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Abstract: This experimental study presents the influence of basalt fiber on the rheological and
mechanical properties and the durability behavior of self-compacting concrete (SCC). In this study,
a total of five self-compacting concrete mixtures were prepared: one as a control mix and the other
mixes with 0.05%, 0.1%, 0.15%, and 0.2% basalt fibers. Slump flow and V-funnel flow tests were
employed to assess the influence of basalt fibers on the rheological properties of fresh self-compacting
concrete (SCC). Additionally, mechanical properties, including compressive strength, splitting tensile
strength, and flexural strength, were analyzed. Furthermore, the mechanical properties were assessed
following exposure to elevated temperatures (400 ◦C and 600 ◦C) as well as 100 and 200 freeze-thaw
(F/T) cycles. Additionally, water absorption and ultrasonic pulse velocity tests were conducted
on the SCC mixes after 28 days of curing. The results revealed that the addition of fiber has a
significant effect on the rheological properties of fresh SCC mixtures. As the volume of fibers increases,
the reduction in rheological properties increases. Basalt fiber had no effect on the compressive
strength, while the splitting and flexural strength were significantly enhanced by 33% using basalt
fiber. As temperatures and freezing-thawing cycles escalated, the mechanical properties of SCC
exhibited a decline. Experimental findings indicated that elevating the temperature to 600 ◦C resulted
in a decrease of over 20% in both the tensile and compressive strengths of SCC. Moreover, the
results demonstrated that the incorporation of basalt fibers substantially enhanced the mechanical
properties of SCC when subjected to high temperatures and freezing-thawing cycles. In addition,
water absorption increased slightly by the incorporation of basalt fiber.

Keywords: SCC; flexural strength; water absorption; basalt fiber; freezing and thawing; high
temperature; UPV

1. Introduction

Concrete is one of the most prominent materials that has been used in the construction
industry for more than a century since it provides the appropriate strength at the lowest
cost when compared to other materials available. Due to the inability to use vibrating
tools, casting and compaction of concrete can be exceedingly challenging in some con-
crete buildings, such as those with dense reinforcing and complex molds. Consequently,
this exerts a negative impact on both the performance and longevity of concrete. Self-
compacting concrete (SCC), a type of non-compacted concrete, stands out as a pivotal
advancement in concrete technology, enhancing both the quality and durability of concrete
structures. SCC has been widely employed to elevate concrete properties, durability, and
workability conditions.
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SCC was initially created in Japan in 1988 to produce more durable concrete structures,
and it was brought to Europe in the middle of the 1990s via Sweden [1]. Even in the presence
of heavily reinforced, narrow, and deep sections [2–5], SSC is a new type of concrete mixture
that can flow and fill every corner of the formwork by its own weight without requiring
external vibration. In addition to these advantages, SCC offers the construction industry
several other advantages, such as improved surface finish, decreased noise pollution, and
health issues related to the use of vibration devices. SCC also decreases labor costs and
construction time, which increases efficiency and effectiveness on site.

The ingredients for producing SCC mixtures are identical to those used in conven-
tional concrete, comprising Portland cement, fine aggregate, coarse aggregate, water, and
admixtures. However, SCC stands out due to the incorporation of supplementary fine com-
ponents, such as filler materials like limestone powder and very fine sand, along with high
water-reducing admixtures containing viscosity-modifying agents, which help regulate its
rheological properties.

Concrete is generally known as a brittle, low ductility material that is strong in com-
pression but weak in tension. In the field of concrete technology, incorporating fibers into
self-compacting concrete creates a new composite material that combines the advantages of
both SCC and fibers. The amount of fibers, length, aspect ratio, and shape all have a part in
the improvement of concrete properties [3,6]. In general, fiber-reinforced self-compacting
concrete (FRSCC) is a new construction material that combines the advantages of SCC with
the positive benefits of fibers [2,4,7].

Numerous research studies have explored the properties of concrete with the incorpo-
ration of basalt fibers [8–18].

Shoaib et al. [8] studied the fresh and hardened properties of normal- and high-
strength concrete (NSC and HSC) reinforced with basalt fibers (BF), ranging from 0.5 to
1.5% by volume. The findings revealed that the addition of BF decreased the workability of
both NSC and HSC at a similar rate. An average maximum slump reduction of 78% was
observed at 1.5% BF. The influence of BF on the compressive strength of NSC and HSC was
found to be insignificant. However, significant enhancements were noted in the splitting
tensile strength, ranging from 10 to 52% in NSC, and in flexural strength, ranging from 18
to 56%. Ref. [9] studied the impact of chopped basalt fibers, measuring 32 mm in length,
on concrete properties. They observed a reduction in concrete slump ranging from 5 to
34% with varying volumes of basalt fibers (BF) between 0.04 and 0.11%. This decrease in
concrete workability due to the addition of BF was attributed to the larger surface area
requiring more cement paste, consequently reducing workability. Ref. [10] reported a minor
improvement in the concrete compressive strength (up to 7%) by the addition of BF at
0.02 to 0.11%, while [11] reported no notable change in strength at 0.2% and 0.3%, and the
highest flexural strength was achieved with a 0.1% volume of fibers.

