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Abstract. To facilitate the effective numerical analysis of the fiber-reinforced high performance con-
crete (HPC) a phenomenological material model is developed. The formulation is derived from the
combination of a one-dimensional elasto-plasticity model, which describes the behavior of the em-
bedded fibers in the preferred fiber direction, along with an elasto-plastic phase-field model used to
simulate fracture in the HPC matrix. It is essential to take into account the fiber-matrix interactions,
microstructure and properties of HPC for the efficient numerical analysis of fiber-reinforced HPC.
For this reason, an ellipsoidal unit cell (also known as the representative volume element, RVE) is
constructed, which characterizes the behavior of steel fiber-reinforced HPC in the preferred direction
of an embedded fiber. The heterogeneity of the real concrete material is taken into account by intro-
ducing perturbations to specific material parameters of HPC matrix. In the initial stage of calibration
of the presented model, the virtual experiments based on an ellipsoidal RVE are simulated. These
simulations are conducted using a micro-mechanical model based on elasto-plastic phase-field model
for fracture. Homogenized macroscopic quantities are computed by taking the volume average of
corresponding microscopic quantities. In the subsequent stage, macroscopic boundary value prob-
lems (BVP) based on a cuboid are simulated on a single scale using the presented phenomenological
material model. The efficiency of the presented numerical model is assessed by comparing the sim-
ulation results of virtual experiments and macroscopic BVPs using RVEs and cuboids of pure and
reinforced HPC, respectively.

1 INTRODUCTION inforced HPC is a composite material, which
is produced by embedding high-strength fibers,

Fiber-reinforced HPC has recently become a e.g. steel fibers, within the concrete matrix.
widely popular construction material for struc- These fibers act as a reinforcement providing
tural applications because of its exceptional me- better resistance to Cracking and improving the
chanical properties, e.g., high strength, dura- load-bearing capacity of concrete under cyclic

bility, toughness and ductility, see [1]. Re-
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loading, see [24]. During the failure process,
stresses are transmitted from the concrete ma-
trix to the embedded fibers, effectively restrain-
ing further damage in the fiber-reinforced HPC,
see [7,24]. The macroscopic behavior of fiber-
reinforced HPC during failure is predominantly
governed by the intricate fiber-matrix interac-
tions at the microscale. Therefore, the effi-
ciency of the reinforcement primarily relies on
the interaction between the fibers and the sur-
rounding concrete matrix, see [22,25]. Another
significant factor that contributes to exceptional
properties of fiber-reinforced HPC is a het-
erogeneous microstructure, which is character-
ized by a dense matrix, refined pores and well-
distributed reinforcement materials, see [12].
Further research on HPC’s behavior at the mi-
crostructural level and the significant impact of
embedded fibers on the material’s overall be-
havior is essential to enhance the overall per-
formance of fiber-reinforced HPC. Experimen-
tal and numerical analysis plays a crucial role
in understanding and optimizing the material
behavior of fiber-reinforced HPCs before their
practical application, especially for reinforced
HPCs exposed to cyclic loading. To achieve
this objective, the German Research Foundation
Priority Programme 2020 (DFG SPP 2020) has
been initiated, and the authors of this contribu-
tion are collaborating on a joint project focusing
on the experimental and numerical analysis of
fatigue failure in HPC. Initially, the investiga-
tion begins by examining the pullout behavior
of a single steel fiber embedded in HPC. This
analysis is conducted for the calibration of the
micro-mechanical model presented in our re-
cent research works [15,23], which is developed
following the phase-field approach for ductile
fracture, as introduced in [2, 13]. Therein, the
elasto-plastic behavior of concrete is described
using the Drucker-Prager plasticity. The mate-
rial properties of HPC used for the simulations
are obtained from experimental measurements,
as documented in [5, 11, 19]. In this contri-
bution, the research is focused on the calibra-
tion of a macroscopic model, which is based
on the superposed models of one-dimensional

elasto-plasticity, see [4] and a continuum phase-
field model based on the variational formula-
tion of fracture in elasto-plastic material, see
[17, 18]. The constitutive framework of a
macroscopic model is thoroughly documented
in section 2. Virtual experiments based on the
constructed ellipsoidal RVE are performed us-
ing the micro-mechanical model and the cali-
brated material parameters for the fiber-pullout
test. The homogenized macroscopic quanti-
ties are calculated using the procedure outlined
in [16,20]. Macroscopic-BVPs based on the
cuboid of pure HPC without perturbation of
HPC parameters are simulated for the calibra-
tion of the presented numerical model. In sec-
tion 3, the macroscopic stress-strain character-
istics obtained from the simulations of virtual
experiments and macroscopic BVPs are com-
pared for the calibration and validation of the
presented numerical model. Lastly, the out-
comes of the presented work are concluded in
Section 5.

