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Abstract: Recognizing that steel fibers can supplement the brittle tensile characteristics of
concrete, many studies have been conducted on the shear performance of steel fiber
reinforced concrete (SFRC) members. However, previous studies were mostly focused on
the shear strength and proposed empirical shear strength equations based on their
experimental results. Thus, this study attempts to estimate the strains and stresses in steel
fibers by considering the detailed characteristics of steel fibers in SFRC members, from
which more accurate estimation on the shear behavior and strength of SFRC members is
possible, and the failure mode of steel fibers can be also identified. Four shear behavior
models for SFRC members have been proposed, which have been modified from the
softened truss models for reinforced concrete members, and they can estimate the
contribution of steel fibers to the total shear strength of the SFRC member. The
performances of all the models proposed in this study were also evaluated by a large
number of test results. The contribution of steel fibers to the shear strength varied from 5%
to 50% according to their amount, and the most optimized volume fraction of steel fibers
was estimated as 1%-1.5%, in terms of shear performance.



Materials 2013, 6 4848

Keywords: steel fiber; SFRC; shear behavior; shear strength; softened truss model

1. Introduction

Fiber-reinforced concretes (FRCs) are made with various types of fiber materials, such as steel,
carbon, nylon, and polypropylene, which are generally known to have enhanced tensile performance
and crack control capability compared to conventional concrete [1-7]. In particular, it has been
reported that steel fibers have an excellent effect on the enhancement of the shear behavior [1-5], and
thus, many studies have been conducted on the shear performance of steel-fiber-reinforced concrete
(SFRC) members. Most of the previous studies, however, proposed shear strength equations that were
empirical based on their experimental results [8-14], which cannot estimate shear behavior along the
loading history of the members, i.e., they cannot provide the shear strains or stresses of the members at
a loading stage, except for the ultimate strength. In addition, there are only few shear behavior models
for SFRC members, and they mostly modified the tensile stress-strain relationship of concrete to fit for
SFRC members. Although they are able to estimate the shear behavior of SFRC members, they cannot
identify the strains and stresses in steel fibers, which make it difficult to assess the enhancement of
shear performance in detail according to the properties of steel fibers. In this study, therefore, steel
fibers were modeled as independent reinforcing materials in the analytical models, and the shape,
length, and volume fraction of the steel fibers were reflected in evaluating the shear behavior and
strength of SFRC beams. The shear strength models proposed in this study are the smeared crack
models that were modified from the softened truss models (STM), which can predict the shear
behavior of SFRC members relatively fast, compared to the discrete crack model, by defining the steel
fibers on the average that are randomly distributed in concrete without any constant direction. The
accuracy of the proposed models was also examined by 85 specimens that were carefully
collected from previous studies and by comparison to the shear strength equations proposed by other
researchers [9-12]. In addition, since the proposed models can estimate the stresses in steel fibers, an
attempt was also made to evaluate the effectiveness of the steel fibers as a shear reinforcing material
by assessing the contribution of the steel fibers to the total shear resistance of SFRC beams.

2. Review of Previous Research
2.1. Shear Strength Models

In the 1960s, Romualdi and Mandel [15] reported on the tensile strength enhancement of concrete
by steel fibers, and Batson et al. [16] presented the shear strength enhancement of SFRC beams based
on the experimental tests on 102 SFRC beams with the key variables of shear span ratio and volume
fraction of steel fibers. Later Swamy and Bahia [17] reported that the shear strength was enhanced due
to the steel fibers that deliver the tensile forces at the crack surface in the SFRC beams without shear
reinforcement. Sharma [9] performed the experimental study on SFRC beams with the hooked-types of
steel fibers, and based on the experiment results, proposed the shear strength (v,) equation for the
SFRC beams in a relatively simple form, as follows:
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where k is 1 if the tensile strength ( f,) is obtained from a direct tensile test, 2/3 if from a splitting

tensile test, and 4/9 if from a flexural tensile test. If Equation (1) is used without tensile tests, 2/3 and
0.79ﬁ are used for k and f,' , respectively. In addition, d is the effective member depth; and a is the

shear span length. Equation (1) has been used since ACI Committee 544 adopted it in 1988 [1].

Narayanan and Darwish [10] conducted the experiments on SFRC beams, with the primary
variables of the splitting tensile strength (fs,); shear span ratio (a/d); tensile reinforcement ratio (p);
fiber coefficient (F;) and bond strength of steel fibers (t); and proposed the shear strength (vy)
equations for SFRC beams, as follows:

d
v, =e [0.24 f, +80p E} +0.417F (2)

where e is a non-dimensional coefficient considering the arch action, which is 1 for the shear span ratio
of greater than 2.8, and 2.8 d/a for the shear span ratio of less than 2.8. In addition, F; is a fiber
coefficient that equals to, (I/d;)Vs a where I;, di, and Vs are the length, diameter, and volume fraction of
steel fibers, respectively; and a is a bonding coefficient, which is 1.0 for hooked-type fibers, 0.75 for
corrugated fibers, and 0.5 for straight fibers.

Ashour et al. [8] performed the tests on high-strength SFRC beams, having the compressive
strengths of greater than 90 MPa, and proposed the following shear strength (v,) equation for the
SFRC beams with high-strength concrete:

d
v, =e [0.24 f,, +80p ﬂ +0.411F, 3)

which is a modified form of the shear strength equation for reinforced concrete (RC) beams presented
in the ACI318 [18]. In addition, Ashour et al. [8] also proposed the shear strength (v,) equations for
SFRC members by modifying the Zsutty’s equation[19] for RC beams, as follows:

v, = (2111 + 7F)(p, %)0-333 for a/d >2.5 @)
and
v, = (2'113/“_;"'7':1)(!35 %)0.333;/_-Z+vb (2.5—3) for a/d <25 (5)

which consider the shear span ratio (a/d); tensile reinforcement ratio (ps); fiber coefficient (F;); and
compressive strength ( f.'). In Equation (5), vy is an additional shear resistance by steel fibers in the deep
SFRC members, which was recommended as 1.7(li/ds) ¥+ ps based on the Swamy et al.’s research [20].

