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Research Article

Effect of dosage on the mechanical properties of epscrete

Mehmet Canbaz ®* (2, Emir Giinaltil1 2

, Ugur Albayrak?

2 Department of Civil Engineering, Eskisehir Osmangazi University, 26480 Eskisehir, Tiirkiye

ABSTRACT

ARTICLE INFO

Epscrete, which is made by employing aggregate made of expanded polystyrene
beads, is often used to make wall panels, block components, and insulating plates.
For these products to have greater mechanical qualities, 400, 600, and 800 dose ep-
screte specimens were made in this research, which also considered the influence of
cement quantity. The water-cement ratio was considered to be 0.5. In addition to the
reference specimens, the same manufacture was carried out utilizing a 1% plasticizer
admixture. Specimens were subjected to unit weight, ultrasonic pulse, water absorp-
tion, bending, and comprehension tests 7 and 28 days after production. The effects
of the dose and plasticizer rate on the physical and mechanical properties of early
and ultimate epscrete specimens were determined according to the unit weight, ul-
trasonic pulse velocity, water absorption rates, bending and compressive strength
values. Increasing the dosage increased the ultrasonic pulse velocity, reduced water
absorption by reducing the amount of gap and reduced water absorption, and in-
creased compressive strength by approximately 65 % and bending strength by about
60 %. It has been determined that the mechanical and physical properties of epscrete
are affected by dose and mixture ratios. By increasing the dosage, it has been seen
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that carrier light carrier blocks can be obtained.

1. Introduction

Expanded polystyrene (EPS) blocks can be used for
thermal insulation and lightening the structure against
seismic effects as Raufetal. (2011), Mohammed and Zain
(2016) and Miled et al. (2004) stated in their studies.
However, as Uygunoglu et al. (2015), the flammability of
these materials limits their use. According to Li et al.
(2018) and Babu et al. (2006), granules forming EPS
blocks are polymers with closed cell structure, high air
content, hydrophobic structure, and low density. For this
reason, EPS granules can be used in the production of
lightweight concrete as noted by Tang et al. (2008). Con-
crete in which EPS beads are used as aggregate is called
EPS concrete. As a result of the cement paste covering
the EPS granules, the material becomes incombustible.
In this state, it can be used in many areas such as thermal
insulation material, floating marine structures, geogrid,
and road barrier as used by Gyawali (2023). However,
the freeze-thaw resistance of EPS concrete is low. For

this reason, in order to increase the freeze-thaw re-
sistance, antifreeze and silane bonding agent can be ap-
plied to the outside of the EPS concrete, as well as EPS
can be modified by wrapping the EPS surface with high
performance materials, and polyvinyl alcohol and fiber
can be added to the mixture by Yuan et al. (2022). Since
EPS-based lightweight concrete panels reduce energy
consumption by up to 40%, they can reduce carbon
emissions by up to 20% as Meddage et al. (2022) stated
in their studies. At the same time, it reduces the use of
cement and reduces carbon emissions from cement pro-
duction. According to Prasittisopin et al. (2022) and
Xiang et al. (2022), since EPS particle content increases
the porosity, it reduces the strengths by up to 45%, while
increasing the dynamic performance and improving the
fatigue properties. When the stress-strain curves of EPS
concrete obtained under axial compression load are ex-
amined, firstly, a linear elongation and small cracks form
on the surface, while in the collapsed stage, the increase
in stress concentration at the interface of EPS beads and
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cement leads to the formation of new cracks due to the
low strength of the beads. Feng et al.’s (2022) study re-
vealed that concrete loses its bearing capacity during the
stress softening phase. When the drying shrinkage of
EPS aggregate concrete is examined by Maghfouri et al.
(2022), it was observed that EPS cannot resist shrinkage
due to its low rigidity increases drying shrinkage. Ac-
cording to Assaad et al. (2022), If waste EPS insulation
materials are used instead of aggregate in the production
of lightweight reinforced concrete beams, their shear
strength decreased by up to 20%. There are studies pre-
pared by Mahmoud et al. (2023) where EPS bead wastes
are used for insulation purposes in the production of ge-
opolymer concrete. It has been determined by Vinod et
al. (2022) that EPS beads have higher compressive
strength than clay bricks and lower than traditional po-
rous blocks when used in foam concrete block produc-

tion. If EPS is wrapped in airgel, its compressive strength
can increase up to 137% as Jiang et al. (2022) stated in
their papers. In studies like Rosca and Serbanoiu
(2022), using EPS by volume instead of aggregate, the
compressive strength increased as the aggregate parti-
cle size decreased, as well as the EPS bead distribution
became more uniform. In a study by Sadrmomtazi et al.
(2012), in which EPS granules were used as aggregate,
the strength increased with the use of silica fume, while
the strength decreased with the use of rice husk ash. It
has been observed that homogeneity and slenderness
are important in studies where fracture is modeled in
concretes using CT scanning to obtain the micromor-
phology of concretes with EPS aggregates. According to
Feng et al. (2022), these data provide improvement re-
garding the design, construction and cure of EPS con-
crete.

Fig. 1. Epscrete types used in the application (Susilorini et al. 2020; Mishra and Dashore 2020).

As can be seen from Fig. 1, there are a variety of EPS
products available, including wall panels, block ele-
ments, and insulation plates. There have been previous
studies on the strength and durability of epscrete prod-
ucts. In this study, unlike previous studies, a higher
amount of cement was added in different proportions
and aimed to have higher mechanical properties as well
as lighter ones. For this purpose, 400, 600, and 800 dos-
age epscrete specimens were produced using EPS
beads. Here, 400 doses can be used in light concrete ap-
plications in general. Therefore, 400 doses were chosen
as a reference. If the dosage is increased too much, the
upper limit is limited to 800, as there may be too many
problems due to the heat of hydration as well as the cost.
600 doses were taken as an intermediate value. Unit
weight, ultrasonic pulse, bending, and compressive
strength tests were performed on these specimens and

their mechanical and physical properties were deter-
mined.

2. Experimental study
2.1. Materials

Cement: Type R CEM I 42.5 cement was used in the mix-
tures. The properties of this cement are given in Table 1.
Aggregate: EPS beads were used as an aggregate in mix-
tures. The properties of the beads were listed in Table 2.
Water: Municipal water was used in the mixtures. Prop-
erties of the mix-water is given in Table 3.

Admixture: The superplasticizer (SP) was mixed as an
admixture in a lightweight concrete design. Admixture
properties were given in Table 4.
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Table 1. Properties of cement.

Chemical content, mg/dm?3

Ca0 AL03 Si02
62.9 4.56

Fe203 MgO
19.19 3.09 1.88

CI- Na20 K20 LOI S03
0.013 0.31 0.63 3.8 3.21

Physical properties

Specific surface cm?2/g

3590 1

Expansion, mm

Initial setting, min.

Final setting, min.

227.5 3.09

Density, g/cm3

Table 2. Properties of EPS beads.

Diameter range, mm

Unit Weight, kg/m3

Density, kg/m3

1.5-3.0 20 60
Table 3. Properties of water.
Cu Mn Al NH4 Fe NO; K Ni As Conductivity, uS/cm  pH Hardness, Fd°
0.016 0.015 0.04 0.06 0.007 11.1 6.8 5.07 1.19 628 7.35 30.11
Table 4. Properties of plasticizer.
Content Structure Colour Density pH Cl Alkali
Modified lignosulfonate homogeneous, liquid dark brown 1.135 kg/dm3 8 <0.1% <7 %

2.2. Method and tests

In lightweight concrete containing EPS beads (ep-
screte) production, the water-cement ratio was taken
into account as 0.5. Specimens were taken from the ep-
screte mixtures prepared according to the mixing ratios
given in Table 5 into prismatic molds with dimensions of
4x4x16 cm. The specimens taken from the mold one day
later were kept under standard curing conditions until
the day of the experiments. Unit weight, ultrasonic pulse,
water absorption, splitting tensile, compression and
bending tests were carried out on specimens 7 and 28
days after production are showed in Fig. 2.

Table 5. Mixture ratio, kg/m3.

Cement Water EPSbeads Admixture (SP)
400 200 20 0
400 200 20 4
600 300 20 0
600 300 20 6
800 400 20 0
800 400 20 8

3. Discussion

The unit weight changes of the epscrete specimens
are given in Fig. 3. According to Fig. 3, the unit weights
ranged between 0.6 and 1.4 kg/dm3. A decrease in the
dosage from 800 kg to 600 kg reduced the unit weights
of the specimens by 24%, while a decrease of 400 kg in

the dosage caused the unit weights of the specimens to
decrease by 51%. The heaviest component in the ep-
screte composition is cement. Due to the fact that the
other components are quite light compared to cement,
the change in the amount of cement caused a significant
change in the unit weight of the specimens. Since better
placement was achieved by adding a plasticizer to the
mixture, an increase in the unit weights of the specimens
was observed, reaching 5.7%. It was determined that the
unit weights of the specimens were higher due to the low
water loss in the early ages, and these values decreased
by 8% in 28 days. When the studies of Kuhail (2001),
Jayanth and Sowmya (2018) are examined, the unit
weights of the epscrete samples using 400 doses of ce-
ment are reduced to 0.95 kg/dm3, similar to this study,
while the unit weights can reach up to 1.27 kg/dm3 in the
case of using 600 doses of cement (Kuhail 2001; Jayanth
2018).

The ultrasonic pulse velocity values of epscrete spec-
imens varies with dosage were shown in Fig. 4. The de-
termination of ultrasonic pulse velocity can provide in-
formation about the quality of the concrete by changing
the speed as a result of the change in path required for
vibration progression depending on the void structure
and amount of space in the sample. However, in this
study, the presence of EPS beads as well as voids and ce-
ment paste in the inner structure was effective in the
propagation of the vibration created by the piezoelectric
material. Vibration does not propagate in pores, but cir-
culates around it. Hardened cement paste and EPS grains
are different types of materials. Cement paste is a ce-
ramic material while EPS is a polymer material. How-
ever, since it is an expanded polymer. It contains gaps in
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its internal structure and thus can slow down the pro-
gression of vibration, therefore, reducing ultrasonic
pulse velocity values. In Fig. 4, it was observed that as the
dosage increased, the ultrasonic pulse velocity values in-
creased by 78%. Since the admixture provides better

placement, it has reduced the voids and increased the ul-
trasonic pulse velocity values by up to 20%. The increase
in solid structures as a result of the continuation of hy-
dration over time caused an increase in ultrasonic pulse
velocity values of up to 14%.

140 mm

S

$
s

160 mm

Fig. 2. Mixture, EPS beads, schematic draw of specimens and tests.

600 700 800

Dosage, kg/m?

Fig. 3. The effect of dosage on unit weights of epscrete.

