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ABSTRACT: There has been no calculation of torque capacity using a specific code on SFRC beams.
Therefore, this paper describes efforts to compare capacity analysis studies of SFRC beams with ACI Code
318-19 design, CSA A23.3:19, SNiP, Eurocode 2, and modification of ACI Code 318-19. A total of 85
specimens were adopted from 16 previous study groups, and the torsional strength was compared with the
proposed equation by modifying and applying it to ACI code 318-19. The proposed formula, by adding the
effect of steel fiber, increases the contribution of steel fiber to the longitudinal and transverse reinforcement.
After the torsional strength of the proposed formula is obtained, it is compared with the four design codes of
torsional strength analysis without the influence of steel fiber to determine the accuracy of the prediction of
torsional strength, which is close to the results of experimental testing. From the results presented, each strength
design prediction varies significantly in mean ratio, standard deviation, and coefficient of variation. Comparing
the five concluded that the design obtained using the modified design code ACI 318-19 and CSA A23.3:19
provides better accuracy. The results of Eurocode 2 provide an average ratio of 1.62, the largest among the
others.
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1. INTRODUCTION concrete. Reinforced concrete beams with steel
fibers require bending and shear analysis [14,15].
Concrete is an element that is often used in Besides that, torsional behavior is one of the
structural components [1]. Concrete has several primary considerations needed in accurate beam
beneficial properties, including easy-to-obtain raw design [16,17]. Several regulations can be used to
materials, relatively low prices, easy-to-shape as design the strength of reinforced concrete beams,
needed, and low maintenance costs [2,3]. Besides such as American Concrete Institute 318-19,
having advantages, concrete has disadvantages, Canadian Standards Association A23.3-19, SNiP,
namely its brittle nature, so that the tensile and Eurocode 2.
resistance of concrete tends to be weak. Steel Academics and practitioners do not yet know
reinforcement resists the tensile stresses that arise whether regulations from ACI 318-19 are the most
due to loading in the design of concrete structures efficient regulations used to plan the torsion of
[4,5]. Another problem that needs attention is the intense reinforced concrete beams to find out which
appearance of cracks in the concrete due to tensile regulations are most suitable for planning
stress [6]. Therefore, additional materials such as reinforced concrete beams with the addition of steel
steel fiber must overcome these problems [7-9]. fiber in building structures [18], experimental tests
The use of steel fibers in concrete mixes became are needed to assess the torsional strength of the
widespread in the 1960s. Combining conventional SFRC. In this study, the results of the strong torsion
concrete with the addition of steel fiber, better testing from several previous studies were
known as Steel Fiber Reinforcement Concrete compared with the results of analytical calculations
(SFRC), can increase the mechanical resistance and using several regulations from various countries,
increase the absorption of earthquake energy namely ACI 318-19 CSA A23.3-19, SNiP, and
properly [10]. With the addition of steel fiber, it is Eurocode 2. Review by developing a new formula
possible to change the failure mode from brittle for strong SFRC torsional by modifying regulation
failure to ductile failure [11]. SFRC is superior in of ACI 318-19 by increasing the stress in the beam
receiving tensile loads because steel fibers can due to steel fibers in both the longitudinal and
transmit tensile stress when the concrete is released transverse directions. The different aspects of each
[12,13]. When the concrete cracks, the concrete approach are then compared for testing using
matrix and steel fibers become active, which results experimental tests and analytical calculations to
in friction between the steel fibers embedded in the determine the reliability of each torsional potential.
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2. RESEARCH SIGNIFICANCE

Equation with reasonable accuracy for
determining the torsional strength of SFRC beams
still needs to be improved. This research provides a
simple equation to predict SFRC torsional strength
by modifying the ACI 318-19 equation. Analytical
calculations are verified using experimental data
that previous researchers have carried out.
Academics and practitioners understand that using
certain equations gives results with a low level of
accuracy, and others give insecure results, causing
strength design results to be inefficient.

3. METHODOLOGY

The methodology section is divided into
specimen determination, parameters, review of
various torsional strength calculation codes (ACI
318-19, CSA A23.3:19, SNiP, Eurocode 2,
Modification of ACI 318-19), and modification by
adding the influence of steel fibers.