Kwak et al. [11] also conducted the experimental study on the SFRC beams, having the
compressive strengths of greater than 60 MPa and mixed with hooked-type steel fibers, and proposed
the shear strength (v,) equation of the SFRC members by adding the term for the contribution of steel
fibers into the Zutty’s [19] shear strength equation, as follows:
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Oh et al. [12] tested the SFRC beams reinforced by angles in tension, instead of reinforcing bars,
and proposed the shear strength (v,) equation, as follows:

v, = (0.2 +0.25F,)\[ . + 75p, % @)

where e is a non-dimensional coefficient considering the arch action, which is 1 for the shear span ratio
of greater than 2.5, and 2.5d/a for the shear span ratio of less than 2.5.

The shear strength equations for SFRC members mentioned [9-12] here slightly differ from one
another, but they are all derived empirically based on test results and mostly include the tensile
strength (or compressive strength) of concrete, fiber volume fraction, tensile reinforcement ratio, and
shear span ratio as the key influencing parameters. In addition, they have very simplified forms, which
are good for their easy application, but, on the other hand, their prediction accuracy can be limited.
(Refer to Table 2 and Figure 4 in Chapter 4). Dinh et al. [13] proposed a theoretical model for shear
strength estimation of SFRC members, in which the shear resistance is calculated by the summation of
contributions of the concrete in compression zone and the steel fibers in tension zone. Note that their
strength model has not been examined in this paper because its theoretical background is quite
different from STM models that authors would like to focus on.

2.2. Shear Behavior Models

Compared to the many equations on the shear strength of SFRC members based on experimental
test results, there are only a few studies on the shear behavior models of SFRC members based on
analytical research. As shown in Figure 1a,b, Tan et al. [21] modified the compression and tension
curve of concrete for the rotating angle softened truss model (RA-STM) [22], which took account of
the compressive ductility increase and the tension stiffening effect by steel fibers. In other words, his
analysis model reflects the effects of steel fibers on the shear behavior of the members through the
material curves of SFRC, which is a common modeling for composite materials, and, in fact, provided
a good accuracy. It has, however, disadvantages in that it cannot estimate the stresses or strains in the
steel fibers, it cannot simulate their residual bond stress or pullout failure, and it cannot count the
effects of the fiber volume fraction. Later, Tan et al. [23] proposed a shear behavior prediction model
that modified the concrete tensile stress-strain relationship for the modified compression field theory
(MCFT) [24], as shown in Figure 1c, in which the volume fraction of steel fibers was considered in the
tension stiffening effect. As this model was established with insufficient experimental data, it is
uncertain whether the volume fraction of steel fibers was properly considered, and other characteristics
of steel fibers, such as the shape and length, were not taken into account.

As mentioned, the shear behavior models for SFRC members proposed so far use the stress-strain
material curves of SFRC to account for the effect of steel fibers. Thus, they have difficulties in
considering the characteristics of steel fibers in details, and cannot consider the failure modes of steel
fibers [10,11,25], which often leads to an overestimation of the member ductility. Thus, this study
proposed the shear behavior models based on the softened truss models (STM) [22,26-32], which can
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estimate the contribution of steel fibers on the shear resistance by modeling them as independent tensile
elements, and can simulate their pullout failure modes by reflecting the bond strengths of steel fibers.

Figure 1. Constitutive models modified by Tan et al. (a) Compressive stress-strain
relationship for rotating angle softened truss models (RA-STM) modified by Tan et al. [21];
(b) Tensile stress-strain relationship for RA-STM modified by Tan et al. [21];
(c) Tensile stress-strain relationship for modified compression field theory MCFT modified
by Tan et al. [23].
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3. Modified Shear Behavior Models Based on the Softened Truss Models

The shear behavior models of SFRC members proposed in this study are based on four softened
truss models, which are summarized here.

3.1. Rotating Angle Softened Truss Model (RA-STM)

RA-STM [22,26] is a shear behavior model in which the concrete compression softening and the
tension stiffening effect are considered. Since this model is a rotated angle model, wherein the crack
angles vary depending on the stress state under the assumption that crack angles are consistent with
principal stress angles, the shear stress-strain relationship at the crack is not required. Thus, it is the
most simple analysis method for estimating the shear strength and behavior among the four models
presented here. Table Al in Appendix shows the equilibrium, compatibility, and constitutive equations
used in RA-STM. As shown in Equation A-1, the horizontal stress, longitudinal stress, and the shear
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stress can be derived by rotating the stresses in the principal stress direction (d — r direction) to the
direction of | — t by the principal stress angle (o), as shown in Figure 2a,b. In addition, the
compatibility Equation A-2 can be derived using Mohr’s strain circle, as shown in Figure 2c. As for
the constitutive equations [33,34], Equation A-3, which considers the compression softening effect,
was used for the compressive stress-strain relationship of concrete, and Equation A-4, which reflects
the tension stiffening effect, was used for the tensile stress-strain relationship. Equation A-5 was used
as the constitutive equations of the longitudinal and shear reinforcements, which considers the
hardening phenomenon after the yielding and also the earlier yielding point in a steel bar embedded in
concrete compared to the bare bars.

3.2. Fixed Angle Softened Truss Model (FA-STM)

As it was assumed, in RA-STM, that the crack direction coincides with the principal stress
direction, it was impossible to theoretically consider the shear resistance mechanism at the crack
surface, i.e., the aggregate interlock. FA-STM was proposed to solve out such a contradiction in
RA-STM. As shown in Figure 2d,e, the shear stresses at the crack surface were considered by fixing
the initial crack angle caused by external forces, and the equilibrium equations in FA-STM were
derived as shown in Equation A-6 in Appendix. The compatibility equations are also shown in
Equation A-7. The constitutive equations of the steel reinforcement and the tensile stress-strain
relationship of the concrete are identical to those in RA-STM, but the compressive stress-strain
relationship of the concrete was modified to include the reinforcement capacity ratio (n) in the
softened coefficient () as shown in Equation A-3(a and d,f).