1.4
13 —O— Control-7 days
- —@— Control-28 days
S 12| —2-0.015P-7 days
% 11 | —a& 0015SP-28days
=
21
()
= 09
h—
=
5 0.8
0.7
0.6
400 500
3
—O— Control-7 days
28 | —@— Control-28 days
2.6 — A -0.01 SP-7 days
o — & 0.01 SP-28 days
n 24
E
E 22
= 2
=)

1.8
1.6
1.4

400 500

600 700 800

Dosage, kg/m3

Fig. 4. Ultrasonic pulse velocity change of epscrete with dosage.
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The water absorption test results of the produced ep-
screte specimens 7 and 28 after the production are shown
in Fig. 5. It was seen that the water absorption rates by
weight ranged between 3 and 14 percent. The capillary
voids, micro and macro voids in the cement paste were ef-
fective in absorbing water due to the water absorption
and impermeability of the EPS grains. Therefore, the wa-
ter absorption rate of the specimens decreased by 67%
as a result of the decrease in voids with the increase in

dosage. The increase in machinability with the addition
of admixtures caused a decrease in macro voids and thus
a decrease in water absorption rates of up to 12%. In ad-
dition, the increase in the microstructure of the CSH
structures formed as a result of cement hydration over
time caused a decrease in water absorption rates of up
to 36%. In previous studies as Jayanth and Sowmya
(2018), unlike this study, UPV values were found to be
higher, such as 2.64 km/sec, since sand was used.

15
14
5 13
X 12
E 11
§ 10
£ 9
[ 7]
2 8
< 7 | —O— Control-7 days
E 6 | —@=—Control-28 days
S 5 | —&-0015P-7days
4 | — & 0.01SP-28days
3
400 500

600 700 800

Dosage, kg/m3

Fig. 5. Water absorption of epscrete.

The bending strength changes determined as a result
of the bending test performed on epscrete specimens are
shown in Fig. 6. When Fig. 6 was examined, the decrease
in dosage in the production of epscrete caused a de-
crease in the bending strength of the specimens, reach-
ing 40%. The increase in dosage, the better filling of the
pores between the EPS granules and the increase in stiff-
ness and strength of the calcium silicate hydrate gels
formed as a result of hydration caused an increase in the
bending strength. As a result of the dispersion of the ce-
ment particle size, the spread of the hydration reactions
over time causes the specimens to show continuity even

if the strength gains rate decreases. In this study, it was
observed that the bending strength of the 7 day speci-
mens could reach up to 93% of the bending strength of
the 28 day specimens. In the case of the addition of plas-
ticizer, the homogeneous distribution that occurs as are-
sult of preventing the flocculation of the cement grains
provided better placement in the cross-section, and in
this case, the bending strength of the specimens in-
creased by up to 24%. In the studies conducted by
Jayanth and Sowmya (2018), it was determined that the
flexural strength of epscrete specimens decreased to
0.98 MPa.

4.5

—O— Control-7 days
—@— Control-28 days
— X -0.01 SP-7 days
— & 0.01 SP-28 days

Bending Strength, MPa

400 500

600 700 800

Dosage, kg/m?

Fig. 6. Effect of dosage on bending strength of epscrete.
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The variation in compressive strength of epscrete
specimens depending on admixture content, specimen
age, and cement amount is shown in Fig. 7. It was ob-
served that the compressive strengths of the specimens
varied between 8.5 and 19 MPa. The compressive
strengths increased up to 82%, depending on the amount
of cement used. In case of an increase in dosage, an in-
crease in strength is an expected situation. However, the
use of EPS grains as aggregate in epscrete specimens and
the fact that these grains act as voids and do not contrib-
ute to strength, it has been observed that the contribu-
tion of cement paste to strength is effective. In normal
concrete, the 7 day concrete compressive strength is
70% of the 28 day concrete compressive strength. The 7
day compressive strength of Epscrete specimens was at

N
o

least 76% of their 28 day compressive strength. The
plasticizer admixture separated the cement particles
from each other by physical force, preventing segrega-
tion and increasing the compressive strength. This in-
crease reached 20% in epscrete specimens. When the
studies conducted by Kuhail (2001), Jayanth and
Sowmya (2018) are examined, the compressive strength
of epscrete samples using 400 doses of cement decreases
to 4.5 MPa, while the compressive strength can reach up
to 6 MPa in case of using 600 doses of cement.

SEM images of epscrete produced by using EPS beads
as aggregate are given in Fig. 8. When Fig. 8 is examined,
porous structure of the EPS beads and the microstruc-
ture of the interface formed by the bonding of EPS to the
cement paste are seen.

—O— Control-7 days
18 —@— Control-28 days
— & -0.01 SP-7 days
16

Compressive Strength, MPa

=& 0.01SP-28days_ -
-

14
12
10 X
8
400 500 600 700 800
Dosage, kg/m3

Fig. 7. Compressive strength variation of epscrete with dosage.

20.0kV 7.0mm x50 SE 2/6/2018 10:36

EPS void

EPS

Transition
zZone

‘i OOIu mI

Fig. 8. SEM images of the cement paste/EPS interface and EPS beads (Allahverdi et al. 2018; Maaroufi et al. 2018).
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4. Conclusions

The following conclusions were reached as a result of
the tests and analysis on epscrete.

e It has been observed that the amount of cement se-
lected such as 400, 600 or 800 kg in epscrete produc-
tion has a significant effect on the test results to de-
termine the mechanical and physical properties.

e It was observed that the unit weights of 400 dosage
epscrete fell below 700 kg/m3. It was determined that
the unit weights of the specimens with 800 dosages
were over 1200 kg/m3.

e As a result of the decrease in space contained in the
specimens and the increase in dosage, the ultrasonic
pulse velocity values increased while the water ab-
sorption rates decreased.

e Considering the compressive and bending strengths,
which are the most important mechanical properties
of concrete elements, the dosage increase increased
the strengths. While the bending strengths of 400 dos-
age specimens were 2.6 MPa and the compressive
strengths were around 11 MPa, the bending strengths
of 800 dosage specimens were around 4.1 MPa and
the compressive strengths were around 18 MPa.

e The workability of the mixture has increased with the
addition of plasticizer to the epscrete mixture. This
situation caused an increase in the unit weight, ultra-
sonic pulse velocity values, bending and compressive
strengths of the specimens and a decrease in the wa-
ter absorption rate. Especially in 400 dosage epscrete
specimens, the compressive strengths reached 13
MPa.

e The physical and mechanical properties of epscrete
specimens at 7 and 28 days were determined. While
the ultrasonic pulse velocity values and compressive
and bending strengths of the 7 day specimens are
lower than those of the 28 day specimens, their unit
weights are high.

e While 87% of the bending strength was reached in
terms of mechanical properties at an early age, 80%
of the compressive strength was reached in 400 dos-
age specimens and 87% in 800 dosage specimens.
High strength achieved at an early age was one of the
important results of this study.

Epscrete specimens with 800 dosages are suitable to
be produced as a partition wall block construction ele-
ment with their 1.2 kg/dm3 unit weight and 18 MPa com-
pressive strength. The mechanical properties obtained
show that these blocks are suitable for use as lightweight
load-bearing wall elements in masonry structures. When
400 dosages are preferred in epscrete production, it is
recommended to use the products obtained as an insula-
tion plate with unit weights of 0.6 kg/dm?3, bending
strengths of 2.6 MPa and compressive strengths exceed-
ing 10 MPa. However, in order to be used as an insulation
plate, it is recommended to determine the thermal con-
ductivity coefficients in future studies.
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In this study, a new generation prepacked geopolymer composite (PGC) material that Article history:

can meet different needs was obtained by combining geopolymer concrete (GPC) and Received 21 April 2023
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quartz aggregates were placed in molds and, geopolymer mortar was injected be- Accepted 10 July 2023

tween these aggregates. Aluminosilicate based blast furnace slag (GBFS) was used as
binding in geopolymer mortars; sodium silicate (Na2SiO3) and sodium hydroxide
(NaOH) was used as alkali activator. In addition, clinker aggregate in different pro-
portions was used as fine aggregate (0-4 mm) in the production of mortar. Within
the scope of the study, the physical, mechanical, permeability and high temperature
resistance properties of PGC were investigated. The produced samples were cured at
30 and 60 °C for 6 and 8 hours. Hardened unit weights of PGC vary between 2342 and
2539 kg/m3, and sorptivity values vary between 0 and 0.04 kg/m2.min?5. While the
increase in curing temperature and curing time increases the hardened unit weight
values, it decreased permeability values. While the increase of clinker aggregate in
the mortar phase does not change the hardened unit weight, it significantly reduced
permeability. When the PGC samples are cured at 30 °C, the compressive strengths
are 20.38-39.03 MPa; when curing at 60 °C, the compressive strengths are 35.21-
57.04 MPa. Flexural strengths, 2.35-6.96 MPa with 30 °C cure, achieved 4.27-9.93
MPa results with 60 °C curing. Increasing the curing time and curing temperature
significantly increased the compressive and flexural strengths. The increase in the
amount of clinker aggregate added to the mortar phase decreased the strength val-
ues. While the compressive strength values of PGC mixtures do not fall below 15 MPa
after being exposed to 300 °C high temperature; after the application of 600 °C high
temperature, it lost up to 70% of its strength. Increasing the curing time and curing
temperature, increased the high temperature resistance. The increase in the amount
of clinker aggregate in the mixtures, decreased the strength loss rate.
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Clinker aggregate

Composite material
Geopolymer concrete

High temperature

Mechanical properties
Prepacked aggregate concrete

1. Introduction construction systems, due to the reasons such as being
able to give the desired shape in the fresh state, ease of

Ordinary Portland cement has a plastic consistencyat ~ transportation of its components and being economical
first as a result of mixing cement, aggregate and water (Khayat 1999; Meyer 2009). In addition to these ad-
and, it gains strength and hardens over time (Aitcin  vantages, it has been determined by previous studies
2000). Concrete is one of the most preferred materialsin ~ that cement, which provides binding and strength to
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concrete, releases a high rate of CO2 gas during the pro-
duction process (Worrell etal. 2001; Barcelo et al. 2014).
It is known that CO2 emission is one of the main causes
of global warming. It has been revealed that in the pro-
duction of one ton of Portland cement (PC), almost 1 ton
of COz is released and, considering the "Mineral Raw Ma-
terial Products Report" prepared by the US Geological
Survey Department in 2023, around 4,1 billion tons of
cement was produced in 2022 (Benhelal et al. 2013;
Golewski 2021). The importance of the amount of CO2
released to the atmosphere is clear. It has been revealed
by scientists that, PC is responsible for about 10% of
global CO2z emissions (Suhendro 2014; Winnefeld et al.
2022). In order to eliminate the mentioned disad-
vantage, "geopolymer concrete” which is a more envi-
ronmentally friendly and sustainable type of concrete,
has been the focus of attention of researchers in recent
years (Amran et al. 2021; Wasim et al. 2021). In the pro-
duction of geopolymer concrete (GPC), inorganic materi-
als such as blast furnace slag (GBFS) and fly ash (FA) are
generally used as binders instead of cement used as
binder in ordinary Portland cement (OPC). In addition,
in recent years, different alumina silicate-based inor-
ganic materials such as silica fume, rice husk ash, me-
takaolin and volcanic glasses have been used in the pro-
duction of geopolymers (Ahmed et al. 2022; Jindal et al.
2022). The majority of these binders are obtained
through the recycling of industrial wastes and approxi-
mately 80% less COz is released into the atmosphere
compared to Portland cement (PC) (van Deventer et al.
2010; Zhang et al. 2020). By activating the inorganic ma-
terials used in the production of GPC with alkalis such as
sodium hydroxide (NaOH), sodium silicate (nSiO2Naz0),
it gains binding property as a result of geopolymeriza-
tion reactions. As a result of these reactions, N-A-S-H in
amorphous structure and zeolite in (NaAlO2)7(SiOz)9
structure are formed (Khalid et al. 2019; Krishna et al.
2021). Geopolymer has advantages such as fast harden-
ing, high compressive strength, high acid and fire re-
sistance, low thermal conductivity, low shrinkage, de-
pending on curing conditions and the raw material selec-
tion; as well as causing less environmental pollution and
producing less energy. The mentioned properties of GPC
depend on many factors such as type and content of in-
organic material used, type of activator, amount and type
of aggregate, curing temperature and curing time (Mo-
hammed et al. 2021; Raza et al. 2022).

