ISSN 2303-4521
Periodicals of Engineering and Natural Sciences Original Research
Vol. 10, No. 4, July 2022, pp.5-17

Effect of stirrup, longitudinal reinforcement and steel fibers ratios on
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ABSTRACT

Many factors affect the torsional behavior of reinforced concrete beams, such as concrete strength, section
dimensions, aspect ratio and concrete cover. Improvements in the torsional behavior of RC members had led
researchers to investigate the effect of additional factors such as steel fibers, torsional reinforcement ratio
and reinforcement arrangement. Based on the above, there is a gap in previous studies in taking effect of the
distribution of stirrups with longitudinal reinforcement steel with steel fibers. Twenty-six reinforced concrete
beams 250 mm wide, 250 mm high and 1150 mm long are investigated under pure torsion. Consider the
effect of the steel fiber ratio, stirrup ratio and the longitudinal reinforcement ratio of high strength concrete.
The results show the behavior of the concrete changing from brittle to ductile when increasing the ratio of
the steel fiber registering the maximum torsional ductility index (3.98). The increase in the percentage of
steel fiber to 6% caused a 105% increase in torque, but it was a slight increase in torque with respect to the
percentage of steel fibers 2%. The optimum ratio of the steel fiber is 2% in terms of increased torque and
workability, as it gave an increase in torque which reached 98.8%. Increasing the percentage of the stirrups
to 2.5%, while the percentage of longitudinal reinforcement and the percentage of steel fiber was fixed, which
led to an increase in torque which reached 130.4%. Increasing the percentage of the longitudinal
reinforcement to 50%, while the percentage of stirrups and the percentage of steel fiber was fixed, which led
to an increase in torque which reached 66.9%.
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1. Introduction

Since 1960, the flexural behavior of reinforced concrete elements has been considered in theories [1]. Then the
researchers started to study the behavior of R.C. elements under a combination of shear and torsion. In contrast,
the use of high-strength concrete and the strengthening of R.C. members got popular. The effect of steel fibers
and/or concrete cover on torsional behavior of hallow and/ or solid section was investigated by many research.
Twelve hollow and solid square reinforced concrete sections were used by [2] to study the effect of steel fiber
and concrete core on torsional behavior. They saw when increasing the steel fiber ratio to 2.5%, the torque
increases by 98.2% for the solid section and by 91.3% for the hollow section. A model for the strength
determination of steel fiber reinforced concrete beams was submitted by [3]. Their proposed model
demonstrated good correlation with the test data collected. [4] were tested and compared the torsion behavior
of conventional reinforced concrete beams with beams having steel fibers with 0.5%, 1%, 1.5% and 2%. [5]
were investigated the torsional behavior of solid and hollow self-compacting reinforced concrete beams with
0%, 0.5%, and 1% steel fiber. In their results the torsional capacity was improved when the steel fiber ratio
increased. [6] were introduced an alkali - activity concrete beams with fibers or conventionally reinforced. The
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fibers increase the cracking load of the beams by 20% in comparison with conventional reinforcement. The
post-cracking ductility in the fiber beam was below the conventionally reinforced beam. [7] developed a twist
moment cracking formula that takes into account the effect of steel fiber on lightweight concrete. They found
that their formula was significantly better than the existing design codes.

[8] were studied on the torsional behavior of reinforced concrete with 0, 30, 60 kg/m3 of steel fiber for shearing,
twisting and axial loading. Their results showed that the increase in the ratio of steel fibers resulted in an increase
in the capacity of the torsional moment and a decrease in the shear capacity. Reinforced concrete with various
types of fibers was examined by [9] to study torsion behavior. The results showed that it was possible to delimit
the advances and gaps in the effect of the editing of reinforcement fibers in relation to the twisting of the
structural elements. The impact of reinforcement ratios in longitudinal and transverse directions on the torsion
behavior of reinforced concrete beams has been investigated by certain researchers. A method for estimating
the ultimate strength of reinforced concrete beams under pure torsion was introduced in [10]. The quantity of
transverse and longitudinal reinforcement was one of the characteristics selected. With 66 tests of the literature,
they validated the method and discovered good agreement. An experimental investigation that looked at the
torsional behavior of medium- and high-strength concrete beams with adjustable longitudinal and transverse
reinforcing ratios was published in [11]. They observed that the longitudinal reinforcement ratio's impact was
not as significant as the transverse reinforcement ratio. [12] investigated how reinforced concrete beams
subjected to pure torsion were affected by the influence of two idealized shear zones. They discovered a 23.7
percent increase in torsional strength. [13] investigated the effects of longitudinal and transverse reinforcement
on the torsional strength of reinforced concrete beams. They get to the conclusion that increasing torsional
resistance with transverse reinforcement alone or longitudinal reinforcement alone is ineffective, but effective
when increasing both at the same time. [14] By accounting for the torsional reinforcement ratio, the transverse-
to-longitudinal reinforcement ratio, and the total reinforcement ratio, 18 high strength reinforced concrete beams
were produced. They demonstrated that the required ratio of minimum torsional strength was insufficient to
prevent a fast loss of strength. [15] examined the torsional behavior of reinforced concrete solid and hollow
beams under various conditions. Torsional reinforcement ratio in comparison to ACI 318.19 codes was one of
these variables. It was demonstrated that the torsional strength of the solid and hollow portions was comparable.

