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Behavior of Fiber Reinforced Concrete Beams with
Inadequate Torsion Steel under Pure Torsion

Yilmaz Ogiin¢ TETIK"
Osman KAYA?

ABSTRACT

To investigate the relationship between reinforced concrete beams under pure torsion and
steel fiber usage, 16 large-scaled reinforced concrete beams with inadequate torsion steel
were designed and produced. For experiments, a new test setup was designed to allow
specimens to have rotational movement on one end and axial movement on the other end.
The variables were selected as reactangular beams with transverse reinforcement at 300 and
400 mm spacing of and steel fiber 0.0%, 0.3%, 0.6%, 0.9%, 1.2%, and 1.5% volumetric ratio
of mixture as . Cracking torque, maximum torque and ultimate torque values were obtained
experimentally, and torque-twist curves and energy dissipation capacities were determined.
Findings were compared to indicate the relationship between variables. Results showed that
certain values of steel fiber ratio as a replacement material for relevant spacing of transverse
reinforcements.

Keywords: Reinforced concrete beam, pure torsional moment, steel fiber, energy dissipation
capacity.

1. INTRODUCTION

Flexural moments and shear forces are primary considerations in the design of reinforced
concrete (RC) beams. Although pure torsion rarely occurs in RC beams, the behavior of
elements under pure torsion needs to be defined explicitly to understand their overall
combined flexural and torsional response [1]. It is known that plain concrete beams under
torsional loading typically fail in a brittle manner once tensile stresses exceed the tensile
strength limit of the concrete. In torsional behavior, reinforcement contributes after the
cracking, and it provides more ductile behavior. It is highlighted that reinforcement begins
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to contribute to more ductile behavior after cracking, significantly influencing the torsional
capacity of RC beams [2].

The researchers examined various factors affecting torsional behavior. The ratios of
transverse and longitudinal reinforcement, known as the torsional reinforcement ratio, play a
critical role [3], where excessive reinforcement can reduce torsional ductility [4]. Also, it is
reported that the aspect ratio of the beam cross-section [5,6] and the compressive strength of
the concrete have a considerable impact on designing [7]. Additional studies have observed
that increases in compressive strength beyond a certain threshold lead to decreased twist
angles and reduced ductility [8,9].

Steel fibers (SF) have been shown to enhance the crack resistance in reinforced concrete (RC)
beams. SF contributes to a pseudo-ductile tensile response by transferring tensile stress across
cracks and providing significant shear resistance [10]. It is also known that using steel fibers
as shear reinforcements provides efficient ductility on RC beams [11]. Earlier experimental
studies showed that concrete beams reinforced with steel fiber exhibit improved torsional
strength [12]. When the behavior of plain concrete members reinforced with steel fibers was
examined, it was observed that an increased steel fiber ratio provides greater torque capacity
and enhances the first cracking load of the beam under pure torsion [13]. In other aspects, SF
with a high-volume fraction in high-strength concrete (HSC) was observed to have a more
ductile form [14]. Moreover, SF also enhances the ultimate torsional strength and torsional
stiffness after the initial cracking, particularly in ultra-high-performance beams [15]. Besides,
the impact of different types of steel fiber on ductility and toughness was also examined.
Double-hooked and kinked steel fibers increased the flexural tensile strength of the beams at
the maximum level [16]. Additionally, the effects of the SF ratio and the aspect ratio of SF
on the behavior of reinforced concrete (RC) beams under torsional moments were
investigated. It is seen that the torsional strength of the beams with a 0.6% volumetric ratio
was enhanced by 10-60% [17,18].

Recent research has extended into exploring the behavior of various beam shapes under
torsion, including not only traditional rectangular or circular beams [19] but also T and L-
shaped beams [20]. In the experimental study that considered only longitudinal
reinforcement, it was observed that the ductility capacity of steel fiber-reinforced rectangular
beams was higher than that of the corresponding flanged beams [21].

