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This study introduces two analytical approaches to estimate the torsional behavior of steel fiber rein-
forced concrete (SFRC) members. The first approach utilized the tensile constitutive relationship of
SFRC in tension derived from SFRC panel test results, and the second approach adopted the direct tension
force transfer model, which were applied to the smeared-truss model. In addition, three torsional mem-
bers including two SFRC specimens with large amounts of transverse reinforcement were tested, and
twenty-three SFRC torsional specimens were collected from literature to verify the proposed models.
From this study, it appears that the proposed approaches provide enhanced analysis accuracy in estimat-
ing the torsional capacities of SFRC members, and closely capture their overall torsional responses com-
pared to other models examined in this study.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Steel fiber-reinforced concrete (SFRC) is a type of advanced
composite material, in which conventional concrete is mixed with
steel fibers having short length and diameter. SFRC is considered,
in modern civil engineering and material science field, an alterna-
tive material to improve the brittle material characteristics of con-
ventional concrete [1]. Many studies have been conducted since
the 1960s on the tensile, flexural, and shear behavior of SFRC
[1,2] members, and the superiority of its structural performance
has been repeatedly substantiated. On this basis, it is expected that
there will be growing demand for SFRC as a high-performance
composite material in the construction market in the future.
While the existing researches on SFRC, however, focused mostly
on its tensile [3-6], shear [7-10], and flexural behavior [11,12],
the number of studies on the torsional behavior of SFRC is still lim-
ited. It becomes now more important to consider torsional actions
in design office than before, because modern buildings and civil
infrastructures often include complex asymmetric structures or
even free-form shapes.
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Comprehensive understanding of the behavioral mechanisms of
a SFRC member subjected to torsion is also becoming an important
issue as its application increases [13]. However, torsional behavior
of SFRC is not simple or easy to estimate accurately, due to com-
plex inter-related mechanisms among the aggregate interlocking
at crack surface [14], the dowel action of reinforcement [2,15,16],
and in addition, the directionality [11] and bond performance of
the steel fibers at crack interface. Also, force equilibrium and defor-
mation compatibility in the three-dimensional body considering
the effect of the strain gradient developed in the shear flow zone
should be properly considered in the torsional analysis [17-19].
Some investigations were conducted on the torsional strength
and behavior of SFRC members, but most such research focused
on providing an empirical or semi-empirical design expression
based on limited experiment results [20-22].

Since 1980s experimental and theoretical studies on torsion of
SFRC members have been conducted by many researchers, and it
is known that the addition of steel fibers into conventional con-
crete can enhance the stiffness, ultimate strength, rotational capac-
ity and ductility, and crack control performance of torsional
members [20-23]. Mansur and Paramasivam [24] and Craig et al.
[22] simply adopted the tensile strength of SFRC for their torsional
strength models, under the assumption that SFRC is a completely
composite material made of steel fibers and concrete. This simple
method, however, generally requires excessive experimental
efforts through the various ranges of key influential factors.
Narayanan and Kareem-Palanjian [20] proposed a torsional
strength model by summing the torsional contributions of plain
concrete (T,), reinforcing steel (T,), and steel fiber (T), which
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Notations

Ao area enclosed by the centerline of shear flow, taken as
(Ac = (0.5)pcty + t3)

Ac cross-sectional area bounded by the outer perimeter of
the concrete

Al cross-sectional area of longitudinal steels

Ar cross-sectional area of one leg of stirrups

B cross sectional width of member

Crpull curve-fitting coefficient

ds diameter of fiber

E. elastic modulus of concrete

Es elastic modulus of the steel bars

Ey elastic modulus of the steel fiber

F fiber factor

A specified compressive strength of concrete

fer stress in concrete at cracking

fors stress in concrete or SFRC at cracking

fe direct tensile strength of material

fi stress of steel used in longitudinal directions

fiy yield stress of steel used in longitudinal directions

fan average yield stress of the embedded steel bars

fr modulus of rupture

fs average stress of steel bars

fsp splitting tensile strength of concrete

foy yield stress of steel used in stirrups

fr stress of steel used in transverse directions

fy yield stress of bare steel bars

H cross sectional height of member

ke ratio of the average compressive stress to the peak com-
pressive stress in the concrete strut

ks ratio of the average tensile stress to the maximum ten-
sile stress of the steel fibers on the SFRC crack surface

ke ratio of the average tensile stress to the tensile cracking
stress in the concrete sruts

