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Abstract: The present paper is devoted to the proposal of appropriate numerical modelling able to
provide a suitable description of the mechanical behavior of a composite geopolymer. Reference is
made to a natural sisal-fiber-reinforced geopolymer. The study is based on the results of appropriate
experimental investigations for compressive, flexural and splitting loadings, taking into account dif-
ferent weight percentages of fibers to evidence their role in the mechanical behavior. The main ob-
jective of the paper is to calibrate the microplane constitutive model, available in ANSYS software
version 18.1, where the numerical analyses are performed. Therefore, the present study is structured
in two different steps. Firstly, the mechanical behavior of geopolymers reinforced with sisal fibers
is experimentally investigated, and subsequently, the gathered test data are interpreted and utilized
to calibrate the relevant constitutive model to be used in the numerical stage. The obtained results
are compared with experimental data, yielding good correlations. The paper’s results supply the
parameters required to obtain an affordable numerical model of the reinforced geopolymer for dif-
ferent percentages of fibers to be adopted for material design with assigned mechanical properties.

Keywords: geopolymer composites; sisal fiber; experimental tests; numerical simulations;
microplane model

1. Introduction

In the last decades, the increasing problem of waste management all over the world
has led to the definition and implementation of different strategies to achieve sustainable
environments in the framework of the so-called circular economy. In this framework, spe-
cific attention is paid to the construction industry, which is regarded as more responsible
for the high usage of raw materials than any other industry, mainly due to the manufac-
turing of ordinary Portland cement (OPC). To mitigate this impact, several alternative
materials are being developed and used with the aim of reducing CO: emissions and im-
proving the overall sustainability of the construction industry. In recent years, geopoly-
mers have gained popularity as possible substitutes for OPC due to some of their charac-
teristics, such as low energy consumption, low carbon dioxide emissions, high compres-
sive strength, fire resistance and good durability. However, geopolymers are fragile ce-
ramic materials, with relatively low tensile strength and are sensitive to micro-fissure
propagation. To address these limitations, they can be used as packaged matrices by add-
ing fibers, limiting crack propagation and improving ductility, toughness and tensile
strength. With respect to other cementitious media in which the use of natural fibers pos-
sesses many drawbacks (see, e.g., [1,2]), geopolymers have the additional advantage of
using very little water for their preparation resulting in a very compact media enveloping
the fibers. A further advantage is their low environmental impact since they can be real-
ized with industrial by-products, such as coal fly-ash, high-temperature glass slag mine
tailings or construction wastes, which are usually accumulated as waste. On the other
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hand, nowadays, geopolymers possess some disadvantages mainly related to their pro-
duction costs and difficulty in handling due to high alkalinity. Anyway, these disad-
vantages do not invalidate their use and the interest for the development of further de-
tailed scientific studies, and it is reasonable to expect that these disadvantages can be over-
come in the future with the development of related technology and the increment of
grants from public and private institutions.