The analysis has the following stages. First, before the crack occurs, assume that the crack angle o,
by external force is fixed in 2-1 direction. Then, the principal stress angle o of the d — r direction is
determined from the principal stress and the shear stress after cracking, the strains are calculated using
the compatibility equations, and the calculated strains are substituted into the constitutive equations to
determine the corresponding stresses and the forces. The shear strength can be calculated by iterating
the calculation process until the determined forces satisfy the equilibrium condition. In this study, the
Zhu et al.’s [35] model was used, which is a modified version of the Pang and Hsu’s model [28] that
requires more iteration process.

3.3. Smeared Membrane Model (SMM)

The Poisson effect could not be considered in the STM mentioned above they were based on the
uniaxial strains of concrete. Thus, Hsu and Zhu [36,37] derived the Hsu/Zhu ratio through a panel
experiment, which is basically a Poisson ratio, and they implemented it in SMM [30]. SMM is capable
of providing the more realistic strains by considering the Poisson effect in the strain compatibility
condition. Equation A-14 in the strain compatibility condition gives the equivalent strains in the
uniaxial direction considering the Poisson effect by the Hsu/Zhu ratio. The constitutive equations are
the same as those in FA-STM, but the shear stress-strain relationship at the crack surface was
simplified using the rational shear modulus proposed by Zhu et al. [35].
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Figure 2. Notations for various softened truss models. (a) Stresses in RA-STM; (b) Angles
in rotated angle model; (c) Mohr’s strain circle; (d) Angles in fixed angle model;
(e) Stresses at crack direction; (f) Stresses at principal direction; (g) Stresses and direction
of angles in the transformation angle truss model (TATM).
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3.4. Transformation Angle Truss Model (TATM)

Although the shear stresses at the crack surface seemed to be considered in FA-STM conceptually
by fixing the crack angle, most of the analyses by FA-STM actually assumed that the stresses at the
crack surface are the same as the principal stresses. Therefore, its application is limited because the
difference between the normal stresses (1-2) on the crack surface as shown in Figure 2e and the
principal stresss (d — r) as shown in Figure 2f increases as the difference between the crack angle and
the principal stress angle () becomes greater. In addition, the constitutive equations in FA-STM were
derived from the panel test results, in which the range of the reinforcement capacity ratio was
0.2 <1 <0.5. Thus, it cannot be applied in the cases wherein the reinforcement capacity ratio is below
0.2, which can be often the case in practice. Also, the flexural moment cannot be considered in
FA-STM. Thus, Kim and Lee [27,31,32] proposed TATM, modifying FA-STM, in which, as shown in
Figure 29, the principal stresses and strains are obtained by rotating the stresses and strains at the crack
surface by B, and the equilibrium equations and the compatibility conditions in the | — t coordinate
system are derived by rotating them again by a. This process requires the shear stress-strain correlation
at the crack, for which the equation proposed by Li et al. [38] was used, as shown in the first term of
A-13(a). In the cases where the axial forces are applied, the Yoshikawa et al.’s equation [39], as shown in
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the second term of Equation A-13(a), was superimposed. In addition, in order to consider the flexural
moment effect, the steel ratio required to resist the flexure was subtracted, and the remained
reinforcement ratio was assumed to resist the shear.

4. Proposed Model: Softened Truss Model with Steel Fibers (STM-SF)

In this study, steel fibers are considered as independent reinforcement materials, and it is assumed
that a certain number of steel fibers, which are distributed randomly according to the fiber volume
fraction, resist the tensile stress perpendicular to the crack surface, as shown in Figure 3a [4]. In
addition, steel fibers are assumed to show full composite behavior with concrete before the pull-out of
steel fibers occurs, from which, the strains of steel fibers can be considered to be the same as the
average strains of concrete at the same location. As shown in Figure 3b, the tensile resistances of steel
fibers are added to the equilibrium conditions of the softened truss models in the normal direction.
Thus, the additional term by the steel fibers in the equilibrium equations in the | — t direction can be
derived by rotating the stress of the steel fibers at the crack surface by the crack angle (o), as follows:

o/ =0, sin’a, (8)
o =0/ cos® a, (9)
1, =0, sina, cosa, (10)

where o, is the crack angle; and o , o, and o, are the average stresses of steel fibers in the

longitudinal direction, in the transverse direction, and in the crack direction, respectively. Thus, the final
forms of the equilibrium equations for SFRC members can be obtained by adding Equations (8)—(10)
to the equilibrium equations of RA-STM, FA-STM, SMM, and TATM in the longitudinal and
transverse directions.

The stress-strain relationship of steel fibers can be expressed, assuming their elastic-plastic
behavior, as follows:

o =Eg < fyf (11)

where o is the stress of steel fibers; fys is the yield strength; E; is the elastic modulus and 200 GPa can
be used [40], and ¢ is the tensile stress at the crack surface.

The tensile force resisted by the steel fibers (Tf) can be calculated by multiplying the number of the
steel fibers on the crack plane (n) by their tensile stress (of) and their cross-sectional areas (Ay),
as follows:

T, =o,nA (12)
Then, the average tensile stress (o, ) of the steel fibers on the crack plane can be expressed by
dividing the tensile force (T;) by the area of the crack surface (Acs), as follows:
B T, Oy nA,
AL A

f
O,

(13)
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Figure 3. Description of the proposed model for SFRC members. (a) Description of steel
fibers in cracked concrete; (b) Equilibrium in a SFRC element; (c) Bonded length of a steel
fiber at crack.
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In Equation (13), the number of the steel fibers on the crack plane (n) can be determined by
multiplying the number of the steel fibers on the crack surface per unit area (ny) by the area of the
crack surface (Acs), as follows:

n=n,A; (14)

Romualdi et al. [15] proposed the number of the steel fibers on the crack surface per unit area (ny)
considering the orientation of the steel fibers, which was adopted in this study, as follows:
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n, = A— (15)

where V; is the volume fraction of the steel fibers, and A is the directional coefficient that considers the
orientation of the steel fibers, for which 0.41 is used in this study as recommended by Romualdi et al. [15].
Then, by substituting the number of steel fibers on the crack surface (n) in Equations (14) and (15) to
that in Equation (13), the average tensile stress (o,") of the steel fibers on the crack surface can be

rearranged as follows:
o, =0.416.V, (16)