Ref. [12] studied the use of basalt fiber in the production of self-compacting concrete
(SCC). Basalt fibers of 3, 6, 12, and 24 mm in length were incorporated into the SCC mixtures
at a replacement ratio of 0%, 0.1%, 0.3%, and 0.5% of concrete volume. Results show that
the highest compressive strength result is obtained from the mixtures containing a fiber
content of 0.1% for the fiber lengths of 12 mm and 24 mm. The highest flexural and splitting
tensile strength results are obtained from the concrete mixtures incorporated with a content
of 0.5% fibers having a length of 24 mm. The optimum volume fraction and basalt fiber
length are determined as 0.49% and 21.12 mm. Ref. [13] added BF to SCC by a fraction of
0.1% to 0.5%. According to the research findings, BF has reduced the diameter of the flow
(695–663 mm) and increased the time of the flow (3–5.6 s). Also, SCC containing 0.1–0.4%
volume fraction of BF improve the compressive strength in ranged from 2.22% to 8.43%
at 28 days. Ref. [14] examined various basalt fiber contents of 0.90, 1.35, and 1.80 kg/m3,
along with different fiber lengths of 24, 19, and 40 mm, respectively, in investigating SCC.
Their findings indicated that the highest compressive and flexural strength values were
achieved in SCC mixtures containing 0.1% and 0.5% BF by volume, with a fiber length of
24 mm, respectively. Compared to the control concrete, samples reinforced with basalt fiber
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showed an increase in compressive strength by 2.43%, 3.58%, and 4.20% for fiber contents
of 0.90, 1.35, and 1.80 kg/m3, respectively.

In the study conducted by [15], the behavior of SCC produced with basalt fiber was
investigated using fiber amounts ranging from 0.6% to 2.0%. It was stated that the addition
of fiber into SCC increases the 28-day splitting tensile and flexural strength by 5% to 50% and
30% to 48%, respectively. It was revealed that the 7-, 14-, and 28-day compressive strength,
splitting tensile strength, and flexural strength results from SCC mixtures produced with
basalt fibers become highest for the fiber utilization of 0.3%, 0.4%, and 1.4%, respectively.

Concrete’s durability is a vital characteristic, irrespective of its compressive strength,
as issues with concrete typically arise from durability failures rather than inadequate
strength [19]. In order to maintain its ideal engineering properties, original shape, quality,
and serviceability, concrete must be able to survive weathering, environmental factors,
chemical attack, fire, abrasion, and any other deterioration process. Elevated temperatures
represent a significant environmental factor that could potentially compromise the me-
chanical and physical properties of concrete. Conversely, heightened temperatures result
in increased internal pressure, a primary factor contributing to the reduction in concrete
strength [20,21]. According to previous studies on polypropylene fibers (PPF), utilizing
PPF in conventional and self-compacting concrete can prevent spalling in the event of a
fire [22,23]. PPF melts at 160–170 ◦C while spalls at 190–250 ◦C. As a result, as the fibers
melt, vacuous channels emerge, creating a new pathway for gas escape [24].

Ref. [25] studied the compressive strength of self-compacting concrete under ele-
vated temperatures. After 28 days of curing, the specimens were kept at 200 ◦C, 400 ◦C,
600 ◦C, and 800 ◦C temperatures for two hours. It was established that compressive capacity
decreased with an increase in temperature. Also, there was a drastic reduction in strength
at both 600 ◦C and 800 ◦C. The percent variation of resilience strength of self-packing
concrete at 200 ◦C, 400 ◦C, 600 ◦C, and 800 ◦C was found to be 3.15%, 10.88%, 43.39%,
and 51.36%, respectively, relative to the controlled concrete. Ref. [26] investigated the
mechanical performance of self-compacting concretes (SCCs) under both room and high
temperatures. Their findings revealed that the relative compressive strengths measured at
120 ◦C and 600 ◦C for all the SCCs studied were lower than those determined for conven-
tionally vibrated concretes. Additionally, increasing the volume of cement paste resulted in
a notable reduction in the relative compressive strength at 250 ◦C, 400 ◦C, and 600 ◦C. The
water–binder ratio had minimal impact on the relative compressive strength of the SCCs
studied at high temperatures.

Ref. [27] studied experimentally the influence of high temperatures on the character-
istics of self-compacting concrete. All specimens were subjected to high temperatures
(20, 200, 400, 600, and 800 ◦C). Mixes were categorized into three groups based on
types of concrete: high-strength concrete (HSC), self-compacting concrete (SCC), and
self-compacting concrete with polypropylene fiber (SCCPPF). Moreover, several param-
eters were studied: concrete compressive strength (30 MPa and 60 MPa), water–cement
ratio (0.28 and 0.64), and polypropylene fiber content (0% and 1%). Based on experimental
results, the hot compressive strength of SCC reduces as temperature rises, except for high-
strength SCC, which rises at around 400 ◦C. On the other hand, concrete’s strength loss is
impacted by its strength grade, especially at temperatures under 400 ◦C. Another finding
of the studies was that adding polypropylene fibers to the mix reduced the compressive
strength and the possibility of explosive spalling as well as gave greater fire resistance than
other HSC and good workability.

Ref. [28] investigated the effects of basalt fibers on the workability and strength of fresh
self-compacting concrete (SCC). The properties of hardened concrete, such as compressive
strength, splitting strength, and flexural strength, were examined at temperatures between
25 ◦C and 500 ◦C. The results showed that workability decreased significantly with an
increase in basalt fiber content. An average strength reduction of 11.43% was observed
when the fiber content was increased. This result is attributed to the reduction in the
workability and density of SCC caused by fiber introduction. The splitting tensile strength
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of the SCC mixtures was increased by the addition of 0.25% basalt fibers. However, a
decrease in splitting tensile strength occurred when more than 0.25% basalt fiber volume
fraction was added. The experimental results revealed that increasing the temperature up
to 500 ◦C reduced the tensile and compressive strengths of SCC by over 20%.

Based on the literature, there is limited research on the behavior of self-compacting
concrete (SCC) containing basalt fiber after exposure to high temperatures and freezing-
thawing cycles. Therefore, this study extensively investigates the rheological and me-
chanical properties and the durability of self-compacting concrete, incorporating basalt
fiber in various proportions under the influence of exposure to high temperatures and
freezing-thawing cycles, making it the focal point of this research.