Prepacked aggregate concrete (PAC) is a particular
type of concrete produced by injecting mortar or cement
paste on it after the aggregates are placed in the mold
with maximum compactness (Wakeley and Roy 1983).
PAC can be preferred in cases where it is difficult to
reach, difficult to make molds, and difficult to pour and
compact the concrete. In addition, In addition, PAC is
preferred in underwater concrete and repair works due
to its low shrinkage and high impermeability (Cheng et
al. 2019). The coarse aggregate volume in the PAC is
around 65-70% and the remaining voids are filled with
flowing mortar (de Castro and de Brito 2013). In this
type of concrete, the aggregate mix has a discrete granu-
lometry. Thus, it is ensured that coarse aggregated par-
ticles come into contact with one another and that there

is enough space between the particles to be filled with
dough or mortar. PAC contains more coarse aggregate
than normal concrete. Therefore, especially the modulus
of elasticity is higher than that of normal concrete, and
the drying shrinkage is lower (Das et al. 2021). In PAC,
the aggregates are in direct contact. That is, they are in
grain-grain contact that can cause stress distribution
throughout the aggregates (Domingo-Cabo et al. 2009).
Since both the coarse aggregates are in contact and the
injection paste or mortar completely fills the spaces be-
tween the aggregates, the permeability of the prepack-
aged concrete with a very low void ratio is also very low,
and therefore, its resistance to freeze-thaw and chemical
attacks is high. Another advantage is that when applied
on old concrete in repair works, its adherence is quite
good. This is because the fluid paste or mortar used ef-
fectively penetrates the voids of the previously rough-
ened concrete surface (Lv et al. 2020). Due to the very
low shrinkage of the Prepacked aggregate concrete, the
stresses that will occur at the interface are minimized
and an effective adhesion, is provided between the two
concretes. In addition, in concretes that will act as a
shield against nuclear radiation, PAC application in
which heavy coarse aggregate and fine aggregate are
placed separately, can be advantageous in order to pre-
vent segregation (Yoon et al. 2020).

A variety of studies have been undertaken to examine
the effects of concrete under high temperature. Accord-
ing to these studies, when the concrete reaches a tem-
perature of 200 °C, the water in the cavities is removed
from the cracks by evaporation. Thus, the water pres-
sure in the concrete decreases, and as the expansion de-
creases and, the distance between the atoms becomes
shorter. As a result, the compressive strength of the con-
crete increases somewhat as the water escapes
(Noumowe 2005; Behnood and Ghandehari 2009). The
temperature is above 400 degrees Celsius, as the
Ca(OH):z structure begins to decompose, the cracks in the
concrete increase and its strength decreases (Huo et al.
2009). As the temperature of the concrete exceeds 600
°C, the aggregates in it begin to expand. As a result of this
expansion, cracks occur as parasitic stresses occur in the
concrete. As the temperature and degree of exposure of
the concrete increase, the compressive strength of the
concrete decreases with the increase in the number and
width of these cracks (Schneider 1988; Sukontasukkul et
al. 2010). When the temperature reaches 1000 - 1200 °C,
the dehydrated phases in the CSH structure which is the
basic skeleton of concrete strength, deteriorate. After
this temperature, the concrete loses its strength and
loses its carrier property (Chan et al. 1999; Arioz 2009).
Although studies have been conducted recently to exam-
ine the mechanical and durability properties of geopoly-
mer concretes, research on high temperature resistance
has been more limited. It has been found that GPC has a
greater ability to resist microstructural damage expo-
sure to elevated temperatures than conventional mor-
tars and concrete. The pores of the GPC in the gel and
matrix limit the transport of water vapor when exposed
to high temperatures, so the high temperature resistance
of geopolymer concrete is more stable than OPC (Aredes
et al. 2015; Samal 2019). The size and connection form
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of the pores in the internal structure of GPC are similar
to those that determine its mechanical and durability
properties (Giiltekin et al. 2022).

Concrete is basically a composite construction mate-
rial composed of aggregates and paste phase. When con-
crete is examined in the microstructure, it is known that
apart from these two phases, itis an interfacial transition
zone (ITZ) (Aydin et al. 2007). The pores, cracks and
voids in the concrete are concentrated in the ITZ onto the
aggregate surface. The formation of cracks due to
stresses in the concrete under load spreads starting from
here. The strength and durability properties of concrete
are closely related to the interface region. Since the me-
chanical strength of ITZ is lower than that of aggregate
and paste, researchers have extensively studied the be-
havior of this region. As a result of the researches, prop-
erties such as the diameter, roughness, mineral structure
of the aggregate, both the water/cement ratio and the
type of cement, affect the microstructure of ITZ (Prokop-
ski and Halbiniak 2000; Aldanmaz 2020). The addition
of inorganic pozzolans such as fly ash, silica fume and
blast furnace slag to the concrete mix, not only contrib-
utes to the hydration reaction, but also enhances me-
chanical and durability properties of concrete decreas-
ing the porosity of ITZ (Topgu and Canbaz 2008). Apart
from this method mentioned, using active aggregate also
provides positive contributions to the concrete (Beshr et
al. 2003; Titi and Tabatabai 2018). Portland cement
clinker has also been observed to be used as an active
aggregate because of its hydrated formation properties
in the presence of water. There are studies showing that
when clinker is used as an alternative to natural aggre-
gate, the compressive strength increases, chlorine per-
meability and diffusion coefficient decrease with the in-
crease in the interfacial phase (ITZ) compaction (Berger
1974; Shafaghat and Allahverdi 2019).

In this study, prepacked geopolymer composite (PGC)
was produced by using PC clinker instead of fine aggre-
gate. By applying two different curing temperatures
(30-60 °C) to PGC samples instead of the long curing
time applied in the literature, a short curing time (6-8

hours), the effects of these parameters on physical, me-
chanical and permeability values were investigated. An-
other unique value of the study is the observation of the
effect of different high temperature values (300 and 600
°C) on the mechanical strength of PGC.

2. Experimental Work
2.1. Materials

In this study, aluminosilicate-based granulated blast
furnace slag (GBFS) used as inorganic binder, was ob-
tained from a local company and it was chosen according
to ASTM C989 (2006) standard. The average particle size
(dso) of GBFS used in the experiments is 30 pm, its spe-
cific weight is 2.78 gr/cm3, and its specific surface area is
5090 cm?/g. Sodium silicate (NazSiOs) as well as sodium
hydroxide (NaOH) solutions were used for blast furnace
slag activation throughout the experiments. Both solu-
tions are in liquid form and, while the specific gravity of
NazSiOs is 1.66 gr/cm3, it consists of approximately 64%
water. NaOH is 99% pure with a solution molarity of
12M. While the specific gravity of NaOH is 1.61 gr/cm3,
63.9% of the solution consists of water. The ratio be-
tween of sodium silicate and sodium hydroxide used in
the study is 2.5. The solutions used, were prepared 24
hours before starting the experiments.

In producing PAG, clinker was used instead of fine ag-
gregate with 0-4 mm sieve opening. Clinker was ob-
tained from an OPC manufacturing plant and its specific
gravity was 2.96 g/cm3 and the water absorption rate
was 0.5%. In addition, quartz (QA) in sizes (5-8 mm) de-
scribed as coarse aggregate was used in the study. The
specific gravity and water absorption of the quartz ag-
gregate are 2.71 gr/cm3 and 0.9%, respectively. The
chemical and physical properties of GBFS and QA used
throughout this study are presented in Table 1, and the
XRD pattern of GBFS is presented in Fig. 1. In addition,
the materials used during the experiments are shown in
Fig. 2.

GBFS

8000
7000
6000
5000
4000

Intensity

3000
2000
1000

0 20 40

60 80 100

Degrees (2-theta)

Fig. 1. XRD pattern of GBFS.
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Table 1. Chemical, Physical properties of GBFS and QA.

Oxide Ca0 Si02 Al203 Fe:0s MgO 03 LOI* S e
gravity surface area
GBFS % 34.4 37.7 11.4 6.88 0.8 0 2.96 5090%*
QA % 05 98.2 0.08 0.02 <0.01 0.67 2.71 -

*Loss on ignition; **Blaine method (cm?2/g).

Fig. 2. Used materials in experiments.

2.2. Mixing, casting and curing

Production of PGC samples was done in a stepwise
fashion. First, coarse aggregates (QA) were placed in the
molds. The amount of QA in all mixtures is constant
(8005 kg/m3) and, this ratio constitutes approximately
45% of the volume of the mold. On the other hand, a 5
liter Hobart mixer was used to prepare geopolymer mor-
tar. During mortar production, while the amount of GBFS
and clinker aggregate varies according to the groups, the
amount of NaOH and NazSiOs was kept constant in all
groups. GBFS and 0-4 mm clinkers were first added to
the mixer and mixed at low speed for 2 minutes. Then,
liquid NaOH was added to the dry ingredients and mixed
at low speed for another 2 minutes. Finally, liquid
Na:Si0s was added to the mixture and the mortar phase
was obtained by mixing at high speed for another 5
minutes. In the production of the mixtures, no superplas-
ticizer and water were added at any stage. While the
mortar in the mixer was placed in molds filled with QA,
vibration was applied to obtain a homogeneous mixture
and to wrap the coarse aggregates in the mortar. The
molds of the samples whose production has been com-
pleted are wrapped with plastic stretch. In this way, the
evaporation of alkalis is prevented during thermal cur-
ing. The production process of PGC samples is presented
in Fig. 3. Within the scope of this study, 8 different
groups were produced and the mixing ratios are given in
Table 2. Within the scope of this study, approximately
300 samples were produced depending on the variable
experimental parameters.

After the PGC casting was completed, it was placed in
the furnace for heat curing with a heating at 5 °C/min
and presented in Fig. 4. The samples were subjected to a
6 or 8 hour heat cure at 30 and 60 °C. The samples which
completed the curing period, were taken out of the
furnace and cooled slowly at room temperature. After

the cooled PGC mixtures were removed from their
molds, physical and mechanical experiments were
carried out.

B

> Molding and
Vibrating

Fig. 3. PGC production process.

2.3. Tests

The hardened unit weights of the PGC samples were
measured after heat curing. These were determined in
50x50x50 mm cube samples in accordance with the
ASTM C642 (2006) standard based on the Archimedes
principle. Capillary absorption of water calculation of
PGC mixtures was made according to EN 1015-18
(2002). For these experiments, 50x50x50 mm cubes
were produced and the sides of the specimens were cov-
ered with silicone. At the end of 24 hours, the amount of
water absorbed through capillarity of samples was noted
and necessary calculations were made. To determine the
strength properties of PGC samples; after heat cure, the
samples were three-point flexural test according to
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ASTM (C348 (2008) and compressive test according to
ASTM C349 (2008). The dimensions of the samples pro-
duced for flexural strength are 40x40x160 mm, and the
dimensions of those produced for compressive strength
are 50x50x50 mm. In addition to the physical and me-
chanical tests applied in this study, the high-temperature
resistance of PGC was also measured. The changes in the
mechanical properties of the samples were determined
after being exposed to high temperatures such as 300
and 600 °C. In the high temperature experiments,

50x50x50 mm cube samples were placed in a laboratory
high temperature furnace (Fig. 5) with a heating rate of
10 °C/min. After keeping the PGC samples at the deter-
mined high temperature (300 and 600 °C) for 2 hours,
they were left to cool at room conditions for 24 hours. As
mentioned above, the cooling samples were subjected to
compressive tests and their strength changes were
measured. In all the experiments mentioned, three sam-
ples were tested and, their average values are presented
for the accuracy of the results.

