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Abstract: Over the past few decades, numerous studies have explored the use of steel fiber (SF) as
an alternative to transverse reinforcement rebars in reinforced concrete beams, either partially or
completely replacing them. However, there are limited studies that have investigated the effect of
fiber dosage and length on reinforced concrete beam performance under torsional loads without the
use of transverse reinforcement rebars. In this study, experimental investigations were conducted
to examine the performance of reinforced SF concrete beams subjected to torsional load, utilizing
SFs as a complete substitution of transverse reinforcement rebars. Ten different concrete mixes with
varying dosages of SFs, namely 0%, 0.5%, 1.0%, and 1.5%, were examined while maintaining the
same aspect ratio for fiber length and diameter. The results revealed that the addition of SFs in the
concrete mix had an impact on its properties, reducing workability but increasing flexural, tensile,
and compressive strengths. By incorporating 1.0% of SFs in the concrete mix, the missing torsional
strength resulting from the absence of stirrups was adequately compensated. Moreover, the presence
of SFs significantly influenced the ductile behavior beyond the point of cracking in the tested beams.
Hence, it is recommended that SFs are incorporated with dosages of 1.0% and 1.5% in the concrete
mixture, particularly for beams subjected to torsion, as a viable substitute for stirrups.

Keywords: fiber dosage; stirrups; steel fiber; torsion; concrete beam

1. Introduction

Fiber-reinforced concrete (FRC) is a cement-based composite renowned for its excep-
tional material properties, which encompass high strength, durability, ductility, and energy
absorption. These characteristics make it an ideal choice for constructing lightweight
structures with extensive spans and thin walls, such as bridge decks and box girders [1,2].
However, the utilization of FRC faces a challenge due to its expensive materials [3]. While
previous research has explored the behavior of FRC under shear and flexural loads [4,5],
there remains a lack of comprehension regarding its response to torsional loads, as well
as a deficiency in a definitive design approach for implementing FRC in torsion-resistant
structures. This knowledge gap represents a critical issue that necessitates attention in
order to broaden the application of FRC in such structures.

Torsion refers to the twisting effect that occurs when a structural element experiences
an eccentric force. This phenomenon commonly affects different components in buildings
and bridges, such as edge beams and curved beams, when subjected to various loading
conditions. Understanding and considering the impact of torsion on structural behavior
are crucial in the design and analysis of diverse structures. In statically determinate
structures, torsion leads to equilibrium torsion, while in indeterminate structures, it results
in compatibility torsion [6]. Inadequate torsional stiffness and strength in edge beams can
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lead to excessive deflection during serviceability limit states [7]. The ultimate strength
capacity of a reinforced concrete member depends on both its maximum resistance and its
ductility. Insufficient ductility can cause a failure mode that reduces the ultimate strength of
a reinforced concrete beam [8]. In contrast, FRC exhibits exceptional ductility and strength,
enabling it to fully utilize its load-bearing capacity [9]. Consequently, investigating the
torsional performance of FRC beams is vital to harness their enhanced properties effectively
in structural design.

Extensive research has been conducted on the torsional behavior of different types
of reinforced concrete materials, including normal concrete (NC), high-strength concrete,
and prestressed concrete [10-14]. These materials are characterized by brittleness and low
tensile strength, leading to the disregard of their tensile strength in structural standards
and design codes [15-17]. To address the challenges associated with brittleness and low
tensile strength, steel FRC has been developed, incorporating steel fibers (SFs) into the
concrete mix to enhance the performance of structural elements. Consequently, the current
design codes and theoretical approaches may not be appropriate for concrete exhibiting
high tensile strength.

Previous studies have conducted experimental investigations on the torsional behavior
of steel FRC beams, considering different cross-sectional shapes such as solid or hollow
sections [18-23]. Additionally, several theoretical models have been proposed to predict the
occurrence of the ultimate torques of steel FRC beams subjected to torsional loading [22-26].
These models typically incorporate the concrete’s tensile strength and the dimensions of
the member’s cross-section to estimate the torque at which cracking occurs, while also
accounting for a reduction factor that varies depending on the concrete type [22]. However,
when it comes to calculating the torsional strength of FRC members, the formulas may vary
due to the notably high strength and toughness exhibited by FRC.

