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Abstract

In this study, a material model is proposed for reproducing the fracture behaviour of FRC. Unlike previ-
ous models, developed for commercial codes, this model is developed in OOFEM, a free finite element code
developed at the Czech Technical University in Prague (Czech Republic) and Chalmers University of Tech-
nology (Sweden), thus providing the general public with a tool that allows reproducing fracture in structural
elements made with fibre-reinforced concrete elements. The model proposed in this work differs from the
one on which it is inspired, since it is a smeared crack model based on the crack band concept where the
material damage is isotropic and controlled by a damage factor ranging from 0 to 1, while the original model
is an embedded crack model that allows fracture in three directions per element. This formulation overcomes
some limitations of the model of reference, that could only be used with triangular elements with an only
integration point, sine it can be used with triangular and quadrilateral elements with any number of integra-
tion points. This work shows that the proposed formulation provides similar results to those obtained with
the model on which it is inspired under different situations: mode I fracture, size effect analysis and, finally,
modes I and II mixed fracture.

Keywords: Fibre-reinforced concrete, Trilinear softening function, OOFEM, Cohesive model, Smeared
crack.

1. Introduction

In recent times, fibre-reinforced concrete (FRC) has aroused increasing interest in construction, which
has boosted the appearance of new fibres onto the market and the recommendations for their use that are
included in several structural standards around the world [1, 2, 3, 4]. The use of fibres as reinforcement of
concrete cannot be considered as a new technique, since it has been used in certain tasks for decades, such as5

tunnel lining and floor reinforcement in airports and industrial areas [5, 6]. Nevertheless, although steel fibres
were initially used in FRC, there are now a wide variety of fibres that can be used as reinforcement, depending
on the material properties that need to be modified (see Fig. 1). For example, polypropylene microfibres are
used for reducing cracking due to shrinkage [7, 8], glass fibres can be employed as reinforcement in façade
panels [9, 10] or in telecommunication towers [11] and recent polymer fibres can provide structural properties10

to concrete, reducing the amount of steel rebars and even completely removing them [12, 13].
Numerical modeling of the behaviour of these new materials is of great importance, since if their use is

to be extended, engineering professionals need to count with reliable models that allow reproducing their
behavior in engineering projects. In this sense, fracture of concrete has been extensively studied in the
last decades and many models have been proposed to be used within the framework of the finite element15

analysis, which is the most extended tool for dealing with these problems. Some of these models, discrete
models, reproduce fracture when an only crack is formed [14], while others, smeared crack models, modify
the material constitutive equations to account for the presence of several cracks in the damaged element that
are evenly distributed over the element [15]. There is another interesting type of models, embedded crack
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a) b) c) d)

Figure 1: Some fibre types uses as reinforcement in FRC: a) steel macrofibres, b) steel microfibres, c) polypropylene microfibres
and d) polyolefin macrofibres.

models, that include the effect of cracking by enriching the displacement or the strain fields in the element20

formulation [16, 17]. Many reliable formulations for concrete fracture can be found in the literature, often
based on the cohesive zone concept, developed by Hillerborg [18], which has proven to be a relatively simple
way of reproducing fracture, and has been extended since its appearance and is still very commonly used in
Fracture Mechanics.

25

While many fracture models are available for concrete, not so many can be found for FRC and different
approaches can be observed. For example, in the case of the model proposed by Havlásek and Kabele [19],
the material behaviour is derived from the material properties of the components, fibres and matrix, while
in the case of the model proposed by Alberti et al. [20], the material behaviour is described by a softening
diagram that can be obtained experimentally (the parameters that identify the softening diagram can be30

related to specific values of the matrix and the fibres, although not directly). The latter model has proven to
be effective in many situations, such as mode I fracture with different fibre-proportion additions [20], different
production processes of the mix and mixed-mode fracture (I+II) [21].

