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Abstract This paper presents numerical modeling
using the 3D nonlinear finite element method, which
utilizes the multi-surface plasticity model. Steel-fiber
reinforced concrete's strength, ductility enhancement, and
mechanical behavior under tension are implemented inside
the tension fracture model. The proposed model
differentiated the contribution from concrete and steel fiber
that resist the tensile force and later combined as one
response of steel fiber reinforced concrete under tension
using the superposition method. The contribution of the
steel fiber that resists tension in the proposed model can
have residual stresses, which correspond to the slip of the
fiber embedded inside the concrete while maintaining its
load-carrying capacity via the bond-slip friction between
the concrete and the steel fiber. The proposed model is
implemented inside an in-house 3D-NLFEA package. The
model was verified with the available test result in the
literature for SFRC with hooked-end and plain straight
fiber. A comparison with another numerical result from the
literature using ATENA is also presented to demonstrate
the numerical model further. Differences in the SFRC
mechanical behavior modeling between the 3D-NLFEA
and ATENA are discussed thoroughly. From the
comparisons, the 3D-NLFEA package with the proposed
tension fracture model can reasonably predict the response
of SFRC. For modeling the SFRC with plain straight fiber,
only an adjustment on the tensile fracture energy for plain
concrete is adopted.

Keywords  Multi-Surface Plasticity Model, Steel
Fiber Reinforced Concrete, Nonlinear Finite Element,

Tensile Fracture Energy

1. Introduction

Using steel fiber in the concrete material mixes can
significantly increase the concrete's toughness, ductility,
and uniaxial tensile strength [1-5]. The increase in
difficulties in the mixing process is not significant, and this
fiber can be considered as an additional fine aggregate [6].
The SFRC application can be applied in many structural
fields such as heavy-duty factory slabs, tunneling
structures, shell concrete domes, retrofitting reinforced
concrete columns to prevent premature cover spalling [7],
and in many other conventional reinforced concrete
structures.

Many investigations to understand the mechanical
behavior of SFRC has been carried out by researchers [8—
12]. The experimental works vary from testing the RC
beams [8—10], RC beams with notched [11], and concrete
cylinder and dog bone specimens [12]. The tensile
stress-strain curve and tensile fracture energy from the
SFRC specimen can be obtained explicitly from the
dog-bone specimen tested under uniaxial tensile load. To
distinguish the contribution between the steel fiber and the
plain concrete that resists the tension, one may need to
subtract the plain concrete tensile stress-strain curve from
the total responses. On the other hand, from the
experimental RC beams with notched, tensile fracture
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energy can be obtained by carrying inverse analysis [13-15]
as the direct result from the test is not directly available.

This inverse analysis may need a trial-and-error process to

get the best fit.

Once the tensile fracture energy and the tensile
stress-strain curve are obtained, a model can be proposed
and implemented inside the finite element package. This
paper proposes a brief explanation of the proposed
formulation to model the tensile behavior of SFRC. The
formulation works by superimposing the contribution of
plain concrete and steel fiber. The material properties input
used in the model is derived from the trial-and-error
method to get the optimum prediction of the
load-displacement curve obtained from the test result [11].
The simulation is carried out using an in-house 3D-NLFEA
package [16], [17] that utilizes the multi-surface plasticity
model, which combines the compression and tension
cut-off failure surfaces [18]. This paper presents a detailed
discussion on the model prediction with the test results
and the available numerical results in the literature.

2. Methodology

The methodology sections are divided into modeling
specimen geometry, the concrete constitutive model,
which utilizes the multi-surface plasticity model, and the
proposed fractured softening function for steel fiber
reinforced concrete (SFRC).

