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SUMMARY

Steel fiber reinforced concrete (SFRC) allows overcoming brittleness and weakness under tension, the main
drawbacks of plain concrete. The influence of the fibers on the behavior of SFRC depends on their shape,
length, slenderness, and also on their orientation and distribution into the plain concrete. The goal of this
paper is to develop an ad hoc numerical strategy to account for the contribution of the fibers in the simulation
of the mechanical response of SFRC. In the model presented, the individual fibers immersed in the concrete
bulk are accounted for in their actual location and orientation. The selected approach is based on the ideas
introduced in the immersed boundary (IB) methods. These methods were developed to account for 1D (or
2D) solids immersed in 2D (or 3D) fluids. Here, the concrete bulk is playing the role of the fluid and the
cloud of steel fibers is acting as the immerse boundary (that is, a 1D structure in a 2D or 3D continuous).
Thus, the philosophy of the IB methodology is used to couple the behavior of the two systems, the concrete
bulk and fiber cloud, precluding the need of matching finite element meshes. Note that, considering the dif-
ferent 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.

In the proposed approach, the meshes of the concrete bulk and fiber cloud are independent, and the mod-
els are coupled imposing displacement compatibility and equilibrium of the two systems. In the applications
presented here, the concrete bulk is modeled using a standard nonlinear damage model. The constitutive
model for the fibers is designed to account for the complex interaction between fibers and concrete. The
fiber models are based on the previous investigations describing the concrete-fiber interaction and its depen-
dence on the factors identified to be relevant: shape of the fiber (straight or hooked) and angle between the
fiber and crack plane.

KEY WORDS: plain concrete; steel fiber reinforced concrete; numerical modeling; constitutive equations;
continuous models; discontinuous models; immersed boundary method; fiber-concrete
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1. INTRODUCTION

The most common and used techniques for overcoming the main drawbacks of plain concrete (its
brittleness and weakness under tension) are reinforced and prestressed concrete. Another alternative,
presented in the 1970s, is steel fiber reinforced concrete (SFRC), a technique which consists of
adding steel fibers into the plain concrete matrix, as another component of the concrete mixture.
Steel fiber reinforced concrete has a large range of applications in civil engineering (bridges,
pipes, airport runways, tunnel linings, pavements,...). For characterizing the behavior of SFRC,
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fibers shape, length, and slenderness must be taken into account in addition to the steel and concrete
matrix properties. Moreover, it is also necessary to take into account the orientation and distribution
of the fibers inside the concrete bulk. The fracture energy and the residual strength increase because
of the presence of steel fibers into plain concrete, particularly, in tension.

Several test methods may be used to determine, direct or indirectly, the tensile behavior of SFRC.
Bending tests of prismatic beam specimens are the most used to characterize the post-cracking
response of SFRC. These can be either based on three-point tests [1,2] or four-point tests [3]. Other
methods have also been used for the material characterization; some of them are indirect tension
tests—splitting test [4] and Barcelona test ([5], UNE 83515)—and direct tension tests [6]. Barcelona
test is the extension of the double punch test [5] to the post-cracking response of SFRC. In spite of
being the uniaxial tensile test, the more direct approach to characterize SFRC in tension, presents
difficulties inherent to their execution which hugely limit their use and current application [7], and
the number of results available.

Once SFRC is characterized experimentally, a numerical modeling tool is necessary to describe
the response of this material in more complex setups.

A number of authors have recently introduced new models for SFRC. For instance, a numerical
model considering an elasto-plastic material model for plain concrete with an exponential softening
law turning into a linear softening law once all the fibers are activated is presented in [8]. The crack
propagation in SFRC considering a fracture mechanics approach is simulated in [9].

On the other hand, in [10], the compressive damage zone model (which is defined for plain con-
crete [11]) is adapted for SFRC, adding extra parameters corresponding to steel fibers. The same
author studies the tensile behavior of SFRC considering a numerical model presented by [12]. Also
in [12], pullout tests are used to characterize fibers behavior keeping conformal the concrete and
fiber meshes, similar as presented in [10].

Another approach comes from the numerical model for reinforced concrete, such as the one pre-
sented in [13] in which concrete is modeled considering a cohesive model based on a continuum
strong discontinuity approach, fibers are considered as an elasto-plastic model, and the interface is
modeled using contact-friction elements.

Some analytical expressions providing constitutive equations for SFRC based on direct or inverse
approaches giving macroscopic approximations are presented in [14]. In such constitutive models,
SFRC is supposed to be an homogeneous material, useful for macromodeling the material behavior.
However, the main drawbacks of this approach are that the homogenization process is not easy, and
the homogenized models do not account for the actual distribution of the fibers.

Most of the numerical methods proposed in the past have a common characteristic: concrete bulk
and fiber cloud meshes are conformal (with geometrical matching). Therefore, building up a con-
formal mesh for the whole system is cumbersome and computationally expensive. For pullout tests,
considering only one fiber, conformal meshes are useful and relatively easy to generate. However, if
several fibers are considered, these models are severely limited because of their computational cost.

