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Abstract

This study presents the influence of hybrid fibers basalt (BF), steel (SF), and polypropylene (PP) on the rheological, mechanical
properties, and durability behavior of self-compacted concrete (SCC). Seven SCC mixes with varying fiber levels (0%, 0.05%,
0.1%, and 0.15%) and combination were cast. Mechanical properties such as compressive strength, splitting tensile strength,
and flexural strength were investigated after exposure to high temperatures (400 °C, and 600 °C) and 200 freeze-thaw (F/T)
cycles. The rheological properties of fresh self-compacting concrete (SCC) were investigated using slump flow and V-funnel
flow. Results showed a significant decrease in rheological properties of SCC with increase in fibers volume. The specimens'
compressive strength was shown to increase as the volume ratio of the fibers increased to 0.15%. The optimal fiber mixture
for SCC compressive strength was (BF-SF-PPF), which is approximately 18.5% more than the control specimen. The SCC groups,
which included fibers exposed to high temperatures and 200 freeze-thaw cycles, had mechanical properties that were higher
to those of the control group. The ability of concrete to absorb water was improved by the addition of fibers to SCC. The
ultrasonic pulse velocity UPV is improved more when specimens reinforced with double hybrid fibers (basalt and steel) are
used than when specimens reinforced with triple hybrid fibers.
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1. Introduction

Concrete is generally used extensively in reinforced structural
applications and consumption has been increasing due to the
population's rapid growth as well as its benefits, including
durability, and high
compressive strength, but the material's tensile strength, crack

component prices, availability,
resistance, and ductility are low, as they are for any brittle
material.['?] In concrete structure, the steel reinforcement has
increased in complexity and weight, which causes challenges

with concrete pouring, compacting, loss of workability, and a
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lack of long-term durability of concrete buildings.>#
Therefore, Self-compacting concrete (SCC) may be used
inreinforced concrete constructions because of its workability,
passing and filling capabilities, and resistance to segregation
and bleeding, without experiencing many of the problems that
come with utilizing conventional concrete. Japanese scientists
developed SCC to address issues with vibrated concrete (VC)
and to allow form filling through in the presence of crowded
steel reinforcement and complex formworks.>”! By increasing
productivity and offering higher quality and durability of
structural buildings, particularly in reinforced concrete
structures, SCC has revolutionized the field of concrete
technology. SCC enables for creative architectural ideas and
provides the structure with an excellent level of finish,
performance, and durability. Additionally, the efficacy on-site
may be improved by cutting down on labor expenses and
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construction time, reducing the use of compaction equipment,
and creating a secure environment for formwork.®°! The
fundamental components of self-compacted concrete are the
same as those of vibrated concrete (VC): coarse aggregate,
fine aggregate, cement, water, additives made of chemicals
and minerals, and fines.!*!13 The rheological features of self-
compacting concrete, which include resistance to segregation,
passing ability, and filling ability, are an obvious distinction
All of these
characteristics in their unhardened condition led to concrete

between it and conventional concrete.
that is stronger and more durable. Therefore, these qualities
are obtained by utilizing high range water reduction agents
(HRWR),
entraining admixtures (AEA), as well as increasing the fine

viscosity-modifying agents (VMA), and air
particles content.!'+!"]

In order to address common concrete issues including poor
tensile strength and ductility, the construction industry's fast
global expansion has created a demand for new forms of
enhanced quality concrete. Self-compacting concrete may be
made more effective and efficient by adding various types and
shapes of fibers. Fiber-reinforced self-compacting concrete
(FRSCC) is a novel building material that, in general,
combines the advantages of SCC with the advantages of
fibers.[¢-181 As stated by,[>!°?!l the addition of fibers to concrete
is a key factor in improving the engineering properties of
hardened concrete, including reducing crack width and
delaying its spread, preventing sudden failure, frost and fire
resistance, reducing shrinkage, increasing tensile and flexural
strength, improving ductility and stiffness, and improving the
bearing capacity for concrete structures. The size, type, length,
and orientation of the fibers, as well as the aspect ratio and
shape of the fiber ends and the surface roughness®?? all play
arole in how the fibers affect the fresh and hardened properties
of concrete. The characteristics of concrete with the addition
of various fiber types, including polypropylene fibers, carbon
fibers, glass fibers, basalt fibers, steel fibers, natural organic
fibers, and polyester fibers, have been the subject of several
research investigations.[-28%18.21.221 Hybrid fibers are created by
combining two or more different fiber types to create a
substance that combines the advantages of each fiber type
utilized separately. The performance of concrete is efficiently
and more beautifully improved by the hybridization of fibers
with various kinds, forms, and sizes. On the other hand, using
a certain type of fiber enhances concrete's characteristics on a
particular level. The management of cracks of various sizes
may be accomplished by hybrid fiber reinforced concrete
(HFRC).[1923.241 [n order to create a composite with superior
and more attractive qualities in both the fresh and hardened
stage, hybrid fiber reinforced self-compacting concrete
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(HFRSCC) combines the advantages of SCC with the
beneficial characteristics of fibers.[%%] investigated how basalt
and polypropylene fibers affected the
characteristics of high-performance concrete (HPC). 16 mixes
of single polypropylene fibers (0.0, 0.025, 0.033, and 0.042%),
single basalt fibers (0.0, 0.1, 0.15, and 0.2%), and hybrid fibers
in various ratios were utilized. Depending on the findings of

mechanical

the tests, HPC mixes including polypropylene or basalt fibers
increase stronger as the fiber ratio increases. As a result, as
compared to HPC mixes without fibers, the splitting tensile
and flexural strengths were dramatically increased by 48.6%
and 22.8%, respectively, while the compressive strength
increased by 14.1%. When 0.033% of the polypropylene fiber
and 0.15% of the basalt fiber combined, the synergy effect of
hybrid fibers was optimum.

Aslani and Nejadi?®! investigated how well steel and
polypropylene fiber additions affected the characteristics of
self-compacting concrete (SCC). In this investigation, four
SCC mixes were used, including one as a control and three
containing steel, polypropylene, and hybrid fibers. According
to the findings, the combinations displayed high homogeneity
and cohesion, and there were no signs of segregation or
considerable bleeding. The SCC mix containing hybrid fibers
exceeded the control, steel, and polypropylene SCC mixes in
terms of compressive strength and elasticity modulus,
respectively. On the other hand, steel fiber reinforced self-
compacting concrete had the maximum tensile strength. In
comparison to mixes without fibers, the addition of fibers in
SCC mixtures improved the rupture coefficient.

Afroughsabet Ozbakkaloglu®*
experimentally the mechanical and durability properties of

and examined
steel and polypropylene fiber-infused high-strength concrete.
Twelve different mixtures were used, including one that was
plain, one with 10% silica fume, four with different amounts
of hooked-end steel fibers (1.0, 0.75, 0.5%, and 0.25%), three
with different amounts of polypropylene fiber (0.45%, 0.3%,
and 0.15%), and three with hybrid fibers (steel and
polypropylene) at a total ratio of 1%. The results revealed that
adding steel fibers and polypropylene at different ratios
improved the mechanical characteristics of high-strength
concrete. Additionally, concrete's splitting tensile strength and
flexural strength both increased by 55% and 61%, respectively,
with the addition of 1% steel fiber. Additionally, a combination
of 0.15% polypropylene and 0.85% steel had the maximum
compressive strength of 97.5 MPa.

Akcay and Tasdemir®” investigated different ratios of the
three types of steel fibers (1.5 and 0.75% of the total volume
of concrete). Test findings revealed that the insertion of steel
fibers had reduced SCC's workability, with the shape of the
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fibers serving as the major determining factor. Additionally,
concrete's flexural strengths increased when high strength
steel fibers were utilized, but the material's splitting tensile
strength remained unaffected.

Tabatabaeian et al.?®! investigated how hybrid fibers
affected the
characteristics of high-strength self-compacted concrete.

rheological, mechanical, and durability
Eleven specimens of self-consolidating concrete (SCC) were
constructed using two distinct types of fibers—hooked end
steel and polypropylene fibers—at different dosages. The
specimens' rheological, robustness, and mechanical qualities
were examined. The findings showed that adding steel and
polypropylene fibers might reduce workability while also
stiffness.