2. Experimental Work

This section describes the material properties, details of the slab, procedure of thermal
shock, test matrix, installation of CFRP, and test setup.

2.1. Material Properties
2.1.1. Cement

Ordinary Portland cement (OPC) Type I with 52.5 grade was used in the SCC mixes
according to EN 197-1-2011 standards [29] with 3.15 specific gravity. Table 1 shows the
chemical and physical properties of the OPC used in this study.

Table 1. Chemical and physical properties of the OPC used.

Chemical and Physical Properties Percentages (%)

Silicon Oxide (SiO2) 20.41

Aluminum Oxide (Al2O3) 4.51

Ferric Oxide (Fe2O3) 3.43

Calcium Oxide (CaO) 64.74

Magnesium Oxide (MgO) 1.99

Sulfur Trioxide (SO3) 2.90

Potassium Oxide (K2O) 0.52

Sodium Oxide (Na2O) 0.32

Tricalcium Aluminate (C3A) 7.50

Loss On Ignition (L.O.I) 1.15

Specific Service Area 3550 cm2/g

2.1.2. Aggregate

The aggregate used in this study was selected based on the particle size, specific
gravity, and original rocks as per the ASTM C33/C33M-18 standard [30]. The origin of the
coarse aggregate used in this study is limestone with a maximum size of 16 mm. Two types
of fine aggregate were used, limestone with a mean size between 3 and 6 mm and silica
sand with a mean size between 0 and 3 mm. Table 2 summarizes the aggregate properties.

Table 2. Physical properties of aggregate.

Property Coarse Aggregate
Fine Aggregate

Limestone Silica Sand

Specific gravity (SSD) 2.66 2.66 2.62

Water absorption % 1.3% 0.9% 0.2%

Bulk Density 1410 kg/m3
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2.1.3. Admixture

In this study, a high-performance superplasticizer (Hyperplast PC770) was used. It is
based on polycarboxylate polymers supplied by the DCP Company (Amman, Jordan) and
complies with ASTM C494-Type G [31]. Hyperplast PC 770 is a light-yellow liquid with a
specific gravity of 1.06 ± 0.02.

2.1.4. Basalt Fiber

Basalt Concrete Fibers for Polymers and Concrete, a high-performing basalt fiber, was
made available by the Globmarble Company. The basalt fiber used in this study has a
length of 12 mm. The basalt fiber used in the concrete mix is seen in Figure 1. Table 3 lists
the BF’s chemical and physical properties.
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Figure 1. Basalt fiber.

Table 3. Physical properties of basalt fiber.

Shape of Fiber Straight

Density 2.67 (g/cm3)

Length 12 mm

Diameter 16 micron

Melting Temperature 1450 ◦C

Tensile Strength 2600 MPa

Young’s Modulus ≥65 GPa

2.2. Testing Program

Five types of SCC mixes with different ratios of basalt fibers were prepared: one
as a control mix for comparison purposes and the other mixes with 0.05, 0.1, 0.15, and
0.2% basalt fiber by volume. The designation of the mixture is control, BF5, BF10, BF15,
and BF20. For each mix, the test specimens consisted of 33 cylinders and 15 prisms, as
shown in Table 4. The cylinders were subjected through testing for compressive strength,
splitting tensile strength, and water absorption. Flexural strength testing and an ultrasonic
pulse velocity test were performed on prisms. The previous tests were implemented on
the specimens after exposure to three different levels of temperature (23 ◦C, 400 ◦C, and
600 ◦C) as well as freeze and thaw cycles (100 and 200).
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Table 4. Experimental specimens’ matrix and details.

Heat 23 ◦C 400 ◦C 600 ◦C

Compressive strength 3 Cylinder 3 Cylinder 3 Cylinder

Splitting tensile strength 3 Cylinder 3 Cylinder 3 Cylinder

Flexural strength 3 Prism 3 Prism 3 Prism

Freezing and thawing 100 Cycles 200 Cycles

Compressive strength - 3 Cylinder 3 Cylinder

Splitting tensile strength - 3 Cylinder 3 Cylinder

Flexural strength - 3 Prism 3 Prism

Water absorption 3 Cylinder - -

2.3. Concrete Mix Design

The compressive strength of this mixture is designed to be C40/50 MPa (cylinder/cube)
after 28 days through the proper ratios of cement, fine aggregates, and coarse aggregates.
SCC with a water–cement ratio equal to 0.4 were prepared, using Type I Ordinary Portland
cement (OPC 52.5), coarse aggregates with a maximum size of 16 mm, a mixture of fine ag-
gregates (II) (limestone) and fine aggregates (I) (silica sand), in addition to Superplasticizer
at 2.5% (PC 770) by cement weight. After examining several mixtures of SCC, the mixture
shown in Table 5 was used.

Table 5. Concrete mix design.

Cement (OPC 52.5) 420 kg/m3

Coarse Aggregate (Limestone) 730 kg/m3

Fine Aggregate (II) (Limestone) 438 kg/m3

Fine Aggregate (I) (Silica Sand) 657 kg/m3

Water absorbed by aggregate 16 kg/m3

Superplasticizer (PC 770) 10.50 kg/m3

Total Aggregate 1825 kg/m3

2.4. Mixing and Casting Procedure

A tilting drum mixer of 0.25 m3 was used for mixing the ingredients. In a dry state,
coarse aggregates, fine aggregates (II), and fine aggregates (I) were blended for 2 min with
one-third of the water quantity to give the aggregates their need for absorption. Then,
cement was added, followed by another one-third of the water gradually, and mixing
continued. Following that, superplasticizers were dissolved into the remaining water and
mixed for 5 min. Fibers were added as the last ingredient in the mix, gradually dropping
them into the mixer and mixing for approximately 4 min.