There are, however, previous attempts of using nonconformal meshes. These strategies were first
introduced for standard reinforced concrete and recently, also for SFRC. For instance, [15] and [16]
introduce the idea of embedded reinforcement approach to deal with structures including curved
walls with regular reinforcements. A similar idea is presented in [17] for concrete structures dis-
cretized with structured meshes and curved or draped reinforcements. Reference [18] introduces a
nonconformal approach to model Fiber Reinforced Concrete (FRC) based on the partition-of-the-
unity finite element method. In [19], the nonlinear behavior of FRC is presented following the same
ideas introduced in [18]. Moreover, in [20], only a background mesh (corresponding to the concrete
matrix) is considered, and the fibers (not discretized explicitly to ensure computational efficiency of
the model) are represented by interaction forces.

In the present work, an alternative for modeling numerically SFRC is presented, introduced in
[21]. The goal is to avoid conformal meshes and homogenized models. In the current proposal,
concrete and fiber meshes are independent, nonconformal, and the actual geometry of all the fibers
is defined inside the concrete mesh. Moreover, although concrete and fiber models interact, they are
defined independently. The main idea considered herein for coupling the two models is based on the
immersed boundary (IB) methods [22-24], which were introduced for a fluid with a solid immersed
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in it (here, concrete is thought as the fluid, and the fibers are like the solid structure immersed in the
fluid). Then, displacement compatibility between the two models is imposed. In order to describe
the whole debonding process between the fibers and plain concrete, a mesomodel for steel fibers is
presented, which is translated into the constitutive equations for fibers. These constitutive equations
depend on the angle between the fiber and normal direction of the failure pattern. They also depend
on the shape of the fiber (straight or hooked). The model for plain concrete is defined independently,
being typically a nonlinear model.

The remainder of this paper is structured as follows. First, in Section 2, the problem statement
of SFRC is presented. In Section 3, the discrete approach of the problem is described. Section 4
presents the models considered for each material: (1) a nonlinear mesomodel for steel fibers account-
ing for the whole behavior between plain concrete and steel fibers and (2) nonlinear models for plain
concrete. Then, in Section 5, two numerical examples of the proposed model are presented: a pull-
out test (considering different fiber orientations) and the direct tension test considering both plain
concrete and SFRC (with straight and hooked fibers). The paper is closed with some concluding
remarks and perspective future work.

2. PROBLEM STATEMENT

The problem to be solved is stated as follows. An open bounded domain is considered Q2 C R?,
with d = 2 or d = 3, as shown in Figure 1, which is composed by two different subdomains:
Q = Qc UQg, being Q¢, and Qs, the volumes occupied by the concrete and steel, respectively.
Thus, the whole domain €2 represents the SFRC.

The boundary of the domain is divided into two parts referring to the boundary conditions:
9Q = Ty UTp, with Ty NTp = @, being Ty and Tp associated with the Neumann and
Dirichlet boundary conditions, respectively. Moreover, the internal boundary Ty, defining the
interface between concrete and steel, is given by Iy = Qc NQs.

The unknown function u, taking values in €2, is the displacement field fulfilling the following
boundary value problem

—V.o(u)=bc in Q¢ (la)
—V.o0(u)=bs in Qg (1b)
u=up on I'p (lc)
o(u)-n=gn on I'y (1d)
o(u)-nlgg =0(u)-nlg. on Ty (le)

where b and bg stand for the body loads in the concrete and steel, and up and gy are the
prescribed displacements and tractions on I'p and I'y .

For solving the current problem, different options could be considered. As pointed out in the intro-
duction, one possibility is defining conformal meshes for the two domains Q¢ and Q g with different
material models. Another option consists in considering a homogenized model for the complete

Figure 1. General domain.
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domain. In the present paper, a third option is presented avoiding 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).

The proposed approach is based on the IB methods [22-24] which were introduced for solv-
ing problems considering a solid structure immersed in a 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 sys-
tems (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 solid are defined independently.

Here, the same approach is used, taking the plain concrete the role of the fluid and the fiber cloud
the role of the solid structure. Therefore, the problem to be solved is redefined. First, the geometrical
conception is adapted to the new scheme. It is assumed that the geometrical support of the fibers is a
1D manifold (with measure zero in Rd). Thus, 25 is replaced by an ideal version 5; see Figure 2.
The two subdomains Q¢ and Qg are therefore replaced by © and 55, respectively. Note that the
fiber cloud domain, ’S-i;, is defined overlapping the new concrete domain, €2, that is, for each fiber
point, there is another point in the concrete background with the same coordinates.

Secondly, the problem statement is reformulated by adapting the equilibrium equations (1) to this
new geometry. The unknown displacement field « takes values in every point x € 2. The com-
patibility of displacements between the concrete bulk and fiber cloud is ensured by the fact that

Qs C Q. The equilibrium equations in the concrete bulk (la), (lc), and (1d) read

—V.o(m)=bc + fs_)c in Q (2a)
o(u)-n=gn on 'y (2b)
u=up on I'p (2¢)

being f s the interaction force accounting for the effect of the fibers in the concrete bulk
described by equation (le).

The interaction force f ¢ . is defined taking into account the equilibrium equation in the fibers,
(1b). An arc length s is introduced for each fiber using the parametrization X (s), as illustrated in
Figure 3. The displacement along the fiber is given by the displacement field # taking values in the
concrete bulk; the restriction of # to fi{ is denoted by ug.