2 Constitutive framework

Here, the main idea is the construction of two
separate energy functions for the distinct phases
in fiber-reinforced HPC, i.e., HPC matrix and
embedded steel fibers. The contribution of these
energy functions are controlled by the conserva-
tion condition vi*C = 1 — v¥ using the volume
fraction of HPC phase vi'*C and fiber vF'. The
additive form of the macroscopic energy func-
tion ¢ is constructed as

@ = vHPC JHPC (- gp.HPC
)

5 HPC)

)]

) g? v(j7 u
+vF l/_JF (é,M,ep’F,ozF) ,

where the total macroscopic strain tensor € con-
tains the elastic strains £1FC and the plastic
strains >1PC in HPC phase. An energy func-
tion ¢/"'"C describing the mechanical behavior
of HPC phase reads

PIPC = g(g) [T 4 GRHPC — yenee]
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where 1)° is the specific critical fracture energy
and [ is the length scale parameter, cf. [13, 14].
Two different parameters for the critical frac-
ture energy in tension 1)y HPC and compression
pHPC " are considered to capture the distinct
behavior of concrete in tension and compres-
sion, for details see [23]. Therein, to differ-
entiate the critical fracture energies in tension
and compression the sign of the first invari-
ant tr 71°C of the stress tensor for HPC phase
is used, cf. [21]. The phase-field parameter
g € [0,1] describes the damage in HPC phase
and its gradient is denoted by V. A degrada-
tion function g (7) = (1 —q)™ is considered.
The parameters m and ¢ control the degrada-
tion characteristics of material during failure,
cf. [15,23]. A reference elastic energy function
JJS’HPC associated with the undamaged elastic
solid, i.e,
—S,Hpc _ gtr[ée,HPC]Q + pf|dev ée,HPCHQ; 3)
is additively decomposed into a positive
et (8°HPC) and a negative ¢ (E*HFC) parts
following the split presented in [3]. i and « are
the Lamé coefficients of HPC phase. A plastic
energy ¢»"FC for HPC phase is

sz,HPC (aHPC) _ (1 _ q)m ZZg,HPC with

7.p,HPC HPC . HP 1 1, HP HPC\2
o = yp a4 S RIPC (M) (4)

HPC , HPC HPC
b

where « yo ~ and h™"" are the equivalent
plastic strain, the yield stress and the hardening
parameter for HPC phase, respectively. The en-
ergy function ¢¥ for fiber is constructed using
the structural tensor M := a ® a, cf. [4], reads

JF = °F (e, MLePT) £ 0P (aF) . (5)

It characterizes the embedded steel fiber in a
preferred fiber direction a with ||a|| = 1. The
total strain tensor e and the elastic strain ten-
sor e for fiber can be calculated, respectively
as

"=2:M and e =e"—ePF (6)

where e denotes a plastic strain tensor for
fiber. For the one-dimensional elasto-plasticity

problem, an elastic (¢/*F) and a plastic (¢*T)
energy functions are constructed, read

or (8. M, ep’F) = %EF (eF — ep’F)2

_ 1
and P (aF) = yg ol + 5 h¥ (ozF)2 )

where the elastic moduli EY, the equivalent
plastic strain o', initial yield stress y{ and hard-
ening parameter hY are considered for fiber.
The total macroscopic stress tensor & is com-
puted by

& = VHPC O—_HPC + VF 5_F ) (8)

The stress tensor 1P for HPC phase and the
stress tensor o for fiber can be derived from
the energy functions for the respective phases,
i.e., Eq. (2) and Eq. (5), cf. [17,18]

The system of equations contains, the bal-
ance of linear momentum, i.e.,

Dive =0, 9

and the evolution equation for the phase-field
parameter, which reads

g — I?’Div(Vq) — (1 — q)¢CH"PC =0.(10)