Thirty-three cylindrical samples (100 mm × 200 mm) and fifteen prismatic specimens
(100 mm × 100 mm × 400 mm) were cast for each of the SCC mixes, both with and without
fibers, without the application of any external vibration force. After each mold was filled
up, the excess concrete was removed using a trowel to achieve a smooth surface. For 24 h,
the casted specimens were kept in molds. The specimens were then removed out of their
molds and submerged entirely for 28 days at a temperature of (23 ◦C) in a tank of water.
Figure 2 illustrates the casting processes.
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Figure 2. Casting of SCC specimens.

2.5. Testing Fresh SCC Concrete

Before casting specimens, two different types of tests were conducted on fresh self-
compacting concrete mixtures to determine the impact of adding basalt fiber on their fresh
qualities in accordance with EFNARC [32]. The tests that were conducted were the V-funnel
test and the slump flow test. Figures 3 and 4 show the steps of the slump flow test and
V-funnel test, respectively.
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2.6. Testing for Mechanical Properties of SCC

The mechanical properties of hardened SCC mixes containing basalt fibers were
evaluated in the current study. These mechanical properties include compressive strength,
splitting tensile strength, and flexural strength.

The compressive strength and splitting tensile strength of each SCC specimen were
tested at 28 days at a load rate of 0.6 MPa/s in accordance with ASTM C39 [33] and ASTM
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C496 [34], respectively. The specimens were tested using a compression testing machine
with a capacity of 4000 kN. Flexural strength, commonly referred to as MOR (modulus of
rupture), is an indirect way to measure tensile strength. As shown in Figure 5, a flexural
strength test on prism-shaped specimens (100 mm × 100 mm × 400 mm) with a center-to-
center span length of 300 mm was conducted utilizing a 150 kN capacity universal testing
machine in accordance with the ASTM C293-16 [35] standard. The test was at a rate of
0.025 kN/min; the center point loading (vertical static loading) was gradually raised.
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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 a sustainable concrete structure when
exposed to harsh environmental conditions.

To assess the durability behavior of hardened SCC mixtures with different basalt fiber
ratios, water absorption, freezing-thawing resistance, and heat resistance tests were used
after 28 days of curing.

2.7.1. Water Absorption Test

A water absorption test serves as a means to gauge the pore structure within concrete
material, providing a swift assessment of its durability. This test involves estimating the
percentage of water absorption and voids present in cylindrical samples (100 mm × 200 mm)
of self-compacting concrete. The saturated dry samples (WSSD) were weighed after 28 days
of curing. After that, the samples were put in the oven for 24 h at 105 ± 5 ◦C, and the dry
samples’ weights (WOD) were measured, according to ASTM C642-13 [36]. The equation
below is used to calculate the water absorption:

Water Absorption =
WSSD − WOD

WoOD
× 100% (1)

WSSD: weight saturated-dry sample (g) (2)

WOD: weight oven-dry sample (g) (3)

2.7.2. Freeze-Thaw Cycles

Over time, minor 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
experience permanent damage. According to ASTM C666-A [37], this test method assesses
the resistance of concrete specimens to quickly repeated cycles of freezing and thawing in
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water (Procedure A). For each mixture, freeze-thaw resistance was assessed using cylinder
specimens (100 mm × 200 mm) and prism specimens (100 mm × 100 mm × 400 mm). All
specimens were placed in a freeze-thaw chamber after 28 days of curing and subjected to
freeze-thaw cycles. The concrete specimens were frozen for two hours at (−18 ± 2) ◦C and
thawed for one hour at +5 ± 2 ◦C. After being subjected to 100 and 200 cycles, compressive
strength, splitting strength, and flexural strength tests were performed. Figure 6 shows the
freeze-thaw chamber and the specimens inside the chamber.
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2.7.3. Behavior under High Temperatures

This study investigates the behavior of self-compacting concrete mixtures with and
without basalt fiber on the mechanical properties after being exposed to different tempera-
tures: 400 ◦C and 600 ◦C. After a 28-day curing period, the samples (cylinders and prisms)
were removed from the water tank.

Temperatures of 400 ◦C and 600 ◦C (high temperatures) were applied to the samples.
As shown in Figure 7, the samples were placed in the furnace and heated from ambient
temperature (23 ◦C) to a target temperature with an average increase rate of 5 ◦C/min; the
specimens were subjected to a temperature of (400 ◦C or 600 ◦C) for 3 h. The specimens
were then allowed to cool in the furnace until the following day. The furnace’s interior
temperature was digitally controlled using a display panel exterior. The samples were then
cooled in the furnace without opening until the interior ambient temperature was reached.
Subsequently, the specimens underwent testing for mechanical properties.
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3. Results and Discussion
3.1. Results of SCC Fresh Properties

In this study, the slump flow test and the V-funnel test were chosen for testing the
fresh properties of SCC mixes. The fresh properties of the mixes were evaluated within
30 min of mixing to control the workability of SCC. Table 6 shows the experimental results
of the slump flow and V-funnel tests of fresh concrete mixtures.

Table 6. Experimental results of fresh properties of SCC mixtures.