Iy length of fiber

Do perimeter of the centerline of shear flow, taken as
(pe — 4tq)

Dh perimeter of the centerline of closed stirrup, taken as
(2(x0 +0))

De perimeter of the outer concrete cross section

qer crack spacing control factor

q shear flow

r ratio of fiber cross section to its perimeter

S spacing of transverse hoop bars(stirrups)

T torsional moment

T, the strength attributable to concrete

T4 the torque capacity contribution due to dowel action

Ty the contribution of fibers to the ultimate torsional
capacity

Tn nominal torsional strength of SFRC

T, torsional moment of plain concrete

T contribution of conventional reinforcement to ultimate
torque

tq shear flow zone

Vs volume fraction of steel fiber

X,y smaller and larger sides of rectangular cross section

X1,Y1 smaller and larger center-to-center dimensions of stir-
rup

X0,Yo smaller and larger center-to-center dimensions of stir-
rup in model

Wy crack width of SFRC at the onset of decay

Wi crack width of SFRC member

0oy angle of applied principal compressive stress with re-
spect to [ axis

B deviation angle (o; — o)

Y21 average shear strain in the 2-1 coordinate

Vit average shear strain in the [ — t coordinate

Osf the amount of fiber pullout (wg. — wy)

& strain at specified compressive strength of concrete

&1 average strain in the 1-direction

& average strain in the 2-direction

€15 average surface strain in the 1-direction

€25 average surface strain in the 2-direction

Ecr cracking strain

&4 average principal compressive strain

Eds maximum principal compressive strain

& average strain in the [ -direction

&n average yield strain of the embedded steel bars

&r average principal tensile strain

Ers maximum principal tensile strain

& average strain of the steel bars

&5 a average tensil strain in crack surface when steel fibers
reach at average ultimate bond strength

b average tensil strain in crack surface when crack width
is wy

& average strain in the t -direction

&y yield strain of the bare steel bars

4 softened coefficient of concrete in compression

n reinforcement index, taken as (Acfy,py)/ (AfyyS)

Mo length difficiency factor

il orientation factor for fiber

0 angle of twist per unit length

Oy ultimate angle of twist per unit length

o steel ratio

Pr bond factor that accounts for differing bond characteris-
tics of the fiber

2] volume fraction of longitudinal steel used

Pe volume fraction of transverse steel(stirrups) used

o5 average normal stresses of concrete or SFRC in the 1-di-
rection

o average normal stresses of steel fibers in the 1-direction

a$ average normal stresses of concrete in the 2-direction

o average principal compressive stress in conrete

. average maximum bond strength of steel fiber

o¢ average principal tensile stress in concrete

ol average principal tensile stress in SFRC

0| applied normal stresses in the [-direction

Ot applied normal stresses in the t-direction

O composite ultimate postcracking tensile strength

% applied shear stresses in the 2-1 coordinate

Ty applied shear stresses in the [ — t coordinate

Ty ultimate bond strength of fiber

Tuf ultimate bond stress of steel fiber

Tupull maximum interfacial shear strength during pullout

/R curvature of the concrete struts along the 2-direction

Ve curvature of the concrete struts along the 1-direction

was determined from the space truss model [25]. In this model, it
is assumed that concrete and steel fibers behave independently,
and the torsional strength contribution of steel fibers is simply
added into the torsional strength of a conventional reinforced

concrete member. EI-Niema [21] also proposed a torsional strength
equation for a SFRC beam by adding the torsional contribution of
steel fibers (Ty) to the torsional strength presented by ACI318-83
[26] code. In particular, for the torsional members with no
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