In experimental studies, researchers preferred ACI318 [22], EC2 [23], CSA [24] and JSCE
[25] standards for designing the beams [3,6]. However, torsional design equations given in
these documents are generated by shear design and the modified forms of it. To determine
the strength of SFRC beams under pure torsional loading, a model was developed by
comparing 23 test results [26]. An empirical equation was proposed for estimating the
torsional capacity of rectangular RC beams [27]. Also, the space truss analogy was modified
to find the resisting capacities of the RC beams under pure torsion [28]. A simplified torsional
strength model for SFRC beams was proposed based on the softened truss model and
validated by test data obtained from the literature [29].

Despite experimental and analytic investigations displaying valuable results, the subject is
still open for new findings and suggestions. This paper examines the behavior of RC beams
designed according to the provisions of the Turkish Standard TS 500 [30]. The novelty of
this experimental study consists of determining the behavior of beams designed according to
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TS500, which have been strengthened with steel fibers. The study focuses on identifying an
optimal steel fiber ratio as a potential replacement material for determined transverse
reinforcement spacing. In the experimental study, 16 beams were tested for constant cross-
sections. Volumetrically, five different steel fiber ratios and also two different stirrup spacing
values were selected as parameters. To find the relationship between steel fiber and transverse
reinforcement, torsional moments were determined. The torque-twist curves and energy
dissipation curves were obtained based on the test results and findings were compared.

2. EXPERIMENTAL STUDY
2.1. Materials

To obtain identical concrete strength, ready-mixed concrete with 35 MPa characteristic
strength was selected in the production stage of the specimens. During the casting process,
ten cylindrical samples with the size of 100x200 mm were taken from the concrete with and
without steel fibers. These samples were tested to determine the compressive strength of the
concrete on the day when the experiments were conducted. The test results of the samples
are given in Table 1. For all specimens, 12 mm diameter rebars and 8 mm diameter rebars
were used as longitudinal and transverse reinforcements, respectively. The mean yield
strength of both transverse and longitudinal reinforcement is found to be 583 and 506 MPa,
respectively.

Table 1 - Compressive strengths of 100x200 samples

Fiber content (%) Compressive strength (MPa)

0.0 36.41
0.0 30.95
0.0 37.35
0.0 29.04
0.0 48.22
0.3 43.07
0.6 30.85
0.9 36.06
1.2 36.56
1.5 36.08

Both sides bent Kemerix® 80/60 BG steel fiber used in the concrete is shown in Figure 1.
The chosen fiber had an aspect ratio (//dy) of 80, length of 60 mm, and 0.75 mm diameter." .
The average yield strength of the steel fiber was f,y= 1200 MPa, which was taken from the
manufacturer's datasheet.

T Fibers were supplied by Kemerli Metal Pty Ltd., Turkey, and were used as a substitute for
a commercially better known counterpart.
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Figure 1 - Geometry of steel fibers

2.2. Specimen Details

The test specimens were designed according to the requirements defined in Turkish Standard
TS500 [30]; however, the standard lacks a specification regarding pure torsion. To prevent
brittle failure, Eq. 8.17 of TS500 is suggested. The requirements given in the standard are
entirely related to combined torsion and shear forces. In most equations, a shear term is
needed to obtain the results. However, the shear force is not to be considered when designing
the specimen for pure torsion. To meet the requirements and avoid solving complicated
equations, the design shear force (V) was assumed as 1 N in this study.

The mechanical properties of 16 beams fabricated were 300x300 mm in cross-sectional area
and 2000 mm in length. 4012 rebars were used as longitudinal reinforcements in all
specimens. The dimensions of the test specimens and reinforcement layout are given in
Figure 2. The specimens were designed with 300 mm and 400 mm stirrup spacing in the test
regions. The main objective of this study was to explore the effects of steel fibers on torsional
behavior. For this reason, two different transverse reinforcement ratios, both less than the
requirements defined in Section 8.2.6 of the TS 500 standard, were selected. Therefore, as
Table 2 shows, 8 specimens were produced with 300 mm spaced stirrups, and the remaining
8 were produced with 400 mm spaced stirrups. To prevent premature failure at the supports,
a high amount of transverse reinforcement was used in these regions.