Several experimental studies have focused on examining the torsional character-
istics of FRC beams with different cross-sectional configurations, encompassing solid
beams [27,28], T-shaped beams [29], and hollow beams [30,31]. The addition of SFs en-
hanced the torsional ductility and resistance of FRC when combined with both transverse
and longitudinal rebars, along with an appropriate dosage of SFs [27,28]. Yang et al. [27]
conducted experimental investigations on FRC beams, comparing those with and without
SFs. Results revealed that the inclusion of SFs improved the postcracking behavior and
torsional strength of FRC beams. Oettel et al. [30] carried out experiments to examine the
behavior of FRC box beams subjected to combined torsional and bending loads, aiming to
develop design methodologies for their implementation in structural design. Additionally,
Kwahk et al. [31] developed a formula for predicting the torsional strength of hollow
FRC beams, considering the contribution of FRC’s tensile strength to the beams’ torsional
resistance. Kwahk et al. [30] also observed that incorporating SFs proved to be more effec-
tive in enhancing the strength of the torsional capacity of the beams compared to using a
greater number of stirrups. Zou [32] conducted tests on an FRC thin-walled box beam to
investigate its torsional behavior, finding that the distortion effect of the box girder could
be significantly enhanced by increasing the number of transverse diaphragms. AlKhuzaie
et al. [29] explored the torsional behavior of T-beams made of reactive power concrete,
noting that the incorporation of SFs enhanced the torsional ductility, energy absorption,
and postcracking loading capacity of the concrete T-beams. Xie et al. [33] conducted ex-
perimental and theoretical investigations on curved FRC beams subjected to concentrated
loads. Moreover, Mohammed et al. [34] suggested that the torsional performance could be
enhanced by applying a thin layer of FRC to conventional concrete members.

2. Research Significance

Previous studies have indicated that incorporating SFs into reinforced concrete mem-
bers can enhance their torsional strength, postcracking behavior, and ductility [35]. How-
ever, there are still certain aspects related to the torsional response of FRC beams that
necessitate further investigation. These aspects encompass the effectiveness of SFs as
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torsional stirrups, improvements in the torsional mechanism of FRC beams, and the iden-
tification of failure modes. Understanding these aspects is crucial for developing design
methodologies that incorporate FRC in torsion-resistant structures. Therefore, the objec-
tive of this research was to investigate the performance of reinforced SF concrete beams
subjected to torsional load, utilizing SFs as a complete substitution of transverse reinforce-
ment rebars. Ten different concrete mixes with varying dosages of SFs, namely 0%, 0.5%,
1.0%, and 1.5%, were examined while maintaining the same aspect ratio for fiber length
and diameter.

3. Experimental Program
3.1. Apparatus

A total of ten beam specimens having the same exterior dimensions of 150 mm width,
200 mm height, and 1200 mm length were cast and tested in this study. One specimen was
cast with the NC reinforced with both longitudinal and transverse steel bars, while the
other nine beams were cast with the steel FRC reinforced with longitudinal steel bars only.
For the steel FRC beams, the test parameters examined in this study were the SF dosages
with approximately a 65 aspect ratio. In the longitudinal direction of the beam, four steel
bars of J 12 mm diameter were used for all of the reinforced specimens’” beams. For the
NC beam, the transverse reinforcement with J 6 mm was used as closed secondary bars, as
indicated in Figure 1. Figure 1b shows nine FRC beams which were without stirrups. The
FRC beams include patterns of three SF dosages of 0.5%, 1%, and 1.5%, while the lengths
and diameters of fibers were 13 mm x 0.2 mm, 35 mm x 0.55 mm, and 60 mm x 0.9 mm,
respectively. The aspect fiber ratios in Table 1 were determined using Equation (1):

AR = Ly 1)
R=p;
where A.R is the aspect ratio, Lf is the length of the fiber, and Df is the diameter of the
fiber. The longitudinal rebar ratio greater than 1% was used by dividing the total area of
longitudinal steel reinforcement by the cross-section area of the beam according to the ACI
318 minimum torsion provisions [15]. In Figure 2, a flowchart of this research approach
is depicted.
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Figure 1. Details of the tested beams (a) NC beam and (b) FRC beams.
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Table 1. Test beam indexes experimental variables.