2.1. Modelling Geometry of Specimen

Figure 1 shows the detailed specimen geometry
generated from the data provided in [11]. The beam
dimensions are 150x150x700 and 150x150x600. The beam
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150x150x700 was made of concrete with DRAMIX 3D
60/65. DRAMIX 3D 60/65 is a steel fiber with a hooked
end. The aspect ratio and length of DRAMIX 3D 60/65 are
60 and 65 mm, respectively. The steel fiber diameter is 0.9
mm. DRAMIX 3D 60/65 has a nominal yield strength of
1,160 MPa, Young’s modulus of 200 GPa, and an ultimate
strain of 0.8%. On the other hand, the beam 150x150x600
was made of concrete with DRAMIX OL 13/20. DRAMIX
OL 13/20 is a plain (without hooked end) high carbon wire
capable of resisting 2750 MPa stress when ruptured. The
Young’s modulus of the DRAMIX OL 13/20 is 200 GPa.
DRAMIX OL 13/20 has a length of 13 mm and a diameter
of 0.2 mm. The notches height (ay) for both beams is 50
mm. The effective length for the beams was not given in
[11]. Therefore, the effective length is estimated by taking
the average peak value from the test result and solving the
bending tensile strength (f.,f}) equation to find the effective
length. From the back-calculation, it was found that the
effective length of the beam with DRAMIX 3D 60/65 was
600 mm and for the beam with DRAMIX OL13/20, is 500
mm.

The modeling of the beam specimen is prepared using
SALOME 9.3.0 [19]. SALOME 9.3.0 is considered the
pre-processor software used to create the geometry, assign
the boundary conditions, and mesh the geometry. In
SALOME 9.3.0, the element type of mesh is set to linear
brick element. The boundary condition for the support is
designated as a simply supported beam with hinge and
roller supports. The mesh results and boundary conditions
are then exported to an input file and will be executed using
the 3D-NLFEA package. 3D-NLFEA package is an
in-house finite element package developed by Piscesa et al.
(see [16], [17], [20]).

L = 600 mm (Dramix 3D 65/60 BG)
L = 500 mm (Dramix OL13/20)

Figure 1.

Detail Specimen Geometry
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2.2. Concrete Constitutive Model of Piscesa, et al. [16]
(Multi-Surface Plasticity Model)

The concrete constitutive law uses the multi-surface
plasticity model proposed by [16], [17], [21], [22]. In [21],
for concrete under compression, the failure surface was
using the modified Menetrey and Willam's [23] failure
surface. The modification was proposed to account for
improved peak and residual strengths predictions [21] for
concrete under confined compression. The tensile cut-off

failure surface (Rankine) is used for concrete under tension.

The flow rule is non-associative for concrete under
compression, where at the onset of plastic flow, the initial
plastic volumetric compaction was considered, and when
compressed under sufficiently high passive confining
pressure the concrete plastic volume was compacted.
Furthermore, the plastic volumetric strain is also not
constant during the plastic flow to ensure a smooth
transition from the early stage to the peak hardening stage
(where the hardening parameter is unity).

The hardening parameter in [16] is based on the
accumulative plastic volumetric strain, and during the
transition region, for each step, the plastic volumetric strain
at the peak is adjusted accordingly [17]. The flow rule for
concrete under tension is associative, and its softening
function includes the internal length scale for tensioned
concrete (L,) and the crack opening displacement (COD) in
the element. The internal length scale (Z,) is defined as the
mesh size of the element. The crack in the concrete element
is considered smeared crack. Localized crack can still be
captured by using sufficiently small elements. Random
crack propagation can also be modeled by initiating
random material properties for each element.

In modeling the three-point load notched beam, the
difficulty lies in how to model the tensile fracture behavior
that accommodates the initial crack in the concrete, the
activation of steel fiber, and the fracture energy contributed
from the plain concrete and the steel fiber. Therefore, this
paper adjusts the fracture softening function in [16] to get
the most suitable response for the steel fiber reinforced
concrete (SFRC). It should be noted that the behavior of
SFRC under compression is also not similar to plain
concrete. The presence of steel fiber in concrete also
enhances its compressive capacity. However, in this study,
only the behavior of SFRC under tension is evaluated.