The expression for f ;. atapoint x € ’S-Z‘E C Q is given by

foo@)= fhv £(8)80(x — X (5))ds. 3)

Figure 2. Ideal domain.
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Figure 3. Fiber parametrization.

where &y is the Dirac delta, and f (s) is a force density distributed along the fiber line and defined
as

fis) =250 4

being o5, a unidimensional stress defined in the fiber, and ¢, the unit vector in this direction. Fibers
are considered with no bending stiffness, therefore, f (s) is defined as aligned with the longitudinal
direction (normal to the cross section).

3. DISCRETE APPROACH FOR COUPLING THE MODEL FOR THE CONCRETE BULK
AND FIBER CLOUD

The problem 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, for instance, the notch, see Figure 4. 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 fiber cloud. For a given discretization, the corresponding unknowns of the
discrete problem are the nodal values of the displacements in the concrete bulk and in the steel fiber
cloud. These nodal vectors are denoted by u. and u,, respectively, and they are a priori independent.
The displacement compatibility must be enforced specifically. The discrete form of the equilib-
rium equations (2) (equilibrium in the concrete bulk), is expressed in terms of nodal force vectors
and reads

Fi" = FE 4 Fyore, 5)

where the nodal vector F$*' is the discrete version of the external force vector and accounts for
the effect of b¢ and gn, Fs—. stands for the discrete form of f and FC"“t corresponds to the
internal forces, that is, the discrete vector version of —V - o (u).

A similar expression holds for the equilibrium in the fiber cloud

S—C

F;nt — FSCXt + Fc—)s (6)

where the first terms are analogous to the previous equation, and F,._, is an interaction force from
the concrete bulk into the steel fibers.
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Figure 4. Nonconforming meshes for the concrete bulk and fiber cloud.

3.1. Linear case

In the case the concrete bulk is assumed to be linear, the following relation holds F, g“t = K. u., being
K, as the stiffness matrix of the concrete bulk. In the same basis, if the mechanical behavior of the
fibers is linear, one has that Fsim = Ksug, being K as the stiffness matrix of the fiber cloud. The
displacement compatibility between the displacement fields in the concrete bulk and fiber cloud,
u. and ug is expressed in algebraic form via the projection operator IT: ug = ITu,.. This linear
restriction is enforced via the Lagrange multipliers method. When added to the discrete equilibrium
equations (5) and (6), the following system yields

K. o0 1O Ue F
0 K, —I us | =1 F |,
n -1, 0 A 0

Note that the number of rows of the matrix IT corresponds to the number of DOF of the fibers,
and its number of columns is the number of DOF of the concrete bulk.

In order to identify the discrete interaction forces, Fs_. and F._.g, the previous system is
rewritten as

Keue = F* — i concrete equilibrium
Ksus = F&' + A fiber cloud equilibrium
Mue = uy displacement compatibility
that is, the interaction force from the fibers to the concrete is Fy_ . (ug) = —HTI, and the interaction

force from the concrete to the fibers is precisely the Lagrange multiplier, F,—s(uc) = A.
In the remainder of the paper and according with the hypothesis of neglecting the volume of the
steel fibers, the external forces on the fibers are also assumed to be zero, F ;”“ =0.

Remark 1

Essential boundary conditions in the concrete bulk. In SFRC, Dirichlet boundary conditions are
imposed only in the concrete bulk. The general form of a linear restriction is Au = u7},, A being
a rectangular matrix and u7, the vector of prescribed values. Considering Lagrange multipliers for
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imposing these boundary conditions, the concrete stiffness (K. ), displacement (1), and the external
forces (F*') are defined as follows:

K* AT u* ox Fext*
Kcz[ AC 0 ], uc:[xi}anch‘z[ TjB j|

being K} and u}, the structural concrete stiffness and displacement, respectively, without the
Lagrange multipliers. Vector A* is the Lagrange multiplier, and F** represents the external load
applied in the concrete bulk.

Therefore, the system to be solved for the problem considering the Lagrange multipliers method
without accounting for the fibers interaction would be

Keue, = F&

c

Thus, this allows writing in a unified manner the loading term, both if displacements or forces are
prescribed.

3.2. Nonlinear case

In a realistic case, fibers and concrete are modeled as nonlinear materials. Thus, the general form of
the discrete nonlinear system to be solved reads

Fci-m(uc) = F:XK + Foe (us)
Fsim(“s) = Fes(ue)
Mu, = uy

A classical incremental-iterative approach is used. The external load is split into loading steps.
The external load in the concrete at step k is denoted by F c‘”‘"k. The generic load increment is
denoted by AFS, such that F&kF1 = Fetk 4 AFS (for the sake of simplicity, the notation
omits the dependence on k of the increments).