The value of parameter m = 2 is considered
to ensure an upper bound of the phase-field
g € [0,1], cf. [9, 14]. Following [13], a local
history field function H"F€ is considered to en-
sure the irreversibility of the crack evolution as

HIPC = max HITC(x, 1) >0,  (11)

s€[0,¢]

where the maximum value of a dimensionless
crack driving state function HFC for HPC

phase is constructed, i.e.,
VHPC[&S+’HPC+¢_8’HPC}

HPC __
HO — < ,d)c,HPC

_ 1>. (12)

Two different yield criteria are considered to
predict the elasto-plastic behavior of the em-
bedded fibers as well as the concrete. The one-
dimensional von Mises yield criterion is used
to describe non-linear behavior along the pre-
ferred fiber direction, i.e.,

o' (6%, kF) = 67| — (v§ + hFaF) |, (13)
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The rate of the plastic strain ¢>¥ and the equiv-
alent plastic strain o for fiber read

P — \PF 8;&:

55T and aF =T (14)
ag

The associative Drucker-Prager yield criterion
is used for HPC phase, which can capture the
distinct properties of concrete in tension and
compression, i.e.

HPC _HPC _HPC
o ay || — Btray

1
— ||dev
Nk
(ygIPC + hHPCaHPC) : (15)
where /3, is a material parameter. The rate of the

plastic strains E>"FC and the equivalent plastic
strains ¢"'7C for HPC phase, i.e.,

) a(z)HPC -
ép,HPC — )\pA,HPC s , OZHPC — )\p,HPC ,(16)
R

Here, APMPC denote the incremental plastic
consistency parameter for fiber, respectively.
For more details about the formulation and im-
plementation of the presented numerical model
authors refer to the literature, e.g. [4,17,18,21].

3 Numerical simulations

In this section, the numerical results of vir-
tual experiments and macroscopic BVPs are
presented. Simulations for the two types of vir-
tual experiments and macroscopic BVPs, taking
into account the homogeneous boundary condi-
tions of the uniaxial tensile tests and the shear
tests at the macroscale are conducted. Ellip-
soidal RVEs and cuboids of both pure and re-
inforced HPC are constructed to perform the
simulations for virtual experiments and macro-
scopic BVPs, respectively. To account for the
heterogeneity of the real concrete material, the
material parameters for the HPC matrix are ran-
domly perturbed. In this study, a 25% perturba-
tion of material parameters, i.e., x, u, and ¥°,
is considered for both types of simulations. For
a comprehensive understanding of the construc-
tion procedure for ellipsoidal RVEs and cuboids
and the implementation of random perturbation
of parameters, refer to [18].

Virtual experiments are performed following
a multiscale simulation approach, where an el-
lipsoidal RVE is attached to the macroscopic
material point, e.g., see Fig. 1a and Fig.6a. For
these simulations the micro-mechanical model
based on the phase-field approach for fracture
presented in [15] is used. The material behavior
of reinforced HPC along the preferred fiber di-
rection is characterized by the constructed ellip-
soidal RVE, as shown in see Fig. 1a and Fig. 6a.
This RVE comprises a steel fiber, HPC matrix,
and the contact zone between the fiber and ma-
trix. The size of the RVE is selected in such a
way that the steel fiber occupies 0.3% of the to-
tal volume of the RVE, equivalent to a fiber con-
tent of 23 kg/m? in the reinforced HPC. Appro-
priate mechanical and periodic boundary con-
ditions are applied on the ellipsoid RVE at the
microscale, for more details on the concepts re-
fer [8, 10]. The ellipsoidal RVE is discretized
using 63,232 linear hexahedral elements with
exact point symmetry on the lateral surface to
apply the periodic boundary conditions.
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Figure 1: Geometry and boundary conditions for (a)
a virtual experiment I with an attached
ellipsoidal RVE and (b) a macroscopic
BVP I using a cuboid.

A cuboid geometry with homogeneous
boundary conditions at macroscale is consider
for the simulations of macroscopic BVPs, e.g.,
see Fig. 1b and Fig. 6b. These simulations are
conducted on a single-scale using the presented
numerical formulation for macroscopic analy-
sis. The length and width of the cuboid are cho-
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sen to be the same as the maximum dimensions
of the ellipsoidal RVE, allowing it to accommo-
date an ellipsoidal RVE within its boundaries.
The fibers are oriented with the same preferred
direction in the cuboid as in the constructed el-
lipsoidal RVE, i.e., along the y-axis. The cuboid
is discretized for the simulation using 24,000
linear hexahedral elements.

