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Abstract: During the last decades several improvements have been made on the numerical simulation
of concrete type structures by modeling the relevant nonlinearities presented by concrete and
reinforcements, as well as their interactions. With the advent of new cement based materials, such is
the case of fiber reinforced concrete (FRC), new challenges and difficulties are placed to the
computational mechanics community. This work discusses debilities and strengths of constitutive
models implemented under the framework of the finite element method (FEM) for the simulation of
FRC structures, and points out areas deserving further specific research for more reliable modelling

strategies.

1 INTRODUCTION

Fiber reinforced cement composite (FRCC) is a
cement based material reinforced by discrete
fibers, whose orientation and distribution in its
hardened-state result from a series of stages that
FRCC passes, namely [1]: fresh-state properties
after mixing; casting conditions into the
formwork; flowability characteristics; vibration
and wall-effect introduced by the formwork.
For percentages of discrete fibers currently
used, the post-cracking behavior of FRCC
depends significantly on the fiber distribution
and orientation [2]. The capability of a
numerical model capture, as accurate as
possible, the influence of fiber distribution and
orientation, as well as the reinforcement
mechanisms of fibers crossed by cracks, are the
aspects governing its predictive performance.

Fiber reinforcement promotes the development
of diffuse crack patterns, mainly when matrix
strength, and types and contents of fibers are

well balanced [3,4]. Therefore, smeared crack
models (SCM) have been extensively used to
simulate the deformational and load carrying
capacity of FRCC structures, but several
aspects related to the smeared cracking
character, and mainly on how to derive the
values of the models parameters, arise some
difficulties that can compromise the predictive
performance of this type of models. These
aspects are discussed in the present work in
order to demonstrate, not only the potentialities,
but also the debilities of these models, in an
attempt of promoting further research in the less
dominated areas.

All the SCMs discussed in this work are
available in the FEMIX V4.0 computer
program that was co-founded by the author of
the present publication. FEMIX is based on the
Finite Element Method (FEM), and includes a
large library of types of finite elements (FE),
which is complemented with a set of point, line
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and surface springs that model diverse contact
conditions with the supports, and also several
types of interface FE to model inter-element
contact. Embedded line FE can be added to
other types of elements to model reinforcement
bars. Special embedded FE can be used for
simulating fibers in FRCC context. All these
types of FE can be simultaneously included in
the same analysis, with the exception of some
incompatible combinations. The analysis may
be static or dynamic, and the material behavior
may be linear or nonlinear. Data input is
facilitated by the possibility of importing CAD
models. Post-processing is performed with a
general  purpose scientific  visualization
program named drawmesh, or using GID. In the
same analysis several nonlinear models may be
simultaneously considered.

Interface FE with appropriate friction laws and
nonlinear springs may also be simultaneously
considered. Time dependent phenomena like
concrete maturation including creep and
shrinkage can be also simulated. The global
response history is recorded in all the sampling
points (SPs) for post-processing purposes.
Advanced numerical techniques are available,
such as the Newton-Raphson method combined
with arc-length techniques and path dependent
or independent algorithms. When the size of the
systems of linear equations is very large, a
preconditioned conjugate gradient method can
be advantageously used [5].
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2 DEBILITIES AND STRENGTHS OF
SMEARED CRACK MODELS

2.1 Evaluation of model parameters

As already indicated, SCMs, mainly the
multidirectional fixed smeared crack model
(MSCM), have been used to simulate the
deformational and load carrying capacity of
FRCC structures, but the accuracy of these
models for predicting the crack width and crack
spacing is quite limited [6-8]. Crack in these
models must be regarded as smeared cracks
distributed in the material representative of the
SP. These models require the knowledge of the
fracture mode | parameters, and for FRCC
structures failing in shear it is also relevant the
characterization of the fracture modes Il and I1l,
this last one in the case of using solid FE [9,10].
However, the data defining the fracture modes
depends significantly of the adopted test setup,
type of specimen, and stress field introduced by
the applied loading, due to the influene of fiber
distribution and orientation [11,12]. Therefore,
the stress crack width relationship (o-w), which
defines the fracture mode | parameters (stress at
crack initiation, fet, mode | fracture energy, Gs,
and shape of the o-w), depends significantly on
the orientation of the applied load regarding the
notched plane of the specimen where crack is
forced to initiate and propagate. Figure 1 shows
how o-w can be different when the tensile load
applied to the notched plane has distinct
orientation regarding the flow direction of the
FRCC [2].
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Figure 1: Uniaxial tensile stress—crack width relationship, -w: (a) 6=0°; (b) 6=90° [2].
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This is mainly pronounced when stiff fibers are
used, like steel fibers, since they have the
tendency of lining up perpendicularly to the
radial flow due to the uniform flow profile
velocity that diffuses outwards radially from the
casting point, mainly when FRCC has a self-
compacting character (Figure 2).