When interventions with existing buildings are performed (e.g., restoration and/or
updating), the construction industry is also responsible for construction wastes, which are
actually treated as special wastes outside the virtuous paths of waste recycling. Due to
these remarks, the international research has focused on the definition of eco-friendly al-
ternatives to OPC (see, e.g., [3-5]), and growing attention has addressed geopolymers [6]
as construction materials [7]. Geopolymer production is mainly obtained from raw mate-
rials based on aluminosilicate (referred to as precursors), alkaline activators and other el-
ements [8]. Theses specific features lead the geopolymers to be considered as “cement-
free” materials for which production can be achieved by using by-products [9-11]. An-
other remark on behalf of geopolymers as eco-friendly materials [12] is that the CO2 emis-
sions and energy savings required in the manufacturing process of geopolymers are lower
than for OPCs [8]. From a mechanical point of view geopolymers show characteristics
common to concrete-like materials and are attracting the interest of civil engineering in-
dustries [13,14]: good compressive behavior (both in strength and in stiffness), brittle be-
havior in tension, characterized by low tensile strength and energy fracture values [15],
and sensitivity to early-age shrinkage [16]. As it has been already performed in concrete
engineering, to overcome the drawbacks in tensile behavior and to enhance the ductility,
the reinforcement of geopolymers with different kind of fibers has been investigated (see,
e.g., [12,17] for steel fibers, [18-20] for glass fibers, [21,22] for carbon fibers and [23,24] for
basalt fibers). On the other hand, in the framework of a circular economy and waste recy-
cling, the interest in adopting plant-based natural fibers as reinforcement has attracted
great interest among researchers. These kinds of fibers possess interesting specific engi-
neering properties, such as mechanical characteristics and sound and thermal insulation,
together with interesting specific economical properties, such low raw material cost, low-
cost processing and large availability [25]. Furthermore, from a green-economy point of
view, these fibers show many interesting properties since they are renewable and biode-
gradable and show a carbon-dioxide-neutral life-cycle [26]. All of these remarks have led,
in the last years, several authors to address research regarding the utilization of natural
fibers as reinforcements for geopolymer materials [27]. Among these studies, it is worth
noting that [28] reported a preliminary investigation to evaluate the compatibility of me-
takaolin-based geopolymers with several natural fibers being carried out. The fibers con-
sidered in this research were classified as wood and non-wood ones, and the results of the
experimental campaign showed that wood fibers are more compatible with the geopoly-
meric matrix in comparison to non-wood fibers. The research reported in [29] investigated
the role of the cotton fiber weight content (in the range 0.3-1.0%) based on the physical,
mechanical and fracture behavior of fly-ash-based geopolymers. The results showed that
a fiber weight content equal to 0.5% leads to optimal mechanical performances in terms
of fracture toughness and flexural strength. The presence of an optimal value of fiber
weight replacement is reasonable since the increment in mechanical performance of the
geopolymer composite due to the fibers is compensated for by both the porosity and fiber
agglomeration increment (leading to a reduction in the density of the geopolymer com-
posites). Among natural fibers, sisal ones are recognized as those with high mechanical
performances due to their composition (65-68% cellulose, 10-22% hemicellulose and 10—
14% lignin). Sisal fibers also possess further advantages: their length is between 1 and 1.5
m (allowing the use also for high-dimension samples), the diameter is about 100-300 um
with a smooth diameter profile along the fiber and the productivity is high (about 12 years
life, 120 and 240 leaves for each plant and about 1000 fibers for each leaf). For more de-
tailed information about sisal fibers, see [1,2].
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For an overall review regarding the processing and properties of geopolymers rein-
forced with natural fibers see [27]. In the research reported in [30], the geopolymer com-
posite was produced using a matrix obtained from fired clay brick wastes adopting short
sisal and jute fibers as reinforcement. The obtained results evidenced a meaningful incre-
ment in the mechanical properties of fiber reinforced geopolymers with respect to unre-
inforced material showing good fiber-matrix adhesion for both examined natural fibers.
Furthermore, in [30], it was also shown that—due to the presence of both natural fibers—
the failure mode of the composite changes from a brittle to more ductile one and that the
post-peak behavior is strongly influenced. On the other hand, the role played by geopol-
ymers in the construction industry is confirmed by many papers in which the use of geo-
polymers as the basis of concrete (with or without recycled aggregates) to be adopted in
structural members is investigated [31].

To support and develop the adoption of natural-fiber-reinforced geopolymers (mor-
tar and/or concrete) in the construction industry, it is fundamental to define a suitable and
affordable numerical model of the mechanical behavior of the relevant material to be in-
troduced in Finite Element Method (FEM) software allowing for an evaluation of the act-
ing stress—strain fields. This aspect is worthy of investigation, and few papers have been
devoted to this topic (see, e.g., [32-36]). The aim of this work is to a further progress in the
numerical modelling of sisal-fiber-reinforced geopolymer mortar, starting from experi-
mental tests (compressive, three-point bending and splitting tests) performed with differ-
ent percentages of fiber reinforcement. Many constitutive numerical models are available
in the literature for concrete-like materials, and the corresponding parameters should be
suitably calibrated starting from experimental results to capture the mechanical charac-
teristics related to fiber reinforcement (e.g., the improvement in both hardening and sof-
tening phases). Among these constitutive numerical models, one of the most versatile for
concrete-like materials is the microplane model [37-40] available in ANSYS Finite Element
Method (FEM) software [41]. Therefore, in this paper, the numerical analyses have been
performed with the commercial software ANSYS, numerically modelling the experi-
mental tests and calibrating the required parameters to obtain satisfactory accuracy, con-
sidering the different percentages of fiber reinforcement. The obtained results are the ma-
terial model parameters (depending on the fiber percentage) required to characterize the
material behavior in the ANSYS environment to be adopted in future analyses for the
evaluation of structural elements realized with such geopolymer composite materials. The
results proposed in this paper can also be usefully adopted to design a geopolymer com-
posite material with assigned mechanical characteristics.

