartibu.

3a. zim. Virsmu konturgS$ana att€lu uznemsanai stiepes parbaudes paraugiem.

3b. zZim. Virsmu kontur&$ana attélu uznemsanai spiedes parbaudes paraugiem.

Izgudrojuma istenoSanas piemeéri




[020] Izgudrojuma panémienu, kas ietver paraugu atlasi, iegliSanu, apstradi un pétiSanu veic
saskana ar 1. Zim&juma paradito principialo blokshému.

[021] Betona un cementa kompozitu paraugus, neatkarigi no ieguves avota (laboratorija
testeti paraugi vai iegiiti no ekspluatétas konstrukcijas), nepiecieSams ievietot epoksida vai
citos lidzvértigu Tpasibu svekos un cietinat. ST darbiba veicama nekavéjoties péc parauga
ieguves.

[022] Paraugu ievieto trauka vai ietvara (veidni), kura paraugu var pilniba iegremd@t svekos
un paliek v€l maksimums 5 mm attalums lidz veidna katrai malai, kur iepildit svekus, lai
paraugs biitu pilniba nosegts ar svekiem un argjas vides apstakli ka mitrums, nevargtu to tiesi
ietekmét. Svekus iestrades laika, atbilstosi to lietoSanas instrukcijai, atgaiso un, ieteicams, pec
iestrades veidnT arT atgaiso, izmantojot vakuuma kameru.

[023] Pe&c iestrades epoksida svekus cietina. Paraugu p€c cietinasanas vai nu uzglaba istabas
temperatiira vélakai izmantoSanai, vai arT sagatavo mikrostruktiiras petjjumiem ka pul&tos
paraugus.

[024] Mikrostruktiiras p&tniecibai svekos impregnéto paraugu sazage, izmantojot cirkularo
vai lentzagi ar dimanta griezgj disku, vai lentu un @idens dzesé$anu. Paraugu sagatavojami
tados izmeros, lai tos biitu iespgjams ievietot SEM, pieméram, 4,6 cm diametra un 1,0 cm
biezuma. Paraugi tiek sazagéti 1,0 1idz 2,0 cm (ieteicams 1,0 1idz 1,5 cm) biezos paraugos.
Paraugu sazagesanas biezums var atSkirties atkariba no pul&jamas iekartas specifikas. Paraugu
sazaggSanu veic Ieéni, lai netiktu izrauti caurumi vai gabali paraugos un zaggtas virsmas
paraugiem buitu savstarpgji paral€las. Paraugu skaits atkarigs no p&étamas zonas apjoma un
paraugu izmeriem. Ja p&tama zona pielauj lielu paraugu skaita iegiSanu, tad tie ir jaiegiist un
japeta. No katra impregnéta parauga ieglst vismaz 3 paraugus, kuri atrodas viens virs otra
garenass virziena.

[025] Paraugus péc zageSanas uzreiz ievieto zavskapi, kur tos zavé 40 °C temperatiira 24
stundas.

[026] P&c paraugu ZaveSanas to zaggtas virsmas parklaj ar planu, iepriek$ izmantoto sveku
kartinu. Svekiem jabiit atgaisotiem un uzklatajai sveku kartinai jabut bez gaisa burbuliem. Péc
tam paraugus atbilstosi sveku specifikacijai cietina.

[027] Pe&c zageto paraugu virsmu impregnéSanas ar svekiem un cietina$anas, paraugus slipé

un pulé izmantojot pulgjamas masinas. Atbilstosi paraugu formai un izmériem izmanto



automatiskas vai dalgji automatiskas puléSanas masinas, pieméram, Mecatech 334 [9].
Paraugu puléSanu veic, lai novaktu lieko sveku kartu un pultu paraugu matricas un pildvielu
virsmas, un padaritu parauga virsmu péc iesp&jas gludu, vienmerigu un bez skrap&jumiem vai
savadaku virsmas neviendabigumu. Virsmu slipg€Sanu veic ar smilSpapiriem. Slip&Sanas
procesa paraugu virsmas un smil§papiru virsma tiek dzes€ta ar tideni. PuléSanu veic ar dimanta
emulsijas $kidumu ar 3 um dimanta dalinu izm@ru. Smil$papiru izméri un pul€jamo disku
izmeri ir atbilstoSi izmantotas puléSanas masinas specifikacijai. PuléSanas intensitate un soli
veicami un veidojami atbilsto$i materiala mehaniskajam 1pasibam, bet sagatavojot C30/37
klases cementa kompozita paraugu, izmantojams 1. tabula paraditais slipéSanai un puléSanai
rekomend&jamo ciklu ilguma, pielietojamo materialu rekomendétas vertibas.

