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Abstract
This paper presents a computationally efficient multi-scale analytical framework for predicting the effective elastic
response of short fiber reinforced polymers (SFRPs) under triaxial and flexural loading conditions where the details of
microstructure such as core/shell thickness, volume fraction distribution, fiber misalignment and fiber length variation
are objectively taken into account. To this end, the mean-field homogenization and finite element approaches are
compared to calculate the elastic response of SFRPs at the microscopic level while the orientation averaging approach
is used to address the effects of fiber misalignment. The obtained mechanical behavior is then linked to an enhanced
laminate theory to predict the effective triaxial and bending macrostructural behavior considering the core/shell effects
and variation of volume fraction through the thickness. Using the second-order homogenization technique, the numerical
validation of the proposed analytical approach is investigated based on the micro- and meso-scale analyses. Furthermore,
the potential of the proposed strategy is demonstrated for hybrid composites. Finally, the accuracy of the suggested
model is thoroughly studied using the available experimental tests in literature where the statistical information about

the details of SFRP microstructures is presented.

Keywords: Short fiber reinforced polymers, Core/shell effect, Volume fraction distribution, Periodic boundary
conditions (PBCs), Out-of-plane and flexural properties
1. Introduction:

Short fiber reinforced polymers (SFRPs) are attracting considerable attention of various industrial sectors due to the fast
and low-cost manufacturing processes and interesting mechanical properties [1, 2]. Short fiber composites are mainly
produced by the injection molding process and have complex microstructures [3, 4]. One key step in the design of SFRPs
is the prediction of effective mechanical behavior at the macroscopic level. However, the microstructural complexities
such as core-shell effects, fiber orientation/length and volume fraction distributions bring difficulties in estimating the

effective mechanical response of SFRPs. Therefore, considering the effects of microstructural details in the analysis,
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more specifically the distribution of fiber orientation and volume fraction through the thickness, is an essential step for
reliable prediction of the triaxial and flexural mechanical performance of SFRPs.

Finite element approach as a powerful numerical tool [5-7] has been frequently used to estimate the mechanical
response of SFRPs in a wide range of domains [8-17]. In this regard, Breuer and Stommel [18] studied the effects of
fiber geometry, packing configuration, fiber length and orientation distributions on the elastic response of SFRPs. Also,
Tian et al. [19] focused on the Representative Volume Element (RVE) generation for SFRPs with randomly distributed
fibers and high volume fractions at the microscale level. It should be noted that the RVE generation and FE meshing are
challenging tasks for FE modeling of SFRPs and it is very difficult and time-consuming to generate and analyze RVEs
with adequate finite element meshing. Consequently, different numerical studies predicted the effects of fiber
misalignment using Pseudo-grain and averaging approaches. Naili et al. [20] utilized 2D finite element (FE) simulations
to obtain the mechanical response of SFRPs with a distribution of fiber orientations based on different orientation
averaging approaches. Similarly, Mirkhalaf et al. [21] employed the FE-based orientation averaging to estimate the
elastic response of misaligned SFRPs composites in the three-dimensional domain. A pseudo-grain approach was
developed by Pietrogrande et al. [19] to explore the elastic stress distributions in the matrix for misaligned SFRPs based
on the information obtained from aligned RVEs. In the above mentioned studies, there is always a need of finite element
simulations for predicting the elastic behavior of aligned unit-cells/RVEs to estimate the elastic response of RVEs with
misaligned fibers using orientation averaging approaches. Although the FE simulation is powerful for estimating the
mechanical response of SFRPs in different length scales, it is practically limited by very high computational costs.

The mean-field homogenization can be used as an alternative approach for estimating the mechanical response of
SFRPs with acceptable accuracy and very low computational costs compared to the numerical solutions. Among various
mean-field homogenization (MFH) techniques, the Mori-Tanaka approach [22, 23] is well-known for predicting the
elastic response of aligned SFRPs. This method has been extensively used to predict the mechanical behavior of
composite materials [24-29]. By comparing the elastic response obtained from different analytical solutions such as
Mori-Tanaka [22, 23], self-consistent model [30, 31], Halpin—Tsai [32], bounding [33, 34] and shear lag [35] models
with the finite element simulation, Tucker and Liang [36] demonstrated that the Mori-Tanaka approach can provide
good predictions for the elastic response of unidirectional short-fiber composites. Also, Pierard et al. [24] provided a
general framework for predicting the thermo-elastic behavior of multi-phase composite materials using MFH approaches
and two-step homogenization approaches. Dray et al. [37] investigated the use of different Closure approaches in the
mean-field homogenization (Mori-Tanaka) to predict the effects of misalignment in the effective thermo-elastic behavior

of SFRPs. They recognized that a fitted closure approach leads to the best prediction for the elastic response of SFRPs



with misaligned fibers. Additionally, Jain et al. [15, 38] indicated that the average stress responses of the inclusions with
2D planar distribution can be easily predicted by using Pseudo-grain and Mori-Tanaka approaches.