2. Materials and Methods
2.1. Experimental Tests

To realize the geopolymer composites to be tested experimentally, as described in the
following, two different steps were performed. In the first one, the matrix was prepared
by selecting metakaolin as the precursor (silicon-to-aluminum molar ratio equal to 1.3:1
with a grain size distribution ranging between 1 um and 100 um). The alkaline activator
was a 7 M potassium peroxide alkaline solution, obtained by mixing KOH pellets (99%
purity) and potassium silicate (K20-nSiOz2) powder with deionized water. The reagents to
obtain the alkaline solution were supplied by Carlo Erba Reagents S.r.1. (Cornaredo, Italy).
The selected aggregate was river sand with a nominal maximum diameter of 2 mm. In the
second step, the sisal fibers were suitably mixed by replacing different weight contents
(0.5%, 1% and 2%) of the aggregate. The sisal fibers, obtained from plants cultivated in
northern Sicily, were prepared by washing and subsequent drying at 25 °C for 48 h; the
adopted fibers were not treated, with the role of treatment in the mechanical behavior
being the object of an ongoing study. For a review about the influence of the fiber treat-
ment on the mechanical behavior of geopolymer matrices, see [42]. Following the results
reported in [15], the sisal fibers were shortened by a suitable cut to the selected final length
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equal to 2.5 mm. The upper limit of the replacement of the aggregate with fibers is because,
as reported in [39], regardless of the fiber types, the increase in compressive strength is
more expectable when the fiber content is less than 2%, while above this value, an adverse
effect of the fiber is possible. The geopolymer composite samples, realized as described
before, were cured at room temperature for 2 -days and identified with an “MK-x" acro-
nym, where “MK” refers to the precursor and “x” to the sisal weight content (e.g., MK-0
refers to the reference material that is unreinforced geopolymer mortars).

The mechanical behavior of the geopolymer samples with and without sisal fibers
was assessed through a wide campaign of experimental tests. The selected tests were those
prescribed by the actual standards (UNI EN 1015-11 [43] and ASTM D3967 [44]) for mor-
tars, consisting of compression, bending and splitting (Brazilian indirect tensile) tests. Fol-
lowing [43], the specimens consisted of prismatic samples with nominal dimensions
(b X h x £) equal to 40 mm x 40 mm x 160 mm to be tested in a three-point bending con-
figuration, while the specimens for the compression test (cube specimens with side di-
mension of about 40 mm) were derived by cutting the fragments obtained at the end of
the bending test. Finally, the span length in the bending test was set equal to 100 mm.
Following [44], the specimens for the splitting test were cylindrical with a nominal diam-
eter (d) and height (h) equal to 50 mm and 30 mm, respectively (h/d ratio equal to 0.6).
The mechanical tests were carried out using the universal testing machine (UTM) model
ETM-C (WANCE, Shenzhen, China), equipped with a 50 kN load cell. Bending and com-
pression tests were performed in displacement control with a pre-load equal to 10 N, the
bending one with a rate of 1 mm/min, while the compression one had a rate of 0.5
mm/min. The splitting test was performed in stress control with a rate equal to 0.05 MPa/s.
Three specimens were tested for each mechanical test, and in Figure 1, the corresponding
test set-ups are reported.

=

.
3

;

Figure 1. Experimental set-up: (a) compression test (the specimen is located inside a specific joint
device as prescribed by the relevant standard); (b) splitting test; (c) three-point bending test.

(b)

