
1. INTRODUCTION
Concrete is widely used structural material, all over
the world. The excellent versatility, availability, and
economy of the concrete makes it a pioneer of the
construction industry when it is compared to other
materials. Beams/columns are one of the main struc-
tural elements of building to respond to the effects,
such as bending moment, shear, and torsion. Thus, it
is important to investigate the relevant behaviors of

members [1, 2]. Steel fibers have been used to improve
the characteristic properties of concrete in practice for
many years. Besides the commercial use of fibers in
concrete technology began in 1970s, particularly in
Europe, Japan, and USA. In the structural applica-
tion, concrete behaves as a brittle material with low
tensile strain capacity and with some softening post-
peak behavior in compression essentially due to the
transverse strain capacity. The use of steel fibers in the

THE TORSIONAL AND SHEAR BEHAVIOR OF STEEL FIBER
REINFORCED RC MEMBERS

Abdulkadir Cüneyt AYDIN a*, Mahmut KILIÇ b, Mahyar MAALI c, Barış BAYRAK d, Erkan TUNÇ e

a Prof.; Ataturk University, Engineering Faculty, Department of Civil Engineering, 25030, Erzurum, Turkey
*Corresponding author. E-mail address: acaydin@atauni.edu.tr

b Assistant Prof.; Ataturk University, Engineering Faculty, Department of Civil Engineering, 25030, Erzurum, Turkey
E-mail address: mahmut.kilic@atauni.edu.tr

c Associate Prof.; Erzurum Technical University, Engineering and Architecture Faculty, Department of Civil
Engineering, Erzurum, Turkey
E-mail address: mahyar.maali@erzurum.edu.tr

d PhD; Ataturk University, Engineering Faculty, Department of Civil Engineering, 25030, Erzurum, Turkey
E-mail address: baris.bayrak@atauni.edu.tr

e MSc; Ataturk University, Engineering Faculty, Department of Civil Engineering, 25030, Erzurum, Turkey
E-mail address: rkntnc.06@gmail.com

Received: 29.09.2020; Revised: 29.03.2021; Accepted: 01.05.2021

A b s t r a c t
Beams and columns are one of the important structural elements of buildings to take up transverse loads such as axial load,
bending moment, shear, and torsion. Present work is an experimental investigation on the shear, torsion, and axial load
behavior of the structural members like columns and/or beams. The reinforced concrete members with 0, 30, and 60 kg/m3

of steel fibers were tested for torsion, shear and axial loading for this study. The twist angle, the load-deflection behavior,
the ultimate shear strength, the torsional moment, and the critical moments were obtained for the loading type and steel
fiber ratios. The results show that the increasing steel fiber ratio, increased the torsional moment capacity and decreased
the shear strength capacity. On the other hand, increasing the steel fiber content increased the both axial load and moment
capacity of RC columns. The shear strength and the torsional moment capacities are defined by the provision of current
codes of practice such as ACI318-19, Eurocode-2, British, Australian and Turkish Standards.
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concrete matrix increases the low tensile strain capac-
ity by controlling the micro and macro cracking [3–5].
There are also some advantages and disadvantages of
use of steel fiber in concrete. Firstly, the use of steel
fibers increases the tensile strength, ductility, and
flexural toughness characteristics of the concrete.
Moreover, the presence of steel fibers reduces the
formation and propagation of cracks due to early age
plastic settlement and drying shrinkage. Secondly,
the brittle behavior of the concrete evaluates to
tougher fracture mechanism [3]. On the contrary, the
use of steel fiber has no meaningful effect on the
compressive strength [6–8].
The addition of steel fibers in the concrete mix has
long been recognized as non-conventional mass rein-
forcement that enhances the mechanical properties
of concrete and provides for cracking propagation
control [9]. The tensile stress transfer capacity of
steel fibers across crack surfaces is defined as crack
bridging and hence, shear across developing cracks
are resisted by steel fibers. The energy dissipation
capacity of structural element increases, relative to
the brittle failure of the concrete as for the tensile
strength [10]. Furthermore, the steel fibers also
increase the torsional strength, the tensile strength,
stiffness, toughness and ductility [9, 11–14].
The torsional moment in structures occurs when
resultant force acts eccentrically relative to the longi-
tudinal axis of an element [15]. For many years, tor-
sional moment was not regarded in the process of
design of structural members, but the studies in
recent years showed that the torsional strength must
be considered to subject the eccentrically loaded
structural members [16]. Researchers especially focus
on bending moment/shear forces when designing
structural members. Thus, the torsional moment is
neglected in some cases. Torsion can be an important
problem for structural members such as eccentrically
loaded beams, spandrel beams and curved girders,
etc. [17]. The torsional behavior of the member is dif-
ferent from the shear behavior due to diagonal ten-
sion cracks that occur on the two sides of structural
element. The cracks occurred due to shear force
propagate in the same direction on both sides of the
structural member, in which the cracks occurred due
to torsion propagation of a spiral pattern, propagat-
ing in opposite directions on the opposite sides of the
beam [18]. Thus, to prevent the crack propagation
must be provided according to code [19–21]. The
investigation of torsional behavior of reinforced con-
crete (RC) members has been started at the begin-
ning of the last century. In earlier, the plastic and

elastic theories were used to predict the behavior of
RC members under torsional moment. However,
these two theories remained incapable for torsional
behavior of the member due to their deficiency. In
recent decades, two main theories have been focused
on by researchers to calculate torsional moment
capacity, namely the skew-bending theory that was
based on the American code between the 1971 and
1995, and the space truss analogy, which was the base
of American code since 1995 and of European code
since 1978 [22]. A structural element subjected to the
pure torsion is characterized by the behavior of the
element in direct tension. Hence, the poor properties
of concrete such as tensile strength must be improved
by new ways or materials. Another innovative con-
cept to improve the tensile strength of the concrete is
to add steel fibers into the plain concrete mixture.
The cracking of reinforced concrete elements is a
natural process due to tensile strength of concrete.
Thus, the crack propagation cause the adverse effect
on the structure’s serviceability and durability [15]. In
addition, the formulas for calculating cracks of the
member subjected to pure torsion or bending
moment is not defined in any standards or codes.
Hence, to comment and to understand the cracks is
very important issue for researchers.
The interaction diagram is commonly used to deter-
mine the strength capacity of the structural members,
especially for RC columns. The RC columns can be
designed by calculating axial force and moment val-
ues from the interaction diagram. The interaction
diagrams are usual tools for RC cross-section analysis
and design. The interaction diagrams are plotted to
use the ultimate values of the bending moments and
axial force for evaluating the cross-section strength
[23, 24]. The interaction diagrams present a widely
used practical tool for the design of RC structures,
which is selected for a few reasons including their
ability to contribute a favorable graphic of the ulti-
mate axial force and moment capacity of structural
members. There are characteristic points that are
defined corresponding to the strain limitations relat-
ing to reinforcing steel in tension and concrete in
compression [25]. The interaction diagrams used to
design RC members are based on the several assump-
tions. Firstly, a maximum allowable concrete com-
pressive strain prevents concrete crushing. Secondly,
the plane sections remain plane, the tensile strength
of concrete is negligible and the concrete stress dis-
tribution can be represented by a rectangular stress
block [26].
The aim of this study focuses on the axial loading, the
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torsional, the shear, and the flexural behaviors of
steel fiber reinforced RC members. The experimental
program reported in this paper included not only
three (3) beams with rectangular section under pure
torsion, but also seven (7) beams with rectangular
section, subjected to bending moment. On the other
hand, the axial load was applied on twelve columns.
The experimental program is consisting of three
groups of specimens. The first group includes the
conventional RC members as control specimens. The
second group of members include the RC members
with 30 kg/m3 steel fibers. The last group consists of
the RC members with 60 kg/m3 steel fibers. As an
experimental work, the three-point bending, four-
point bending, and overhanging beam type loading
systems are realized. These experiments are designed
to investigate the axial, the torsional, the shear, and
the flexural behavior of the RC members.
The experimental data presented in this paper pro-
vide valuable information on understanding the
strength and behavior of RC beams and columns with
steel fibers under pure torsion, three different types
of loading and axial force. The free end deflection,
mid-span deflection, flexural strength, torsional
moment-rotation, critical torsional moment, crack
propagation, axial load capacity and the interaction
diagrams of the members are evaluated.