It is assumed that equilibrium is reached for step k (step k is converged), namely uX, u*, F¥_
and F¥ . are known and satisfy

FIit) = F 4 B
cht(ulcc) = Fsk—>c

k _ .k
IMuy, = ug

Then, we seek the solution at the next step k + 1. The problem reads, given the solution at step k
and AFS, find uk+1, yk 1 FE+1 and FFE! satisfying

cC—>S S§—>C

anl(u§+l) — F;xt,k—i—l + Fck——tsl — FC?Xt’k + AFCCXI_’_ F({c_—l;sl
F;nt(u§+l) — Fk+1

s§—>C

k+1 _  k+1
Mu, ™" =uj

In order to solve the incremental nonlinear problem, an iterative method is used. Iterations are
required for finding Au, and Aug such as

uk+1 u]cc + Au,

c —
uf“ = u’; + Aug
Therefore, assuming the approximation
inte, k+1\ ~ pint,, k
F™u ) ~ F,"(ug) + KeAug
FMuk1y ~ Finuk) + K Aug
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the initial trial increment (iteration i = 0) aims at determining the approximations 8u. ¢ and Su o
to Au, and Aug. The first iteration is then computed by solving the following system of equations:

K. 0 1" Suc.o AFe
0 K, —If Suso | = 0
n —I; 0 1 0

being A as the corresponding Lagrange multiplier.
For the next iterations, i = 1,2,3.. ., the displacement increments are assumed to have the form
Aue~ Y _o8uc; and Aug ~ Z_l]'=0 Sug ;.

k+1
c

k+1

§ T at iteration i — 1 is available, the residual is

Because the approximation to u and u

computed as

rc,i—l — Fcext,k-'rl _ anl(ulg-i‘l) _ HT’X

Feio = F;nl(uf+l) gy

The next iteration i is obtained solving

K. o 17 Suci Tei—1
0 Ky -—Iy Sugi | =| rsi-1
n —I; o0 by 0

For each loading step, the iteration loop is performed until convergence is reached. The stopping
criterion consists in fulfilling simultaneously the following conditions: ||7¢ ;| < tol; , ||rsi| < tol;
and ||Au.;|l < toly, being tol, and tol, the prescribed tolerances for the residual and the
displacement, respectively.

4. MODELING THE NONLINEAR BEHAVIOR: A PHENOMENOLOGICAL MESOMODEL

The approach introduced earlier allows defining the constitutive models for the concrete bulk and
steel fiber cloud independently. This section is devoted to describe the models used for both mate-
rials. A classical nonlocal damage model is proposed for concrete. The steel fiber cloud is modeled
using an elasto-plastic mesomodel accounting for the interaction between plain concrete and steel
fibers.

4.1. Plain concrete

Concrete is a brittle material which can be modeled considering both continuous and discontinuous
models. In [25], two different alternatives are considered for plain concrete. On one hand, a con-
tinuous model is known as Mazars damage model. In this case, the model is considered nonlocal
in order to avoid mesh dependence. The failure pattern is obtained, and the value of the maximum
vertical load (which is the variable chosen for validation of numerical models) is satisfactory. On
the other hand, a discontinuous model is considered; the failure pattern is known a priori (through
the experimental and numerical results from considering the continuous model) and it is modeled
considering joint elements (allowing both sliding and separation), whereas the rest of the specimen
is elastic. Although it is necessary to know the fracture pattern before the simulation, the results are
also close to the experimental ones.

Therefore, these alternatives can be considered for modeling plain concrete, as well as any other
nonlinear model available and suitable for plain concrete.

Another useful damage model is the one presented in [26] with less material parameters and eas-
ier to control than the Mazars damage model. For the examples in the present work, this damage
model is considered. The general formulation of this damage model is introduced in [26] and [27].
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In the latter, the author shows that the model is regularized because it involves an internal length
parameter.

4.2. Steel fibers and concrete-fiber interaction

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 dependent model with softening
is adopted for the steel fibers. The interaction is modeled with the monolithic model imposing dis-
placement compatibility described in the previous sections of the present paper (based in the IBM).
The concept of monolithic strategy is used here by opposition to the strategy devised in [21] in
which the linear system of equations is solved using a staggered scheme corresponding to a block
Gauss—Seidel method.

An alternative approach would be considering steel fibers being modeled with an elasto-plastic
model and the interaction between concrete and fibers defined describing the whole process (slip-
ping, folding, debonding, etc.). Although the steel fiber model would be easy, the interaction is more
complex to perform.

The mesomodel for the steel fibers is expected to account for the whole interaction process
between concrete and fibers and to characterize the behavior of the steel fibers. This aims at
describing the effect of different phenomena, resulting in a global behavior at the mesoscale. The
mesomodel is assumed to include in a single constitutive relation the effects of the nonlinear behav-
ior of the steel, the slipping, folding, debonding, and also the sliding of the fiber with respect to the
concrete. Thus, the constitutive equations of steel fibers are deduced from experimental results and
analytical descriptions of pullout tests.

Fiber-pullout tests have been used to characterize and optimize the bond strength on fiber rein-
forced concrete for decades because they allow evaluating the crack bridging capacity provided by
fibers in brittle cementitious matrices [14]. Moreover, the activation of toughening mechanisms in
SFRC requires growing matrix crack to be deflected at the fiber-concrete interface which is repre-
sented by pullout tests. Therefore, the description of the pullout response covers the most significant
phenomena with which crack bridging of SFRC can be explained. However, pullout and bond-slip
relations are sensitive to fiber orientation. Thus, different orientations of the fibers must be taken
into account in order to capture the whole interaction process.

Pullout tests describes all the phenomena of the SFRC not only for straight fibers (fiber debond-
ing, 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).

Pullout tests consist of a plain concrete specimen with only one steel fiber immersed on it, which
is pulled out. In Figure 5, the scheme of a pullout test is presented. Fortunately, there is a recent ana-
lytical phenomenological description of pullout tests available based on experimental results [14].
These analytical expressions depend on the angle between the fiber and load direction (¢), repre-
sented in Figure 5, and on the shape of the fiber, which can be straight or hooked (as displayed in
Figure 6). The whole expressions are described in Appendix A.

