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Abstract: In this investigation, a 3D micromechanical modeling methodology based on different types of unit cell configuration and
representative volume element (RVE) is used to capture the micro-macro mechanical properties of unidirectional (UD) and bidirectional
(BD) fiber-reinforced synthetic resin composites. In this regard, hexagonal unit cell and square unit cell were established in order to
explore the influence of packing density on representative microstructure properties, considering no effects at the interphase zone
between the fiber and the matrix. The virtual geometric generation of 2D-RVE fibers inclusion model process is driven by statistical
Monte Carlo simulation algorithm, which is then incorporated into FE solver to develop 3D-BDC RVE laminate model within a virtual
scheme. In addition, applying the linear constraint of displacement simulation ensures that the RVE behaves as expected under uniaxial
and in-plane loading conditions, leading to more accurate results. This remote constraint helps capture the realistic behaviors of the UD
and BD composites models and enables the evaluation of mechanical properties, deformation patterns, and stress distributions within the

presented RVE.
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1. Introduction

Nowadays, composites offer the advantage of tailoring material
properties to meet specific requirements such as fiber-reinforced
composite that offers the designer the ability to enhance desired
mechanical properties including strength, stiffness, thermal
conductivity, and electrical conductivity (Faruk et al., 2012;
Sundaramoorthy et al., 2023). This versatility allows for the
customization of composites to meet a wide range of applications,
including structural components (Nwankwo et al., 2023; Tian
et al., 2017), thermal/electrical insulation (Mahmud et al., 2023),
and medical systems (van Heumen et al., 2008).

To effectively anticipate the effective elastic properties of fiber-
reinforced composites, several theoretical and computational models
have been put forth by researchers. Moreover, the conventional
continuum models cannot directly address the issues raised by
heterogeneity nature of composites; hence, micromechanics-based
models have been widely employed to address and link the
mechanics of materials to their microstructure (Bouaziz et al.,
2007; Lee & Simunovic, 2000; Zairi et al., 2008). Mainly,
homogenization and localization are two key approaches used to
analyze and predict the mechanical behavior of fiber-reinforced
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composites and are referred to micro-macro modeling approaches
(Esposito et al., 2019; Hassanzadeh-Aghdam et al., 2017; Rafiee
& Ghorbanhosseini, 2018; Ullah et al., 2017; Weng et al., 2018).
Homogenization modeling simplifies the analysis of fiber-
reinforced composites by treating them as homogeneous materials
with effective properties, while localization modeling involves the
microscale behavior of individual components to predict failure
and damage propagations. It is worth mentioning that these two
approaches are often used in conjunction to provide a
comprehensive understanding of the mechanical behavior of
composite materials.

Full-field effective response refers to the behavior of a
composite material at macroscopic scale level, considering the
microstructure of the material (Kammoun et al., 2011; Wiirkner
et al., 2011). To determine the effective response of a composite
material, a virtual approach can be used. This involves modeling a
RVE of the composite material subject to various loading
conditions to determine effective response of composites with
complex microstructures (Ellyin & Xia, 2001; Pan et al., 2008;
Xiong et al., 2018). Zairi et al. (2008); Kim & Lee (2011)
developed micromechanical elastic damage model for interfacial
damage in fiber-reinforced composites based on RVE considering
fiber size dependent. Chen et al. (2019) established
homogenization framework for the finite-strain viscoelastic fiber-
reinforced composites using Helmholtz-free energy density
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function conjugated with finite element (FE) modeling. Li et al.
(2015) investigated the interface debonding behavior of epoxy
glass fiber-reinforced composites caused by curing residual stress
using the RVE approach. Catalanotti (2016) developed RVE-
based micro-mechanical model for composites reinforced with
long fibers using random sequential addition (RSA). Naderi et al.
(2017) introduced a computational micromechanics model to
explore the failure characteristics of circular and elliptical fiber-
reinforced composites under transverse tensile stress conditions.
The FE RVE model then incorporated into the UEL subroutine of
ABAQUS for the purpose of analyzing 4-node tetrahedron element.