2. EXPERIMENTAL SETUP
2.1. Specimen details
A set of ten rectangular 1500 mm length beams were
tested up to the failure. The beams have same square
cross-section. The dimensions of the tested beams
were chosen as 200x200x1500 mm and longitudinal
and transverse reinforcement were designed accord-
ing to the Turkish Code 2018 [21] and ACI318-19
[19]. The concrete type, dimensions of the tested
members, stirrups and the longitudinal reinforce-
ments and concrete cover (distance from the center
of longitudinal rebar to cross section outer face-30
mm) keep the same for all beams. Table 1 presents a
summary of the properties of the tested beams. The
longitudinal reinforcement is 2∅14 (i.e. 2 bars 14 mm
diameter) at the bottom of the beam and 2∅14 at the
top of the beam. The stirrup reinforcement was
designed to be as ∅8/200 mm (i.e. 8 mm diameter
stirrup for every 200 mm) at the center section and∅ 8/100 mm at the top of beam. The geometry and
reinforcement design details are presented in Fig. 1a.
The longitudinal and stirrup reinforcements were
ribbed steel. Three of both longitudinal and stirrup

reinforcement details were tested under the labora-
tory condition, and the average of these values was
calculated. The yielding strength (fyd) for the steel
rebars were 420 MPa. The stress-strain curves of are
presented in Fig. 2.

The dimensions of the tested columns were chosen as
100x100x1500 mm and were designed longitudinal
and transverse reinforcement according to the
Turkish Code 2018 [27] and ACI318-19 [28]. The
cross sections are considered according to laboratory
conditions, also. The concrete type, dimensions of
the tested columns, stirrups (8 mm diameter stirrup
for every 200 mm) and longitudinal reinforcements
(2 bars 8 mm diameter at the bottom and 2 bars 8 mm
at the top of the column) and concrete cover (10 mm)
were kept same for all columns. The twelve RC
columns were manufactured: four reference speci-
mens without fiber, four specimens with 30 kg/m3

fiber, and four specimens with 60 kg/m3 that applied
axial load with 0, 10, 20 and 30 mm eccentrically. The
geometry and reinforcement details of the columns
were shown in Fig. 1b. The longitudinal and stirrup
reinforcement of the columns were symmetric, and
the yielding strength (fyd) was 420 MPa. The stress-
strain curves of both longitudinal reinforcements and
stirrups are presented in Fig. 2.
The tested beams were sorted into four groups
named as T, FC, F3, F4 and the tested columns were
sorted in one group named as AL based on their
loading type. Each group was divided into three cate-
gories. The groups, T and FC, include 3 beams: with
one conventional concrete without fibers, with two 30
and 60 kg/m3 steel fibers under torsion (T), over-
hanging (FC) respectively. The groups, F3 and F4,
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Figure 1.
The geometry and reinforcement details a) tested beams
b) tested column specimens (all units are in mm)

a

b
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consist of two beams with 30 and 60 kg/m3 steel fibers
under four-point bending (F4) and three-point bend-
ing (F3). However, the group, AL consists of twelve
columns without and with 30 and 60 kg/m3 steel fiber
under axial load without and with eccentric force.
Three samples were produced from both column and
beam samples, and the average of 3 samples is pre-
sented in tables and graphics.

2.2. Experimental setup
A universal testing machine with maximum capacity
1000 kN was used during the test program [29, 30].
The experimental setups are shown in Fig. 3. The
experimental setup for torsion tests is a commonly
used in literature [15, 31, 32]. The load was applied
through a diagonal placed steel spreader beam.
However, load was exposed incessantly in low rate
and measured by a load cell and was applied as far
as at the failure mode. The RC and SCRC beams
are compared with each other by neglecting the fric-
tional forces between the models and the setup. Two
steel plates in the form of hollow boxes with a depth
of 300 mm were used for both the right and left ends
of the beams. As a rigid loading apparatus, 1460 mm
HEB160 type steel profile was used in the experi-
ments. The vertical load was applied to the central
of HEB160 profile. Linear variable differential
transformers (LVDTs) were used to measure dis-
placements at different locations of the tested
beams and to calculate the rotation at the beam sub-
jected to pure torsion, as shown in Fig. 3a.
Furthermore, the test set-up to apply bending
moment is shown in Fig. 3.
As axial load is the main concern in the design of a
column, the increasing axial force was applied during
the experimental program to compare the effect of
steel fibers with different eccentric loading. With the
hydraulic jack with a capacity of 1000 kN, the load
was applied to the columns in the vertical axis. For
the columns without eccentricity, the load was
applied from the center point of the 150x150 mm
cross-section. In order to draw the interaction dia-
gram in columns, it is necessary to calculate the bend-
ing moment as well as the axial load. In order to plot
the axial load and moment interaction diagram, the
vertical compressive load was applied to the cross
sections of the columns. For the columns with 10, 20,
and 30 mm eccentricity, the vertical load was applied
at 10, 20, and 30 mm distance from the middle point
of the column cross-section (Fig. 4). The axial force
was applied with 0, 10, 20, and 30 mm eccentricity to
draw the M-N interaction diagram. The column
specimens were fixed from the lower and upper
heads to the experimental setup. Thus, the columns
are prevented from being moved horizontally for 10
cm. However, since the moment value, correspond-
ing to the zero value of the normal force cannot be
obtained experimentally, it was theoretically calculat-
ed according to the simple bending state (Eq-1). The
axial load was increased up to the collapse mode in
the columns, and the experiment was terminated.