The general expression for the failure surfaces and the
plastic potential function for compressed concrete (foomp
and gcomp) in [16] are:
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In Equation (1) and (2), r is the deviatoric length, x is the
hydrostatic length, f. is the concrete compressive strength,
g, and ¢, are the hardening and softening functions for
concrete under compression, ¢ is the lode angle, » is the
elliptic function, m 1is the frictional parameter. The
parameters A and B are constants that should be calibrated
with the test result for concrete under uni-, bi-, and tri-axial
compression, and ap, is the plastic dilation rate control
parameter. All the expression for the mentioned parameters
can be found in [16], [17], [21], [22]. The general
expression of the failure surface for concrete under tension
(Rankine type of failure surface) and acting as the cut-off
failure surface (f;,.) is written as:

fo=+\2pcos0-Bg\Ja s 3)

In Equation.(3), f; is the concrete tensile strength, and g,
is the softening function for concrete under tension. The
plain concrete softening function in Piscesa, et al. [16] was
based on the model proposed by Hoover and Bazant [24],
where it has bilinear shape softening function and is:

g, = 1.0—[f‘ _kaminvgeq _g°>,1.0}
f' &~ 4

2

4)
_ﬂ(seq_8k>
-ft & — &
2G, ak(ij
g =—-——| —|t¢ (5)
L/ AN
gf:—z(GF_Gf)+£+go (6)
ho, hf.
crk=(1—wk—f‘jf. )
2G.

In Equation (4), & represents the fracturing strain at the
state where cracks fully open (at this state, the stress is zero
and w = wg), wy and g are the cracks opening displacement
and corresponding fracturing strain at the knee point of the
softening curve, h is the tensile internal length scale
(characteristic length) in mm, and ¢ is the uniaxial tensile
strain at peak stress. The equivalent fracturing strain (g.q) is
obtained by:
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The tensile fracture energy (Gg) is required to compute
the corresponding fracturing strain (Equation (5) & (6)).
The tensile fracture energy is calculated using CEB-FIP
1990 Model Code which considers the base tensile fracture
energy (Gp), the maximum aggregate size, and the
concrete compressive strength (f.). The expression for the
tensile fracture energy of plain concrete is:

v \0.7

G, =Gy, ffC )
cm0

In Equation (9), f.o is set to 10. It should be noted that in
Equation (4) & (5), the ratio of G/f; is not given. As for
general input, the ratio of /f; is set to 0.2. In addition, the
ratio of G¢/Gy is taken as 0.7. With the given value of c/f;
and G¢Gry, it is possible to estimate the crack opening
displacement wy and wy as:

W, = 112G, w, =| —+—|G;
Ji VA

Figure 2 shows the tensile stress as a function of the total
strain. As shown in Figure 2, the fracturing strain (&) can be
computed by subtracting the total strain with its
corresponding elastic strain (o/E,.). To eliminate the mesh
dependencies, rather than working with the strain as the
measure of fracturing behavior in concrete, the use of crack
opening displacement multiplied with the element size
(internal length scale) is more suitable. Figure 3 shows the
tensile stress as the crack opening displacement function.
As mentioned previously, multiplying the crack opening
displacement with the internal length scale can obtain the
fracturing strain. The total strain can be obtained by adding

the fracturing strain with the elastic tensile strain's elastic
portion.
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Figure 2. Bilinear softening function (tensile stress versus tensile
strain) by Hoover and Bazant [24]
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Figure 3. Bilinear softening function (tensile stress versus crack
opening displacement) by Hoover and Bazant [24]

2.3. Proposed Fracture Softening Function for SFRC

2.3.1. Contribution from the Plain Concrete

For the case of tensile fracture of plain concrete, a tensile
cut-off failure surface is used [16]. The performance of the
used model in 3D-NLFEA can be seen to be satisfactory to
capture flexural and shear cracks in RC beam [25] and RC
column [26], [27], and in RC deep beam [28]. In [25], the
simply supported beam was loaded with displacement
control in the middle span. To generate asymmetric failure
shear mode, random material imperfection was used. In
[26], [27], the RC column with grouted sleeve precast
connection was loaded under constant axial load and
increased horizontal displacement. The location of the
crushed and cracked concrete can be predicted using
3D-NLFEA. In [28], a simply supported RC deep beam
was loaded with a four-point bending test and was shown
to have flexure and shear cracks. Due to the nature of
tetrahedral elements which can have unstructured mesh
pattern, random material imperfection to generate
asymmetric load pattern was not required. In the above
preferred reference, it was shown that the model in [16] can
be widely used to model RC structures and for concrete
under compression and tension. However, only the tensile
model for plain concrete was supported. To model the
tensile behavior of SFRC, the softening function of [16]
must be extended.