Polypropylene may also cause an increase in Electrical

enhancing tensile strength and flexural
resistivity.

Regardless of the compressive strength of the concrete,
durability is a crucial component since durability issues
frequently result in problems rather than insufficient
strength.?’) The term "durability" refers to a material's capacity
to survive a variety of degradation processes while keeping
acceptable engineering characteristics, the original shape,
quality, and serviceability over an extended period of time.
The durability of the concrete is influenced by its strength, the
quality of the aggregates, the curing time, the water's quality,
the cement concentration, and the level of exposure.

Particularly when concrete is used in cold climates like the
Arctic, China, and North China, freezing and thawing
durability is of utmost importance in concrete design and
application since it significantly affects the life and service
quality of concrete buildings. One of the worst things that can
happen to concrete is a quick shift in temperature (freezing and
thawing cycles). A change in the water's condition can reduce
the internal pressure that develops in concrete. This is
accomplished by, air-entraining chemicals are added to the
cement mixture to produce air bubbles. The use of fiber
enhances air entrainment in concrete and decreases porosity as
compared with conventional concrete. Therefore, adding
different kinds of fibers to concrete and SCC can significantly
increase its capacity to withstand freeze-thaw cycles.l31

One of the environmental factors that might have a
negative effect on the mechanical and physical properties of
concrete is high temperatures. Fire resistance is thus one of the
most crucial factors in the construction of concrete structures.
The primary impacts of high temperatures on concrete are
dehydration of the cement paste, increased internal pressure,
loss of resilience, changes in moisture content, thermal
expansion, structural cracking, increased porosity, and thermal
spalling. The main factor causing lower concrete strength is
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increased internal pressure, which is brought on by increased
temperature.?>331 According to,** the fire resistance of
concrete buildings is generally determined by the caliber of
the materials used to produce the concrete, the rate of heat
increase, the maximum temperature, and the length of time
exposed to fire.’s! A fire won't cause conventional and self-
compacting concrete to spall, according to earlier research on
polypropylene fibers (PPF).[2436.37]

Tao et al. in 20105 conducted an Experimental research
on the impact of high temperatures on the properties of self-
compacting concrete. High temperatures (at 20, 200, 400, 600,
and 800 °C) were applied to all specimens. Depending on the
type of concrete used, mixes were divided into three groups:
self-compacting concrete (SCC), self-compacting concrete
with polypropylene fiber (SCCPPF), and high-strength
concrete (HSC). According to experimental findings, SCC's
hot with
temperature, with the exception of high-strength SCC, which
increases at about 400 °C. On the other side, the strength grade

compressive strength decreases increasing

of concrete affects how much strength it retains, particularly
at temperatures below 400 °C. The addition of polypropylene
fibers to the mixture decreased compressive strength and the
potential for explosive spalling, as well as provided stronger
fire resistance than previous HSC and improved workability,
according to another study conclusion. Tuyan et al.,’”
investigated the freeze-thaw resistance and mechanical
properties of SCC with coarse recycled concrete aggregate.
Recycled concrete aggregate (RCA) was used in place of
coarse limestone aggregate in amounts of 0%, 20%, 40%, and
60% by weight. According to test results, passing ability
remained unchanged but the viscosity of SCC mixes was
increased in mixes that contained RCA. For the same slump
flow value, the superplasticizer content slightly increased as
the RCA content increased. When the coarse RCA percentage
was increased to 40%, the compressive strength of SCC mixes
increased. Additionally, adding RCA to SCC mixes decreased
concrete's tensile strength, water absorption, unit weight, and
freeze-thaw resistance, while increasing chloride-ion
penetration and water absorption.

and Kosior-Kazberuk*

influence of various types of polypropylene fibers and steel

Berkowski investigated the
fibers on concrete's resistance to surface scaling exposed to
freeze-thaw cycles. The test's parameters were fiber type (steel
microfibers A, steel macro fibers B, polypropylene smooth
fibers C, polypropylene extruded fibers D), fiber volume (steel
fibers were 0.38% and 0.76% and polypropylene fibers were
0.5% and 0.1%), and concrete surface type. According to the
results of the experiments, steel fibers were more effective
than polypropylene fibers at improving scaling resistance.
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Steel fibers may be able to prevent cracks from spreading
further and stop concrete's performance from degrading. On
the other hand, the effectiveness of fibers was correlated with
their shape and size.

Khan et al.1*l conducted an experimental study to see how
different lengths and ratios of basalt fibers would affect a
hybrid fiber reinforced concrete (HFRC) subjected to high
temperatures. Basalt fiber proportions (0.6%, 0.45%, 0.3%,
and 0.5%), basalt fiber lengths (50, 37, 25, and 12 mm), and a
constant content of steel fiber, fly ash, and CaCO3 whisker of
0.35%, 0.3%, and 1% by volume fraction were the main
factors investigated in this study. The experimental behavior
of all mixes was investigated at room temperature and 850 °C.
The findings demonstrated that basalt fibers improved the
toughness, stress-strain response, peak strain, peak stress,
ultimate strain, elastic modulus, and strain capacity of hybrid
fiber reinforced concrete. Additionally, basalt fibers added to
HFRC demonstrated less spalling of concrete after being
exposed to high temperatures than the control combination.
The use of these materials in the construction of structures
under high temperatures may be beneficial based on the
successful results of using basalt fibers in HFRC mixes.

It may draw the conclusion that despite the fact that several
research on the properties of SCC with various types and
amounts of fibers have been conducted, there is a lack of
knowledge about the properties of SCC that incorporate
hybrid fibers that have been exposed to high temperatures and
freeze-thaw cycles. Examining the rheological, mechanical,
and durability behavior of self-compacted concrete containing
hybrid fibers (basalt fiber, steel fiber, and polypropylene fiber)
is the goal of this study. Seven SCC mixes were produced with
varying fiber levels (0%, 0.05%, 0.1%, and 0.15%). The
workability and compressive strength, splitting tensile
strength, and flexural strength of a total of 528 specimens were
tested after being subjected to high temperatures (23 °C,
400 °C, and 600 °C), freezing-thawing conditions (200 cycles),
water absorption, and ultrasonic pulse velocity tests.

2. Experimental program

2.1 Material properties

The SCC mixes were made in accordance with EN 197-1-2011
standards, using ordinary Portland cement (OPC) Type I with
a 52.5 grade and a 3.15 specific gravity. According to the
ASTM C33/C33M-16*1 standard, the aggregate was selected
based on the original rocks, specific gravity, and particle size.
Limestone with a maximum size of 16 mm, which was
retained on filter No. 4, is the origin of the coarse aggregate
used in this investigation. Water absorption and specific
gravity were 2.66 and 1.3%, respectively. Two types of fine
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aggregate were used, limestone with a mean size between 3-6
mm and silica sand with a mean size between 0-3 mm. The
features of fine aggregate are summarized in Table 1. A high-
performance superplasticizer (Hyperplast PC770) was used in
this investigation. It adheres to ASTM C494-Type Gl*? and is
based on polycarboxylate polymers provided by DCP
Company. Hyperplast PC 770 has a specific gravity of
1.060.02 and is a light-yellow liquid.

Table 1. Physical properties of fine aggregate.

Property Limestone Silica Sand
Fine Fine
Aggregate(Il) Aggregate(])

The specific gravity of

saturated surface dry aggregate ~ 2.66 2.62

(SSD)

The specific gravity of oven- 62 261

dried aggregate (OD)

Water Absorption 0.9 % 0.2 %

Bulk Density 1410 (kg/m?) 1370 (kg/m?)

2.2 Fiber reinforced polymers

Basalt fiber having high performance was provided by
Globmarble Company, America with the commercial name
Basalt Concrete Fibers for Polymers and Concrete. The basalt
fiber used in this investigation is 12 mm long. The used basalt
fiber is seen in Fig. 1 and its parameters are listed in Table 2.
Wire filaments that have been bent and clipped to the proper
length for use in concrete reinforcement are known as steel
fibers (SF). This study uses the steel fiber Dramix 3D 80/60
BG, which was provided by BEKAERT and complies with
ISO 13270 Class A, EN 14889-1, and ASTM A820. The steel
fiber used to create self-compacting concrete is seen in Fig. 1.
The steel fiber's characteristics are listed in Table 2. The
polypropylene fibers utilized in this study go by the brand
name MasterFiber012 and were created by the MASTER
BUILDERS SOLUTIONS company in accordance with ISO
9001, ISO 14001, and ISO 45001. The polypropylene fiber
used in the concrete mix is seen in Fig. 1. Table 2 lists the
physical and chemical characteristics of PPF.