2.2. Numerical Modelling

As it has been reported in the introduction, to increase and develop the use of a geo-
polymer mortar (with or without fibers) in the construction industry, a fundamental step
is to check the affordability of the available material model to be implemented in FEM
software. This remark is even more important for the geopolymers intended as a new type
of concrete, and therefore, affordable numerical models are required to design structures
realized with such materials. Among FEM software, ANSYS is one of the leading one, and
it was adopted in this paper to numerically reproduce the experimental results reported
in the next section. As a material model available in the ANSYS library, the selected one
was the coupled damage-plasticity microplane, which is regarded as very affordable in
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the case of simulating engineering materials consisting of various aggregate compositions
with differing properties (for example, concrete modeling, in which rock and sand are
embedded in a weak matrix of cements). The numerical analysis was performed itera-
tively assuming the Young’ modulus E, the ultimate strength in compression and that of
the splitting test (obtained from the experimental tests as described in the next section)
and the Poisson ratio v (equal to 0.2, from literature) as known parameters. The micro-
plane model requires the following parameters to be assigned: the biaxial strength f;, the
coefficient D (governing the hardening of the material), the y,, ¥¢, B, and f; parameters,
which govern the damage behavior (y and y;, represent the damage thresholds, 8., and
B represents the damage evolution constants) in tension and in compression, the param-
eters R, and R, representing the cap hardening constants (in compression and in tension,
respectively) and the parameter o, (representing the intersection of the compression cap
and Drucker—Prager yield function). A detailed explanation of the meaning of these pa-
rameters can be found in the ANSYS manual [41] and in the references reported. Follow-
ing the suggestions in [41], for all the fiber contents, f, was set equal to 1.38 f, (compres-
sive strength), and the parameter R, was set to 2, R, to 1, o, to —6.66 MPa and y, to zero.
The adopted values of the remaining parameters are reported in Section 3.2. The first step
was to perform preliminary analyses to check the mesh convergence, and in Figure 2, the
adopted models for the compression, splitting and three-point bending tests are respec-
tively reported. The element type for geopolymers was CPT215, whereas the supports
were meshed with 8-node SOLID185. Surfaces subjected to contacts were meshed with a
CONTA174 contact element assuming a frictional coefficient equal to 0.2. The analyses
were conducted in the displacement control with a rate of 0.005 mm;/min.

(@) (b)

()

Figure 2. FEM models: (a) compression test; (b) splitting test; (c) three-point bending test.
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3. Results and Discussion
3.1. Experimental Results

In Figure 3, the obtained results for compression, three-point bending and splitting
tests are respectively reported, while in Figure 4, images of one tested specimen are re-
ported for each test. The results sketched in Figure 3 for each test are the mean of those
obtained for each sample (three specimens for each test) and allow us to draw the follow-
ing remarks: (a) in the compression test, the main contribution of the fibers is related to
the great increment in the softening phase, which, on the contrary, is limited in the case
of specimens without fibers; (b) the ultimate strength f;, increases when comparing the
results of no-fiber specimens with those with a 2% of fiber content; (c) for intermediate
fiber contents, the results show a decrement of f,,, and a limited increment in the yield
strength f.,, with the fiber content. These results are different from those reported in [45]
where, however, the length of the fiber is about 35 mm, 14 times greater than that adopted
in the present study, also suggesting a dependency of the compressive strength on the
fiber length. It must be noted that in [45], the replacement was performed as a volume
fraction, while in the present paper, it was performed in terms of a weight fraction. As a
result, the compression Young’ modulus is very close in all the cases except for the case of
MK3-05, in which it is lower. The compression results confirm that for this type of loading,
the contribution of the fiber content is not meaningful and the behavior is similar. The
exception to this remark is the case of 0.5% of which the peculiar behavior should be re-
lated to some “defects” in the tested specimens. The reason of these “defects” must be
related to the role of the porosity above the fiber’s critical concentration (usually between
0.2% and 2%) that, in the case under examination, is around 0.5% [15]. This aspect will be
further investigated in the development of the research. Analogous remarks can be made
in the case of the three-point bending test. The fiber content causes a significant increment
in the softening phase with respect to the no-fiber content, an important increment in the
ultimate strength f;, and a limited increment in the yield strength f, . Further, it causes
the onset of the hardening phase and a huge increment in the softening phase with an
important consequence on the energy fracture as it will be described in the following. The
analysis of SEM images (which are not reported in the paper only for brevity sake but are
available as Supplemental Material) confirms the good bonding between fibers and the
matrix for all examined cases. The Young’ modulus has been determined as the slope of
the straight line interpolating the experimental results in the range 0.1-0.3 of the strength
for both compression and bending tests.

12
]0 [ \
S +
©
Q.
S o0
W
4 r —MK3-2
—MK3-1
—MK3-0.5
2 r — MK3-0
0 1 1 1 L L L
0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035

g, [mm/mm]
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Figure 3. Experimental results: (a) compression test; (b) three-point bending test; (c) splitting test.
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Figure 4. Images of the tested specimen: (a) compression test; (b) splitting test; (c) three-point bend-
ing test.

