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Research Article

Effect of steam-curing on the glass fiber reinforced concrete
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ABSTRACT

ARTICLE INFO

Due to the increased need to use precast concrete to reduce construction duration
and to accelerate the cement reaction process to achieve the required concrete re-
sistance that enables the elements to gain the required strength to handle the loads
generated by the transportation process, many companies use steam curing methods
to expedite the hydration process. The steam curing process negatively affects the
concrete strength, especially in the long term. Fibers of different types are used to
improve the interior composition of concrete and increase its crack resistance. The
purpose of the current study was to determine the effect of the glass fiber on the be-
havior of steam-cured concrete. In this study, 90 concrete cubes were used with
15cm dimensions, three different weight ratios of glass fibers (0%, 0.12%, and
0.24%) with two curing methods standard curing in the water tank (water curing -
WC) for 3, 7, and 28 days, and steam curing (SC) for 4 and 8 hours. Nine specimens
of each mix were cast in 12 mm and 24 mm fibers length and tested for each curing
duration and method. The results of this study indicate that fiber glass addition to the
steam-cured concrete has a positive effect on the concrete unit weight and the ultra-
sonic pulse velocity. Moreover, the result showed that the tensile and compressive
strength of the concrete has been positively affected by the length of the fiber more
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than the fiber weight percentage.

1. Introduction

Nowadays the need for precast concrete buildings has
increased as some countries are facing severe housing
shortages and labor shortages as well (Liu et al. 2020).
Due to rising construction costs and the increasing im-
portance of quality and timely delivery, many developers
are choosing innovative construction techniques such as
precast concrete structures, which can speed up the con-
struction process in less time (Zeyad et al. 2021; Canbaz
et al. 2022). Precast concrete needs a long time, up to
days, to reach the resistance that enables it to withstand
the stresses resulting from the transportation process
from the precast concrete supplier to the construction
site, which causes an increase in the duration of project
implementation and reduces the production capacity of
the precast concrete (Liu et al. 2019). However, Steam
curing is mainly used to produce prefabricated compo-

nents in many concrete structures. The steam curing
method is characterized by improving the mechanical
properties of concrete at an early age (Yang et al. 2021).
On the other hand, this process has negative effects as
the accelerated hydration reaction of concrete results in
poor durability and long-term load-bearing capacity
(Yoo et al. 2016). Recently, researchers focused on ways
to improve the mechanical properties and durability of
steam-cured concrete by various methods such as me-
chanical treatment by reducing the rate of temperature
change and also improving mechanical properties by
adding concrete additives or fibers to the concrete mix
(Yuetal. 2016; Vairagade et al. 2012).

Fiber additives play a major role in mechanical prop-
erties improvement, such as toughness and crack growth
resistance abilities (Brandt 2008; Won et al. 2012). Fi-
bers improve concrete in all directions since fibers are
scattered randomly in the concrete during mixing
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(Tassew and Lubell 2014; Balaguru and Shah 1992). Pre-
vious research has established that improving the post-
peak ductility by adding fibers also improves eliminating
temperature and shrinkage cracks, pre-crack tensile
strength, impact strength, and fatigue strength (Vande-
walle 2000; Vairagade and Kene 2012). Traditionally,
many types of fibers have been used in fiber reinforce-
ment concrete FRC, each of these types has a different
impact on the concrete mechanical behavior based on fi-
ber shape, size, strength, and type, common types are
carbon, steel, glass, and natural fibers. Several applica-
tions of FRC use fibers that make up about 1% of the con-
crete volume (Tan et al. 2012; Banthia 2003).

The use of fiber glass in concrete reinforcement was
first introduced by researchers in Russia in the 1940s
then used in the construction industry in 1970 in the
United Kingdom. Chandramouli et al. (2010) and Shah
and Rangan (1994) observed increases in compressive
strength of 20-25 percent and flexural and splitting ten-
sile strength of 15-20 percent in their studies on glass
fiber reinforcement concrete. Similar results were
found by Tassew and Lubell (2014) who found that re-
gardless of the mix composition or fiber length, the vol-
ume proportion of glass fiber (GF) increased the flexural
strength of ceramic concrete. Regardless of the fiber
length or mix composition, ceramic concrete's compres-
sion toughness index, flexural toughness, and shear
toughness all significantly increased with an increase in
fiber content (Tassew and Lubell 2014; Shende and
Pande 2011).

120

Several attempts have been made to research the ef-
fect of glass fiber on the mechanical properties of the
GFRC. Previous research on the effect of steam curing
(Kohno et al. 2009) examined the mechanical properties
of GFRC samples that were steam-cured for 1-5 hours
and then kept in standard curing for 90 days. In our
study, however, micro glass fibers were incorporated
into the GFRC sample mix, and the effect of longer steam
curing (such as 8-hour curing) was investigated. Micro-
fibers are important in controlling microcracks that may
occur especially in long-term steam curing applications.
This paper attempts to focus on the effect of glass fiber
on the steam cured concrete. In this study cube specimen
of 15 cm dimensions was used to examine the effect of
different fiber lengths and weight percentage on the unit
weights, the ultrasonic pulse velocity, the compressive
strength, and the split tensile strength of the concrete.

2. Experimental Study
2.1. Materials

Concrete cube specimens were created by using three
types of crushed aggregates. Fig. 1, shows an analysis of
the particle size of the aggregate mixture. The commer-
cial quartz sand as fine aggregate (specific gravity of
2.65). Further, the densities of the fine aggregates were
2.69,2.70, and 2.71 g/cm3, for fine aggregate sizes of (0-
4 mm), (4-11.2 mm), and (11.2-22.4 mm) respectively.

— A
100 —X=—B
—p—

80
- @ Mixture

60
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40

20

4 8 16

Sieve size (mm)

Fig. 1. Granulometry of the aggregate mixture according to EN 12620.

To improve the workability of concrete and avoid the
loss in strength during the excess use of water, super-
plasticizers were used as an admixture and the proper-
ties of the new generation of superplasticizers are shown

in Table 1. Furthermore, the physical and chemical prop-
erties of tap water used in mixing the specimens are
given in Table 2.

Table 1. Properties of admixture.

Chemical structure

Appearance CL %

pH Density, g/cm3 Alkali, %

Polycarboxylic ether Brown

<0.10

5-7 1.069-1.109 <3.00




Canbaz et al. / Challenge Journal of Concrete Research Letters 13 (4) (2022) 107-115 109

Table 2. Properties of mixing water.

Chemical property, mg/1

Physical property

Al 0,04 Cu 0,016 Ni
NOs3 11,1 Fe 0,007 K
NHa 0,06 Mn 0,015 As

5,07 Conductivity, uS/cm 628
6,8 Hardness, Fd® 30,11
1,19 pH 7,35

The mechanical properties of the glass fiber reinforce-
ments (Fig. 2) used in the concrete mix were as follows,
3400 MPa tensile strength, 77 GPa modulus of elasticity,
and a density of 2.60 kg/dm3, however, the diameter of
the glass fiber was 13-15 pm with two different lengths
12, and 24 mm.

Portland cement type CEM I 42.5 R was provided by a
local supplier with physical and chemical properties
shown in Table 3.

2.2. Method and tests

Cube specimens of 15 cm were created to examine the
effect of glass fiber with different lengths and weights,
three different weight ratios of glass fibers (0%, 0.12%,
and 0.24%) were used in two different lengths 12, and
24 mm. Table 4 shows the mix ratio of 1m3 concrete mix-
ture by weight. Two curing methods were implemented
in the study, standard curing in the water tank (water
curing - WC) for 3, 7, and 28 days, and steam curing (SC)
for 4, and 8 hours. The group of WC was demolded 24 h
after casting and then put in a water tank at 20 C and was
taken out of the tank 3 hours before the test. Nine speci-
mens of each mix were castin 12 mm, and 24 mm fibers
length and tested for each curing duration and method,
eventually reaching 90 specimens.

To examine the changes in the unit weight, ultrasonic
pulse velocity, splitting tensile strength, and compres-
sive strength, tests were carried out for each fiber ratio,
length, curing condition, and duration, as can be seen in
Figs. 3 and 4. However, the test results will be discussed
in further sections.

‘Si
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Fig. 2. Glass fiber.

Table 3. Properties of cement.

Chemical properties

Physical properties

Si02 192 K20 0.63
AlL03 456 Naz0 031
Fez03 3.09 SO3 321
Ca0 62.9 CI- 0.01
MgO 1.88 LOI 38

Density, g/cm3 3.09
Specific surface, cm2/g 3190
Setting time (initial), min 163
Setting time (final), min 228
Soundness, mm 1

Table 4. A mix ratio of 1 m3 of concrete mixture by weight.

Aggregate (kg)
Cement (kg)  Water (kg) Superplasticizer (kg)
0-4 mm 4-11.2 mm  11.2-22.4 mm
435 125 3.5 967 333 550

3. Discussion

The effect of glass fiber length and fiber ratio on the
unit weight of concrete is shown in Fig. 5. When the fiber
ratio increases, the unit weight of the concrete increases
as well. Depending on the fiber rate of increase, the in-
crease in unit weight increased by 1.8% in the samples

with 12 mm fiber, while the increase rate reached 1.4%
when the fiber size reached 24 mm. On the other hand
the increase of the curing time, causes the decrease in
the unit weight with the addition of fiber. Depending on
the time of curing, the unit weight increased up to 2.08%
regardless of fiber ratio and fiber length. Concrete unit
weight is expected to decrease due to water loss in con-
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crete exposed to drying in construction site conditions.
However, during the experiment, the samples are keptin
water to simulate standard curing conditions, as a con-
sequence of the samples being removed from the curing
tank 2-3 hours before the test and the surface is allowed
to dry, which caused an increase in the unit weight due
to the water it contains.
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Fig. 4. Ultrasonic pulse velocity and mechanical tests.

Fig. 6 shows the change in UPV (ultrasonic pulse ve-
locity) depending on fiber ratio, fiber length, and curing
time. The UPV is increased by 11%, with the increase in
the fiber content. The bridging of gaps and cracks in-
duced by the fibers causes the UPV to increase as the
waves caused by UPV have passed through the gapsin a
short time. Since it takes time for the gaps to fill and the
internal structure to gain strength during hydration, fi-
bers with 24mm length were more effective in passing
through these gaps at an early age. This effect disap-
peared on the 28th day, and similar results were ob-
tained with an increase in the UPV which was dependent
on the fiber ratio and independent of the fiber length.