2.3 Testing program

In this study, seven different types of SCC mixes with various
fiber ratios were prepared. One mix served as a control for
comparison, while the other mixes contained steel, basalt, and
polypropylene hybrid fibers in amounts of 0.05%, 0.1%, and
0.15%, respectively. Two mixes for each amount of fiber.
According to the total volume of fiber ratios in the SCC mixes
(P-0%, P-0.05%, P-0.1%, and P-0.15%), the mixtures were
divided into four groups. The test specimen for each mixture
was made up of 12 prisms and 27 cylinders, as indicated in
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Basalt fiber (BF) Steel fiber (SF) Polypropylene fiber (PPF)
Fig. 1 The fibers used in SCC.
Table 2. properties of fiber used.
Fiber Type Basalt Fibers Steel Fibers Polypropylene Fibers
Shape of Fiber Straight Hooked-end straight
Density 2.67 (g/cm?) 7.85 (g/cm?) 0.91 (g/cm?)
Chopped Length 12 mm 60 mm 12 mm
Diameter 16 micron 0.75 mm 18 micron
Color Dark grey /Smoked White
Melting Temperature 1450 °C 160 °C
Tensile Strength 1225 MPa 350 MPa
Elongation >1.5%
Elastic modulus > 65 GPa 200GPa 3500-3900 MPa

Table 3. The cylinders have undergone through testing for
compressive strength, splitting tensile strength, and water
absorption. Flexural strength testing and an ultrasonic pulse
velocity test were carried out on prisms. A number of
specimens were tested after being subjected to various
temperatures (23°C, 400°C, and 600 °C), as well as 200 cycles
of freezing and thawing.

After 28 days, this mixture is intended to have a
compressive strength of C40/50 MPa (Cylinder/Cube) due to
the right proportions of cement, fine aggregates, and coarse
aggregates. Using Type I Ordinary Portland cement (OPC
52.5), coarse aggregates with a maximum size of 16 mm, a
mixture of fine aggregates (II) (limestone) and fine aggregates
(D (silica sand), as well as Superplasticizer at 2.5% (PC 770)
by cement weight, seven concrete mixtures with various ratios
of the three fibers (basalt, steel, and polypropylene) were

created. Following the examination of many SCC mixes, the
mixture depicted in Table 4 was used.

2.4 Mixing and casting Procedures

The components of SCC concrete were mixed in a 0.25 m?
tilting drum mixer. To provide the aggregates their
requirement for absorption, coarse aggregate, fine aggregate
(IT), and fine aggregate (I) were mixed for two minutes in a
dry condition with one-third of the water quantity. After that,
cement was added, and mixing proceeded while another third
of the water was gradually added. The remaining water was
then combined for 5 minutes with the addition of
superplasticizers. The final component to be added is fibers,
which are slowly poured into the mixer and mixed for around
4 minutes. The mixing took place at room temperature (23 °C).
Without utilizing any external vibrational forces, each SCC

Table 3. Test matrix of Experimental specimens.

Heat 23 °C 400 °C 600 °C Total
Compressive strength 3 Cylinder 3 Cylinder 3 Cylinder 9 Cylinder
Splitting tensile strength 3 Cylinder 3 Cylinder 3 Cylinder 9 Cylinder
Flexural strength 3 Prism 3 Prism 3 Prism 9 Prism
Freezing and thawing 200 Cycles Total
Compressive strength - 3 Cylinder 3 Cylinder
Splitting tensile strength - 3 Cylinder 3 Cylinder
Flexural strength - 3 Prism 3 Prism
Water absorption 3 Cylinder - - 3 Cylinder

27 Cylinders + 12 prisms
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Table 4. Concrete mix design.

Cement (OPC 52.5) 420 kg/m?3
Coarse Aggregate (Lime Stone) 730 kg/m3
Fine Aggregate (II) (Lime Stone) 438 kg/m?
Fine Aggregate (I) (Silica Sand) 657 kg/m3
Water absorbed by aggregate 16 kg/m?
Superplasticizer (PC 770) 10.5 kg/m3
W/C (Effective) 0.40

W/C (Total) 0.44

Total Aggregate 1825 kg/m3
Aggregate/Cement ratio 4.35

mix, both with and without fibers, was cast into twelve
prismatic specimens (100 mm % 100 mm X 400 mm) and
twenty-seven cylinder samples (100 x 200 mm). Each mold
was filled to capacity, and the extra concrete was scraped away
with a trowel to create a flat surface. The cast specimens were
stored in molds for 24 hours. Afterward, the specimens were
removed off of their molds and submerged entirely for 28 days
at a temperature of (23 °C) in a tank of water. The steps of
casting and curing are shown in Fig. 2.

2.5 Testing fresh properties

According to the European Federation dedicated to Specialist
Construction Chemicals and Concrete Systems (EFNARC),*!
two types of tests, including slump flow test and V-Funnel Test,
were conducted on self-compacting concrete mixes to evaluate
the impact of adding fibers (basalt, steel, and polypropylene)
on their fresh qualities before casting specimens.

2.5.1 Slump flow test

One of the most popular techniques for determining SCC's free
horizontal flow in the absence of impediments is the slump
flow test. The test was conducted according to ASTMC1611.144

3
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Fig. 2 Procedures for casting and curing specimens.

The base plate is wetted prior to the test, and the cone is then
focused in the center of the plate while it is placed on a solid,
level surface. Concrete that self-compacts without being
compacted is used to fill the cone. The base of the slump cone
and its surroundings were cleaned of any remaining concrete.
The cone was then elevated vertically to allow the concrete for
flow and spreading. The average diameter of the concrete
spread in two perpendicular directions is measured to obtain a
slump flow value. The slump flow test's steps are shown in Fig.
3.

Figure 4 displays the impact of various fiber ratios on
slump flow. The slump flow value necessary for self-
compacting concrete is 550 to 850 mm, as per EFNARC
standards, specifications, and guidelines for self-compacting
concrete. All of the mixes met these requirements. The
ordinary self-compacted concrete mixture had a maximum
slump value of 740 mm. It can be seen that when the fiber
content increases, the SCC mixes' flowability significantly
decreases. In comparison to the control specimen, the slump
value decreased by 23.6%, 12.2%, and 9.5% at 0.15, 0.1, and
0.05 fiber volumes, respectively. This is explained by the
fibers in the fresh concrete mix, which form a dense network
structure and prevent the cement paste from flowing.?>4’

As seen in Fig. 4, the BFI-SF3-PPF1 combination
decreases slump flow more than the BF2-SF3 mixture when
basalt fibers are replaced by polypropylene fibers with a
constant steel fiber ratio. This may be explained by the fact
that basalt fibers with polypropylene fibers present absorb
more water than basalt fibers with a fixed percentage of steel
fibers.l?8l As can be observed, mixes with three different types
of fiber have lower slump flow than mixes with basalt and
steel at all volumetric ratios.”?'! found that the addition of basalt

microfiber significantly reduced the concrete workability of
both NSC and HSC at almost the same rate.
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2.5.2 V-Funnel test
The filling ability of self-compacting concrete mixtures
without segregation or obstruction is assessed using the V-
funnel test. The inside surface of the V-funnel was wet after
mixing, and the trap door had been locked while a container
was stored underneath. The V-funnel was then filled with
about 12 liters of SCC without tamping, and after leveling the
top and waiting for 10 seconds, the trap door was opened to
allow the concrete flow out. This time was then recorded to
determine how long it took the mixture to flow through the
funnel until it was empty, as shown in Fig. 5.

The V-funnel time required for self-compacting concrete is
divided into two categories by EFNARC standards: VF1 (V-

800

Fig. 3 Steps of the slump flow test.

funnel flow time 8 sec) and VF2 (V-funnel flow time 9 to 25
sec). All SCC mixes meet the permissible limit as displayed in
Fig. 5. Because fiber lengthens the amount of time required
for passing mixtures through the funnel, the V-funnel flow
duration grows as the ratio of the total volume of fibers.