Figure 2: Explanation for fiber alignment in flowing
concrete of a panel casting from its center [2].

The inverse analysis (1A) is another alternative
methodology used to derive the —w [13-15]. In
this case, simpler experimental tests than
uniaxial tensile test can be performed, such is
the case of three point notched beam bending
test, 3PBBT [16]. The o —w is derived by fitting
the force-deflection or the force versus crack
mouth opening displacement (CMOD) as much
as possible by a FEM based approach that
assumes the propagation of a unique planar
crack along the notched plane, see Figure 3. A

modification of the indirect tensile test,
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Brazilian test, [13,14], and the double edge
wedge splitting test, DEWST, [18], have also
been adopted for this purpose.

However, in experimental 3PBBT, even with
relatively small content of fibers, more than one
non-planar cracks are formed. Therefore,
attributing the energy consumed in this fracture
process to the formation of this unique planar
crack conducts to an upper estimation of the
fracture energy. This leads to unsafe predictions
of the load carrying capacity at serviceability
and ultimate limit states, as demonstrated in the
example of Figure 4, where the curve FEM (1A)
represents the simulation of a ¥4 scale prototype
of a residential/commercial  building
constituted by an elevated steel fiber reinforced
self-compacting concrete (E-SFRSCC) slab,
whose fracture mode | parameters were
determined by 1A based on the results obtained
in 3PBBT, Figure 3 [19]. Further inaccuracies
are introduced if the fiber distribution and
orientation in the 3PBBT adopted to derive the
fracture mode | parameters are not
representative of the real slab conditions.
Inverse analysis with DEWSTSs performed in
specimens  representative of the fiber
distribution and orientation can provide o-w
diagrams better simulating the FRCC applied in
the structure and, consequently, more reliable
predictions of the behavior of FRCC structures
can be obtained.

Experimental (ave.)

= [niverse analysis (IA)

0.0 0.5 1.0 1.5 20 2.5 3.0
Mid span deflection. ¢ [mm]

(b)

Figure 3: Inverse analysis to determine the fracture | parameters of FRCC by using data derived from 3PBBTS: (a)
typical finite element mesh (dimensions in mm); (b) experimental vs numerical results [19].
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Figure 4: (a) Y% scale building prototype with E-SFRSCC slabs; (b) influence of the fracture mode | parameters on the
modeling accuracy [19].

When using steel fibers and powerful vibration
conditions during casting of SFRC, fibers tend
to sink, since they are the concrete constituent
of higher mass density, slenderness, and
stiffness. To capture this effect in slab and shell
type structures, the structure should be
decomposed in layers, and the fracture
properties to the FRCC of each layer must be
representative of the fiber distribution and

o5 + =,
-

2.2 Modelling the fracture process in the
scope of SCMs

The influence of the fiber orientation and
distribution on the fracture mode | parameters
claims for the adoption of tools capable of
simulating the fiber orientation and
distribution, using probabilistic approaches and
regarding fibers as 3D- truss or beam FE [21],
but modeling the complex fiber reinforcement
mechanisms is still a challenging task.

Another alternative is the adoption of o-w
responses whose characteristics depend on the

orientation at the level of the layer [20]. For this
purpose, DEWST performed with round slices
sawn from cylinder cores extracted from a
FRCC volume representative of the
technological conditions of the real applications
is arecommended strategy to derive the fracture
mode | parameters of FRCC that assures
reliable modelling predictions, Figure 5.