Unit Weight, kg/m3
[\
o~
S
[}

—+— 24 mm 7-days
—¥— 24 mm 28-days

24 mm 3-days

—©- - 12 mm 3-days
— % - 12 mm 7-days
—¥%- - 12 mm 28-days

2420 1 =
— -
— -
2400 =
2380 - "
0 0.06

0.12 0.18 0.24

Glass Fiber, %

Fig. 5. Unit weight of glass fiber concrete.
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Fig. 6. UPV test results of glass fiber concrete.

The compressive strength of the glass fiber concrete
samples is given in Fig. 7. It can be seen that when the
short fiber was used with the concrete, the compressive
strength of the 3-day curing increased by 13%. However,
the increase rate decreased by 11% and 5.6% in the 7-day
and the 28-day curing respectively. In the case of using
long fiber, the compressive strength of concrete increased
by 37%, 42%, and 17% in the 3-day, 7-day, and 28-day re-
spectively. The fibers caused an increase in compressive
strength by controlling the growth of microcracks in the
concrete under pressure stress with the effect of bridging.
Since these fibers have a smooth surface, they cannot

show sufficient adherence. For this reason, the compres-
sive strength of the concrete increases depending on the
length of the fiber. Due to the concrete not gaining enough
strength at an early age, glass fibers can withstand more
stress, where the contribution to strength is more in these
fibers. Additionally, compared to the 28-day reference
samples, the compressive strength of the 3-day and 7-day
were 63% and 72% respectively. On the other hand, when
the fiber was added the compressive strength of the sam-
ples reached 74% on the 3-day and 89% on the 7-day.
Therefore, using glass fiber in concrete caused a signifi-
cant increase in strength, especially at an early age.

—©- - 12 mm 3-days
—# - 12 mm 7-days
— ¥ -12mm 28-d

75
—O0— 24 mm 3-days

70 —4#— 24 mm 7-days
g —¥— 24 mm 28-days
= 65
=
2 60
£
© 55
2
@ 50
2
S,
g 45
o
S

40

35 4 T

0 0.06

0.24

Glass Fiber, %

Fig. 7. Compressive strength of glass fiber concrete.

Fig. 8 illustrates the result of splitting tensile strength
of glass fiber reinforced concrete under the indirect
method of assessing the tensile strength (Brazilian test),
the result shows that the splitting tensile strength in-
creased by 24% when the short fibers were added to the
concrete. Moreover, this increase reached 40% in the
case of long fibers. Generally, when the Brazilian test is
carried out to determine the splitting tensile strength,

the concrete cracks, and splits under the effect of linear
load, although the glass fibers limit this crack by the ef-
fect of bridging. However, this positive effect of the fibers
is being gradually lost because the fiber was partially
ruptured with the increase in the load and due to the loss
of adherence. Since adherence is increased with the in-
crease of the length of the fibers, the tensile strength of
the samples reinforced by the long fibers witnessed bet-
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ter results. Compared to the 28-day reference sample of
the splitting tensile strength, the reference samples
gained 65% and 81%, while the samples with fiber
gained 81% and 93% in 3-days and 8-days respectively.

It is observed that it is possible to counteract tensile
stresses that occur in the internal structure due to me-
chanical impacts or effects such as shrinkage at early
ages by using glass fibers.

6.5
—O0— 3-days —©- -3-days
—#— 7-days — % - 7-days
= 6 1 —— 28-days — % - 28-days
=
S 55 ¢ —— =
b 0 e—— — __ —— — ——
=)
&
“« 54 = -
° e
= -
Easo———=7 o
£ _o--—
wn 4 - ’//
3.5 @=— . . . .
0 0.06 0.12 0.18 0.24
Carbon Fiber, %

Fig. 8. Splitting tensile streng

The behavior of fiber-reinforced concrete in the unit
weight under the effect of steam curing is given in Fig. 9.
The figure shows that the unit weight has increased due
to the increase of the fiber under steam curing. However,
the unit weight reached 2.4% and 0.7% when using short
and long fiber respectively. By contrast, when the sam-
ples are compared according to the unit weights of the
reference sample, it has been found that the concrete

2600

th of glass fiber concrete.

sample without fibers under the steam curing has been
decreased by 1.87%, as opposed to the samples with fi-
bers which were reduced by 0.8% and 1.5% for short fi-
bers and long fibers respectively. Overall, the fact that the
formation of the internal structure could not be com-
pleted in a short time under the effect of steam curing and
that it did not provide sufficient filling caused a slight de-
crease in the unit weights of the reference concrete.

2500 B 24 mm Reference

2400

2300

2200

Unit Weight, kg/m3

2100

024 mm 4 hours steam cured
024 mm 8 hours steam cured

312 mm 4 hours steam cured
012 mm 8 hours steam cured
~ @12mm Referﬂce

2000

Gla

Fig. 9. Unit weight of steam-cured glass fiber

The variation of UPV values with fiber content and fi-
ber size of reference concretes under steam curing is
demonstrated in Fig. 10. It can be seen that when the 12
mm fiber length was used, the samples without steam
curing increased by 5.2% compared to the reference
sample without fibers, however the percentage of in-

0.12

ss Fiber, %

0.24

concrete under various curing durations.

crease was decreased by 2.5% in case of steam curing.
On the other hand, when the 24 mm fiber length has used
the samples without steam curing increased by 6.3%,
and as opposed to the short fibers, the long fibers caused
an increase by 8.1% in UPV compared to the reference
samples. UPV can take low values due to cracks or gaps
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in the concrete. However, fiber addition increases the
UPV values as it makes it easier to overcome these gaps.
Since steam curing is aimed to accelerate the hydration
reaction to gain early strength in the concrete, which ul-

5.2

timately increases the UPV, further, these values can be
increased with the addition of fibers. However, the irreg-
ularity in the fiber distribution causes the UPV increase
to occur in different ways in the samples.

5 024 mm 4 hours steam

4.8
4.6
4.4
4.2

4
3.8
3.6
3.4
3.2

3 |

B 24 mm Reference

Ultrasonic Pulse Velocity, km/s

024 mm 8 hours steam cured

B12 mm 4 hours steam cured
012 mm 8 hours steam cured
B 12 mm Reference

cured

0.12
Glass Fiber, %

0.24

Fig. 10. UPV test results of steam-cured glass fiber concrete under various curing durations.

The variation of steam cured fiber reinforced concrete
with compressive strength of 28-day reference fiber con-
crete is demonstrated in Fig. 11. In the case of using short
fibers, the compressive strength of the reference sam-
ples under standard curing has increased by 57%, alt-
hough in the case of steam curing this increase reached
63%. On the other hand, when the long fiber was used,
the compressive strength of the reference samples in-
creased by 17%, while this increase was 30% in the
steam-cured samples. Furthermore, the glass fibers
were used to control the micro cracks that may occur in
the internal structure during the early strength gain
phase in the steam curing application, and it has caused

90

a great increase in the compressive strength as well. Ad-
ditionally, in standard curing, it was observed that the
glass fiber size and distribution have an effect on the con-
crete compressive strength, and since the amount of
glass fibers is higher when using short fibers with the
same ratio as long fibers, the increase in the amount of
fibers causes better distributing of the fibers in the inter-
nal structure of the concrete which enhances the com-
pressive strength. It can be seen that with the application
of 8 hours of steam curing, the samples without fibers
gain reached 64% in compressive strength, while the
samples with short and long glass fibers gained 98% and
71% respectively.

024 mm 4 hours steam
024 mm 8 hours steam
B 24 mm Reference

80
70
60
50
40
30

Compressive Strength, MPa

20
10

812 mm 4 hours steam cured
012 mm 8 hours steam cured
B 12 mm Reference

cured
cured

0.12
Glass Fiber, %

Fig. 11. Compressive strength of steam-cured glass fiber concrete under various curing durations.
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Split tensile values with variations of fiber ratio and
size of reference concrete under steam curing are given
in Fig. 12. It can be seen that with the addition of short
glass fiber in the reference concrete without steam curing,
the splitting tensile strength increased up to 3.7%, how-
ever, with the application of steam curing the increase
rate reached 45.9%. And in the case of long glass fiber, the
splitting tensile strength of the reference samples in-
creased by 12.7%, while this rate increased to 35.8% in
the steam-cured samples. Fiber has been especially effec-
tive in steam curing applications, as it prevents the in-
crease of microcracks and voids that occur during the

hydration of cement in a short time steam curing appli-
cation. On the other hand, when the steam curing time
was increased, a comparison between the steam curing
samples and the 28-day reference samples was con-
ducted, and it has been found that the splitting tensile
strength reached 65.4%, 95.3%, and 64.3% without fiber,
with short fibers and long fibers respectively. Although it
has been found that long fibers did not increase the ten-
sile strength gain with steam curing effect as much as
short fibers, the number of fibers is more effective than
the fiber length, especially since there are micro-cracks,
and short fibers are effective in preventing these cracks.

8
024 mm 4 hours steam cured B 12 mm 4 hours steam cured
7 @24 mm 8 hours steam cured 012 mm 8 hours steam cured
= B 24 mm Reference ® 12 mm Reference
= 6
=l
&p 5
o
2 4
<
g 3
&
= 2
=
“ 1
0

0.12 0.24
Glass Fiber, %

Fig. 12. Splitting tensile strength of steam-cured glass fiber concrete under various curing durations.

4. Conclusions

The conclusions of the study are summarized as fol-

lows:

¢ At the end of the experimental study, considering the
glass fiber ratios, when 0.24 % of the fiber is used, the
highest values are found in unit weight is around
2490 kg/m3, 4.71 km/hin UPV, additionally compres-
sive and splitting tensile strength were found to be
around 69.2 MPa and 6.05 MPa respectively. How-
ever, when comparing the mechanical and physical
properties between the 0.12 % and 0.24 %, it has been
found that using 0.24% fiber was advantageous.
Therefore, it is recommended to use 0.24% fiber.