Another parameter was the volumetric fraction (¥}) of steel fibers. Many fiber aspect ratio
variations are preferred according to beam type and its cross-section in previous studies [21,
31, 32, 33]. Loss of compressive strength and tensile toughness can be observed in high fiber
ratios in beams [34, 35]. To determine a specific volume fraction, fiber ratios were chosen as
0.3%, 0.6%, 0.9%, 1.2%, and 1.5% by volume. The corresponding weight values and fiber
contents were approximately determined as 4.2, 8.5, 12.7, 16.9, and 21.1 kg, respectively. It
should also be considered that high fiber content might cause significant problems in casting
operations especially if concrete composition is not well designed and controlled on-site.
Essential attention was paid to preventing the formation of fiber balls in the mix and avoiding
workability problems.

As for the designation of the specimens in this test, s indicated the spacing of transverse
reinforcements in the test region, and V indicated the volume fraction of the steel fiber. When
the “V’ block was null, it specified the specimens without steel fibers. Three identical
specimens called I, 11, and III were produced as no-fiber specimens for both 300 mm and 400
mm stirrup spacing. The classification of each specimen including all parameters is detailed
in Table 2.
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Figure 2 - Dimensions of test specimens and reinforcement details

Table 2 - Nomenclature and properties of specimens

Beam
Designation

S30V00- I
S40V00- 1
S30V00- I1
S40V00- 11
S30V00- 11T
S40V00- 111
S30V03
S40V03
S30Vo6
S40Vo06
S30V09
S40V09
S30V12
S40V12
S30V15
S40V15

@8 transverse reinforcement spacing Fiber volume fraction
(cm) (%)
30 0
40 0
30 0
40 0
30 0
40 0
30 0.3
40 0.3
30 0.6
40 0.6
30 0.9
40 0.9
30 1.2
40 1.2
30 1.5
40 1.5
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2.3. Test Setup and Instrumentation

The schematic depiction of the produced test setup is given in Figure 3 with front (a) and side
(b) views. Unlike more conventional methods [36,37], the load was applied using a 100 kN
hydraulic pump (actuator) from the ends
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Figure 4 - The test setup, loading, and measurement systems (a) the backside of the setup

(®)



Yilmaz Ogiing TETIK, Osman KAYA

The load was measured by a 200 kN capacity load cell mounted on the pump. The test
specimen was located inside the test setup which involved specific support conditions. The
force was applied by a rigid moment arm connected to the free support. The moment arm
transferred the load to the RC beam as a pure torsional moment. To determine the twisting
angle in the test region, four Linear Variable Displacement Transducers (LVDT) in total were
placed on the front and back sides of the beam, as shown in Figures 4a and 4b. One end was
rotationally fixed but free in the axial direction with the help of rollers inside the support to
allow axial elongation. The other end was free to rotate. The side view of the test setup which
is positioned during an experiment is shown in Figure 5a. Also, it is shown that rollers were
placed inside the fixed support headpiece. For the elongation, on the fixed headpiece, a gap
of approximately 5 cm was maintained between the outer face of the specimen and the inner
plate, as shown in Figures 5b and 5c. Due to the gap and roller inside the support head, the
axial resistant force becomes zero, allowing the specimen to elongate freely. The applied
force was transferred to the specimen axis via the head support, which was restricted in the
shear direction but free to rotate. Therefore, the specimen was not subjected to any shear
forces.

A\

1‘»\

M

]

Figure 5 - a) The side view of the test setup, b) Specimen in the headpiece, c) Details of the
headpiece of the test setup for elongation

The load was progressively applied at a low rate, and the data from the LVDTSs and loadcell
were recorded every second by the data logger. L1 to L4 are the displacement readings from
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the test region and D1 and D2 are the clear horizontal lengths between the LVDTs (Figure
6a). The calculation of rotation () for each end of the test region is shown in Figure 6b and
given in Eq. 1. Additionally, the angle of twist (¢) in the test region is calculated from Eq. 2.
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Figure 6 - Locations of LVDTs (a) rotation calculations (b)

As evident in literature data, smeared crack analysis is used for a rational estimation of
torsional strengths and the elastic behavior of plain concrete members. However, the present
study focuses only on experimental results of plain concrete as a reference point for the
comparison of steel fiber-reinforced concrete’s torsional values with the angle of twist [38].