In the present work, a cohesive crack model is proposed for modelling fracture of FRC. This model can be35

classified as a smeared crack model, where the proper amount of dissipated energy during the fracture pro-
cess is guaranteed by the crack-band approach [22], with the crack band width given by the size of the finite
element projected in the direction of the principal stress, as suggested by Oliver [23]. The model is based on
the trilinear diagram proposed by Alberti et al. [20] but, while in that case fracture was modeled by means
of an embedded cohesive crack where cohesive stress evolved with crack opening, in the model proposed here40

fracture is controlled by a damage factor that ranges from 0 (undamaged material) to 1 (completely damaged
material). This model is implemented in OOFEM [24], a free finite element code developed at the Czech
Technical University in Prague (Czech Republic) and the Chalmers University of Technology (Sweden). This
new formulation not only provides anyone interested in the fracture behaviour of FRC a free tool to use, but
also overcomes some limitations of the model of reference, which could only be used with triangular elements45

with an only integration point. The formulation proposed here can be used with any bidimensional element
employing any number of integration points and, as the validation of the model will show, it provides a more
robust tool for modeling fracture of this type of materials.

Since the model on which this work is inspired has been used and studied widely in the past, it is50

deemed appropriate to compare the results of the new formulation with those obtained with the embedded
formulation proposed by Alberti et al., in order to check if both formulations provide similar results. For this
reason, the second section of this work provides a brief description of the embedded crack formulation and
the third section presents the smeared crack formulation proposed here. The fourth section corresponds to
the validation of the model, that is carried out by reproducing numerical results of polyolefin-fibre reinforced55

concrete (PFRC), available in the literature, and comparing them with those obtained with the embedded
crack model, more especifically: i) mode I fracture of a three-point bending test is reproduced for different
fibre proportions, ii) mesh-size influence on the results is analysed, iii) the ability of the model for capturing
the size effect of FRC fracture is studied and iv) mixed-mode fracture (I+II) is reproduced.
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2. Existing embedded cohesive crack with a trilinear softening diagram60

This section briefly describes the main features of the embedded cohesive crack model on which the
proposed model, that will be presented later, is based. Note that here only a basic description will be made,
referring to those aspects that are relevant to the comparison between both models that will be presented
later. The reader can find a more detailed description in [25, 26], which presents the original formulation,
valid for concrete, and [20, 21], which adapts it to fibre-reinforced concrete.65

2.1. Cohesive crack model

This model is based on the cohesive crack concept by Hillerborg and describes fracture inside a triangular
element by means of a strong discontinuity approach. The model is a central forces model, since the cohesive
stress vector t is constant along the crack and parallel to the displacement vector w (see Fig. 2) and is
computed as shown in expression (1).70

t =
f (w̃)

w̃
w with w̃ = max |w| (1)

This formulation is applied to constant stress triangular elements and only allows fracture in three direc-
tions, parallel to each side of the triangle. The stress of the damaged element is computed by subtracting
an inelastic part to the elastic behaviour of the element, as shown in expression (2), where E represents the
tangent elastic tensor, εa the apparent strain vector, b+ gradient vector of the shape function of the solitary
node (the one in A+ in Fig. 2) and can be obtained as b+ = 1

hn, superscript S represents the symmetric part75

of the resulting tensor, : is the usual double-dot product ((A : b)ij = Aijklbkl) and ⊗ is the direct product
((a⊗ b)ij = aibj).

σ = E :
[
εa −

(
b+ ⊗w

)S] · n (2)
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Figure 2: Scheme of the main elements of the embedded cohesive crack model (right) and the possible crack paths (left).

2.2. Trilinear softening diagram

This embedded crack model describes damage as crack progresses by means of a softening diagram,
expressed in terms of stress (σ) and crack opening (w). This softening diagram is traditionally described for80

concrete by linear, bilinear and exponential functions [27], but a trilinear diagram can be used for reproducing
the fracture behaviour of FRC, as shown in Fig. 3. This diagram is defined by four points (t, k, r and f),
with coordinates that are related to specific characteristics of the FRC mix, such as the fibre proportion, the
fibre length or the mechanical properties of the fibre material [20]. Once the six parameters of this diagram
are defined (ft, fk, fr, wk, wr and wf ), the stress corresponding to a specific crack opening value can be85

obtained as shown by (3).
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Figure 3: Trilinear softening diagram proposed in [20] for adapting the embedded crack model in [25] to HRF.