Group of Mix Slump Flow Test (mm) V-Funnel Test (s)

Control 740 7.40

B5 665 10.90

B10 645 14.70

B15 550 16.90

B20 505 28

3.1.1. Slump Flow Test

The flowability of fresh concrete is assessed by the slump flow test. The effect of
varying fiber ratios on the slump flow is shown in Table 6. According to EFNARC Standards,
Specifications, and Guidelines for Self-Compacting Concrete [25], the slump flow value
required for self-compacting concrete is 520 to 850 mm. All the mixtures satisfied these
limits except the mixture containing 0.2% basalt fibers, which did not exhibit a slump flow
value within the standard limits. The slump flow of the plain self-compacting concrete
mixture was 740 mm. Figure 8 shows a significant reduction in the slump value when the
fiber content increased. The reduction was 10%, 12.9%, 25.7%, and 31.7% at 0.05%, 0.10%,
0.15%, and 0.20% of basalt fibers, respectively, compared to the control sample. According
to EFNARC standards, the utilization of a basalt fiber content of 0.1% marks the inflection
point at which the flowability of SCC transitions from SF2 class to SF1. It can be observed
that the flowability of SCC mixtures decreases as the fiber content increases; a similar trend
was noticed by [8,10,14]. The reduction in the followability of SCC as the fiber volume
increases can be due to the extensive surface area of the fibers and their high utilization
content, which results in absorbing more cement paste to envelop them. Consequently, this
diminishes the water–cement ratio and augments the viscosity of the mixture, ultimately
resulting in slump loss [8,13,16].
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3.1.2. V-Funnel Test

The V-funnel test is utilized to measure the filling ability of fresh SCC mixes. According
to EFNARC standards, the V-funnel time required for self-compacting concrete is classified
to VF1 (V-funnel flow time ≤ 8 s) and VF2 (V-funnel flow time 9 to 25 s). All SCC mixtures
fulfill the permissible limit except the mixture that consists of 0.2% of basalt fiber, as shown
in Table 6.

Table 6 and Figure 9 show that the V-funnel flow time gradually increases when the
basalt fiber ratio in SCC mixes increases in comparison to the control mixture. Because
fiber extends the amount of time required to flow mixes through the funnel, the V-funnel
flow duration increases as the ratio of total volume of fibers increases. This was attributed
to micro-scale particles of fibers absorbing some of the mixing water, enhancing the cohe-
siveness of fresh concrete as a result. It is clear that using BF at any ratio will cause SCC’s
viscosity class to move to VF2 according to EFNARC flow time standards. At 0.2% basalt
fibers, the maximum V-funnel time was 28 s. BF5, BF10, BF15, and BF20 had V-funnel flow
durations of 10.9, 14.7, 16.9, and 28 s, respectively. This finding is consistent with a prior
investigation by [15,27].
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3.2. Mechanical Properties of SCC
3.2.1. Compressive Strength at 23 ◦C

The results of the compressive strength of basalt fiber incorporation at different percent-
ages are shown in Figure 10. As seen in Figure 10, adding basalt fibers did not considerably
increase the compressive strength. In comparison to the control SCC specimen, the com-
pressive strength of SCC at percentages of 0.05%, 0.1%, 0.15%, and 0.2% of basalt fibers
increased by 2.6%, 3.9%, 4.4%, and 2.8%, respectively. The compressive strength decreased
in the specimen with 0.2% of basalt due to the fact that the total surface area of the fibers
significantly increases when the fiber content is extremely high. The bonding between
cement pastes and aggregates deteriorates as a result of the requirement for additional
cement pastes to surround the fibers [38]. This may possibly be because the introduction
of fibers has reduced the density and workability of SCC. Similar results were reported
by [11,13,14,18].
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3.2.2. Splitting Tensile Strength

In this investigation, splitting tensile and flexural strength tests were conducted to
gather supplementary data regarding the impact of basalt fiber on the tensile behavior of
the SCC mixtures. The outcomes of the splitting tensile strength tests for various basalt
fiber ratios are depicted in Figure 11. The splitting tensile strength of SCC at 0.05%, 0.10%,
0.15%, and 0.2% of basalt fibers was dramatically increased by 8.35%, 18.73%, 14.41%, and
10.95%, respectively, in comparison to the control specimen. This may be because basalt
fibers have a high tensile strength, which restricts microcracks from spreading and hence
increases tensile strength [12]. As depicted in Figure 9, the optimal proportion of basalt
fibers for splitting tensile strength was found to be 0.1%. The splitting tensile strength of
the SCC mixes exhibited improvement when utilizing 0.1% basalt fiber but declined with
higher percentages of basalt fiber exceeding 0.1%.

Fibers 2024, 12, x FOR PEER REVIEW 13 of 23 
 

 
Figure 10. Compressive strength test results for SCC mixtures with different basalt fiber contents at 
ambient temperature. 

3.2.2. Splitting Tensile Strength 
In this investigation, splitting tensile and flexural strength tests were conducted to 

gather supplementary data regarding the impact of basalt fiber on the tensile behavior of 
the SCC mixtures. The outcomes of the splitting tensile strength tests for various basalt 
fiber ratios are depicted in Figure 11. The splitting tensile strength of SCC at 0.05%, 0.10%, 
0.15%, and 0.2% of basalt fibers was dramatically increased by 8.35%, 18.73%, 14.41%, and 
10.95%, respectively, in comparison to the control specimen. This may be because basalt 
fibers have a high tensile strength, which restricts microcracks from spreading and hence 
increases tensile strength [12]. As depicted in Figure 9, the optimal proportion of basalt 
fibers for splitting tensile strength was found to be 0.1%. The splitting tensile strength of 
the SCC mixes exhibited improvement when utilizing 0.1% basalt fiber but declined with 
higher percentages of basalt fiber exceeding 0.1%. 

 
Figure 11. Splitting tensile strength test results for SCC mixtures with different basalt fiber contents 
at ambient temperature. 

Figure 11. Splitting tensile strength test results for SCC mixtures with different basalt fiber contents
at ambient temperature.



Fibers 2024, 12, 52 13 of 22

This could be because the basalt fibers are not evenly distributed throughout the
cement matrix, causing agglomeration of basalt fiber particles to aggregate at high volume
fraction values. According to [38], after 28 days, the addition of 0.05% basalt fiber increased
the splitting tensile strength by 1.35%. When basalt fibers were introduced at 0.1%, 0.15%,
and 0.20%, the strength decreased by 9.75%, 11.1%, and 11.92%, respectively, in comparison
to the control sample. Ref. [28] discovered that adding 0.25% basalt fiber increased high-
strength SCC’s ability to split by 6%.