3. TEST RESULTS AND DISCUSSION

Due to differences in code interpretation, specimens were designed with marginally
inadequate torsion reinforcement, leading to ultimate torsion capacity lower than the cracking
capacity. Consequently, a ductile torsion behavior could not be achieved. The discussion
below is therefore restricted to non-ductile torsion behavior. Derived from the test results,
the cracking torque (7¢,), maximum torque (7«), and ultimate torque (7,) values of each
specimen are shown in Table 3 along with their corresponding angle of twist values ( @., @pax
and @,). Since the specimens without SF are similar in the experiments, only the test results
of S30V00-I and S40V00-I are shown. The cracking, maximum, and ultimate torques
indicate the torque value when the crack formed, the maximum resistance value (considered
as the peak point) was achieved, and reinforcement was ruptured, respectively. The cracking
strength of fiber reinforced concrete depends only on the strength of the concrete matrix. It
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is observed that after the first crack developed in the experiments, the capacity of the beams
continued to increase until they reached the peak and then started to decrease. Before
reaching the T, and experiencing a sudden decrease in torque capacity, beams demonstrated
a post-cracking behavior. Also, it is observed that beams demonstrated a pseudo-ductile
response through fibers, proceeding with energy absorption after the reinforcements
separated. Therefore, the loading was sustained in accordance with the maximum twisting
capacity of the test device, and it was observed that the twisting behavior of the beams
continued.

Table 3 - Obtained test values

Beam D Drax D, T
Designation  (rad/m) (kl\;’n) (rad/m) (k;}:; ) (rad/m) (kN“m) D,/®D.,
(*107) (*107) (*107)
S30V00 0.29 3.69 1.24 393 3854 328 132.89
S30V03 0.61 3.22 1.80 3.69 7355 295 120.57
S30V06 0.81 3.89 2.94 415 8879 332 109.61
S30V09 0.66 3.93 1.93 422 8567  3.38 129.80
S30V12 0.39 3.83 1.65 404 6493 323 166.48
S30V15 0.94 3.39 1.75 371 15410 297 163.93
S40V00 0.30 3.19 1.52 405 4324 337 144.13
S40V03 0.51 3.48 1.60 400 5778 320 113.29
S40V06 0.67 3.56 1.23 374 7454 299 111.25
S40V09 0.44 3.40 1.57 375 5947  3.00 135.15
S40V12 0.59 3.92 1.46 436 7206  3.49 121.13
S40V15 0.68 3.54 2.01 406 5620 325 82.67

The final twist value depends on the specimen twist capacity or actuator stroke capacity. This
causes variation in ultimate twist and torque values. To be consistent, it is assumed that the
failure of the specimen was developed when the torque was decreased by 20% of T4 . In
Table 3, the ultimate torque and corresponding twist are given.

Regardless of fiber or steel content, the first cracking twist depends on the concrete type. As
seen from Table 3, the maximum torques of specimens were low for low fiber contents and
it was low again for higher fiber content for the S30 and S40 groups. For the S30 group, the
decrease in T, started after 0.9% fiber content, and it started after 1.2% fiber content for the
S40 group. Figure 7 shows the @,/@., ratios-variation concerning the fiber content. The
@,/ D, ratios are almost same for lower fiber content for both S30 and S40 groups. However,
the variation became scattered as the fiber content exceeded 9%. For S40 specimens, the
@,/ D, ratios decreasing for higher SF contents. In this case, fibers might create weak points
or reduce certain properties of the concrete due to the interaction between the steel fibers and
the concrete matrix.
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Figure 7 - Variation of @,/@., ratios for S30 and S40 specimens’ group

In experiments, after the first crack was observed, the torsional moment continued to
increase. It was also observed that number of cracks in the steel fiber beams was
significantly higher than in non-fiberr ones. In the non-fiber beam tests, a few torsional
diagonal cracks occurred, and with an increase in the load level, these cracks were
propagated and widened. Due to generated local fractures, the beams are suddenly broke.
However, in fiber beam tests, the cracks dispersed across all test regions, causing a
pseudo-ductile behavior. Figure 8a and 8b show the typical crack patterns of beams
without fiber (i) with moderate fiber (ii), and with an excessive fiber (iii) that are
subjected to 300 mm and 400 mm spacing, respectively.