(b)
Figure 5: (a) Extraction of specimens for the DEWSTSs (dimensions in mm); (b) a view of DEWST.

crack orientation, but this approach also
requires a previous mapping of the fiber
orientation and distribution, since they are
generally distinct in different SPs, and even for
the same SP the effectiveness of the fiber
reinforcement mechanisms depends of the
crack orientation (in the MSCM more than one
crack can be formed in a sampling point).

Even if this structural mapping of fiber
orientation and distribution could be modelled,
and the corresponding fracture properties could
be attributed to a certain crack, a rational
criterion should govern the decision of allowing
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the formation of another crack in MSCMs. A
current criterion available in this type of models
allows the formation of a new crack when the
maximum principal tensile stress (o, ) attains

the actual tensile strength of the material
representative of the SP (o¢,) at less than a

certain tolerance (|atI —op|<Toler_o) and the

angle between the new and already existing
cracks (e, ) is higher than an assumed

new

threshold angle (6%, >6,). The numerical

simulations demonstrate the stiffness and load
carrying capacity after crack initiation of a RC
structure decrease with the decrease of ¢,,

being the rotating crack model the extreme
example of this situation [22,23], since cracking
is rotating continuously in order to maintain
principal ~ strains and stresses coaxial.
Therefore, a scientific base decision is needed
for the definition of 6,. Furthermore, the

fracture parameters to be attributed to a new
crack in an already cracked SP is a subject not
yet addressed in a comprehensive way, due to
the complexity of mutual interactions when
non-orthogonal cracks exist in the same
material region. The majority of the SCMs
assume no mutual interaction between crack
opening and crack sliding, but experimental
tests in this specific aspects evidence that the
crack normal stress depends not only on the
crack opening, but also on the crack sliding,
while crack shear stress depends not only on the
sliding but also on the crack opening [24].
Experimental research has also demonstrated
that this dependence is path dependent [25].
However, to maintain the stiffness matrix of the
structure symmetric, with consequent benefits
in terms of computer memory storage and
computing time, mainly when the models are
applied to large scale structures, an
independence of the fracture modes is generally
assumed. The most common dependence of
crack shear stress transfer on the fracture mode
| parameters is the adoption of a shear retention
factor ( B) that affects the transverse elasticity
modulus of FRCC, with a unitary value at the
crack initiation, and decreases with the crack
normal strain according to a function that would
take into account the aggregate interlock, and

the reinforcement crossing the crack [23].
However, even adopting this type of function
for defining B in a smeared incremental
approach, a stiffer and higher load carrying
capacity are predicted for elements failing in
shear [26], and the crack patterns registered
experimentally are also not well captured
numerically. In a constitutive model based on
an incremental approach, the increment of the
crack shear stress, Az, is only null when the

crack normal strain exceeds the ultimate crack
normal strain, & >¢% , i.e. g becomes null.

nu?

Therefore, even if the crack opening is
increasing, the crack shear stress, o, can also

increase up to an asymptotic value, regardless
the crack is no longer capable of transferring
normal tensile stresses (Figure 6), which is
unrealistic.

T o o mmm—- *m——-- -
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Figure 6: Relation between crack shear stress and crack
shear strain for the incremental and total approaches.

This occurrence can activate the criterion for
opening a new crack (|crtI —o,,|<Toler_o and

0%, >6,), which  besides predicting

uncharacteristic crack patterns, the occurrence
of several cracks at a SP introduces difficulties
in accomplishing the correct current
constitutive laws of the formed cracks, even
adopting a rigorous strain-decomposition
procedure [27]. In an attempt of overcoming
these deficiencies, a total approach for the crack
shear stress-shear strain relationship has been
used [28], where ¢ decreases with the increase

of the crack shear deformation (»<), as is
expected when ¢ is also increasing (Figure 6).