The effect of transverse reinforcement, compressive strength, and concrete cover on the torsional behavior of
the reinforced concrete beams were taken by [1]. The results showed that the concrete cover has a very large
effect on the ultimate capacity and torsional behavior of the beams. [16] derived the proposed torsional
reinforcement ratio in relation to the equilibrium and compatibility of the transverse and longitudinal direction
to predict the failure modes of the torsional elements. The results were compared with 98 torsional beams found
within the literature. This ratio was found to be higher than those suggested by other research and design codes.
[17] investigated the torsional behavior of the solid, hollow rectangular cross-section with variable pitch, angled
spiral stirrups. The results showed that the solid section increased the torsional strength by 16% and the hollow
section increased by 18%. Variable distribution of longitudinal reinforcement was taken in the model proposed
by [18] which was based on equilibrium conditions and the lower — bound theorem of plasticity. They found
that the model was very good relative to more than 200 experimental data from the literature on pure torsion
reinforced concrete elements. Recycled aggregates and the number of transverse reinforcements were the main
parameters chosen by [19] for reinforced concrete beams. the percentage of recycled aggregates and the number
of transverse reinforcements were examined. Torsional response and crack behavior were studied.

Strengthening reinforced concrete elements with different materials such as CFRP, GFRP, aramid fibers and
ferrocement have been studied by many researchers. [20, 21] were examined the effect of the wrapped CFRP
on the torsional behavior of the torsional reinforced concrete beams. They concluded that the U - wrapped were
less effective than full wrapped and full stirrups. In addition, the post-peak strength, cracking behavior, and
torsional stiffness were like those of the reinforced concrete beams. [22] tried to improve the torsion behavior
of reinforced concrete beams by reinforcing with aramid fiber strips. The findings showed that the fiber
increased the ultimate strength of the beams by 140%. [23] carried out a comprehensive review and evaluation
of the torsional strength of FRP reinforced concrete beams. Reinforced concrete beam reinforcement with CFRP
was tested under shear and torsion by [24]. The torsional behavior of box section was examined. The results
showed that the U-shape reinforcement - was the best to improve the torsion capacity of the beams. High
strength concrete has also been studied extensively on torsion reinforced concrete beams.[25] showed different
types of behavior of pure torsional high strength hollow sections. The results showed an unexpected failure

6



PEN Vol. 10, No. 4, July 2022, pp.5-17

which did not allow the beams to achieve maximum resistance. To investigate the torsional behavior of the
torsional beams, [11] transported medium and high strength concrete beams. In the current study, 26 high
strength reinforced concrete beams with solid sections were subjected to pure torsion, and their torsion behavior
was examined in relation to the volume fraction of steel fibers (VF) and the ratio of longitudinal and transverse
steel reinforcement.

2. Research method

The study included three groups of reinforced concrete beams with the dimensions and details indicated in Table
1 and Figure (1), to study the torsional behavior of concrete beams under pure torsion. All beams have the same
dimensions (250 mm wide, 250 mm high, and 1150 mm long). The same concrete cover (20 mm) is used for all
specimens. The first group consisted of 12 beams with 4 @ 12 mm longitudinal reinforcement and @8 mm@100
mm stirrup, the steel fiber ratios of this group are (0, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.5, 4.0, and 6.0%).

