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Abstract Lowcalciumalkali-activated cement composite known as geopolymer has
been around for more than 40 years. The main benefit of geopolymer based compos-
ites is the environmental aspect—it is partiallymade by utilizingwaste 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 microstruc-
ture of the specimen could be dissimilar to ordinary Portland cement. There has been
an absence of investigations regarding the geopolymer composite long-term prop-
erties 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 compres-
sion 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-section. The results were cross-referenced with
creep and shrinkage test results. After 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.
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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 CO2 emissions annually. It becomes a significant issue around
36% of global energy consumption to research viable alternatives for less polluting
binder usagewith comparable properties regardingworkability [3]. The use of alkali-
activated materials is beneficial to CO2 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 (depending on fly ash or slag type and alkali activator)
and the polymerization time from 12 to 48 h and more, therefore, excluding on-site
constructionworks due to difficulties 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 potassium 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 h [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 difficul-
ties of performing tensile creep tests and differences in creep mechanisms in tension
and compression, it is equally important to determine 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,
microstructure images were acquired and analysed. Results of image analysis were
cross-referenced with the creep and shrinkage curves to determine whether there are
notable correlations.
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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 parti-
cles and contains oxides such as SiO2 (47.81%), Al2O3 (22.80%). The high value of
SiO2 and Al2O3 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 min 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 CracowUniversity of Technology
(CUT), Poland.

(c)(b)(a)

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

Fig. 2 Geometry of the Compact Tension (CT) specimen [17, 18]

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 Ø 46 × 190 mm or
approximately 1:4 diameter to height ratio. For the dial gauge attaching six aluminium
plateswere 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 150× 150× 150mm. Each
cut CT specimen was 15 mm thick. Afterward, the notch was cut as well as two bore
holes were made (for attaching within a loading rig), as shown in Fig. 2.

The 2 mm wide notch in the CT specimen was sawn using a Proxxon MICRO
MBS 240/E bandsaw. According to Fig. 2a, the aluminium plates were glued to
specimens intended for creep and shrinkage tests. Plates were glued 25 mm to each
side from the notch center. There were prepared 12 cylinders and 12 CT specimens.

2.3 Experimental Setup

When the specimens’ preparationwas done, compressive strength and tensile strength
ultimate values were determined. The procedure is shown in Fig. 3.

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.
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(b)(a)

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

Determined strength values were compiled in Table 2. Following strengths deter-
mination, 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 Fig. 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
“IQ” with a scale interval of 1/100 mm and maximum measuring range of 10 mm.

To determine basic creep behavior, similarly shaped shrinkage specimens were
placed in equivalent environmental conditions, and their strain changes were moni-
tored (no load applied to the shrinkage specimens). Conclusions were made based
on subtracting 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.

(b)(a)

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

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 elec-
tron microscope (SEM) were prepared for microstructure composition determi-
nation. Figure 6 shows prepared compression and tension specimen samples for
microstructure analysis.

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 Ø 48 and 15 mm thickness. Afterward, all samples were polished according to
the sequence described in Table 1.

When the microanalysis samples were prepared, they were delivered to Cracow
University of Technology (CUT) and coveredwith gold. For each sample, the charac-
teristic cross-section areas were chosen and marked. The characteristic cross-section
areas were analyzed. These sample areas were shown in Fig. 7.

(c)(b)(a)

Fig. 6 SEM samples preparation (a) SEM samples polishing (b) and prepared samples before the
gold plating (c), RTU lab
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Table 1 Specimen surface polishing sequence

Polishing stage
number

Polishing compound
(sandpaper or paste
grade) type

Polishing cycle time,
minutes

Compression force to
specimen polishing
surface, daN

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 µm 4 2.5

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

(b)(a)

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 peripheral 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 SEMmicroanalysis 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 typewithin cross-section (matrix,
filler, air voids). For each of these partitions, the RGB tonewas allocated. The process
is shown in Fig. 8. The layer dividing process begins with filler layer separation that
was continued with the void layer.
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Fig. 8 Image dividing
sequence in layers and tone
allocation

2.1.

3.4.

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.

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 7th day since the preparation of the specimens. The creep and shrinkage curves
for compression and tension specimens are shown in Fig. 9.

The curves in Fig. 9a 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

Table 2 Compressive and tensile ultimate load values

Specimen type Ultimate load value, average
(kN)

Average compressive and
tensile strength, MPa

Cylinders, plain geopolymer 60.35 61.44

CT, plain geopolymer 0.28 5.13
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(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

of the tests and further strain development characteristics are different for speci-
mens in compression and tension. Furthermore, specific creep in tension (Fig. 9c)
is more than 7 times greater that in compression. It leads to a conclusion that there
are significant 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 Fig. 9b 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.
First of all, it becomes apparent that the cylinder’s air void wise was much better

shape than the cube used tomake CT specimens. The all in all cross-section composi-
tion 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 dimen-
sion, 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.

Table 3 Compressive and tensile ultimate load values

Test type Specimen type Matrix amount in
cross-section, %

Filler amount in
cross-section, %

Air void amount in
cross-section, %

Shrinkage Cylinder 73.48 20.08 6.44

CT 73.61 16.94 9.45

Creep Cylinder 73.76 19.62 6.62

CT 75.64 15.60 8.76
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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

(b)(a)

(d)(c)

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

In Fig. 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.
Furthermore, 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 testing, 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.

It is clear to see that creep specimennotch basiswasmore 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.
Furthermore, while the width of the analyzed shrinkage specimens’ notch part stays
the same for the creep specimens,width increases on average by 0.168mmor 28.11%.

Table 4 Notch base part analysis

Test type Average
length of the
notch, mm

Difference,
%

Average
width of the
notch, mm

Difference,
%

Average
area of the
notch, mm2

Difference,
%

Shrinkage 2.979 1.2 0.684 5.4 1.974 5.7

Creep 3.016 0.723 2.094
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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 making 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
difference 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 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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