3.1 Parameter and Specimens

Figure 1 illustrates the beam test experiment in
which the beam is loaded with a "P" load diagonally

until the beam experiences torsion.
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Table 1 Experimental Beam Data

Number of
References .
Specimens
Craig et al. [19] 4
Mansur and Lim [20] 4
Narayanan and Palanjian [21] 10
Mansur et.al. [19] 5
Ausi et.al. [22] 2
Kaushik and Sasturkar [22] 3
El Niema [6] 2
Rao and Seshu [24] 12
Chalioris and Karayannis [25] 2
Rao et.al. [26] 12
Okay and Engin [27] 10
Yap et.al. [28] 3
Ju et.al. [29] 2
Premachand and Jayard [30] 3
Amin and Bentz [17] 2
Hassan et.al. [31] 9

In this study, 85 reinforced concrete beams were
reinforced with steel fibers with a certain volume
ratio and used as an experiment to test the torsional
strength. Comparisons were made between the
experimental torsional strength divided by the
analytical torsional strength, and then the average
ratio, standard deviation, and coefficient of
variation were obtained. Table 1 shows the number
of experimental concrete beams used in this study.
Numbers in parentheses indicate journal sources in
previous studies beams.

Each parameter of the experimental concrete
beams used in this study is shown in Table 2. Out
of 85 SFRC beams, the beams with concrete
compressive strength of 16-56 MPa were used. In
the table, data on the distribution of effective height
(d), beam width (b), concrete quality (fc), and steel
fiber ratio (Vi) were collected and compiled here
from previous studies. Figure 2 shows the ratio of
the number of specimens to the quality of the
concrete in the range of 20 MPa to 60 MPa.
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Table 2 Parameter of Experimental Beam Test

b d fc Vf
(mm)  (mm) (MPa) (%)
Craig et al. [19]
152 304.8 29t033.8 1to?2
Mansur and Lim [20]
0.75to
100 155 20.51t021.6 175
Narayanan and Palanjian [21]
0.52 to
85 178 42.3t051.3 161
Mansur et al. [19]
300 300 21.41t028 05t015
Ausi et al. [22]
152 310 40.2 05t01
Kaushik and Sasturkar [22]
125 300 24210266 05t0l5
El Niema [23]
100 200 35610389 06tol.2
Rao and Seshu [24]
100 200 40.1t044.1 0.3t01l.2
Chalioris and Karayannis [25]
100 200 16.9to0 19 1to3
Rao et al. [26]
100 200 50.1to 555 0.3t01.2
Okay and Engin [27]
150 200 29510334 0.3t00.6
Yap et al. [28]
150 200 35.1t036.8 0.5
Ju et al. [29]
150 250 41.5t045.3 15t02
Premachand and Jayard [30]
180 180 20.5 05t015
Amin and Bentz [17]
200 280 42.3 0.38
Hassan et al. [31]
100 to 150 to 36.52 to
200 300 4548  0Ot01S

Figure 3 compares the number of specimens to the
ratio of steel fiber in the range of 0.3% to 3%, and
most fiber is in the range of 0.3% to 1.5%.
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3.2. Review of Various Codes
3.2.1 ACI 318-19

Torsional strength for reinforced concrete beam
structures according to ACI 318-19 [18] is
calculated using equations (1) and (2), and the
smallest value is chosen.

2AGAf
Th= % cot 0 @
2AAf
T,= Ytan 6 )
Py

A, is the area of one leg of closed transverse
reinforcement, A; the total area of longitudinal
reinforcement to withstand torsional stresses, s is
the distance between the transverse bars, P, around
the centerline of stirrups, f,, is the yield strength of
the transverse bars, f, the yield of longitudinal
reinforcement, and 0 is the angle of the diagonal
stress in the beam taken from 30 to 60. It is
recommended to 6 = 45 for non-prestressed beams.

A= 0.85 Agn (3)

A, it is the area inside the center line of the shear
flow zone and Ay, the area bounded by the
centerline of the stirrup reinforcement [18][32]. The
nominal torsional resistance (T,) must exceed the
factor (T,,) and can be calculated by equation (4).

(4)

¢ is the torsional reduction factor equal to 0.75.

T,=¢T,

3.2.2 CSAA23.3:19

The torsional strength of reinforced concrete
beams using the CSA code A23.3:19 [33] is
calculated using the equation (5). The nominal
torsional resistance T,, must exceed the required T,

as shown in equation (6). To obtain T,,
T, multiplied by is a reduction factor for
reinforcing steel ¢ taken as 0.65.

AoAf
T,= St Aot 6 (5)
T=¢, T (6)

The stress angle 6 in reinforced concrete beams in
equation (7) is related to the longitudinal strain at
the mid-depth of the cross-section of the member ¢,
as shown in equation (8).

0= 29° + 7000 ¢, )

The alternative value of &, is allowed to be taken
as a larger value than the value with ¢, must remain
less than or equal to 0.003.