Table 2. PGC mixtures.

Mix (kg/m3) M1 M2 M3 M4 M5 M6 M7 M8
GBFS 850 800 750 700 650 600 550 500
Clinker (0-4 mm) 150 200 250 300 350 400 450 500
Quartz Ag. (5-8mm) 800 800 800 800 800 800 800 800
NaOH 160 160 160 160 160 160 160 160
NazSi0s 400 400 400 400 400 400 400 400

Fig. 4. 30 °C and 60 °C heat curing of PGC samples.

Fig. 5. High temperature furnace.

3. Results and Discussion
3.1. Physical properties
In Fig. 6(a-b), the hardened unit weights observed af-

ter curing the GPC blends at 30 and 60 °C respectively
are given. After the measurements, it was determined

that the unit weights of the PGC samples were close ones
between approximately 2342 and 2539 kg/m3. This sit-
uation can be accepted as an indication that the aggre-
gates are positioned in the mould and the mortar is
poured homogeneously. Increasing the curing time from
6 hours to 8 hours at 30 and 60 °C slightly increased the
hardened unit weight values. As GBFS grains become
more activated later on, it can be interpreted that the
chain-structured reaction products increase. It has also
been observed that due to the fact that the curing times
are close to each other, the results change less. Increas-
ing the curing temperature from 30 °C to 60 °C, the hard-
ened unit weight values increased significantly. This sit-
uation was interpreted as the formation of more gel
products as a result of geopolymerization reactions. If
the impact of curing temperature and curing time on
hardened unit weight is examined, it was observed that
the increase in curing temperature affected these values
more. For example, while the hardened unit weight of
the M1 mixture which was cured for 6 hours at 30 °C was
2352 kg/m3, this value was measured as 2359.4 kg/m3
by increasing the curing time to 8 hours at the same tem-
perature. When the same M1 mixture was cured at 60 °C
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for 6 hours, its unit weight reached 2443.2 kg/m3. Since
the same weight of clinker aggregate is added instead of
GBFS removed from the mixture, the increase in the
amount of clinker aggregate did not change the hard-
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ened unit weight much. In addition, the fact that the
coarse aggregate and activators were constant in all mix-
tures was thought to be another reason for the formation
of this result.

M4

*6h ®8h

Fig. 6. Hardened unit weights of GPC: (a) 30 °C curing; (b) 60 °C curing.

Oz et al. (2022) added quartz sand in different pro-
portions instead of natural sand to slag and metakaolin
based geopolymer concretes. Three different curing
times (6, 8 and 10 hours) and three different curing tem-
peratures (40, 60 and 80 °C) were applied to the mix-
tures they produced. As a result of their measurements,
they observed that the hardened unit weights were be-
tween 2160 and 2346 kg/m3. They reported that the
cured unit weights decreased with the increase of curing
time and curing temperature. They interpreted this re-
sult as the evaporation of the activators with the effect of
temperature and the lower unit weight of the added
quartz aggregate compared to the natural sand. Durak
(2022), cured the geopolymer mixture in which fly ash
was used as a binder at 100, 200, 300, 400, 500, 600, 700
and 800 °C in 30 and 60 minutes. After a short curing of
30 minutes at 300 °C, satisfactory values like 9.8 MPa flex-
ural and 32,8 MPa compressive strength were observed.
In addition, it was emphasized that the cured unit weights
of the mixtures decreased with the rise of the curing tem-

perature and time. Albitar etal. (2017) produced geopol-
ymer concrete in which fly ash was used as the precur-
sor, and ordinary Portland cement samples. After expos-
ing the mixtures to acid effect for 9 months, the hardened
unit weight changes were examined. As a result of their
study, the mass loss of OPC-based concrete was 11%
higher than that of geopolymer concrete. They observed
from the results that gel products formed as a result of
geopolymerization reactions are more resistant to acids
than CSH structures in concrete. In their study, Seving
and Durgun (2020) produced geopolymer concrete by
using fly ash, silica fume and glass powder materials in
different proportions. They stated that both the fresh
and hardened unit weights of the mixtures increased
with the increase in the amount of glass powder used
and the molarity of the activator. In their experiments,
they observed that the hardened unit weight values were
between 1920 and 2310 kg/m3. They stated that the me-
chanical strength properties of the mixtures with higher
hardened unit weights are generally good.
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3.2. Mechanical properties

The compressive strength of PGC samples heat
treated at 30 °C for 6 and 8 hours is shown in Fig. 7(a).
The compressive strength of the samples which were
heat cured at 60 °C for 6 and 8 hours, is presented in Fig.
7(b). In the study, the extension of the curing time gen-
erally contributed positively to the compressive
strength. Extending the curing time indicates that the
number of gel products formed in the microstructure in-
creases more. In the groups in which the amount of
clinker aggregate increased, the extension of the curing
time had less effect on the strength. CSH structures re-
leased as a result of the hydration of clinker are formed
more slowly than the chain Si-0-Al structures that form
the skeleton of the geopolymer. Therefore, increasing
the curing time from 6 hours to 8 hours did not affect the
strength values much. This result indicates that if geo-
polymer mixtures are prepared using clinker aggregate,
the curing time will be shortened and thus the energy
spent for thermal curing will be reduced. In addition, this
may be an indication that the clinker aggregate samples
will continue to gain strength in advancing ages. Increas-
ing the curing temperature had a positive effect on the
strength of the PGC samples. While the compressive
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strength of the samples cured at 30 °C varies between
20.38 and 39.03 MPa, the compressive strength of the
samples cured at 60 °C varies between 35.21 and 57.04
MPa. If the temperature increased from 30 °C to 60 °C,
the compressive strength increased between 21% and
47%. This result indicates that the curing temperature of
30 °Cis not suitable enough for mixtures. In other words,
for the strength of the mortar phase, it can be interpreted
that the products of geopolymerization develop better at
60 °C. Another interpretation is that the strength of the
matrix surrounding the aggregates is important for the
strength of the prepack concrete. In addition, it is seen
that the compressive strength values decrease as the
amount of clinker aggregate in the PGC mixture in-
creases, that is, from the M1 mixture to M8. It has been
explained in the above section that the increase in the
amount of clinker aggregates in the mixtures is achieved
by decreasing the amount of GFBS. It can be said that the
reaction of clinker aggregates with alkali activators is
more limited than GFBS which is the reason for the ob-
servation of these results. However, considering that this
strength loss is at acceptable levels and that clinker ag-
gregates are included in the geopolymerization reac-
tions, it has been determined that this material can be
used in the mixture.

Fig. 7. Compressive strength of GPC: (a) 30 °C curing; (b) 60 °C curing.
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Another remarkable result in Fig. 7 is that the com-
pressive strength values increase as one goes from the
M1 mixture to the M3 mixture for the whole curing tem-
perature and curing time. When going from M3 to M8, it
starts to decrease. The clinker aggregate added to M3
has increased the compaction of the mixture and an ideal
aggregate-mortar ratio has been obtained for PGC. When
going from M3 to M8 mixture, the strengths decreased
by removing the amount of GFBS from the mixture at the
rate that the clinker and aggregate increased and this ra-
tio deteriorated. It has been interpreted that the amount
of clinker aggregate added to the mixture is effective in
the formation of these results.

In Fig. 8(a), the flexural strength results of the PGC
samples are presented after curing at 30 °C, and in Fig.
8(b) at 60 °C for 6 and 8 hours. The flexural strength re-
sults generally showed parallelism with the compressive
strength. As the curing time increases, the flexural
strength of the samples increases with a greater rate up
to the M4 mixture; after this group, the rate of increase
remained at lower levels. The reason for this result is
thought to be related to the gel products formed, the den-
sity and porous structure of these structures, as ex-
plained in the compressive strength. Increasing the cur-
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ing temperature significantly increased the flexural
strengths. While the strength values remained between
2.35-6.96 MPa at 30 °C, the strengths of the samples
cured at 60°C reached results such as 4.27-9.93 MPa.
Considering that this increase rate is between 20-88%,
the role of curing temperature in the flexural strength of
PGC samples can be better understood. As the tempera-
ture increased from 30 °C to 60 °C, the activity of GBFS
grains increased, and it was thought that chain gel prod-
ucts were formed in greater quantity and in a shorter
time. Another important finding obtained from the flex-
ural strength result is the comparison of the compressive
and flexural strength ratios of the PGC samples with the
ratios in ordinary Portland cement. It is known that the
ratio of compressive strength to flexural strength in ce-
ramic materials such as concrete generally varies be-
tween 1/7 and 1/10. Based on this study and the infor-
mation in the literature on Prepacked aggregate con-
crete, it has been observed that this ratio varies between
1/4 and 1/8. In ordinary Portland cement, the aggre-
gates are usually in a discrete form, wrapped in the mor-
tar phase without contacting each other. In addition, the
amount of interfacial phase (ITZ) with a porous struc-
ture on the aggregate surfaces is high.

Fig. 8. Flexural strength of GPC: (a) 30 °C curing; (b) 60 °C curing.
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In PAC, the amount of ITZ with voids is less than in
ordinary Portland cement, because the aggregates with
high rigidity come into contact with each other. For this
reason, it is known that the flexural strength of pre-
packed aggregate concrete is relatively higher than that
of ordinary Portland cement. The results obtained in this
study were similar to this information. Based on this re-
sult, in productions where flexural strength is more crit-
ical, Prepacked geopolymer composite technology can
be a solution. When the test data are examined, another
observed result is that the flexural strength decreases
somewhat as the amount of clinker aggregate increases.
It has been interpreted that the reason for this decrease
in flexural strength is similar to the reasons in compres-
sive strength, that is, it is related to the amount of gel
product formed in the internal structure. When the re-
sults of flexural strengths are examined, it is seen that
the strengths increase from M1 to M3 and then begin to
decrease under different curing temperatures and cur-
ing times. The reason for this situation is due to the ag-
gregate-mortar ratio, as explained in the compressive
strength results.