σ =



ft +

(
fk − ft
wk

)
· w if 0 < w ≤ wk

fk +

(
fr − fk
wr − wk

)
· (w − wk) if wk < w ≤ wr

fr +

(
−fr

wf − wr

)
· (w − wr) if wr < w ≤ wf

0 if w > wf

(3)

3. Proposed smeared crack model with a trilinear softening diagram

The formulation proposed here corresponds to a smeared crack model where damage is isotropic, so that
the stiffness tensor of the material D is expressed as:

D = (1− ω)De (4)

where De represents the elastic stiffness tensor and ω is a scalar damage variable 1 ranging from 0 (not90

damaged material) to 1 (completely damaged material).
Damage evolution takes into account the damage variable ω and also the largest previously reached strain

value. For computing the strain state at each step, an equivalent strain value is used, εeq, which is obtained by
means of the strain tensor components. This equivalent strain can be computed using different expressions;
here the Rankine criterion, expressed in (5), is employed:95

εeq =
1

E

√√√√ 3∑
I=1

〈σ̄I〉2 (5)

where E stands for the elastic modulus of the matrix, σ̄I represents the principal stresses (I = 1, 2, 3), with
〈σ̄I〉 being only their positive values.

The evolution of damage, which directly influences the material behaviour through expression (4), must
be related to the equivalent strain obtained with (5). To do this, the crack band theory proposed by Bažant
and Oh [28] is employed, which analyses cracking inside a finite element as a crack opening w through a band100

of thickness h. The proper amount of dissipated energy is ensured by distributing the crack over an effective
thickness h that is estimated by projecting the finite element onto the direction of the maximum principal
strain at the onset of damage, as suggested by Oliver [23]. Therefore, the crack opening can be obtained by

1Please,note that ω represents damage while w represents crack opening.
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w = εch, where the inelastic strain εc is the difference between the total strain and the elastic strain (σ/E),
as expressed by (6).105

εc = εeq −
σ

E
(6)

If the cohesive stress is obtained with the damage parameter through (4), it can be expressed by (7), thus
expression (6) results in (8). Therefore, the crack opening can be obtained with (9).

σ = (1− ω)Eεeq (7)

εc = εeq −
(1− ω)Eεeq

E
⇒ εc = ωεeq (8)

w = hεc = hωεc (9)

Since one of the main objectives in this work is to compare the results obtained with the proposed
formulation with the embedded crack formulation on which it is inspired, the expression of the damage
parameter ω is now obtained expressed with the same parameters used in it, which are those that define the
trilinear diagram (ft, fk, fr, wk, wr and wf ). On the left of Fig. 4 the trilinear diagram expressed in terms
of the crack opening, as used in the embedded crack model presented in section 2 is shown, and on the right110

of the same figure the equivalent diagram expressed in terms of the equivalent strain εeq can be observed.
The expression of ω is obtained for all five possible cases, from undamaged material (ω = 0) up to totally
damaged material (ω = 1). First and last cases are trivial so, in what follows, the three intermediate cases
are presented. Note that, as shown in Fig. 4, ε0 identifies the value of the equivalent strain at which damage
starts to develop.115
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Figure 4: Trilinear diagram expressed in terms of the crack opening w (left) and expressed in terms of the equivalent strain
(εeq).

• Case 2: ε0 ≤ εeq ≤ εk: As shown in (3), cohesive stress in this case is obtained by:

σ = ft +

(
fk − ft
wk

)
· w (10)

Since, ft = Eε0 and substituting expressions (7) and (9) in (10), ω is obtained as follows:

(1− ω)Eεeq = Eε0 + hωεeq

(
fk − ft
wk

)
⇒

⇒ ω =
E

E + h

(
fk − ft
wk

) − Eε0

εeq

[
E + h

(
fk − ft
wk

)]
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• Case 3: εk ≤ εeq ≤ εr: In this case, as shown in (3), cohesive stress is:

fk +

(
fr − fk
wr − wk

)
· (w − wk) (11)

Therefore, with expressions (7) and (9), ω can be obtained as follows:

(1− ω)Eεeq = fk + (hωεeq − wk)

(
fr − fk
wr − wk

)
⇒

⇒ ω =
E

E + h

(
fr − fk
wr − wk

) +
1

εeq
·
wk

(
fr − fk
wr − wk

)
− fk

E + h

(
fr − fk
wr − wk

)
• Case 4: εr ≤ εeq ≤ εf : In this case, as shown in (3), cohesive stress is:

fr +

(
−fr

wf − wr

)
· (w − wr) (12)

Proceeding as in the previous two cases, ω is obtained as follows:

(1− ω)Eεeq = fr + (hωεeq − wr)

(
−fr

wf − wr

)
⇒

⇒ ω =
E

E + h

(
−fr

wf − wr

) +
1

εeq
·
wr

(
−fr

wf − wr

)
− fr

E + h

(
−fr

wf − wr

)
These expressions allow feeding the fracture with exactly the same input parameters as in the embedded
crack formulation with which it will be compared. This is relevant in order to take advantage of all the
knowledge acquired in the past using the model of reference.

