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Abstract. The modeling of steel fiber reinforced concrete (SFRC) using com-
putational methods become popular to understand the mechanical behavior of
SFRC. In this study, a novel approach was adopted to model the steel fiber, dis-
cretely (SFRC model) coupled with 3D RBSM (Rigid body spring model). In 3D
RBSM, the meshing technique is adopted the random geometry based Voronoi
mesh design and the short fibers are inserted into the mesh interface with a zero
sized fiber spring. In SFRC model, the smooth steel fiber was modeled by pre-
dicting a local bond-slip model and a spring component was considered to model
the hook effects. Further, the estimated fiber load was divided into axial and shear
components and the local matrix spalling, snubbing, and fiber rupture conditions
were incorporated accordingly. Initially, the SFRC model was validated for single
fiber pullout tests and the local bond stress found dominant for smooth steel fiber
and the mechanical action for hook end fiber. The proposed model also reproduced
the direct tensile behavior of SFRC with different volume of smooth and hook end
fibers. The differences in post peak hardening capacity attributes the fiber ori-
entation and matrix spalling as a deciding factor in mechanical performance of
SFRC. The applicability of the model in structural level like tension stiffening of
reinforced SFRC member, encountered the sufficient contribution of steel fibers
in improving the tension stiffening capacity.

Keywords: SFRC model - RBSM - Hook end fiber - Fiber orientation -
Spalling - Tension stiffening

1 Introduction

The modeling of steel fiber reinforced concrete (SFRC) using mesoscale computational
models like finite element method (FEM), or discrete/lattice model become popular to
properly understand the mechanical behavior of SFRC matrix. The FEM models [1,
2] were commonly utilized among the researchers to model the SFRC where the exact
crack bridging effects of fiber was difficult to reproduce based on the continuum medium
approach. Moreover, the steel fiber itself sensitive to the parameters like fiber orientation
distribution [3], fiber shapes and other properties like diameter, length, yield strength [4,
5]. In addition, the bundle of steel fibers inside the SFRC generates coupled effects on
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matrix properties like bond stress generation [6], local spalling due to fiber inclination
[7], snubbing effects [8]. Moreover, the application of the above sub models [6—8] are
necessary to explain the mechanical performance of SFRC in terms of individual crack
bridging effects of steel fibers. In this regard, the 3D RBSM can be an alternative, which
is already popular to analyze the mesoscale performance and cracking of concrete [9-11]
and fiber composites based on discrete approach [11]. The discrete modelling of steel
fiber based on RBSM [11] can open a scope to understand the possible effects of fiber
parameters like fiber shapes, orientation, local bond model and so on.

This study aimed to investigate the applicability of proposed SFRC model based on
3D RBSM for mechanical to structural performance of SFRC. In this regard, the numer-
ical simulations are conducted from the single fiber pullout to direct tensile specimen
to explain the governing factors influencing the crack bridging effects of steel fibers.
Finally, the applicability of the model is extended to the structural level, in tension
stiffening behavior of SFRC with deformed rebar as compared with normal strength
concrete.

2 Numerical Methods of the Study

3D RBSM is the basic numerical model utilized in this study to model the concrete phases
(Fig. 1a). In RBSM, the concrete phase is partitioned into rigid particles and connected
with each other’s by a set of zero-size springs at their common interface (Fig. 1c), which
has advantage to directly represent the discrete behavior of cracks. Figure 1a shows a
specimen model prepared by using Voronoi mesh design of RBSM and Fig. 1c¢ shows a
pair of Voronoi elements which are the rigid particles of RBSM. The nuclei of Voronoi
element considered as the node of rigid particles with six DoFs (Fig. 1¢). The constitutive
model of concrete (Fig. 2) is assigned to the set of springs (1 normal and 2 tangential)
at the interface (Fig. 1d) of Voronoi elements.
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Fig. 1. RBSM model as concrete phase (a, ¢, d) and discrete fiber model (b, e).