Initially, a virtual experiment I is conducted
to simulate a macroscopic homogeneous strain
state of a uniaxial tensile test without transverse
stresses. Geometry and boundary conditions for
a virtual experiment I are shown in Fig. 1a. The
experimentally measured mechanical properties
of HPC and calibrated material parameters are
taken from our recent works [6,18], see Table 1.
The computation is carried out by prescribing
the value of strain £, using the macroscopic
strain tensor g, i.€.,

gn 0 0
E=| 0 &n 0]. (17)
0 0 &

The macroscopic quantities are calculated us-
ing the volumetric average of their microscopic
counterparts over the RVE, cf. [20] and [16].
The strains £;; and £,y are determinated iter-
atively to achieve no transverse stresses condi-

tion.
5 A ﬂ
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reinforced HPC — without perturbation
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Figure 2: Virtual experiment I: comparison of
macroscopic stress-strain characteristic of
ellipsoidal RVEs of pure and reinforced
HPC without perturbation and with 25%
perturbation of HPC parameters.

The macroscopic stress-strain characteristic
of ellipsoidal RVEs of pure and reinforced HPC

without perturbation and with 25% perturbation
of HPC parameters are compared in Fig.2.
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Figure 3: Virtual experiment I - uniaxial tensile test
without transverse stresses using ellip-
soidal RVEs of reinforced HPC without
perturbation (a, ¢, e, g) and with 25% per-
turbation of HPC parameters (b, d, f, h):
distribution of (a-b) microscopic stresses
022 in GPa, (c-d) microscopic equivalent
plastic strains o and microscopic phase-
field parameter ¢ (e-f) cross-sectional view

and (g-h) front view at the macroscopic
strain €92 = 0.000175.
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The microscopic response of ellipsoidal
RVEs of reinforced HPC without perturbation,
see Fig. 3a,c,e,g and 25% perturbation, see
Fig. 3b,d,f,h, are compared.

A macroscopic BVP I considering cuboids
of pure and reinforced HPC with homogeneous
boundary conditions of a uniaxial tensile test
without transverse stresses are simulated using
the presented numerical model, Fig. 1b. A vol-
ume fraction of v = 0.003 is chosen for the
cuboid, representing a fiber content of 23 kg/m?
in the reinforced HPC. The material parame-
ters utilized in the presented phenomenological
material model for simulating the macroscopic
BVPs are provided in Table 1.

Table 1: Mechanical properties of HPC mixture,
calibrated material parameters for HPC
phase and material parameters for steel
fibers, taken from [6] and [18].

parameter HPC unit
EHPC 39.976 GPa
pHPC 0.192 -
HPC 5.7 MPa
HPC 112 MPa
GHPC 4264 MPa
N (R ) MPa
ytPe 6.263 MPa
Bp 0.5218 -
pHPC 2000 MPa
l 14 mm
m 0.6 —
¢ 0.5 -
parameter steel fiber unit
EY 210 GPa
vF 0/0.003  —
v 660 MPa
n¥ 130 MPa

The same parameter values are used for sim-
ulating the macroscopic BVPs for both the HPC
phase and the fiber as values used in the vir-
tual experiments, see Table 1. The calibration
of parameter [ is done by comparing the macro-
scopic stress-strain curves obtained from the
simulations of macroscopic BVP I and virtual
experiments [ for pure HPC without perturba-
tion. Comparison of the resulting macroscopic
stress-strain characteristic for the simulations of
virtual experiment I using ellipsoidal RVEs and
macroscopic BVP I using cuboids of reinforced
HPC without perturbation and with 25% pertur-
bation of HPC parameters are done in Fig. 4a
and Fig. 4b, respectively.

6

without perturbation
5
< 4
s
=3
-
I\
Il
15 5
ellipsoidal RVE — pure HPC
1 ellipsoidal RVE - reinforced HPC ———
phenomenological material model — pure HPC ———
0 phenomenological material model — reinforced HPC ———
0 5x107° 0.0001 0.00015 0.0002 0.00025
(a) £,
6 — -
with perturbation
5
L\
< 4
s
= 3 ~
-
I
I
ellipsoidal RVE — pure HPC
1 ellipsoidal RVE - reinforced HPC ———
phenomenological material model — pure HPC
0 phenomenological material model — reinforced HPC ———
b 0 5%x107° 0.0001 0.00015 0.0002 0.00025
(b) 2

Figure 4: Comparison of macroscopic stress-strain
characteristic obtained from the simulation
results of virtual experiment I using ellip-
soidal RVE and macroscopic BVP I using
a cuboid of pure and reinforced HPC, (a)
without perturbation and (b) with 25% per-
turbation of HPC parameters.