¢ When the study is conducted in terms of fiber length,
it has been found that the highest values of samples
reinforced with short glass fiber are 2468 kg/m3 in
unit weight, 4.71 km/h in UPV, 69.2 MPa in compres-
sive strength, and 6.05 MPa in split tensile strength,
on the other hand, the highest values of samples rein-
forced with long glass fiber are 2490 kg/m3 in unit
weight, 4.66 km/h in UPV, 62.5 MPa in compressive
strength, and 5.57 MPa in splitting tensile strength.
Therefore, long fibers are recommended due to their
advantages in mechanical properties.

¢ For prefabricated building applications where steam
curing is inevitable, and when curing time and fiber
ratio are taken into account, the increase in fiber ratio
is advantageous, and it has been observed that an 8-
hour curing application is advantageous if 0.24 % fi-

ber is used. The results of 8-hour steam curing

reached 2485 kg/m3 in unit weights, 4.69 km in UPV

/h, 61.3 MPa compressive strength, and 5.31 MPa in

splitting tensile strength. The experiments have

shown that using fibers with steam curing had a posi-
tive effect on the mechanical properties, especially in
compressive strength which is the most effective pa-
rameter in the application of prefabricated buildings.

¢ Considering the steam curing and fiber length, it was
observed that the mechanical properties of the sam-
ples increased significantly in the 8-hours steam cur-
ing compared to the 4-hours steam curing. In the case
of 8-hour steam curing, the compressive strengths of
short fiber samples reached 61.3 MPa, while it
reached 48.9 MPa in long fiber samples. On the other
hand, the splitting tensile strength reached 5.31 MPa
in short fiber samples, while it reached 3.89 MPa in
long fiber samples. It can be said that itis more advan-
tageous to use short fiber for a fixed ratio in steam
curing applications.

As aresult of the study, it has been revealed that fiber
use is important in steam curing applications and fiber
size was as effective as fiber ratio. For steam curing ap-
plication, using 0.24% short glass fiber in samples is rec-
ommended. However, for further studies, it is recom-
mended to repeat the experiments by increasing the fi-
ber ratio and shortening the fiber size, especially for cost
optimization. In addition, itis recommended to carry out
studies not only in terms of short-term properties but
also in terms of long-term properties.
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The use of waste materials in nature (e.g. fly ash, bottom ash) in the construction
phase of buildings is of great importance both in terms of environmental pollution
and the construction cost of the structures. Therefore, in this study, the effects of bot-
tom ash and fly ash on the construction cost of reinforced concrete (RC) hospital
buildings are investigated by considering experimental tests and 3D nonlinear ana-
lyzes. During the experiments, four different concrete series are created and fly ash
and bottom ash are added to replace 0-5 mm grain size aggregates in the concrete
mixture at different ratios. The RC beams created according to four different concrete
series are subjected to experimental tests. Afterward, it is determined that the most
critical mixing ratio for RC beams subjected to experimental tests is selected as 75%
bottom ash ratio and fly ash. For the purpose Ankara Bilkent City Hospital is selected
for 3D nonlinear seismic analyses and the hospital structure is subjected to 10 vari-
ous earthquake analyses. This study showed that there was a noticeable decrease in
the construction cost when the costs of the hospital structure were compared as a
result of the earthquake analysis. Another important point is that the use of bottom
ash and fly ash is thought to contribute to savings in the energy to be used for the
storage of wastes by causing less electrical energy use in cement production, less
greenhouse gas emissions, natural raw material consumption and nature pollution.
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1. Introduction

In many countries of the world, thermal power plants
are built to produce energy, and millions of waste ash are
generated from these thermal power plants every year.
In these thermal power plants, coal is used for electricity
generation and the coal ash generated as a result of pro-
duction must be recycled in order not to harm the envi-
ronment. However, the bottom ash and fly ash that s cre-
ated in thermal power plants are thrown into nature and
cause pollution of people's health and the environment.
For this reason, recycling these waste materials is of
great importance for the health of future generations.
When coal burns in a thermal power plant, it leaves ash
behind. Some falls to the bottom of the furnace, which is
called bottom ash and some is carried upwards by the
hot combustion gases of the furnace and held by the fil-

ter, which is called fly ash. The use of fly ash as recycled
material can provide economic and environmental ben-
efits (Epri 1998); using fly ash in building materials and
concrete technology might solve the problems of indus-
trial waste, environmental pollution, and destruction of
thousands of acres of land and also offers the opportunity
to create cost-effective new building materials (Zeki¢ et
al. 2014). Fly ash reduces CO2 emissions and is consid-
ered an environmentally friendly material because it can
be used as a byproduct in Portland cement and various
building materials and can be a cost-effective replace-
ment for Portland cement in many markets (Rodriguez
2021). Tiles and bricks are made from fly ash emit 90%
less carbon dioxide (Transparency Market Research
2019). When fly ash mixed with lime and water, it forms
a compound similar to Portland cement and this makes
fly ash suitable for the base material in blended cement,
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mosaic tiles, and hollow blocks (Rodriguez 2021). Fly
ash can be partially used in concrete mixtures as a ce-
ment substitute and no need to grind and no need drying
like trass. By using fly ash, less electrical energy will be
used for cement production and so energy savings will
be achieved. Since fly ash is a very thin material, it in-
creases the workability of concrete as well (Arioglu and
Manzak 1992). Since the use of fly ash in cement ensures
less use of cement clinker, it has environmental benefits
such as less greenhouse gas emissions, less consumption
of natural raw materials, less pollution of nature, energy
saving used in the storage of waste, as well as technical
benefits such as high-strength concrete and low hydration
temperature (Cement Research and Application Center).

One of the most common uses of fly ash is plain Port-
land cement concrete (PCC) coating. Road construction
projects using PCC can use large amounts of concrete,
and the additive of fly ash provides significant economic
benefits. More than 50% of concrete placed in the USA
contains fly ash (Rodriguez 2021). The Ministry of Envi-
ronment and Urbanization of Tiirkiye states that in ac-
cordance with the general technical specification for
construction, there should be a minimum of 250 kg/m3
cement and 50 kg/m3 fly ash to be used in the roller com-
pacted concrete mixture. Additionally, according to the
general technical specifications for reinforced concrete
works, it is recommended that mineral additives such as
fly ash should not exceed 30% of the cement amount in
order not to deteriorate the permeability property of
concrete (Directorate of High Technics Board 2018).

Bricks composed of fly ash can be produced in various
strengths and sizes, and be found in building walls etc.
Besides their traditional uses, bricks composed of fly ash
can also be used for the construction of various infra-
structure projects such as roads and sidewalks, dams
and bridges (Attarde et al. 2014). In addition, it can be
used in concrete additives, fine aggregate, coarse aggre-
gate, light aggregate, clay additive, brick binder material,
aerated concrete blocks, concrete panels, concrete, glass,
wood and ceramics (Giiler et al. 2005; Aruntas 2006;
Transparency Market Research 2019).

According to the data obtained from the Provincial
Environmental Status Reports prepared by the Provin-
cial Directorates of Environment and Urbanization, the
total amount of coal used in thermal power plants in
2015 was around 60,666,000 tons, and the fly ash and
bottom ash produced was approximately 17,710,000
tons (Republic of Tiirkiye Ministry of Environment and
Urbanisation 2016). According to another statistic, the
results of Thermal Power Plant Water, Wastewater and
Waste Statistics Survey in 2018, 26.1 Million tons of
waste was generated in 55 active thermal power plants
with an installed power of 100 megawatts (MW) and
above, 87.5% of which was sent to ash mountain or ash
dam, and 12.4% was sent to licensed waste processing
facilities and used for backfilling of mines, while 0.1%
was disposed of by other methods (TURKSTAT 2019).

There are very few studies in the literature about the
recycling of fly ash and bottom ash and their effects on
construction costs such as Chindaprasirt et al. (2009),
Rafieizonooz et al. (2016), Canpolat et al. (2004), An-
drade et al. (2007, 2009), Siddique et al. (2012), Abdul-

matin et al. (2018), Boonserm et al. (2012), Kim and Lee
(2011), Garcia-Lodeiro et al. (2016), Wongsa et al
(2016), Juric et al. (2006), Albitar et al. (2015), Aruntas
(2006), Ashish et al. (2018), Baspinar et al. (2014), Ca-
vusoglu et al. (2021), Dinelli et al. (1996), Verma et al.
(2016, 2019), Wang et al. (2016), Wu et al. (2014), and
Yost et al. (2013). In these studies, the effects of fly ash
material on the structural behavior of the structures
have been investigated and it has been concluded that fly
ash material has great effects on both the structural and
cost of the structures.

As seen from these studies, very few investigators
have examined the effects of various fly ash and coal bot-
tom ash ratios on the construction cost of structures in
the past. Besides, there are very few studies about the ef-
fects of various fly ash and coal bottom ash ratios on the
3D seismic behavior of hospital structural elements
(beams, columns) in the literature. For this reason, this
study is of great importance to overcome these gaps in
the literature.

2. Scope of the Study

In this study, the effects of different fly ash and bottom
ash ratios on the construction cost of structures are in-
vestigated in detail. For this aim, firstly, four various con-
crete beams with different fly ash and bottom ash ratios
are created in the laboratory (Karalar 2020). After pure
concrete is generated, fly ash and bottom ash are used
instead of aggregate in pure concrete. The fly ash ratios
used in pure concrete are 25%, 50%. Moreover, the bot-
tom ash ratio utilized in pure concrete is 75%. Then,
these beams are subjected to a bending test. The most
critical beam (concrete with 75% coal bottom ash) is
taken as a reference and the properties of this reference
concrete material are used for structural elements of a
hospital to examine the effects of coal bottom ash ratios
on the construction cost of RC hospital structures. For
this aim, the existing hospital building is modeled with
the mechanical properties of the 75% bottom ash substi-
tution and the carrier system has been reanalyzed, ex-
cept for the foundation system. Then, earthquake analy-
sisis performed and it is observed that the hospital struc-
ture is not damaged in the earthquake as dimensions of
the columns and beams in the hospital structure used
coal bottom ash added to the concrete are reduced. And
then, the cost has been compared between concrete with
75% bottom ash substitution and without bottom ash in
the current design. From this result, it is concluded that
as concrete with 75% coal bottom ash is used in hospital
structures, there will be a significant reduction in the
cost of hospital structures and this recycling will make a
significant contribution to the country's economy.