1. tabula

SlipgSanai un puléSanai rekomendgjamo ciklu ilguma, pielietojamo materialu rekomendgtas

vertibas
Pulésanas/ Pul&Sanas/slipesanas Spiedes speks pret
slipgSanas sastava (smilSpapirs PuléSanas/slipe€Sanas  pul€joSo/slipgjoso
cikla (pec ISO 6344) vai cikla ilgums, virsmu, daN
kartas puléSanas pastas) miniites
numurs tips
1. P180 2 2,5
2. P320 2 2,5
3. P600 2 2,5
4. P1000 2 2,5
5. P1200 2 2,5
6. 3 um 4 2,5

[028] Pec katra slip&Sanas/puléSanas cikla virsmas tiek skalotas un vizuali parbauditas vai
virsmas nav bojatas un vai nav ievérojami degradétas. P&c paraugu virsmas analizes, atbilstosi
1. tabula attélotajai secibai, turpina pulé$anu.

[029] Peéc pulesanas cikla beigam paraugu virsmas tiek noskalotas un tie tiek ievietoti

zavskapl un zavéti 24 stundas 40 °C temperatiira. P&c ZzaveSanas paraugiem veic



mikrostruktiiras analizi vai arT tos uzglaba gaisa necaurlaidiga iepakojuma kopa ar silikagelu
un/vai citu mitrumu reduc€joSu (absorbentu) un uzturoSu materialu. Paraugus tur tumsas,
sausas telpas ar nemainigu temperatiiru.

[030] Pulétos paraugus pirms mirkostruktiiras petiSanas parklaj, ja nepiecieSams
skengjosajam elektronu mikroskopam (SEM), ar konduktivu parklajumu (pieméram, ar zelta
vai oglekla parklajumu) un konturé interes€josas zonas pétamaja Skersgriezuma (atbilstosi 3a.
zim&jumam un 3b. ZImgjumam).

[031] Paraugu vai paraugus ievieto skengjoSaja elektronu mikroskopa, noregulée
nepiecieSamos parametrus, k@ pieméram, att€la asumu, ekspozicijas pakapi, gaismas
daudzumu u.c. Izvelas atbilstoSu palielinajuma Itmeni, piem&ram, 25 reizu palielinajumu un
uznem Sk@rsgriezuma att€lus atbilstosa sekvencé (rekomendéts péc 2a. un 2b. zim&uma
sekvencém) ar atbilstoSiem atskaites punktiem, p€c kuriem ve&lak bis iespgjams att€lus
savietot viena kopgja attéla ta talakai analizei. Att€lu uznemsanas laika nedrikst mainit
nevienu no iepriek$ mingtajiem att€la parametriem (asums, ekspozicijas pakape u.c.). Tie visu
attélu uznemsSanas laiku paliek konstanti. Ja att€lu uznemsSanas laika noverojams, ka kadas
dalas petamajai Skersgriezuma dalai klaist tumSakas vai gaiSakas, japarliecinas vai parauga nav
metaliska stiegrojuma vai kada cita lidzvertiga materiala iesp&ja atstaroties vairak ka pargjam
Skersgriezuma sastavdalam. Stiegrojuma gadijuma So att€lu uznem pie konstantas ekspozicijas
statusa un veic atkartotu uznémumu tad, kad visi attéli jau ir uznemti. Ja tomér tas nav saistits
ar Skérsgriezuma sastavdalas palielinato atstaroSanas sp&ju, tad parauga zagétas un pulétas
virsmas nav savstarpéji paralélas. Sadu paraugu tilak neanalizé, bet atkarto pulSanas un
slip&Sanas solus padarot parauga zagétas virsmas savstarpgji paral€las. Ja parauga biezums
klust parak mazs, tad §adu paraugu vairs analizei neizmanto un sagatavo jaunu paraugu.

[032] Iegiitos att€lus, atbilstosi to uznemsanas kartibai (sekvencei), apvieno viena kopiga
attela, izmantojot atte€lu apstrades programma, pieméram, Adobe Photoshop [8] vai citas.

[033] Iegito attelu dala atbilstoSos slanos, pieméram, poras, plaisas, matrica, pildviela u.c.
Siem slaniem pieskir katram savu — at3kirigu krasas kodu.

[034] Izmantojot att€lu apstrades programmas veic att€lu kvantitativo analizi péc
visparpienemtiem principiem. Saskaita konkrétam slanim pieskirtas krasas pikselu skaits un
attiecinats pret att€la kopg€jo pikselu skaitu. P&c savstarpgjas attiecibas nosaka, cik daudz katra

attela ir atrodama katrs konkrétais slanis, ta izvietojums un koncentracija skersgriezuma.



[035] Kvantitativas analizes rezultatus apkopo tabula un veic datu salidzinasanu un izsaka
sledzienus par paraugu Skersgriezumu veidojoSo materialu, tukSumu kvantitativo sastavu,
sadaltjumu Sk&rsgriezuma u.c. noveérotajam Tpatnibam.