Sample ID Fiber Dosage V£ (%) Fiber Length (mm)
T-NCon 0 0
T-FRCO0.5-13 0.5 13
T-FRC1.0-13 1.0 13
T-FRC1.5-13 1.5 13
T-FRC0.5-35 0.5 35
T-FRC1.0-35 1.0 35
T-FRC1.5-35 1.5 35
T-FRC0.5-60 0.5 60
T-FRC1.0-60 1.0 60
T-FRC1.5-60 1.5 60
Start A
h 4
Literature Study Results and discussion
- Cracks and failure
- Specimen strength
A 4
Materials Preparation h 4
- Reinforcing steel L Conclusions
- Concrete mixes
- Steel fiber
s Hook SF (H13)
End

« Hook SF (H35)

o Hook SF (H60)/

|

Testing of mechanical
properties of concrete

.

mixes

Testing of NC and steel

FRC

Figure 2. Flowchart of the research approach.

In Table 1, the tested beams were named to identify the type of concrete, SF dosage,
and SF length. For example, T-NCon indicates that the beam was cast with a T-NCon beam.
Beam T-FRC0.5-13 refers to the beam being cast with FRC, an SF dosage of 0.5%, and a fiber
length of 13 mm. Beam T-FRC1.5-35 refers to the beam being cast with FRC, an SF dosage
of 1.5%, and a fiber length of 35 mm.

3.2. Materials and Mix Proportions

Three different lengths of hook SFs, namely H13, H35, and H60, were utilized in this
study. These fibers had diameters and lengths of 0.2 mm x 13 mm, 0.55 mm x 35 mm, and
0.9 mm x 60 mm, respectively, as illustrated in Figure 3. The physical properties of the

hook SFs, as supplied by the manufacturer, are listed in Table 2.
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Figure 3. Physical form of hooked-end SF: (a) Hook SF (H60), (b) Hook SF (H35), and (¢) Hook

SF (H13).

Table 2. The manufacturer provided information regarding the hook SFs.

Fiber Diameter (mm) Length (mm) L/D Tensile Strength (MPa)
Hook SF (H13) 0.20 13 65 2500
Hook SF (H35) 0.55 35 64 900-2200
Hook SF (H60) 0.90 60 67 900-2200

A total of ten experimental mixtures were employed in this investigation. The initial
mix was designed for the NC beam, while the remaining nine mixes were formulated for
FRC beams, incorporating three different SF dosages (0.5%, 1.0%, and 1.5% by volume)
for each fiber length. The mixes consisted of coarse aggregate with a 14.0 mm maximum
size, fine aggregate with a 4.75 mm maximum size, and Portland cement. The particle
size distribution of the fine aggregate is presented in Table 3, while Table 4 illustrates the
sieve analysis results for the coarse aggregate. An assessment of the physical properties
and chemical composition of Portland cement was carried out in accordance with IQS
No.5/1984 [36]. The findings from this analysis are documented in Tables 5 and 6.

Table 3. Sieve analysis of fine aggregate.

% Passing of the Overall

Sieve Size (mm) Cumulative Passing % Limit of ASTM C33-03 [37]
9.5 100 100-100
4.75 98 95-100
2.36 89 80-100
1.18 74 50-85
0.6 39 25-60
0.3 12 5-30
0.15 2 0-10

Table 4. Sieve analysis of coarse aggregate.