4. Validation of the model

In this section, the validation of the proposed formulation is carried out. To do this, four studies are120

presented, comparing, in general, results from the literature obtained with the embedded crack model (see
Sect. 2) and with the proposed model (see Sect. 3). In all cases, the same meshes used to obtain the results
of reference have been employed in order to have a reliable comparison.

In all the diagrams the results obtained with the embedded crack formulation of Sect. 2 are depicted
in blue, the results obtained with the proposed smeared crack formulation are depicted in red and in those125

cases where the numerical diagrams are compared with experimental results, the experimental envelope is
depicted in gray.

4.1. Mode I fracture with different fibre proportions

In [20], four mixes of polyolefin fibre-reinforced concrete are studied and their fracture behaviour nu-
merically modeled. Numerical models reproduce three-point bending tests on notched specimens and the130

concrete dosage is the same in all four mixes, but the fibre proportion varies ranging from 3 kg/m3 to 10
kg/m3. Numerical simulations are carried out using the embedded crack formulation (see Sect. 2) and the
proposed smeared crack formulation proposed in Sect. 3 with the fracture parameters shown in Tab. 1. Each
mix is identified by PFRC (acronym for polyolefin fibre reinforced concrete) and a number that indicates the
fibre proportion added in each case. Results correspond to specimens with dimensions 430×100×100 mm3

135

(Fig. 5 shows the main dimensions of the model and the boundary conditions). Finite element meshes are
composed by constant stress triangular elements, which is required by the embedded crack formulation, and
have elements of average size between 4 mm and 4.5 mm.
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Table 1: Parameters of the numerical models for PFRC mixes with different fibre proportions.

E ft fk fr wk wr wf

(MPa) (MPa) (MPa) (MPa) (mm) (mm) (mm)
PFRC-3 30000 3.48 0.14 0.28 0.12 2.25 7.5
PFRC-4.5 30000 3.48 0.28 0.68 0.09 2.25 7.5
PFRC-6 30000 3.48 0.43 1.20 0.08 2.25 7.5
PFRC-10 30000 3.48 0.57 1.45 0.07 2.25 7.5

Results for all four mixes are presented in Fig. 6. In all cases, the numerical simulations show a very
similar performance when compared with those obtained using the embedded crack formulation. Nevertheless,140

two main differences can be observed: 1) the numerical results obtained with the smeared crack model show
a higher peak load value between 6000 N and 7000 N, which exceeds predictions obtained with the embedded
crack formulation and 2) the behaviour after the local maximum that takes place at a deflection of around
3 to 4 mm shows a faster load decay in the case of the smeared crack formulation. Since the parameters of
each model (Tab. 1) have been calibrated using the embedded crack formulation, it is expected to obtain a145

better fit with this formulation, nevertheless, the results obtained with the smeared crack formulation only
present one important difference with respect to the experimental results, which corresponds to the excessive
initial load peak, which could be easily corrected by adjusting the ft parameter.

430 mm

100 mm

33 mm

300 mm

Figure 5: Mesh and boundary conditions used in the simulations of the sutdy of mode I fracture with different fibre proportions.

4.2. Study on mesh refinement

In order to study how mesh refinement may affect the results obtained with the smeared crack model pro-150

posed in this work, the same simulation has been carried out using three meshes. The simulation reproduces
the results obtained with the small size specimen of [29].

Tab. 2 shows the fracture parameters used in the model and Fig. 7 shows the meshes and the specimen
dimensions. All meshes are composed by standard quadrilateral elements with four integration points, remain
coarse outside the central region and are refined along the vertical crack path with element sizes of 1, 2 and 3155

mm. The overall geometry of the model is the same in all cases, except for the crack width, which is slightly
adjusted in each case in order to define square elements along the vertical crack path.

The load-displacement diagrams obtained with these simulation are presented in Fig. 8, where each model
is identified with different line styles. The diagrams differ very little no matter the mesh size and even in the
detail view shown in Fig. 8b), the peak load at the onset of fracture and the minimum that takes place at a160

displacement of about 0.4 mm is almost the same for all three cases.