The second group included six beams with 4 @ 12 mm longitudinal reinforcement and stirrups of @ 8@ 150
mm, with the steel fiber with ratios of (0, 0.5, 1.0, 1.5, 2.0, and 6.0%). The third group with six beams has 2@12
mm longitudinal strengthening and stirrups of @8@ 100 mm, the steel fiber ratios used in this group are (0, 0.5,
1.0, 1.5, 2.0, and 6.0%). The beams (B1, B13, and B19) with steel fiber of (0%) represent the reference beams
in each group. An additional beam is used to study the effect of the stirrups. Beam B25 reinforcement include
4 @ 12mm longitudinal and stirrups @ 8@ 60mm, while beam B26 reinforcement contain 2 @ 12mm
longitudinal at the top and 3 @ 12mm longitudinal at the bottom with stirrups of @ 8@ 100mm.

Steel Fibers Ratio, VI %
|
| |
0, 0.25,0.5,0.75, 1.0, 1.25
l l ) ] ) ’ S
1.5, 1.75, 2.0, 2.5, 4.0, 6.0 0,0.5,10,1.5,2.0,60
12 Beams( Bl - B12) 6 Beams( B13 - BI8) 6 Beams( B19 - B24)
4012 mm | 4012 mm T 2012
98 mm@ 100 mm) 250 mm| 98 mm@ 150 mm 1250 mm 250 mm
4012 mm 4012 mm i
}..250111111- "lj_anL_l }.250111111_{
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4012 mm T 2012 mm T
Q&uun.ﬂ._ﬁﬂ_an (250 mm Q&mmi(L_lD.O_nun 250 mm
4012 mm | . 3012 mm | 4
AN ol
1275 mm 600 mm 275 mn

Figure 1. Details of experimental work
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Table 1. Details of the specimens

Grou Beam - To, Bottom .
No. ’ No. YL % reinfur\cgm ent reinforcement Stirrup
Bl 0 4@ 12 mm 4@ 12 mm @ & mm @ 100 mm
B2 0.25 4@ 12 mm 4 12 mm @ 8§ mm @ 100 mm
B3 05 4@ 12 mm 412 mm © 8 mm @ 100 mm
B4 0.75 4@ 12 mm 4@ 12 mm @ 8 mm @ 100 mm
BS 1 4@ 12 mm 4@ 12 mm @ 8 mm @ 100 mm
1 B6 1.25 4@ 12 mm 4@ 12 mm @ 8 mm @ 100 mm
B7 1.5 4@ 12 mm 4@ 12 mm @ 8 mm @ 100 mm
B8 1.75 4@ 12 mm 4@ 12 mm & 8§ mm @ 100 mm
B9 2 4@ 12 mm 4 12 mm @ 8 mm @ 100 mm
El0 25 4@ 12 mm 4@ 12 mm @ 8 mm @ 100 mm
Ell 4 4@ 12 mm 4@ 12 mm @ 8 mm @ 100 mm
Bl12 1] 4@ 12 mm 4@ 12 mm @ & mm @ 100 mm
Bl13 0 4@ 12 mm 4 12 mm @ 8§ mm @ 150 mm
Bl4 05 4@ 12 mm 4@ 12 mm @ 8 mm @ 130 mm
5 B15 1 4@ 12 mm 4 12 mm @ 8§ mm @ 150 mm
Blé 1.5 4@ 12 mm 4@ 12 mm @ 8 mm @ 150 mm
Bl17 2 4@ 12 mm 4@ 12 mm @ 8 mm @ 150 mm
E18 1] 4@ 12 mm 4@ 12 mm @ 8 mm @ 150 mm
B19 0 2@ 12 mm 2612 mm @ 8§ mm @ 100 mm
B20 0.5 2@ 12 mm 2612 mm @ 8 mm @ 100 mm
3 B2l 1 2@ 12 mm 2@ 12mm @ 8 mm @ 100 mm
B22 1.5 2@ 12 mm 2@ 12mm @ 8 mm @ 100 mm
B23 2 2@ 12 mm 2@ 12 mm @ 8 mm @ 100 mm
B24 1] 2@ 12 mm 2@ 12 mm @ 8 mm @ 100 mm
B25 0 4@ 12 mm 4@ 12 mm @ & mm @ 60 mm
B26 0 2@ 12 mm 3@ 12 mm @ 8 mm @ 100 mm