When the fiber stress (o, ) reaches its maximum bond stress, the pullout failure of the steel fibers
would occur. Thus, the maximum value of the fiber stress (o, ) should be limited to the maximum

bond stress (tmax), and accordingly, the pullout strength (o1,) of steel fibers can be derived as follows:

Tmax Afpn
O = A 17)

where Ay, is the average surface area of steel fibers, on which the bond stress is developed, and the
maximum bond stress (tmax) can be calculated as follows:

Trax = Tyl (18)

where 1, is the bond strength of hooked-type fibers, for which 6.8 MPa is used in this study as
proposed by Lim et al. [40]; and d; is the shape factor of steel fibers, for which Narayanan and
Darwish [10] proposed 1.0 for hooked-type fibers, 0.75 for crimp-type fibers, and 0.5 for straight type
fibers. Therefore, the ultimate bond strength of steel fibers (o) in an average sense, considering their
shapes and the corresponding maximum bond stress (tmax), can be summarized as follows:

o = Trax Aph T, d A
fo = -
As As

The steel fibers are randomly distributed and typically short compared to the member size, the
embedded lengths (I,) of the steel fibers at cracking cannot be determined accurately. Accordingly, as
shown in Figure 3c, it is assumed that one-fourth of the fiber length is the average bond length. Then,
Equation (19) can be modified by as follows [10]:

T (“DLJ(O.MMJ
4 A (20)

(19)

O =

i As

where D and L are the diameter and length of a steel fiber, respectively. The pullout strength of steel
fibers or the average ultimate bond strength (of) can be further simplified from Equation (20),
as follows:

L
6y, =04V, 1, ) (21)
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Accordingly, the equilibrium equations for SFRC members, including the tensile resistance of steel
fibers, can be expressed as follows:

6, =65 ¢0s° a, +(cf +a, )sin® a, +15,2sina, cosa, +p, T, (22)
o, =o5sin’ o, +(cf +o, )cos’ a, — 15, 2sina, cosa, +p, f, (23)
T, =| —0§ + (o} +0/) |sina, cosa, + 15, (cos’ a, —sin’ a,) (24)

The compatibility equations and constitutive relationships of materials are used as in each softened
truss model, shown in Appendix. In addition, the SFRC member is considered to reach its maximum
strength either when the pull out failure of steel fibers occurs or when the principal compressive strain
(eq) reaches the maximum strain of concrete ((go), the SFRC member is considered reach their
maximum strength.

5. Evaluation of the Proposed Models

For the purpose of evaluation on the shear behavior models proposed in this study, the shear test
results of SFRC beams has been collected from literature [2,8,10,16,25,41-44], as shown in Table 1.
Of the total of 132 specimens collected, the specimens that had flexural failures or that were deep
beams with a shear span-to-depth ratio (a/d) of 2.5 or less were excluded, and thus, a total of 85 shear
specimens was used in this study. The steel fiber volume fraction of the collected specimens ranged
from 0.22% to 2.0%, and the size of steel fibers used in the specimens ranged widely from the small
ones with the length of 25.4 mm and the diameter of 0.25 mm to the big ones with the length of 60 mm
and the diameter of 0.8 mm. In addition, the steel fibers included straight, crimped and hooked types.
The concrete compressive strengths ( f.) also ranged widely from 20.6 to 93.8 MPa, including
normal-strength concrete and high-strength concrete. All the specimens that were used for the evaluation
did not have shear reinforcements, and the tensile steel ratio (ps) ranged from 1.1% to 5.7%.

Figure 4 shows the analysis results of the shear strength equations presented in Equations (1), (2),
(5), and (6), which are also summarized in Table 2 with other analysis results. In Figure 4a—d, the
vertical axis represents the ratio of the test results to the analysis results (viest/Vanaysis), and the
horizontal axis represents the fiber volume fraction. Also, the mean, standard deviation (SD) and
coefficient of variation (COV) of the viest/vanaysis vValues are presented in each graph. The equation
proposed by Sharma [9], which has been adopted by the ACI Committee 544 [1], and the one recently
proposed by Oh et al. [12] showed relatively good accuracy with the low COVs of 0.26 and 0.25,
respectively. The equations proposed by Narayanan and Darwish [10] and Kwak et al. [11] are,
however, showed a large scatter, especially for the specimens cast with normal-strength concrete.
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Table 1. Dimensions and properties of SFRC specimens.

Reference  Number of

No. specimens shape Vs (%) L(mm) D (mm) f, (MPa) d (mm) a/d ps (%0)
13 round 0.22-0.44 254 0.25 33.2-40.2 127 4.0-4.8 1.96
[16] 025 x 56 *
24 crimped 0.22-1.76 254 0.38 x 0.63* 33.2-40.2 127 4.0-4.8 1.96
0.41 x0.25*
[10] 18 crimped 0.25-1.0 3040 0.3 29.9-59.6 126-130 2.5-3.5 2.00-5.72
[2] 7 hooked 0.5-1.0 30 0.5 20.6-33.4 197 2.8-3.6 1.34-2.00
[25] 5 hooked 0.5-1.0 30 0.5 34 221 25-35 1.10-2.20
[8] 5 hooked 0.5-1.5 60 0.8 93.8-97.1 215 4.0-6.0 2.84-4.58
[41] 5 hooked 1.0 30-50 0.5 22.7-26  102-204 3.0 1.10-2.20
[42] 4 crimped 0520 254381 02x23* 493548 80 375 177
[43] 2 round 1.0-2.0 42 0.7 38.7-42.4 150 2.67 2.65
[44] 2 hooked 1.0-2.0 30 0.5 40.9-43.2 219 2.8 1.74
round,
Total 85 crimped, 0.22-2.0 254-60 0.25-0.8 20.6-97.1 80221 25-6.0 1.10-5.72
hooked