Here, a brief explanation of the proposed tensile
behavior for SFRC is presented. The proposed tensile
behavior for SFRC is divided into two independent curves.
One curve represents the behavior of plain concrete, and
another curve represents the contribution from the steel
fiber. The basic formulation for the plain concrete is based
on Hordijk [29] model:

0
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In Equation (11), o3 is the uniaxial tensile stress, ¢; and
¢, are constants, wy = 5.14 Gg/f;, and Gy, is the fracture
energy of material in tension. Cervenka and Papanikolaou
[30] proposed the value for ¢, and c, to be 3.0 and 6.93,
respectively. Equation (11) Showed that the softening law
under uniaxial tensile was based on the crack opening
displacement (w). To relate the crack opening
displacement into the strain field in the finite element
model, an internal length scale (L;) that reflects the
element's mesh size is used. The strain can be calculated by
multiplying the crack opening with L. Hence, the softening
function in Equation (11) can also be written as:

3 wx,

g, _ wXx lr K wox1, wX lz
—=|1+] ¢ e
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Since g=w x L, gy = wg X L, and 1 = &¢/ep, Equation

(12) can be further simplified into:

0
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Figure 4 shows the uniaxial tensile stress as a function of
the crack opening displacement for plain concrete plotted
using Equation (11). As shown in Figure 4, the softening
curve for the uniaxial tensile stress decays exponentially.
Figure 4 was plotted using the value for ¢c; = 3.0, ¢, =6.93,
wo = 0.0841 mm, GF = 0.05 N/mm.
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Figure 4. Uniaxial tensile stress as a function of crack opening

displacement for plain concrete [21]

2.3.2. Contribution from the Steel Fiber

The steel fiber embedded inside the concrete can be
considered active when the concrete cracks and both sides
of the concrete move away, restrained by the steel fiber.
The pull-out forces in the steel fiber are governed by the
initial slip, the fiber geometry shape, and the contact
between the fiber surface with the concrete. The pull-out
forces in the steel fiber can also be considered to increase
depending on the fiber's type gradually and reach its
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maximum pull-out forces when the fiber yield/ruptures or
the bond between the fiber and concrete fails. Thus, it is
essential to have a model that accounts for activation delay
due to initial slip, gradually hardening stresses in fiber, and
softens when fiber material capacity is reached, or bond
failure occurs. For that reason, a stress-crack opening
displacement model that considers the contribution of steel
fiber in concrete is proposed as follows:

o, = JquM.a + q;qvb2

In Equation (14), qnr and q¢ are the hardening and
softening functions of the tensile stress contributed by the
steel fiber. The form of Equation (14) is adopted from
Piscesa, et al. [21] which is mainly used to model concrete
under compression. In Equation (14), the constant value
equal to ten represents the frictional parameter, where a
and b are the parameters that should be adjusted with the
steel fiber's peak and residual stresses contribution from
the test result.

At residual, gy is equal to unity, qg, is zero, and o3 is
equal to f,g, (residual tensile strength contributed from the
steel fiber). Therefore, parameter a can be computed as:

2
frﬁh
a=—

10

(14)

(15)

At peak, qnr and gy values are unity or equal to one. By
further equating o3 equal to fiz, (peak tensile strength
contributed from the steel fiber in MPa), the parameter b
can be computed as:

b= \/f;h —10a = \/f;;,, ~ I

The hardening and softening functions (qys, and qy) are

written as:
2
w, —max (w=2)
4 =41

w
P

(16)