Most of the available analytical and numerical studies have focused only on the mechanical response of SFRPs
with a single-layer model (misaligned/aligned). However, several microscopic observations and x-ray scans reveal that
the orientation distribution of the fibers and the volume fraction are varying through the thickness [39]. Considering the
variation of microstructural details through the thickness is vital specially when out-of-plane and bending properties are
concerned. To deal with these effects, decomposing the SFRP thickness into several layers can be a possible solution.
In this case, the SFRPs structures can be assumed as a laminate with several plies where the effects of local fiber
orientation and volume fraction are considered in each ply. There exists also another strategy where the through-
thickness average orientation tensor and volume fraction of the SFRPs can be used for obtaining the mechanical response
[21, 40]. Nevertheless, this method cannot be trusted for predicting the flexural behavior of SFRP and has less accuracy
in estimating the in-plane and out-of-plane effective properties. In addition, there are several applications for hybrid
composites where SFRPs are combined with other composite systems such as overmoulding of unidirectional
continuous fiber laminates or particulate composites [41-43]. Thus, it is important to couple the microscopic information
of SFRPs to three-dimensional enhanced laminate theories to be able to predict complete mechanical response (in-plane,
out-of-plane and bending) with limited computational cost.

Only a limited number of researchers considered the classical laminate theory for SFRPs. For example, Halpin and
Kardos [44] utilized 0°, 90° and #45° aligned plies of SFRPs in the classical laminate theory to construct a quasi-
isotropic laminate as a 2D SFRP. Also, Shokrieh and Moshrefzadeh-Sani [45] used the laminate analogy for the in-plane
SFRPs with misaligned fibers where an equivalent laminated composite with several unidirectional plies was used to
predict the progressive damage in SFRPs based on shear-lag, Halpin-Tsai and Tsai-Wu failure criteria. It should be
noted that the mentioned studies were all restricted to the two-dimensional analyses and the laminate theory was used
only for averaging the orientation distribution of fibers. Moreover, few studies have been carried out on the flexural
response of SFRPs and hybrid composites using analytical approaches. Fu et al. [46] utilized a 2D analytical solution
for predicting the flexural behavior of SFRPs. The study ignores the variation of volume fraction through the thickness
and also neglects the effects of out-of-plane deformation on the mechanical behavior of composite materials. Moreover,
a simplified orientation averaging approach was employed to consider the effects of 2D fiber misalignment for a
laminate with only three plies (core and shell). As we will show in this paper, the implementation of laminate analogy
for estimating the triaxial and bending deformation of SFRPs involves different modeling ingredients. Therefore, the
accuracy of the laminate analogy for SFRPs must be examined numerically step by step. Experimental validation of

laminate analogy specially under complex bending deformations is cumbersome as the presence of possible non-linear



effects and the assumptions involved for different modeling steps might compensate each other. Therefore, it is
important to use the finite element simulations for complex loading conditions and provide benchmark solutions for
different modeling ingredients in the micro- and meso-scale levels.

The main contribution of this study is linking the Mori-Tanaka approach to a three-dimensional enhanced laminate
theory in order to predict the triaxial and flexural effective elastic properties of SFRPs and hybrid composite materials.
The proposed strategy can then consider the variation of microstructural details such as volume fraction and orientation
tensor through the thickness. In order to validate the different modeling ingredients, highly refined FEM simulations at
micro- and meso-scales are performed incorporating second-order periodic boundary conditions. To do so, the second-
order periodic boundary conditions are enhanced to include the effects of out-of-plane deformations. Moreover, different
existing orientation averaging approaches have been employed for both numerical and analytical homogenization
methods. The aim and novelty of this study can be summarized as follows:

®  Suggesting a hierarchical multi-scale analytical framework to predict the effective behavior of SFRPs and
hybrid composites.

e Linking the mean-field homogenization technique and microscale FE modeling (for validation) to the
enhanced classical laminate theory to predict all the triaxial and bending properties.

e Coupling second-order homogenization technique to a three-dimensional enhanced laminate theory in
order to obtain the effective triaxial [A], coupling [B] and bending [D] stiffness matrices of SFRP
composites with (7 * 7) components.

e  Using second-order homogenization formulations in FEM modeling of SFRPs and hybrid RVEs in micro
and mesoscale levels to verify the assumptions of laminate analogy for SFRPs.

e Providing benchmark solutions for the flexural behavior of SFRPs and hybrid composite materials in
different length scales using analytical and numerical models.

e  Experimental validation of the modeling results by comparison to the high-quality DIC measurements on
the SFRP samples in the presence of corresponding accurate information about microstructural details
obtained from CT images