Yang et al. (2022) examined the elastic and viscoelastic
properties of short fiber-reinforced composites through the
utilization of micromechanical modeling and homogenization
techniques. Alhijazi et al. (2021) investigated the elastic properties
of nature fiber composites (NFCs) thermosets using RVE with
randomly distributed chopped (UD) fiber. Different analytical
techniques, including the rule of mixture, Chamis, Halpin-Tsai,
and Nielsen methods, were utilized to validate and compare the
results obtained from FE analysis. Bisheh (2023) proposed virtual
framework to anticipate the elastic properties of UD-NFC based
on RVE micromechanical modeling formulation.

Furthermore, Huang and Huang (2020) explored the
micromechanical homogenized stresses in RVE of short fibers or
particles  composites using extended bridging mode.
Balasubramani et al. (2022) presented methodological approach
for constructing pseudo-random RVE models of UD fiber-
reinforced polymer composite at microscale level, including an
arbitrary number of fibers and allowing for different aspect ratios.
Polyzos et al. (2021) devised multiscale numerical model to
determine the elastic characteristics of 3D-printed continuous fiber
polymer composites including continuous fibers. Cai et al. (2022)
carried out two-step modeling approach to assess the effective
properties of microfiber-reinforced composites, considering the
presence of primary pores. Tang et al. (2021) studied the
longitudinal compression failure mechanisms of continuous
carbon fiber-reinforced polymer composites using experimental
and computational approaches at micro scale. Recently, Lauff
et al. (2023) developed an algorithm to generate continuous short
fiber-reinforced composites microstructure with almost planar
fiber configurations. Size ratio, fiber length, and directional
distributions are only a few of the traits that these artificial
microstructures accurately mimic. Yang et al. (2023) predicted the
homogeneous properties of long fiber-reinforced composite using
RVE based on virtual cluster analysis algorithm.

Further, with a special emphasis on the core fibers’ bearing
capability, the suggested approach solves a fundamental problem
with the accurate distribution of boundary stresses. Li et al. (2023)
adopted the discrete element method perspective from the point of
view of the displacement field of particles inside fiber-reinforced
metal-resin composites under the influence of macroscopic loads.

The three-dimensional implementation is capable of accurately
predicting the elastic properties of any continuous fiber-reinforced
test composites without relying on any prior assumptions about
the behavior of test composites at the macroscale. Here, this
virtual model has merely been employed to anticipate the test
composite’s macro elastic behavior. However, including more
accurate constitutive models of the microscale elements, the same
framework is anticipated to be extended to predict nonlinear
macro-responses of the test composites with imposing periodic
boundary conditions.
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2. Multiscale Computational Models

2.1 Proposed hexagonal unit cell (HUC) model

HUC that circumscribed inside a circle and the critical point of
intersection where the fibers placed taking positions along the edges
as shown in Figure 1, the inside angles of the regular hexagonal is
60°. Dy and s are the diameter of fibers and the radius of the circum-
scribed circle, respectively; (Rumayshah et al., 2021) this radius is
equal to the height edge length of the circumscribed circle and the
packing formula can be expressed as:

1

b is the distance of first column of fibers to the central line of fibers
arrangements, which is expressed based on s as:

b =s cos 30° )

Figure 1
Hexagonal unit cell packing
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2.1.1. Uniaxial loading case study

First the system covered with representative loading conditions by
imposing uniaxial load on all free edges to prevent rigid body motions as
illustrated in Figure 2. To be effectively able to extract the stress—strain
curve of the proposed model, uniaxial load case along three directions is
generated by kinematic linear constraint equation that links the DOF of
reference point to all free edges DOFs. In other words, uniaxial loading
can be applied parallel to the x, y, and z-axes by specifying a positive
displacement on reference point A; a tensile uniaxial load scenario along
the x-, y-, or z-axis is generated.

2.1.2. In-plane shear loading case study

Like uniaxial deformation, the specific linear nodal constraints
that create simple shear loading are in same manner. In this case, one
edge has been assigned zero displacement to prevent rigid body
motions. Therefore, the other edges were used to impose the
desired shear load case. Figure 3 shows the schematic
representation for the shear load cases.
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Figure 2 Figure 4
Virtual uniaxial deformation boundary condition of RVE Constriction of geometrical arrangement of UDC square
unit cell

continuous fibres reinforced composite unit cell
along (a) x-axes and y-axes and (b) z-axes
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Figure 3
Virtual 2D representation of in-plane shear deformation
boundary condition of RVE continuous fibres reinforced
composite unit cell
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2.2. Proposed square unit cell (SUC) model