% Passing of the Overall

Sieve Size (mm) Cumulative Passing % Limit of ASTM C33-03 [37]
25 100 100
19 100 90-100
12.5 80 40-85
9.5 37 1040

45 4 0-15
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Table 5. Chemical analysis of Portland cement.
Compound Chemical Percentage by Limits of IQS No.
Composition Composition Weight 5/1984 [36]
Lime oxide CaO 634
Silica dioxide SiO, 187 e
Alumina oxide Al O3 38 e
Iron oxide Fe; O3 386 e
Lime saturation factor LSF 0.873 0.66-1.02
Magnesia oxide MgO 0.43 <5.00%
Tricalcium aluminate C3A 1714 e
Sulfate trioxide SO;3 2.24 <2.5% if C3A <5%
Loss on ignition LOI 2.2 <2.8% if C3A >5%
Insoluble residue IR 0.89 <1.50%
Table 6. Physical Properties of Portland Cement.
X . Limits of IQS
Physical Properties Test Results No.5/1984 [36]
Fineness (Blaine) (m2/ kg) 280 >230
) . . . Initial time 98 >45
Time of setting (Vicat) (minutes) Final time 406 <600
Compressive strength for cement 3 days 22.07 >15
paste cube mold (50 mm) (MPa) 7 days 35.23 >23

In this investigation, a total of ten mixtures were prepared, and their details can
be found in Table 7. The beams under testing were reinforced using longitudinal bars
and stirrups. The longitudinal bars exhibited a yield strength of 445 &+ 13 MPa and an
ultimate strength of 724 £ 14 MPa. On the other hand, the stirrups had a yield strength of
465 £ 16 MPa and an ultimate strength of 624 4= 12 MPa, as per the specifications outlined
in ASTM A615/A615M [38].

Table 7. Concrete Mix Details.

Material Quantity
Cement (kg-m~3) 480
Fine aggregate (kg-m_3) 784
Coarse aggregate (kg:m—3) 832
Water (kg~m_3) 216

3.3. Mechanical Properties

Three specimens were cast and tested after 28 days for each concrete mix. In Table 8,
the average tested results are listed. The compressive strength of each mix was obtained
by testing concrete cubes with a dimension of 100 mm as shown in Figure 4a. The test
sequences were conducted to obtain the concrete splitting tensile strength for each mix of
steel FRC cylinder specimens as shown in Figure 4b. To determine the flexural strength,
prism specimens with 100 mm height x 100 mm width x 500 mm length were tested, as
shown in Figure 4c. The brittleness ratios of the steel FRC were determined by dividing the
compressive strength of each mix by the flexural strength of the same mix [39-41]. A high
brittleness ratio is associated with low flexural strength, while a low value refers to high
flexural strength.
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Table 8. Mechanical properties of concrete mixes.
Slum piff. Compressive piff.  Jensile piff,  Flexural Diff.  Brittleness

Mix ID ( COV % (%) : Strength COV % (%) . Strength COV % (% )‘ Strength COV % (% )' Rati

mm o, (MPa) o (MPa) o (MPa) (J atio

Con. 128 4.10% 0% 34.25 3.62% 0% 2.68 6.25% 0% 3.32 5.24% 0% 10.3
H13-0.5 120 470%  —6% 40.32 3.35% 18% 4.22 3.25% 57% 5.67 3.66% 71% 7.1
H13-1.0 95 3.80% —26% 45.36 4.36% 32% 5.47 5.14% 104% 6.15 4.82% 85% 7.4
H13-1.5 90 5.20% —30% 51.2 8.54% 49% 6.45 4.55% 141% 8.25 8.25% 148% 6.2
H35-0.5 109 6.10% —15% 38.44 6.27% 12% 341 8.36% 27% 4.81 6.32% 45% 8.0
H35-1.0 96 2.40% —25% 42.33 5.62% 24% 522 6.54% 95% 5.86 7.22% 77% 72
H35-1.5 87 4.60% —32% 49.65 7.62% 45% 6.25 2.55% 133% 7.89 3.66% 138% 6.3
H60-0.5 102 5.00% —20% 36.14 3.52% 6% 3.1 4.45% 16% 412 5.39% 24% 8.8
H60-1.0 90 3.60% —30% 40.25 5.51% 18% 4.25 6.33% 59% 524 4.15% 58% 7.7
H60-1.5 82 6.10% —36% 45.43 4.62% 33% 6.33 4.32% 136% 7.68 7.32% 131% 59