2. Methodologies
In this section, the details of the required analytical and numerical approaches for multiscale modeling of SFRPs are
presented. Fig. 1 demonstrates the required steps for the proposed multi-scale strategy. As illustrated, the Mori-Tanaka
mean-field homogenization or finite element approaches are considered to capture the elastic response of aligned SFRPs
in the microscale analysis. By linking the obtained mechanical response to the Pseudo-grain/Closure approach, the

effects of fiber misalignment are taken into account. Then, the homogenized elastic behavior of misaligned fiber is
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utilized as a material property of each ply in the three-dimensional enhanced laminate theory or FEM modeling with
second-order homogenization formulations. In this case, the through-thickness variation of volume fraction and
core/shell effects can be easily considered. It is noted that finite element modeling with a second-order homogenization
approach is performed to indicate the accuracy of the suggested multi-scale analytical modeling under a variety of

loading conditions.
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Figure 1. Schematic description of couphng the mesoscale analysis with the microscopic information.
In this study, the mechanical behavior of microstructures is considered as linear elastic and the effects of thermal or
moisture residual stress are ignored. Moreover, the global coordinate system (X, Y and Z) is selected to report the
mechanical properties of composite materials (Fig. 1).

2.1. Micro-mechanical analysis

2.1.1. Analytical solution for aligned short fiber composites

The Mori-Tanaka model is an efficient homogenization approach for exploring the mechanical response of different
composite materials based on the average stress and strain response in the matrix and inclusions. This method was
proposed by Mori and Tanaka [22] and reformulated by Benveniste [23] to compute the total stiffness tensor for
composite materials with different shapes of inclusions such as ellipsoidal, spherical, infinite cylinder, and penny-shaped
disc. This approach relies on Eshelby's equivalent inclusion problem which is developed for solving the stress field of
an ellipsoidal inclusion in an infinite elastic domain. Moreover, the Mori-Tanaka scheme can approximate the
interactions between the inclusions by a modification of the applied strain to each inclusion in the strain concentration
tensor [23].

The effective stiffness tensor of a two-phase composite material can be expressed in the following form

C=0,Cpn: Ay +9,Ci2 A;, )



where ¥, C and A represent the volume fraction, the stiffness and the strain concentration tensor for each phase,
respectively. The subscript m and i refer, respectively, to the matrix and inclusion phases. The strain concentration tensor
is mainly correlating the applied strain ¢ to the average strain components of each phase (denoted by ¢; and &,,) and the

relation between the strain concentration tensors can be defined as

&; =Ai:£, (2)
En=A4,¢, 3)
I=A, +A4,, “)

where I denotes the symmetric identity tensor. Equation (1) can be presented in a simpler form based on the strain

concentration of the inclusion as
C=C,+9(C;—Cp):A;. 5)

Using the dilute strain concentration of the inclusion, the strain concentration tensor of Mori-Tanaka AT can be

determined by the following equations
AP = (14 Sp: €t (€ — €)™t (6)

AMT = pPitute, 9 | 4 g APilute]-1 o)
where S is the Eshelby tensor which only depends on the aspect ratio of the inclusion and the Poisson's ratio of the
matrix. The readers can find the components of the Eshelby tensor in Ref. [47, 48].

Using equation (5) and equation (6), it is possible to predict the total stiffness tensor of the composite and extract the

compliance tensor S as

s=c"t. (8)
Therefore, it would be possible to extract the effective elastic constants based on the components of the compliance
tensor S as follows
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where E, v and G are respectively Young's modulus, Poisson's ratio and shear modulus. The (X, Y and Z) represent the

directions in the global coordinate system.

2.1.2. Numerical approach for aligned short fiber composites

As an alternative to analytical solutions, finite element modeling with periodic boundary conditions (PBCs) can be

performed to extract the mechanical response of the composite at the microscopic level. The 3D periodic boundary



conditions (PBCs) is one of the most effective approaches for reducing the computational cost while evaluating the

homogenized behavior of composite materials in various length scales [49, 50]. Based on this approach the nodal

displacements fields of opposite surfaces can be correlated to each other using a linear equation which can be expressed

as [51]
i+

U;

-y =gl (Gj=xy2), (10)
where u and [; are, respectively, the displacement fields for opposite nodes and the length of RVE in the i direction. In
order to extract the homogenized response of the composite material, the average stress and strain response can be

obtained using the information from the reference points or data at the integration points of the whole RVEs which is

given as
5,:]' = %fVO-ijdV, (11)
&j = I, &ydV. (12)

Six loading conditions with unit values (three uniaxial loads in X, Y and Z and three shear loads in X-Y, X-Y and Y-Z
directions) are required to compute all the elastic constants of composite materials [5]. The elastic constants can then be
extracted from equations (8) and (9) by having the stiffness tensor from Hooke's law as

o =Ct. (13)
In the current work, for applying the PBCs and post-processing the results, Python scripts are utilized in the Abaqus
finite element software [52].