2.1. Specimen’s material

High strength concrete HSC with compressive strength of (77.84 MPa) is used to cast the specimens with
ordinary Portland cement, sand and gravel to meet the ASTM C150 and C33[19, 20]. Table 2 illustrates the
selected mix design. Table 3 shows the chemical and physical parameters of the sand and gravel utilized in this
study. A superplasticizer (Viscocrete Pc20) with qualities listed in Table 5 (as specified in the manufacturer's
sheet) is employed at a percentage of 1.2. As longitudinal and transverse reinforcement, deformed bars of
various diameters (12 mm and 8 mm) are utilized. Table 6 and Figure 2 show the characteristics and the shape
of the hooked steel fibers used in the experiment.
Table 2. Mix properties of the HSC

Water
. Cement Mix cement fic f'c
nuhnl;:er pla.Z:Iil;iezl;% content prupu-l:liun ratio S&:ﬁ;’ 7-day : 28-day
(Kg/m3) | (By weight)  (By (MPa) | (MPa)
weight)

Mix 1 07 540 1:1:2.1 03 150 44 7034
Mix 2 1.2 548 1:1:2.1 0.28 150 43 77.84
Table 3. Chemical and physical properties of cement
Compostin [ (v HEBCAT | | physcal proprty | Lot | ot

(Ca0) 64.83 Setting time
ALIO3 54 6.0 (max.) Vicat apparatus,
- hr.: min
8i02 2354
Fe203 2.62 6.0 (max.) Initial 00:59 00:45
S03 2.15 3.0 (max.) Final 05:10 06:23
MgO 3.21 6.0 (max.)
(K20) 0.61 Compressive
(NalQ) 0.25 strength
(L.0.I) 0.74 3.0 (mazx.) {70.7mm cube),
(LR) 0.55 0.75 (max.} MPa
(L.5.F) 0.93 3-day 20.7 | 7 (min.)
Compound of Cement T-day 293 | 12 (min)
C3s 3852
C1s 33.62
C3A 723 8.0 (max.)
C4AF 7.93
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Table 4. Specifications of sand and gravel

Sand Gravel
Sieve | Passing | Limit of ASTM Sievesize, | Passing | imjt of ASTM
size % C33[27] in. % C33[27]
No. 8 100 100 2 100 100
No. 4 95 95-100 L5 08 90-100
No. 8 83 80-100 3/4 63 40-70
No.16 64 50-85 3/8 12 0-15
No. 30 44 25-60 3116 2 0-5
No. 50 16 5:30 Pan 0
No. 100 6 0-10 F.M. 71
FAL 27 ALAS 1.5in
AS.S. No.30 i

Table 5. Viscocrete Pc20 properties

Viscous liguid Form
Appearance/Colors Light brownish liquid

Chemical Base Modified polvcarboxylates based

polyvmer
Density 1.09-1.13kg/1, at 200C
pH Value 3-7
Soluble in Water Chloride Mlax 0.1% Chlornide-free
lon Content %6 wiw
Effect on Setting Non-retarding
Effect of Overdosing Bleeding mav occur

Table 6. Properties of steel fibers

Diameter Aspect Tensile
Fiber Type Shape Length, mm mm Ratio, mm Strength,
MPa
Hooked Hooked 30 0.5 60 = 1000
Steel Fiber

9



PEN Vol. 10, No. 4, July 2022, pp.5-17

2.2. Experimental setup

A torsional test setup was installed and attached to the test equipment, as shown in Figure (3), to conduct the
torsional test. A steel I-section is attached to the specimen using bolts. A moment arm made of steel I-section
creates the twisting moment. The reinforced concrete (RC) Beam is simply supported at both ends. linear
variable differential transformers (LVVDT) were attached to both ends of the steel I-section to estimate the twist
angle. As illustrated in Figure (3b), these gages are positioned on the bottom sides of the steel I-section (90 mm
from the start of the specimen). The average is used to measure the twist angle. In addition, two LVDT are
attached horizontally at either end of the sample to detect axial displacement, as illustrated in Figure (3b).
(2) MOMENT ARM
(3) MAIN MED

(4) STEEL PLATE \

(5) STEEL DOUBLE I-SECTION |
(6) HYDRAULIC JACK

(1) TEST SPECIMEN

a b

Figure 3. Provide sufficient detail to allow the work to be reproduced. Methods already published should be
indicated by a reference: only relevant modifications should be described.