(17

, [max(w—A)—w JZ
q, =q,, where 1= 21 (18)
wo-w,

In Equation (17), w is the crack opening displacement, A
is the initial slip before the steel fiber is active, w,, is the
crack opening displacement at peak. The form of the
Equation (17) is similar to the hardening function proposed
by [31] for concrete under compression with the value of kg
in [31] set to zero. In Equation (18), qs5 is the softening
function value at the inflection point of the softening curve,
and w; is the crack opening displacement at the inflection
point. The form of the Equation (18) is similar to the
softening function proposed by [21] for concrete under
compression.
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Figure 5. Uniaxial tensile stress contribution for the steel fiber as functions of the COD (without residual stress)
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Figure 6. Uniaxial tensile stress contribution for the steel fiber as function of the crack opening displacement (with residual stress)

The fracture energy contributed from the steel fiber can
be estimated by integrating Equation (14) from zero crack
opening displacement up to infinity. However, when the
residual tensile strength is present without a decaying
function, one can limit the integration until the residual
strength is approximately reached. Figure 5 shows the
uniaxial tensile stress-strain to model the contribution from
the steel fiber with zero residual stress. On the other hand,
Figure 6 shows the uniaxial tensile stress-strain with

predefined residual stress.

2.3.3. Superimpose Model from Plain Concrete and Steel
Fiber

Figure 7 shows the final form of the proposed
formulation to model the tensile behavior for SFRC. As
shown in Figure 7, the proposed model consisted of
superimposing the contribution from plain and steel fiber
concrete, as shown in Figures 4 and 5, respectively.
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Figure 7. Proposed tensile stress-strain model for steel fiber reinforced
concrete (superimpose method)

2.3.4. Tensile Fracture Energy Input for The Modeled
Specimen

For modeling the beam with DRAMIX OL 13/20, the
effective tensile strength in 3D-NLFEA is set to 2.20 MPa.
The fracture energy of plain concrete is set to 1195 N/m.
For modeling the beam with DRAMIX 3D 65/60, the
effective tensile strength in 3D-NLFEA is set to 2.20 MPa.
The fracture energy of plain concrete is set to 50 N/m. The
peak strength from the fiber contribution is 1.30 MPa at the
crack opening displacement (COD) of 0.5 mm. The

3233

residual stress from the fiber contribution is 0.26 MPa. The
values for qi and w; are 0.9 and 2.5 mm, respectively.
There is no shifting crack opening displacement for the
fiber stress-strain model. The concrete elastic modulus for
both beams is 18,255 MPa.

3. Results and Discussions

3.1. Cracking Pattern

Figure 8 shows the fracturing parameter contour for the
SFRC beam with DRAMIX OL 13/20. As shown in Figure
8, the crack starts at the tip of the notches and travels to the
loading platen. The crack band is similar to that of the
beam notch's width. Figure 9 shows the fracturing
parameter contour for the SFRC beam with DRAMIX 3D
65/60.

Similar finding as in the specimen made with DRAMIX
OL 13/20. One that differs is on the spread of the fracturing
parameter below the platens. The fracturing area for the
notched beam made with DRAMIX 3D 65/60 covers a
broader area than the one made with DRAMIX OL 13/20.
This phenomenon can be well understood since the
DRAMIX 4D 65/60 fiber had more length and was hooked
to the concrete than the DRAMIX OL 13/20 fiber.

Figure 8. Fracturing parameter contour for DRAMIX OL 13/20
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Figure 9. Fracturing parameter contour for DRAMIX 3D 65/60
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3.2. Load-Crack Mouth Opening Displacement
(CMOD)