The results of the V-funnel test of the V-funnel flow times
of group p-0.05% are shown in Fig. 6. BF1-SF3-PPF1 and
BF2-SF3 had flow times of 12.1 and 12.9 seconds,
respectively. Both hybrid mixes' flow times were lengthened
by the steel fibers. The BFI-SF3-PPF1 mixture flows through
the V-funnel faster than the BF2-SF3 mixture due to the
presence of 10% polypropylene fibers and 10% basalt fibers
at a constant steel fiber ratio. Group P-0.1% has the similar

= 600
E 500
2
3 400
fre
g 300
=)
) 200
100
0

Control BF1-SF3-PPF1  BF2-SF3

Group p-0% Group p-0.05%

BF2-SF6-PPF2

BF4-SF6  BF3-SF9-PPF3  BF75-S75
Group p-0.1% Group p-0.15%

SCC Mixes

Fig. 4 Slump flow results for all mixes.
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Fig. 5 Steps of the V-funnel test.

pattern, with all of the mixes having longer V-funnel flow
durations than the control mix. The V-funnel flow times for
the mixtures BF2-SF6-PPF2 and BF4-BF6 were 15.8 and 17.3
seconds, respectively. When the impact of fibers on SCC
mixtures was investigated, the BF4-SF6 mixture performed
worse than the BF2-SF6-PPF2 mixture in terms of flow time
via the V-funnel. The V-funnel flow times for BF3-SF9-PPF3
and BF75-SF75 for group p-0.15% were respectively 20.1 and
18.6 seconds. The findings show that using 20% basalt fibers,
60% steel fibers, and 20% polypropylene fibers (BF3-SF9-
PPF3) considerably enhanced the V-funnel flow time as
compared to using 50% basalt fibers and 50% steel fibers
(BF75-SF75). The delay in the flow of the mixture was more

25

affected by increasing the quantity of steel fibers.
Tabatabaeian et al.?® found that the effect of polypropylene
fibers on increasing viscosity was significantly higher than
steel fibers.

2.6 Testing mechanical properties

In the current investigation, the hardened SCC samples were
divided into two groups; one group was subjected to high
temperatures, and the other group underwent repeated freezing
and thawing cycles. Then tests for compressive strength,
splitting tensile strength, and flexural strength were used to
evaluate the mechanical characteristics.

20
15
10

| I I I
0

BF1-SF3-PPF1 BF2-SF3

V-funnel time (s)

Control

Group p-0% Group p-0.05%

BF2-SF6-PPF2

BF4-SF6 BF3-SF9-PPF3 BF75-S75

Group p-0.1% Group p-0.15%

SCC mixes

Fig. 6 V-funnel test results for SCC mixtures with different fiber contents.
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2.6.1 Compressive strength test

in this study, (100 mm x 200 mm) cylinders were taken in and
capped in accordance with ASTM guidelines after the
specimens had been subjected to high temperatures and
freezing and thawing cycles. The cylinders for each SCC
mixture were tested in accordance with ASTM C39%1 using a
compression testing machine with a capacity of 4000 kN at a
load rate of 0.6 MPa/sec. Fig. 7 depicts the Universal Testing
Machine for Compression Strength Tests.

2.6.2 Splitting tensile strength test

The length and size of cracks in concrete are a critically
important characteristic and significantly influenced by the
splitting tensile strength. With this test method, a continuously
diametral compressive force is applied throughout a
cylindrical concrete specimen's dimensions (100mm x 200mm)
until a failure occurs. Concrete's tensile strength may be
calculated indirectly using the splitting method. As shown in
Fig. 8, the testing was done utilizing a Universal testing
machine with a 4000 kN capacity and a 0.6 MPa/sec load rate,
then ASTM C496.14¢]

2.6.3 Flexural strength test

Flexural strength, sometimes referred to as modulus of rupture
(MOR), is an indirect way to measure of tensile strength. As
illustrated in Fig. 9, a flexural strength test on prism-shaped
specimens (100 mm % 100 mm x 400 mm) with a clear span
length of 300 mm (center to center) was conducted utilizing a
150 kN capacity universal testing machine in accordance with
ASTM (C293-1647 standard. Up until the specimen reached
the maximum load and started to fall, resulting in specimen

failure, the vertical static loading (central point loading) was
gradually increased at a rate of 0.025 kN/min.

2.7 Testing durability properties
Durability is the ability of concrete to maintain its desirable
engineering properties without damage or deterioration as well
as to obtain sustainable concrete structure when exposed to
harsh environmental conditions.

Water absorption,
mechanical characteristics during high temperature exposure

freezing-thawing resistance, and
were studied to determine the durability behavior of hardened
SCC mixes with various fiber ratios (basalt fiber, steel fiber,

and polypropylene fiber).

==
15

Fig. 8
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Fig. 9 Flexural strength test machine and Schematic diagram of specimen.

2.7.1 Water absorption test

A quick test to determine the durability of a material is the
water absorption test, which is used to evaluate the pore
structure in concrete material. In this test, the percentages of
voids and water absorption in cylindrical samples of self-
compacting concrete measuring 100 mm by 200 mm are
determined. After 28 days of curing, the saturated dry samples
(WSSD) were weighed. The samples were then heated to
105 °C for 24 hours, as illustrated in Fig. 10, and their weights
(WOD) were recorded for the dry specimens. based on ASTM
642-13.1481

The water absorption is calculated using the equation below:

(M

WSSD-WOD

Water Absorption= WD X 100%

Where, the WSSD: weight saturated -dry sample (g) and WOD:

weight oven-dry sample (g)

2.7.2 Ultrasonic pulse velocity (UPV)

One of the non-destructive tests used in the field of concrete
to ensure its quality and reliability is the ultrasonic pulse
velocity test (UPV). In order to measure the ultrasonic pulse
transmission time by the most accurate method, direct
transmission, an ultrasonic pulse velocity test was carried out
at 28 days on concrete prism specimens (100 mm x 100 mm %
400 mm). Using the portable ultrasonic nondestructive digital
indicator tester (PUNDIT), as seen in Fig. 11.

The device complies with ASTM C597%1 and contains two
transducers (a transmitter and a receiver), both of which are
wired to a box that also has a screen, an electronic timing
circuit, and an electrical pulse generator. In order to facilitate
effective energy transfer and air removal between the concrete
and the transducers, grease was further put as a coupling agent

10 | Eng. Sci., 2024, 27, 1042

on the concrete surfaces in contact with the transformers. After
calibration, as shown in Fig. 11, the transducers are positioned
on either side of the specimen. To determine the pulse velocity
(V), the measured distance between the transducer sides'
centers (L) is divided by the time the ultrasonic pulse took to
pass through the concrete samples. The velocity criterion for
grading concrete quality is shown in Table 5.

Fig. 10 Placing the samples in the oven.

Table 5. Velocity criterion for concrete quality grading.
Ultrasonic Pulse Velocity (km/s)

Concrete Quality Grading

Above 4.5 Excellent
3.5t04.5 Good
3.0t03.5 Medium
Below 3.0 Doubtful

© Engineered Science Publisher LLC 2024
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Fig. 11 Ultrasonic pulse velocity (UPV): (a) Ultrasonic pulse velocity testing apparatus and (b) measuring details for prism specimen.

2.7.3 Freeze-Thaw cycles

Over time, small cracks in concrete elements become wider
due to freezing and thawing in water. If the use of additives in
the concrete mix is not stopped, the structure will suffer
irreversible damage. The ASTM C666-AF" test technique
evaluates concrete specimen resistance to rapidly repeated
cycles of freezing and thawing in water (Procedure A).
Cylinder specimens of (100 mm x 200 mm) and prism
specimens of (100 mm x 100 mm x 400 mm) were used to
assess the freeze-thaw resistance of each mixture. After 28
days of curing, all specimens were placed in a freeze-thaw
chamber and subjected through freeze-thaw cycles. The
specimens of concrete were frozen at (-18) °C for two hours
and thawed at (+5 °C) for one hour. Compressive strength,
splitting strength, and flexural strength tests were carried out
after 200 cycles. Specimens in a freeze-thaw chamber are
shown in Fig. 12 together with the chamber itself.