For the case of considering straight fibers, the pullout results presented in [28] are reproduced
in Figure 7. Different results are presented considering different orientations of the fibers (with
reference to the load direction).

In the present work, the outputs from the pullout tests, crack width, and pullout load (w, P) are
translated into the constitutive equations for the steel fibers (e, o) following the expressions for a
given discretization of the steel fibers

P
P—>0=—"-—7—
Aﬁber 'COS¢
{ —w'CL"Sd’ if w<w
w— &=
w1 -cos @ (w—wy)-cosp - =
L + Lelem lf w= wl
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Figure 5. Pullout test scheme with the angle (¢) between the fiber and loading direction.

(a) (b)
Figure 6. Different shape of the fiber: (a) straight and (b) hooked.
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Figure 7. Pullout test results considering straight fibers for different values of ¢, image from [28].

with Agpe and L standing for the area and length of the fiber, respectively, and L, being the
element size of the fiber (for the given discretization). It is considered that although the fiber has
not plastified (w < w), the whole geometry of the fiber has the same behavior. However, once the
fiber has plastified (w = wy), the deformation of the fiber is supposed to be concentred only in one
element of the fiber.

(w, P) are defined in the axis of the pullout test, as presented in Figure 8, and the constitutive
equations of the fibers (&, 0) must be defined in the axis of the fiber. Therefore, it is necessary to

10
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Figure 8. w and P before and after the cracking.
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(b)

Figure 9. Constitutive equations for steel fibers with different orientation considering both straight (a) and
hooked (b) shapes.

w
cos ¢

project (w, P) into the fiber (W, Pr), being Pr = P cos ¢ the tension of the fiber and wr =
the fiber elongation associated with the crack.

In general, the angle is computed between the fiber and normal direction of the fracture pattern.
However, for the pullout tests, the load direction is perpendicular to the failure pattern, therefore,
the normal direction coincides with the load direction.

In the common situations, the volumetric proportion of steel fibers into plain concrete is < 1%.
In this case, the behavior of the fiber inside concrete is the same as if it was isolated, and it is
not necessary taking into the account the fiber—fiber interaction. However, if the volumetric propor-
tion of fibers is larger than 1%, this assumption may be unrealistic. Accounting for the fiber—fiber
interaction is out of the scope of this paper.

Therefore, for each fiber immersed in the concrete bulk, a different constitutive equation is con-
sidered depending on its shape (straight or hooked) and on the angle between the considered fiber
and normal direction of the failure pattern. In Figure 9, different constitutive equations are presented
for different angles and considering both straight and hooked fibers. These equations are obtained
through analytical expressions of the pullout tests and defined in the fiber axis.

It is observed that the presented constitutive equations are angle-dependent with softening and at
the final stages of the deformation, the stresses (o) tend to zero.

11
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5. EXAMPLES

After describing the numerical approach for modeling plain concrete, two numerical examples are
presented. On one hand, two pullout tests considering different orientations of the fibers are showed,
and on the other hand, a direct tension test is simulated. Both cases are academic examples in two
dimensions under the condition of plane stress.

In all the examples presented in the present work, plain concrete is modeled with the damage
model explained in [26]. For all cases such as plain concrete and SFRC, the material parameters
considered are the same (Table I).

5.1. Pullout test

Herein, two pullout tests are reproduced. The size of the fibers considered in both cases is presented
in Table II, and the concrete specimen size is 25 mm x 12.5 mm.

First, as represented in Figure 10(a), a straight single fiber with no inclination with respect to the
load direction is considered immersed on the plain concrete. The steel fiber is fixed (in the bottom
part of the concrete specimen, which is not included in the model) and the top part of the concrete
bulk is pulled up considering prescribed displacements at the top of the specimen. The nodes of
the fiber embedded in the lower part are blocked, assuming that all the deformation is concentrated
in the rest of the fiber. Plain concrete is simulated considering a damage model. The constitutive
equation of the steel fiber is taken from Figure 9(a) and Appendix A for the case of straight fibers
and ¢ = 0°. Moreover, in Figure 10(b), the results are displayed in a load-displacement curve.

Table I. Material parameters for the damage model
for plain concrete.

Young modulus E =30-10° Pa
Poisson coefficient n=>0

Fracture energy oy =10N
Element size le = 0.5 mm
Tensile strength ft =3.5-10° Pa

Table II. Fiber dimensions for the pullout tests.

Length Embedded length Diameter

30 mm 10 mm 0.5 mm

7 ——

Pullout Load (N)

0 1 2 3 4 5 6 7
LTI 7T 7777 7T 7777777777777 crack width (mm)

(a) (b)

Figure 10. Pullout test considering ¢ = 0°.

12
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Qualitatively, the behavior of the numerical model is in good agreement with the corresponding
results obtained experimentally [28] and to the curves presented in Figure 7. In order to obtain a
quantitative matching of the model, the concrete model has to be further validated.

After considering a straight fiber with no inclination, another case is simulated, the pullout test
considering an inclined straight fiber with ¢ = 30° immersed in the plain concrete. Again, displace-
ments are prescribed at the top of the plain concrete specimen and the fiber is fixed. Herein, the
model for the plain concrete is the same than in the previous case, the damage model, but the con-
stitutive equation of the fiber is different, based on the information from Figure 9(a) and Appendix
A. In Figure 11(a), the scheme of the example is presented, and in Figure 11(b), the obtained results
are shown in a load-displacement curve which is the expected one [28].