3. Preparation of the Reinforced Concrete Beams

In Zonguldak-Tiirkiye, coal is produced since the
1900s and this produced coal is sent to both other prov-
inces and countries. For this reason, a coal-fired thermal
power plant (Cates) was established in Zonguldak to
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turn coal into energy. The waste coal bottom ash pro-
duced in this coal-fired thermal power plant is released
to nature every day and causes great damage to nature.
Therefore, recycling of this coal bottom ash is of great
importance both for Tiirkiye's economy and the health
of people living located in the Zonguldak. In this study,
the contribution of the addition of coal bottom ash, which
is waste in nature, to the construction cost of hospital
structures is investigated both experimentally and nu-
merically. Experimentally, the concrete material is pre-
pared in the laboratory and 75% coal bottom ash ratio is
added instead of aggregate in the prepared concrete ma-
terials. Besides, 25% and 50% coal fly ash ratios are
added instead of aggregate in the concrete materials. As
a result of this experiment, 75% bottom ash ratio is de-
termined as the most critical ash ratio. Details of the con-
crete samples prepared in the laboratory are presented
in Table 1. As can be seen from Table 1, sample 1 repre-
sents pure concrete and other samples represent addi-
tive concretes. Coal bottom ash has been used in the con-
crete mix to replace aggregates of 0-5 mm grain size. De-
tails of the materials used in 4 different concrete beams
are presented in Table 2. Components in the cement and
weight per unit of components are presented in Table 3.

Table 1. Concrete samples for various bottom ash

ratios (Karalar 2020).

Sample number

Statement

1

Pure concrete

2 %25 fly ash
3 %50 fly ash
4 %75 bottom ash

Table 2. Components in the concrete samples and
weight per unit of components (Karalar 2020).

Components

Weight per unit of volume (%)

Portland Cement Clinker 45 - 64
Limestone 0-5
Gypsum 3-6
Calcium Oxide 0-5
Magnesium Oxide 0-5

Natural Pozzolan 36-55

Table 3. Components in the cement and weight per unit of components (Karalar 2020).

Material Reference (kg) 75% Bottom ash (kg) 25% Fly ash (kg) 50% Fly ash (kg)
Cement 9.0 9.0 6,75 4,500
Water 4.77 4.77 4.77 4.77

Fly ash 0.0 0.0 1,294 2,588

Bottom ash 0.0 11,312 11,312 11,312

0-5 mm aggregate 23.1450 5.7854 5.7854 5.7854
5-15 mm aggregate 12.7320 12.7320 12.7320 12.7320
15-25 mm aggregate 21.9900 21.9900 21.9900 21.9900
Chemical admixture 0.1200 0.1200 0.1200 0.1200
Unit weight of concrete 71.7570 65.7107 64,755 63,799

For the reinforced concrete samples, bottom ash is
obtained from Zonguldak coal-fired thermal power plant
and added to the concrete materials. The capacity of this
coal-fired thermal power plant is 2x150 MW. Approxi-
mately 1.500.000 tons of coal is burned annually in this
factory. At the end of this burning process, tons of ash are

formed annually. 4 different concrete sample mixes are
mixed in the concrete mixer and the concrete con-
sistency is adjusted. Concrete samples were placed in
cube molds in the laboratory and kept in water for 28
days (Fig. 1).

Fig. 1. Preparation of concrete samples in the laboratory (Karalar 2020).
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Fig. 2 shows that how concrete beams and beam
molds are prepared in the laboratory. 4 different rein-
forced concrete beam molds are prepared in a private
laboratory. The dimensions of the 4 different beam
molds are equal and the beam mold dimensions are 300
x400x 2000 mm. Total of 10 different stirrups are used
in concrete beams and the distances between stirrups
are 200 mm. Besides, the diameter of stirrups is 8 mm. 2
compression reinforcements are placed on the concrete

beams to ensure stirrup connections. These compres-
sion reinforcement bars have a diameter of 12 mm. In
addition, 3 tension reinforcements are placed at the
bottom of the beam molds and the diameter of these
tension bars is 12 mm. After a total of 4 different beams
are prepared in the laboratory, a total of 28 days are
waited for the concrete to reach the desired hardness,
and after 28 days, the beam molds are removed (Karalar
2020).

Fig. 2. Preparation of molds for concrete beams (Karalar 2020).

4. Experimental Test Set-up and Results

Used devices for crack and flexure analyses of con-
crete beams are shown in Fig.3. Four different RCBs pre-
pared in the special laboratory are subjected to flexure
and crack tests. Flexure and crack test results for all
beams are presented in Fig. 3. According to Fig. 3, the
maximum crack width for pure concrete is 3.17 cm. Be-
sides, the maximum distance between the vertical cracks
was 15 cm in the reference concrete beam. In Fig. 3, the
flexure and crack test results of the beam prepared by
adding 75% coal bottom ash into concrete instead of ag-
gregate are presented. According to Fig. 3, the maximum
crack width is 2.82 cm and the maximum crack length is
39 cm. From this result, it is seen that when coal bottom

@ B
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Roflers

Concrete Beagp __Concave Rolle
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ash is added to the concrete, the crack width and crack
length decrease. Furthermore, the maximum crack
width on the beam is 3.16 cm and the maximum crack
length is 32 cm. In Fig. 3, test results of the beam pre-
pared by adding 50% coal fly ash to the aggregate in the
concrete are presented. If 50% of coal fly ash is added
instead of aggregate in the concrete inside the beam, the
maximum crack width is 3.38 cm and the maximum
crack length is 24 cm. It is clear from these results that
the most critical threshold value for four different ash ra-
tios used instead of aggregate in concrete is 75% coal
bottom ash ratio. From this result, it is concluded that
using 75% coal bottom ash ratio in reinforced concrete
structures may cause less damage in the RC structures
(Karalar 2020).

) #Pure Concrete

Sy R

Fig. 3. Crack and flexure behavior of reference concrete beam: (a) Static testing apparatus; (b)Pure concrete;
(c) 75% Bottom ash; (d) 25% Fly ash; (e) 50% Fly ash (Karalar 2020).
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5. 3D Earthquake Analysis Results

This section, it is aimed to investigate the effects of
the 75% bottom ash ratio in the concrete on the 3D
seismic behavior of hospital buildings. For this aim, a
10 story hospital structure is selected for 3D modeling

and this building is modeled as 3D using SAP2000 soft-
ware based on the finite element method (Carhoglu
2022). The hospital building was built in Ankara. The
general view of Ankara Bilkent city hospital used in 3D
analyzes is presented in Fig. 4. 3D model of the building
is shown in Fig. 5.

Fig. 5. View of 3D model of the hospital building.

Table 4. Mechanical properties of various earthquakes.

Earthquake record station d (km) PGA PGV Ap/Vp TPV TP
1999 Chi-Chi Earthquake 1 17.8 0.17 59 2.83 6.5 6.0
1999 Chi-Chi Earthquake 2 18.1 0.25 46 5.33 1.4 1.3
1979 Imperial Valley Earthquake 1 0.5 0.30 91 3.23 3.0 3.1
1979 Imperial Valley Earthquake 2 0.6 0.46 109 4.14 3.2 3.8
1979 Imperial Valley Earthquake 3 1.0 0.38 91 4.10 3.4 3.9
1995 Kobe Earthquake 0.6 0.60 74 7.95 0.8 1.4
1989 Loma Prieta Earthquake 5.1 0.48 45 10.46 0.8 0.7
1986 North Palm Spring Earthquake 8.2 0.59 73 7.93 1.1 1.4
1994 Northridge Earthquake 1 7.1 0.45 93 4.75 2.0 3.2
1994 Northridge Earthquake 2 7.1 0.33 67 4.83 1.8 1.9
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3D earthquake analysis results are shown in Table 5.
As Table 5 is examined, the earthquake analysis results
for the current situation of the structure and the earth-
quake analysis results for the coal bottom ash added sit-
uation of the RC structure are presented separately. 3D
earthquake analyses are performed under 10 different
earthquakes. According to 10 different earthquake anal-
ysis results, no damage is obtained in the structural ele-
ments for the current situation of the building. From this
result, it is concluded that the existing bearing columns
and beams are sized appropriately for these earthquakes.
Besides, provided that the dimensions of the existing
bearing elements of the structure remain constant, it has
been observed that if 75% of the coal bottom ash is
added to the aggregate in the bearing elements of the
structure, no damage will occur for 10 different earth-
quakes. When the size of the columns and beams is re-
duced by 10% ratio for the structure with coal bottom
ash, there is no damage to the building for 10 different

earthquakes. No damage is observed in the structure for
10 different earthquakes in the case of reducing the di-
mensions of the carrier elements by 20%, 30%, 40% ra-
tios for the structure with coal bottom ash. However, if
the dimensions of the bearing elements for the coal bot-
tom ash added structure is reduced by 50% ratio, the
structure is damaged for the 1999 Chi-Chi earthquake,
1989 Loma Prieta earthquake, 1986 North Palm earth-
quake, 1994 Northridge earthquake. In this case, itis con-
cluded that the reduction ratio that should be taken as
reference is 40% ratio. From this result, it is concluded
that if 75% ratio of coal bottom ash is used instead of ag-
gregate in the structures, the carrying elements of the
structure can be reduced by 40% ratio, and if the carrier
elements are reduced by 40% ratio, the structure may re-
sist earthquakes. It is understood from this result that if
75% ratio of coal bottom ash waste material is used in
concrete material of RC structures, it will cause a signifi-
cant decrease in the cost of the building (Table 5).

Table 5. Earthquake analysis results for current situation and coal bottom ash added situation.