2.7.4 Behavior under high temperatures

This study investigates the effects of several temperature
treatments (23 °C, 400 °C, and 600 °C) on self-compacting
concrete mixes with and without fibers (basalt, steel, and
polypropylene). The specimens (cylinders and prisms) were
taken out of the water tank after a 28-day curing period. The
samples were exposed to temperatures of 23 °C (ambient
temperature), 400 °C, and 600 °C (high temperatures). As
depicted in Fig. 13, the specimens were put into the furnace
and heated with an average increase rate of 5 °C/min from the
starting temperature of 23 °C to the target temperature. Once
the target temperature was reached, the specimens were held
there for three hours before the specimens were gradually
cooled to the ambient temperature. The furnace's internal
temperature was digitally managed using an outside display
screen, as seen in Fig. 13. After that, the specimens were
cooled in the furnace without being opened until the internal

Fig. 12 Freeze-Thaw chamber and Specimens before being subjected to freeze-thaw cycles.

© Engineered Science Publisher LLC 2024
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Fig. 13 The samples before being subject to the high temperatures in a furnace and the external display shows the target temperature

(400 °C and 600 °C).

temperature approached ambient. The specimens were then
subjected to tests for compressive strength, splitting tensile
strength, and flexural strength.

3. Results and discussion

3.1 Effect of high temperature on SCC

Spalling and the degradation of structural strength are
primarily influenced by factors such as temperature, exposure
duration, cooling rate, and the characteristics of the structural
elements. Additionally, the compressive strength of the
concrete plays a significant role in determining its behavior
during a fire. A greater compressive strength is associated with
reduced porosity and enhanced compaction, which can result
- - 3 N

in elevated pore pressure and the potential for spalling when
subjected to high temperatures.! In this study no explosion
was noticed for the SCC samples with or without fibers during
exposure to the high temperatures, which demonstrates good
performance and the ability to withstand high temperatures.
Similar results found by Ref. [17] even at 800°C SCC
specimens exhibited no important spalling. The color of the
surfaces of the samples changed after exposure to high
temperature. At 400 °C, the color of the concrete turned gray
with a light red, and no cracks or damage were observed on
the surfaces of the samples as shown in Fig. 14a. Also, the
concrete color turned red with some microcracks at a
temperature of 600 °C, as shown in Fig. 14b.

Fig. 14 Samples after exposure to 600 °C.

12 | Eng. Sci., 2024, 27, 1042
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3.2 Mechanical properties results of SCC

3.2.1 Compressive strength test of the specimens
According to ASTM C39, the compressive strength test was
conducted. Concrete cylinders measuring 100 mm by 200 mm
were used as test specimens. After 28 days, the maximum
compressive strength at 23 °C, 400 °C, and 600 °C for
specimens was computed. A minimum of three test results for
the same condition were averaged for each value mentioned in
figures below.

3.2.1.1 Compressive strength at ambient temperature
(23 °0)

At ambient temperature, the SCC specimens' compressive
strengths varied from 43.3 to 51.2 MPa. The compressive
strength value increased at all fiber ratios with varying
percentages, as shown in Fig. 15. The ability of fibers to
reduce crack extension and slow down their rate of expansion
can be used to explain this improvement in compressive
strength.['”521 When compared to the control specimen, using
hybrid fiber strength.  Also,
compressive strength increases as fiber volume increase. The

increases compressive
increase in compressive strength was 8.6%, 12.3%, and 18.5%
for 0.05, 0.1, and 0.15, respectively.

The findings of group p-0.05% show that, in comparison
to the control SCC, the compressive strength increased when
various fiber contents, shapes, and types were utilized. In
comparison to the control SCC specimen, the mixes BF1-SF3-
PPF1 and BF2-SF3 increased compressive strength by 7.4%

and 8.6%, respectively. As can be shown, increasing the
amount of basalt fibers by 40% had a greater impact on
strength  than
polypropylene and steel fibers by 20% and 20%, respectively,

compressive increasing the amount of
of the total volume of fiber. This may be explained by the fact
that basalt fibers used with steel work better than
polypropylene fibers in reducing cracks, preventing their
spread, and increasing compressive strength. The same trend
was observed for group p-0.1%, where the combinations BF2-
SF6-PPF2 and BF4-BF6 increased strength by 12.7% and
15.3%, respectively. The specimen in this group with the
highest compressive strength (BF4-SF6) had 40% basalt fibers
and 60% steel fibers as a percentage of the total volume of
fiber. In comparison to the control specimen, the compressive
strength of the BF3-SF9-PPF3 and BF75-SF75 specimens
increased by 18.5% and 17.4%, respectively. The findings of
group p-0.15% show that the addition of 20% basalt fibers,
60% steel fibers, and 20% polypropylene fibers (BF3-SF9-
PPF3) to the mixture enhances the compressive strength of
concrete to 18.5%. However, compared to BF3-SF9-PPF3, it
can be seen that using 50% basalt fiber and 50% steel fiber
(BF75-SF75) resulted in a slight reduction in strength. Fu et
al.1®* demonstrated that the compressive strength of concrete
can be significantly improved when the basalt fibers and
polypropylene fibers are each 0.1%. According to Ref. [54],
the compressive strength of concrete increases when the
hybrid fiber concentration is between 0.05% and 0.1%, and
decreases when it is between 0.15 and 0.2%. According to Ref.

52

Compressive strength (MPa)
] S & & &
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o

BF1-SF3-PPF1 BF2-SF3

w
o]
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P-0% P-0.05%

BF2-SF6-PPF2

BF4-SF6 BF3-SF9-PPF3 BF75-575

P-0.1% P-0.15%

SCC mixes

Fig. 15 Compressive strength test results for all mixes at ambient temperature.
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[25], the compressive strength improved by 14.1% when
basalt fiber content was 0.15 % and polypropylene fiber
content was 0.03% when compared to HPC without fibers.
According to0,1?°! hybrid steel fiber and polypropylene fiber
self-compacting concrete had greater compressive strength
and modulus of elasticity at the same age than steel and
polypropylene fiber self-compacting concrete.

3.2.1.2 Compressive strength at high temperature 400°C
and 600 °C

The compressive strength of SCC specimens with or without
fibers was measured after they had been heated to
temperatures of 400 °C and 600 °C in an oven. The SCC
specimens' compressive strengths at 400°C varied from 37.1
to 47.9 MPa. According to Fig. 16, the value of compressive
strength increased for all fiber ratios when the total volume of

most decrease. On the other hand, after exposure to 600 °C,
the compressive strength decreased by 16% in the control,
9.3% in the BF1-SF3-PPF1, 11.9% in the BF2, BF3, 5.1% in
the BF2-SF6-PPF2, 12.9% in the BF4-SF6, 9% in the BF3-
SF9-PPF3. The greatest decrease in compressive strength may
be seen after 600 °C in specimens that are 50% BF and 50%
SF. The calcium silicate hydrate decomposes when exposed to
high temperatures and causes microcracks to form inside the
concrete, which causes a reduction in compressive strength.
This is the likely cause of the decrease in compressive strength
of the specimens that were treated to 400 °C and 600 °C. In
contrast, adding 20% polypropylene and 20% basalt fibers
enhanced the compressive strength more than adding 40%
basalt fibers, although the amount of steel fibers in both mixes
remained unchanged. The presence of polypropylene fibers,
which have demonstrated effectiveness in fire resistance, is

fibers in SCC specimens increased by 0.05%, 0.10%, and 0.15%attributed with playing the largest influence. Polypropylene

in comparison to the control specimens. As can be shown, the
specimens perform better than the control samples in terms of
high-temperature resistance when fibers are used.