2.2. Orientation averaging

It is well-known that the RVE generation for non-aligned SFRPs is very cumbersome [19]. In addition to the high
computational costs, many issues stand in the way such as meshing problems and difficulty in RVE generation for high
fiber volume fractions [21]. These problems can be approximately solved using the Pseudo-grain/Closure approach [20,
27, 53].

The orientation tensor provides computationally efficient information about the status of fiber orientation in 3D
and 2D spaces where this data can be used for considering the effects of fiber misalignment in the mechanical behavior
of SFRPs.

The unit vector p, which depends on (6, ¢), can be used to describe the orientation of a single fiber in a 3D configuration.
As can be seen in Fig. 2, ¢ and 0 represent, respectively, the in-plane and out-of-plane orientations of a single fiber
based on the defined coordinate system. The X', X', and X3, respectively, refer to the fiber direction, in-plane

transverse and out-of-plane transverse directions to the fiber in the local coordinate system.
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Figure 2. Demonstration of fiber orientation vector in a three-dimensional coordinate system (X, X2, X3).

The probability orientation distribution function ¥ (6, ¢) can be used to represent the orientation state of a point in space.
This function (6, ¢) implies the probability to find fiber in the orientation between (0, ¢) and (6 + d8, ¢ + d¢) which
is denoted by[54]:

P(6,<60<0,+dO,p, <o <q@,+dp)=1P(01,¢9,)sinb, de db (15)
The orientation distribution function (8, ¢) satisfies the following physical conditions

g;ggwwﬂnunmwdezﬁwmmpz1mmmﬁmmanMmL (16)

Y(6,p) =@ — 06,7+ @) or P(p) = Y(—p) (symmetry of the fiber) . a7

Using the unit vector of fiber p and the orientation distribution function ¥ (p) for each possible direction, the second-

order and fourth-order orientation tensors (a;; and a; ;) can be defined as [54]:

a;; = $pipjp(P)dp , (18)
aiji = $pipjpreip (P)dp | (19)
dp =sin6de do (20)

Moreover, the integral over p which is weighted by the orientation distribution function (6,¢) is utilized to obtain the
second and fourth-order orientation tensor. Moreover, the orientation tensor is always symmetric and the summation of
its diagonal terms is equal to one. It should be noted that the components of the orientation tensor can be used to
understand the orientation of fibers. For example, (a;; = 1, a,, = 0, as3 = 0) is a representation for completely

aligned fibers and (a;; = 1/3, a,, = 1/3, a3 = 1/3) represents three-dimensional random fibers.

The main idea of the two-step homogenization approach is to decompose the composite microstructures into several
groups (pseudo-grains) and obtain the effective behavior of the whole misaligned structure based on the stiffness of all

grains. This strategy is also widely used for the nonlinear mechanical behavior of composites. Fig. 3 schematically



demonstrates the use of Pseudo-grain discretization in the two-step homogenization approach for SFRPs. First, it is
needed to decompose the microstructure into several grains with perfectly aligned fibers where each grain includes
fibers with the same orientation and aspect ratio. Then, the first step of homogenization (previous subsection) is
conducted to obtain the effective elastic behavior of aligned fibers in each grain. It should be highlighted that in this
stage the mean-field homogenization or finite element modeling (MT/FE) can be performed to predict the homogenized
response of aligned SFRPs where the 3D orientation transformation can be used to modify the stiffness tensors based
on the orientation of fibers. After having the homogenized behavior of each grain, the stiffness averaging approaches

can be adopted to estimate the homogenized response of the SFRP with misaligned fibers.

Pseudo-grain decomposition Second homogenization

g\\M&\/\\F\\K\%\\ Homogenized
.

/////// properties

First homogenization
Figure 3. Schematic description of two-step homogenization method using Pseudo-grain approach.

In this research, the Voigt approach is utilized to estimate the effective response of fiber misalignment in the second
step of homogenization. Recently, it was demonstrated by different researchers that this strategy leads to a reasonable
approximation for the elastic response of SFRPs [20, 38].

C=Yl,wi<C >, @1
where w; is the weight of each grain and < C; > is the rotated stiffness tensor of aligned SFRPs in the 3D dimensions.
On the other hand, a complete fiber orientation distribution is not always accessible for misaligned short fibers and only
the second-order orientation tensor can be provided due to the computational complexities. To resolve this issue, the
fourth-order orientation tensor must be approximated using some closure approaches such as hybrid, orthotropic, natural
and weighted methods [53, 55-57]. In the current work, the improved fitted orthotropic closure approach which was
proposed by Chung and Kwon [58] is selected to estimate the effective elastic response of SFRPs with misaligned fibers.
This approach relies on the eigenvalues of the second-order orientation tensor (@) and only requires three independent
parameters from the principal fourth-order orientation tensor (4) that can be evaluated using the fitted constants of