To characterize the dependency of the mechanical behavior of the geopolymer com-
posite on the fiber content yield and ultimate strengths, the Young” modulus was identi-
fied for each batch and each test and plotted vs. the fiber content. In Figure 5, the limit
elastic strength and the ultimate ones are respectively reported in terms of mean values
and deviations. These results suggest that in the case of the splitting test, the dependency
of both the yield and ultimate strength is lowest and that of the three-point bending test
is the highest, while in the compression test, the dependency is intermediate. These results
are coherent with those reported in [15,27,46]. This peculiar behavior can be ascribed to
the presence of fibers, due to which the initiation and extension of cracks of mode I frac-
ture, and potential shear stresses are reduced. This is because once a crack faces a fiber, it
demands higher energy of the fracture to pull the fiber out and then propagate [15].

() (=)
T

t Strength [MPa]
N

w

imi

.

Elastic 1

0 1 1 1
0 0.5 1 1.5 2

Fiber content [%]
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Figure 5. Strength vs. fiber content (black line: compression test; blue line: bending test; red line:
splitting test): (a) yield strength; (b) ultimate strength.

The fundamental role played by the fiber in the mechanical behavior of the material
under examination can be further evidenced by examining Figure 6, where, for each me-
chanical test, the ratio between the ultimate strength and the yield strength is sketched.
This ratio indicates the ability of the material to possess a hardening phase. As it is evident
from Figure 6, in the case of compression, this ratio is almost independent from the fiber
content, while in the case of the splitting test and three-point bending tests, this ratio
shows an increment of about 40-60% (depending on the test) with the fiber content, con-
firming either its fundamental role in the tensile behavior of the material and the results
reported in [44] and suggesting that, in this case, the fiber length does not greatly influence
the results.

25

1.5

14,

0.5 r

0 1 1 1
0 0.5 1 1.5 2

Fiber content [%]
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Figure 6. Ultimate strength/yield strength vs. fiber content (black line: compression test; blue line:
bending test; red line: splitting test).

To further evaluate the influence of the fiber content on the mechanical behavior of
the material, in Figure 7, the strength ratios fc,,/ fru, feu/ fru @and fi,/ fry are sketched ver-
sus the fiber content. In all cases, the evolution of the curves is a decreasing one confirm-
ing, as reported in [46], that the fibers influence the flexural behavior more than the com-
pressive and splitting ones and that this influence is greater in tensile behavior than in the
compressive one. In Figure 8, the Young’ modulus in the case of compression and bending
tests is sketched vs. the fiber content. The obtained result confirms the remark already
made for Figure 3, i.e., the dependency of the relevant mechanical parameter on the fiber
content is higher in the case of the three-point bending test.

6

Strength ratio

0 L L 1
0 0.5 1 1.5 2

Fiber content [%o]
Figure 7. Strength ratio vs. fiber content (black line: f¢,, /f,.; blue line: f,,/ fr,; red line: fi,/ ffo).

14

13

12

11

10

Young' Modulus [GPa]

6 1 1 1
0 0.5 1 1.5 2

Fiber content [%]

Figure 8. Young’ modulus vs. fiber content (black line: compression test; blue line: bending test).
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Finally, to characterize the post-crack energy absorption ability induced by the fiber
reinforcement and its dependency on the fiber content, in Figure 9a, the fracture energy
determined from the experimental tests is sketched vs. the fiber content. The fracture en-
ergy Gy defined as the amount of energy absorbed to create a unit area of a crack, which
was determined starting from the stress—displacement curves obtained through the exper-
imental tests, assuming a linear interpolation of the post-peak behavior to calculate the
displacement at null stress; G is calculated as the area under the post-peak behavior. It
can be seen from the Figure that the role played by the fiber reinforcement is confirmed
since, in all tests, G increases with the fiber content. To enhance the stitching effect of the
fibers in Figure 9b, the ratio between G; and its value in the absence of fibers (Gf) is
sketched vs. the fiber content. Also, in this case, the obtained result confirms the role of
the fiber content, since in the test where tension stress arises significantly (i.e., bending
and splitting tests), this ratio increases by up to more than 60 times in the bending test and
more than 10 times in the splitting test, whereas in the compression test, this increment is
around 5 times.