According to the findings shown in Fig. 16, compressive
strength in SCC specimens with or without fibers decreases at
400 °C and 600 °C in comparison to ambient temperature.
With increasing temperatures, compressive strength decreases
more quickly comparing the specimens heated to 400°C to
those heated to 23°C, the compressive strength decreased by
14.1% in the control, 4.7% in the BF1-SF3-PPF1, 6.6% in the
BF2-SF3, 2.5% in the BF2-SF6-PPF2, 6.6% in the BF4-SF6,
6.2% in the BF15, 6.45% in the BF3-SF9-PPF3, and 10.3% in
the BF75-SF75. The specimens with three different types of
fibers have the least loss in compressive strength after
exposure to 400 °C, whereas the control sample exhibits the

60

fibers dissolve around 160 °C, creating pores in the concrete
that allow water escape and reducing its internal pressure.
Surya et al.,>>) show that, in comparison to the plain specimen,
SCC specimens' compressive strength decreased by 3.2%,
10.9%, 43.4%, and 51.4% at 200 °C, 400 °C, 600 °C, and
800 °C, respectively. [l reported decrease in compressive
strength of fiber SCC between 22.4% to 32.3% when
temperature rose to 600 °C.

3.2.2 Splitting tensile strength test of the specimens

The results of splitting tensile strength for specimens after 28
days is shown in Fig. 17 and Fig. 18 at 23 °C, 400 °C, and
600 °C. The average of at least three outcomes for the same
situation is used to calculate each result.

m23C m 400C
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Control BF1-SF3-PPF1 BF2-SF3 BF2-SF6-PPF2 BF4-SF6 BF3-SF9-PPF3 BF75-575
P-0% P-0.05% P-0.1% P-0.15%

SCC mixes
Fig. 16 Compressive strength results for SCC mixes at different temperatures.
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3.2.2.1 Splitting tensile strength at ambient temperature
(23 °0)

The control SCC specimen's splitting tensile strength is 3.47
MPa at ambient temperature. Fig. 17 shows that the SCC
groups with included fibers have stronger splitting tensile
strength than the control group. The splitting strength of the
fiber increased with fiber volume.

The results of the splitting tensile strength test for group p-
0.05% are shown in Fig. 17. The outcomes show that, in
comparison to the control specimen, the use of fibers in SCC
enhanced splitting tensile strength. The splitting tensile
strength of the BF1-SF3-PPF1 and BF2-SF3 mixtures
increased by 1.2% and 4.9%, respectively. It is noticeable that
there was a modest increase once the hybrid fibers were added.
Accordingly, with a fixed steel fibers ratio in both hybrid
specimens (BF2-SF3 and BF1-SF3-PPF1), the splitting tensile
strength was better when the basalt fiber was utilized by 0.02%
than when 0.01% basalt fibers and 0.01% polypropylene fibers
were used. It has been demonstrated that specimens with any
ratio and any type of fibers exceeded the control for group p-
0.1%. Combinations of BF4-BF6 and BF2-SF6-PPF2
increased strength by 4.2% and 7.2%, respectively. In
comparison to the control specimen, the splitting tensile
strength of the BF3-SF9-PPF3 and BF75-SF75 specimens
increased by 4.3% and 10.1%, respectively. Comparing the
hybrid fiber samples, it was found that the sample with 50%
steel and 50% basalt fibers increased strength more than the
sample with 20% basalt, 60% steel, and 20% polypropylene
fibers (of the total volume of fiber). According to,l?® the

splitting tensile strength decreased as the percentage of
polypropylene fiber decreased in comparison to steel fiber.
Sohib et al.?'! found that SC with basalt micro fiber exhibited
significant improvements in splitting strength about 10-52%.

3.2.2.2 Splitting tensile strength at high temperature
(400 °C and 600C)

The findings shown in Fig. 18 demonstrate that, in comparison
to ambient temperature, the splitting tensile strength of SCC
samples with or without fibers reduced after 400 °C and
600 °C exposures. Splitting tensile strength reduced for
specimens exposed to 400 °C in comparison with specimens
exposed to 23 °C by 11.5% in the control, 4.6% in the BF1-
SF3-PPF1, 2.2% in the BF2-SF3, 3.2% in the BF2-SF6-PPF2,
3.5% in the BF4-SF6, and 14.1% in the BF3-SF9-PPF3, and
3.9% in the BF75-SF75, respectively. After 400 °C, the
splitting tensile strength of the BF2-SF3 sample is reduced the
least, while that of the BF3-SF9-PPF3 specimen is reduced the
most. It is important to remember that the loss of splitting
tensile strength increases with temperature, reaching high
levels after exposure to 600 °C. As a result, when concrete is
exposed to high heat, the calcium hydroxide starts to break
down and small cracks start to appear inside the material. This
causes the splitting tensile strength of the concrete to
significantly decrease. In comparison to the 23°C specimens,
the splitting tensile strength of the control, BF1-SF3-PPF1,
BF2-SF3, BF10, BF2-SF6-PPF2, BF4-SF6, BF3-SF9-PPF3,
and BF75-SF75 specimens decreased by 18.2%, 5.8%, 3.9%,
6.7%, 4.3%, 19.1%, and 5.8%, respectively, after 600 °C.

3.9
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SCC mixes

Fig. 17 Splitting tensile strength test results for group p-0.05% at ambient temperature.
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At 400 °C and 600 °C, every specimen exceeded the control
specimens in terms of splitting tensile strength. At 400°C, the
increase in splitting strength relative to the control specimen
ranged from 1.3% to 20%, while at 600°C, it ranged from 3%
to 27%. The strength of the BF3-SF9-PPF3 and BF75-SF75
specimens was increased by 1.3% and 20%, respectively.
According to Fig. 18, SCC specimens with a BF75-S75
content—50% basalt fiber and 50% steel fiber—have the
maximum splitting tensile strength. The results showed that
adding double hybrid fibers (BF4-SF6) to SCC significantly
improved splitting tensile strength. Additionally, compared to
previous fiber mixtures, the addition of triple hybrid fibers
(BF2-SF6-PPF2) produced a small increase.

The proportion of steel fibers remained steady in both
mixtures, however adding 40% basalt fibers increased strength
more than adding 20% basalt fibers and 20% polypropylene
fibers. Steel fibers in hybrid specimens significantly increase
tensile strength. In order to minimize the temperature gradient
and avoid cracks, steel fibers with a high thermal conductivity
enable more heat to enter the concrete. >

3.2.3 Flexural Strength test of the specimens

According to ASTM C293-16, the test was conducted to
determine the flexural strength. The prisms that were utilized
have dimensions of 100 mm x 100 mm x 400 mm. The
flexural strength for specimens after 28 days was tested at
23 °C, 400 °C, and 600 °C. The average of at least three
findings for the same condition is used to calculate each result
in Figs. 19 & 20.

3.2.3.1 Flexural strength at ambient temperature (23 °C)
The flexural strength of the SCC specimens varied from 6.48
to 7.7 MPa at ambient temperature. According to Fig. 19, as
the ratio of the total volume of fibers in SCC mixes increased
by 0.05%, 0.1%, and 0.15%, respectively, the flexural strength
increased as compared to the value without fibers. Fig. 19
display the results of the flexural strength test for the group p-
0.05%. The mixtures of BFI1-SF3-PPF1 and BF2-SF3
enhanced the flexural strength by 13% and 17%, respectively,
as compared to the control SCC mixture. As can be seen, the
specimen BF2-SF3 exhibited more flexural strength than the
specimens BF1-SF3-PPF1. Flexural strength increased for the
group p-0.10% BF2-SF6-PPF2 and BF4-BF6 combinations by
14.5% and 18.2%, respectively. In contrast to the control
specimen, the flexural strength of the BF3-SF9-PPF3 and
BF75-SF75 specimens for group p-0.15% increased by 15.1%
and 18.7%, respectively. Therefore, this improvement in
flexural strength may be explained by fibers' capacity to limit
cracks extension and slow their rate of expansion. The
enhancement in the flexural strength was due to the bridging
effect of the fibers that allowed the specimens to withstand
additional tensile forces.l*”! Basalt fibers mixed with steel have
allowed hybrid fiber specimens more successfully prevent
large cracks in the concrete because of their high tensile
strength. When polypropylene fibers were used to replace 20%
of the basalt fibers, the flexural strength of SCC decreased
according to Mastali et al..’8! Sohib et al.? found that the
addition of basalt micro fiber to NSC at 0.5 and 1.0%
increased the flexural strength by18 and 24%.