(b)

Figure 4. Tested specimens of concrete mixes: (a) compression test, (b) splitting test, and (c) flexu-

ral test.

Upon reviewing Table 8, it is evident that the NC control mixture exhibited the lowest
compressive, splitting tensile, and flexural strengths when compared to the steel FRC
mixtures. The inclusion of SFs in the concrete mixtures resulted in enhanced mechanical
properties, specifically in terms of splitting tensile strength, surpassing that of the NC
control mixture. The highest enhancement of 141% was observed in the H13-1.5 mix. The
flexural test results also aligned with the splitting tensile strength outcomes, demonstrating
a similar trend as the fiber dosage increased. This increase in splitting tensile strength and
flexural strength can be attributed to factors such as the fiber pattern, the number of fibers
per mixture, and the surface area. It is worth noting that the 13 mm SF exhibited a higher
number of fibers per mix and a larger surface area compared to the 35 mm and 60 mm SF
lengths, leading to a stronger bond between the SF and the concrete matrix.

3.4. Test Procedure

To subject the beam specimens to torsional loading, steel arms were utilized at both
ends of the beam, following the methodology outlined in previous studies conducted by
Hassan et al. [22,23]. Figure 5a depicts a reinforced concrete specimen positioned within
a hydraulic testing machine with a maximum capacity of 450 kN. To ensure that the load
remained centered throughout the testing process, a spherical bearing ball was welded at
the bottom of the steel diagonal beam, and the base of the spherical bearing ball was welded
at the top of the steel arm, precisely aligned with the center of the arm (see Figure 5c). This
connection between the steel diagonal beam and the steel arm eliminated the slipping of the
rollers once the load was applied. The clear torsional arm spanned a length of 500 mm from
the centroidal axis of the tested beam to the loading point, thus ensuring the application
of pure torsional loads onto the beam, as shown in Figure 5d—f. Additionally, in order to
measure the torsional angle at the end of the tested beam, two dial gauges were strategically
positioned to measure the upward and downward deflection values. The two dial gauges,
located at opposite edges of the tested beams, were spaced 150 mm apart. The readings of
the torsional angle were recorded at regular load intervals.
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Figure 5. (a) Test setup without instrumentation, (b) test setup with instrumentation, (c) spherical
bearing ball with welded base, (d) front view, (e) side view, and (f) top view.

4. Results and Discussion

In this research, ten rectangular concrete beams were tested under pure torsion to
explore the ability of fiber dosage and its length to substitute the absence of transverse
reinforcement. All the tested beams had been cured prior to testing. The test results are



Buildings 2023, 13, 1865

90f17

discussed in terms of several factors cracking pattern, torque-rotation diagrams, cracking,
and ultimate torque capacity and failure modes.

4.1. Cracking Patterns and Failure Modes

The T-NCon beam exhibited a normal torsional failure mode (see Figure 6a). The
initial crack appeared diagonally and spiraled around the tested section of the beam near
the mid-span, with crack angles measuring approximately 45 degrees. In the T-NCon beam,
significant transverse cracks were observed on all sides of the tested beam. Subsequently,
these cracks extended widely in two opposite directions until the beams failed, showcasing
ductile behavior.