The simulation results of macroscopic BVP I
with cuboid of reinforced HPC without pertur-
bation, see Figs. 5a,c,e and with 25% pertur-



M. Pise, J. Schroder, G. Gebuhr, D. Brands and S. Anders

bation of HPC parameters, see Figs. 5b,d,f are
plotted.
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Figure 5: Macroscopic BVP I - uniaxial tensile test
without transverse stresses using cuboid
of reinforced HPC without perturbation (a,
¢, e) and with 25% perturbation of HPC
parameters (b, d, f): distribution of (b,
¢) macroscopic stresses 22 in GPa, (d,
e) macroscopic equivalent plastic strains
oMPC and (f, g) macroscopic phase-field
parameter ¢ in HPC phase at the macro-
scopic strain €92 = 0.000175.

Latter, a virtual experiment II is conducted
to simulate a macroscopic homogeneous strain
state of the shear test. Geometry and boundary
conditions for a virtual experiment II are shown
in Fig. 6a. The computation is carried out by
prescribing the value of strains €, = €9; using

the macroscopic strain tensor &, i.e.,

0 & 0
E=|&yn 0 0]. (18)
0 00

The material parameters used for the simula-
tions are same as used in a virtual experiments
II, see Table 1.

20
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contact zone ,//
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Figure 6: Geometry and boundary conditions for (a)
a virtual experiment II with an attached
ellipsoidal RVE and (b) a macroscopic
BVP II using a cuboid.

In Fig. 7, a comparison is made between the
macroscopic stress-strain characteristics, i.e.
the volumetric average of microscopic quanti-
ties, of ellipsoidal RVEs for pure and reinforced
HPC, both without perturbation and with a 25%
perturbation of HPC parameters.

35
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pure HPC — 25% perturbation
0.5 reinforced HPC — without perturbation
reinforced HPC — 25% perturbation

0 5x1073 00001 000015 0.0002 0.00025 0.0003
€12

Figure 7: Virtual experiment II: comparison of
macroscopic stress-strain characteristic of
ellipsoidal RVEs of pure and reinforced
HPC without perturbation and with 25%
perturbation of HPC parameters.
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Figure 8: Virtual experiment II - shear test using el-
lipsoidal RVEs of reinforced HPC without
perturbation (a, ¢, e, g) and with 25% per-
turbation of HPC parameters (b, d, f, h):
distribution of (a-b) microscopic stresses
o092 in GPa, (c-d) microscopic equivalent
plastic strains o and microscopic phase-
field parameter g (e-f) cross-sectional view
and (g-h) front view at the macroscopic
strain €95 = 0.00025.

The microscopic response of the ellipsoidal
RVEs of reinforced HPC without perturba-
tion, see Fig. 8a,c,e,g and 25% perturbation of
HPC parameters, see Fig. 8b,d,f,h, are com-
pared. Comparison of the resulting macro-
scopic stress-strain characteristic for the simu-
lations of virtual experiment II using ellipsoidal
RVEs and macroscopic BVP II using cuboids of
reinforced HPC without perturbation and with
25% perturbation of HPC parameters are done
in Fig. 9a and Fig. 9b, respectively.
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1 ellipsoidal RVE — pure HPC ———
ellipsoidal RVE - reinforced HPC ———
05 phenomenological material model — pure HPC ———
0 phenomenological material model — reinforced HPC ———
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35
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ellipsoidal RVE — reinforced HPC ———
05 phenomenological material model — pure HPC
o phenomenological material model — reinforced HPC ———
0 5%x107 0.0001 0.00015  0.0002  0.00025  0.0003
(b) €12

Figure 9: Comparison of macroscopic stress-strain
characteristic obtained from the simulation
results of virtual experiment II using ellip-
soidal RVE and macroscopic BVP II using
a cuboid of pure and reinforced HPC, (a)
without perturbation and (b) with 25% per-
turbation of HPC parameters.