50 A R C H I T E C T U R E C I V I L E N G I N E E R I N G E N V I R O N M E N T 2/2021

Specimens
Steel
Fibers
(kg/m3)

Loading Type

T-Reference - Torsion

T30SF 30 Torsion

T60SF 60 Torsion

FC-Reference - Overhanging

FC-30SF 30 Overhanging

FC-60SF 60 Overhanging

F3-30SF 30 Three-point bending

F3-60SF 60 Three-point bending

F4-30SF 30 Four-point bending

F4-60SF 60 Four-point bending

AL-Reference-0 - Axial load without eccentricity

AL-Reference-10 - Axial load with 10 mm eccentricity

AL-Reference-20 - Axial load with 20 mm eccentricity

AL-Reference-30 - Axial load with 30 mm eccentricity

AL-30SF-0 30 Axial load without eccentricity

AL-30SF-10 30 Axial load with 10 mm eccentricity

AL-30SF-20 30 Axial load with 20 mm eccentricity

AL-30SF-30 30 Axial load with 30 mm eccentricity

AL-60SF-0 60 Axial load without eccentricity

AL-60SF-10 60 Axial load with 10 mm eccentricity

AL-60SF-20 60 Axial load with 20 mm eccentricity

AL-60SF-30 60 Axial load with 30 mm eccentricity

Table 1.
Summary of tested specimens

Figure 2.
The stress-strain curves of the reinforcements
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The experimental setup to evaluate the eccentric
loading behavior of the column is presented in Fig. 4.

where Mr and Mo are flexural moment corresponding
N = 0 axial load, fcd is the concrete comprehensive
strength (MPa), b and d, d’ are the width and depth
of column cross-section (mm), a is the effective
depth, Ası is the area of longitudinal reinforcement
(mm2) and бs’ is the yield strength of longitudinal
reinforcement.

2.3. Materials and mixing
The concrete mix was designed using Portland
Cement (CEM-I 42.5R), sand, water, fine and coarse
aggregate. In the study, CEM I PC 42,5R cement was
used in accordance with EN 197-1 [33] in all samples.
Chemical, mechanical and physical properties of
cement are given in Table 2. The cement used in man-
ufacture of tested specimens was a locally manufac-
tured general-purpose ordinary Portland Cement. The
maximum size of coarse aggregate that is smaller than
length and aspect ratio of the used steel fibers (40
mm) are chosen according to the RILEM TC 162 [34].
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Chemical properties (%) Physical and mechanical properties

SO3 2.84 2 days Compressive strength (MPa) 27.90

MgO 2.58 28 days Compressive strength (MPa) 58.00

CaO 63.65 Initial setting time (min) 151

Al2O3 4.48 Final setting time (min) 191

K2O 0.62 Specific gravity (g/cm3) 3.12

SiO2 18.10 Specific surface (cm2/g) 3690

Na2O 0.21 Total volume exp. (mm) 1.0

Fe2O3 3.09 Water requirement of cement (%) 29.5

CI- 0.015 Fineness (%) 7.15

Figure 3.
Test setup a) torsion b) four-point bending c) three-point
bending d) overhanging

Figure 4.
The test set-up of axial loading (all units are in mm)

(1)

Table 2.
Chemical, physical and mechanical properties of the cement

a

b

c

d
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The sieve analysis of fine and coarse aggregate shown
in Fig. 5 was performed according to the Turkish
Standard TS 706 [35]. Dramix 3D steel hook fiber was
used in the concrete mixture. The properties of the
steel fibers are presented in Table 3.
Cement, sand, fine and coarse aggregates were dry-
mixed for about 5 minutes and then water without
plasticizer (2/3 volume of total water) was added grad-
ually. Finally, the steel fibers were added very slowly in
laboratory mixer and mixed for another 10 minutes to
ensure sufficient workability and homogeneous fibers
distribution. Water reducing admixture (BASF-Master
Pozolith 530) of 1% by cement weight was used.
Table 4 shows the concrete mix proportions for plain
and steel fiber concrete for all specimens. Before
casting specified amount (30 and 60 kg/m3) of
hooked steel fibers was added to the concrete mix
and then the mixture was mixed for three minutes.
The specimens were cured for 28 days at the labora-
tory conditions.
The values of 28-day compressive strength, flexural
and tensile splitting concrete strengths and summary
of test parameters of the beams and columns are pre-
sented in Table 4. During concrete mix, standard
100x200 mm cylinder samples were taken to calculate
the compressive strength and tensile splitting

strength and 100x100x270 mm prism samples were
taken to calculate the bending strength. Uniaxial
compression tests in accordance with the
EN12390–3, splitting tensile strength in accordance
with the EN12390-6 and flexural strength tests in
accordance with the EN12390-5 were performed on
cylinder and prism specimens for the 28 days. The
splitting tensile and flexural strength of concrete are
calculated using Eq.2. and Eq.3. respectively. Adding
30 and 60 kg of steel fiber to conventional concrete
increased the tensile splitting strength by 3.42% and
32.1%, respectively. There has been a transfer of
stress from the matrix to the fibers. Therefore, as the
tensile strength of steel fibers is higher than that of
concrete, the second and third groups have the high-
er tensile strength. However, it did not have a signif-
icant impact on the flexural strength. The addition of
steel fiber reduced the flexural strength slightly.
Similarly, increasing the steel fiber from 30 to
60 kg/m3 had no significant effect on the compressive
strength. The addition of 30 kg and 60 kg steel fibers
reduced the compressive strength by 4.1% and
increased by 1.2%, respectively. After the concrete
strength reached its maximum value, there was not
much change in bending and compressive strength,
especially due to the random distribution and discon-
tinuity of the fibers to the matrix.
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Table 4.
Concrete mixture

kg/m3 First Group Second Group Third Group

Fine aggregate (0–12mm) 1420 1420 1420

Coarse aggregate (12–28 mm) 510 510 510

Cement 320 320 320

Admixture 6.4 6.4 6.4

Steel fibers - 30 60

Water/Cement ratio 0.31 0.31 0.31

Compressive strength (MPa) 34 32.6 34.4

Flexural strength (MPa) 59.0 58.3 58.6

Splitting tensile strength (MPa) 32.1 33.2 42.4

Table 3.
Physical properties of steel fiber

Length (mm) 30 Tensile strength (MPa) 1100

Diameter (mm) 0.75 Aspect ratio 0.40
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where fs and fl are the splitting tensile strength and
flexural strength of concrete, respectively, a is the size
of specimen, P is the applied load, L is the length of
specimen and b and d are width and depth of prism.

3. TEST RESULTS
In this section, the behavior of tested beams under the
torsional moment, bending moment and shear force
and the behavior of tested column under axial load will
be evaluated. It was evaluated under the headings of
torsional behavior and bending and shear behavior and
axial eccentric loading behavior. The ultimate torsion
moment, the critical torsional moment (initial torsion-
al moment valued corresponding to the initial crack),
and the angles of rotation corresponding to these tor-
sional moments are calculated. Torsional behavior was
evaluated from the ultimate torsional moment-rotation
angle. In addition, the crack formation and distribution
were evaluated. Three and four-point bending tests
were performed to evaluate flexural behavior, and an
overhanging test to evaluate the shear behavior. Load-
displacement graphs and the crack distributions of
beams under bending and shear was investigated.
Experimental values of beams under torsion, bending
and shear were also compared with the empirical rela-
tions suggested by the relevant standards.
Corresponding interaction diagrams were drawn by
calculating the axial load and bending moment values
of the columns.