In contrast, the steel FRC beams displayed different crack patterns and failure charac-
teristics compared to the T-NCon beam. This can be attributed to the restraining effect of
the SE, which impeded crack propagation in the FRC beams, resulting in distinct failure
criteria. The steel FRC beams had one major crack, contrariwise the T-NCon beam, which
had more major cracks, as shown in Figure 6b—d. For beams with a fiber dosage of 0.5%
and fiber lengths of 35 mm and 60 mm (T-FRCO0.5-35 and T-FRCO0.5-60), the crack width was
very wide, and the failure was brittle. On the other hand, the beam T-FRC0.5-60 showed
less crack width and failed in a ductile manner. This fiber effect is due to the number of
fibers per volume, which means that a fiber length of 13 mm has more fibers than the
other fiber lengths of 35 mm and 60 mm. As is known, one fiber of 35 mm length balances
roughly 20 fibers of 13 mm length, and one fiber of 60 mm length compensates for roughly
93 fibers of 13 mm length.

Figure 6. Cont.
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Figure 6. Cont.
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Figure 6. Cracks of tested beams after failure. (a) T-NCon., (b) T-FRC0.5-13, (¢) T-FRC0.5-35, (d) T-
FRC0.5-60, (¢) T-FRC1.0-13, (f) T-FRC1.0-35, (g) T-FRC1.0-60, (h) T-FRC1.5-13, and (i) T-FRC1.5-35,
and (j) T-FRC1.5-60.
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Figure 6e—j depict the crack patterns of the rest of the steel FRC beams T-FRC1.0-
13, T-FRC1.5-13, T-FRC1.0-35, T-FRC1.5-35, T-FRC1.0-60, and T-FRC1.5-60. After the first
cracking occurred, the cracks developed along the tested beam, and the SFs acted to stop the
crack width increasing. With the increase in the applied torque, diagonal cracks emerged,
and a prominent main crack was observed along the tested beam. The width of this crack
progressively widened as the torque was amplified. When the torque reached its maximum
value, the width of the main crack significantly expanded. Subsequently, after reaching the
peak torque, the torque gradually decreased, while the width of the main crack continued to
enlarge. The failure mode observed in the steel FRC beams was characterized by diagonal
tensile failure, accompanied by the pulling out of SFs along the diagonal crack. These
distinctive failure modes and crack patterns underscore the importance of recognizing the
effectiveness of SFs in influencing the torsional behavior of steel FRC beams.

4.2. Torsional Strength and Torque—Twist Angle Performance

A comparison of torsional behavior between the steel FRC beams of 13 mm, 35 mm,
and 60 mm lengths and the T-NCon beam is presented in Figure 7a—c, respectively, illustrat-
ing the relationship between the end torsional moment (Torque kN-m) and angle of twist
(rad per length). Figure 7a—c compare the torsional response of the T-NCon beam (a beam
with transverse reinforcement but without fibers) and the corresponding steel FRC beams
(beams without transverse reinforcement but with 0.5%, 1.0%, and 1.5% fiber dosages).

Additionally, Figure 7 displays the torsional behavior curves until the point of failure.
In Table 9, the first cracking torsional moment (T_cr) and postcracking ultimate torsional
moment (T_u), as well as the precracking initial torsional stiffness (K) and the subsequent
angles of rotation, are listed. The elastic torsional stiffness (K) was determined using the
elastic portions of the torque-rotation curves. It is important to note that the initial torsional
rigidity was comparable for both the steel FRC beams and the T-NCon beam. Moreover,
the steel FRC beams showed higher first-crack torsional torque (T_cr) compared to the
T-NCon beam, and the magnitude of this increase varied depending on the dosage and the
SF configuration, as indicated in Table 9.

12
= — = T-NCon
— .- — T-FRC0.5-13
10 4|~~~ T-FRCLO-13 =TT TSN
------ T-FRC1.5-13 tee"" fm e TS T ————
P < -
—” .——'-'.'__— '\.~
P = N -
s .~ ~
g - ~ <
> 1 ~ <
g 61 ! e — -~
P ' ke \‘.\
: * . .
2 ~
S 41k '~
N
2 .
0

0 0.005 001 0015 0.02 0.025 0.03 0.035 0.04 0.045
Angle of rotation

(a)

Figure 7. Cont.
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Figure 7. Torque-angle of rotation plots of (a) 13 mm fiber length, (b) 35 mm fiber length, and
(c) 60 mm fiber length.