3. Results discussion

The effect of steel fiber and reinforcing ratio in longitudinal and transverse directions on the torsion behavior
of RC beams is examined using 26 beams. 11 steel fiber ratios are used to reinforce 11 beams (B2-B12), and
they are compared to the reference beam B1. Five beams (B14-B18) that have five percentages of steel fiber
added to them are compared to reference beam B13. The final step involves strengthening five beams (B20-
B24) in five steel fiber ratios and comparing them to reference beam B19. Beam B25 strengthened with
longitudinal reinforcement of 4 12 mm and stirrup of 8 mm @ 60 mm, both of which contain zero percent steel
fiber. Additionally, Beam B26 with no steel fiber, but reinforced with 2 @ 12 mm at top and 3 @ 12 mm at
bottom as a longitudinal reinforcement and @ 8 mm @ 100 mm as stirrup. Results for all groups are shown in
Table 7.

Table 7. Result of the test

Group Beam Vi% Ty, ay, Tu, du, Ductility* increase in  increasein  increase in
No. No. KN.m deg. KN.m deg. Index ductility % Ty % Tu %
Bl 0 11 35 23.7 115 33 0 0 0
B2 0.25 14 3.65 24 12.6 3.45 5.06 27.3 13
B3 0.5 15 3.75 25 13.6 3.63 10.38 36.4 55
B4 0.75 17.2 4.24 28.9 155 3.66 11.26 56.4 21.9
B5 1 20.7 4.38 29.6 16.1 3.68 11.87 88.2 249
B6 1.25 21.9 451 30.1 16.8 3.73 13.37 99.1 27.0
! B7 15 23.9 4.64 31 174 3.75 14.13 117.3 30.8
B8 1.75 25.3 4.69 31.28 17.7 3.77 14.86 130.0 32.0
B9 2 25.6 4.84 327 18.4 3.80 15.58 132.7 38.0
B10 25 25.9 4.85 336 18.6 3.84 16.72 135.5 418
B11 4 28 4.95 34.1 19.4 3.92 19.28 154.5 43.9
B12 6 28.6 5.00 34.15 19.9 3.98 21.13 160.0 44.1
B13 0 8.7 3.7 16.1 10.8 2.92 0 0 0
B14 0.5 11.9 3.85 22.08 11.7 3.04 411 36.8 37.1
2 B15 1 17.9 3.95 26.99 12.9 3.27 11.88 105.7 67.6
B16 15 18.2 4.05 29.49 13.6 3.36 15.04 109.2 83.2
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Group Beam Vi Ty, dy, Tu, du, Ductility*  increasein  increasein increasein
No. No. ° KkN.m deg. KkN.m deg. Index ductility % Ty % Tu %
B17 2 19.9 4.25 32 147 3.46 18.50 128.7 98.8
B18 6 23.7 4.35 33 16.1 3.70 26.80 172.4 105.0
B19 0 6.4 3.95 14.2 10.8 2.73 0 0 0
B20 0.5 111 41 20.2 11.9 2.90 6.15 73.4 42.3
B21 1 12.9 4.25 24.1 12.9 3.04 11.01 101.6 69.7
3
B22 15 15.9 4.28 275 13.3 311 13.65 148.4 93.7
B23 2 21.9 455 28.1 147 3.23 18.16 242.2 97.9
B24 6 228 4.75 28.9 16 3.37 23.20 256.3 103.5
10.47+ 91.8+F 56.5t
B25 0 211 54 37.1 19.6 3.62
24.35% 142.5% 130.4%
B26 0 116 41 182 10.9 2.69 19.09¢ 551 2321
-21.93% 81.3% 28.2%

* Torsional Ductility Index equal to Ultimate Twist Angle / Yielding Twist Angle [28]
1 Increase with respect to BI1,

1 Increase with respect to B13,

¥ Increase with respect to B19

3.1. Effect of steel fiber

Figures 4, 5, and 6 show the effect of steel fibers as a relation between the twist angle and applied torque for
groups 1, 2, and 3, respectively. In terms of the presence of steel fibers, all beams behaved similarly. In contrast,
raising the steel fiber ratio from 0% to 6% increases the torque and angle of rotation. As shown in Table 7, for
groups 1, 2, and 3 the maximum increase in yielding torque was 160%, 172.4%, and 256.3%, respectively. At
the same time, the maximum increase in ultimate torque was 44.1%, 105%, and 103.5% for groups 1, 2, and 3,
respectively. The increase in the ratio of steel fibers caused the concrete to transform from brittle to ductile
behavior. Figure 7 illustrates the relationship between steel fibers’ ratio to the groups' cracking torque. The
cracked torque increases as the ratio of steel fibers increases. As demonstrated in Figure 7, group 1 has the best
behavior compared to groups 2 and 3, with a cracking torque of 18.28 kN.m at a steel fiber ratio of 6%. It was
also noticed that when the percentage of steel fibers increased, the cracks changed from single cracks to
branching cracks. Figures 8, 9 and 10 illustrate the crack propagation within groups. The increase in the steel
fibers ratio increases the concrete compounds' cohesiveness.
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Figure 9. Crack pattern for group 2
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3.2. Transverse and longitudinal reinforcement effect