* Rectangular Section

Figure 5 shows the analysis results of the softened truss models with steel fibers (STM-SF)
proposed in this study, which are also summarized in Table 2 with other analysis results. Note that,
while Figure 5 shows the viesi/ vanaiysis Values versus the fiber volume fraction in the graph, it also gives
the data ranges in terms of the compressive strength and the shear span-depth ratio, as indicated at the
bottom of the graphs. As shown in Figure 5a, the modified RA-STM with steel fibers provided a mean
of 1.11 and a COV of 0.30, which was a relatively larger scatter compared to the other STM-SF
analysis models. This model tended to overestimate the specimens with high-strength concrete, and
was relatively inaccurate for the specimens with low steel fiber volume fractions. The principal stress
angle is assumed to be identical with the crack angle in RA-STM, but their difference becomes bigger
in the specimens with a low steel fiber volume fraction [45], which leads to underestimate the tensile
resistance of the steel fibers on the crack surface in such cases. The modified FA-STM with steel fibers
showed a relatively high accuracy, with a mean of 0.87 and a COV of 0.18, as shown in Figure 5b, and
there was no bias in the vees/vanalysis Values. However, this model tended to overestimate, in particular,
the specimens with a high shear span-depth ratio, which seems to be because FA-STM cannot consider
the flexural moment effects.



Materials 2013, 6

Figure 4. Comparison of analysis results. (a) Sharma [9]; (b) Narayanan and Darwish [10];
(c) Kwak et al. [11]; (d) Oh et al. [12]. o: f’ >50 MPa, a/d <4; o: f/ <50 MPa, a/d < 4;

A: f/ >50MPa, a/d>4; A: f/ <50 MPa, a/d > 4.
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Table 2. Comparison of analysis results.

4859

Model RA-STM with steel fiber FA-STM with steel fiber TATM with steel fiber SMM with steel fiber

Mean 1.112 0.871 1.082 1.131
SD 0.338 0.157 0.244 0.213
cov 0.304 0.181 0.225 0.188
Author  Sharma (ACI) [9] Narayanan et al. [10] Kwak et al. [11] Oh et al. [12]
Mean 1.143 1.345 1.229 1.188
SD 0.298 0.456 0.419 0.296
cov 0.261 0.339 0.341 0.249

The modified TATM with steel fibers, as shown in Figure 5c, provided a good accuracy, with a
mean of 1.08 and a COV of 0.23. In particular, this model provided more reasonable analysis results
for the cases with large shear span ratios (a/d), which is considered to be because this model can take
account of the flexural moment effect. In addition, this model can reflect the difference between the
crack angle and the principal stress angle (B), which indeed improved the analysis accuracy in overall.
The analysis results of the modified SMM with steel fibers are shown in Figure 5d. It provided a high
accuracy with a COV of 0.19, and had no bias along the volume fractions of steel fibers. The improved
accuracy in this model seems to come from the consideration of the Poisson effect, and it could be even
more accurate if the Poisson ratio after cracking could be obtained from SFRC panel experiments [46].
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Figure 5. Verification of the proposed models. (a) The modified RA-STM with steel

fibers; (b) The modified FA-STM with steel fibers; (c) The modified TATM with steel
fibers; (d) The modified SMM with steel fibers. o: f’' > 50 MPa, a/d <4; o: f/ <50 MPa,

ald<4; A: f/ >50 MPa, a/d > 4; A: f/ <50 MPa, a/d > 4.
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Overall, all the modified STM models, except the modified RA-STM with steel fibers, provided a
good level of accuracy on the shear strength of SFRC members, which implies that the characteristics
of steel fibers are well reflected in these models proposed in this study. The existing empirical
equations showed relatively larger scatter for those test results that were not within the variable ranges
included at the time of their formulation. It is also worth noting that the proposed models are based on
the Smeared Crack Model [22,26-32] that uses the average stress and average strain relationship, and
that they successfully simulate the shear failure modes of SFRC beams, i.e., the pullout failure of steel
fibers considering their bond strengths.

As aforementioned, the contribution of steel fibers to the total shear resistance can be estimated by
the proposed models because the steel fibers are modeled as an independent tensile element. Figure 6
presents the contribution of steel fibers to the shear resistance (vsivy) at ultimate according to fiber
volume fractions (Vs), where v, is the calculated shear strength and the shear resistance of steel fibers
(vsf) 1s calculated from Mohr’s stress circle, as follows:

f -
Vv, =0, sina, cosa, (25)



Materials 2013, 6 4861

Figure 6. Contribution of steel fibers to shear strength at failure. (a) The modified

RA-STM with steel fibers; (b) The modified FA-STM with steel fibers; (c) The modified
TATM with steel fibers; (d) The modified SMM with steel fibers. e: f' > 50 MPa,

ald<4; 0: f/ <50 MPa, a/d<4; A: f’' >50 MPa, a/d>4; A: f’ <50 MPa, a/d > 4.
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In all the analysis models, the shear contribution of the steel fibers increased as the steel fiber
volume fractions increased. In the modified RA-STM with steel fibers, the shear contribution ratio of
steel fibers (vs/vir) was calculated as approximately 10% at the lowest fiber volume fraction of 0.22%,
and as high as 30% at the maximum fiber volume fraction of 2%. In addition, the increase rate of the
shear contribution ratio of steel fibers significantly changes at 1%-1.5% steel fiber volume fractions,
and it becomes almost flat at 1.5%-2.0% steel fiber volume fractions. The modified FA-STM with
steel fibers showed shear contribution ratio similar to that of the modified RA-STM for the SFRC
members with the low fiber volume fractions, but demonstrated higher shear contribution ratios for
those with the volume fractions of 1% or higher. Also, the shear contribution ratio of steel fibers
showed a considerable variation at the volume fraction of 1%. The modified TATM with steel fibers
provided very close results to the modified FA-STM, which showed the shear contribution ratio of
approximately 30% at 1%-1.5% steel fiber volume fractions. The modified SMM with steel fibers
showed higher shear contribution ratios of steel fibers than other models, in which the contribution
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ratios ranged from 10 to 50%. The model showed a significant variation at the 1% volume fraction,
similar to FA-STM, and the increase in the shear contribution ratio of steel fibers also dropped at the
1%-1.5% fiber volume fractions.