4.3. Analysis of the size effect

Embedded crack model, which inspires the proposed formulation in this work, proves to correctly capture
the fracture behaviour of the material with different specimen sizes in [29]. The same models used in that
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Figure 6: Comparison of the numerical results obtained with both models for a) PFRC-3, b) PFRC-4.5, c) PFRC-6 and d)
PFRC-10.

Table 2: Parameters of the numerical models used in the study on mesh refinement.

E ft fk fr wk wr wf

(MPa) (MPa) (MPa) (MPa) (mm) (mm) (mm)
22569 3.20 0.57 1.20 0.07 1.65 6.0

a) b)

c)

75

37.5

112.5112.557.5 57.5

Figure 7: Meshes used in the study on mesh refinement. Element size in the fracture path: a) 1 mm, b) 2 mm, c) 3 mm.
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Figure 8: Load-displacement curves obtained with different element sizes of 1, 2 and 3 mm: a) complete diagrams, b) detail of
the first part of the diagrams.

reference are here reproduced with the proposed smeared crack formulation and compared with the results165

shown in [29]. Again, the same finite element meshes are used, as well as the same material parameters,
which are presented in Tab. 3. All models have the same meshes as those used in the study of reference and,
again, since the embedded model requires the use of constant stress triangular elements, all the elements are
triangular and with an only integration point. Meshes are refined along the vertical fracture path and remain
coarse out of this region in order to reduce the time of computation. Since the details of these models are170

the same of those described in [29], the reader can find a more complete description in that reference.

Table 3: Parameters of the numerical models of PFRC-3 specimens of different sizes of reference [29].

E ft fk fr wk wr wf

(MPa) (MPa) (MPa) (MPa) (mm) (mm) (mm)
Small 22569 3.20 0.57 1.20 0.07 1.65 6.0
Medium 22569 3.20 0.57 1.18 0.07 1.65 6.0
Large 22569 3.20 0.57 1.37 0.07 1.65 6.0

Fig. 10 compares the load-displacement diagrams obtained with both formulations for all three specimen
sizes. Again, the results obtained with the embedded crack formulation are presented in dashed blue lines
while the results obtained with the proposed smeared crack formulation are presented in solid red lines.

The overall behaviour of the smeared crack formulation is similar to the behaviour of the embedded175

crack formulation, since the local maximum and minimum loads are very similar as well as the shape of
the diagrams. The detail view of the diagrams in Fig. 10b) shows that the initial maximum load, which
identifies the onset of fracture, is very similar using both formulations and in all three specimen sizes, while
the subsequent local minimum, which identifies the load recovery due to the action of fibres crossing the
crack, are similar but slightly different depending on the formulation employed, with the embedded crack180

formulation providing lower values than the smeared crack formulation. In addition to this, in general, the
diagrams obtained with the embedded crack formulation after the local maximum that takes place at around
a displacement value of 3.5 mm, are horizontally offset if compared with those obtained with the smeared
crack formulation. This difference is more noticeable in larger sizes, but it must be noted that this difference
is fundamentally a consequence of the previous observation, since it is related to the fact that the local185

minimum after the peak load, which takes place at around a displacement of 0.5 in these models when the
smeared crack formulation is used, is reached at higher displacement values and at lower load values, which
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clearly affects the rest of the diagram.
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Figure 9: Meshes used in the analysis of the size effect.
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Figure 10: Comparison of the numerical results obtained with both models for different size specimens with PFRC3.

4.4. Fracture under mixed-mode conditions (I+II)

The use of a cohesive crack formulation with a trilinear diagram to reproduce fracture of FRC under a190

combination of Mode I and Mode II conditions was carried out in [21], where the embedded crack formulation
described in Sect. 2 was employed with good results. In the mentioned work, the non-symmetric three-point
bending tests proposed in [30] was used, which consists of a variation of the standard three point bending
test on notched specimens recommended by RILEM [31], where supports and loading are displaced as shown
in Fig. 11. The use of the embedded crack formulation provided good results in several cases, including195

different fibre proportions and different specimen sizes.
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Here, only the results corresponding to different fibre proportions are used for comparison, which cor-
respond to FRC mixes with 3, 6 and 10 kg/m3 of polyolefin fibres, identified as FC-3, FC-6 and FC-10;
the material parameters that define the trilinear diagram in each case are shown in Tab. 4. Regarding the
dimensions of the specimens, these results correspond to the geometry shown in Fig. 11 with a height of200

D = 150 mm.