Table 9. Torsional features layout of T-NCon and FRC beams.

First Cracking Ultimate Stage
Sample ID K (kN m)
Torque (kN-m) Rotation (rad) Torque (kN-m) Rotation (rad)

T-NCon 35 0.0022 8.8 0.021 1590
T-FRCO0.5-13 4.5 0.003 6.4 0.013 1500
T-FRC1.0-13 5.2 0.0035 9.8 0.028 1485
T-FRC1.5-13 6.7 0.0041 10.5 0.026 1634
T-FRCO0.5-35 3.6 0.0022 5.4 0.0024 1636
T-FRC1.0-35 438 0.0031 9.4 0.026 1548
T-FRC1.5-35 6.5 0.0043 11.6 0.028 1512
T-FRCO0.5-60 3.5 0.0023 5.1 0.0025 1522
T-FRC1.0-60 3.9 0.0024 9.2 0.031 1625
T-FRC1.5-60 6.1 0.0038 12.4 0.043 1605

Cracking torque (T¢,); ultimate torque (T},); initial torsional stiffness (K).
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The twist angle at which the cracking torque occurred was influenced by the SF content
and its length. Thus, steel FRC beams with higher fiber dosages demonstrated increased
first-crack torque strengths due to the inclusion of SFs. Once cracking occurred, the bonding
between the SFs and the concrete matrix started to improve the postcracking behavior
of the steel FRC beams. Additionally, as depicted in Figure 7, the ultimate moments of
steel FRC beams with fiber dosages of 1% and 1.5% of the total volume were either equal
to or greater than that of the T-NCon beam. However, the steel FRC beams with a fiber
dosage of 0.5% exhibited lower torque strength compared to the T-NCon beam. Among
the different fiber lengths, the steel FRC beams with a fiber dosage of 0.5% and a length
of 13 mm demonstrated superior torsional performance. This can be attributed to the
higher number of fibers per volume for the 13 mm length fibers, resulting in better fiber
distribution. In general, the steel FRC beams with a fiber dosage of 1.5% and a fiber length
of 60 mm exhibited higher torque capacities due to the strong bond between this length of
fiber and other components in the mix.

4.3. Torsional Toughness and Ductility Index

The torque angle of the rotation curve shows three parts: the precracking, ultimate,
and failure areas (P-I area, P-II area, and P-III area, respectively), as shown in Figure 8
Okay and Engin [21]. The areas under the curves of the P-I area, P-II area, and P-III area
represent the torsional toughness, in which energy is absorbed by the tested specimens.
Therefore, the P-I area, P-II area, and P-III area are the precracking torsional toughness of the
beam, cracked toughness before achieving the ultimate torque strength, and postcracking
toughness, respectively. Using the torque—angle of rotation curves, the three portions of
toughness were calculated.

A
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Figure 8. Torsion model (Okay and Engin [21]).

Table 10 shows that the steel FRC beams with fiber dosages 1% and 1.5% demonstrated
structural toughness under torsion load comparable to the T-NCon beam, especially P-1I,
and the total toughness reached two times as much. The enhancement in toughness is
credited to the posthardening behavior and energy absorption of the steel FRC beams.
Using SFs in the concrete mix, the crack width decreased due to the interfacial bond strength
between the SFs and the concrete components. The steel FRC beams of 0.5% fiber content
exhibited low torsional toughness in the three parts compared with the T-NCon beam. This
reduction in torsional toughness was due to the missed reparation of 0.5% SF dosage in the
absence of transverse reinforcement. Also, 60 mm fiber length with 1.5% SF content showed
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higher torsional toughness as a result of the matrix bond strength restricting the expansion
of cracks and preventing the concrete matrix from separation via the crack-bridging effect.