In both examples of pullout tests, it is observed that the obtained curve (w, P) is in good
agreement with the results obtained experimentally and to the analytical curves presented in [28]
corresponding to each case (depending on the orientation of the fiber), as expected. That is because
of the fact that the constitutive equation of each fiber is deduced form pullout results depending on
the angle.

5.2. Direct tension test

The direct tension test is simulated considering three different cases: (1) only plain concrete
(Figure 12(a)); (2) SFRC with straight fibers (Figure 12(b)); and (3) SFRC with hooked fibers
(Figure 12(c)). The direct tension test consists in a rectangular specimen made of plain concrete
or SFRC fixed at the bottom and under a direct load pulling at the top (shown in Figure 12), pre-
cisely, prescribed displacements are considered at the top of the concrete specimen. The size of the
specimen of plain concrete is 75 mm x 75 mm in all the examples of the direct tension loading
presented. The simulation is carried out considering plane stress and the considered thickness of the
specimen is 75 mm.

In order to avoid damage dispersion and to ensure having the crack pattern placed in the same
place for all the cases, a notch is performed in the three meshes.

For the case of SFRC, the steel fibers are distributed and orientated randomly into the plain con-
crete bulk. Both the location of one end-point, p;, and the angle of the fiber with respect to the
horizontal & are assumed to be random variables with uniform probability distributions. That means
that for rectangular domains, each coordinate of p; ranges in a real interval and « ranges in [0, 7|
(three random variables in 2D that would turn out to be five, three coordinates, and two angles in
3D). Because the length of the fibers, L, is given as problem data, once p; and o are generated, the

Pullout Loa

0 1 2 3 4 5 6
Y L L crack width (mm)

(a) (b)

Figure 11. Pullout test considering ¢ = 30°.
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> <
T2 7 77777777777 7777777777 7777777777777
(a)

Figure 12. Direct tension test considering (a) plain concrete, (b) steel fiber reinforced concrete with straight
fibers, and (c) steel fiber reinforced concrete with hooked fibers.

Table III. Fiber dimensions.

Shape Length Diameter Number of fibers
Straight 30 mm 0.5 mm 140
Hooked 50 mm 0.5 mm 84

other end-point of the fiber is readily computed by doing
pr = pi+ L(cosa,sina).

If the end-point p ¢ lies outside of the concrete domain, the fiber generated is discarded.

In Table III, the dimensions of the fibers (based on [14]) for each case are displayed.

For the two cases of SFRC, as the length of the fibers is not the same for straight fibers than
for hooked fibers, different quantities of fibers are considered into plain concrete. In order to com-
pare under the same conditions, the same volumetric substitution amount of steel fibers into plain
concrete are considered: 0.23%.

For the steel fibers, the constitutive equations considered are based on Figure 9 and Appendix
A. The corresponding angle between the fiber and load direction (which is perpendicular to the
failure zone, and thus, coincides with the normal direction of the failure pattern) is computed, and
then the corresponding constitutive equation is defined considering the equations and the input data
presented in Appendix A.

In Figure 13, the obtained results from the simulation of the direct tension test are presented;
three load-displacement curves (one for each case: plain concrete, SFRC with straight fibers, and
SFRC with hooked fibers) in which one can observe (1) the increase of the fracture energy and (2)
the appearance of the residual strength due to the presence of the steel fibers into plain concrete.
Moreover, it is observed that the appeared residual strength is higher for the SFRC with hooked
fibers than for the SFRC with straight fibers. Therefore, the effects of the fibers are captured, and
moreover, it is observed that hooked fibers influence more than straight fibers into the plain concrete.
For a better analysis of the results, a zoom near to the load peak is done and presented in Figure 14.

In order to study the behavior in all the cases, three sampling times (pseudo-time in the quasistatic
loading process) are selected, 77, T, and 73, as represented in Figure 13. The initial time step is rep-
resented by 7p. On one hand, Figures 15—17 show the deformed mesh of plain concrete in this three
different time steps and in the initial step, for the three different materials: plain concrete, SFRC
considering straight fibers, and SFRC with hooked fibers. The influence of the fibers is observed in
these deformed meshes.

Note that the deformed meshes for both straight and hooked fibers are practically equal
(Figures 16 and 17). The differences between the two types of fibers appear in the load-displacement

14
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P(N)
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plain concrete
w{ straight SFRC -
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Figure 13. Direct tension test results considering plain concrete, steel fiber reinforced concrete with straight
fibers, and steel fiber reinforced concrete with hooked fibers.

P(N)
10%
18 T B
plain concrete
el -- straight SFRC |
--—-—-- hooked SFRC
14f 4
12 4
1H 4
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06 1
04 4
02f 4
% 0 u(m)

Figure 14. Zoom of the direct tension test results considering plain concrete, steel fiber reinforced concrete
with straight fibers, and steel fiber reinforced concrete with hooked fibers.

curves (Figures 13 and 14). The tests are displacement driven, and therefore, the displacement fields
(and hence the deformed meshes) are similar.