Figures 11 and 12 show the effects of reinforcement on the longitudinal and transverse directions. Beams B1,
B13, and B25 highlight the stirrups effect. These beams have the same longitudinal reinforcement (4@12mm)
at the top and the bottom while changing the stirrups @8mm distribution at 200mm, 150mm, and 60mm for B1,
B13, and B25, respectively. The longitudinal reinforcement effect is represented by beams B1, B19, and B26.
The stirrups on the beams (B1, B19, and B26) are the same (@8mm @ 100mm), and the longitudinal
reinforcements are changed, as presented in Figure 1 and Table 1. Figure 11 depicts the influence of stirrups on
ultimate torque and twist angle, whereas Figure 12 depicts the effect of longitudinal reinforcement on the torque
and twist. Generally, as the percentage of steel fibers increases, the cracks appear late. Also, the first group is
the best in this regard. Cracks emerged wider in the second group than in the first, which could be attributed to
the reduced transverse steel reinforcement ratio in the second group. The failure was faster, and fractures formed
quickly in the third group due to the lowered longitudinal reinforcement ratio. Also, as seen in Figure 11, the
ultimate torque increased as the proportion of stirrup area increased. Beam B25 outperformed beams B1 and
B13, with ultimate torque increases of 56.5 % and 130.4 %, respectively, and torsional ductility index
improvements of 10.47 % and 24.35 %, respectively. Figure 12 depicts the influence of longitudinal
reinforcement on torsional behavior, demonstrating that as the fraction of longitudinal reinforcement increases,
so does the ultimate torque. So, beam B26 showed apparent decrease in the ultimate torque compared to beams
B1 and 19. The ultimate torque of beam B26 was reduced by 23.2 % and 28.2 %, compared to beams B1 and
19. Similarly, the torsional ductility index of beam B26 was reduced by 19.09 % and 21.93 %, compared to
beams B1 and 19.
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3.3. Torsional ductility index
The torsion ductility index as cited by [28] is used in this study and defined as follows:

Ultimate Twist Angle
Yielding Twist Angle

Torsional Ductility Index =

The ductility index improves when the steel fibers ratio increases, as demonstrated in Figure 13. According to
Figure 13 and Table 7, the most significant improvement in the torsional ductility index (26.8 %) was obtained
in group 2 beam B18 with a steel fibers ratio of 6% and an ultimate torque of 33 kN.m. At the same time, the
maximum torsional ductility index (3.98) was recorded in beam B12 with ultimate torque of (34.15 kN.m). This
behavior validates the conclusion obtained; that is, as the fraction of steel fibers increases, the RC behavior
changes from brittle to ductile.
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Figure 13. Steel fiber ratio verse ductility index

4, Conclusions

Based on the finding, the following can be concluded:
e As the steel fiber ratio rises, reinforced concrete's brittle characteristic becomes ductile.
e Increasing the steel fibers ratio while keeping the longitudinal or transverse reinforcement ratio constant
resulted in an increase in the ultimate torque ratio. The increase in ultimate torque ratio was 44.1%,
105% and 103.5% compared to the reference beams B1, B13 and B19 for the three groups, respectively.
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The ultimate torque has increased due to an increase in the ratio of transversal reinforcement while the
ratio of longitudinal reinforcement and steel fibers remains constant. This increase reached 10.47% and
24.35% compared to B1 and B13, respectively.

The ultimate torque rose as the longitudinal reinforcement ratio increased while the stirrups and steel
fibers remained constant. In comparison to reference beam B1, the ultimate torque ratio decreased by
23.2% when the stirrup proportion in beam B26 was reduced.

As the proportion of steel fiber increased, the torsional ductility index also increased. In comparison to
the reference beam B1, the torsional ductility index and the ultimate torque for beam B18 (steel fiber
ratio 6%) increased by 26.8% and 105%, respectively.

The ideal value, which is 2 percent steel fiber ratio, may be applied. A rise exceeding this threshold had
no influence on the beam's ability to withstand torsional forces.
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