3.2.3. Flexural Strength

The flexural strength was determined in accordance with ASTM C293-16 [35]. Pris-
matic specimens measuring 100 mm × 100 mm × 400 mm were utilized for the test. At
ambient temperature, the flexural strength of the SCC specimens ranged from 6.48 to
8.46 MPa. According to Figure 12, the value of flexural strength was significantly enhanced
when the ratio of the total volume of fibers in SCC mixes increased. Flexural strength of SCC
at 0.05%, 0.10%, 0.15%, and 0.2% of basalt fibers was increased by 18.98%, 23.61%, 28.86%,
and 30.56%, respectively, as compared to the control specimen. The results demonstrate
that the control sample has the lowest flexural strength and that adding basalt fibers to
concrete improves its flexural strength significantly. The BF20 specimen has a maximum
flexural strength improvement of 30.56% over the control concrete specimen. This is due to
the ability of fibers to limit crack extension and delay their growth rate. Ref. [12] showed
that the flexural strength increases by 12% to 19%, depending on the length of the basalt
fibers, while [13] reported an increase in the flexural strength, ranging from 3.30% to 13.61%
with a volume fraction of 0.1–0.4% of BF compared to the control. Ref. [28] showed that at
0.28% basalt fiber, the flexural strength increased by 11%.
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3.3. Durability Performance
3.3.1. Effect of High Temperature

• Compressive Strength at High Temperature

The specimens were heated to 400 ◦C and 600 ◦C in an oven for three hours to assess
the effect of high temperatures on the performance of SCC specimens with or without
fibers. The results provided in Figure 13 reveal that compressive strength is reduced
in SCC samples with or without fibers after 400 ◦C and 600 ◦C exposures compared to
ambient temperature. The rate of loss in the compressive strength increases with in-
creasing temperatures. At 400 ◦C, the compressive strength decreased by 14.12% in the
control, 12.19% in the BF5, 9.58% in the BF10, 6.21% in the BF15, and 5.18% in the BF20
specimens, respectively, compared to the specimens subjected to 23 ◦C. On the other
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hand, after exposure to 600 ◦C, the compressive strength decreased by 15.97% in the con-
trol, 13.54% in the BF5, 14.25% in the BF10, 10.64% in the BF15, and 14.64% in the BF20
specimens, respectively.
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Figure 13. The effect of different temperatures (23 ◦C, 400 ◦C, and 600 ◦C) on compressive strength of
SCC specimens.

The decrease in the compressive strength of the samples exposed to 400 ◦C and 600 ◦C
can be attributed to the fact that the calcium silicate hydrate decomposes at exposure to
high temperatures, and microcracks appear inside the concrete, which leads to a decrease
in the compressive strength. Ref. [25] showed a reduction in the compressive strength
of SCC specimens by 3.15%, 10.88%, 43.39%, and 51.36% at 200 ◦C, 400 ◦C, 600 ◦C, and
800 ◦C, respectively, compared to the plain specimen. Figure 13 shows that the compressive
strength was enhanced by incorporating basalt fibers. The compressive strength of SCC
at 0.05%, 0.10%, 0.15%, and 0.2% of basalt fibers increased by 4.85%, 9.43%, 14.02%, and
13.48%, respectively, as compared to the control SCC specimen. The optimum ratio of single
basalt fibers was 0.15%. It can be seen that the use of fibers improves the performance of
the samples in high-temperature resistance compared to the control samples.

• Splitting Tensile Strength at High Temperature

Fifteen-cylinder specimens were employed to examine the impact of temperature on
the tensile behavior of SCC. Following exposure to high temperatures, the splitting tensile
strength of the SCC specimens ranged from 3.07 to 3.99 MPa at 400 ◦C and from 2.4 to
3.4 MPa at 600 ◦C.

The results in Figure 14 demonstrate that, in comparison to ambient temperature,
the splitting strength of SCC samples with or without fibers is significantly reduced after
400 ◦C and 600 ◦C exposures.

The splitting strength decreased by 11.5% after exposure to 400 ◦C in the control
specimens, 3.5% in the BF5 specimens, 3.1% in the BF10 specimens, 2.7% in the BF15
specimens, and 2.9% in the BF20 specimens, as compared to specimens exposed to 23 ◦C.
The control, BF5, BF10, BF15, and BF20 specimens’ splitting tensile strength decreased by
18.2%, 5%, and 3.9%, respectively, after 600 ◦C, compared to the 23 ◦C specimens.

As the temperature increases, the splitting strength decreases, reaching an extreme
level after exposure to 600 ◦C. SCC’s splitting tensile strength increased by 18.2%, 29.2%,
25.7%, and 21.8%, respectively, at 0.05%, 0.10%, 0.15%, and 0.2% of basalt fibers as compared
to the control specimen at 400 ◦C. In comparison to the control specimen, the splitting
tensile strength of SCC at 0.05%, 0.10%, 0.15%, and 0.2% of basalt fibers increased by 25.7%,
28.5%, 34.1%, and 30.3%, respectively. The splitting tensile strength of SCC mixes showed
an increase with the augmentation of basalt fiber content up to 0.1% yet declined with
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further increments beyond this threshold. These findings highlight the advantageous effect
of incorporating basalt fiber on the splitting strength of concrete, particularly after exposure
to high temperatures. At 500 ◦C, [28] showed that increasing the basalt fiber ratio by 0%,
0.2%, 0.5%, and 0.1% decreased the tensile strength of SCC.
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Figure 14. The effect of high temperatures (23 ◦C, 400 ◦C, and 600 ◦C) on the splitting tensile strength
of SCC specimens.