polynomial expansions as follows [58]
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A, 0.070055 0.339376  0.590331 —-0.396796 0.333693  0.411944 a‘; -
Ay t=| 0.115177 —0.368267 0.252880 0.094820 0.800181 0.535224 |{ 1 L’ (22)
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where the eigenvalues of the second-order orientation tensor should satisfy the (4,; = @,, = @33) condition. It
should be noted that these constants were determined using a least-square fitting of numerical solutions for the
probability distribution function in various sets of flow fields. The remaining terms of the fourth-order orientation tensor
(three components) in the principal directions can be obtained using the normalization conditions and the calculated
orientation tensor. Further details can be found in [58].
Finally, a tensorial formulation which was proposed by Advani and Tucker [54] is used to extract the stiffness tensor of
composite materials with misaligned/rotated fibers using the elastic response of composite with aligned fibers and the

second and fourth-order orientation tensors (Eq. 18 and 19).
(%) =B, (ajq) + By (a0 +aJ;) + B3 (a;.6; +2; 05 +2,,0y +2;6;) + By (55 5;) +Bs (5 5y + 603 ) » (23)

where the constants B; = 1,2,3,4,5 can be determined using the components of the stiffness tensor of the composite

material with aligned fibers as

—Aligned —Aligned —Aligned —Aligned
B, =Cimn +Caxn -2Cin -4Con

—Aligned —Aligned
B,=Cun -Cnzn ,

— Aligned —Aligned —Aligned 24
B;=Cni2 +0.5(Ca33 —Ca22 ), 24

—Aligned
B,=Cxn3 ,

—Aligned —Aligned

Bs =0.5(C222 —Ca233 ).

2.3. Macro-mechanical analysis

2.3.1. Enhanced laminate theory

In this study, in order to calculate the elastic response of composite materials at the macroscopic level, the enhanced
classical laminated plate theory (ECLPT) [59] is adopted. The key aspect regarding the use of the enhanced laminate
theory is the possibility of considering three-dimensional solutions for evaluating the triaxial and flexural response of
composite materials where uniform normal stresses with zero shear tractions are considered for the upper and lower
surfaces. This solution is applicable for both symmetric and non-symmetric multi-layered composites with N plies where
each ply may have different mechanical properties. In the enhanced laminate theory the interface between the adjacent
layers is considered to be perfectly bonded and the continuity of both stress and displacement fields are satisfied at the
interface between the plies. Fig. 4 demonstrates the schematic description of the equivalent laminate in the enhanced

laminate theory. The (X, Y and Z) represent the directions in the global coordinate system when there are fibers in more
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than one orientation. As it can be seen in Fig.4, the thickness of the laminate is denoted by 2h and Z; represents the

height of i ply with respect to the laminate mid-plane.

Z;

Tzi-l

Laminate mid-plane

Figure 4. Demonstration of equivalent laminate in the enhanced laminate theory.

Considering the additional effects of out-of-plane normal strain in the classical laminate theory leads to the modified

stiffness tensor € of each ply, which can be determined using the following formula [59]

_7. Ei L E; E; Ei _ Ei Ei T
Cll—g Clz—y ,:3 Clﬁ_y
C33 C33 C33 C33
Tl cy 0 - &
Cin— fi 2 Cu- (,2‘3) ,?3 Ca — Zjl % (25)
Ei _ Css Css Css Css s

Cs Cx 1 [

Cis Cx Cis Cs
= R S S —i
Co—iTe G, -Sale Zv g, Cu)

L Cs3 Cs3 Cs3 Cs |

where C! indicates the homogenized behavior of the i ply with the effect of fiber misalignment. Using the modified

stiffness tensor C of each ply, the [A'][B'][D'] matrices can be calculated.

2 2 ) (26)
3 "% | A
[ 2 JC ks

Similarly, the components of the ABD stiffness matrix which include the triaxial stiffness matrix [A], coupling matrix

[B] and bending stiffness matrix [D] can be determined as follows

AH.,_@ A, +% % A _% Bl'1+313f413 Bl'2+323f413 B36IAI3
3 3 3 3 Agy A3 Az
C A o (AR Ay o AgA, © BhAw . BuAy . ByA
A, +M A22+A27.3 @ Ay _M B, + 137493 By, + 23703 By — 36003
A As3 Ay Ay Asy B Ay Asz Az
As Ay 1L Ay By By B
Az As A Az A Az Az
Al' _A13f436 A2 _A23’A36 _@ A6 +(A3§) B _Bl3f436 B. _Bz3f436 B +B36IA}6
6 6 6 16 26 66
L A As A Ay | L Az As; Az ]
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For more information about the derivation of the aforementioned formulas, the reader can refer to [59]. Therefore, the

linear relation between the effective stress/moment and strain/curvature in the global coordinate system (X, Y, Z) can

be defined as

6)’_)( XX

Oy »

[ [

s L [A]4><4 [B]4><3 - (28)
xy = T xy (s

M., [B] 3x4 [D]3><3 AM

My, é}'}

MX\' éX\

where £ and & refer to the strain and curvature components, respectively. By inverting the above equation, it is also

possible to extract the engineering constants for the multi-layered model as

1

[0 v w Ay By Ay Ay
E, E., E, E, E. E, E,
O T N T S N
E, E, E, E, E. E, E,
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£, . A . o,
DR TR TR G TR R A (29)
ey |0 By D b 1 9y By |M,
_ Ty _ Ty _ 7y _ s _ gA.\ 1 _ :sz
Ay A A Ak By B, 1

where A4, 7 and 8 show, respectively, the effects of shear stress and moments, coupling counterpart of Poisson’s ratio,

and flexural counterpart of Poisson’s ratio. Note that the superscript (*) refers to the flexural components of the model.