Current situation

Reduction ratio for structural elements
(beams and columns)

Earthquake of structure
10% 20% 30% 40% 50% 60%
1999 Chi-Chi Earthquake 1 + + + + + + =
1999 Chi-Chi Earthquake 2 + + + + + o -
1979 Imperial Valley Earthquake 1 + + + + + - s
1979 Imperial Valley Earthquake 2 + + + + + - s
1979 Imperial Valley Earthquake 3 + + + + + + -
1995 Kobe Earthquake + + + + + + -
1989 Loma Prieta Earthquake + + + + + + -
1986 North Palm Spring Earthquake + + + + + - 5
1994 Northridge Earthquake 1 + + + + + + -
1994 Northridge Earthquake 2 + + + + + - 5

6. Effects of the Construction Cost

For cost comparisons shown in this section of the
study, the analyses, unit prices and transport formulas
published by the Ministry of Environment, Urbanization
and Climate Change of Tiirkiye are used. Sand, crushed
stone and cement are brought from the closest mine and
factory to the construction site at a distance of 16 km and
160 km shown in Table 6 and 7. The bottom ash and fly
ash is brought from the Catalagzi Thermal Power Plant
at a distance of 70 km shown in Table 8, which is also
assumed that it will be taken free of charge except the
transportation fee. Tables 9 and 10 show the approxi-
mate unit costs of one cubic meter of reference concrete
and one cubic meter of concrete prepared using bottom
ash and fly ash, respectively. The cost comparison be-
tween bottom ash and fly ash used in cement mortar
and reference concrete for the current design can be
seen in Table 11 and the cost comparison between the
current design and the more economic design can be
seen in Table 12. The density of sand or crushed stone is

taken into account in calculations as 1.6 tons/m3 to con-
vert ton to m3.

Unit prices of plant-mixed concrete in Tables 9 and 10
are calculated using the construction unit prices and
analyses of the Ministry of Environment and Urbaniza-
tion of Tiirkiye. The calculated unit prices show approx-
imate market prices and may vary.

It has been seen in the laboratory experiments that
when bottom ash and fly ash with 150 kg cement is used
in cement mortal, much more compressive strength, and
much more flexural and tensile strength than the refer-
ence concrete with 300 kg cement in one cubic meter are
obtained. Also, of the unit weight is approximately 10 %
less than the reference concrete.

Firstly, in this case it is considered no change in the
sizes of load-bearing structural elements in the current
design shown in Table 11, it is compared the structure
costs when using reference concrete or bottom ash and
fly ash in cement mortal. It is seen that the structure cost
when bottom ash and fly ash used in the concrete is ap-
proximately 10% less.
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Table 6. Transportation of 1 m3 of sand or crushed stone to the construction site.

Name of analysis: Sand or crushed stone transportation (m3)

Item/group # Entries Metric ~ Quantity I;Jr?éz S&T
19.100.2495 F=AxKx(0.0007 x M+0.01) x G 1.97
A Difficulty coefficient 1.00
G Density of sand and crushed stone ton/m3 1.60
10.110.1003 K: Motor vehicle carriage coefficient $ 58.10
M Transportation distance km 16.00
Loading, unloading and storing 3 0.80 0.517 0.41

*
La oD of 1 m3 of material.

*If the material on the construction site is available, 80% of the transportation cost will be paid.

Transportation and labor cost 2.38

Note: Density of cement is not taken into account in the calculation because no conversion is needed.

Table 7. Transportation of 1 ton of cement to the construction site.

Name of analysis: Cement transportation (ton)

. . . Unit Sum
Item/group # Entries Metric Quantity T $)
19.100.2495 F=AxKx(0.0007 x M+0.01) 7.09
A Difficulty coefficient 1.00
10.110.1003 K: Motor vel}lc.le carriage $ 58.10
coefficient
M Transportation distance km 160.00
15.100.1001* Loading, unloading and ton 050 2797 140
stowing of 1 ton of cement
* Loading fee is deducted for ex-factory materials
*If the loading is done at the factory, half of the unit price will be deducted.
Transportation and labor cost 8.49

Note: Bottom ash and fly ash is brought from Catalagzi Thermal Power Plant and density of them is
not taken into account in the calculation because no conversion is needed.

Table 8. Transportation of 1 ton of bottom ash or fly ash to the construction site.

Name of analysis: Bottom ash or fly ash transportation (ton)

. . . Unit Sum
Item/group # Entries Metric  Quantity — %)
19.100.2495 F=AxKx(0.0007 x M+0.01) 3.43
A Difficulty coefficient 1.00
10.110.1003 K: Motor vel}lc.le carriage $ 58.10
coefficient
M Transportation distance km 70.00
Loading, unloading and storing 3 0.80 0.517 0.41

*
Lot of 1 m3 of material.

*If the material on the construction site is available, 80% of the transportation cost will be paid.
Transportation and labor cost 3.84
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Table 9. Unit price of 1 m3 of plant-mixed reference concrete including transportation.

Item # Definition Metric Quantity Unit price S(l;r)n
Material (cement mortar):

10.130.1026 Sand m3 0.482 415 2.00
Sand transportation m3 0.482 2.38 1.15

10.130.1029 Crushed stone (up to 32 mm) m3 0.723 6.17 4.46
Crushed stone transportation m3 0.723 2.38 1.72

10.130.1204 Portland cement (bulk) ton 0.300 35.78 10.73
Portland cement transportation ton 0.300 8.49 2.55
10.130.9991 Water m3 0.159 1.23 0.20
10.300.2004 PlaS;‘;‘g‘:gg;;&fgifi‘ﬁi ;Egrtar kg 4.000 070 2.80

Labor:
Pumping and pouring:
19.100.1059 Hourb(’lr 38%"{ 2:p1‘g;’ym§gcnf3°/'}‘$§:)e plant 4 00200 751 015
10.100.1015 Concrete master h 0.3000 3.06 0.92
10.100.1063 Expert laborer h 0.3000 2.39 0.72
10.100.1051 Driver h 0.6000 3.12 1.87
10.100.1055 Machine operator h 0.6000 3.59 2.16
10.100.1057 Assistant operator h 0.6000 2.95 1.77
10.160.1026 Diesel fuel kg 1.4250 0.89 1.27
10.160.1030 Electric power kWh  8.7500 0.12 1.01
10.100.1062 Unskilled construction worker h 5.0000 2.24 11.19
Compacting and protecting:
19.100.1033 Hourly rate of a concrete vibrator h 0.3125 4.23 1.32
10.130.9991 Water for curing m?3 0.5000 1.23 0.62
10.100.1015 Concrete master h 0.9375 3.06 2.87
Sampling and Laboratory Tests:

10.100.1060 Foreman h 0.3125 4.49 1.40
10.100.1062 Unskilled construction worker h 0.3125 2.24 0.70

Material and labor cost 53.58

10% contractor's profitand 15% overheads 13.39

Price perm3 66.97

In the another case it is considered the mechanical
properties of the bottom ash and fly ash mix and it is de-
signed the structure more economically. It is seen in Ta-
ble 12 that the cost difference increases significantly (ap-
proximately %25 less).

7. Conclusions

In this study, it has been investigated whether bottom
ash and fly ash thrown into nature as waste material
from a thermal power plant can be used in reinforced
concrete structures and if so, what its effect is on con-
struction costs. In the current design (built structure), the
cost of concrete used in the Load-bearing structural is
calculated as $3,614,078, and the cost of concrete with

bottom ash and fly ash mix in concrete is $3,230,033, so
the difference is $384,045 which will be approximately
10% less than the built structure. If the building had
been designed considering the mechanical properties of
the bottom ash and fly ash, then the cost difference would
have been $923,939 (3,614,078-2,690,134), which is ap-
proximately 25% less. This is because the increase in
strength allows the sizes of load carrying elements to be
designed more economically. The fly ash market is esti-
mated to generate 11,371 Million US Dollars in revenue
in the United States by 2026 (Transparency Market Re-
search 2019). Tiirkiye produced 95 Million cubic meters
of ready-mixed concrete in 2020 according to Turkish
Ready-Mixed Concrete Association (2020) and according
to Tirkiye Statistical Institute in the year of 2018 data,
22,861,242 cubic meters of coal waste (fly ash, bottom
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ash and boiler slag) from power plants was disposed
(TURKSTAT 2019). If bottom ash and fly ash had been
used in approximately ten Million cubic meters of con-
crete, 4.634 Million tons of bottom and fly ash (10 Million
*0.4634 ton/m3) would have been used and the cost dif-
ference in concrete would have been $56.9 Million US
Dollars (10 Million * $5.69). An-other important point is

that, by using bottom ash and fly ash, less electrical en-
ergy will be used for cement production and energy con-
sumption will be reduced considerably. In addition, it has
environmental benefits such as less greenhouse gas emis-
sions, less consumption of natural raw materials, less pol-
lution of nature, energy saving used in the storage of
waste and reduction the disposal costs.

Table 10. Unit price of 1 m3 of plant-mixed concrete with bottom ash and fly ash including transportation.

Item # Definition Metric Quantity Unit price S&T
Material (cement mortar):

10.130.1026 Sand m3 0.121 4.15 0.52
Sand transportation m3 0.121 2.38 0.30

10.130.1029 Crushed stone (up to 32 mm) m3 0.723 6.17 4.46
Crushed stone transportation m3 0.723 2.38 1.72

10.130.1204 Portland cement (bulk) ton 0.150 35.78 6.71
Portland cement transportation ton 0.150 8.49 1.59

N/A Fly ash ton 0.0863 0.00 0.00

Fly ash transportation ton 0.0863 3.84 0.72

N/A Bottom ash ton 0.3771 0.00 0.00
Bottom ash transportation ton 0.3771 4.80 0.90

10.130.9991 Water m3 0.1590 1.23 0.20
103002008 e onthejob 8 4000 070 260

Labor:
Pumping and pouring:
19.100.1059 H"““H g(t)%if j:pi‘gi’ymggcnf;'}‘gjg’ plant 00200 751 045
10.100.1015 Concrete master h 0.3000 3.06 0.92
10.100.1063 Expert laborer h 0.3000 2.39 0.72
10.100.1051 Driver h 0.6000 3.12 1.87
10.100.1055 Machine operator h 0.6000 3.59 2.16
10.100.1057 Assistant operator h 0.6000 2.95 1.77
10.160.1026 Diesel fuel kg 1.4250 0.89 1.27
10.160.1030 Electric power kWh  8.7500 0.12 1.01
10.100.1062 Unskilled construction worker h 5.0000 2.24 11.19
Compacting and protecting:
19.100.1033 Hourly rate of a concrete vibrator h 0.3125 4.23 1.32
10.130.9991 Water for curing m3 0.5000 1.23 0.62
10.100.1015 Concrete master h 0.9375 3.06 2.87
Sampling and Laboratory Tests:

10.100.1060 Foreman h 0.3125 4.49 1.40
10.100.1062 Unskilled construction worker h 0.3125 2.24 0.70
Material and labor cost 47.89
10% contractor's profit and 15% overheads 11.97
Price per m3 59.86
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Table 11. Cost comparison between bottom ash and fly ash used in cement mortar and reference concrete for the
current design.