3.1. Torsional behavior
The ultimate torsional moment (Tu), corresponding
angle of twist per unit length (θu), torsional moment
at cracking (Tcr), the angle of twist per unit length at

cracking (θcr), the corresponding angle of twist per
unit length at yield point (θyeld) and torsional ductil-
ity index (μθ) of of tested beams under pure torsion
are presented in Table 5. The post-cracking torsional
response and the values of the ultimate torsional
moment of the tested beams indicate that the steel
fiber ratio plays a significant role in torsional moment
capacity and corresponding angle of twist per unit
length. The increase steel fiber ratio causes signifi-
cant increase in torsional moment capacity and tor-
sional ductility of tested beams. The values of the
cracking torsional moment and the corresponding
angle per unit length of the tested beams show that
initial torsional response. Tu and θu values were
obtained in the largest T60SF sample with 11.06 kNm
and 5.58 deg/m respectively. The addition of 30 kg/m3

and 60 kg/m3 of steel fiber increased the Tu value by
39.6% and 105.95%, respectively, relative to the ref-
erence sample. Similarly, the addition of 30 kg/m3

and 60 kg/m3 of steel fiber increased the θu value by
20% and 118.8%, respectively, relative to the refer-
ence sample. The researchers reported that the addi-
tion of steel fiber contributed significantly in the
increase the maximum resisting torque and maximum
twist of RC beams under purer torsion [31, 32, 36].
The addition of steel fiber also increased torsional
moment at cracking (Tcr) and the angle of twist per
unit length at cracking (θcr). Tcr and θcr values were
obtained with the largest T60SF sample with
0.60 kNm and 1.31 deg/m respectively. Hassan et all
[37] showed that the additional of steel fiber
increased the first cracking load. Table 5 shows that
both RC beams with and without steel fiber under the
torsional moment have reached most of the ultimate
rotation capacity at the rotational value correspond-
ing to the yielding moment. This behavior improves
the insignificant effect of fibers on torsional moment
capacity, which is mainly affected by shear reinforce-
ment and the fibers have no shear strength enhancing
the ability for the columns. Table 5 shows that both
RC beams with, and without steel fiber under the tor-
sional moment have reached most of the ultimate
rotation capacity at the rotational value correspond-
ing to the yielding moment. The addition of steel
fiber showed its effectiveness after the rotation value
at the time when the first crack occurred. The addi-
tion of 30 kg/m3 steel fiber by volume did not have a
significant enhancing effect on (θcr) and (θyield) val-
ues. However, doubling the fiber volume decreased
the angle of rotation corresponding to the first crack,
but significantly increased the value of the angle of
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Figure 5.
Grading curve

(2)

(3)
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rotation and the ultimate angle of rotation.
Nonetheless, the local fibers resisted to twist locally
to enhance rotation capability. In this study, the tor-
sional ductility index defined by Benardo and Lopez
[38] was used. This index is defined as follow

where θu is ultimate twist (corresponding to the ulti-
mate torque Tu) and θy is yielding twist (correspond-
ing to the yielding torque Ty). The experimental val-
ues for μθ are obtained from experimental T-θ curves.
The highest torsional ductility index value is 1.30 at
the T60SF. However, the torsional ductility index
value of T60SF is higher than T-Reference and T60SF,
9.24% and 4.8%, respectively. Thus, the additional of
steel fiber increased the torsional ductility index.
Therefore, the T60SF specimen showed a ductile
behavior than the others. In addition, the load value in
which the initial crack is seen and the load values in
which the final strength is reached indicate that the
effectiveness of the fibers is especially effective when
the behavior passes into the plastic region. The addi-
tion of steel fiber increased the torsional moment
value corresponding occurred initial crack, but this
increase was measured at very close values for the
T30SF and T60SF. The first, secondary, and other
diagonal torsional cracks formed under the effect of
increased load after the first crack formed to tend to
expand and progress. Hooked steel fibers were dis-
tributed randomly in the concrete section to prevent
cracks from advancing and expanding. As the steel
fiber volume increased, it also increased the amount
of steel fiber and further limited the crack width.
Instead of few and large crack widths, many cracks
with smaller crack widths have occurred. This resulted
in the ultimate torsional strength reaching the T60SF
sample at maximum. However, in Table 5, the energy
dissipation capacities were calculated from the area
under the torsional moment-rotation angle curves
(Fig. 6). It is evident that increasing of steel fiber
reduces stiffness of the tested beams and therefore the
increasing steel fiber increased the energy dissipation
capacity of tested beams. The energy dissipation

capacity of T60SF beam specimen are higher than
T30SF and T-Reference beam specimens, 171.29%
and 355.24%, respectively. These phenomena can be
explained by the result of continuity loss of concrete.
However, the fibers perpendicular to loading direc-
tion improved the energy dissipation capacity by the
adherence improvement of the fiber ends, also.
The relationship between the applied torque and the
angle of twist per unit length is presented in Fig. 6.
All the curves are for the mid span cross section.
Until cracking the torsion moment-twist angle is rela-
tionship is nearly linear. After cracking the ultimate
torsional moment significantly increases. After the
cracking, at the same torsional moment levels the
twist angle of T60SF specimen is higher than the oth-
ers because of additional steel fiber. It has been
shown that fibers randomly dispersed in concrete sec-
tion collect the stresses themselves or transfer to
undamaged areas after cracking. Based on the test
results in Fig. 6 and Table 5, it was found that T60SF
beam exhibits the best torsional behavior. The angle
of the cracks plays a significant role in torsional
strength of beams. As can be seen from Fig. 6, T60SF
behaved better ductile than both T-Reference and
T30SF. Compared with the beams with and without
steel fiber, the addition of steel fiber played a signifi-
cant role both for ultimate torsional moment capaci-
ty and corresponding angle of twist. As seen in Fig. 6,
the increasing fiber ratio increased the torsional
capacity, while increasing heterogeneity results
increased twisting, while the torsional capacity is lim-
ited with continuing reinforcements, the noncontinu-
ing fibers implies the minimal torsional capacity
increase.
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Table 5.
The Experimental results of torsional tests

Specimens
Tu

(kNm)
θu

(deg/m)

Tcr
(kNm)

θcr
(deg/m)

θyeld
(deg/m)

μθ Energy Dissipation
Capacity (kN.deg)

T-Reference 5.37 2.55 0.29 1.60 2.14 1.19 12.02

T30SF 7.50 3.06 0.50 1.62 2.46 1.24 20.17

T60SF 11.06 5.58 0.60 1.31 4.30 1.30 54.72

(4)

Figure 6.
Torsional moment-twist angle relationship
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In order to investigate the accuracy of standards and
empirical formulas of researchers for torsion, they
are compared with the results. The experimental
results are presented in Table 6 with the relevant
standards for comparison. The TStandard/TExperimental

ratios are evaluated in Table 7. The discrepancy
between the calculated and measured ones can be
seen from Table 6 and 7. As seen, the best prediction
for T-Reference specimen is given by the AS3600.
The Turkish Standard and ACI318-19 calculated
almost the same experimental and theoretical Tu val-
ues. The Tu values calculated according to relevant
standards were less than the experimental one for no-
fiber RC members. However, the theoretical ones
proposed by Hsu and Rauch are greater than the
experimental values. The Tu values of the beam with
steel fibers were greater than the ones recommended
by the standards. However, the Tu values proposed by
Hsu and Rauch are close to ones of the samples with
steel fibers, according to the standards. Table 7 indi-
cates that the mentioned standards are insufficient to
predict the Tu values of steel fiber reinforced RC
members. Even with increasing steel fiber ratio,
TStandard /Tu-exp ratio decreased. This is due to the fact
that, the relevant standards consider the cross-sec-
tion and reinforcement ratio, regardless of the con-
crete type, while calculating the torsional moment.
Therefore, the post-cracking behavior of steel fiber
reinforced concrete is neglected within the relevant
standards. The reason, why there are three different
values in the formula proposed by Hsu results from
the fact that the author adds the elastic theory while
calculating the Tu value. The elastic theory, while cal-
culating the torsional moment, considers the tensile