The observations above confirm the substantial contribution of steel fibers to the improvement of
the shear strength of SFRC members, and it is also clear that the steel fiber volume fraction is the key
influencing parameter on the shear strength of SFRC members. The shear contribution ratios of steel
fibers ranged from 8% to 45% at the steel fiber volume fractions below 1%, and it ranged from
13%-50% at the steel fiber volume fractions over 1%. It was also found that the increase rate of the
steel fiber contribution significantly reduced at 1%-1.5% steel fiber volume fractions, and that it was
almost flat at 1.5%-2.0% steel fiber volume fractions. This is because the inclined compression strut of
concrete first reaches at failure, even if the steel fiber volume fraction increases. Therefore, the optimal
volume fraction ratio in terms of shear performance appears to exist between 1% and 1.5%, which is
also consistent with the observations in previous studies [47,48].

6. Conclusions

Most of shear strength equations for SFRC members are relatively simple, but provide a low
accuracy, as they have been derived empirically based on experimental test results. Some analytical
models can estimate shear behavior and strength of SFRC members, but cannot provide the
contribution of steel fibers to the shear strength and cannot demonstrate the pullout failure of steel
fibers. In this study, the softened truss models were modified appropriately for SFRC members, in
which the steel fibers were modeled as independent tensile elements so that the proposed models can
reflect the details of steel fibers such as the effects of the shape, length, and volume fraction of steel
fibers. The proposed models were also compared to the test results of 85 specimens collected from
literature. From this study, the following conclusions were drawn.

1. The softened truss models were modified to be suitable for the analysis of SFRC members by
modeling steel fibers as independent tensile elements, which, in particular, can estimate the
stresses of steel fibers according to the detailed characteristics of the steel fibers.

2. All the STM-SF models proposed in this study, except for the modified RA-STM with steel
fibers, showed a good level of accuracy on the shear strength of SFRC members compared to
the empirical equations presented in previous studies.

3. The proposed models adequately simulated the pullout failure of steel fibers, which is the
characteristic failure mode in SFRC members, based on the average ultimate bond strength of
steel fibers.

4. The modeling method, applying the stress of fibers perpendicular to crack direction directly,
was considered more appropriate in FASTM than RASTM,; it is, because, as expected, the fixed
angle model could reflect the stress of fibers at crack more accurately.

5. The contribution ratios of steel fibers on the shear strength of SFRC members were calculated
by the proposed models, which was found to be approximately 30% at the 1%—1.5% steel fiber
volume fraction.

6. Based on the observations of the shear contribution ratio of steel fibers, the optimal range of the
steel fiber volume fraction, in terms of shear performance, is 1%-1.5%.
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Appendix
Table A-1. Equations in RA-STM and FA-STM.
Model RA-STM FA-STM
0,=0,c08° a+o,sin” a+p f (A-la) o =0o5cos’a, +ofsin® @, +75,2sina, cose, + o f,  (A-6a)
Eqwl!brlum o, =0, sina+c, cos’a+p,f, (A-1b) o, =0;sin*a, +of cos’ @, —75,2sine, cosa, + p, f,  (A-6b)
equations 7, = (-0, +0o,)sinacosa (A-1c) =(-o5 +0o7)sina, cosa, +r§1(cos2 a, —sin’ az) (A-6c)
- g =¢,c08 a+g,sin’a (A-2a) & =¢,c08°a, +&8SIN° @, + 1, SiNa, COS (A-7a)
Comp-arablllty & =¢,5iN a+e¢ cos’ a (A-2b) g =g,5in° @, + 008" @, — ¥, SiN e, COS @, (A-7b)
equations V. = 2(—&, +&,)sinacosa (A-2C)  y, =2(-¢, +&)sina, cosa, + 7, (COS* a, —sin®,)  (A-TC)
Concrete compression Concrete compression
2 2
&, &, &, & &. &.
o, =" 2[—d]—(—dj for 2o <1 (A3a) oS=(f 2[—2]—[—2] for 22 <1 (A-32)
‘ { ¢e ) \ & g, ’ ¢& ) \ & Ly
. &4l¢e, -1 &,1¢¢ -1Y £
oy =¢ |1 2220 for 251 (A3b)  ot=cf|1-| L2 5% for £z 51 A-3d
e { [ 2/¢-1 H Z, AR e e e (A-3d)
0.9 1
= (A-3c) - <09 A-3e
i+ 400z, \/— 2005 (A-3e)
Concrete tension U
P fty — 0y
o, =E. for £ <0.00008 (A-da) m=———  02<n<l (A-3f)
o pPly—0o
0.00008 | .
c, = [ ; J for &, >0.00008 (A-4b)  Concrete tension
Constitutive Mild steel ol =E, for g <0.00008 (A-4a)
equations o
a f,=Ee fore <s, (A5a) of=f, [@] for £ > 0.00008 (A-4b)
1

fS:fy[(0.91—28)+(0.02+0.258)j—5} fore,>s,  (ASD)  \rild steel

y

1( f u f,=E., fore <eg, (A-5a)
B==|-=|  p>05% (A-5c)
P f,=f, {(0.917 2B)+(0.02+ o.25|3)5} fore,>s,  (A-5b)
&,=¢,(0.93-2B) (A-5d) &,
1 fcr 15
B==|-=| p=05% (A-5¢)
pLT,
&,=¢,(0.93-2B) (A-5d)

Shear stress of concrete at crack

0,76,

2(g-¢,)

T =Gy = 72 (A-8)
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Table A-2. Equations in TATM and SMM.

