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Abstract. Concrete provides with a variety of innovative designs, but two characteristics
have limited its use: it is brittle and weak under tension. One way to overcome this
problem is to add steel fibers into the concrete matrix, a technique introduced in the
70’s called Steel Fiber Reinforced Concrete (SFRC). Fibers shape, length and slenderness
characterize its behavior. It is also necessary to take into account the orientation and the
distribution of the fibers in the concrete matrix. Different flexural tests are reproduced
considering SFRC in order to characterize and analyze the influence of the fibers. In
the present work, a numerical tool for including fibers into plain concrete is presented.
The numerical approach considered is based on the idea of the Immersed Boundary (IB)
methods which were designed for solving problems of a solid structure immersed on a
fluid. Herein, the IB method is applied for SFRC considering the concrete accounting
for fluid and the steel fibers playing the role of the solid structure. Thus, the philosophy
of the IB methodology is used to couple the behavior of the two systems, the concrete
bulk and the fiber cloud, precluding the need of matching finite element meshes. Note
that, considering the different size scales and the intricate geometry of the fiber cloud,
the conformal matching of the meshes would be a restriction resulting in a practically
unaffordable mesh. Concrete is modeled considering a nonlinear model and to take into
account the whole process between fibers and concrete, the constitutive equations of the
fibers are based on analytical expressions available in the literature describing the pullout
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test behavior. The constitutive expressions depend on (1) the angle between each fiber
and the crack of the concrete specimen and (2) the shape of the fiber.

1 INTRODUCTION

The most used techniques to overcome the main drawbacks of plain concrete are the
reinforced concrete and the prestressed concrete. Another alternative which appeared in
the 70’s is the Steel Fiber Reinforced Concrete (SFRC) and consists of adding steel fibers
into the concrete matrix. The length, the shape and the slenderness of the steel fibers
characterize the behavior of the SFRC as well as the orientation and the distribution of
the fibers into the concrete matrix.

SFRC has a large range of applications in civil engineering (bridges, pipes, airport
runways, tunnel linings, pavements,...). The fracture energy and the residual strength
increase due to the presence of steel fibers into plain concrete, particularly, in tension.

Several tests have been carried out in order to study the tensile behavior of SFRC: (a)
direct tension tests ([1]), (b) indirect tension tests (splitting test ([2]) and Barcelona test
([3], UNE 83515)) and (c) bending tests of prismatic beam specimens, which are the most
used to characterize the post-cracking response of SFRC. These can be either based on
three point tests ([4], [5]) or four point tests ([6]).

Although experimental tests are usefull for characterizing the SFRC, a numerical tool
is needed for studying the behavior in more complex setups.

In the present work, a numerical approach for simulating the SFRC is presented avoid-
ing conformal meshes (too expensive and not affordable for large number of steel fibers)
and homogenized models (not accounting for the actual geometry of the fibers). Thus,
the proposed approach allows defining a mesh for the concrete bulk and another one for
the fiber cloud accounting for the actual geometry of the fibers. Moreover, the materials
for the concrete bulk and the fiber cloud are independent, but coupled following the ideas
of the Immersed Boundary (IB) methods ([9, 10, 11]).

In the proposed approach, the model for the concrete bulk can be any nonlinear material
which describes precisely the behavior of the plain concrete. However, for the example
presented in the current work a nonlocal Mazars damage model is chosen.

The constitutive equations of the steel fibers are defined accounting for the interaction
between the concrete and the fiber cloud. Therefore, they are different for each fiber
depending on the angle with the fracture pattern and their shape.

The application of the proposed approach is the simulation of the three point bending
test considering SFRC.
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2 NUMERICAL APPROACH FOR COUPLING STEEL FIBERS AND PLAIN
CONCRETE

The proposed approach for coupling the fiber cloud and the concrete bulk (introduced
in [8]) is based on the IB methods which were introduced for solving problems of a solid
immersed on a fluid (here, concrete is thought as the fluid and the fibers are like the
solid structure immersed in the fluid). The main idea of these methods is to neglect the
space occupied by the solid structure. The fluid is considered to occupy the whole domain
and the velocities of both solid and fluid are made compatible in the coinciding points.
Then, the effect of the solid in the fluid is accounted for by adding an interaction force.
The two systems (fluid and solid structure) are considered separately and compatibility
is enforced by adding the corresponding interaction forces. The discretization of the
problem is therefore simplified because the mesh of the whole domain (the fluid) may
be very simple (eventually a cartesian mesh) and the mesh for the solid body does not
require to be conformal with it. The models corresponding to the fluid and the solid are
defined independently.

Therefore, the problem of SFRC is discretized defining independently one mesh for the
concrete bulk and one mesh for the fiber cloud. The mesh for the concrete bulk is kept
simple while preserving the geometrical features of the sample. The discretization of the
fiber cloud is a series of straight bar elements (in the examples included in this work each
fiber is discretized with five elements). No conformity or geometrical matching is enforced
between the discretizations of the concrete bulk and the fiber cloud.