The packing of unit cells is a critical aspect of studying periodic
structures and composite materials, as it directly influences their
mechanical properties and performance. The SUC model provides
a representative microstructure as shown in Figure 4, which can
be employed to investigate packing arrangements. The SUC offers

a symmetric geometry that simplifies the analysis of packing
arrangements and allows for efficient utilization of computational
modeling. The packing formula can be expressed as (Rumayshah

et al., 2021)
4
=Dy 3
TP, 3

From Figure 4, the distance from the central line of fibers
arrangements to the edge of the unit cell b is expressed based on s as

b=05s (4)

r=s cos 45° (5)

2.3. Proposed RVE modeling of bidirectional (BD)
composite

BD composite in the sense that the laminates are oriented in a
0'and 90" direction. proposed for BDC RVE model considered a
0" degree outer layers and two 90" inside layers making a stacking
sequence is [0°/90°/90°/0°] = [0°/90°] plies as shown in Figure 5(a).
Those laminate arrangements are always balanced so that they are
symmetric about the central line to assure the balance of mechanical
properties; thus, buckling can be avoided.

A 3D-RVE was derived from the 2D-RVE obtained using the
Monte Carlo algorithm within ABAQUS CAE software by extruding
the 2D-RVE in out-of-plane direction to form the 3D-RVE. Then,
inputs from Monte Carlo algorithm were passed onto ABAQUS
using a Python script developed for this purpose.

Figure 5
(a) Staking sequences of proposed BDC RVE with random fibers
distribution. (b) 3D model of BDC RVE in virtual domain
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3. Virtual Geometric RVE Modeling

It is widely known that an appropriate RVE must first be
identified to analyze a composite material using micromechanics
while the effects of interface boundaries can be neglected since
the fibers and the resin matrix are perfectly bonded together
(Mortell et al., 2017; Vaughan & McCarthy, 2010). The number
of fibers N fit the model can be calculated based on volume
fraction, width, and diameter of the fibers as follows:

4V, WH
N= >
7D £

(6)

where V¢, W, H, and Dy are fiber volume fraction, width, height, and
diameter of the proposed RVE model, respectively. This work
employed the well-known Monte Carlo approach for generating ran-
dom fibers inclusions within the proposed 2D-RVE domain includ-
ing overlap, edge fibers, and periodicity design criteria. In this
manner, the algorithm keeps adding fibers following the design cri-
teria until necessary volume fraction is reached. The procedure steps
can explain in detail as following:

1. Define RVE Characteristics: Begin by specifying the
characteristics of the desired RVE. This includes the
dimensions of the RVE, the types of particles to be packed,
their size distribution, and any constraints or interactions
between the particles.

2. Initialize Empty RVE: Create an empty 3D grid or container
representing the RVE. Then, randomly generate fibers
according to the defined size distribution using the RSA
algorithm.

3. Random Placement: Select a random position within the empty
RVE to place the generated particle. The position should be
such that the particle is fully contained within the RVE and
does not overlap with any existing particles.
Overlap Check: Perform an overlap check to ensure that the
newly generated particle does not overlap with any previously
placed particles. This is typically done by checking for
intersection between the generated particle and all existing
particles in the RVE window if an overlap is detected, discard
the particle, and go back to step 3 to generate a new particle.

Non-overlapping Placement: If the newly generated particle

passes the overlap check, place it in the selected position

within the RVE. Repeat steps 3—6: Repeat steps 3—6 until the
desired number of particles or the desired packing density is
achieved.

* Monte Carlo Iterations: Perform multiple Monte Carlo
iterations to refine the packing. In each iteration, randomly
select a particle within the RVE and attempt to move it to a
new random position while ensuring that it does not overlap
with other particles. Accept or reject the move based on a
Metropolis criterion or another acceptance rule, which helps
improve the packing quality.

* Repeat Monte Carlo Iterations: The Monte Carlo iterations

repeated with different steps to allow for particle

rearrangements and better packing quality. The number of
iterations depends on the desired level of packing optimization.