Giizelkiigiik and Demir (2019) investigated the com-
pressive strength of perlite-based geopolymer concretes
depending on the curing time and temperature. Accord-
ing to their results, they emphasized that the highest
compressive strength was 46.76 MPa at 110 2C curing
temperature, 24 hours curing time. Hassan et al. (2019)
investigated the change of the mechanical properties of
geopolymer concretes, in which fly ash was used as
binder, depending on the curing temperature. They
stated that after applying ambient curing and 70 2C tem-
perature curing to the mixtures they produced, temper-
ature curing improved the elastic modulus and other me-
chanical properties of geopolymer concretes. Kaplan et
al. (2023) investigated the mechanical properties of Pre-
packed geopolymer concrete (PAG) mixtures. They re-
ported that, PAG has approximately 70 MPa compressive
strength and 5.5 MPa flexural strength values due to its
high aggregate content. Verma and Dev (2022), investi-
gated the mechanical strength and microstructure prop-
erties of blast furnace slag and fly ash based geopolymer
mixtures depending on the curing temperature. Accord-
ing to the data they obtained, with the increase of curing
temperature, the mechanical properties of geopolymer
concrete such as compression, flexural and splitting ten-
sile increased as well as its internal structure properties.
Zhang et al. (2021) searched the mechanical properties
of geopolymer concretes, in which they used metakaolin
and silane at different dosages, according to different
curing times. The geopolymer mixtures they produced
were cured at room conditions for 28, 56, 90, 180 and
360 days. As a result of their experiments, the curing of
the samples until the 90th day increases the compressive
flexural strength; they observed that the strength values
did not increase after this period. In their study, they
measured the highest compressive strength and flexural
strength of 51.4 MPa and 12.93 MPa, respectively, in the
mixtures containing 1% by weight silane. Bing-hui et al.
(2014) applied different curing temperatures and curing
times in order to achieve the highest mechanical
strength values of geopolymer concretes, in which me-

takaolin is used as a binder. They reported that the best
compressive strength results were measured in groups
cured at 97.95 MPa at 60 °C for 7 days. They stated that
increasing the curing temperature and curing time in-
creased the geopolymerization reactions.

3.3. High temperature effect

The measured compressive strengths of PGC samples
cured at 30 °C after 300 and 600 °C high temperature ap-
plication are shown in Fig. 9(a-b); The strength values of
the samples cured at 60 °C after the same high tempera-
ture effect are shown in Fig. 10(a-b). When Figs. 9 and 10
are examined, the compressive strength of the PGC sam-
ples decreased compared to Fig. 7 after both high tem-
perature applications. For example, while the compres-
sive value of the M3 mixture cured for 8 hours at 60 °C
which is not exposed to high temperatures, is approxi-
mately 57 MPa; after applying a temperature of 300 °C
and 600 °C, its strength decreases by 56% and 70%, re-
spectively. The products formed in geopolymer con-
cretes to which GBFS is the binder are NASH and CASH
gels. When the temperature is approximately 300 °C, the
water in the gel structures starts to evaporate away from
the hydroxyl structures. The expansion of the vapors
formed and the movement of this steam cause the for-
mation of microcracks in the internal structure. If the du-
ration or degree of temperature is increased, the cracks
formed begin to grow. In addition, since the increased
temperature values greatly deteriorate the chemical
structure of the gel products that make up the skeleton
of the mixture, the strength of the specimens decreases.
When the results are examined, the compressive
strength values of the PGC samples can reach more than
15 MPa after processing at 300 °C; It lost up to 70%
strength from the process at 600 °C. These results sup-
port the comments made. Another result from this is that
the gel structure, which provides resistance at 300 °C,
has begun to break down. Dehydration dimensions in-
creased as the temperature reached 600 °C. These de-
creases in strength values showed changes according to
the curing temperature, curing time and the amount of
clinker aggregate in the mixtures. When the effect of cur-
ing temperature on high temperature resistance is ex-
amined, the application of high temperatures (300 and
600 °C) to PGC specimens cured at 30 °C decreased the
strength values less than those cured at 60 °C. The lower
compressive strength loss of the samples cured at 30 °C
was thought to be related to the pozzolanic activity. In
these groups, because the pozzolanic activity due to ge-
opolymerization reactions is not completed at low cur-
ing temperatures, the gel products continued to form up
to a certain temperature value. In PGC mixtures cured at
60 °C, it can be interpreted that almost all of the reaction
products are formed. In addition, it was thought that the
capillary void content was less in the mixtures cured at
60 °C, and therefore the evaporating water created more
vapor pressure and damaged the internal structure.
While the compressive strength of PGC mixtures cured
at 30 °C varies between 15.21 and 23.35 MPa, the com-
pressive strength of GPC mixtures cured at 60 °C was
measured between 17.04 and 25.17 MPa. When the ef-
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fect of curing time on high temperature resistance is ex-
amined, the strength of the samples with longer curing
time after high temperature was higher than the samples
with shorter curing time. It was observed that the com-
pressive strength of PGC samples cured for 6 hours
changed between 13.02-20.12 MPa after high tempera-
ture, and the samples cured for 8 hours changed be-
tween 12.53-25.17 MPa. The longer the curing time, the
better the high temperature post-temperature re-
sistance of the samples with longer curing time, as more
geopolymerization reactions take place and accordingly
more gel products are formed. The data obtained as a re-
sult of the experiments show parallelism with the com-
ments. If the effect of the amount of clinker aggregate in
the mixture on the high temperature resistance is exam-
ined, when Figs. 9 and 10 are examined, the strength loss
rate of the samples decreased with the increase in the
amount of clinker aggregate. For example, M1 mixture
containing 150 kg/m3 of clinker aggregate, cured at 60
°C for 8 hours, is 57% at 300 °C; at 600 °C, it lost 69% of
its strength. In the M8 mixture containing the highest
amount of clinker aggregate (500 kg/m3), these rates

were around 52% and 62%, respectively. It has been ex-
plained in the previous section with the reasons why the
increase in the amount of clinker aggregate decreases
the compressive strength. However, when the results of
compressive strengths after the effect of high tempera-
ture are examined, increasing the amount of clinker ag-
gregate decreased the strength loss rate. The structures
of clinker aggregates are more porous than GBFS, there-
fore, mixtures with clinker aggregates have become po-
rous. As the amount of clinker increased, the porosity ra-
tio in the indirectly produced mixtures increased. Having
more pores means creating more capillary spaces in the
mixture. The water vapor formed in the internal struc-
ture of the PGC mixtures due to the effect of high temper-
ature leaves the sample by advancing in the capillary
spaces without damaging the matrix. However, it is
known that the clinker aggregate has a CaCOs structure
and this structure is dehydrated at high temperatures
such as 900 °C. It should not be overlooked that this may
be another reason why PGC samples with clinker aggre-
gates experience less strength loss after high tempera-
ture.
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Fig. 9. Compressive strengths of PGC samples cured at 30 °C: (a) after 300 °C; (b) after 600 °C.
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Fig. 10. Compressive strengths of PGC samples cured at 60 °C: (a) after 300 °C; (b) after 600 °C.

Nuaklong et al. (2021) used 25% and 50% by weight
waste granite instead of river sand in the geopolymer
mixture in their study. High temperature resistance was
investigated by including fine aggregates in the mixture
as saturated surface dry (SSD), air-dry (AD) and oven-
dry (OD). As a result of their experiments, they deter-
mined that the waste granite geopolymer concrete
showed a spalling behavior similar to that made from
completely natural sand. In addition, they stated that due
to the formation of capillary voids in the structure of
dried aggregates, less strength loss was observed in
these mixtures after high temperature. Tayeh et al
(2021) have produced lightweight geopolymer concrete
in which fly ash and blast furnace slag are precursors.
They investigated the mechanical behavior of these mix-
tures after high temperature using natural pumice and
lightweight expanded clay aggregates in their mixtures.
As a result of their experiments, they observed that the
aggregates they used exhibited less strength loss than
the mixtures using dolomite aggregate. They empha-

sized that the formation of this resultis due to the hollow
structures of natural pumice and expanded clay. Hager
et al. (2021) applied high temperature up to 1000 °C to
the geopolymer mortar samples they produced by add-
ing blast furnace slag in different weight ratios instead of
fly ash. They observed that with the temperature reach-
ing 200 °C, the compressive strength increased by 30%
and the flexural strength doubled. They determined that
the strength values due to the deterioration of the inter-
nal structure decreased to 90% when the temperature
reached 1000 °C. Kiirkli, (2016) investigated the high
temperature resistance of geopolymer concretes cured
at 60 °C for 5, 24, 48 and 168 hours. After his experi-
ments, he observed the highest flexural strength for 5
hours and the highest compressive strength for the mix-
tures cured for 48 hours. He also stated that 400 °C and
600 °C are critical temperatures for changes in mechan-
ical and physical properties. He noted that with the final
temperature value reaching 1000 °C, the strength values
dropped significantly. Jaarsveld et al. (2002) investi-
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gated the high temperature resistance of fly ash and me-
takaolin based geopolymer concretes. As a result of their
experiments, they determined that the strength of the
mixtures exposed to high temperature is closely related
to the expansion temperature of the aggregate used. In
addition, they emphasized that curing time and curing
temperature are other important parameters for the
high temperature resistance of geopolymer concretes.

3.4. Sorptivity

Sorptivity is based on the principle of measuring the
water penetrating through the voids and cracks in the
hardened concrete at certain time intervals. This value
can guide the estimation of properties of concrete such
as strength, durability and life of concrete. Sorptivity val-
ues are presented in Eq. (1). In this equation: C=Capillary
water absorption coefficient (kg/m2.min®5), M1= speci-
men mass after the immersion for 10 min (kg), M2=spec-
imen mass after the immersion for 24 hours (kg).

€= 0.1-(M2-M1) kg/ (m?-(min)05) (1)
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It is calculated by the capillary water absorption coef-
ficient. In Fig. 11 (a-b), capillary absorption of water val-
ues of PGC mixtures are presented. When the graphs are
examined, the first striking result is that the capillary ab-
sorption decreases significantly with increasing curing
temperature. Increasing the curing temperature from 30
°C to 60 °C caused the permeability values of the PGC
samples to decrease by up to 50%. Increasing the curing
temperature increased the geopolymerization degree of
the mixture, resulting in more reaction products. Thus, a
denser PGC microstructure was obtained, in other
words, the porosity was reduced. As the curing temper-
ature increased, the complexity of the matrix phase in-
creased, which was interpreted as a decrease in capillary
water absorption measured in the samples. Another re-
markable result in Fig. 11 is that the permeability values
decrease significantly with the increase of the curing
time. The capillary water absorption results of the sam-
ples that were heat cured for 8 hours decreased between
15 and 35% compared to the samples cured for 6 hours.
While the permeability values of PGC samples cured for
6 hours reached up to 0.04 kg/mzmin®3; It was meas-
ured as 0.022 kg/m2.min®%° at most in the samples that
were cured for 8 hours.

Fig. 11. Capillary water absorption coefficient of GPC: (a) 30 °C curing; (b) 60 °C curing.
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It was thought that prolonging the curing time re-
duced the void ratio in the microstructure of the mix-
tures, creating more gel products. While examining the
compressive and flexural strengths, it was mentioned in
the previous section that the extension of the curing time
increases the strength values. From this point of view, it
is seen that the permeability results are compatible with
the mechanical properties. Considering Fig. 11, a final
observed result is that the permeability decreases as the
amount of clinker aggregate in the mix increases. In fact,
increasing the amount of clinker aggregate appears to be
the parameter that decreases the capillary water absorp-
tion value the most. For example, permeability results in
M8 mixture cured at different curing temperatures and
times, it is measured as 0 kg/m2min?5. Clinker consists
of calcium and silicate structures since its aggregates are
obtained from OPC. During the permeability test, water
molecules diffusing into the PGC samples via capillary
are retained by the clinker aggregates. The trapped wa-
ter molecules begin to hydrate with the clinker aggre-
gates. As a result of these reactions, the porosity de-
creases as CSH structures are formed and fill the spaces
in the internal structure. It was thought that the perme-
ability values of the PGC samples with decreasing poros-
ity decreased with the realization of the mentioned pro-
cess.