Model SMM TATM

o, =0t s’ a, + ot sin? a, + 75, 2sina, cosa, + o, f,  (A-62)

Coin? c 2 c H
o, =0, sin" a, + o, C0s” e, — 75, 2Sina, cos e, + p, f,  (A-6b
0, =05 c0s? a, + ot sin® a, + 75 2sine, cosa, + o, f,  (A-63) v 2t 2 2 2*Ah (AGD)

7, = (03 —07)sine, cosa, +75, (cos” a, +sin* ;) (A-6c)

Equilibrium o, =o5sin’ a, + ot o8’ a, — 75, 2sina, cos e, + o, T, (A-6b)
equations 7, =(-0} +0f)sing, cosa, + 75, (cos’ @, —sin’ o, ) (ABc) M, =V(a—dv)—N(d —d, _2) (A-Ga)
Ms = pmlbdfyldv (A'gb)
P = Py~ P (A-9c)
£ =£,005° @, + & 5IN° @, + 7, Sin @, COS (A-14a)
& =&,5iN @, +& 00S° @, — , Sinat, COS 2, (A-14b) & =&,005° @, + & 5in° @, + 7, Sina, COS (A-Ta)
Comparability £ =& —Vyp&, SN’ a, —V,, £, C0S% (A-14c) 5 =g,sin’ @, +¢,c08% a, — ¥,y SiN @, COS 1, (A-7b)
equations T SR ) ) . .
& =& —Vp &, C0S" @y, =V, & SIN° @, (A-14d)  y, =2(-5, +5)sina, COsa, + 7,4 (COS* @, —sin* @) (A-Tc)
Vi = 2(—&, + &) sina, COS a, + 7, (C08* a, —sin® @) (A-7C)
Concrete compression Concrete compression
2 2
&. &. &. & g,
o,=¢f"|2] =2 |-| =% for =2-<1 A-33) of=vf'|2 & || =% A-10a)
2= { (ggoj [ggoj } ¢& ( ) ’ c{ (Ve:o} (VEOJ } ( )
2 1
P i v=— = <10 (A-10b)
o,=(f {1 ( 4171 for §0>1 (A-3d) 0.8+170¢,
Concrete tension
1/ 41100 (A-3e)
=4 oy =Ee¢, fore <e, (A-11a)
n
f
f - ol=—=E__ forg >¢, (A-11b)
A Y P (A-3) 1+[500s,
afy-o
] Steel
Concrete tension o
f,=Eg<f, -2 (A-12a)
Constitutive o, =E.g for g <0.00008 (A-4a) A
i 4 f,=Eg <f o (A-12b)
equations o =1, (O'OOOOBJ for &, >0.00008 (Aap) T
81
. Shear stress of concrete at crack
Mild steel
52
f.=Ee fore <e, (Aba) Tm=383(f.) (w? +67%) (A-13a)
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Shear stress of concrete at crack o, =0, sina, (A-13e)
O, — O,
= G?’zl = z yen (A-8)

2(g-¢,)




Materials 2013, 6 4865

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

American Concrete Institute Committee 544. Design Consideration for Steel Fiber Reinforced
Concrete (ACI 544.4R-88); American Concrete Institute: Farmington Hills, MI, USA, 1988;
pp. 563-580.

Mansur, M.A.; Ong, K.C.G.; Paramsivam, P. Shear strength of fibrous concrete beams without
stirrups. J. Struct. Eng. 1986, 112, 2066-2079.

Khuntia, M.; Stojadinonic, B.; Goel, S.C. Shear strength of normal and high-strength fiber
reinforced concrete beams without stirrups. ACI Struct. J. 1999, 96, 282—289.

Kim, K.S.; Lee, D.H.; Hwang, J.; Kuchma, D.A. Shear behavior model for steel fiber-reinforced
concrete members without transverse reinforcements. Compos. Part B Eng.2012, 43, 2324-2334.
Lee, D.H.; Hwang, J.H.; Ju, H.; Kim, K.S.; Kuchma, D.A. Nonlinear finite element analysis of
steel fiber-reinforced concrete members using direct tension force transfer model. Finite Elem.
Anal. Des. 2012, 50, 266—286.

Ju, H.; Lee, D.H.; Hwang, J.H.; Kang, J.W.; Kim, K.S.; Oh, Y.H. Torsional behavior model of
steel fiber-reinforced concrete members modifying fixed-angle softened-truss model. Compos.
Part B Eng. 2013, 45, 215-231.

Consiglio Nazionale delle Ricerche. Istruzioni per la Progettazione, I’Esecuzione ed il Controllo
di Strutture di Calcestruzzo Fibrorinforzato (CNR-DT 204) (in Italian); Consiglio Nazionale delle
Ricerche: Roma, Italy, 2006.

Ashour, S.A.; Hassanain, G.S.; Wafa, F.F.; Shear behavior of high-strength fiber reinforced
concrete beams. ACI Struct. J. 1992, 89, 176-184.

Sharma, A.K. Shear strength of steel fiber reinforced concrete beams. ACI J. Proc. 1986, 83,
624-628.

Narayanan, R.; Darwish, L.Y. S. Use of steel fibers as shear reinforcement. ACI Struct. J. 1987,
84, 216-2217.

Kwak, Y.K.; Eberhard, M.O.; Kim, W.S.; Kim, J. Shear strength of steel fiber reinforced concrete
beams without stirrups. ACI Struct. J. 2012, 99, 530-538.

Oh, Y.H.; Kim, J.H. Estimation of flexural and shear strength for steel fiber reinforced flexural
members without shear reinforcements. J. Korea Concr. Inst. 2008, 20, 257-267.

Dinh, H.H.; Parra-Montesinos, G.J.; Wight, J.K. Shear strength model for steel fiber reinforced
concrete beams without stirrup reinforcement. J. Struct. Eng. 2011, 137, 1039-1051.

Slater, E.; Moni, M.; Alam, M.S. Predicting the shear strength of steel fiber reinforced concrete
beams. Constr. Build. Mater. 2012, 26, 423-436.

Romualdi, J.P.; Mandel, J.A. Tensile strength of concrete affected by uniformly distributed and
closely spaced short lengths of wire reinforcement. ACI J. Proc. 1964, 61, 657-671.

Batson, G.; Jenkins, E.; Spatney, R. Steel fibers as shear reinforcement in beams. ACI J. Proc.
1972, 69, 640-644.

Swamy, R.N.; Bahia, H.M. Influence of fiber reinforcement on dowel resistance to shear. ACI J.
Proc. 1979, 76, 327-355.