Final RVE Output: Once the desired number of iterations is

reached, the final configuration of particles represents the 3D

RVE based on the Monte Carlo implementation of the RSA

algorithm. When conducting finite element (FE) simulations of

3D-BDC RVE laminates in Abaqus, for mesh modeling, a 3D

FE model was built using FE software Abaqus®, by using -20

node continuum quadratic brick element C3D20® to discretize

.

.
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the RVE model using sizing control technique with maximum
mesh global size of 10 um and maximum deviation factor of
0.1 as depicted in Figure 6. The flow chart of micromechanical
modeling methodology for 3D RVE is shown in Figure 7. It is
necessary to apply linear constraints to capture the micro response
of the proposed composites and enforce boundary conditions and
other constraints on the RVE model. These constraints are typi-
cally applied to control displacements, rotations, or forces at spe-
cific nodes or surfaces of the model. By properly applying linear
constraints, the FE simulation can replicate the real-world behav-
ior of the UD RVE more realistically. This ensures that the
response of the material within the RVE accurately reflects its
macroscopic behavior. Furthermore, the linear constraint of dis-
placement is a boundary condition that is commonly applied in
finite element (FE) simulations to control the movement or dis-
placement of nodes in a model. It ensures that certain nodes or
face surfaces within the model are constrained in a specific man-
ner. The following equation explains the linear displacement con-
straint mechanism as shown in Figure 8:

Figure 6
FE mesh mode of the proposed BDC RVE 1 in Abaqus with
C3D20® mesh element
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To comprehensively predict the macro elastic behaviors of the glass
fiber-reinforced composites subjected to linear displacement-control as
indicated above, the effective macroscale Ej;, G;;Young’s modulus, and
rigidity modulus within 3D RVE domain, respectively, can obtain
through homogenization approach as follows (Danielsson et al., 2002):

1

o= V/amde (10)
1

&ij = ‘_//Emicmdv (1)

4. Results and Discussion

In this section, 3D wunit cell of hexagonal and square
configuration UDC models were used. The model was exposed to
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Figure 7
Flow chart of micromechanical modeling methodology for 3D RVE creation based on the Monte Carlo implementation of RSA
algorithm
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Figure 8
Representation of how periodically boundary condition applied uniaxial and in-plane shear through BD laminate RVE using linear
constraint that link with reference point (120, 0, 100) um

uniaxial tensile and in-plane shear deformation in specified load
scenarios. The fibers in this study were considered to be an
isotropic linear elastic material made of E-glass, whereas the
matrix material was composed of polypropylene. The geometrical
and material properties of proposed multiscale computational
models are shown in Table 1. The stress—strain curve of the three

proposed model for different loading scenarios is depicted in
Figure 9. The plastic deformation (PE) contours of HUC are
shown in Figures 10 and 11. Figure 12 shows contour plots of
uniaxial tensile PE with respect to o, and oy, and average Von
Mises o, for 3D SUC polypropylene continuous E-glass fiber rein-
forced while Figure 13 explains PE strain and in-plane shear stress
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Table 1
Geometrical and material properties of proposed multiscale
computational models (Daniel, 1996)

for 3D SUC composites considering applied nominal strain of 0.01
comparative analysis and reiterating the significance of the virtual
algorithm as a valuable tool for predicting the effective elastic
constant E,, of composites with a high degree of accuracy and prac-

BDC- . .
0,
Parameter HUC SUC RVE tlcahty. The present model §xh1b1ts an error of 0.7% compared to the
analytical mode as shown in Table 2.
D (um) 15 15 15 In Abaqus, the uniaxial and shear boundary conditions are
Vi 0.3 0.6 0.3 applied to simulate a UDC laminates RVE; results are shown in
s (um) 24.15 2427 - Figures 14 and 15. This allows the analysis of a smaller
b (um) 20.91 12.13 -
Length of RVE (um) 83.6426 24.27 100 Table 2
Width of RVE (um) 72436 2427 100 Current stud 0 at,e ed effective clasi cant
Height of RVE (um) 120 2427 100 urrent study compares the estimated effective elastic constan
_ E.. of a SUC-UD fiber-reinforced synthetic resin composites with
Young modulus (Gpa) Ep=73, R . X )
£ =1308 a fiber volume fraction of 0.6 using analytical model, and virtual
Poisson ratio b=0.2, algorithm approach proposed in this study
v,,=0.43 Effective modulus Present Rule of mixtures Relative
Density (m?/kg) pr=1450, (Gpa) SUC (Bisheh, 2023) error
Pm= 903 E., 44 44.32 0.7%
Figure 9