4.5

4

3.5
3
2.5
2
15
1
0.5
0

BF1-SF3-PPF1 BF2-SF3

Splitting tensile strength (MPa)

Control

P-0% P-0.05%

BF2-SF6-PPF2

m23C m400C m600C

BF4-SF6 BF3-SF9-PPF3 BF75-S75

P-0.1% P-0.15%

SCC mixes

Fig. 18 The effect of high temperatures (23°C, 400°C and 600°C) on the splitting tensile strength of SCC specimens.
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Fig. 19 Flexural strength test results for SCC mixes at ambient temperature.

3.2.3.2 Flexural strength of the specimens at high
temperature (400 °C and 600 °C)

The effect of high temperature (400 °C) and fiber amount on
the flexural strength of SCC specimens is shown in Fig. 20.
The SCC specimens' flexural strengths at 400 °C varied from
5.9 to 8.3 MPa. The use of fibers in SCC enhances the flexural
strength after being subjected to high temperatures in
comparison to the control specimen, as shown in Fig. 20.

The results of the flexural strength test of group p-0.05%
at 400 °C are shown in Fig. 20. In comparison to the control
SCC specimen, the mixes BF1-SF3-PPF1 and BF2-SF3 both
enhanced flexural strength by 10.5% and 25.8%, respectively.
Additionally, substituting polypropylene with basalt fibers

significantly reduced flexural strength more than using basalt,
steel, and polypropylene fibers in the same sample (BF1-SF3-
PPF1). This is due to the fact that basalt and steel fibers, which
have high tensile strength, increase flexural strength more
efficiently than polypropylene fibers, which have low tensile
strength. For group p-0.1%, the flexural strength of the BF2-
SF6-PPF2 and BF4-BF6 specimens increased by 22.4% and
28.4%, respectively. The flexural strength increased by 26%
and 16.6%, respectively, in the BF3-SF9-PPF3 and BF75-
BF75 specimens at group p- 0. 15%. The BF3-SF6-PPF3
displays better improvement in flexural strength values when
compared to hybrid fiber specimens than the BF75-SF75. This
may be because the percent of basalt fibers produced and a

9
~s m23C  m400C m600C
a
>
N 7
=
—
(@)
C
S 6
)
wn
S5
>
x
@
L4

3

Control BF1-SF3-PPF1 BF2-SF3 BF2-SF6-PPF2  BF4-SF6  BF3-SFO-PPF3  BF75-S75
P-0% P-0.05% P-0.1% P-0.15%

SCC Mixtures

Fig. 20 The effect of high temperatures (23°C, 400°C and 600°C) on the flexural strength of SCC specimens.
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percentage of steel fibers decreased which lowered the
flexural strength. The outcome indicated that 0.1% fiber
volume is optimal. All specimens exposed to 600C showed the
same trend. In comparison to the control specimen, the use of
fibers in SCC enhances flexural strength when heated to high
temperatures, as seen in Fig. 20. In comparison to the control
specimen, the increase in flexural strength was 30%. Fig. 20
illustrate the results of the flexural strength test for group p-
0.1%. The strength of the specimens BF4-BF6 and BF2-SF6-
PPF2 increased by 25.3% and 19.8%, respectively. This
increase in strength is a result of fibers' increased resistance to
high temperatures. Additionally, it should be highlighted that
using specimens reinforced with double hybrid fibers (BF4-
SF6) rather than triple hybrid fibers (BF2-SF6-PPF2)
increases flexural strength more. Results from the flexural
strength test for group p-0.15% revealed a decrease when
compared to p-0.1%. In comparison to the control specimen,
the flexural strength increased 17.31% in the BF3-SF9-PPF3
specimen and 10.06% in the BF75-BF75 specimen. The BF3-
SF6-PPF3 exhibits a greater improvement in flexural strength
values than the BF75-SF75 when compared to hybrid fiber
specimens.

3.3 Effect of Freezing Thawing on mechanical properties

To investigate how the mechanical characteristics of SCC
concrete are affected by freeze-thaw cycles, after undergoing
freeze and thaw cycles in accordance with ASTM C666-A
standard standard, cylindrical specimens (100 mm x 200 mm)
were put through the compressive strength, splitting tensile
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test, and flexural test. The maximum compressive strength,
splitting tensile strength, and flexural strength of specimens
after exposure to 200 freeze-thaw (F/T) cycles are shown in
Figs. 21, 22, and 23. A minimum of three test results for the
same condition were used to average each set of data in the
tables or Figures below.

3.3.1 Compressive strength test after 200 Cycles

The compressive strength of the SCC specimens ranged from
37.8 to 48.6 MPa after 200 F/T cycles. As indicated in Fig. 21,
when varied fiber content, types, and shapes were used as
compared to the control SCC, the compressive strength
increased. The capacity of fibers to reduce cracking extension
and slow their rate of propagation can be used to explain the
improvement in compressive strength. Additionally, the
presence of fibers makes SCC more resistant to freezing
conditions.*>’]

The findings seen in Fig. 21 show that, in comparison to
the control SCC specimen, the use of fibers enhanced
compressive strength. When compared to the control sample,
the increases in compressive strength were (12-18%), (23.8—
25%), and (20-29%) at p-05, p-0.1%, and p-0.15%,
respectively. The ratio of steel fibers in both specimens
remained unchanged, hence it can be observed that adding
40% basalt fibers enhanced compressive strength more than
adding 20% basalt fibers and 20% polypropylene fibers. This
can be explained by the fact that basalt fibers work better with
steel than polypropylene fibers to reduce cracks, close
thespace between cement particles, and increase compressive

BF4-SF6 BF3-SF9-PPF3 BF75-575

P-0.1% P-0.15%

SCC Mixtures
Fig. 21 The effect of freeze-thaw cycles (200) on compressive strength of SCC specimens.
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strength. The compressive strength was more affected by
increasing a percentage of steel fibers than by increasing a
percentage of basalt fibers. The ideal fiber ratio for the
compressive strength of SCC was determined to be 0.03% BF,
0.09% SF, and 0.03% PPF (BF3-SF9-PPF3) after 200 freeze-
thaw cycles. In samples containing polypropylene fibers,
Zhang?! demonstrated that the resistance to freezing and
thawing increased with the percentage of fibers up to 0.08%,
but thereafter decreased. In comparison to the control
specimen, the compressive strength of the BF3-SF9-PPF3 and
BF75-SF75 and 19.84%,
respectively. The findings of group p-0.15% show that adding
20% basalt fibers, 60% steel fibers, and 20% polypropylene
fibers to the mix increases concrete's compressive strength to
48.6 MPa, while using 50% basalt fiber and 50% steel fiber
reduces it to 45.3 MPa. As a result, adding fibers in the right
amounts could increase the concrete composite's durability.

specimens rose by 28.57%

3.3.2 Splitting Tensile Strength Test after 200 F/T Cycles
The splitting tensile strength of the SCC exhibits the similar
trend as compressive strength after 200 freeze-thaw cycles.
The specimens' splitting tensile strengths varied from 3.05 to
3.72 MPa. The findings show that after 200 cycles of freezing
and thawing, SCC specimens with included fibers had better
splitting tensile strength than the control specimen. Therefore,
the reason for the increase in splitting tensile strength may be
attributed to fibers' capacity to reduce the number of
microcracks in concrete components and delay their rate of
expansion. The results of the splitting tensile strength test for
group p-0.05% are displayed in Fig. 22.

4

Results show that, after 200 F/T cycles, the use of fibers in
SCC enhanced splitting tensile strength in comparison to the
The BF1-SF3-PPF1 and BF2-SF3
specimens both experienced increases in splitting tensile
strength of 12.13 % and 14.1%, respectively. At p0.1%, there
was a slight improvement in splitting tensile strength, with
improvements of 12.46% and 15.08% for the BF2-SF6-PPF2
and BF4-SF6 specimens, respectively. Fig. 22 display the

control specimen.

splitting tensile strength test results for group p-0.15%. After
200 cycles of freezing and thawing, the splitting tensile
strength of the BF3-SF9-PPF3 and BF75-SF75 specimens was
22% higher than the control specimen's.