Load-bearing Concrete Reference Concrete with
@l volume concrete  bottom ash & fly ash
elements - ($/m?) ($/m3)

Column 5,859.899
Beam 8,671.321
$66.97 $59.86
Slab 14,855.303
Foundation 24,576.039
Total 53,962.562 $3,614,078 $3,230,033
Difference $384,045

Table 12. Cost comparison between the current design and the more economic design.

Current design

Load-bearing

New design

R Concrete Reference Concrete Concrete with
structura volume concrete volume  bottom ash & fly ash
elements

m3 ($/m3) m? ($/m?)
Column 5,859.899 4,394.776
Beam 8,671.321 7,983.826
$66.97 $59.86
Slab 14,855.303 13,488.680
Foundation 24,576.039 19,075.541
Total 53,962.562 $3,614,078 44,942.824 $2,690,134
Difference $923,939
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The use of slurry-infiltrated fiber concrete (SIFCON) has been increasing in recent
years. SIFCON is a very good alternative, especially in structural reinforcement pro-
cesses. In this study, the effects of 2 different steel fibers of normal strength (3D) and
high strength (5D) with different geometry and strength properties and polyolefin
origin synthetic fiber are examined on the mechanical behavior and capillary water
permeability properties of SIFCON. Steel fibers were used in 2 different ratios by vol-
ume 4% and 8%, while polyolefin synthetic fiber was used at 4% by volume. The
bending strength and splitting tensile strength of SIFCON containing 5D steel fiber
are 46.47 MPa and 18.47 MPa, respectively, 4.9 and 2.1 times higher than plain con-
crete. In addition, the fracture energy of SIFCON containing 5D steel fiber is 20400
N/m, and it is 358 times higher than plain concrete, 1.6 and 3.1 times higher than
concrete containing the same amount of 3D fiber and polyolefin synthetic fiber, re-
spectively. The capillary water absorption of SIFCON, which contains 4% synthetic
fiber and 8% 3D steel fiber by volume, is 0.121 mm and 0.112 mm, respectively,
which is higher than all other mixtures in the study. As a result of the study, higher
splitting tensile strength, bending strength and fracture energy values were obtained
in concretes containing 5D steel fiber, which have high tensile strength and have bet-
ter adhesion to concrete due to its geometry. The use of synthetic fibers or high
amounts of steel fibers increased the permeability.
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1. Introduction

Slurry Impregnated Fiber Concrete (SIFCON) is a fi-
ber-reinforced cementitious composite in which steel or
synthetic fibers can be used separately or as a hybrid,
with very high tensile and flexural strengths, and can
reach extraordinary toughness values (Farnam et al.
2010; Ali and Riyadh 2018; Khamees etal. 2020; Mohan
et al. 2020). Its use in many areas such as precast prod-
ucts, elements exposed to impact and dynamic loads,
pavements, applications requiring heat resistance, re-
pair and reinforcement works, places that need protec-
tion against explosion and fire, and prestressed rein-
forced concrete beams has recently become wide-
spread. Depending on this situation, studies to deter-
mine the mechanical behavior, fire resistance, behavior

against dynamic loads, impact resistance for explosion
and ballistic effects, and durability to environmental ef-
fects of this special type of concrete are increasing day
by day (Lankard 1984; Schneider 1992; Tuyan and
Yazic1 2012; Rattan and Singh 2019; Soylu and Bingol
2019).

Steel fibers are widely used to improve the mechani-
cal properties of concrete. Apart from steel fibers, differ-
ent fibers such as polyolefin, polypropylene, polyeth-
ylene, nylon, glass, carbon and basalt fibers can be used
to improve the mechanical properties of concrete
(Topcu and Canbaz 2007; Sun et al. 2018; Yildizel 2018;
Akcay and Ozsar 2019).

Ipek et al. (2019) in their study to examine the me-
chanical properties of SIFCON, they filled 1/3, 2/3 and
3/3 of the beam molds with fibers. The highest flexural
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strength values were reached in the samples using
60mm and 35mm long steel fibers together and in com-
bination of 60mm steel fiber and 50mm polypropylene
fiber. Flexural strength values are 44.02MPa and
41.23MPa, respectively. It has been determined that
steel and polypropylene fibers are effective in improving
the mechanical properties of SIFCON, however, since
polypropylene fiber is lighter and its cost is lower than
compared to steel fiber, it can provide significant ad-
vantages in terms of unit weight and cost.

In their study, Canbaz and Uniivar (2016) investi-
gated the properties of SIFCON produced with different
fibers and binders. Polypropylene fibers and two differ-
ent lengths of steel fiber were used to investigate the ef-
fect of the fiber. Portland cement, fly ash, pozzolanic ce-
ment, and calcium aluminate cement were used as bind-
ers. The effects of fiber type and binder on the test re-
sults were determined by performing unit weight, ultra-
sonic pulse velocity, bending strength, compressive
strength, and water absorption tests on the produced
samples. It has been observed that the binder type af-
fects the SIFCON properties. It has been evaluated that
the use of steel fiber is more suitable than polypropylene
fiber as it improves mechanical properties. It has been
determined that macro-sized steel fibers are more effec-
tive in improving mechanical properties.

In his study, Al-Mashhadani (2021) produced SIFCON
samples with five different fiber types. It was deter-
mined that the steel fiber samples gave better flexural
strength results compared to the samples reinforced
with other fiber types. In addition, when high tempera-
ture is applied to the samples, less strength losses oc-
curred in steel fiber reinforced samples compared to
other fibrous samples.

Yazici et al. (2010) investigated the effects of mineral
additives such as Class C fly ash and ground granulated
blast furnace slag on the mechanical properties of
SIFCON concrete. In addition, they also examined the ef-
fects of steel fiber alignment on SIFCON. The test results
showed that the use of mineral additives positively af-
fects the mechanical properties of SIFCON and that the
alignment of the steel fibers is an important factor in ob-
taining superior performance.

Yalcinkaya et al. (2014) in their study on SIFCON,
stated that many parameters such as fiber type and ge-
ometry, curing conditions, properties of the fiber-matrix
interface, and matrix strength affect fiber-matrix bond
properties. They stated that this bond can be strength-
ened with mineral additives such as metakaolin. In their
study, they determined that the use of metakaolin im-
proved compressive strength and fiber-matrix bond
properties. They also determined that hooked fiber per-
forms better than straight fiber.

In his study, Sengul (2018) used hybrid steel fibers re-
covered from scrap tires to produce SIFCON. The com-
pressive strength, bending strength, and splitting tensile
strength of the samples were determined. In addition,
the load-displacement curves of the samples were also
obtained. The test results showed that the flexural
strength and toughness increased as the fiber content in-
creased and the waste steel fibers could be used success-
fully in SIFCON.

Numerous studies have been carried out in the litera-
ture on the use of 3D, 4D and 5D steel fibers in concrete
(Gao etal. 2021; Ding et al. 2022). Abdallah et al. (2016)
investigated the fracture behavior of concretes with dif-
ferent water/cement ratios containing 3D, 4D and 5D fi-
bers. The results showed that the pull-out load and total
pull-out work of mixtures containing 5D fiber were
greatly higher than mixtures containing 3D and 4D fi-
bers. In addition, at lower water/cement ratios, the per-
formance of the fibers is much better. Chen et al. (2022)
investigated the flexural strength properties of con-
cretes in different strength classes containing varying
amounts of 3D, 4D, and 5D steel fibers. The results
showed that increased fiber dosage and the number of
hooked ends were effective in improving the flexural
tensile behavior of concrete beams in general, especially
high-strength concrete beams. Venkateshwaran et al.
(2018) obtained stress versus crack-mouth-opening and
displacement curves of 69 different specimens with mul-
tiple hook tip geometry by 3-point bending test. Based
on the test results, empirical models were established to
determine residual flexural stresses through multiple re-
gression analysis. The results show that residual flexural
strengths were found to be proportional to the square
root of the concrete compressive strength and the
square of the number of hooks at the fiber ends.

Guler and Akbulut (2022) used single-hooked 3D fi-
ber and multi-hooked 4D and 5D steel fibers to evaluate
the performance of the fibers at room conditions and af-
ter high-temperature effects. As a result of the study
highest residual compressive, bending, and residual
toughness capacity after high- temperature effect were
obtained in the samples using 5D steel fiber.

Studies comparing the performance of steel fibers
with polyolefin fibers are also available in the literature
(Tagnit-Hamou et al. 2005; Alberti et al. 2014; En-
fedaque etal. 2021). In the studies, the mechanical prop-
erties and fracture energies of concretes containing steel
fiber were higher than concretes containing polyolefin
fiber. However, due to the fact that polyolefin fibers are
lighter and have less corrosion risk, it is recommended
in some studies to use them in concrete as a hybrid with
steel fibers (Alberti et al. 2015).

The main aim of this study is to determine the effect
of fibers with different geometry and tensile strength on
the mechanical behavior and permeability properties of
SIFCON. In this context, compressive strength, splitting
tensile strength, bending strength, and capillary water
absorption tests were performed on the samples. In ad-
dition, load-displacement curves of all samples were ob-
tained to determine the fracture energies.

2. Experimental Study

In the study, various SIFCON concrete mixtures were
prepared in the laboratory by using different types of
steel fibers and macro synthetic fibers. Compressive
strength, splitting tensile strength, and bending strength
tests were carried out to determine some mechanical
properties of SIFCON concrete on cube and beam sam-
ples of the prepared concrete mixtures. In addition, the
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fracture energy values of all concrete mixtures were de-
termined. For the permeability properties of concrete
samples, capillary water absorption tests were carried
out. Thus, the effect of fiber type on the mechanical be-
havior and permeability properties of SIFCON concrete
was evaluated by making performance-based compari-
sons.