Joaquim A.O. Barros

However, the enhancement of the predictive
performance assured by the total versus the
incremental approach for elements failing in
shear has been relatively limited [29]. To
simulate the decrease of crack shear stress
transfer during the evolution of the fracture
process, co-y% relationships that include a

softening branch, Figure 7, have been
demonstrated capable of simulating accurately
the deformational response of structures failing
in shear, Figure 8 [26].
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Figure 8: Predictive performance of a MSCM with a linear

However, the predictive performance of this
approach depends significantly on the values
adopted for the parameters that define the 7o -

yo diagram, namely the crack shear strength,
7.y, the shear fracture energy, G, ., and the g
parameter that defines the first branch of & -,

, as is evidenced in Figure 9. The influence of
these parameters is quite significant, mainly the
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Figure 7: Diagrams to simulate the crack shear stress vs
crack shear strain [26].
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G;, and 77, and a critical aspect is the

difficulty of obtaining experimentally these
parameters. Some attempts have been made for
the evaluation of these parameters for SFRC
[30], but pure shear stress field is quite difficult
to materialize experimentally, therefore, 1A
procedure is being used for this purpose [31].
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Figure 9: Influence on the force vs deflection response of RC failing in shear of the: (a) G; ,; (b) rffp [26].
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Similar approach was also used to simulate the
out-of-plane shear components of structures
failing in punching and modelled by Mindlin-
Reissner shell theory [32]. Figure 10
demonstrates that a diagram similar to the one
represented in Figure 7 for simulating both out-
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of-plane shear components was capable of
fitting with high accuracy the force-deflection
response of SFRSCC panels failing in
punching, while a much large load carrying
capacity was predicted assuming a linear-
elastic response.
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Figure 10: (a) Test setup of a SFRSCC panel submitted to punching; (b) load-deflection at the center of the panel [32].

This modelling strategy was applied for slabs
flexurally reinforced with conventional steel
bars, and shear reinforced with steel fibers, by
investigating the influence of the strength class
of SFRSCC and the content of steel fibers [33].
Figure 11 evidences that this strategy is
adequate for capturing the deformational and
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load carrying capacity of this type of structures,
but no experimental setup still exist for a direct
evaluation of the properties that define the out-
of-plane shear stress vs shear strain diagram, so
specific research in this topic is required. the
out-of-plane shear fracture energy.
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Figure 11: Punching shear tests with SFRSCC slabs: (a) Test setup; (b) and (c) Experimental and numerical results for
the series of SFRSCC slabs of 70 MPa strength class without fibers and reinforced with 90 kg/m? of steel fibers,
respectively; (d) influence of the out-of-plane fracture energy [33].
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In fact, Figure 11d demonstrates that the
deformational and the load carrying capacity of
this type of slabs increase with

2.3 Strategies for assuring mesh objectivity
in the simulation of the fracture process

Due to the smeared crack nature of the models
that are being discussed, a concept of crack
normal tensile strain (&) is used to describe

the tensile deformation process occurred in this
type of materials, but the fracture model
parameters are obtained by measuring the
opening of a single crack, w, and determining
the area under the obtained o—w relationship.
To transform the crack width in a crack strain,
the concept of crack bandwidth, 1, is used (
e =w/l, ), which is made dependent of a certain
length entity of the finite element where crack
is formed and progressing, in order to assure the
results of the simulation are independent of the
finite mesh refinement. Some simple strategies
were proposed [22,34], where |, is dependent of
the type of finite element, integration scheme,
and type of expected failure mode (flexure,
shear, or mixed flexural-shear). More refined
approaches attribute to each crack its own crack
band width, being I, the maximum length

orthogonal to the crack plane, possible to
inscribe in the area/volume (2D or 3D
continuous finite elements) of the material
representative of the SP [6]. More sophisticated
approaches have been proposed, where a
function is considered to simulate the
displacement field discontinuity when a crack
is formed [35], or via strain-softening
constitutive  equations  [36]. Embedded
discontinuity formulations have conceptually
similar purpose [37], and one of this refined
formulations was extended in order to cover
situations where failure is governed, not only by
fracture mode I, but also by fracture mode I1
[38].

A simple approach assuming I, =/A, for 2D
finite elements, where A, is the area of the
cracked SP, and |, =3v,, for 3D finite elements,
where Vv, is the volume of the cracked sampling

point, seems a good compromise in terms of

preserving results independent of the finite
element refinement and computational
demands when relatively large size structures
are analyzed.