The tension and compression models of constitutive model (Fig. 2a, 2b) are assigned
to the normal spring and the shear models of constitutive model (Fig. 2c—2e) are set to the
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tangential springs. The details about constitutive models utilized in RBSM are already
discussed in previous studies [9, 10].

&1 &2

(b) Compression model of normal spring

(c) Shear spring model (d) Softening cocflicient of shear spring (¢) Mohr-Coulomb type criterion

Fig. 2. Constitutive model of concrete utilized in 3D RBSM [9, 10].

In addition, the discrete fiber is inserted into the Voronoi mesh system of RBSM as
shown in Fig. 1b and e, where the zero-size spring is assigned at the crossing point of
fiber at the interface of two consecutive Voronoi mesh. The fiber length of either side
from the interface is considered as the embedded length of the fiber (/). The fiber load
is estimated at the fiber spring and transfer to the nearest node of Voronoi mesh.

2.1 Outline of Constitutive Model of SFRC

A discrete type of constitutive model for SFRC (Fig. 3) is proposed [11] to model the
smooth and hook end steel fibers based on the earlier model [12]. The proposed SFRC
model [11] estimates the elastic tensile stress [12] along the length of the fiber in the
pre-cracking stage of matrix.

In post cracking stage, the fiber load (P(0)) is estimated as shown in Fig. 3b, where the
fiber embedded length (I, ) is divided into finite parts (V). The important variables at post-
cracking stage are the crack width (w), which is distributed along the embedded length
(l.) as local slip variable (s) with a curvilinear function (Fig. 3b). The valid proposition
of this model is to reproduce the exact crack bridging effects with the estimation of
the local bond stress and hook effects based on the local slip (s) variable. Moreover,
the proposed SFRC model considered the coupled effects of “local bond-slip model
(Ps)” and “mechanical hook action (P;)” combined with micro-mechanical effects of
steel fiber. The estimated fiber load (P(0)) is thus divided into axial (P,(¢)) and shear
components (Py(¢)) using friction coefficient (1) and the local matrix spalling [7] is
considered due to angular pullout of fiber (Fig. 3d). The local bond stress (7 (s)) is
estimated from the proposed bond-slip model (Fig. 3) and the hook end effects (Pj,) are
considered by utilizing the pullout slip function (N, (s))) derived by Cunha et al. [4].
The hook end effects is estimated by extracting the contribution of bond stress (P;) from
the pullout slip function (N, (s)) by introducing a normalized function (Nyo,), derived
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Fig. 3. Constitutive model of SFRC.

from the meso-scale parameters like compressive strength ( f "), fiber elastic modulus
(Er) and yield strength (f;) and hook properties like number of hinges (n), hook angle
() and radius (p). Moreover, the proposed model has provision to vary the magnitude
of hook end effects (Py) based on the number of hinges or bents (n) present in the hook
end fiber. It is worth to mention that the target fiber in this study is either smooth (n = 0)
or single hook end steel fiber (n = 2).

3 Validation of SFRC Model

3.1 Validation of Single Fiber Pullout Test

The proposed SFRC model is validated for the single fiber pullout test of smooth and
single hook end steel fiber with same length, diameter, and yield strength. The experiment
was conducted by Zile and Zile (2013) [5] for single fiber pullout from cubic specimen
(70 mm?) with a compressive strength ( f/c) = 39 MPa. The fiber embedded length
(l¢) inside the cubic block was 15 and 30 mm which are prepared accordingly in the
specimen model (Fig. 4: Model). The specimen model is prepared with two blocks of
equal dimension and fiber is inserted with equal embedded length like experiment.