(a) S30V00 (i), S30V09 (ii) and S30V 15 (iii) (b) S40V00 (i), S40V 12 (ii), and S40V 15 (iii)

Figure 8 - Crack patterns
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The experimental results illustrate that S30 group beams predominantly displayed initial
cracks within a load range of 6 kN to 7.28 kN, with beams S30V06, S30V09, and
S30V12 notably demonstrating initial cracks at loads exceeding 7 kN, indicative of
higher load capacities within this sub-set. For specimen S30V 15, the first crack appeared
at a 6.05 kN load and following cracks formed within very small intervals and continued
to form until the maximum load was reached. The specimen failed from a point between
the first and second crack. Similarly, the S40 group beams revealed initial cracks ranging
from 5.94 kN to 7.28 kN, with S40V 12 exhibiting the highest load resistance at 7.28 kN,
reflecting the upper limit observed in this group. The first three cracks developed at 7.19,
7.22, and 7.28 kN, load respectively. The crack patterns of the S30V15 and S40V12
beams are also shown in Figures 9a and 9b.

Figure 9 - Crack pattern of S30V15 (a) and S40V12 (b) beams

The post-cracking response of the beams continued up to a certain volume fraction of
steel fiber. However, beams with relatively high amounts of SF displayed poor twisting
ability during testing. Due to SFs exhibiting a bonding effect on the cracks, similar to
stitches (Figure 10), the dispersing of the beams became difficult. It is proven that a high
SF amount did not always increase the twisting angle due to the increased stiffness of
the beams.

11
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Figure 10 - SFs prevent the cracks

- During the testing of the beams, a dissociation was observed in the transverse
reinforcements. The rupture in the S30V09 beam is shown in Figure 11.

Figure 11 - The rupture of transverse reinforcement (S30V09 beam)

The reason for the rupture in the stirrup was the excessive use of SF. The intense
utilization SFs might have caused the reinforcements to yield more than the estimated
value. Consequently, the stirrup could no longer resist and ruptured at its weakest point.
To state the findings clearly, the torque-twist curves are illustrated for the beams S30V12
and S40V 15, respectively in Figures 12a and 12b. The stirrups of S30V12 and S40V15
ruptured at around 79.44x107 and 90.04x1073 rad/m twist levels, respectively. As shown
in the diagrams, the rupture of the stirrup caused a sudden decrease in torque and
presented deformations due to the angle of twist.

It was also observed that the twisting behavior of the beams continued even after the
rupture of transverse reinforcement. Although the torque values are decreased, the
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bearing capacity of the beams persists because SFs resist to keep the beam block
together. At this point, however, it was unexpected for the beams to display a pseudo
ductility manner even after the rupture, similar to post-cracking behavior.
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Figure 12 - Torque-twist curves of S30V12 (a) and S40V15 (b) beam

3.1. Comparison of Torque- Twist Curves and Energy Dissipation Capacities

To find out the similarity and discrepancy between the beams, the curves obtained from
experiments were compared according to their twisting angles and energy dissipation
capacities (EDC) under torsional loading.

The comparison of the torque-twist curves for the entire S30 group of experimental testing
beams is illustrated in Figure 13a. Among them, beam S30V09 was clearly the most
reasonable option for steel fiber utilization due to its reaching the maximum torque capacity.
The torque-twist curve of the S40 group of testing beams is also shown in Figure 13b. As the
figure summarizes, beam S40V12 was the most logical selection of all.

For better seismic performance in structural systems, a high energy dissipation capacity
(EDC) in RC beams is desirable. According to the determined test results, the torsional EDCs
of all beams were calculated by using the area under the torque—twist curves. Figure 14a and
14b indicate the respective cumulative EDCs of beams that have 300 mm and 400 mm
transverse reinforcement spacing. The maximum EDCs of the beams and corresponding twist
results are summarized in Table 4.