Materials 2013, 6 4866

18.

19.

20.

21.

22,
23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

American Concrete Institute Committee 318. Building Code Requirements for Reinforced
Concrete and Commentary (ACI 318-11); American Concrete Institute: Farmington Hills, Ml,
USA, 2011; p.503.

Zsutty, T. Beam shear strength prediction by analysis of existing data. ACI J. Proc. 1968, 65,
943-951.

Swamy, R.N.; Mangat, P.S.; Rao, C.V. Mechanics of Fiber Reinforcement. In Fiber Reinforced
Concrete; American Concrete Institute: Farmington Hills, MI, USA, 1974; pp. 1-28.

Tan, K.H.; Mansur, M.A. Shear transfer in reinforced fiber concrete. J. Mater. Civ. Eng. 1990, 2,
202-214.

Hsu, T.T. C. Softened truss model theory for shear and torsion. ACI Struct. J. 1998, 85, 624-635.
Tan, K.H.; Murugappan, K.; Paramasivam, P. Shear behavior of steel fiber reinforced concrete
beams. ACI Struct. J. 1992, 89, 3-11.

Vecchio, F.J.; Collins, M.P. Modified compression field theory for reinforced concrete elements
subjected to shear. ACI J. Proc. 1986, 83, 219-231.

Lim, T.Y.; Paramsivam, P.; Lee, S.L. Shear and moment capacity of reinforced steel-fiber
concrete beams. Mag. Concr. Res. 1987, 39, 148-160.

Pang, X.-B.; Hsu, T.T.C. Behavior of reinforced concrete membrane elements in shear. ACI
Struct. J. 1995, 92, 665-679.

Kim, S.W.; Lee, J.Y. Shear behavior prediction of reinforced concrete beams by transformation
angle truss model. J. Korea Concr. Inst. 2001, 13, 130-138.

Pang, X.B.; Hsu, T.T. C. Fixed-angle softened-truss model for reinforced concrete. ACI Struct. J.
1996, 93, 197-207.

Hsu, T.T.C.; Zhang, L.X.B. Nonlinear analysis of membrane elements by fixed-angle
soften-truss model. ACI Struct. J. 1997, 94, 483-492.

Hsu, T.T. C.; Zhu, R.R. H. Softened membrane model for reinforced concrete elements in shear.
ACI Struct. J. 2002, 99, 460-4609.

Kim, S.W.; Lee, J.Y. Shear strength prediction of reinforcement concrete members subjected to
axial force using transformation angle truss model. J. Korea Concr. Inst. 2004, 16, 813-822.

Lee, J.Y.; Kim, S.W.; Mansour, M.Y. Nonlinear analysis of shear-critical reinforced concrete
beams using fixed angle theory. J. Struct. Eng. 2011, 137, 1017-1029.

Belarbi, A.; Hsu, T.T.C. Constitutive laws of softened concrete in biaxial tension compression.
ACI Struct. J. 1995, 92, 562-573.

Belarbi, A.; Hsu, T.T.C. Constitutive laws of concrete in tension and reinforcing bars stiffened by
concrete. ACI Struct. J. 1994, 91, 465-474.

Zhu, R.R. H.; Hsu, T.T.C.; Lee, J.Y. Rational shear modulus for smeared crack analysis of
reinforced concrete. ACI Struct. J. 2001, 98, 443-450.

Hsu, T.T.C.; Zhu, R.R.H. Post-Yield Behavior of Reinforced Concrete Membrane Elements—The
Hsu/Zhu Ratios. In Proceedings of the U.S.—Japan Joint Seminar on Post-Peak Behavior of
Reinforced Concrete Structures Subjected to Seismic Loads—Recent Advances and Challenges
on Analysis and Design, Tokyo/Lake Yamanaka, Japan, October 1999; pp. 43-60.

Hsu, T.T.C.; Zhu, R.R.H. Poisson effect in reinforced concrete membrane elements. ACI Struct. J.
2002, 99, 631-640.



Materials 2013, 6 4867

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Li, B.; Maekawa, K.; Okamura, H. Contact density model for stress transfer across cracks in
concrete. J. Fac. Eng. 1989, 40, 9-52.

Yoshikawa, H., Wu, Z.; Tanabe, T. Analytical model for shear slip of cracked concrete. J. Struct.
Eng. 1989, 115, 771-788.

Lim, T.Y.; Paramasivan, P.; Lee, S.L. Analytical model for tensile behavior of steel fiber
concrete. ACI Mater. J. 1987, 84, 286—298.

Li, V.; Ward, R.; Hamza, A.M. Steel and synthetic fibers as shear reinforcement. ACI Mater. J.
1992, 89, 499-508.

Junior, S.F.; Hanai, J.B. Shear behavior of fiber reinforced beams. Cem. Conc. Compos. 1997, 19,
359-366.

Lim, D.H.; Oh, B.H. Experimental and theoretical investigation on the shear of steel fibre
reinforced concrete beams. Eng. Struct. 1999, 21, 937-944.

Cucchiara, C.; Mendola, L.L.; Papia, M. Effectiveness of stirrups and steel fibres as shear
reinforcement. Cem. Concr. Compos. 2004, 26, 777-786.

Hwang, J.H.; Lee, D.H.; Kim, K.S.; Ju, H.; Seo, S.Y. Evaluation of shear performance of steel
fibre reinforced concrete beams using a modified smeared-truss model. Mag. Concr. Res. 2013,
65, 283-296.

Jimmy, S. Fibre Reinforcement for Shrinkage Crack Control in Prestressed, Precast Segmental
Bridges. Ph.D. Thesis, Department of Civil Engineering, University of Toronto, Toronto,
Canada, 2009.

Swamy, R.N.; Mangat, P.S. Influrence of fibre-aggregate interaction on some properties of steel
fibre reinforced concrete. Mater. Struct. 1974, 7, 307-314.

Kim, Y.L; Li, Y.K.; Kim, M.S. Influence of steel fiber volume ratios on workability and strength
characteristics of steel fiber reinforced high-strength concrete. J. Korea Inst. Build. Constr. 2008,
3, 75-83.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