2.1. Materials and mix proportions
2.1.1. Cement and aggregates

CEM I 42.5 R type portland cement was used in the
study. The aggregate used is a silica-based aggregate
with a maximum size of 1 mm. In high-performance con-
crete, aggregates with silica and quartz properties are
frequently preferred because they are stiffness, clean,
and highly durable. In this study, the siliceous aggregate
was also preferred for its high strength and stiffness.
Some physical and chemical properties of cement and
silica aggregate used in the study are given in Table 1.
The particle size distribution of siliceous aggregate is
presented in Table 2.

2.1.2. Steel and synthetic fibers

In the mixtures, 2 different steel fibers with normal
and high strength and 1 polyolefin origin synthetic fiber
were used. Some properties of these fibers are given in
Table 3.

The water/cement ratio was kept constant as 0.27 in
all SIFCON mixtures. One of the steel fibers used in the
mixtures is of normal strength and has a tensile strength
of 1100 MPa and the other is high strength and has a ten-
sile strength of 2250 MPa. The polyolefin fiber has a ten-
sile strength of 590 MPa. All fibers were used in the same
proportion (4%) by volume in concrete mixtures, and
314 kg/m3 for steel fibers and 36.4 kg/m3 for polyolefin
synthetic fiber. Siliceous aggregate was used in all mix-
tures and the maximum particle size is 1 mm. The super-
plasticizer additive is a high-range water reducer and
was used at a rate of 3% by weight to the total binder in
all mixtures. It was used the slurry in a flowing con-
sistency with a diameter of 750 mm in all mixtures. The
amounts of materials for the concrete mixes were given
in Table 4.

Table 1. Properties of cement and siliceous aggregate.

Cement Siliceous aggregate
(0-1 mm)
Si02 (%) 20.1 98.1
Ca0 (%) 63.5 0.3
S03 (%) 2.7 0.2
AL203 (%) 4.2 0.7
Fe203 (%) 3.2 0.3
MgO (%) 1.3 0.02
Naz0 (%) 0.9 0.01
K20 (%) 0.2 0.04
Specific gravity (gr/cm3) 3.16 2.62
Specific surface area (cm?/gr) 3892
Chloride (CI) 0.003 0.010
Activity index, 7 days (%) -
Loss on ignition (%) 3.4 0.2
Particle ratio (<0,045 mm) % -
Insoluble residue (%) 0.4

Table 2. Particle size distribution (%)
of siliceous aggregate.

Sieve size Siliceous aggregate
(hm) (0-1 mm)
+1600 -

1000-1600 0.5
710-1000 4.2
500-710 12.6
355-500 25.2
250-355 32.5
180-250 20.8
125-180 3.1
90-125 0.7
63-90 0.3
0-63 0.1

Table 3. Properties of steel and polyolefin fibers.

Normal strength High strength Polyolefin

steel fiber steel fiber fiber
Length (mm) 60 60 50
Diameter (mm) 0.75 0.75 0.50
Aspect ratio 80 80 100
Density (kg/m3) 7850 7850 910
Modulus of elasticity (MPa) 210000 210000 11000
Tensile strength (MPa) 1100 2250 590
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In the coding of the mixtures, it was named as plain
concrete mixture (REF), mixture containing normal
strength steel fiber (3DSF-4), mixture for high strength
steel fiber (5DSF-4) and mixture containing polyolefin
(PE-4). In addition, a mixture (3DSF-8) containing 628

kg/m3 (8% by volume) normal strength steel fiber was
also prepared to determine the effects of the increase in
fiber content on the SIFCON properties. All specimens
were taken from the mold after 24 hours and kept in a
water-filled curing tank until the test day.

Table 4. Materials used in concrete mixtures.

REF 3DSF-4 5DSF-4 PE-4 3DSF-8

Cement (kg/m?) 1000 1000 1000 1000 1000
Silica fume (kg/m?) 250 250 250 250 250
Siliceous powder (0-1 mm) (kg/m?) 820 820 820 820 820
Water (kg/m?) 270 270 270 270 270
Superplasticizer (kg/m?) 30 30 30 30 30
Normal strength steel fiber - 314 - - 628
High strength steel fiber - - 314 - -
Synthetic fiber - - - 36.4 -
Water/Cement 0.27 0.27 0.27 0.27 0.27
Water/Binder 0.22 0.22 0.22 0.22 0.22
Unit Weight (kg/m3) 2370 2684 2684 2406 2998

Steel fibers used in the study were produced in ac-
cordance with EN 14899-1 standard. The hooked ends in
all steel fibers ensure the desired fiber is pulled out. This
is the mechanism that actually produces the known con-
crete ductility and post-crack strength. In the high-
strength fiber apart from the normal strength fiber, the
hook ends are shaped to form the perfect anchorage with
the concrete, where the pull-out mechanism from the

Brraan (M)

Sarmin (]

000 109 200 30D 400 50 [(f= =] T A

concrete is replaced by the elongation of the fiber. The
tensile strength of a steel fiber has to increase in parallel
with the strength of its anchorage. Otherwise, if the
strength of the anchor is increased and the tensile
strength of the steel fibers is not sufficient, the steel fi-
bers will fracture. The geometry and strength of normal
and high-strength steel fibers used in the study are given
in Fig. 1 (Bekaert 2021).

tn
=

3D

Fig. 1. Geometry and strength of normal and high-strength steel fibers (Bekaert 2021).

2.2. Specimen preparation

In the preparation of the mixtures, first of all, dry ce-
ment, silica fume and silica powder aggregate were
mixed for 30 seconds. 3/4 of the mixing water was added

to the dry materials and mixed for 1 minute. Afterwards,
the remaining water and the superplasticizer chemical
additive, which has a very high water reducing feature,
were mixed in a container and added to the mixture.
Thus, a more homogeneous distribution of the chemical
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additive was ensured and the dry materials are pre-
vented from absorbing the water of the superplasticizer
additive and reducing its effectiveness. The active in-
gredient ratio of the superplasticizer used in the study
was 30%, and 70% water amount was used in calculat-
ing the water/cement and water/binder ratios. There-
fore, the water/cement ratio in the mixtures was 0.27
and the water/binder ratio was 0.22. Schematic flow di-
agram of SIFCON is given Fig. 2. Finally, the fibers used

in the study were placed in the molds in determined
amounts and the prepared slurry was poured into the
steel molds (Fig. 3). Within the scope of the study, com-
pressive strength, splitting tensile strength, and capil-
lary water absorption tests were performed on the
samples. In addition, the 3-point bending test was ap-
plied to the samples, and the bending strength and frac-
ture energy test results of the samples were also deter-
mined.

Cement

Silica fiime

Silica sand

+

Dry mixing

.

Water

Wet mix.

Superplasticizer

!

Transport container

Preparing the moulds

Pouring th

e shary

Placing fibers to the moulds

J

Demoulding and water cured

Mechanical and permeability tests

Fig. 2. Schematic flow diagram of water cured SIFCON.

Fig. 3. Preparation of test samples.

In the study, 6 pieces of 100*100*500 mm prism spec-
imens were prepared for bending tests in each SIFCON
mixture, and after bending tests compressive strength
and splitting tensile strength tests were performed on
the remaining specimens at 100*100 mm? cross section.
In addition, capillary water absorption tests were also
carried out on some beam samples.

2.3. Fracture test procedure

3-point bending tests were performed on plain con-
crete samples and fiber-containing SIFCON samples. The
beam samples used in the tests are 100x100x500 mm in
size and the test setup is given in Figure 3. In order for
the loading to be controlled, the displacement velocity is
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lower in plain concrete and 0.01 mm/min is used. The
displacement velocity of the samples containing steel fi-
ber and synthetic fiber was chosen as 0.0175 mm/min
up to 0.5 mm deflection and then 0.1 mm/min higher un-
til 10 mm deflection. In order to ensure that the fracture
occurs in the desired cross-section in all beam speci-
mens, notches were created in the middle of the speci-
mens by using a diamond saw, corresponding to 40% of
the beam depth. Thus, beam samples with an effective
cross-sectional area of 100x60 mm were obtained.
Deviations in the middle of the beam were deter-
mined using two Linear Variable Displacement Trans-
ducers (LVDT) and the average of both measurements

LP

was taken. The load-deflection curves of both plain and
fiber-containing SIFCON concrete beam samples were
determined by 3-point loading tests. Crack opening dis-
placement (CMOD) was used as a feedback variable for
stable crack formation in the samples. All samples were
tested in a 200 kN capacity displacement-controlled test
device. In this study, the equation given below, proposed
by RILEM TC-50-FMC, was used to determine the frac-
ture energy. The fracture energies of all samples were
determined by calculating the areas under the load-dis-
placement curve. Test setup and test images are given in
Figs. 4 and 5, respectively.

= 60 mm

40 mm

—

$=400 ram | LVDT

b=100mm

30 mm
f 500 smum

50 mm

Fig. 4. Setup of the three point bending test.

Fig. 5. Displacement controlled loading test device and bending test images.

Wo +mg%65
B(D-a) (1)

where, m, L, S, a and D are the mass, length, span, notch
depth, width of the beam, respectively. Woyis the area un-
der the load-mid span deflection curve, g is the gravita-
tional acceleration and &, specified deflection of the
beam (i.e. 10 mm).

The characteristic length (Ix) was used for the ductil-
ity of the samples. This value was calculated using the
formula proposed by Hiilerborg et al. (1976). However,
in this study, splitting tensile strength values were used
instead of direct tensile strength. In the equation, the
modulus of elasticity was denoted by E, the fracture en-
ergy by GF, and the splitting tensile strength ft.

EGF
len = Goz (2)

3. Tests Results and Discussion
3.1. Compressive strength

Compressive strength tests were carried out on cube
samples with a side of 100 mm obtained from the sam-
ples remaining after the bending test from 100*100*500
mm beam specimens. All compressive strength tests
were carried out according to EN 12390-3 standard. The
results of the compressive strength tests applied to the
samples as well as other mechanical behavior and per-
meability test results are given in Table 5.