2.3.2.  Second-order homogenization approach

As an alternative to the enhanced laminate theory, FE modeling with second-order homogenization formulation can be
used to predict both the triaxial and flexural effective properties of SFRPs by explicit modeling of all microstructural
details through the thickness. The second-order homogenization technique is an efficient numerical tool for reducing
the computational cost and imposing the in-plane and flexural loading conditions to RVEs/Unit cells in various length
scales. Various researchers have employed this strategy for continuous fiber composite laminates as well as woven
composite materials with formulations based on the 2D classical laminate theory [60-64]. According to this approach,
only the in-plane periodic boundary conditions should be applied for the micro/mesostructures and the periodicity in the

z-direction needs to be relaxed. Similar to the 3D PBCs, the in-plane PBCs have been imposed to correlate the
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displacement fields for pairs of nodes in parallel surfaces (x and y directions). Considering the kinematics of thin plates,

the displacement field corresponding to such PBCs can be described as

L — iy =(e+2R) - %g) | (30)
- 1., 54> —o—
uy —u; = _Es(x;x; —XXz) (1)

where € and & represent the strain and curvature tensors, respectively. Additionally, the in-plane nodal displacements at
X and Y boundaries are indicated by 1, while the out-of-plane (Z) nodal displacement is demonstrated by u,. The
superscripts (+ and -) denote the opposing surfaces at the boundaries. In the Abaqus software, the aforementioned
constraints can be introduced using *EQUATION command. After meshing and defining the constraints for the nodes
in the boundaries, seven loading conditions involving triaxial and bending components are imposed on the model to
extract all the ABD matrix components based on the enhanced laminate theory. The applied loads (seven load cases)
include three strains in (X, Y and XY)-directions, one uniform stress 6., to the upper and lower surfaces in the Z-
direction, as well as three bending curvatures in (X, Y and XY)-directions. It should be also noted that in the existing
works, only six loading conditions have been applied to obtain the ABD tensor based on the 2D classical laminate theory
ignoring the effects of out-of-plane normal deformations which are important even under in-plane loading conditions
especially when fibers are oriented in the out-of-plane direction.

In summary, after calculating the elastic response of composite material using MFH or FEM based on the microscopic
details, the obtained results can be linked to the Pseudo-grain or Closure approaches to consider the effects of fiber
misalignment in the mechanical response. Using laminate analogy for different SFRPs and hybrid composites, the
effective elastic response of such materials can be coupled with the enhanced laminate theory to extract the triaxial and
flexural response of the materials. In this case, it is possible to incorporate variations in the volume fraction and
orientation tensor through the thickness. On the other hand, from the numerical point of view, the second-order
homogenization approach can be used in finite element modeling to illustrate the validity of the suggested strategy in

different length scales.

3. Results and discussion
3.1. Numerical validations
First, in order to obtain the effective elastic response of SFRPs with aligned fibers and thoroughly validate the different
modeling ingredients, microscale analysis is performed using the Mori-Tanaka approach and validating with finite
element modeling. For this purpose, the glass/PA6 composite (Table 1 (set #1)) is selected as a representative material
for the microstructure of SFRPs while the fiber aspect ratio of Ar=20, which is a typical aspect ratio for such composite

materials, is considered for the cylindrical inclusions.
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Table 1: Utilized material properties for short fiber reinforced polymers.

Set Material E [MPa] v [-] Reference
Glass fiber 72000 0.22 [40]

#1

PA6 2820 0.33

Glass fiber 70000 0.2 [65]
#2

PA6 2800 0.4 [65]

The length and diameter of fibers are selected, respectively, as [ = 200um and df = 10um which correspond to the
aspect ratio of Ar = 20. For the RVEs with aligned fibers, the length of the RVEs is considered to satisfy the minimum
RVE size as (I, =22l;) and (1, = I, =5df) [65]. It is clear that the RVE size depends on the volume fraction for a fixed
number of fibers. To have consistency when constructing RVEs with different volume fractions, we have considered
the same number of fibers (30 fibers) for all RVEs with unidirectional fibers and different volume fractions. Fig. 5
demonstrates the selected RVEs and the quality of the mesh utilized for SFRPs having 30 aligned fibers with volume
fraction in the range of 0.10-0.30. The number of fibers is selected to be large enough to represent the mechanical
response of SFRPs and increasing the number of fibers had no significant effects on the predicted mechanical behavior
of SFRPs. As illustrated, the fibers are positioned randomly and aligned in the model and tetrahedral elements are
utilized for meshing the RVEs. Due to the presence of high-stress zones near the tips of the fiber, a very fine mesh is
chosen to ensure the convergence of the results. For such models with aligned fibers, more than 500,000 elements are

utilized to ensure converged results for all loading cases.