Figure 10 shows the load-deflection curve comparisons
between the test results (DRAMIX 3D 65/60), ATENA,
and 3D-NLFEA. The load-deflection curve from the
experiment varied, clearly showing that the upper and
lower bound limits were widely dispersed. The prediction
from ATENA showed a slightly higher load before the
concrete cracked (7.19 kN > 6.85 kN, the upper bound
value from the test result). The ATENA peak load
prediction was lower than the upper bound limit of the test
result (8.53 kN < 9.14 kN). On the other hand, the
prediction using 3D-NLFEA shows interesting behavior.
Since the tensile fracturing model in 3D-NLFEA
distinguishes the plain concrete and steel fiber
contributions, 3D-NLFEA clearly showed the point where
the concrete initially cracks. The load when the concrete
cracks were predicted using 3D-NLFEA is 6.53 kN and
was less than 6.85 kN (the upper bound value from the test
result). When the concrete cracks, the load drops until the
activation of the steel fiber. Once the steel fiber was
activated, the load increased to the point where the steel
fiber was fully utilized. At this point, the predicted peak
load from 3D-NLFEA is 8.35 kN and is lower than the
upper bound limit from the test result (9.14 kN). Once the
peak load was reached, the load-carrying capacity for both

Numerical Modeling of Steel Fiber Reinforced Concrete Beam with Notched under Three-point Bending Test

the ATENA and 3D-NLFEA models softened. During
softening, both finite element packages showed similar
responses. The average peak load from the test result is
(9.14+8.11+7.76)/3 = 8.34 kN. By comparing the peak
load prediction from ATENA and 3D-NLFEA, it was
found that the prediction from ATENA was higher at about
2.28 %, while from 3D-NLFEA, it was higher at about
0.12 %.

Figure 11 shows the load-deformation curve at the
mid-span for all tested specimens made with DRAMIX OL
13/20 reported in [11], the ATENA prediction carried out
by [11], and the 3D-NLFEA prediction. It should be noted
that the ATENA model in [11] utilize smeared
reinforcement to include the steel fiber contribution in the
concrete. As shown in Figure 11, the peak load prediction
using both the ATENA (9.95 kN) and 3D-NLFEA (9.87
kN) falls between the upper and lower bounds of the test
results (11.21 kN for the upper bound, 8.48 kN for the
lower bound). The test result's average value of peak load
is (9.03+11.21+8.48)/3 = 9.573 kN. Therefore, the
ATENA and 3D-NLFEA peak load predictions were
higher, about 3.94 % to 3.10 %, respectively. The softening
response for both packages was similar and agreed well
with the available test results [11].
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Figure 10. Load-deformation curve comparisons for the notched beam with DRAMIX 3D 65/60
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Figure 11. Load-deflection curve comparisons for the notched beam with DRAMIX OL 13/20

3.3. Principal Stress-Strain Contours

This section discusses the principal stress-strain contour for both specimens DRAMIX 3D 65/60 and DRAMIX OL
13/20. The principal stress-strain contours are investigated at mid-span displacement equal to 0.2 and 8§ mm. Figure 12
and Figure 13 show the maximum principal stress (tension), while Figure 14 and Figure 15 show the minimum principal
stress (compression) for specimens made with DRAMIX 3D 65/60. As shown in Figure 12 and Figure 13, the principal
stress at the crack band region was minor but not completely zero due to residual contribution from the steel fiber.

Max. Stress (MPa)
0.0e+00 0.5 1 15 2 2.5e+00

| ‘ O —

Figure 12. Maximum principal stress @mid-span displacement = 0.2 mm DRAMIX 3D 65/60
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Figure 13. Maximum principal stress @mid-span displacement = 8.0 mm DRAMIX 3D 65/60
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Figure 15. Minimum principal stress @mid-span displacement = 8.0 mm DRAMIX 3D 65/60

On the other hand, the minimum principal stress showed a high value at the compression side of the beam (see Figure
14 and Figure 15). The compression stress localization was located at the left and right of the steel loading pattern. This
can happen since the concrete and steel loading platen connection was assumed to be rigid (tie constraint), and the steel
loading platen stiffness is higher than the concrete.
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Figure 16. Maximum principal stress @mid-span displacement = 0.2 mm DRAMIX OL 13/20
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Figure 17. Maximum principal stress @mid-span displacement = 8.0 mm DRAMIX OL 13/20
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Figure 18. Minimum principal stress @mid-span displacement = 0.2 mm DRAMIX 3D OL 13/20
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Figure 19. Minimum principal stress @mid-span displacement = 8.0 mm DRAMIX 3D OL 13/20