The simulation results of  macro-
scopic BVP II with cuboid of reinforced HPC
without perturbation, see Figs. 10a,c,e and
with 25% perturbation of HPC parameters, see
Figs 10b,d,f are plotted.
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Figure 10: Macroscopic BVP 1II - shear test using
cuboid of reinforced HPC without pertur-
bation (a, ¢, €) and with 25% perturba-
tion of HPC parameters (b, d, f): distri-
bution of (b, ¢) macroscopic stresses & 22
in GPa, (d, e) macroscopic equivalent plas-
tic strains o''C and (f, g) macroscopic
phase-field parameter g in HPC phase at
the macroscopic strain €92 = 0.00025.

The comparison of the macroscopic stress-
strain plots for the virtual experiments I and II
using all four types of RVEs demonstrate the
meaningful characteristics, see Figs. 2 and 7.
The resulting curves follow initially the same
stress-strain characteristic but later they deviate
from each other. The macroscopic stress in the
reinforced HPC RVEs (blue and red curves) is
higher than that in the related pure HPC RVEs

(green and cyan curves), see Figs. 2 and 7. Sim-
ilar characteristics are shown by macroscopic
stress-strain curves of RVEs and cuboids of re-
inforced HPC compared to RVEs and cuboids
of pure HPC, see Figs. 4 and 9. In Figs. 2 and 7,
the resulting curves for the RVE with perturba-
tion (cyan and blue curves) lie below the result-
ing curves for the same RVE without perturba-
tion of HPC parameters (green and red curves),
respectively. Indeed, this is the desired effect
achieved by introducing heterogeneity through
random perturbation of parameters. The obser-
vation is readily seen when comparing the mi-
croscopic responses of RVEs and macroscopic
responses of cuboids for both types of tests,
with and without considering perturbation. The
comparison includes the distribution of stresses,
equivalent plastic strain, and phase-field param-
eter, as shown in Figs. 3, 5, 8, and 10. Nonethe-
less, the resulting curves for the cuboid of pure
and reinforced HPC with perturbation exhibit
the higher load-bearing capacity before failure,
as compared to the results observed in the ellip-
soidal RVEs of pure and reinforced HPC with-
out perturbations, as shown in Fig. 4b. The ob-
served effect is primarily attributed to the ran-
dom perturbation of critical fracture energies
for the concrete matrix. Conversely, in the case
of shear tests, the resulting curves for all sim-
ulation types exhibit nearly identical behavior
initially before diverging at higher strain values,
as shown in Figs. 9a,b.

4 Conclusion

The developed phenomenological material
model is calibrated, which combines separate
energy functions characterizing the behavior of
embedded steel fibers and HPC matrix in an ad-
ditive manner. With this approach, it becomes
feasible to simulate the macroscopic behavior
of both pure and reinforced HPC using minimal
settings. The implementation of various com-
binations of fiber orientations and distributions
can also be achieved effortlessly using this ap-
proach. The utilization of different yield cri-
teria for the HPC matrix and fiber makes the
presented model effective in capturing the over-
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all material behavior of fiber-reinforced HPC,
considering the distinct nonlinearities present in
each phase. The comparison between the com-
puted macroscopic stress-strain curves from the
virtual experiments and the stress-strain char-
acteristics obtained from the simulations of
macroscopic BVPs confirms the predictive ca-
pabilities of the presented numerical model.
However, the macroscopic stress-strain char-
acteristic is notably influenced by the consid-
ered heterogeneity introduced through random
perturbation of HPC parameters, as observed
in the results. This observation can be made
by comparing the responses of reinforced HPC
with and without perturbation of HPC param-
eters in the simulation results obtained from
both the microscopic-level RVE simulations
and macroscopic-level cuboid simulations for
both types of tests. As observed, when con-
sidering simulations with perturbation of ma-
terial parameters of HPC, the results obtained
using the presented phenomenological material
model show marginal differences compared to
the results of the virtual experiments. Alto-
gether, the presented model demonstrates effi-
ciency in reproducing similar stress-strain char-
acteristics, especially in the post-critical stress
softening region using the calibrated material
parameters. Hence, this numerical approach
can be further developed to effectively capture
the overall material behavior of fiber-reinforced
HPC, using the calibrated numerical parame-
ters, and accommodating various fiber distribu-
tions and orientations.
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