For a given discretization, the two materials of the concrete bulk and the fiber cloud
are defined independently and the equilibrium in both materials must be ensured.

The displacement compatibility between the displacement fields in the concrete bulk
and the fiber cloud, uc and us is expressed in algebraic form via the projection operator
Π: us = Πuc. This linear restriction is enforced via the Lagrange multipliers method.

3 MATERIAL MODELS

3.1 Concrete bulk

For modeling plain concrete, both continuous and discontinuous nonlinear models can
be considered (in [7] two different possibilities are considered for modeling the plain con-
crete for the Double Punch Test). In the current work, a nonlinear continuous model is
chosen: the nonlocal Mazars damage model.

The material parameters considered for characterizing the plain concrete are presented
in table 1.

3.2 Fiber cloud

The model considered for steel fibers accounts for the whole process of slipping and
debonding of the fiber into plain concrete and, precisely, allows capturing the whole
behavior between the fibers and plain concrete bulk. Therefore, an elasto-plastic angle
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Table 1: Material parameters for the nonlocal Mazars damage model

parameter value
Young Modulus E = 30 · 109Pa

Poisson coefficient µ = 0
Characteristic length lcar = 10−3m

At 1.2
Ac 1
Bt 2500
Bc 266
β 1.06

dependent model with softening is adopted for the steel fibers, described in [8].
The mesomodel expected for the steel fibers must define inside the whole interaction

process between concrete and fibers and characterize the behavior of the steel fibers.
Thus, the constitutive equations of steel fibers are deduced from experimental results and
analytical descriptions of pullout tests.

Pullout tests describes all the phenomena of the SFRC not only for straight fibers
(fiber debonding, matrix spalling, frictional sliding and fiber removal), but also for hooked
fibers (which are the same for the case of straight fibers but, with plastic deformations,
magnifying the matrix spalling effects).

Fortunately, there is a recent analytical phenomenological description of pullout tests
is available based on experimental results ([12] and [13]). These analytical expressions
depend on the angle between the fiber and the load direction and on the shape of the
fiber, which can be straight or hooked.

As mentioned in [8], the analytical expression of the pullout tests are translated into the
constitutive equations of the fibers. Thus, for each fiber, the angle between the fiber and
the fracture pattern is computed and depending on its shape, the constitutive equation
is defined.

For the most common cases (when the volumetric proportion of steel fibers into plain
concrete is ≤ 1%), the behavior described by one single fiber into plain concrete is enough
for describing the behavior of all the fibers in SFRC, without taking into account the
interaction between them. However, when the volumetric proportion of fibers is higher
than 1%, it could not be realistic.

4 3D EXAMPLE: THREE POINT BENDING TEST

Once the numerical tool is presented, a 3D example is presented: the three point
bending test. Figure 1 represents the scheme of the test.

The three point bending test is simulated considering plain concrete and hooked SFRC.
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Figure 1: Three point bending test scheme.

Figure 2: Fiber distribution into the specimen.

The distribution and orientation of the fibers is computed randomly. In figure 2, the fibers
distribution into the plain concrete specimen is represented. The properties of the fibers
are presented in table 2.

Table 2: Hooked fiber properties

length 50 · 10−3m
diameter 0.510−3m

In order to study the influence of the volumetric proportion of steel fibers, two different
volumetric proportions are considered: (a) 0.04% and (b) 0.3%.

The results are presented in figure 3 considering plain concrete and SFRC with hooked
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Figure 3: Three point bending test results considering (a) plain concrete, (b) SFRC (0.04%) and (c)
SFRC (0.3%).

fibers. The vertical load is represented depending on the vertical displacement.
With the presence of the steel fibers, the energy dissipation and the residual strength

increase, as expected. Moreover, the increase is higher when more fibers are considered.
For the case when the volumetric proportions is 0.3%, after the peak, some hardening is
observed, as it was expected observing the experimental results.

5 CONCLUDING REMARKS

Finally, the most important points are listed in order to conclude:

- A numerical tool for modeling SFRC is presented.

- It is possible to account for the actual geometry, distribution and orientation of the
fibers because the mesh of the concrete bulk and the mesh of the fiber cloud are
nonconformal.

- The materials corresponding to the concrete bulk and fiber cloud are independent,
but coupled imposing displacement compatibility.

- The constitutive model of the steel fibers accounts for the interaction between con-
crete and fibers.

- The three point bending test is reproduced considering both plain concrete and
SFRC. Moreover, different volumetric proportions of the steel fibers are considered
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- The influence of the steel fibers is observed in the example: the increase of the
energy dissipation and residual strength.
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