On the other hand, Figures 18 and 19 show the fibers that are not in the elastic range (plastified)
in the different time steps for the case of SFRC considering straight and hooked fibers, respectively.
The number of the plastified fibers is presented in brackets for each case. It is observed that the
plastified fibers are the ones that cross the fracture pattern, and the number of plastified fibers
increases with the time. Moreover, there are more plastified hooked fibers than straight fibers
because of the fact that hooked fibers are longer, and therefore, more hooked fibers cross the fracture
pattern.

For the whole comprehension of the behavior, three straight and three hooked fibers are studied
in Figures 20 and 21 considering the three time steps located into the constitutive equation of each
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Figure 15. Deformed meshes for plain concrete (amplified x10).
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Figure 16. Deformed meshes for straight steel fiber reinforced concrete (amplified x10).
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Figure 17. Deformed meshes for hooked steel fiber reinforced concrete (amplified x10).

T1(47) Ty(50)

Figure 18. Straight fibers that have plastified in 77, 7>, and T3 with the number of plastified fibers in
brackets.

different fiber for both cases. All the studied fibers cross the fracture pattern, therefore, are not in
the elastic range, as observed.

6. CONCLUDING REMARKS

A new numerical strategy is presented to numerically simulate the SFRC. The main features of the
proposed approach are the following:

(i) The meshes of the concrete bulk and fiber cloud are defined independently (nonconformal).
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Figure 19. Hooked fibers that have plastified in 7, T2, and 73 with the number of plastified fibers in

brackets.
2
o(N/m) hie=17)
f3 f2 ]
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NG |
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Figure 20. Straight fibers: behavior of three straight fibers (f1, f2, and f3) crossing the crack with the
constitutive equation of each fiber.

(ii) The material models of the concrete bulk and fiber cloud (which accounts also for the
fiber-concrete interaction) are defined separately.

(iii) A phenomenological mesomodel is developed to characterize the constitutive equations for the
steel fibers, accounting for the interaction with the concrete bulk.

(iv) Coupling of the two systems (concrete and fibers) is based on the IB methods, imposing
displacement compatibility and equilibrium.

The mesomodel is defined from the phenomenological analytical expressions describing the
behavior of pullout tests. Thus, the constitutive equation for each steel fiber depends on (1) the
angle between the fiber and normal direction of the failure pattern (for the pullout test, the load
direction coincides to the normal direction) and (2) the shape of the fiber. Further research has to
be carried out to properly define the angle between each fiber and the crack pattern provided by the
numerical model of the plain concrete bulk (the damage distribution). This is especially relevant in
3D cases.

The main advantage of this strategy is the possibility of using the actual number of fibers, with
their location and orientation. In the examples, randomly distributed fiber clouds have been used. In
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Figure 21. Hooked fibers: behavior of three hooked fibers ( f1, f2, and f3) crossing the crack with the
constitutive equation of each fiber.

this context, the 3D extension is straightforward and allows more realistic fiber distributions (in 2D,
all the fibers are assumed to be coplanar).

In the application examples (two pullout tests with different fiber orientation and the direct tension
test), the proposed strategy provides results in qualitative agreement with the experiments and
expectations. For instance, the results of the direct tension test of SFRC show that both the energy
dissipation and residual strength increase when fibers are added.

APPENDIX A: PARAMETRIZATION OF THE CONSTITUTIVE EQUATIONS FOR STEEL
FIBERS DEPENDING ON THE ANGLE

For a given steel fiber, its constitutive equation is calculated without taking into account the other
fibers. The computation of the equations is based on the results from the pullout tests, which are
presented in [14,28,29]. The analytical expressions deduced from the pullout tests are different for
each fiber shape (straight or hooked), therefore, the two different cases are presented independently.

Straight fibers

For a given steel fiber, once the angle between this fiber and the normal direction of the failure
pattern, ¢, is computed, the corresponding constitutive equation is calculated. Based on [28], the
constitutive equations are defined phenomenologically considering five points (¢;, 0;), as presented
in Figure A.1.

Input data for the phenomenological model include fiber’s properties as fiber diameter (d), fiber
length (L), and shorter fiber embedded length within the concrete matrix (L, ); concrete properties
as the average tensile strength ( f¢s,,); experimental results of the aligned fiber pullout test (wso1,
Pso1) and (wso2, Psoz); numerical parameters as the element size of the fiber (Lcjen) and the area
of the fiber (Agper); and finally, the friction coefficient (u), and the number of sides of the cracked
section at which spalling of the matrix occurs sensitive to fiber orientation (N).

Considering all the input parameters, the five points are defined

. __ wWs01cos@P
(i) &1 = =—
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g

(€2,02)

Figure A.1. Phenomenological constitutive equation of a straight fiber defined by five points.