3.3.3 Flexural strength test at 200 Cycles

Figure 23 lists the maximum flexural strength that was
measured for specimens after 200 cycles of freezing and
thawing. After 200 cycles of freezing and thawing, the flexural
strength of the SCC specimens varied from 5.82 to 7.72 MPa.
According to Fig. 23, as the ratio of the total volume of fibers
in SCC specimens increased by 0.05%, 0.10%, and 0.15% in
comparison to the control specimens, the value of flexural
strength increased. It is evident that, as compared to control
samples, specimens including fibers of any type or percentage
perform better in terms of freeze-thaw resistance. Fig. 23
display the results of the flexural strength test for group p-
0.05%. The flexural strength of the specimens BF1-SF3-PPF1
and BF2-SF3 increased by 17.5% and 22%, respectively, as
compared to the control SCC specimen. When the basalt fiber
was increased by 0.02% compared to 0.01% basalt and 0.01%
polypropylene fibers, with a consistent steel fiber ratio in both

< 3.8
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Fig. 22 The effect of freeze-thaw cycles on splitting tensile strength of SCC specimens.
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specimens, the flexural strength was higher. Fig. 23 display the
results of the flexural strength test for group p-0.10%. All of
the specimens exceeded the control specimens in terms of
flexural strength. The strength of the BF2-SF6-PPF2 and BF4-
BF6 specimens increased by 19.7% and 25.7%, respectively.
Adding double hybrid fibers (BF4-SF6) with SCC
significantly increased flexural strength. Additionally, a
modest increase was produced by the addition of triple hybrid
fibers (BF2-SF6-PPF2). A similar trend is visible for group p-
0.15%, as illustrated in Fig. 23. In comparison to the control
specimen, flexural strength increased in the BF3-SF9-PPF3
and BF75-BF75 specimens by 28.7% and 32.6%, respectively.
The hybrid fiber specimen with the biggest improvement in
flexural strength is the BF75-SF75, which shows a larger
improvement in flexural strength values than the BF3-SF6-
PPF3.

3.4 Water absorption results of SCC

After 28 days of cure, the water absorption for SCC mixes with
and without fibers was determined. In the test, cylindrical
specimens measuring 100 mm % 200 mm were placed in an
oven set at 105 °C for 24 hours. Fig. 24 summarizes and
displays the average water absorption for SCC specimens with
and without fibers. Each of the concrete mixtures tested in this
study had a water absorption rate of less than 3%, as indicated
in Fig. 24, suggesting that the mixes are of acceptable quality.
All hybrid fibers tested for water absorption shown a
considerable decrease in water absorption as fiber volume was
increased. In comparison to the control specimens, there was
a reduction in water absorption of 16.6%, 18%, and 31% at p-
0.05%, p-0.1%, and p-0.15%, respectively. The results of

adding fibers to SCC mixes show that fibers have a positive
impact on lowering concrete's water absorption. In Fig. 24, the
results of the water absorption test for group p-0.1% are
displayed. The findings show that when compared to the
control specimen, the hybrid fiber specimens BF2-SF6-PPF2
and BF4-BF6 have reduced water absorption by 16.64% and
12.64%, respectively. As can be observed, adding 40% basalt
fibers reduced the water absorption more than adding 20%
polypropylene and 20% basalt fibers, although the amount of
steel fibers remained stable in both mixes. The findings of
group p-0.15%'s water absorption test are shown in Fig. 24. In
comparison to the control specimen, the water absorption was
decreased by 23.6% and 30.5% for the BF3-SF9-PPF3 and
BF75-SF75, respectively. As a result, among all the hybrid
fiber SCC specimens, the lowest water absorption was
achieved by the BF75-SF75 hybrid fiber specimen, which had
0.075% basalt fiber and 0.075% steel fiber. Sohaib et al.>'' The
water absorption tended to decrease with an increase in the
BMF volume up to 1.0%. The presence of BMF may have
blocked some routes inside the concrete thus slowing
migration of water.?!!

3.5 Ultrasonic pulse velocity (UPV) Results of SCC

A non-destructive test that is used for evaluating concrete's
quality and integrity is the ultrasonic pulse velocity test (UPV).
After 28 days, concrete prism specimens (measuring 100 mm
x 100 mm x 400 mm) underwent an ultrasonic pulse velocity
test. At room temperature, Fig. 25 displays the impact of
various fiber types and amounts on the ultrasonic pulse
velocities for SCC specimens.

9
.8
g
7
2
=6
1S)
25
(5]
=4
© 3
5
32
LL
1
0
Control  BF1-SF3-PPF1  BF2-SF3  BF2-SF6-PPF2  BF4-SF6  BF3-SF9-PPF3 BF75-S75
P-0% P-0.05% ] P-0.1% P-0.15%
SCC mixes

Fig. 23 Flexural strength test for SCC mixes.
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Fig. 24 Water absorption Results of SCC.

UPV is categorized into four categories Excellent (over
4500 m/s), good (3500-4500 m/s), medium (3000-3500 m/s),
and doubtful (below 3000 m/s).l*) As seen in Fig. 25, the
FRSCC specimens fall into two UPV categories: above 4500
m/s and 3500 m/s-4500 m/s, which respectively signal
excellent and good-quality conditions. After fibers were
introduced to SCC mixes, the UPV values were improved by

minimizing the voids, but the improvement was not significant.

In Fig. 25, the results of the UPV test for group p-0.15% are
displayed. The UPV value increased by 1.5% and 4.5%,
respectively, when BF3-SF9-PPF3 and BF75-BF75 specimens

were compared to control specimens. Using specimens
reinforced with double hybrid fibers (BF75-SF75) enhances
the UPV more than using samples reinforced with triple hybrid
fibers (BF3-SF9-PPF3). The specimens with the highest UPV
for groups p-0.05%, p-0.1%, and p-0.15% were BF2-SF3
(4544.7 m/s), BF4-SF6 (4565.5 m/s), and BF75-SF75 (4637.3
m/s), respectively.?!! found that the addition of BMF had
almost no effect on UPV values of normal SC.5 noticed no
significant decrease in UPV value of NSC with using
polypropylene fiber. While Ref. [61] reported an increase in
UPV by 7-11% with using nonmetallic fiber.
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Fig. 25 Impact of various fiber types and amounts on the ultrasonic pulse velocities for SCC specimens.
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4. Conclusions

To investigate rheological, the mechanical, and durability
characteristics of self-compacted concrete including hybrid
fibers (basalt fiber, steel fiber, and polypropylene fiber), seven
SCC mixes were created with various fiber amounts (0%,
0.05%, 0.1%, and 0.15%). A total of 528 specimens were
tested for workability, compressive strength, splitting tensile
strength, and flexural strength after undergoing tests for water
absorption, ultrasonic pulse velocity, high temperatures (23 °C,
400 °C, and 600 °C), and freezing-thawing conditions (200
cycles). The following conclusion may be drawn based on the
findings of the experimental work:

1. The rheological characteristics of fresh SCC mixes were
adversely impacted by the addition of fibers. As the amount of
fiber in SCC mixes increased, the slump flow value decreased
with a range of decreases from 8.11% to 31.76%. The best
mixes for groups p-0.05%, p-0.1%, and p-0.15% were (BF2-
SF3), (BF4-SF6), and (BF75-S75).

2.  The compressive strength of the SCC specimens with
fibers is higher than the control specimen at ambient
temperature (23°C). Additionally, it was found that the
specimens' compressive strength increased when the volume
ratio of the fibers increased to 0.15%. The optimum fiber mix
for SCC compressive strength is 0.03% BF, 0.09% SF, and
0.03% PPF (BF3-SF9-PPF3), which is almost 18.52% more
than the control specimen.

3. When fibers were utilized, the specimens exceeded the
control samples in terms of high-temperature resistance at
400°C and 600 °C. In comparison to the control group, the
mechanical properties of SCC groups including fibers
subjected to high temperatures were greater. Adding fibers to
SCC specimens will thereby increase their ability to resist fire.
4. Fibers added to SCC had a beneficial impact on
concrete's ability to absorb water. The specimen with the
lowest water absorption was the one with 0.075% BF and
0.075% SF.

It can be noted that using specimens reinforced with double
hybrid fibers (BF75-SF75) improves the UPV more than using
specimens reinforced with triple hybrid fibers (BF3-SF9-
PPF3). The UPV values increased whenever fibers were added
to SCC mixtures.
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