strength of the concrete as well as the cross-section of
the member. The design procedure defined by
AS3600, ACI318-19, and TS2018 supposes that the
yielding of both horizontal and vertical reinforce-
ments, and cross-section of the members affect the
torsional moment. Nevertheless, these assumptions
do not seem proper. The literature survey shows that,
the yielding strengths of horizontal and vertical rein-
forcements are affected by the dimension, reinforce-
ment ratio, and concrete comprehensive strength.
Therefore, these mentioned standards ignore the
effect of concrete comprehensive strength related to
concrete tensile strength. Hence, the experimental
ultimate torsional moments are different from the
proposed ones, by standards.
Mansur [43] and Mansur and Paramasivam [36] car-
ried out an experimental work on steel fiber reinforced
concrete beams in bending, torsion and combined
bending and torsion. They proposed two modes of fail-
ure to predict the torsional strength of steel fiber rein-
forced concrete beams as Mode 1 and Mode 2. Mode
2 that is modified as Eq-5, predicts the ultimate tor-
sional strength of fiber reinforced concrete beams in
pure torsion. Rauch assumed that both steel and con-
crete are elastic. The lateral reinforcement is to take
the full amount of the principal tension, and all the
bars at the section reach their yield stress. So ın the
equation of Rauch, K constant was used 2√2.

where Tu-mode II is torsional strength by Mode II; b
and h are width and depth of beam section respec-
tively; fr is modulus of rupture of concrete
(fr=0.8√fcuf) and fcuf is fiber cube strength.
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Table 6.
The values defined by standards and experimental results

Specimens Tu-Exp Tu-mode II
Turkish
Code

TS 2018

American
Code

ACI318-19

European
Code

Eurocode-2
[39]

Australian
Standard
AS3600

[40]

British
Standard
BS8110

The ultimate tor-
sional moment

by Hsu
[41]

The ultimate
torsional moment

by Rauch
[42]

T-Reference 5.37 -

3.60 3.59 3.76 4.64 2.50

6.06

6.68T30SF 7.50 4.32 5.94

T60SF 11.06 4.44 6.10

Table 7.
The comparison of experimental and numerical results

Specimens TU-Exp
Tu-mode II/

Tu-exp

TTS-2018/
TU-Exp

TAC318-14/
TU-Exp

TEurocode-2/
TU-Exp

TAS3600/
TU-Exp

TBS8110/
TU-Exp

THsu/
TU-Exp

TRauch/
TU-Exp

T-Reference 5.37 - 0.67 0.67 0.70 0.86 0.47 1.12 1.24

T30SF 7.50 0.58 0.48 0.48 0.50 0.62 0.34 0.79 0.89

T60SF 11.06 0.40 0.33 0.32 0.34 0.42 0.23 0.55 0.60

(5)
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Fig. 7 presents the crack patterns of the tested beams
under pure torsion at failure. As seen, it can be
observed that the beam without steel fiber
“T-Reference specimen” exhibited more brittle tor-
sional failure. The T-Reference specimen showed an
abrupt collapse, and the cracks, firstly, occurred at the
top section of the tested beam and separated sudden-
ly by diagonal cracks. The first crack in the reference
sample was observed as the torsional moment
reached up to 2.73 kNm. Then, with the increased tor-
sional moment, the crack spread rapidly and diago-
nally into the beam upper parts. The crack width is
suddenly increased. Second, the cracks were formed
after the post-cracking behavior. However, the widths
of the secondary cracks were less than the first ones.
The stiffness of the T-reference is decreased after the
first crack. After cracking, the torsional behaviors of
T30SF and T60SF were similar, because of steel fiber
reinforcements in concrete. The first diagonal crack
by torsional moment occurred at the higher load level
for T30SF and T60SF than the T-Reference one.
The torsional behavior of T30SF and T60SF was dif-
ferent from the T-Reference. From Fig. 7, it can be
seen that the average post-cracking torsional rigidity

of T30SF and T60SF was greater than that of T-
Reference, owing to the larger cracks related with
high torsion. For the T30SF, the first crack was
formed progressively, at the bottom part of the
beam. However, the bottom crack for the reference
member propagated till to support. With increasing
load, the crack width increased more slowly than the
reference sample. The first crack was formed at a
torsional torque of 0.50 kNm. With the increased
torsional moment, the second crack was observed in
the mid-face of the beam. Then, the third crack was
formed. After the cracks’ propagation ended, the
crack widths increased. The crack widths were mea-
sured by the fibers to a width less than the reference
sample (Fig. 7c).
For the T60SF, the first crack occurred at a greater
torsional moment than the T-Reference and T30SF.
The first crack was observed near the head region of
the beam. The crack width increased with increasing
torsional torque. However, this increase was less than
that of T-Reference and T60SF. In Fig. 7b and 7c, it is
seen that, the steel fibers limit the crack width by
bridging effect. The T60SF had a smaller number of
second cracks than the T-Reference and T30SF sam-
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Figure 7.
Cracking pattern at failure a) T-Reference b) T60SF c) T30SF beams
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ples. Further, the T60SF showed an increasing post-
cracking behavior along with the formation of a num-
ber of diagonal cracks that became excessively wide
as the imposed twist increased. As shown in Fig. 7,
the steel fibers have a positive effect on torsional
cracks. The addition of steel fiber has a significant
effect on the level of the initial crack formation load
and the behavior after crack formation. The crack
propagation and the cracking explain the behavioral
variations due to steel fibers and the loading type,
which also implies the aim of this work from meso to
macro scale. Amin and Bentz [44] and Patil and
Sangle [45] showed that the addition of steel fiber
reduced the crack spacing and crack width.

3.2. Flexural and shear behavior
Table 8 shows that the loading type also significantly
affects the maximum deflection capacity. Free-end
displacement was higher in 30 kg/m3 beam groups
compared to mid-point displacements in the over-
hanging test setup. In contrast, in the RC beams
group with 60 kg/m3 steel fiber, the highest maximum
displacement was obtained from the 4-point bending
test. The addition of steel fibers reduced the peak
shear force and the shear force corresponding yield-
ing point. However, this decrease was reduced by
reducing the amount of steel fiber. The maximum
shear force capacity of FC-Reference sample is 4%
and 22.78% higher than FC-30SF and FC-60SF sam-
ples, respectively. Free end displacements are also
reduced by adding steel fiber to the concrete.
However, unlike the overhanging tests, in three and
four-point bending tests, increasing the amount of
steel fiber in the concrete mixture increased the max-
imum and shear strength values of RC beams. The
maximum shear force of the F3-60SF and F4-60SF
samples increased by 8.37% and 4.12%, respectively,
compared to the F3-30SF and F4-30SF samples.
In the three-point bending test, due to the increase in
the steel fiber ratio, the peak force increased with the
bridging effect of the steel fibers, especially in the
tensile zone of the beam. The principal tensile stress-
es in this region are met by steel fibers. In addition,
the increase in the width of the cracks caused by the
principal tensile stresses was prevented by the steel
fibers. Thus, the peak deflection of the beam has
been increased. Withal, the steel fiber did not have a
significant effect until the yielding occurred in the
reinforcement. Since the whole section is exposed to
bending moment, the increase in the ratio of steel
fiber could not delay the yield event in the reinforce-
ment.