£, <0.003 (8)
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3.2.3SNiP

The design methods for shear and torsion
specified in SNiP are widely adopted in the Western
world. The basis of the torsional design model
implemented in the SNIP code is the skew-bending
theory. After the equations from the skew-bending
theory, the torsional strength of concrete
components can be estimated using equations (9)
and (10) for Mode 1 and Mode 2 failures [23], as
follows:

b%h

Tr=0.5Ay; fh+A f, @b ©)
h’b

T,,=0.5A, fy|h+At fyt m (10)

where A;; and A, are the cross-sectional areas of
the reinforcement (bottom face and side face,
respectively), h is the cross-sectional height of the
beam and b is the cross-sectional width of the beam.
To consider the case when the concrete fails before
the reinforcement yielding, the calculated torsional
strength must be taken as less than the maximum
torsional strength (T na), Which is determined semi-
empirically as follows:

Trax=0.1f ' bh (11)

The torsional strength is obtained from the
minimum value (Tn1, Tnz, Trmax)-

3.2.4 Eurocode 2

The torsional strength equation in Eurocode 2 is
almost identical to ACI 318-19 codes. In addition,
it considers the maximum limit for torsional
strength corresponding to the failure of concrete
crushing [34][35]. Based on Eurocode 2 [36],
torsional forces can be estimated as follows:

AAf
To= %cot 0 12)
AAf
T,= —y'tan 0 (13)
Uy

where A, is the concrete area enclosed by the
effective diameter of the wall thickness, u, is the
perimeter of the midline of the shear flow path, the
inclination angle of the strut in EC2 is estimated
using the following equation:

) A sfyI 14)
Ogc =cot™ |[——— 14
EC Atukfyt

Moreover, equation (14) is limited to a

predetermined angle between 21.8° < 0, <45°.
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3.3. Modification of ACI 318-19 Torsion Model
for SFRC

ACI design code 318-19 was developed for two
potential failure modes. It can be seen from this
equation that each consists of two terms, which
represent the contribution of the longitudinal and
transverse reinforcement to the total torsional
resistance of the beam [37-38]. Replace the cross-
sectional areas of the steel bars transverse and
longitudinal (A, and A;,,) with the total effective
cross-sectional areas of the bars, which will take
into account both contributions from the steel bars
and steel fibers (Apor and Apor) [21][24].
Consequently, the following modified ACI 318-19
equation can be obtained for the torsional resistance
of SFRC members:

2AsA o f
T,= % cot 6 (15)
2AsA
T,= T Y tan g (16)
Py

It is important to consider the zone of effective
shear flow thickness. Meanwhile, the equation
suggested by [17] to determine the shear flow zone:

A
ty=0,75— (17)

k

The above equation makes it possible to calculate
the effective shear flow thickness zone, which can
be calculated based on the properties of the SFRC
beam. The effective area carrying shear flow A can
be calculated using a geometric cross-section with
equation 18 [23].

A.= 2ty (b + h) - 4t? (18)

Where b and h are the cross-sectional width and
height of the SFRC beam, respectively. Meanwhile,
to determine the number of steel fibers located in
the effective zone that contribute to resisting
torsional loads by determining the effective ratio (&)
with equation 19 [23].

(19)

Assuming that the steel fibers are uniformly
distributed within the concrete matrix in all
directions, the uniformly distributed steel fibers
contribute to the transmission of tensile stresses in
the transverse and longitudinal directions. The
equivalent cross-sectional area that contributes as
stress support in the transverse ( A.r) and
longitudinal (A4,) directions can be calculated as
suggested by [23].

o O5EAs

f > (20)
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A= (0,5 §VpA, (21)

Vi is the ratio of steel fiber contained in the
concrete, and s is the spacing of stirrup
reinforcement. The equivalent cross-sectional area
of the steel fiber calculated by equations (20) and
(21) cannot be directly added to the transverse and
longitudinal steel reinforcement areas because the
characteristics of the steel reinforcement and steel
fiber are different. In addition, there is a difference
in the stress mechanism between the steel
reinforcement and the steel fiber because the steel
fiber can withstand the stress due to friction on the
surface between the steel fiber and the concrete. The
total effective cross-sectional area of reinforcement
longitudinal (Ay;) and transverse (Ay), Which is
used in equations (22) and (23), can be calculated as
follows:

f
Omax

A=A +A : (22)
y
Umaxf
Ajor=Ar+Ay f (23)
ty
f 4 Ib Th
Omax = (0.41) a (24)

where oy, is minimum frictional stress between
steel fiber, d; is the diameter of the steel fiber, 7, is
the frictional stress between the bonds and [, is the
length of the fiber embedded in the concrete. The
length of fiber embedded in the concrete during the
application of loading [, from 0.5, to zero due to
the increase in crack width and fiber pulling.