• Flexural Strength at High Temperature

As depicted in Figure 15, after exposure to temperatures of 400 ◦C and 600 ◦C, the
flexural strength of SCC specimens, with or without fibers, declines compared to those
subjected to ambient temperature. The flexural strength decreases by 1.5% to 9.1% at 400 ◦C
and by 1.2% to 12% following exposure to 600 ◦C. It is crucial to note that as temperature
rises, flexural strength diminishes, with a significant decline observed after exposure to
600 ◦C due to concrete’s susceptibility at high temperatures. The flexural strength decreased
by 11.11% in the control specimens compared to those kept at ambient temperature.
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of SCC specimens.
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After exposure to 400 ◦C, the flexural strength of basalt fibers at 0.05%, 0.1%, 0.15%,
and 0.2% increased by 30.2%, 35.1%, 40%, and 33.8%, respectively, compared to the control
specimen. However, when compared to the control specimen at 0.05%, 0.1%, 0.15%, and
0.2%, respectively, the flexural strength of basalt fibers increased by 27.5%, 31.3%, 32.8%,
and 30%, respectively, at 600 ◦C. When the proportion of basalt fibers was increased to
0.15%, the flexural strength of SCC specimens increased, but it decreased with further
addition of basalt fibers.

3.3.2. Freezing Thawing

• Compressive Strength

The compressive strength test was performed after subjecting cylindrical specimens
(100 mm × 200 mm) to freeze and thaw cycles according to the ASTM C666-A [37] standard
specification. Table 7 and Figure 16 show the maximum compressive strength of specimens
following exposure to 100 and 200 freeze-thaw (F/T) cycles. All data in the table or figure
below are the average of at least three test results for the same condition.

Table 7. Compressive strength test results of SCC specimens at 100 and 200 cycles.

Mixture Designation Compressive
Strength (MPa)

Compressive
Strength (MPa) after

100 F/T Cycles

Compressive
Strength (MPa) after

200 F/T Cycles

Control 43.2 40.2 37.8

BF5 44.3 42.8 40.8

BF10 44.9 43.6 42.7

BF15 45.1 44.4 39.2

BF20 44.4 41.9 36.7
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Following 100 F/T cycles, the compressive strength of the SCC specimens ranged from
40.2 to 44.4 MPa. Table 7 illustrates that the compressive strength increased when fibers
were utilized, compared to the control SCC. Figure 16 shows that after 100 and 200 cycles of
freezing and thawing, the compressive strength of SCC samples with and without fibers is
decreased, as compared to specimens before the freeze and thaw cycles. The rate of loss in
compressive strength increases noticeably with increasing cycles of freezing and thawing.
After 100 cycles of F/T, the compressive strength decreased by 6.9% in the control, 3.4% in
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the BF5, 2.9% in the BF10, 1.6% in the BF15, and 5.6% in the BF20 specimens, respectively,
compared to the specimens at 0 cycles. The specimen containing 0.15% of basalt fibers
showed the least reduction in compressive strength after 100 cycles of F/T, whereas the
control specimen showed the greatest reduction. On the other hand, after exposure to
200 cycles of F/T, the compressive strength decreased by 12.5% in the control, 7.9% in the
BF5, 4.9% in the BF10, 13.1% in the BF15, and 17.3% in the BF20 specimens, respectively.

The compressive strength was improved after introducing basalt fibers, as can be
seen in Figure 16. The compressive strength of SCC at 0.05%, 0.1%, 0.15%, and 0.2% of
basalt fibers increased by 6.47%, 8.46%, 10.45%, and 4.23%, respectively, as compared to the
control SCC specimen. After being exposed to 200 F/T cycles, the specimens that contained
0.05%, 0.1%, and 0.15% of basalt fibers showed an increase in the compressive strength by
7.9%, 12.9%, and 3.7%, respectively. It is clear that the optimum fiber content is 0.1%. The
increase in compressive strength can be explained by the ability of fibers to reduce crack
extension and delay their growth rate [11,39]. The compressive strength of SCC specimens
increased when the ratio of basalt fibers was raised to 0.1%, but it decreased when more
than 0.1% of basalt fibers were used. As the basalt fiber content rises above 0.1%, the
number of fibers in the unit volume of concrete increases, and the distance between the
fibers decreases. As a result, contiguous fibers overlap, and this negatively affects the
freezing and thawing durability of the concrete compounds.

• Splitting Tensile Strength

The splitting tensile strength of SCC samples with or without fibers was reduced
after 100 and 200 cycles of F/T compared to samples at 0 cycles, as indicated in Figure 17.
In comparison to specimens before freeze-thaw cycles, the splitting tensile strength was
decreased by 7.8% in the control, 3.2% in the BF5, 1.5% in the BF10, and 3.38% in the BF20
specimens after 100 cycles, respectively. After 200 cycles, the splitting tensile strength of
the control, BF5, BF10, BF15, and BF20 specimens decreased by 12.1%, 4.8%, 7.3%, 1.8%,
and 4.2%, respectively, compared to the 0-cycle specimens.
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Figure 17. The effect of freeze-thaw cycles (0, 100, and 200) on splitting tensile strength of SCC
specimens.

The splitting tensile strength of SCC with 0.05%, 0.1%, 0.15%, and 0.2% basalt fibers
increased by 13.7%, 26.8%, 31.6%, and 16.3%, respectively. Following 200 F/T cycles,
the splitting tensile strength of SCC with basalt fibers at 0.05%, 0.1%, 0.15%, and 0.2%
increased by 17.4%, 25.3%, 27.9%, and 21%, respectively, compared to the control specimen.
The splitting tensile strength of SCC specimens improved with an increase in the volume
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fraction of basalt fibers up to 0.15% but declined when basalt fibers exceeding 0.15%
were used.