The pullout load was applied to the upper block as displacement control and crack
was artificially initiated from the beginning of loading steps by assigning very low tensile
strength of matrix. The analysis results (Fig. 4) can reproduce the test results for smooth
and hook end fiber with different embedded length. The proposed local bond-slip model
and hook model found suitable to simulate the actual pullout behavior of smooth and
hook end steel fiber. The contribution of bond stress (Py) is observed for the smooth
steel fiber with gradual pullout of fiber after debonding (Fig. 4: inset image) whether
the hook end fiber shows the extra hardening by generating the mechanical hook action
(Py) after debonding. The effects of embedded length also observed for both types of
fiber over the pullout kinematics, whether the local bond stress assumed constant after
debonding according to the proposed bond-slip model (Fig. 3).
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Fig. 4. Validation results of single fiber pullout: .= 15 mm (left), [, = 30 mm (right).

3.2 Validation of Direct Tensile Test

The validation of the proposed SFRC model is further extended in direct tensile test [13]
with the dog bone specimen (Fig. 5a) prepared with smooth and single hook end steel
fibers (0.5% and 1.0% by volume) (Fig. 5b).

Unit: mm Y Y
125 X
LA ot
\\}7", f a = —45° to 45° (Horizontal)
200 125 ’4;%/ a=-180°to 13’0" (Random)
X
125 15 |ieieian 00 N . Horizontal Random
x X B = —45° to 45° (Horizontal)
125 z B = —180° to 180° (Random)
a) Specimen b) SFRC ¢) Fiber orientation angle d) Example of fiber distribution

model model

Fig. 5. RBSM model to validate the tensile behavior of SFRC (Mesh: 10 mm).

The fibers are arranged inside the model with two different fiber orientations: random
and horizontal (Fig. 5d). Specifically, the experimental casting allowed the fibers to
orient along the loading direction (horizontal), which is assumed in this study with an
orientation angle (o, ) between -45° to 45° for horizontal casting (Fig. 5c). The material
properties utilized in the analysis are mentioned in Table 1, as obtained from the test
[13].

The analysis results in Fig. 6, indicate the validation of the experimental tensile
behavior of SFRC (0.5 and 1.0%) for smooth and hook end steel fiber. The tensile
stress vs. CMOD (crack mouth opening) curve of smooth fiber shows (Fig. 6a and
b) a gradual softening behavior after drop from the peak load in case of horizontal
and random distribution. The horizontal distribution shows strong softening nature due
to alignment of fibers along the loading direction which induce high local bond stress
compared to the randomly oriented fibers (Fig. 6a, b). The area of the post peak region of
stress-CMOD curve states the contribution of fibers with relatively large area for SFRC
1.0% (Fig. 6b). The inset images of Fig. 6 (a to d) indicate the ultimate deformation
(grey color) and cracking (RGB color) for horizontal fiber distribution. The internal
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Table 1. Material parameters utilized in RBSM simulation [13].

Fiber Properties* Concrete Properties** Ref
Ve%) |l |dy of fe o En
Smooth Fiber 0.5 13 0.2 1800 60 3.67 35.8 [13]
Hook End Fiber 1.0 35 0.55 1340 56 3.40 33.0

*(l r, df, of) =F iberlength(mm), diameter(mm)andyieldstrength(MPa).

**( f/cy or, Em) = Compressive, tensilestregth(MPa)andelasticmodulus(GPa).

cracking (RGB color) of the specimen indicates the crack information from the ranges
of 0.001 mm (blue) to 0.01 mm (red). The smooth steel fiber shows rapid softening with
the formation of a single crack plane around the notch area in both cases (Fig. 6a, b).
On the other hand, the hook end fiber (Fig. 6¢, d) indicates relatively strong hardening
behavior after drop from the peak load for both random and horizontal distributions. In
SFRC (0.5%) (Fig. 6¢), the tensile stress in horizontal distribution initially shows extra
hardening than random, gradually following the softening trends of random distribution.
In SFRC (1.0%) (Fig. 6d), the random distribution underestimates the test results and the
horizontal fiber distribution reproduce the exact test behaviors in stress-CMOD curve.