Venkatesan and Pazhani (2016) investigated the
strength and durability properties of geopolymer con-
crete prepared using blast furnace slag (GBFS) and black
rice husk ash (BRHA) at different rates. According to the
results of their experiments, adding more than 10%
BRHA to the mixture reduces the strength values; per-
meability values decrease. Due to the chemical structure
and dimensions of BRHA, filling the voids in the internal
structure of the geopolymer concrete caused this situa-
tion to occur. Shaikh (2016) investigated the physical,
mechanical and durability properties of fly ash based ge-
opolymer concretes by using recycled coarse aggregate
(RCA) at different rates. In his study, he observed that
the permeability values of the mixtures increased with
the increase of recycled coarse aggregate ratio. Due to
the operations made during the production process of
RCA, cracks occur on its surfaces. For this reason, it was
interpreted that the permeability increased in geopoly-
mer mixtures using RCA. Alcan et al. (2023) reported
that in the geopolymer concrete they produced using
GBFS and metakaolin, the permeability value decreased
by 2.45 times as the curing time increased from 4 hours
to 8 hours, and the permeability decreased by 81% when
the curing temperature increased from 60 °C to 90 °C.
Noushini and Castel (2016) investigated the permeabil-
ity results of fly ash and slag-based geopolymer con-
cretes after three different curing temperatures (60, 75
and 90 °C) and four different curing times (8, 12, 18 and
24 hours). As a result of their experiments, they stated
that the mixtures cured at 75 °C for 18-24 hours had the
lowest permeability value. They interpreted that lower
porosity or less interconnected capillary spaces were
formed because more gel products were formed at the
mentioned curing temperature and time. Mermerdas et
al. (2017) added three types of aggregates, river sand,
crushed limestone, and sand-limestone, to geopolymer

concretes in which fly ash was used as binder. In their
study, the best flowability was measured in groups with
river sand aggregates, the best mechanical strength was
measured in groups with limestone aggregates, and the
lowest permeability results were measured in groups
with sand-limestone aggregates. They observed the per-
meability value as 0.0222-0.0262 mm/min%> in the
groups where sand-limestone aggregate was used in
combination. They interpreted this result as different
types of aggregates filled the voids better with particles
of various sizes and reduced their pore structures.

4. Conclusions

This study investigated the effects of clinker aggre-
gate Prepacked geopolymer composite (PGC) applied at
different curing temperatures and curing times on phys-
ical, mechanical and high temperature resistance. Ob-
tained findings are presented below:

e While the curing time increased from 6 hours to 8
hours, the hardened unit weight values increased
slightly; increasing the curing temperature from 30 °C
to 60 °C increased these values at greater rates. Since
clinker aggregate was added to GBFS weight removed
from PGC mixture, the effect of clinker aggregate
amount on unit weight values is not evident. The M1
mixture cured at 60 °C for 8 hours, with a hardened
unit weight value of 2539.2 kg/m3, the highest value
observed.

e The compressive strength of PGC samples increased
with increasing curing time and temperature. In par-
ticular, increasing the curing temperature from 30 °C
to 60 °C made the increases in compressive strength
more pronounced. Increasing clinker aggregate ratio,
on the other hand, caused a decrease in strength. The
highest compressive strength of 57.04 MPa belongs to
the M3 mixture, which was cured at 60 °C for 8 hours;
the lowest belongs to M8 mixture cured at 20.38 MPa
30 °C for 6 hours.

e The flexural strength results are quite similar to the
compressive strength results. As more reaction prod-
ucts were formed with increasing curing temperature
and time, the flexural strength increased. The M3 mix-
ture, which is subjected to curing at 60 °C for 8 hours,
is the highest value measured with a remarkable
value 0f 9.93 MPa; The M8 mixture, cured at 30 °C for
6 hours with a value of 2.35 MPa, has the lowest flex-
ural strength. The increase in the amount of clinker
aggregate caused a decrease in the flexural strength.

e The strength of PGC samples after high temperature
is directly proportional to curing temperature and
curing time. The increase in clinker aggregates causes
the formation of a hollower interior structure. In high
temperature application, since the water vapor can
move in the capillary spaces, the parasitic stresses are
reduced. Thus, the strength loss rate is reduced. After
300 °C and 600 °C high temperature application, the
highest strength is 25.17 MPa and 17.33 MPa, respec-
tively, this belongs to the M3 mixture cured at 60 °C
for 8 hours. The lowest strength values measured af-
ter the same high temperature are 15.21 MPa and
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12.53 MPa, and the M8 group cured at 30 °C for 6

hours.

e Permeability values were highly affected by the
change of clinker aggregate amount, curing tempera-
ture and curing time in the mixture. In case the ap-
plied curing temperature increased from 30 °C to 60
°C, the capillary water absorption values decreased
significantly. Prolongation of the curing time also
caused a similar effect. In PGC samples cured at higher
temperature (60 °C) and longer (8 hours), since the
porosity in the internal structure decreases; these re-
sults have been observed. The increase in the amount
of clinker aggregate also decreased the permeability
value. Clinker holds the water molecules in the aggre-
gate permeability test and binds them to the calcium
and silicate in its structure. As the resulting CSH struc-
ture fills the gaps, the internal structure of these
groups becomes more compact. The M1 sample,
which was cured for 6 hours at 30 °C, has the highest
permeability value of 0.04 kg/m2min%5. In the M8
mixture cured at 60 °C for 8 hours, this value was
measured as 0 kg/m2.min®>,

This study tried to present a different perspective to
the literature by combining Prepacked aggregate and ge-
opolymer concrete technology with the use of clinker ag-
gregate. It has been determined that this innovative type
of concrete can be used in works such as underwater
concrete casting and repair, and can increase high tem-
perature resistance. The study aims to make the men-
tioned technology more sustainable by making some
suggestions for the authors who will conduct research
on this subject in the future.
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ABSTRACT

ARTICLE INFO

Nowadays, three-dimensional (3D) solid model of the structures can be prepared by
using computer aided design programs. There are many numerical methods for
static, dynamic and temperature analysis of structural systems. The most preferred
among these methods is the finite element method (FEM). In this method, the struc-
tural model with different geometry and boundary conditions should be solved by
utilizing partial differential equations. Due to the long solution time while perform-
ing, finite element programs require computers with very good features. Therefore,
analyses with desired features can be performed by using open source programs to
shorten the duration of analysis. In this study, specifically, the static analysis of the
selected reinforced concrete (RC) cantilever beam was carried out by using the open
source MATLAB partial differential toolbox based on the FEM. Since the program
used is open source, different concrete classes and finite element models were se-
lected for the cited cantilever beam and static analyses were performed. As a result
of the MATLAB partial differential toolbox analyses, the displacement, stress and de-
formation of the cantilever beam were obtained in 3D and compared with the ones
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obtained from ANSYS computer program.

1. Introduction

With the development of computer technology in the
last fifty years, modeling of structural systems and exam-
ining their behavior under external loads have attracted
the attention of many researchers. Previously, the ideal
conditions of the structural systems were determined
and solutions were obtained with traditional analysis
methods. Many new numerical methods have been the
subject of theoretical research due to the fact that tradi-
tional methods solve plane problems, the results are ap-
proximate, the solution times are longer, they can work
in certain geometries, and the choice of materials is lim-
ited (Argyris and Kelsey 1960). Among these methods,
the FEM is one of the most preferred method today. FEM
is a numerical method used to solve engineering and
mathematical physics problems. By using this numerical

method, problems in many fields such as structural me-
chanics and dynamics, fluid mechanics and dynamics,
heat transfer, diffusion and electrostatics are solved. In
the FEM method, it is desired to divide the engineering
problem into small parts. Matrix solutions are realized
by reflecting the contribution of these small parts from
external effects and boundary conditions to the whole
system. As a result of the solutions, displacement, stress
and strain are obtained at a finite number of nodes
(Kasimzade 2018).

FEM was first used in 1956 to solve space problems
(Turner et al. 2012). With the development of computer
technology, FEM started to take itself to the forefront in
the 1970s (Bathe and Wilson 1976; Gallagher 1975;
Oden and Sato 1967; Zienkiewicz 1972). Many research-
ers have prepared computer programs based on this
method. Today, there are many finite element software
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prepared by both commercial companies and academi-
cians (Kasimzade 2018). Since the program codes of
commercial software for academic studies are generally
not open source, academicians prefer open source soft-
ware. In this study, linear static analysis of a RC cantile-
ver beam was performed using MATLAB Partial Differ-
ential Equation Toolbox based on the FEM (MATLAB
R2023a 2023). By selecting different strength classes for
concrete and different types of finite elements, displace-
ment, stress and strain results are presented.

2. Material and Method
2.1. MATLAB Partial Differential Equation Toolbox
The Partial Differential Equation Toolbox (PDE

Toolbox) (Fig. 1) provides functions for solving struc-
tural mechanics, heat transfer, and general partial differ-

ential equations (PDEs) using the finite element method

(MATLAB R2023a 2023) .

Features of this cited toolbox (MATLAB R2023a

2023);

¢ Itcanbe used to calculate deformations and stresses.

¢ For modeling the dynamics and vibration of the struc-
ture, the toolbox has a time-integrating solver di-
rectly.

e [t can analyze the structural properties of a compo-
nent by performing modal analysis to find natural fre-
quencies and mode shapes.

¢ [tcan model conductive heat transfer problems to cal-
culate heat distributions, heat flow and heat flow
rates over surfaces.

¢ [tcan also solve standard problems such as diffusion,
electrostatics, magnetostatics and special PDEs.

¢ Imports 2D and 3D geometries using mesh data.

e It can automatically create meshes with triangular
and tetrahedral elements.

P ARIETE DEVELOP . INTEGRATE s
GEOMETRY = AR m  ANALYSIS P L NDSCAE P SHARE
CAD (STL} BOUNDARY AND SOLVE EMBEDDED DEVICES DESKTOP AND WEB
INITIAL CONDITIONS | AND HARDWARE APPLICATIONS
”» ]
" - ’ L 1
! : - l‘&w»*‘ & ' i .
e " - >
PARAMETER D : ‘
PRIMITIVES OPTIMIZATION INTEGRATION ENTERPRISE IT
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£ l I ) ‘OM:“AB Excel -
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Fig. 1. The flowchart of PDE Toolbox (MATLAB R2023a 2023).

The PDE toolbox calculates equations in the form
given below (MATLAB R2023a 2023).

%u ou
ma?+da-|7-(c|7u)+au—f @8]
V-(cVu) + au = Adu (2)
V- (cVu) + au = A*mu 3)

Eg. (3) solves eigenvalue problems. When solving
PDEs, there are two boundary choices for each edge or
face. Dirichlet boundary conditions performs the solu-
tion equation at the edge or surface.

hu=r (4)

where, h and r are denoting 3D (x, y, z) space functions.
Generalized Neumann boundary conditions performs
the solution equation at the edge or surface.

n-(cu)+qu=g (5)

7l is denoting the unit normal vector. q and g are func-
tions defined in 9Q) depending on (x, y, z) in 3D space.

2.2. Linear equations of elasticity

In linear elasticity, the stiffness matrix of an isotropic
material depends on two parameters, E, representing
Young's modulus and v, Poisson's ratio. Equilibrium

equation in static condition is given in Eq. (6).

—Vo=f (6)
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The relationship between linearized small displacements and strains is given with Eq. (7).
e ==(Vu+7uh) (7)
The angular momentum equilibrium shows that the stress is symmetrical.

0ij = 0ji (8)

According to the linear elasticity theory, the relationship between stress and strain is as follows.