Schematic illustration of stress—strain curves for (a) SUC-UD composite. (b) HUC-UD composite. (c) RVE-BD composite with
stacking sequence [0/90/90/0]
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Figure 10
PE with respect to (a) 0., (b) oy, and (¢) o, for 3D HUC polypropylene continuous E-glass fiber reinforced based
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PE strain contour plots illustrating in-plane shear PE with respect (a) 7., and (b) 7,4 (¢) 7y, for 3D SUC polypropylene continuous
E-glass fiber reinforced based
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Figure 13

PE strain contour plots illustrating in-plane shear PE with respect to (a) y,, and (b). y,, for 3D HUC polypropylene
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representative portion of a larger structure or material, reducing
computational costs while still capturing the overall behavior
accurately. Here, an explanation of how the RVE periodic
boundary condition is applied in Abaqus is shown. First, the
RVE geometry created the geometry of the RVE using Abaqus’
modeling capabilities. This can involve defining the solid
elements, surfaces, and edges that represent the RVE. After
that, Established RVE Periodicity: Identify the boundaries of
the RVE that will have periodicity. Typically, these are
opposite faces or edges of the RVE that should exhibit the
same displacement, stress, or strain conditions. Create a
Reference Point: Select a point within the RVE that will serve
as a reference for the boundary condition. This point should
ideally be located away from any areas with high strain
gradients or stress concentrations.

Create the Analysis Model: Define the material properties,
loads, and constraints for the RVE analysis. This involves
assigning appropriate material models, defining boundary
conditions, and applying loads to the RVE geometry.

Solve the Analysis: Run the analysis in Abaqus to obtain the
response of the RVE. Abaqus will automatically enforce
the periodicity defined in the previous steps and calculate the
behavior of the RVE based on the applied loading conditions.

Post-processing: Analyze the results obtained from the RVE
analysis to extract the desired information. Abaqus provides various
post-processing tools to visualize and interpret the results, such as
contour plots, stress—strain curves, and displacement fields. This
approach enables the analysis of a smaller portion of a larger structure
or material, reducing computational effort while still capturing the
overall behavior accurately. Typical comparisons of effective
mechanical moduli of the proposed models UD and BD composite
with different volume fraction are shown in Table 3. It can be
observed that both HUC and BD-RVE, which contain same volume
fraction of V; = 30%, have almost same effective moduli E,,, E_;, and
G,y, but BD-RVE shows more stiffness in x-axes tensile direction.

Table 3
Comparisons of effective properties of the proposed models UD
and BD composite with different volume fraction

Effective modulus (Gpa) SuUC HUS DBC RVE
E, 3.57 2.05 11.88
E, 3.57 2 2.50
E, 43.94 12.5 13

G,y 2.69 0.61 0.67
Gy, 1.61 1.08 0.59
G, 2.55 0.4 0.74

5. Conclusion

In this study, the paking density of different unit cell
configrations and their effects on the micro-macro mechanical
response of UDC were studied. Further, a random fibers inclusion
was realistically created within a virtual RVE composite domain
using Monte Carlo simulation within FE analysis scheme,
considering uniaxial and shear loading conditions. Afterwards, the
use of the Monte Carlo algorithm, in conjunction with RSA, was
employed to generate a randomized arrangement of fibers
considering periodicity criteria of fibers to estimate the effective
engineering characteristics using numerical simulation technique.

The simulation results of a PE behaviors of proposed multiscale
computational models were plotted in order to effectively observe
the micro-macro mechanical response using averaging volume
homogenization approach. It was noticed that the mechanical
properties of composite materials can be strengthened by providing
a different design that integrates different laminations of basic RVE
models. To elucidate the effectiveness of the proposed method,
SUC model was validated against the rule of mixture analytical
model so that the proposed model effectively captures the macro-
effective elastic properties of UD composites. In general, using the
proposed methodology described in this paper, the evolution of
damage plastic failure in UD and BD composites can be modeled
to provide valuable insights for improving the design of composite
materials; hence, the methodology can be extended in the future to
investigate the vibration behaviors of sandwich structures
containing fiber-reinforced synthetic resin composites.
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