For the crack shear softening diagram (Figure
7) previously indicated for modeling the crack
shear stress transfer during the fracture process
evolution, the crack band width adopted for
fracture mode | is also considered for the
fracture mode Il (and even for mode 111 in case
of solid finite elements), but further research in
this respect is required. To assure results
independent of the mesh refinement in
problems failing in shear or in torsion
(governed by fracture mode Il and IlI) it is
fundamental to adopt a crack shear softening
approach where the fracture energy mode Il and
I11 is dissipated in a crack band width associated
to a length characteristic of the cracked
integration point. By adopting the shear
retention factor for modeling the degradation of
crack shear stress transfer, the results are
dependent of the finite element refinement in
this type of problems.

2.4 Simulation of cracked concrete
transversely submitted to inelastic
deformation in compression

To couple the inelastic behavior of cement
based materials in compression with the
nonlinearities caused by crack formation and
propagation, the MSCM can be coupled with a
formulation that combines plasticity and
damage theories [39]. This plastic-damage
multidirectional fixed smeared crack (PDSC)
model is formulated in effective (undamaged)
stress space and adopts a single hardening
parameter to account for the compressive
plastic deformations. The plasticity approach is
combined with an isotropic damage model to
account for strength and stiffness degradation
of the material under compression. For cement
based materials submitted to compression, fiber
reinforcement has only an appreciable
contribution in the post-peak stage (stage 11 in
Figure 12a). In fact, the area under the stress-
strain relationship (G, . - compressive fracture

energy) increases with the content of fibers [3].
Therefore, by tailoring the function that defines
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the compressive damage scalar, d_, which is
function of the inelastic compressive
deformation, the influence of  fiber
reinforcement can be simulated. However,
experimental research on the characterization
of the post-peak compression response of
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cement based materials evidences this stage is
dependent of the test setup, stiffness of the
equipment, monitoring conditions to control the
test and to measure the axial strain, the
geometry of the specimen and the interface
conditions between specimen and loading
platens of the equipment [40].
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Figure 12: Behavior of the cement based materials under uniaxial compression: (a) three stage of cracking; (b)
schematic representation of damage evolution; (c) o, —¢&, diagram for compression with indication of the compressive

fracture energy, G, . [39].

Therefore the characterization of this parameter
is involved in these aspects, requiring further
clarifications, since the numerical simulations
of structures with relatively large volume of
concrete developing inelastic compressive
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deformation, such is the case of the one
represented in Figure 13, show that the
maximum load carrying capacity and
deformability performance increase with G, .
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Figure 13: Simulation of the S4 shear wall tested by Maier and Thirlimann [40]: (a) geometry and loading
configurations (dimensions in mm); (b) horizontal load versus horizontal displacement diagram, Fh-Uh [39].

3 CONCLUSIONS

An overview of the potentialities and debilities
of smeared crack models for the analysis of
fiber reinforced cement composites (FRCC)

was made, by considering the computational
aspects, the influence of the model parameters
on the predictive performance of these
approaches, and the difficulties that still exist
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on the experimental assessment of the values of
these parameters. The final aim is to
recommend fields of research for improving the
reliability of the numerical simulations with
these models. Based on this overview, the
following observations can be pointed out:

1. Multidirectional fixed smeared crack models
(MSCMs) are capable of simulating FRCC
structures failing in bending, provided that
the fracture parameters are properly
determined. For this purposes, double edge
wedge splitting test with specimens
extracted from FRCC volume representative
of the real application conditions seems the
best strategy. For capturing the influence of
fiber distribution and orientation, the
fracture parameters should depend of the
crack orientation.

2. For modeling the behavior of FRCC failing
in shear and punching, a crack shear stress-
shear strain diagram capable of simulating
the shear stress transfer degradation with the
evolution of the fracture process is
fundamental, not only for predicting with
enough accuracy the load carrying capacity
and deformation performance, but also the
crack patterns. However, the determination
of the fracture modes Il and Il parameters
requires specific experimental research.

3. MSCMs can be coupled with plastic damage
models to simulate the nonlinear behavior of
FRCC structures subjected to different
loading paths, since the compressive damage
scalar can simulate the relevant effects of
fiber  reinforcement in  compression.
However, the characterization of this
damage parameter is dependent of the
experimental test setup conditions adopted.
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