[011] [1 -v Vv v 0 0 0 ”511]
| 922 | v 1-v v 0 0 0 [|€22]
[o33] E [ v v 1-v 0 0 0 |léess] 9)
lows| " a-wa—w| 0 0 0 1-2v 0 0 |lesl
l%sJ l 0 0 0 0 1-2v O “513J
012 0 0 0 0 0 1-—2vilé,
If written in expanded form, Eq. (10) is obtained in which ® shows the symmetricity.
0117 r1—v 0 0 0 v 0 0 0 Vo]
012 . 1-2v 0 0 0 0 0 0 0
013 . . 1- 2v 0 0 0 0 0 0
021 ‘ . . . 1-2v 0 0 0 0 0
o) = —E | . . e 1-v 0 0 0 v (10)
033 . . . . . 1— 2v 0 0 0
031 . . . . . . 1-— 2v 0 0
032 . . . . . . . 1—-2v 0
LO33 . . . . . . . . 1— v
2.3. Three-dimensional linear equations of elasticity
If Eq. (6) is written for MATLAB PDE Toolbox, Eq. (11) is obtained.
VeV =f (11)
e == (Vu+vu") (12)

Strain depends on both Vu and its transpose. If it is necessary to convert this from strain to Vu, and the column is
written in vector form, Eq. (13) can be obtained.

[0u, /0xT
du, /0y
ou,/0z
du, /0x

Vu =0u,/dy (13)
ou,/0z
du,/0x
du, /0y

| du,/0z]

After that, the deformation-displacement relationship can be written in Eqs. (14)-(20):

1 0 0 0 0 0 0 0 O
01/2 0 1/2 0 0 0 0 O
o 0 1/2 0 0 0 1/2 0 0O
01/2 0 1/2 0 0 0 0 O
e=lo o 0o 0 1 0 0 0 O|ru=Avu (14)
o 0 0 0 0 1/2 0 0 O
0o 0 1/2 0 0 0 1/2 0 O
o 0 0 0 0 1/2 0 1/2 0
o o o o o 0 o o0 1
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1-v 0 0 0 v 0 0 0 y
. 1-2v 0 0 0 0 0 0 0
. . 1-2v 0 0 0 0 0 0
£ i . . 1—-2v 0 0 0 0 0
o= Tnam| ° . . e 1-v 0 0 0 v |avu (15)
° ° . . . 1-2v 0 0 0
* ° * o . . 1-—- 2v 0 0
(] (] (] () [ ° ° 1 — ZV 0
® d i o . L] . . 1— 4
11— v 0 0 0 v 0 0 0 v
0 1/2—-v 0 1/2—-v 0 0 0 0 0
0 0 1/2—-v 0 0 0 1/2—v 0 0
‘ 0 1/2—v 0 1/2—v 0 0 0 0 0
= Twam| Y 0 0 0 1-v 0 0 0 v |ru (16)
0 0 0 0 0 1- 2v 0 1—- 2v 0
0 0 1/2—-v 0 0 0 1-2v 0 0
0 0 0 0 0 1/2—v 0 1—- 2v 0
v 0 0 0 v 0 0 0 1— v
E
H=3am (17)
Ev
T a+n(a-2v) (18)
_ EQ-v)
2ut = (1+v)(1-2v) (19)
Equalities are obtained. If rearranged accordingly, Eq. (20) can be obtained.
2u+1 0 0 O A 0 0O A
0 u 0 u 0 0 0O 0
0 0 u O 0 0 u O 0
0 u 0 u 0 0 0 O 0
o= A 0 0 0 2u+2 0 0 O A |Vu=cVu (20)
0 0 0 0 0 u 0 u 0
0 0 u O 0 0 u O 0
0 0 0 0 0 u 0 u 0
A 0 0 0 A 0 0 0 2u+4

The equation for the von Mises yield criterion is given below (McDowell and Ellis 1993; Jones 2009).

1 2 2 2
- \/E [(GXx —0yy) 4 (0yy = 05)" + (0, — 0)? + 6(0%, + 0f, + 02 ] (21)
1 2 2 3 2
& = ﬁ(l_'_v)\/[(gxx - gyy) + (gyy - gzz) + (Szz - gxx)z + ;(V;?y + Y;z + yzzx) ] (22)
2.4. RC cantilever beam z q=100kN/m
14— _— .
. Cantil.eve.r beams are often needed in ci\{il engineer- ; 4 # 4 4 * i /
ing applications. As an example, a RC cantilever beam I 7%
was chosen as in Fig. 2 (Dogangiin 2020). The RC canti- B “
lever beam in Fig. 2 has a rectangular section with a span L 0.25m
of L=2.00m, a width of b=0.25m, and a height of h=0.50m. ¥ 1.=2.00m T 1-1 Cross Section
The cantilever beam is loaded with a distributed load of )
q=100kN/m. Point A is fixed support, point B has no sup- Fig. 2. Geometric properties and loading conditions

port. of RC cantilever beam.



Kdksal et al. / Challenge Journal of Structural Mechanics 9 (3) (2023) 107-119

111

The material properties to be used for the static analysis
of the cited RC cantilever beam are also given in Table 1.

In Fig. 3(a), the 3D solid model of the cantilever beam
was created with the MATLAB PDE toolbox. The material
properties of the RC cantilever beam are coded accord-

ing to Table 1. Fig. 3(b) shows 3D linear tetrahedral solid
finite element modeling for cantilever beam constructed
in ANSYS (2016). The finite element model of the canti-
lever beam provided in Fig. 3(b) has a total of 966 nodes
and 3852 finite elements.

Table 1. Material properties of RC cantilever beam (UNE EN 1992-1-2:2011/A1:2021 Eurocode 2: n.d.).

Concrete Characteristic cylinder Characteristic cube Elasticity Poisson Unit volume
class compressive strength compressive strength module ratio weight
(MPa) (MPa) (MPa) (kN/m3)
C25/30 25 30 31476 0.2 25
C30/37 30 37 32837 0.2 25
C35/45 35 45 34077 0.2 25
C40/50 40 50 35220 0.2 25
C45/55 45 55 36283 0.2 25
(@
3
% Y
y
0.000 0500 1.000(rm) X

—~—-X

0.250 0.750

Fig. 3. RC cantilever beam: (a) 3D solid model (MATLAB); (b) mesh with linear tetrahedral solid elements (ANSYS).

3. Findings and Discussion

In this section of the study, displacement, defor-
mation and stress distributions obtained for differ-
ent concrete classes (using MATLAB PDE Toolbox) of
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the cited RC cantilever beam are provided in Figs. 4-
13.

In addition, for different concrete classes, the sepa-
rate analysis results given in Figs. 4-13 are provided col-
lectively in Figs. 14-21.
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Fig. 4. Displacement and deformation results of C25/30 RC cantilever beam.
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Fig. 5. Stress results of C25/30 RC cantilever beam.
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Fig. 6. Displacement and deformation results of C30/37 RC cantilever beam.
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tion of z) with the concrete class. the direction of y) with the concrete class.

By examining Figs. 4, 6, 8, 10, 12 and 14 together, it By examining Figs. 4, 6, 8, 10, 12 and 15 together, it
can be clearly seen that the displacement in the z-axis di- can be clearly identified that the deformation (elonga-
rection (the distributed loading direction) decreases  tion) in the y-axis direction decreases with the increase
with the increase of the compressive strength of the con- in the compressive strength of the concrete.

crete.
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By examining Figs. 4, 6, 8, 10, 12 and 16 together, it By examining Fig. 5, 7,9, 11, 13 and 19 together, re-
can be deducted that the deformation (shortening) inthe  vealed that the shear stress (positive) in the xy-axis di-
y-axis direction decreases with the increase in the com- rection remains constant with the increase in the com-
pressive strength of the concrete. pressive strength of the concrete.
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Examining Figs. 5, 7, 9, 11, 13 and 17 together re- By examining Fig. 5,7,9, 11, 13 and 20 together, it can

vealed that the normal stress (tensile in bending) in the be deducted that the shear stress (negative) in the xy-
y-axis direction remains constant with the increase in axis direction remains constant with the increase in the

the compressive strength of the concrete. compressive strength of the concrete.
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Examining Figs. 5, 7, 9, 11, 13 and 18 together, re- By examining Figs. 5,7, 9, 11, 13 and 21 together, von
vealed that the normal stress (compression in bending) Mises stresses seem to remain constant with the in-
in the y-axis direction remains constant with the in- crease of the compressive strength of the concrete.

crease in the compressive strength of the concrete.
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A comparison of MATLAB PDE Toolbox results and
ANSYS results are provided in Tables 2-6. By examining
the results for all concrete classes, it is seen that the dis-
placement, deformation and stress values obtained from
both methods are very close to each other.

Table 2. Comparison of MATLAB PDE Toolbox and
ANSYS results (for C25/30 concrete class).

MATLAB ANSYS
Largest displacement (uz) 2.56 mm 2.56 mm
Largest deformation (&) 0.00054 0.00055
Largest normal stress (o) 18.46 MPa 18.57 MPa
Largest shear stress () 2.97 MPa 2.92 MPa
Largest von Mises stress 16.27 MPa 16.14 MPa
Largest von Mises strain 0.00052 0.00052

Table 3. Comparison of MATLAB PDE Toolbox and
ANSYS results (for C30/37 concrete class).

MATLAB ANSYS
Largest displacement (uz) 2.44 mm 2.46 mm
Largest deformation (&) 0.000521 0.00054
Largest normal stress (oyy) 18.46 MPa 18.57 MPa
Largest shear stress () 2.97 MPa 2.92 MPa
Largest von Mises stress 16.27 MPa 16.15 MPa
Largest von Mises strain 0.000495 0.00049

Table 4. Comparison of MATLAB PDE Toolbox and
ANSYS results (for C35/45 concrete class).

MATLAB ANSYS
Largest displacement (uz) 2.35 mm 2.37 mm
Largest deformation (&) 0.000502 0.00052
Largest normal stress (oyy) 18.46 MPa 18.57 MPa
Largest shear stress (7:z) 2.97 MPa 2.92 MPa
Largest von Mises stress 16.27 MPa 16.15 MPa
Largest von Mises strain 0.00047 0.00047

Table 5. Comparison of MATLAB PDE Toolbox and
ANSYS results (for C40/50 concrete class).

MATLAB ANSYS
Largest displacement (uz) 2.27 mm 2.29 mm
Largest deformation (&) 0.000485 0.00050
Largest normal stress (oyy) 18.46 MPa 18.57 MPa
Largest shear stress (7z) 2.97 MPa 2.92 MPa
Largest von Mises stress 16.27 MPa 16.15 MPa
Largest von Mises strain 0.00046 0.00046

Table 6. Comparison of MATLAB PDE Toolbox and
ANSYS results (for C45/55 concrete class).

MATLAB ANSYS
Largest displacement (uz) 2.21 mm 2.22 mm
Largest deformation (&) 0.0004716 0.00048
Largest normal stress (oyy) 18.46 MPa 18.57 MPa
Largest shear stress (7) 2.97 MPa 2.92 MPa
Largest von Mises stress 16.27 MPa 16.15 MPa
Largest von Mises strain 0.000448 0.00045

In 15.4.9.a matter of Turkish Building Earthquake
Code 2018 (Turkish Building Earthquake Code-2018
n.d.), it is specified that “Maximum compressive strain
(deformation) of concrete can be taken as 0.0035 and
maximum strain (deformation) of reinforcing steel can
be taken as 0.01”. By examining Tables 2-6, it can be seen
that the deformations are below the limit values of the
cited code. In addition, von Mises stresses are below the
boundary stress values of the concrete (UNE EN 1992-1-
2:2011/A1:2021 Eurocode 2: n.d.).