(b)

(@) (d)

Figure 5. The utilized geometry for RVEs with 30 aligned fibers; (a) volume fraction 10%, (b) volume fraction 20%,

(c) volume fraction 30% and (d) sample of mesh for RVE with volume fraction of 20%.
It should be noted that the Eshelby tensor in MFH approaches is developed for ellipsoidal shapes of the inclusion which
considers a uniform strain in the inclusion for an applied eigenstrain. However, the cylindrical inclusions show variation
in the internal strain and this can alter the strain concentration tensors [40]. In order to consider an equivalent ellipsoidal
inclusion for the MFH based on the information of the cylindrical inclusions, two types of inclusions can be suggested;

the inclusion with the same aspect ratio (Ar) and the inclusion with the same length (L) and volume (V). This strategy
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was also used by different researchers (for example McCartney [66] and Rashidinejad et al. [40]) to find the equivalent

ellipsoidal inclusion for cylindrical fibers.

Fig. 6 shows the prediction of the effective elastic responses of SFRPs based on the analytical and numerical approaches.
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Figure 6. Obtained effective elastic constants for glass SFRPs with an aspect ratio of 20 using the Mori-Tanaka
approach and finite element modeling; (a) Young's modulus Ey, (b) Young's modulus E), (c) Poisson's ratio vy, (d)

Poisson's ratio v,. and (e) Shear modulus G,y.

Scrutinizing the obtained results demonstrates that there is a good agreement between the MT prediction and finite
element data for different volume fractions. It is also clear that considering equivalent inclusions with the same length
and volume (same L and V) leads to better prediction in Young’s modulus in the fiber direction. It should be noted that
the FE results may slightly change by modifying the number of fibers and their position. However, considering the
computational expenses of the finite element modeling, the MT approach provides reasonable accuracy for the elastic
behavior of aligned glass fiber reinforced polymers.

In the second step, the effects of fiber misalignment are investigated to address the possibility of extracting the effective
mechanical response of SFRPs with misaligned fibers using the elastic behavior of microstructures with aligned fibers.
From the numerical point of view, RVEs with misaligned fibers are generated using Digimat software [67] and linked
to a commercial finite element software to provide the benchmark solutions for the two-step homogenization
approaches. The microstructures have been modeled using 50 misaligned fibers with an aspect ratio of 20 and a volume
fraction of 10%. The main reason for selecting a lower volume fraction is the difficulty in RVE generation for
microstructures with misaligned fibers and high volume fractions using Digimat software [67]. Fig. 7 presents an
illustration of the employed RVEs and their corresponding mesh. In this case, more than 750,000 tetrahedral elements

have been utilized to mesh the RVEs.
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Figure 7. Utilized geometry and mesh for RVEs with 50 misaligned fibers with orientation tensor (a1,=0.8, a2,=0.2,
a12=0.0145).

Different homogenization strategies are conducted to capture the influence of fiber misalignment in the effective
mechanical response. In the first step, the fiber orientations are directly extracted from the generated RVEs which give
us exact information about the fiber orientation distributions. Considering the obtained stiffness tensors for the aligned
SFRPs, the Pseudo-grain approach with Voigt orientation averaging is employed for the calculated results in both
analytical and numerical methods. In the second step, it is assumed that the fiber orientation distributions are not clearly
known and only the second-order orientation tensor of the generated RVEs is given. In this case, the closure
approximation is utilized in order to predict the stiffness tensor for SFRPs with misaligned fibers (Eq. 23) via the
estimated fourth-order orientation tensor. Fig. 8 reports the effects of fiber distribution on the mechanical response of
SFRPs. It should be noted that in this analysis the a;> component of the second-order orientation tensor is also considered

for estimating the homogenized response based on the closure approach.
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Figure 8. Obtained effective elastic constants for glass SFRPs with an aspect ratio of 20 and the volume fraction of
10% based on different orientation averaging approaches and finite element modeling; (a) Young's modulus Ey, (b)