• Flexural Strength

As shown in Figure 18, the flexural strength of the SCC specimens ranged from 6.16
to 8.51 MPa after 100 cycles of freezing and thawing. According to Figure 18, the value of
flexural strength improved when the ratio of the total volume of fibers in SCC specimens
increased by 0.05%, 0.10%, 0.15%, and 0.2% compared to the control specimens.
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Figure 18 compares the flexural strength of SCC samples with and without fibers after
100 and 200 F/T cycles to samples at 0 cycles. The rate of flexural strength loss was slight
after 100 cycles. In comparison to specimens before freeze-thaw cycles, the flexural strength
was decreased by 4.9% in the control, 2.4% in the BF10, and 3.2% in the BF15 after 100 cycles,
respectively. After 200 cycles, the flexural strength of the control, BF5, BF10, BF15, and BF20
specimens decreased by 10.2%, 2.3%, 4.4%, 6.8%, and 1.9%, respectively, compared to the
0-cycle specimens.

Flexural strength of SCC at 0.05%, 0.10%, 0.15%, and 0.2% of basalt fibers was increased
by 24.5%, 27%, 31.2%, and 38.2%, respectively, as compared to the control specimen.
The incorporation of basalt fibers into SCC resulted in a considerable improvement in
flexural strength due to its high tensile strength. In general, specimen B20 shows the best
performance in freeze-thaw resistance after 200 cycles. The BF20 specimen had a maximum
flexural strength of 38.15% higher than the control concrete specimen in this study.

3.3.3. Water Absorption Results of SCC

Water absorption was determined for both fiber-reinforced and non-fiber-reinforced SCC
mixtures following 28 days of curing. Cylindrical specimens measuring 100 mm × 200 mm
were subjected to a 24 h oven treatment at 105 ± 5 ◦C during the test process. The average
water absorption for SCC specimens with and without fibers is shown in Figure 19. As shown
in the figure, the water absorption of each of the concrete mixtures in this study was less than
3%, indicating that the SCC mixes are of acceptable quality.

The findings reveal that incorporating 0.1%, 0.15%, and 0.2% basalt fibers into SCC
leads to an increase in water absorption by 8.6%, 10.9%, and 21.2%, respectively, compared
to the control specimen. Conversely, the specimen containing 0.05% basalt fibers exhibited
a reduction in water absorption by 27.6%. Specifically, specimen BF5 demonstrated the
lowest water absorption, whereas specimen BF20 exhibited the highest. The observed
outcomes can be attributed to the addition of an appropriate quantity of basalt fibers
into the concrete, resulting in the introduction of numerous uniformly dispersed micro-
bubbles. This phenomenon enhances the pore structure and reduces water absorption.
However, when the fiber content is excessively high, the fibers are not evenly distributed,
creating gaps between fibers, which in turn increases water absorption [38]. Niu et al. [38]
showed the water absorption of specimens containing 0.05%, 0.1%, and 0.15% basalt fibers
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was reduced by 20.6%, 3.6%, and 2.6%, respectively, whereas specimens containing 0.2%
increased by 19.1%, compared to the control sample.
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3.3.4. Ultrasonic Pulse Velocity (UPV) Results of SCC

The ultrasonic pulse velocity test (UPV) serves as a non-destructive method to assess
the quality and integrity of concrete. Following 28 days of curing, concrete prism specimens
(100 mm × 100 mm × 400 mm) underwent an ultrasonic pulse velocity test to evaluate
their properties.

The UPV is categorized as follows: excellent (above 4500 m/s), good (3500–4500 m/s),
medium (3000–3500 m/s), and doubtful (below 3000 m/s). Figure 20 shows that the SCC
specimens fall into two categories of UPV: above 4500 m/s and 3500–4500 m/s, which
signal excellent and good quality conditions, respectively [40]. UPV values were enhanced
after fibers were added to SCC mixtures by reducing the voids, but the enhancement was
not significant, while it decreased at 0.2% of basalt fibers.
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In comparison to the control specimen, adding 0.05%, 0.1%, and 0.15% basalt fibers to
SCC increases the UPV of concrete by 0.73%, 1.5%, and 5.5%, respectively. In the specimen
containing 0.2% basalt fibers, UPV was reduced by 2.97%, compared to the control specimen.
It can be concluded that with an increase in the content of basalt fibers to 0.15%, the speed
of the pulses passing increases, but it decreases at 0.2%.
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4. Conclusions

The test results lead to the following conclusions:

1. The addition of fibers negatively affected the rheological properties of fresh SCC
mixtures. The slump flow value of SCC mixtures decreased as the fiber content
increased, with an overall decrease ranging from 8.11% to 31.76%.

2. At ambient temperature (23 ◦C), using basalt fiber does not affect the compressive
strength of the SCC specimens, while the splitting strength and flexural strength
significantly enhanced with increasing the basalt fiber volume.

3. The addition of basalt fibers improved the mechanical properties of SCC specimens
after being exposed to high temperatures (400 ◦C and 600 ◦C). The optimal basalt fiber
ratio was found in the BF15 specimen, which increased flexural strength and splitting
strength by 32.8% and 33.3%, respectively, over the reference SCC specimen.

4. After exposure to freeze-thaw cycles, the flexural strength and splitting strength of
different SCC mixes increased as the ratio of the total volume of fibers increased. The
optimum fiber content for SCC is 0.15% basalt fibers.

5. The incorporation of fibers into SCC had both a positive and negative effect on the
water absorption of concrete. The specimen containing 0.075% BF exhibited the
lowest water absorption. Water absorption increased by 8.62%, 10.92%, and 21.26%,
respectively, for specimens BF1, BF15, and BF20, compared to the control specimen.

6. The UPV values were enhanced after fibers were added to SCC mixtures but decreased
at 0.2% of fibers. The optimum fiber content was 0.15% of basalt fibers.
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