4. Conclusions

In this study, 3D static analyzes of a RC cantilever
beam were carried out according to different concrete
classes. Modeling and analysis of the cited beam were
carried out using open source codes with the MATLAB
PDE toolbox based on the FEM, and the results were
compared with the ANSYS computer program. As a re-
sult of the structural analysis, displacements, defor-
mations and stresses were obtained. It has been ob-
served that the displacements, deformations and
stresses do not exceed the standard limit values. By com-
paring the vertical displacement in the z-axis direction
between the lowest concrete class (C25/30) and the
highest concrete class (C45/50), a decrease of 18.18%
has been found. Likewise, when a comparison is made
for deformation (elongation) and deformation (shorten-
ing) in the y-axis direction, there is a 15.27% reduction.
Moreover, when a comparison is made for normal stress
(tensile and compressive in bending), shear stress and
von Mises stresses, it can be identified that the values
remain constant. In addition, same structural analyzes
were carried out in the ANSYS program to verify the
analysis results of MATLAB PDE toolbox. As a result of
the validation analysis, very close values were obtained.
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1. Introduction

The classical finite difference method is used to solve
a large variety of engineering problems. However, when
the region under consideration gets complicated, the
classical method becomes difficult to apply since it in-
volves the use of irregular grids. In many structural me-
chanics problems, for example large deformations, and
propagation of crack, the domain's geometry changes
continuously, which can make analyzing problems chal-
lenging and expensive. Meshless methods provide an al-
ternative technique to explore these issues and elimi-
nate mesh-related problems. The generalized finite dif-
ference method (GFDM), which is also called meshless fi-
nite difference method (Jaworska and Milewski 2016; Fu
et al. 2020), on the other hand, can readily use irregular
grids or clouds of points with high efficiency. This capa-
bility of the method extends its applicability to a wider
range of problems. The main ideas behind this meshless
method were given in the seventies. Nevertheless, fully
arbitrary meshes were first used by Jensen (1972). Per-
rone and Kao (1975) suggested some modifications to
improve the behavior of the coefficient matrix. Liszka
and Orkisz (1980) introduced the use of the finite differ-
ence method at arbitrary irregular grids.

Benito et al. (2001) conducted a study to examine the
impact of the primary parameters involved. In this mesh-
less method Taylor series expansion of functions are
used to compute approximations to derivatives at some
specified points. These approximations are then used to
solve differential equations in an approximate manner.
Of course, the precision of the solution obtained can
readily be improved by adding more and more terms in
the Taylor series expansion and/or by adding more
points into the domain.

The formulation given in the next section is for one-
dimensional problems. Three terms in the Taylor series
expansion are retained in the derivations. Of course,
when only two terms are retained, the solution obtained
would be less accurate. Generalized finite differences
can easily be extended to higher dimensional problems.
It is to be noted that generalized finite differences are
used to integrate the governing differential equation of
the problem with respect to space variables. The result-
ing second-order system is first converted to an equiva-
lent system of first-order ordinary differential equa-
tions. Then the resulting system is solved using an im-
plicit Runge-Kutta method (Radau) of order 5 with step
size control (Hairer and Wanner 1991).
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2. Generalized Finite Difference Method

For a sufficiently differentiable function f(x), defined inaregion 0 <x <L, the Taylor series expansion around a
point P(x) is

d’f. 1 , 4%, 4
L+ = (X=X L+O(X—X: (1)
dx? 6( ) dx® ( )

FO)=1, +(X—Xi)%+%(x—xi)2

where f = f (x ) One can define the error the above Taylor series expansion as e(x) = f.— f(x) and the error com-
puted at pomt Q( ) ise,. Let w( ) be a weighting function with compact support, then one can define norm B

B:Jil:(e(xj)wj)z (2)

%]

substituting for e(xj ) gives,

N f , 25 , f 2
B=Z|:|:fi_fj+(Xj_Xi)%+%(Xj—Xi) ZX2'+%( -X) dx }OJ (3)

i#]

where N is the total number of points in the region. Approximations to df, /dx, d?f, /dx? , andd*f, /dx® can be com-
puted by minimizing norm B,

_B__ 4
6{Df}_0

{Df}T={£,dz—Zlg} (5)

dx dx°  dx

which yields a set of three equations with three unknowns for each point P(x;). These equations are

h? h?
Z:a)zh2 wa? wa—J _fizwz 1+Zf1 2h
he e df. /dx (6)
St Yort Yo d?f, /dx® b = —fiZa) +Zfa) o
] 2 ] 4 l 12 . . ]
h4 d*f, /dX h3
Za) Zw £ Mot ’36 —fiZw +Zfa1 E’
The above system of linear equations might be presented in matrix form:
AD; = bP (7)

where A, is a 3x3 matrix and b, is a 3x1 vector. For computational purposes the right hand side in Eq. (6) is ex-
pressed in the form

bp =B, f (8)

where Bis a 3><(N +1) matrix

_Z a)j2hj o'hy w3h, o3 ahy oghy
B=| St et Toid o Zobhi, Coind ©)
1 1 1 1 1
_—Zgwfhf g(of > Zwihd Ea)ﬁflhzfl wa‘hz
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and f isan (N +1)x1 vector
fr=(f f, f, « fy. f) (10)

Eq (6) can be inverted to compute derivatives df; /dx
, d?f,/dx? , and d*f, /dx® at point Pg ;) in terms of

nodal values of f(x), thatis, in terms of vector f as fol-
lows

df, /dx
d2f, /dx? L =C, f (11)
d*f, /dx®

where C, = A;'B,.

3. Governing Equations

Governing equations of a dynamic viscoelastic prob-
lem are

2

xeR (12)

1
& :E(uivﬁu”) (13)
where o} and g represent stress and strain tensors,
respectively, u, is the displacement vector, p is the den-
sity, F, is the body force, and R is the domain of defini-
tion of the problem. In these expressions, i and j range
from one to dimension of the problem (that is to 1 for
one-dimensional problems, to 2 for two-dimensional
problems). The boundary conditions are specified along
the boundaries of R in the form

xel, (14)

xel (15)

where n. is the unit outward vector, P, refers to the
prescribed traction vector on the boundary, ' =T, +T",
denotes the boundary of the region R. The initial condi-
tions are

u; =0’ (x)att=0 (16)
%:Dio(x)attzo (17)
ot

here 7 (x)and g7 (x) are prescribed functions.

The stress-strain constitutive relations for isotropic
viscoelastic material are given in differential form
(Christensen 1982).

2
d S;

dt?

PoS p1 L+ p,

d

2

d%
I (18)

de;
= qOeIJ + ql dt

dt

where Sj and g; are deviatoric components of stress
and strain, respectively, and Pyr Piv Py and U 010 Q,
are material constants.

4. Dynamic Analysis of a One-Dimensional
Viscoelastic Rod

Haitan and Yan (2003) solved the one-dimensional
viscoelastic rod problem using an element-free Galerkin
method. Their results agree well with other solutions.
For one-dimensional problems, the governing equation
becomes o, = pd?u/ot® . Consider a viscoelastic rod
with length L=0. 9, density p =100, and Kelvin model
with P, =1, q,=1, and q, =2 (Haitan and Yan 2003).
The governing equation in terms of displacement be-
comes

ou oo ou
P i PN (19)
LrF% qlat(azx] P ox

The boundary and initial conditions are

u(t,0)=0 (20)
o UL (21)
g OX
u(0,x)=a°(x)=0 (22)
Mzgo(x):o.mﬁ (23)
ot L

To solve the resulting differential equation using the
generalized finite differences, the finite difference mesh
is to be defined first. The region from 0 to L is subdivided
into a number of equal subregions (Ndiv) of length Ax
defining N = Ndiv +2 mesh points (nodes), Ndiv+1 reg-
ular points, and a dummy point, point Ndiv+2, (which
does not belong to the viscoelastic bar). The term
du/ox? is to be calculated at each P x) fori=1.--N.
When it is substituted in Eq. (22) gives a system of ordi-
nary differential equations in the form

This system needs to be modified to impose the
boundary conditions given. The condition at x=0
u(t,0)=0 is taken into account by equating all the ele-
ments of the first column and first row of each matrix to
zero and taking M, =1 and F, =0. The other boundary
condition at x =L (0' =ou(t, L)/ax 0) gives an extra
equation at x=L which can be used to eliminate the
dummy unknown u, =u(t,L+Ax) from the system.
The resulting second order system is converted into an
equivalent system of first order ordinary differential
equations,

—P(t,2) (25)

where
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(26)

)

P:{Ml(F—Ku—CU)}

which is then solved using a Runge-Kutta type solver.

(27)

5. Numerical Results

Free vibrations of the viscoelastic rod problem is
solved using GFDM. The region is divided into Ndiv sub-
regions yielding N regular nodes. The following two
weight functions are tested;

In these equations d = /(x—x; )2 and dm is the radius
of the circle (radius of influence) drawn at point P(x,
which determines the points in the neighborhood of P af-
fecting i" equation. It observed that both weight func-
tions yield accurate results for dm > 4min(x,,, - x, ) The
results obtained are given together with the finite ele-
ment (FE) and finite difference (FD) solutions using sim-
ilar meshes. In the finite element solutions, linear ele-

the precision of the generalized finite differences is sim-
ilar to that of finite elements and finite differences. In Fig.
1, variation of tip displacement, obtained using GFDM,
with time is given for different number of mesh points. A
rapid convergence is observed. Results are presented for
only number of mesh points equal to 3 and 24. In Fig. 2,
a GFD solution for end displacement with time is given
together with a FD solution. Finally, Fig. 3 shows the tip
displacement solutions for N=24 using GFD, FD, and FE
methods. The figure shows that all the results obtained
are in good agreement.
Polynomial weight function (quadratic)

dY (dY (dY
1_6(_j +8(—) —3(—] ford < dm (28)
@ = dm dm dm
0 ford >dm
Polynomial weight function (cubic)
2 3
3_4[i) —4(ij for d gédm
3 dm dm 2
(29)

2 3
o= i-4[£)+4[£) —ﬂ[ij for 1dmgd <dm
3 dm dm 3 dm 2

ments are used. And simplest central differences are 0 for d>dm
used in the finite difference solutions. It is observed that
3.0
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Fig. 1. The generalized finite difference (GFD) solutions for various number of nodes.
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Fig. 3. Tip displacements for N=24.

6. Conclusions

GFDM has very obvious advantages over the fi-
nite element and classical finite difference methods
when the domain of definition of the problem gets com-
plicated. It is because of the fact that the GFDM does not
require any element connectivity information; rather, it
simply requires the coordinates of each point within the
region and on its boundary together with the boundary
condition information. Moreover, the type of boundary
condition does not make the solution process any diffi-
cult. Both Dirichlet and Neumann-type boundary condi-
tions can be imposed with ease. In this study, two differ-
ent polynomial weight functions are tested, and it is ob-
served that they result in solutions that are reasonably
comparable. It is also observed that there is a fast im-
provement in the results with an increasing number of
mesh points, provided that these points are evenly dis-
tributed within the region. The results obtained from
GFDM, FD, and FE solutions were analyzed in this study.
It is important to note that the results obtained from
GFDM were observed to be strikingly similar to each
other.
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