When the compressive strength test results were ex-
amined, a small increase was observed in the compres-
sive strength of the containing steel fiber SIFCON sam-
ples compared to the plain SIFCON samples without fi-
ber. The most critical result is that the compressive
strength of the samples using polyolefin based synthetic
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fiber is significantly lower than all other samples. When
polyolefin fibers are used in concrete at higher than cer-
tain ratios, they cause significant homogeneity prob-
lems. Even the very fluid mortar in the form of slurry
could not flow sufficiently and homogeneously between
the fibers. For this reason, the compressive strength of
SIFCON samples containing polyolefin fiber is signifi-
cantly lower than other all samples. While the compres-
sive strength of the plain concrete samples is 86.2 MPa,
the compressive strength of the samples containing pol-
yolefin fiber is 66.6 MPa, and a 23% loss in compressive
strength is observed with the use of synthetic fiber com-

pared to plain samples. Similarly, in a study, the com-
pressive strength of concrete decreases with the use of
polyolefin fibers (Alberti et al. 2014). Since polyolefin fi-
bers were used much more in SIFCON than in conven-
tional fiber reinforced concrete, the decrease in com-
pressive strength occurred more radically. It was ob-
served that the compressive strength of the samples con-
taining steel fiber increased between 1.07 and 1.14 times
compared to the plain concrete samples. When polyole-
fin fibers are used in high amounts, the strength de-
creases as it becomes difficult for the slurry to flow ho-
mogeneously between the fibers.

Table 5. Mechanical and permeability properties of plain and fiber reinforced SIFCON concretes.

Splitting tensile

Flexural

Capillary water

swongi (aps)  SUengh swengh TR Gy sbsorton
REF 86.2 8.92 9.51 57 32 0.059
3DSF-4 98.2 17.20 36.41 12448 1945 0.083
5DSF-4 96.4 18.47 46.47 20438 2750 0.091
3DSF-8 92.1 15.29 39.46 17523 3389 0.112
PE-4 66.6 10.19 13.87 6558 2559 0.121

The modulus of elasticity is determined according to the ACI 318-14 (2014).

Coefficient of variation (C.0.V.) ranges from 1.6 % to 5.1%

3.2. Flexural and splitting tensile strength

Flexural strength tests were performed on
100*100*500 mm beam samples according to RILEM-
TC-50-FCM. Then, the splitting tensile strength tests
were carried out on the specimens remaining from the
bending tests at an effective cross-sectional area of
100*100 mm? according to EN 12390-6 standard.

When the flexural strength and split tensile strength
test results were examined, it was determined that there
were significant increases in flexural and splitting
strength in all of the fiber-containing SIFCON concrete
samples compared to the plain samples. The highest
bending and splitting strength values were obtained in
SIFCON samples containing 5D type steel fiber, which
has better adhesion to concrete and high strength. 3D
steel fibers with normal strength and weaker adhesion
to concrete due to their geometry have lower bending
and splitting strength than samples containing 5D fibers,
even when used two times by volume. As a result, it is
understood that fiber strength and geometry signifi-
cantly affect the bending and splitting tensile strength of
SIFCON concrete.

Among the fibrous SIFCON samples, the lowest bend-
ing strength and splitting tensile strength were obtained
in SIFCON samples containing polyolefin fiber. Polyolefin
fibers prevent the flowable slurry from pouring com-
pletely into the molds and homogeneously dispersed. For
this reason, although itincreases the bending and splitting
tensile strength compared to plain SIFCON samples, their
bending and splitting tensile strength is much lower than

SIFCON samples containing the same amount of steel fiber
by volume. The use of polyolefin fibers in SIFCON con-
crete, even at 4% by volume, causes significant homoge-
neity problems. The images of some SIFCON samples con-
taining steel fiber and synthetic fiber after bending test
are given in Fig. 6. [twas observed that the splitting tensile
strength of the samples containing steel fiber increased
between 1.71 and 2.07 times compared to the plain con-
crete samples. The increase in the samples containing pol-
yolefin fiber was 1.14 times. In addition, It was deter-
mined that the flexural strength of the samples contain-
ing steel fiber increased between 3.83 and 4.89 times
compared to the plain concrete samples. The increase in
the samples containing polyolefin fiber was 1.46 times.

3.3. Fracture energy

The load-displacement curves of all fibrous and plain
SIFCON samples produced in the study are given in Fig.
7. The highest fracture energy values were obtained in
SIFCON samples containing 5D type steel fiber with high
tensile strength, similar to the bending and splitting ten-
sile strength test results. 3D steel fibers with normal
strength and poorer adhesion to concrete compared to
5D fibers due to their geometry have lower fracture en-
ergy than samples containing 5D fibers, even if doubled
in volume. As a result, it has been understood that fiber
strength and geometry significantly affect the fracture
energy of SIFCON concrete.

All fibers significantly increased the fracture energy of
SIFCON concrete compared to plain concrete. It was ob-
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served that the fracture energy of the samples containing
4% steel fiber increased between 218 and 358 times
compared to the plain concrete samples. However, when
the fiber-containing SIFCON concretes are evaluated
within themselves, the lowestincreases were observed in
the SIFCON samples containing polyolefin fiber. This re-

sult is due to the inability of the liquid slurry to penetrate
the network between the polyolefin fibers. However,
samples containing polyolefin fibers have much higher
fracture energy than plain concrete. By using 4% polyole-
fin fiber by volume, 115 times higher fracture energy val-
ues were obtained compared to plain SIFCON samples.

Fig. 6. Images of some SIFCON samples containing steel fiber and synthetic fiber after bending test.
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Fig. 7. Load versus displacement curves of SIFCON concrete series.

There are many studies in the literature on the use
of 3D, 4D, and 5D steel fibers in concrete. The common
result of all these studies is that the splitting strength,
bending strength, and fracture energy values of con-
cretes containing 5D-type high-strength steel fibers are
much higher compared to concretes containing 3D and
4D-type steel fibers. This situation was associated with
the hook-end geometries and high tensile strength of

the 5D fibers, which provide better adhesion to con-
crete (Abdullah et al. 2018; Lee et al. 2019; Kizilirmak
etal. 2019). The results of this study, similar to all other
studies in the literature, also show that when 5D steel
fibers are used in SIFCON, there is a significant im-
provement in all mechanical properties, especially in
fracture energies, compared to the use of 3D steel fi-
bers.
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3.4. Capillary water absorption

Capillary water absorption tests were performed on
the samples remaining from the bending tests. Capillary
water absorption tests were carried out according to
ASTM C1585-20 (2020) standard and the amount of wa-
ter absorbed by the capillary way was determined after
6 hours.

When the fibers are used in low volume ratios in con-
crete, there is no significant effect on the capillary water
absorption of the concrete (Frazao etal. 2015). However,
the fibers used above certain ratios may prevent the ho-
mogeneous distribution of the concrete. For this reason,
capillary water absorption values may increase (Atis and
Karahan 2009). In this study, capillary water absorption
values of all fiber reinforced SIFCON samples are higher
than plain samples. It was determined that the capillary
water absorption of the samples containing steel fiber
increased between 1.41 and 1.90 times compared to the
plain concrete samples. In the use of fiber, the diameter
and amount of the gaps increase due to the problem that
the concrete cannot flow sufficiently between the fiber
networks. As a result, this situation increases the capil-
lary water absorption value of the fiber-containing
SIFCON samples. When the fiber-containing samples are
evaluated among themselves, the capillary water ab-
sorption of the samples containing 8% by volume of 3D
type steel fiber and the samples containing polyolefin is
significantly higher than others. High steel fiber content
or using polyolefin fiber notably increases capillary wa-
ter absorption.

4., Conclusions

The results of the study can be summarized as fol-
lows:

e The compressive strength of the SIFCON samples in-
creased slightly with the addition of steel fiber com-
pared to the plain mixtures. However, the compres-
sive strength of SIFCON samples containing synthetic
fiber is significantly lower than plain SIFCON samples.
This result is explained by the inability of the cement
slurry to flow sufficiently and homogeneously into the
polyolefin synthetic fiber network.

e When the splitting tensile and bending strengths of
SIFCON samples are examined, the strength of all
SIFCON samples increases with the use of steel fiber
and synthetic fiber compared to plain samples. The
highest splitting tensile strength and bending
strength values were obtained in the samples using
5D type steel fibers with high strength and better ad-
herence to concrete with their geometry.

o Fracture energies of SIFCON samples using steel fiber
and synthetic fiber are significantly higher compared
to plain SIFCON samples. Similar to the bending and
splitting strength test results, the highest values in
fracture energy values were obtained in the samples
using 5D type high-strength steel fiber. Even when 5D
type steel fibers are used in half the weight of normal
strength 3D type fibers, higher results were obtained

in all mechanical strengths and fracture energy val-
ues. Thus, it is understood that fiber strength and ge-
ometry significantly affect the mechanical behavior.
The characteristic length, which is an indicator of duc-
tility, also increases significantly with the use of fiber.
e Capillary water absorption values of SIFCON samples
containing fiber are higher than plain samples. This
result is explained by the fact that the fibers prevent
the homogeneous distribution of the slurry. Capillary
water absorption values increase significantly in mix-
tures containing 8% fiber, where the amount of nor-
mal strength steel fibers is very high. This shows that
the use of steel fibers more than certain ratios can in-
crease permeability. It is possible to obtain SIFCON
concrete with the desired mechanical properties and
low permeability by using less amount high-strength
steel fibers instead of using a high amount of normal-
strength steel fibers. Again, it is understood that poly-
olefin synthetic fibers cause problems in the flow of
the slurry between the fiber network and significantly
increase the capillary water absorption values.
High-strength 5D steel fibers significantly improve
SIFCON mechanical properties compared to normal-
strength 3D steel fibers. However, 5D steel fibers are
more expensive. As a future recommendation, optimum
cost-benefit analysis should be done by increasing the
number of mixtures. By using the fibers in industrial
products other than the laboratory environment, the
properties expected from these products according to
the relevant standard may also be evaluated. For exam-
ple, its effects on ultimate load in infrastructure pipes,
punching strength in manholes or bending strength in
paving flags. In addition, the use of basalt and carbon fi-
bers with higher tensile strength other than polyolefin in
SIFCON should be considered. In this study, only macro-
size steel and synthetic fibers were used. Research can
be carried out in which micro and macro fibers are used
together as a hybrid. Other properties of fibrous SIFCON
samples such as fire performance can be examined.
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