Crack
Width
Fig.4 Steel fiber tensile stress mechanism
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Therefore, the average value of the fiber
embedded in the concrete is 0.251;. Figure 4 shows
the mechanism of tensile stress in steel fibers. The
steel fiber is randomly distributed in a three-
dimensional space with the fiber orientation factor
to be taken into account which is equal to 0.41.
Tp Ccan be determined by the equation (), = ay Tyf)
by multiplying the fiber bond factor a, and the
ultimate bond stress (z,5) between the fiber and the
concrete. Figure 5 shows the fiber bonding factor in
concrete.

1.0
0,75
0,5

Fig.5 Fiber bonding factor in concrete

7,¢ the equation is described according to equation
(25).

r <251, (25)

where fg is the concrete tensile stress. It can be
calculated using the equation 0.33vV/f..

4. RESULTS AND DISCUSSION

The ultimate torsional moment values are
calculated using the proposed simple and are
generated for all SFRC samples in the database and
compared with their values obtained experimentally
(Texp). Compares the experiment and calculates the
torsional strength of the SFRC beam. Statistical
parameters that reflect the accuracy of the torsional
strength prediction comparison are presented in
Table 3.

Table 3 Torsional strength summary for all
torsional designs

Statistical Result

NO. COde Vexp/Vcalc

Avg SD cov
1 ACI 318-19 1.43 091 6331

CSA
2. A23.3:19) 1.23 0.89 7255
3. SNiP 1.36 0.66  48.79
4. Eurocode 2 1.62 0.88  54.25
ACI 318-19

5. Modification 1.02 040 39.35

For most cases, the ratio of the analytic ultimate
torsional moment to the value calculated by some
codes is between 1.0 and 1.7. Calculations referring
to Eurocode 2 show that the average ratio of the test
force to the calculation is 1.62 with a COV value of
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54.25%, more spread out than the predictions of
other torsion strength designs. Eurocode 2
calculations provide a fairly conservative prediction
and are still on the safe side. The underlying reason
for this occurrence is partly attributed to the
equation of cross-factor effect size equations.

Unlike Eurocode 2, torque strength prediction is
provided by ACI 318-19, CSA. A.23.3:19 and SNiP
are shown more accurately. The ratio of the test
average to the calculated torsional strength for ACI
318-19, CSA. A.23.3:19 and SNiP 1.43, 1.23, and
1.35, with COV of 63.31%, 72.55%, and 48.79%,
respectively. The results show that SNiP has
accuracy comparable to ACI 318-19; different from
the others, the calculation of CSA A.23.3:19 has the
highest level of accuracy.

The mean ratio is 1.02 with a standard deviation
of 0.40 and a COV of 39.35, which indicates the
accuracy of the proposed model based on a
modification of ACI code 318-19. The modified
model is on the conservative side, indicating that the
model is applicable in practice for design purposes
and can account for the contribution of steel fiber to
torsional strength.

Overall, each method is comparable in
performance, generally works well, and tends to
yield conservative predictions, particularly for
beams that fail by vyielding transverse and
longitudinal reinforcement. Figure 6 to Figure 10
shows a comparison of the calculation of the
torsional strength to the experimental one, showing
that the overall analysis tends to be conservative.

The purpose of the modification is to simplify the
calculation of the torque capacity by modifying the
analysis from ACI code 318-19 by considering the

influence of steel fiber from the analytical approach.

The torsion beam strength calculated by the
modified ACI equation from code 318-19 has
increased. This increase is more significant in the
steel fiber factor and experiences an approach to the
experimental value.
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Fig.6 Experimental versus analytic torsional
strength (ACI 318-19)
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strength (CSA A.23.3:19)
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Fig. 9 Experimental versus analytic torsional
strength (Eurocode 2)

5. CONCLUSIONS

Based on the calculation of the predictive
analysis of the torsional strength of reinforced
beams with the addition of steel fiber, emphasis has
been placed on evaluating the accuracy of the five
torsion design equations of code of practice against
85 experimental assays selected from the SFRC
beam of six different research groups. Results of
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analytical studies in the form of the ratio of

calculations to the strength of the experimental test.

Based on the research that has been presented,

several conclusions can be drawn:

1. The modified ACI 318-19 provides a more
accurate prediction than ACI 318-19. The effect
of adding the steel fiber factor in the equation
shows a more relevant prediction.

2. The average of the calculated to-test strength
ratios of all the torsional strength design
equations is shown to give conservative results
above one. However, it should be noted that
some of the test data predicted by Eurocode 2
are too high.

3. Standard ACI 318-19 modification gives the
best results compared to the five calculation
methods.
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Fig. 10 Experimental versus analytic torsional
strength (ACI 318-19 Modification)
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