5 5
4 3 emmm— 4
£ £
>3 a0 >3
72 T #2
) ST L 2
0 = 0
0 2 4 6 8 0 2 4 6 8
CMOD, mm CMOD, mm
a) Smooth Steel Fiber: SFRC (0.5%) b) Smooth Steel Fiber: SFRC (1.0%)
5 5
i 5 ©  Ali Amin, 2015
s Horizontal (1.0%)
4 s \ 4 s \ = Random (1.0%)
£ ' g
3 3 3
@2 - @2
SR =
0 it 0
0 2 4 6 8 0 2 4 6 8
CMOD, mm CMOD, mm
¢) Hook End Fiber: SFRC (0.5%) d) Hook End Fiber: SFRC (1.0%)

Fig. 6. Validation results of direct tensile test.

The reason behind this behavior can be unveiled from the additional analysis shown in
Fig. 7, indicating the analysis with “Matrix Spall” and “No spall” condition, as discussed
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in Fig. 3 (Sect. 2.1). Figure 7 (a and b) shows the tensile stress-CMOD for SFRC-0.5%,
where the analysis with “No spall” shows higher prediction than test. The analysis with
“Spall” condition (Fig. 7a and b) shows relatively lower than test results, which indicates
the lower spalling tendency in SFRC-0.5%. On the other hand, the horizontal distribution
of SFRC-1.0% (Fig. 7d) approximates the test results more accurately than random case
(Fig. 7¢). The analysis of “No spall” induces high tensile stress at hardening region than
test, which is properly approximated with the effects of local matrix spalling for high fiber
percentages like SFRC-1.0% in horizontal distribution (Fig. 7d). The overall analysis
indicates the suitability of the horizontal fiber distribution to exhibit the experimental
behavior than the random distribution. The tendency of local matrix spalling in SFRC
comparatively found larger with high fiber content like SFRC-1.0%.
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Fig. 7. Effects of local spalling on tensile behavior of SFRC (Hook end fiber).

4 Applicability of the SFRC Model in Tension Stiffening

The applicability of the SFRC model is investigated at the tension stiffening of SFRC
member with deformed rebar. The test was conducted by the Abrishami and Mitchell
(1997) [14] for prism specimen (95 x 170 x 1500 mm? (Fig. 8a)) with #15 bar (ratio,
o = 1.23%) in normal concrete (NC: f . = 35MPa) and SFRC ( /' = 30.8MPa). The
single hook end steel fibers ([f = 30mm, dy = 0.5mm, oy = 1200MPa) were utilized
in the test with 1.0% (41,126) by volume. The specimen is modelled accordingly using
a Voronoi mesh size of 20 mm (Fig. 8a, b) and fibers are arranged randomly inside the
specimen model (Fig. 8c). The deformed rebar is modelled using the beam-link model [9,
10, 12] with the proposed local bond model [15] for deformed rebar (Fig. 8d). Figure 9a
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shows the validation results for normal concrete (NC) and SFRC (1.0%). The load vs.
elongation (Fig. 9a) curve is obtained by RBSM analysis, reflects the actual test behavior
for NC and SFRC. In the experiment, the specimen had faced shrinkage effects which
induce lower load than analysis especially in softening region. The tension stiffening
capacity of SFRC is found to be increased from the softening to the post yield zone over
NC, where the NC contributes low stiffening at post yield zone. The flattening of curve
in SFRC (Fig. 9a) during the yielding of rebar (strain = 0.2%) indicates that the fiber
load is decreased to a certain level during yielding and again rise (strain > 0.2%) due
to fiber effects, where the NC cannot bear any stress in this region. The splitting cracks
along the rebar encountered in NC (Fig. 9b) is due to the reduction of stiffening after
local yielding of rebar, which was also observed in the test. In SFRC-1.0%, the splitting
cracks are particularly reduced by the resistance from steel fibers, which is reproduced
by the SFRC model (Fig. 9b). The reproducibility of the cracking pattern (Fig. 9b) and
load capacity (Fig. 9a), confirms the applicability of the SFRC model to explain the
tension stiffening behavior of SFRC.