[036] Péc skérsgriezumu veidojoSo materialu un tukSumu kvantitativa daudzuma un
izvietojumu iesp&ams pateikt vai paraugs ir pastiprinati porains, vai ir bijusi neviendabiga
cementa kompozita masa, vai ir notikusi pildvielas segregacija un ta ir nosédusies parauga

apaksa un lidzigi.
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PRETENZIJAS

1. Panémiens betonu un cementa kompozitu ar&jo iedarbju ietekmes noteikSanai uz

mikrostrukttiru dazados sprieguma stavoklos, kas ietver $adus secigus solus:

(M)

(i)

(iif)

(iv)

™)

(vi)

ieglt paraugu dalas vai konstrukciju elementa urbto kodolu parauga
sagatavosanai,

impregneét, cietinat un uzglabat paraugus epoksida vai lidzvertigos svekos lidz
sola (iii) uzsakSanai;

talak uzglabatos paraugus piezagét 1,0 lidz 2,0 cm (ieteicams 1,0-1,5 cm)
biezos paraugos un markét, tad péc zagéSanas paraugus ievietot Zavskapi un
zavet 40 °C temperattra 24 stundas;

paraugus slipét un pulét, péc katra slipéSanas un puléSanas cikla paraugu
virsmas skalot un pec slipgSanas un pulésanas cikliem paraugus zavé (40 °C
temperatira 24 stundas) un uzglabat gaisa necaurlaidiga iepakojuma ar
silikagglu vai lidzvertigu mitrumu uzsiicosu vielu ieksa kimiska un mehaniska
stavokla fikseSanai lidz solim (v) — mikrostrukttiras pétiSanai;

konturét pétamas zonas parauga Sk€rsgriezuma un pétit paraugu
mikrostruktiiru, izmantojot elektronu mikroskopu vai optisko mikroskopu ar
att€lu uznemsanas funkciju;

veikt att€lu kvantitativo analizi, uzskaitot un analiz&jot attéla vai attelos

redzama parauga virsmas kompozicija un saturs.

2. Panémiens saskana ar 1. pretenziju, kas raksturigs ar to, ka betona un cementa kompozitu

mikrostruktiiras pé&tniecibai no konkréta parauga iegiita soli (i) izgatavo vismaz 3 pulétas

3. Panémiens saskana ar 1. vai 2. pretenziju, kas raksturigs ar to, ka sol1 (iv) pirms pétit betona

un cementa kompozitu mikrostruktiiru, paraugu virsmas parklaj ar konduktivu parklajumu.

4. Pan@miens saskana ar jebkuru no 1. Iidz 3. pretenzijai, kas raksturigs ar to, ka solt (v) p&tot

betona un cementa kompozitu mikrostruktiiru, paraugu att€lus skengjosa elektronu mikroskopa

uznem noteikta sekvencg, kur ieprieks uznemtais attels dal&ji parklajas ar ieprieks§ uznemto.
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KOPSAVILKUMS

Izgudrojums attiecas uz biivniecibu un buivniecibas materialu test€Sanas pan€mieniem, proti uz
panémieniem ar&jo iedarbju ietekmes noteikSanai uz betonu un cementa kompozitmaterialu
mikrostruktiiru dazados sprieguma stavok]os.

Saskana ar zinamiem risinajumiem veicot €ku un inzenierbuivju projekt€Sanu prognozeé un
noverte konstrukciju un to dalu darbibu visa biives ekspluatacijas un dzives cikla laika. To
veic novertgjot ilglaicigo ipasibu ietekmi. Tomér €ku un inZenierbivju ekspluatacija medz
atSkirties no projektéSana paredzetajiem, ka rezultata ilgstosa ekspluatacijas perioda
konstrukciju pretestiba pret argjam iedarbem (gan no mehaniskas slodzes, gan apkartgjas vides
apstakliem) var tikt samazinata. Ar izgudrojuma pan€mienu nosaka konstrukciju un to
elementu mikrostruktiru un tas stavokli. Laboratoriski parbauditiem paraugiem ar
izgudrojuma panémienu nosaka islaicigas un ilglaicigas slodzes ietekmi uz mikrostruktiiru un
attiecina uz celonsakaribam mehanisko Ipasibu izpausmém konkrétaja situacija. Istenojot
izgudrojuma panémienu mikrostruktliras analizei izmanto pulétas virsmas paraugus un tos p&ta
skengjosaja elektronu mikroskopa (SEM). Panémiena noradits ka sagatavot pulétas virsmas

paraugus, ka veikt att€lu uznemsanu.
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TECHNIQUE FOR OUTSIDE EFFECT DETERMINATION ON CONCRETE AND
CEMENT COMPOSITE MICROSTRUCTURE IN VARIOUS STRESS-STRAIN
STATES

The invention applies to civil engineering and building materials testing techniques. In other
words on micro structure disturbance and deuteration assessment of concrete and cement
composites that have been subjected to outside effects such as load and environmental
impacts.

According to known solutions structures behavior throughout service life is determined in
design stage. It is done taking into account the long-term property impact to the structures.
Nevertheless, the service life often differs from the anticipated in design stage. Due to this the
resistance to the outside effects can be significantly reduced. With the invention technique
microstructure and condition of the structure is determined. Also, microstructure change of the
short term and long term loaded laboratory specimens is determined with this technique.
Polished sections specimens are used to fulfill this technique and they are observed and
images acquired in Scanning electron microscope (SEM). In this technique steps for the
preparation of the polished section specimens are shown as well as steps for the image

acquiration.
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Attélu savstarpéjas parklasanas zona,
kura atrodas atskaites punkii,
lai attélus savietotu precizi vienu pret otru
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