— Pso1
O1 = “Aiper .
.. (wso1 cos g+ 7L (Ws02—ws01) cOsP+AWSP1) OSP4y g1 cos
(11) 82 - 81 + Le]em B Lelem
Le—L,y |, PsooL
. Pgo1 cos ¢ Lesr( LLg d "r%)‘i‘MDF‘I
02 = Afiber cOs @
(iii) &3 = &1 + (wso2 COS¢+lAwSPl)COS¢ _ wsi)llcosqﬁ
elem elem
Oz = Psoa cos@Le+uD i
3= Afiber cos @
(iv) &4 =& + (Le—(LsLP1+d))COS¢ _ wsLo1 cos ¢
elem elem
_ _ 1D
04 = Afiber cOs ¢
(V) &5 =& + (Le—Lsp1)cos¢  wspl cos
5 1 elem elem
05 = 0
(vi) being
. . . 2 _ . _ A2 | cose
- Lsp1, the matrix spalled length which satisfies a L5 p, +bLsp1+c = 0 witha = g + 2’
_ _d _ _ Psorsing
b= sin g and ¢ = fetm

- Ly ~6Lgpyif6Lgsp; < L,.Otherwise, Ly = L,
- Awgpy = NLgp1(1 —cos¢)
- L= Le—LLespl

¢

- Dp1 = Pso1sin¢cos 5

For the examples studied in the present work, the input parameters used are presented in
Table A.1, as introduced in [28].

Hooked fibers

As in the previous case, for hooked fibers, the constitutive equations are also defined depending on
the angle (¢) and considering different points. However, because of the fiber shape, the interaction is
more complex than for the straight fibers. Therefore, eight points (¢;, ;) are required for describing
the constitutive equations, as shown in Figure A.2, as presented in [29].

Table A.1. Input parameters for straight fibers.

Pgo1(N)  Pso2(N)  wgo1(mm) wgep(mm) d(mm) Le(mm) ferm(MPa) o N
44.9 12 0.05 0.4 0.5 10 2.8 0.6 1
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Figure A.2. Phenomenological constitutive equation of a hooked fiber defined by eight points.

Input data for the phenomenological model include fiber’s properties as fiber diameter (d), fiber
length (L), shorter fiber embedded length within the concrete matrix (L.), and the ultimate ten-
sile strength of aligned steel fibers (gy,); concrete properties as the average tensile strength ( ferm);
experimental results of the aligned fiber pullout test (wso1, Pso1), and (wWso2, Psoz2); experimental
information from pullout test derived from the direction of the original embedded part of the fiber
(wao1, PHo1), (WHo2, PHo2), (WH03, PHo3), and (WHo4, PHo4); numerical parameters as the
element size of the fiber (L¢jem) and the area of the fiber (Agyer); and finally, the friction coefficient
(u), the number of sides of the cracked section at which spalling of the matrix occurs sensitive to
fiber orientation (/) and a parameter taking into account the pullout test configuration (x).

Considering all the input parameters, the eight points are defined

. __ wWsQo] cosP
(1) &1 = 1

_ Psoi
01 - Aﬁber
Le—6L
(i) g2 =¢1 + (wsor+Awpo1 cos ¢ =7 ZSPL + Awspi)cosd  wgh cosd
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o — (Pso1 Lett(r2)+APHOL = =) cosp+uD py
2= Afiber cOs ¢
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elem elem
03 = (Pso1Leiir3) tAPHO1) cosp+uD Fa

Afiber €O ¢

. _ Awgo2 C052¢ wso] cos P
(IV) €4 =61 + €3 + Lelem - Lelem

2
(Pso1 Leficrray+ 2 APpoi) cos¢+uD g2
i=1

Afiber cos @

O4 =

_ Awgo3 coszd) _ wso1cos¢
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4
> APpoi |cos¢p+uD o
i=1
o7 = d

Afiber OS ¢
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Table A.2. Input parameters for hooked fibers.

Pgo1(N) Pgo2(N) wgo1(mm) wgo2(mm) d(mm) L (mm) Jetm(MPa)
25 12.5 0.035 0.3 0.5 20 4.46
oy (MPa) j N K Pro1(N) w01 (mMm)
1150 0.6 1 9 192 0.769
Pro2(N) W g 02(mm) Pro3(N) W 03(mm) Pro4(N) W g 04 (mm)
110 2.6 90 4.5 65 5
(viil) eg = &1 + (Le—(Lsm-;ﬁsm))cow _ wsg;:{zw
0og = 0
(ix) being

- Lgsp1, the matrix spalled length defined for straight fibers
- Lgp»> the increment of spalled matrix along fiber axis which satisfies aL?g pat bLsp>+
_ . _ N2 cos ¢ _ L 2LSP1(COS¢+ﬁ) _ (_ Pso1 Sin¢> Priol

¢=0witha =G5+ 5250 =g+ ng and ¢ = eom ) Psor T
Lsmt (d + LSPl%)

- APgo1 = Pgo1 — Pso1 and Awgo1 = wgo1 — Wso1

- fori =1,2,3, APgoi+1) = ProG+1) — Psoi and Awgoi+1) = WHoG+1) — WSoi

- The effective length factors at each key point H; are defined as

Luciin) = Le—Lspi
fi(H2) = ———
¢ ( ) Le
I _ Le—(Lsp1 + Lsp2)
off(H3) =
Le
I _ Le—(Lspi + Lspa + Awpoz)
off(H4) = i3
e
3
L,—(Lsp1+ Lspa+ Z Awgoi)
Lettms) = =
eff(H5) Le
4
Le—(Lsp1+ Lsp2+ ). Awroi)
L He) = =2
eff(H 6) L.
- Dp1 = Pgso1 sin¢ cos % and Dry, = Pgor sinqﬁcos%

- Awsp; = NLsp1(1 —cos¢) and Awspr = Lspa(1 —cos¢)

For the examples studied in the present work, the input parameters used are presented in
Table A.2, as introduced in [29].
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