Figure 16 and Figure 17 show the maximum principal stress, while Figure 18 and Figure 19 show the minimum
principal stress for specimens with DRAMIX OL 13/20. As shown in Figure 16, the tensile stress localization is wider
compared to the specimen with DRAMIX 3D 65/60. One explanation is that at 0.2 mm mid-span displacement, the
concrete fracturing for a specimen with DRAMIX 3D 65/60 is more severe (before the activation of fiber) compared to a
specimen with DRAMIX OL 13/20. At 8.0 mm mid-span displacement, the maximum stress at the crack band region was
almost zero. A similar conclusion was found for compression stresses as in specimen with DRAMIX 3D 65/60.
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Figure 20. Maximum principal strain @mid-span displacement = 0.2 mm DRAMIX 3D 65/60
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Figure 21. Maximum principal strain @mid-span displacement = 8.0 mm DRAMIX 3D 65/60
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Figure 22. Minimum principal strain @mid-span displacement = 0.2 mm DRAMIX 3D 65/60
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Figure 23. Minimum principal strain @mid-span displacement = 8.0 mm DRAMIX 3D 65/60

Figure 20 and Figure 21 show the maximum principal strain, while Figure 22 and Figure 23 show the minimum
principal strain for specimens with DRAMIX 3D 65/60. As shown in Figure 20 and Figure 21, the maximum principal
strains (tension) were localized at the fracturing region of the concrete. The minimum principal strain from Figure 22 and
Figure 23 showed the location of the maximum compressive strain at the compression fiber, which was in line with the
compression stress contour. The principal maximum and minimum strain for the specimen with DRAMIX OL 13/20 are
shown in Figure 24, Figure 25, Figure 26, and Figure 27. Similar conclusion of the strain contour for specimen with
DRAMIX 3D 65/60.
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Figure 24. Maximum principal strain @mid-span displacement = 0.2 mm DRAMIX OL 13/20
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Figure 25. Maximum principal strain @mid-span displacement = 8.0 mm DRAMIX OL 13/20
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Minimum principal strain @mid-span displacement = 0.2 mm DRAMIX 3D OL 13/20
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Figure 27. Minimum principal strain @mid-span displacement = 8.0 mm DRAMIX 3D OL 13/20

4. Conclusion

This paper has proposed a tensile stress-strain model
for modeling the behavior of SFRC. One of the salient
features of the proposed model is the ability to distinguish
between the contribution of plain concrete and steel fiber
to the behavior of SFRC. The constitutive models for both
the plain concrete and the steel fiber are then combined
using the superposition method. The proposed model was

then implemented inside the multi-surface plasticity
model and can be directly used to evaluate the behavior of
SFRC members using 3D-NLFEA. With the proposed
tensile fracture softening law, it is possible to capture the
initiation of the first crack in the concrete, the start of steel
fiber activation, and the peak strength contribution from
the steel fiber.

This paper has also presented a numerical simulation
using the 3D-NLFEA package to predict the behavior of
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SFRC notched beams made of two different steel fiber
types. The proposed numerical model was compared with
the available test results and numerical model in the
literature. The model's performance has been assessed,
and it was found that the proposed model can predict the
behavior of SFRC concrete accurately. All the peak load
and softening behavior predictions were inside the upper
and lower limit of the test result.

In comparison with the average peak load from the test
results, it was found that the peak load prediction using
3D-NLFEA and the proposed model for the tensile
behavior of SFRC was only higher, about 3.10 % and
0.12 % for the beams with DRAMIX 3D 65/60 and
DRAMIX OL 13/20, respectively. In addition to the
performance of the model, it is worth mentioning that the
proposed numerical model (3D-NLFEA) that adjusts the
tensile stress-strain model for SFRC at the constitutive
model was compared well with the numerical model
(ATENA) that utilizes equivalent steel fiber as smeared
reinforcement.
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