13
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Figure 13 - Torque-twist curves of S30(a) and S40(b) group beams
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Figure 14 - Comparison of energy dissipation capacity: (a) S30 group beams and (b) S40
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Table 4 - Comparison of the energy dissipation capacities of all fiber beams

Beam Maximum energy dissipation capacity, kNrad (*10 Ag;gilstof
designation %) rad/m ( *’1 o)
S30vo03 612 216.74
S40V03 668 24435
S30V06 754 241.77
S40V06 575 190.05
S30V09 890 292.64
S40V09 566 202.98
S30V12 614 210.09
S40V12 6.60 207.76
S30V15 5.23 168.87
S40V15 4.89 174.77

Since the EDCs of the non-fiber beams were almost identical, it is considered unnecessary to
exhibit in Table 4. It was observed that specimens S30V00 and S40V00 exhibited slight
twisting which corresponded to 38.65*103 and 43.27 *107 rad/m respectively, with
corresponding EDCs 1.36*10% and 1.41 *10° kN.rad. To compare the EDCs of the beams, a
limit value can be determined. For instance, the EDCs were almost the same for beams
S30V03 and S40V03 in 150*1073 rad/m twisting values. It is also seen that the maximum
capacity for energy dissipation of the beam S40V03 was slightly higher than that of the
S30V03 beam.

Contrary to expectations, the maximum energy capacities and dissipated energies at a
150*107 rad/m limit value for specimens S30V12 and S40V12 were distinctive. The EDC
of the S40V12 beam was higher than that of the S30V12 beam, both for limit level and
maximum capacity. The reason for less energy dissipation may have been due to the stirrup
rupturing.

Except for beams S30V12 and S40V 12, the energy dissipation capacities of all other beams
in the S30 group were greater than those of their counterparts, both at the determined limit
value and at maximum capacity.

4. CONCLUSION

In this study, the behavior of steel fiber reinforced concrete beams under pure torsional
moment was investigated experimentally. 16 large-scaled reinforced concrete beams with
inadequate torsion steel were designed and produced. Different transverse reinforcement
ratios (based on the 300 and 400 mm spacing of the closed stirrups) and SF volume fractions
(0.0%, 0.3%, 0.6%, 0.9%, 1.2%, and 1.5%) were selected as parameters. Torsional moments
at cracking, maximum and ultimate values along with the corresponding angle of twist

15
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behavioral curves were presented. Additionally, @,/@., ratios of beams were given. Energy
dissipation capacities (EDCs) were also examined to validate the corresponded torque
capacities of beams and to describe the relationship of torque-twist values. The determination
of specific SF ratios for two different transverse reinforcement spacing can be also regarded
as the novelty of this experimental study.

Based on the test results, the following findings were drawn:

e For all types of beams, up to the first cracking, the torque - twist behavior was identical
and can be accepted as linearly elastic. A similar situation was also seen in other studies
[26].

e As expected, failure in non-fiber beams was due to a single crack in the test region,
whereas many cracks spread out in fibercontaining beams, with the fibers tending to
restrict these cracks and improve the twisting capacity of the beams. This has been
observed in similar studies [18].

e It is concluded that torque-twist responses of beams clearly showed a pronounced
softening behavior after cracking, however, higher amounts of SF increased stiftness and
early cracking behavior in RC beams under pure torsional moment.

e Despite the larger distance in the spacing of the stirrups in an S40 group of RC beams,
the maximum torque capacities were enhanced in 1.2% and 1.5% ratios of SF. This
phenomenon can be explained by the SF behavior, which was similar to that of stirrups,
especially at these levels. The use of SF showed a similar effect to the usage of torsional
reinforcement in another study [39].

e In0.6% and 0.9% SF ratios, the maximum EDC of the S30 group of RC beams is higher
than that of the S40 group.

e EDC results showed that a certain amount of SF provides better twist capacity to beams.
However, beams with SF ratios of under 0.3% and over 1.2% exhibited more rigid
behavior. It is suggested by this experimental study that the implementation of SF in
certain rations in RC beams results in greater EDCs under pure torsion.

e Test results showed that according to the 7. and determined EDCs, 0.9% and 1.2%
volumetric ratios of SF were considered as the optimum value for the S30 and S40 group
of RC beams, respectively. Besides, a high steel fiber amount (1.2% and 1.5%) caused
less twist capacity in those groups.

In future studies, experiments can be conducted with different parameter preferences such as
longitudinal reinforcement and variations in cross-section. Additionally, the range of the SF
ratios could be increased, and more detailed results can be obtained with an increased number
of beams. Findings can be compared to results in the literature that are designed according to
provisions of other standards. Obtained results can be also supported by numerical studies.
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