Table 10. Torsional toughness for all models in three parts.

Torsional Toughness (kN-m-rad)

Sample Identification

P-I P-II P-III Total

T-NCon 0.007 0.172 0.12 0.299
T-FRC0.5-13 0.007 0.07 0.135 0.212
T-FRC1.0-13 0.008 0.228 0.1 0.336
T-FRC1.5-13 0.007 0.229 0.13 0.366
T-FRCO0.5-35 0.007 0.007 0.033 0.047
T-FRC1.0-35 0.003 0.212 0.12 0.335
T-FRC1.5-35 0.006 0.263 0.13 0.399
T-FRCO0.5-60 0.007 0.007 0.002 0.016
T-FRC1.0-60 0.025 0.236 0.053 0.314
T-FRC1.5-60 0.028 0.397 0.211 0.636

Also, the torsional ductility of the tested T-NCon and steel FRC beams was estimated
using the description based on a form of torsional ductility (u = 6u/0y) recognized and
utilized by Bernardo and Lopes [11], where 0u and 6y are the ultimate angle of rotation and
yielding angle of rotation corresponding to the ultimate torque load and yielding torque
load, respectively. The elastic angle of rotation 8y is represented by the yielding position by
Hadi et al. [42]. The structural characteristics of the torsional ductility index are listed in
Table 11. The results show that the rising SFs ratio increased ductility for steel FRC beams.
Also, transverse reinforcement contributed to ductility in the case of the T-NCon beam. The
60 mm SF length with SF dosages 1% and 1.5% exhibited higher ductility due to the bond
strength of the 60 mm SFs with cement paste resulting in a restriction of crack propagation.

Table 11. Torsional ductility of beams.

Sample Identification Torsional Ductility n

T-NCon 9.07
T-FRC0.5-13 412
T-FRC1.0-13 7.60
T-FRC1.5-13 6.02
T-FRCO0.5-35 1.04
T-FRC1.0-35 7.97
T-FRC1.5-35 6.19
T-FRCO0.5-60 1.03
T-FRC1.0-60 10.27
T-FRC1.5-60 12.75

5. Conclusions

This study presents experimental investigations conducted on ten beams subjected to
pure torsion, including one beam without SF and nine beams with different SF additions.
The following conclusions can be drawn from the test results:

1.  Theaddition of SFs to the concrete mixture affects workability by reducing the concrete
slump. Workability decreases with increasing SF length and dosage.

2. Diagonal and twisting cracks were observed around the tested beam spans as the
torsional load increased. In the steel FRC beams, one main crack was wider than
the others, whereas the T-NCon beam exhibited multiple major cracks with increas-
ing torque.

3. TheSF dosage of 0.5% failed to compensate for the absence of transverse reinforcement,
leading to a reduction in ultimate torque capacities by 27%, 39%, and 42% for fiber
lengths of 13 mm, 35 mm, and 60 mm, respectively, compared to the T-NCon beam.
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4. The optimal SF dosage for improving torsional behavior in the absence of transverse
reinforcement was found to be 1.0% of the volume. This resulted in torque strength
improvements of 11%, 6.8%, and 4.5% for fiber lengths of 13 mm, 35 mm, and 60 mm,
respectively, compared to the T-NCon beam.

5. With an SF dosage of 1.5%, the ultimate torque capacity increased by 19%, 32%, and
41% for fiber lengths of 13 mm, 35 mm, and 60 mm, respectively, compared to the
T-NCon beam.

6.  The initial torsional rigidity of the steel FRC beams was comparable to that of the
T-NCon beam, and it was dependent on the SF dosage and the presence of trans-
verse reinforcement.

7. The resistance to torsional cracking and crack width at failure in the steel FRC beams
were influenced by the SF dosage and fiber length.

8.  For the SF dosage of 0.5%, increasing the number of SFs per volume for the 13 mm
fiber length demonstrated greater improvement in torsional characteristics compared
to fiber lengths of 35 mm and 60 mm.
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