Rebar (#15)

4
4—¢ 170 mm

1) Beam-link model
OySings

o <
ii) Stress-strain relation
o

b) RBSM Model

L\ 3 &
g\\“ i1’1) Local h011(|l>:llp model
Fixed N
Load
d) Rebar model (Beam element#125)
¢) SFRC Model

Fig. 8. Modelling of the specimen for analysis. [dimension in mm]
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Fig. 9. Validation results of tension stiffening behavior of NC and SFRC-1.0%. (*Fig. 9b: Test:
Cracking; Analysis: Deformation, Internal 3D cracking, Surface cracking)
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Figure 10 shows the cracking and stress distribution at the mid-section (rebar loca-
tion) of specimens (NC and SFRC-1.0%). Figure 10b (Stress-Y) indicates the stress
distribution along the rebar direction and Fig. 10c (Stress-ZX) indicates the resultant
stress along other orthogonal directions (cross section). The tensile stress (magenta
color) arises in NC (Fig. 10b) between two cracks is found split at different spots along
the rebar length due to presence of splitting cracks as shown in Fig. 10a. The presence of
steel fibers in SFRC-1.0% (Fig. 10a) increased the confinement around the rebar reduced
the tendency of splitting cracks by intaking the tensile stress distribution between two
cracks. The stress (along ZX) in Fig. 10c indicates the radial stress transfer from the
rebar location still prevails in SFRC along the length of the rebar, where the radial stress
is almost neutralized in NC. The presence of intermittent cracks along the length of
SFRC specimen could not affect the generation of ring tension at the surrounding SFRC
matrix of deformed rebar.

T10MPa

Normal Concrete (NC) SFRC-1.0% i

a) Crack (mid sec.) P ey R d T
b) Stress-Y (mid sec.) 3 5 e el |
¢) Stress-zX (mid sec.) [ |

c:-10MPa

Fig. 10. Cracking and stress distribution (¢ = 0.55%) at mid-section (rebar location).

The rebar strain distribution (Fig. 11) along the length shows the anisotropy between
the NC and SFRC. The rebar strain distribution for NC (Fig. 11a) indicates the increase
in rebar strain from the loading strain 0.25% to 0.55% (ultimate). The splitting cracks
induces in NC (Fig. 11a) due to progressive rebar strain from single to double peak
and expand around the region of splitting, resulting in the loss of the tensile stress at
expansion region. On the other hand, the rebar faces higher strain in SFRC specimen
than NC even though the intensity of localized yielding is lower than the NC specimen.
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0 500 1000 1500 0 500 1000 1500
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a) Rebar strain distribution: NC b) Rebar strain distribution: SFRC-1.0%

Fig. 11. Rebar strain distribution (post yield) of NC and SFRC.
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The tendency of splitting crack related expansion is also reduced due to presence

of fibers and the radial stress transfer also not affected in other regions than the region
of localized yield peaks. The consequences of high local yield strain in SFRC will be
resulted in enlarging the crack width in SFRC and the high strength rebar would give
more better performance of SFRC than regular strength rebar.

5 Conclusion

The study concludes the following discussions regarding the application of the proposed
SFRC model.

1.

The SFRC model found suitable from single fiber to mesoscale performance inves-
tigation of SFRC specimen. The local bond model is the controlling parameter to
simulate the smooth fiber while the mechanical hook action needs to consider in
hook end fiber. In case of direct tensile specimen, the SFRC shows high ductility in
terms of fiber orientation and the local spalling affects the performance of SFRC with
high fiber percentages.

. The tension stiffening of rebar with SFRC can be reproduced by the proposed model

by illustration of cracking, rebar strain and stress transfer behavior.

. The tension stiffening rate can be increased by steel fiber in the concrete by reducing

the tendency of splitting cracks along the specimen.

. The intensity of rebar local yielding, progressive yielding and expansion is relatively

low for SFRC but sudden rise in local strain is encountered in SFRC, that could be
resulted in enlarging the crack width at post yielding stage and the high strength rebar
could be suitable to increase the performance of SFRC by reducing the crack width
below the serviceability limit.
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