In the four-point bending test, the increasing steel
fiber ratio was caused to increase the both yield and
peak force due to lead the more continuous environ-
ment of the concrete sample. The randomly dis-
persed steel fibers increased the energy dissipation
capacity and tensile strength of the samples (espe-
cially by improving the weak tensile strength of the
plain concrete), due to its high elasticity. Thus, the
increase in the fiber ratio increased the maximum
deflection and yield deflection of the beams under
shear and bending.

For the shear force capacity, relevant empirical rela-
tions are presented in ACI318-19 and EuroCode-2. In
related codes, it is expected that reinforced concrete
beams are produced for conventional concrete. To the
best of literature work, there is no formula presented
for the shear capacity of fiber-reinforced concrete
beams. The experimentally calculated maximum
shear force values of steel fiber RC beams under
shear force were compared with the empirical rela-
tions given by ACI318-19 and EuroCode-2. Table 9
shows the values of shear strength of tested beams
and shear strength predictions based on the ACI318-19
and Eurocode-2 (EU2) equations. The shear strength
is defined by ACI318-19 (ACI) (Eq-6, 7, and 8) and
Eurocode-2 (EU2) (Eq-9,10, and 11) as follow:

where Vn is the shear strength, Vc-ACI and Vs-ACI are
the concrete strength and steel contribution, respec-
tively, and equals to:

where fc and fyv are the concrete comprehensive
strength (MPa) and yield strength of longitudinal
reinforcement (MPa), respectively, b and d are the
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Table 8.
The values defined by standards and experimental results

Specimen
Yield
force
(kN)

Yield
deflection

(mm)

Peak
force
(kN)

Peak
deflection

(mm)
FC-Reference 170.02 3.31 267.95 37.58

FC-30SF 114.18 5.31 257.47 26.79
FC-60SF 132.31 5.51 218.24 12.52
F3-30SF 60.11 2.22 104.36 9.66
F3-60SF 73.51 1.74 113.10 12.80
F4-30SF 122.12 3.27 196.23 12.89
F4-60SF 128.13 4.53 204.37 20.11

(6)

(7)

(8)
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width and depth of beam (mm), Asw is the area of stir-
rup (mm2), s is the spacing of stirrup (mm), ρw is rein-
forcement ratio, Vf and Mf are the factor shear and
moment at section, respectively.

where ρw is the longitudinal reinforcement ratio, fck is
the concrete comprehensive strength (=fc), (MPa),
fywd is the design yield strength of stirrup (MPa).

Table 9 reports that the values of experimental shear
strength are very much than the values defined by
ACI and EU2. By comparing the experimental and
predicted shear strength, it appears that both ACI
(Eq-6) and EU2 (Eq-9) underestimate the strength
of tested beams with and without steel fiber. As it
can be seen from Table 9, the values are lower than
those obtained experimentally. The flexural strength
tests were performed on beams at 28 days in accor-
dance with the EN 12390-5 [46] and RILEM TC 162
TDF [34].

As can be seen from Table 9 and Fig. 8, the steel fibers
increased the shear strength of tested beams for three
and four-point bending test. The maximum increase in
the shear strength of the beam specimens with steel
fiber was achieved for the three-point bending loading.
However, increasing the steel fiber ratio decreased the
shear strength of tested beam specimens for the over-
hanging beam. Increasing the steel fibers from 30 to
60 kg/m3 for the four-point bending and three-point
bending tests, increased the shear strength by 4.15%
and 8.37%; whereas increasing the steel fiber ratio
from 0 to 30 kg/m3 and from 30 to 60 kg/m3 in the over-
hanging beam decreased the shear strength by 3.9%
and 15.23%, respectively. It is concluded that the steel
fiber plays an important role in shear strength at the
loading type of overhanging beam. However, the steel
fiber content has a little effect on the shear strength for
three and four-point bending tests. The fiber inclusion
decreased the shear strength gain for the shear type
testing with the cantilever system, the energy dissipa-
tion capacity is observed as the maximum not for the
specimens with maximum fibers, but with the FC-30SF
(Fig. 9). While the fibers perpendicular to loading
direction improved the energy dissipation capacity by
the adherence improvement of the fiber ends, the lack
of continuity of the fibers decreased the shear
strength. Thus, as a practical way of energy dissipation
capacity comparison, the area below the load-displace-
ment curves is used to evaluate the energy dissipation
capacities of the samples. As expected, all above-men-
tioned implications are the characteristic values, which
will be replaced with design parameters according to
relevant standards within the design process. The
results from experiments yields higher peak loads part-
ly due to steel fibre reinforcement that is not consid-
ered in the current codes and partly due to the fact that
the experimental results tend to be around average
carrying capacity while codified design calculations are
based on significantly lower design values level.
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Table 9.
The experimental results

Specimens
Vu-Exp
(kN)

Vn-ACI
(kN)

V(n-ACI)/
V(u-Exp)

Vn-EU2
(kN)

V(n-EU2)/
V(u-Exp)

Energy Dissipation
Capacity (kNmm)

FC-Reference 267.95 64.89 0.24 72.84 0.27 1302.7

FC-30SF 257.47 64.19 0.25 72.84 0.28 5726.1

FC-60SF 218.24 65.09 0.30 72.84 0.33 1122.3

F3-30SF 104.36 64.19 0.62 72.84 0.70 266.3

F3-60SF 113.10 65.09 0.58 72.84 0.64 226.4

F4-30SF 196.23 64.19 0.33 72.84 0.37 887.6

F4-60SF 204.37 65.09 0.32 72.84 0.36 1313.8

(9)

(10)

(11)

Figure 8.
Influence of shear index on the shear capacity of beams by
different codes
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The experimental load-displacements curves are
shown in Fig. 10. It can be seen from load-displace-
ment curves that the loading type and fiber content
has a significant effect on the flexural behavior. The
vertical displacements were recorded at mid-span
between the support for four-point and three-point
bending and at the free end for overhanging beam.
The midpoint displacements are neglected because
the midpoint displacements of tested beams under
overhanging are smaller, when compared to the free
end displacements. In Fig.10a and b, the midpoint
displacements are plotted as the average of the values
recorded from the two LVDTs located in the middle
region of the beam. However, in Fig. 10c, the values
of free end displacements, and are plotted by using
the LVTD values that were located at the free end of
the beam. As can be seen from Fig. 10a and 10b, the
F3-30SF sample exhibited a more rigid behavior than
the others. Fig. 10c shows that the beam without steel
fiber (FC-Reference specimen) behaved more duc-
tile than the ones with steel fiber. The displacement
capacity of the beams decreased with increasing steel
fiber ratio. Increasing the steel fiber ratio from 0 to
30 kg/m3 decreased the free-end displacement by
about 15%. The overhanging beam loading type and
increasing the steel fiber ratio from 30 to 60 kg/m3, in
comparison with the reference specimen, decreased
the free-end displacement by about 4% and 23%,
respectively. When the FC-30SF and FC-60SF speci-
mens are compared, similar free-end displacement
decreasing was observed. Changing the loading sys-
tem at the same fiber ratio (comparison with F3-30SF
and F4-30SF) resulted in a significant reduction in
both shear strength and displacement capacity. The
shear strength and midpoint displacement capacity of
the F3-30SF was obtained more than the F4-30SF by
about 31% and 108%, respectively. It has been con-
cluded that changing the loading system from three
and four point bending to overhanging beam has a
significant effect on shear strength.