D/2

D

D/2 2D D/4L − 2.75D

L

D

Figure 11: Geometry and boundary conditions used in the study of fracture under mixed-mode conditions (I+II).

Table 4: Parameters of the trilinear diagrams used to reproduce the experimental values on specimens subjected to mixed-loading
in [21].

E ft fk fr wk wr wf

(MPa) (MPa) (MPa) (MPa) (mm) (mm) (mm)
FC-3 22569 2.50 0.12 0.25 0.15 2.25 7.5
FC-6 22569 2.50 0.33 0.70 0.14 2.25 7.5
FC-10 22569 2.50 0.75 1.70 0.13 2.25 7.5

Fig. 12 shows the load-displacement diagrams obtained with both models, the representation criteria is
the same as used in previous figures, thus the diagrams obtained with the embedded crack formulation are
presented in dashed blue lines while the diagrams obtained with the smeared crack formulation are presented
with solid red lines; gray shades represent the experimental envelopes. As in the case of the analysis of the205

size effect in Sect. 4.3, the peak load is slightly higher with the smeared crack formulation, as well as the
subsequent local minimum that takes place, in this case, at a load displacement value of around 0.4 mm.
In all cases, the load-displacement diagrams remain inside the experimental envelope and do not show big
differences when compared with the diagrams obtained with the embedded crack formulation.

210

It is also interesting to observe that the diagrams obtained with the embedded crack formulation stop at
certain load displacement values (≈ 2.7 mm in the case of FC-10,≈ 3.3 in the case of FC-6 and ≈ 2.3 mm
in the case of FC-3), while those obtained with the proposed smeared crack formulation extend over 4 mm.
This is because the embedded crack model sometimes present convergence problems, that have not been
experienced using the proposed smeared crack formulation, which suggests that the latter is more robust215

than the former.

5. Conclusions

In this work an alternative formulation has been proposed for modeling fracture of fibre reinforced con-
crete. This formulation is inspired by the embedded crack model used by Alberti et al., which adapted an
embedded cohesive crack formulation designed for concrete by using a trilinear softening diagram, which220

allows reproducing fracture behaviour of FRC.
The model proposed in this work corresponds to a smeared crack formulation where the cracking process

is driven by a scalar damage variable ranging from 0 (undamaged) to 1 (totally damaged). The formulation
presented here has been derived to use the same input parameters employed in the embedded crack model
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Figure 12: Comparison of the numerical results obtained with both models on FRC specimens subjected to mixed loading.
Shaded areas represent the experimental envelopes obtained in [21].

that is used as reference in order to allow a reliable comparison of both formulations. Therefore, the proposed225

formulation has been validated by comparing its behaviour with the embedded crack formulation of reference.
The same meshes and material parameters have been used in each case and the following conclusions can be
drawn from the results presented here:

• The proposed smeared crack formulation produces very similar results for different proportions of fibre
addition when compared with those provided by the embedded crack formulation. Slight differences230

have been found, but the overall behaviour of the fracture process is remarkably similar.

• When this formulation is used with different size meshes (element sizes of 1, 2 and 3 mm have been
compared), the resulting load-displacement diagrams are almost coincident in all three analysed cases.

• As in the case of the embedded crack formulation, the proposed smeared crack model captures the size
effect of fracture in FRC and is able to reproduce fracture under mode I and under a combination of235

modes I and II.

In addition to these conclusions, the proposed formulation has some advantages over the embedded crack
formulation in which it is inspired:

• Cracking is not limited to only three directions, as in the embedded crack formulation, thus it can
develop at any direction on the plane.240

• This formulation can be used with any bidimensional finite element, and is not limited to triangular
elements, which can lead to some numerical problems.

• This formulation can be used on finite elements with more than one integration point.

• The formulation proposed in this work is implemented in OOFEM, a free finite element code available
to any interested in studying fracture of FRC.245

• The behaviour of the new formulation is similar to that of the formulation of reference, which makes
all the knowledge acquired with the former model valid with the new one.
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[19] Havlásek P, Kabele P. A detailed description of the computer implementation of SHCC material model
in OOFEM. CTU in Prague. 2017;.

[20] Alberti M, Enfedaque A, Gálvez J, Reyes E. Numerical modelling of the fracture of polyolefin fibre rein-
forced concrete by using a cohesive fracture approach. Composites Part B: Engineering. 2017;111:200–295

210.
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