40
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0 0.5 1 1.5 2

Fiber content [%]

(@)

70

60 r

50 r

0
N
S

T

G /G
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Figure 9. Fracture energy vs. fiber content (black line: compression test; red line: splitting test; blue
line: bending test); (a) Gy; (b) Gr/ G p.

3.2. Numerical Results

As it has been reported in Section 2.2, the numerical analysis was performed itera-
tively to reproduce the experimental results. As it is explained in literature about the se-
lected numerical model, all the characterizing parameters interact with each other to give
the overall behavior. It follows that the selection of the best parameters of the numerical
model is a complex task and, in the present paper, it was performed based on the follow-
ing criteria: (a) the elastic phase must be reproduced correctly (maximum absolute error
equal to 2%); (b) the strength of all the tests must be reproduced with a maximum absolute
error equal to 10%; (c) the area under the compression and bending tests must be repro-
duced with a maximum absolute error equal to 10% and 20%, respectively.

The optimal material parameters obtained as described before are reported in Table
1 and graphically sketched in Figure 10.

Table 1. Microplane optimal parameters for FEM analyses.

Parameter Value
ete 0% 0.5% 1% 2%
D [MPa?] 3 x 104 10 x 104 11 x 104 11.4 x 104
Yeo 3x 105 1 x10° 7.5 x 106 3x10°
B: 7500 9000 9000 9000
B 7500 8000 7500 5000
3.5
3
2.5
S 2
w
215
1
0.5
0 1 1 1
0 0.5 1 1.5 2

Fiber content [%]

(a)



Appl. Sci. 2024, 14,5216

13 of 17

10

B B 10°

0 L L 1
0 0.5 1 1.5 2

Fiber content [%]

(b)

%
o
)
S
o
a

2 -

0 1 1 1

0 0.5 1 1.5 2
Fiber content [%]
(c)

Figure 10. Microplane parameters vs. fiber content: (a) y.o; (b) S (blue line) and f; (red line); (c) D.

The obtained numerical parameters allow us to draw the following remarks about
the influence of the fiber content on the mechanical behavior of the material: (a) the dam-
age threshold in compression y,, is greatly influenced, and the corresponding stress—
strain curve shows a decreasing spread around the peak; (b) the compression damage .
is influenced by the fiber content to a great extent with respect to the tension damage S,
which can be regarded as almost constant; (c) the hardening of the material (governed by
parameter D) is also strongly influenced by the fiber content.

The numerical simulations are reported in Figure 11 and compared with the experi-
mental results. The obtained results show the good accuracy of the numerical results es-
pecially in the case of the compression test. The same results suggest that the proposed
model can reproduce, in an approximate way, the post-elastic behavior in the case of split-
ting and three-point bending tests. An overall analysis of these results confirms the afford-
ability of the adopted material model and that of the selected parameters suggesting a
more extensive experimental and numerical campaign to improve the affordability of the
numerical model for all mechanical tests.
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Figure 11. FEM results: (a) compression test; (b) splitting test; (c) three-point bending test.

4. Conclusions

In the present paper the experimental analysis and the numerical modelling of the
mechanical behavior of a geopolymer reinforced with different weight percentages of sisal
fibers have been presented. The obtained results can be summarized as follows: (a) the
experimental analysis showed that the fibers strongly influence the mechanical behavior
of the composite material especially in terms of the flexural and splitting test response
with a great increment in the energy fracture of the material; (b) the coupled damage-
plasticity microplane model adopted in the numerical modelling of the experimental tests
gives satisfactory results, especially in terms of the elastic stiffness and strength for all
tests; (c) the numerical post-elastic behavior is as much as satisfactory as the numerical
elastic one in the case of compression test, while, in the case of the bending test, a great
affordability is reached only for a high weight percentage of the fiber replacement; (d) the
parameters of the numerical constitutive model reported in the paper allow it to be
adopted for any percentage of fiber weight replacement in the range 0-2%. Future devel-
opments of the proposed research are the following: (a) the role of fibers in the softening
phase must be further investigated to identify the critical fiber concentration; (b) the cyclic
behavior of the material must be investigated both experimentally and numerically to ad-
ditionally check the affordability of the numerical model.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/app14125216/s1, Figure S1: SEM image of the MK3-1 sample;
Figure S2: SEM image of the MK3-2 sample; Figure S3: SEM image of the MK3-0.5 sample.
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