By comparing the F3-30SF and F4-30SF with the
FC-30SF, the shear strength increased by about 60%
and 24%, respectively. Similarly, the shear strength
of the samples with 60 kg/m3 steel fibers increased for
overhanging type-loading system. Sturm et all. [47]
carried out a numerical/analytical study to evaluate
the effect of steel fiber on the shear capacity of RC
beams. The results of this study show that additional
of fibers can improve the shear capacity. Moreover,
the researchers [48–50] reported that the addition of
steel fiber to the conventional concrete increased the
shear capacity of RC beams. The discontinuity of
fibers resulted in decreasing strength of the shear
type specimens as expected, while the steel reinforce-
ment describes the general behavior.
The photographs of tested beams are presented in
Fig. 11 to evaluate the effect of the additional steel
fiber on the crack occurrence, propagation and dis-
tribution at failure. The experimental evidence
showed that the different crack propagation and pat-
terns occurred depending on the loading system and
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Figure 10.
Load displacement relationship a) three-point and b) four-
point bending c) overhanging beam

Figure 9.
Energy dissipation capacity of tested beams
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steel fiber ratio, as expected. Withal, the failure
modes are observed as expected for relevant experi-
ments as shear; just near the support of hanging
beam and bending about the mid-section of the sam-
ples.
Unlike the three and four-point loading tests for the
FC-Reference sample, the first crack was formed at
the support upper face, at free-end side of the beam.
The crack width of the first crack increased with
increasing shear force. The second crack was also
formed at near the free-end and near the first crack.
At 200 kN, the width of the cracks increased at the
free-end side (Fig. 11a). The loading system for shear
(overhanging beam), increasing the fiber ratio from 0
to 30 kg/m3 resulted in a reduction in crack widths
and resulted in an increase in the number of cracks
(Fig. 11b). The energy required to occur the first
crack in RC beams without steel fiber is less than RC
beams with steel fiber. Since the steel fibers carry to
the stress, the energy required for spreading of the
crack increases. Therefore, the crack widths of the
RC beams without fiber are less than the RC beams
with fiber, but the number of cracks is higher.
Nevertheless, the higher increase of the steel fibers
results increasing heterogeneity, which implies the
decreasing strength values after an ultimate point.
The first crack was formed on the support on the

free-end side, similar to the FC-Reference sample.
Unlike FC-Reference and FC-30SF samples, the first
crack was formed between two supports in the FC-
60SF specimen with a shear test type. The reason for
this difference is thought to be due to the activity of
the steel fibers at the free-end. A second crack was
formed on the free-end support at approximately
150 kN (Fig. 11c). For the F3-30SF specimen, the
first cracking was observed when the shear force
reached about 60 kN. The first crack occurred in the
lower midpoint and the lower region of the beam.
With increasing shear force, the crack continued
along the beam height. With the shear force reaching
approximately 80 kN, the crack width of the first
crack increased, and the second crack was formed in
the mid-section of the beam. However, at the end of
the experiment, the width of the second crack was not
as large as the first crack, as expected. Shear strength
before reaching the Vu value, cracks with a much
smaller crack width were formed in the upper section
of the beam, then the first and second cracks. In the
F3-60SF sample, the first crack was observed at a
shear force of about 67 kN. When we compare the
F3-SF60 with the F3-SF30 sample, the observed
shear force of the first step for both samples is almost
the same. A larger number of smaller but smaller
crack widths were observed in the F3-60SF sample at
the time of the experiment. The first crack was
formed in the mid-section of the beam similar to the
F3-SF30 sample and advanced along the height of the
beam. When the shear force reached up to
113.10 kN, the experiment was completed (Fig. 11e).
There were spalling, when the shear force reached
approximately to 105 kN. For the F4-30SF sample,
the first crack formed approximately at 110 kN.
However, the first crack was also observed in the
lower and middle region of the beam. With increas-
ing shear force, the crack advanced along the beam
height at the shear force of about 130 kN. The third
and the fourth cracks were formed with the second
crack with increasing load in the mid-section of the
beam. Although the number of cracks was greater
than the F3-30SF sample, the crack widths were mea-
sured at smaller values (Fig. 11f). The first crack in
the F4-60SF was observed at 120 kN. It was predict-
ed that the first crack occurs at greater shear values
relative to F3-30SF, F3-60SF, and F430SF samples,
both increasing fiber ratio and changing the loading
type. However, similar to other samples, the first
crack was formed in the middle and lower region of
the beam. As the shear force increased to approxi-
mately 190 kN, spalling and crushing were observed
in the upper section of the beam (Fig. 11g).
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Figure 11.
Crack pattern at failure a) FC-Reference b) FC-30SF c) FC-
60SF d) F3-30SF e) F3-60SF f) F4-30SF g) F4-60SF
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3.3. Axial eccentric loading behavior
Three specimens (with and without steel fibers) were
tested for axial loading and nine RC specimens (with
and without steel fiber) were subjected to eccentric
loading with 10, 20, and 30 mm eccentricity. The
interaction diagrams obtained from the experiments
provide an improved understanding of the cross-sec-
tion behavior of RC column with steel fibers, when
subjected to axial load. For design purposes of
columns subjected to different loading conditions, an
experimental axial load-bending moment interaction
diagram (N-M) was drawn based on the test results.
The ultimate axial loads and the ultimate bending
moments of the RC columns were tested under con-
centric and eccentric loading (10 mm, 20 mm, and
30 mm). The N-M diagram was constructed from five
points. The first point represents the ultimate axial
load obtained from the specimens tested under con-
centric loading. The second, third and fourth points
substitute for the ultimate eccentric axial loads at 10
mm, 20 mm and 50 mm, respectively. The fifth point
corresponds to the ultimate bending moment that
represented the ultimate flexural load obtained
from specimens tested under flexural loading.
Furthermore, since the fifth point, the bending
moment corresponding to the zero value of the nor-
mal force (N = 0), cannot be obtained experimental-
ly, it was theoretically calculated according to Eq-1.
The failure mode of columns occurred in the form of
crushing of concrete in the upper and bottom part of
the column and with the yielding of longitudinal rein-
forcement. The results show that increasing the steel
fiber content increased both axial load and moment
capacity. Fig. 12 shows the interaction diagram of col-
umn with and without steel fiber. Although increas-
ing the steel fiber ratio from 0 to 30 kg/m3 and from
30 to 60 kg/m3 decreased the axial load and moment
capacity. The energy dissipation capacity of the col-
umn with 30 kg/m3 steel fiber was the highest one, as
expected according to Fig. 12. However, the forma-
tion of the first crack was observed of the latest spec-
imen during testing because of the increasing steel
fiber content. It is seen that although the steel fiber
content increased, the moment and axial load capac-
ity increased (Fig. 12). Furthermore, the fiber con-
tent increase had a positive effect on ductility, while
it did not have a significant effect on strength.
Increasing the steel fiber ratio from 0 to 30 kg/m3 and
from 0 to 60 kg/m3 increased the axial load capacity
by about 7% and 1%, respectively and increased the
moment capacity by about 8% and 1%, respectively.
Some assumptions made for the construction of the

interaction diagram for RC columns, however, need
to be addressed by experimental research, such as the
amount, aspect ratio or volume ratio of steel fiber,
which was taken here in order to produce results on
the safe side.

Table 12 presents the experimental ultimate axial
loads and the corresponding ultimate moments of the
tested specimens under concentric, eccentric loading.
It was observed that all the specimens that were sub-
jected to eccentric loading have exhibited crushing of
the concrete cover at the compression face at reach-
ing the ultimate load carrying capacity, as expected.
The pure compression occurred at M = 0 kNm and
N = 122.6 kN load level in the column specimen
without steel fiber. In this case, all column cross-sec-
tions are subjected to the compressive force and
crushing concrete was observed during testing. The
pure compression occurred at M = 0 kNm and
N = 217.9 kN load level in the column specimen with
30 kg/m3 steel fiber. For the column specimens with
60 kg/m3 steel fiber, the pure compression was
occurred at M = 0 kNm and N = 142.9 kN load level.
In this paper in which the effect of the steel fiber
amount on column load carrying capacity was investi-
gated, increasing the steel fiber amount had a posi-
tive effect on loading capacity. Increasing the steel
fiber amount from 0 to 30 kg/m3 and from 30 kg/m3

to 60 kg/m3 increased the loading capacity by 54%
and 10%, respectively. It has been observed that
although increasing the steel fiber amount increased
the load carrying capacity compared to the reference
column specimen (without steel fiber), this relation-
ship did not continue in most likely. The steel fibers
in the RC column delayed the early spalling of the
concrete cover which resulted in an increase in the
load carrying capacity of the RC columns.
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Figure 12.
The interaction curves of tested column Bending moment-
axial load curves of column
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Data from the Table 10 shows that adding 60 kg/m3 of
steel fiber has increased the axial load carrying capac-
ity by a small portion; but reducing the amount of
steel fiber by 2 times has significantly increased the
axial load carrying capacity. Axial load carrying
capacity of AL30SF-0 and AL-60SF-0 samples
increased by 77.7% and 16.6%, respectively, com-
pared to AL-Reference-0 sample. As expected, the
increase of the eccentricity, decreased the axial load
carrying capacity. This decrease in axial load carrying
capacity was obtained as 24.3%, 54.2% and 34.3%,
respectively, for the fiber reinforced samples of 30
and 60 kg/m3. The lack of continuum for concrete
section by fibers decreased the axial load carrying
capacity.
Fig. 13 shows the pictures of the columns that have
reached the fracture failure mode under axial load.
Fracture in the columns occurred in the lower and
upper head regions.

4. CONCLUSION
An experimental investigation of behavior of beams
without and with steel fiber subjected to torsion and
shear and the behavior of columns without, and with
steel fibers subjected to axial load is presented. Test
variables, which adopted major factors, are the
amount of steel fiber (0, 30 and 60 kg/m3), loading
type (torsion, axial load and shear force consisted of
three different types of bending moment namely
three and four-point bending and overhanging
beam). Overall ten beams and ten columns were test-

ed (three beams under pure torsion, seven beams
under shear force and 10 columns under axial load).
The results of this study indicate the following con-
cluding remarks.
1. Without steel fiber, the brittle behavior associated

with diagonal failure was observed in torsional
testing.

2. The torsional moment capacity of tested beams is
affected by the amount of steel fiber. Increasing
steel fiber amount played a significant role on the
torsional moment capacity. However, T60SF beam
specimen reached the highest torsional moment
capacity and corresponding angle of twist; proba-
bly due to the steel fibers take the stresses around
the cracks themselves. Compared to the beams
without and with steel fiber, increasing of the
amount of steel fiber from 0 to 30 kg/m3 and from
30 kg/m3 to 60 kg/m3 causes energy dissipation
capacity and ductility index increasing by 67.8%,
171.35 and 4.2%, 4.8%, respectively. Further the
beam with 60 kg/m3 steel fiber under pure torsion
reached the highest torsional moment at cracking
and the angle of twist per unit length at cracking.

3. The torsional moment capacities are defined by
the provisions of current codes, such as ACI318-
19, Eurocode-2, British, Australian and Turkish
Standards. However, these codes are based on the
experimental results of beams with conventional

62 A R C H I T E C T U R E C I V I L E N G I N E E R I N G E N V I R O N M E N T 2/2021

Table 10.
Ultimate load and moment values of tested columns

Group Specimen
Ultimate
Load
(kN)

Ultimate
Moment
(kNm)

Concentric

AL-Reference-0 122.6 0
AL-Reference-10 99.6 0.99
AL-Reference-20 95.7 1.91
AL-Reference-30 92.8 2.77
Theoretical Result 0 2.78

Eccentric

AL-30SF-0 217.9 0
AL-30SF-10 140.5 1.41
AL-30SF-20 105.9 2.12
AL-30SF-30 99.7 2.99

Theoretical Result 0 2.78

Eccentric

AL-60SF-0 142.9 0
AL-60SF-10 99.2 0.99
AL-60SF-20 97.1 1.94
AL-60SF-30 93.8 2.81

Theoretical Result 0 2.79

Figure 13.
The columns after tests
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concrete, without fiber. Hence, the shear and tor-
sional moment capacity of the beams with steel
fiber need to be compared to the values that are
defined by codes, which underestimate the tor-
sional moment capacity of the tested beams with-
out and with steel fibers.

4. The beam specimen without steel fiber reached
the highest shear strength capacity. On the other
hand, the loading type for shear force is affected to
the shear strength and displacement capacity.
However, the displacement capacity of the beams
decreased with increasing steel fiber ratio.
Increasing the fiber ratio from 0 to 30 kg/m3,
decreased the free-end displacement by 14.68%.
At the overhanging loading type, increasing the
steel fiber ratio by 30 and 60 kg/m3 decreased the
free-end displacement by 3.91% and 22.77% in
comparison with the reference specimen, respec-
tively.

5. It appears that the code provisions cannot predict
the shear strength capacity of tested beams with-
out and with steel fiber.

6. The increase in the fiber ratio did not cause a sig-
nificant increase in axial load capacity. However,
the flexural strength and energy dissipation capac-
ity increased due to effectiveness of the fibers in
bending, for the eccentric loaded members. While
the fibers perpendicular to loading direction
improved the energy dissipation capacity by the
adherence improvement of the fiber ends, the lack
of continuity of the fibers decreased the relevant
strength.

7. The ultimate load decreased, and the ultimate
moment increased with the increase of eccentrici-
ty for all column specimens. İncreasing the steel
fiber amount had a positive effect on loading
capacity. Increasing the steel fiber amount from 0
to 30 kg/m3 and from 30 kg/m3 to 60 kg/m3

increased the loading capacity by 54% and 10%,
respectively. The energy dissipation capacity of the
column with 30 kg/m3 steel fiber was the highest
one.

8. The shear strength and the torsional moment
capacities are defined by the provision of current
codes of practice such as ACI318-19, Eurocode-2,
British, Australian and Turkish Standards.
However, these codes are based on the experi-
mental results for conventional concrete, without
fiber. Hence, the shear and torsional moment
capacity of beams with steel fiber need to be com-
pared to the values that are defined by codes. The

standards underestimate the predicted shear and
torsional moment capacity of tested beams with-
out and with steel fiber.
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