Young's modulus E,, (c) Poisson's ratio vy, (d) Poisson's ratio v,. and (e) Shear modulus Gyxy.
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The obtained data illustrates that there is no significant difference between the results of different approaches. However,
it can be clearly seen that the accuracy in the prediction of SFRPs stiffness with aligned fibers has some effects on the
prediction of the homogenized response of SFRPs with misaligned fibers. The results also show that the Voigt approach
(MT with same L and V, as well as FE model) and fitted closure (MT with same L and V) approach lead to almost close
predictions for the elastic constants in most of the orientation configurations. It should be noted that in the Voigt
approach all the details of fiber orientation are given to predict the effects of fiber misalignment while in the closure
approach only the second-order orientation tensor is provided. As expected, Voigt predictions are slightly higher than
those evaluated by FE-RVE models due to imposing uniform strain conditions when using this method. This finding
also supports the observation of different researchers such as Naili et al. [20] and Mirkhalaf et al. [21] where they linked
the mechanical response of simplified (2D and 3D) unit cells to the orientation averaging approaches. In summary, the
obtained results indicate that there are no remarkable differences between the predictions obtained from the two-step
homogenization based on MT results and FE simulation of RVEs with aligned fiber for the selected typical stiffness
contrasts and volume fractions of glass SFRPs.

In the third step, the mechanical response of SFRPs microstructures is linked to the enhanced laminate theory to
calculate the structural level stiffness of materials. To do so, the validity of the enhanced laminate theory is first studied
using the second-order homogenization method based on FE analysis. For this reason, a SFRPs laminate made of glass
fiber reinforced polymer (Table 1) with complex microstructure (randomly oriented fibers) and aspect ratio of Ar=20 is
selected. The equivalent laminate has two sets of microstructures with a thickness of 1mm (see Fig. 9(a)). The volume
fraction in the lower and upper plies is chosen as J; = 0.1 with completely aligned fibers while this value changes to
9; = 0.2 for the middle ply with three-dimensional randomly distributed fibers. The 3D linear closure approach [53,
54], which provides an accurate calculation for the fourth-order orientation tensor of completely randomly distributed
fibers, is employed to compute the effective elastic response for 3D random microstructures. Using MT homogenization,
the evaluated effective elastic properties of each ply are reported in Table 2. Then, the homogenized elastic responses
have been specified as material properties of the three plies in the enhanced laminate theory and FE second-order
homogenization. To accurately compute the flexural response of those materials in finite element simulations, the 20-

node quadratic brick element (C3D20) is adopted for meshing the model (see Fig. 9(b)).

Aligned fibers

3D random fibers

X Y (d)

Figure 9. Selected SFRPs laminate and utilized mesh in finite element modeling.
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Table 2: Homogenized elastic response of SFRPs with an aspect ratio of Ar=20 based on MT.

set vy [-] E, [MPa] Eyy [MPa] E_ [MPa] Uy [l U 1 U, [ ny [MPa] G, [MPa] Gyz [MPa]

1 0.1 7973.81 3502.24 3502.24 0.3203 03203 0.4156 1279.69 1279.69 1236.99
2 0.2 5547.82 5547.82 5547.82 0.2987 0.2987 0.2987 2135.92 2135.92 2135.92

The ABD matrix is then obtained based on the provided homogenized response of the laminate. According to the
evaluated results for both analytical and numerical approaches, it is completely clear that the enhanced laminate theory
provides exact results for all the components of the ABD matrix. It is worth mentioning that the computational cost of
the FE simulation considering second-order homogenization takes more than one hour for such laminate. However, only
0.1 second is needed to run the enhanced laminate theory for such model. Fig. 10 demonstrates the S,, contour of the
stress fields for the selected SFRP laminate under the axial bending strain of &, = 0.01 while the other strain

components are considered to be traction-free. The effective elastic properties of the SFRP laminate are provided in

Table 3.
8737.8 25429 2488.1 0 0 0 0 8737.8 25429 2488.1 O 0 0 0
25429 5641.6 25157 0 0 0 0 25429 5641.6 25157 0O 0 0 0
2488.1 2515.7 54268 0 0 0 0 2488.1 2515.7 54268 0 0 0 0
ABDyeipr =10 0 0 1565.1 0 0 0 , ABDgp =| 0 0 0 1565.1 0 0 0
0 0 0 0 6199.7 8988 O 0 0 0 0 6199.7 898.8 0
0 0 0 0 898.8 28179 0 0 0 0 0 898.8 28179 0
0 0 0 0 0 0 983.6 0 0 0
Stress_xx (MPa) )
S12e+02 50 0 50 1.2e+02 126402 -50 0 50 1.2e+02
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Figure 10. Stress field of SFRP laminate under €,,, = 0.01 bending strain; (a) x-z view, (b) y-z view.

Table 3: Predicted effective elastic constants of SFRPs laminate based on the enhanced laminate theory.

Ey Ey E, Uy U 0, Coo E, E, Oy G,
[MPa]  [Mpa] [MPa] [-] [-] [-] [MPa] [MPaxmm?] [MPaxmm?] [-]  [MPaxXmm?]
7165.66 422126 406342 03105 0.3145 0.3797 1565.10 5913.04 2687.61 0.3190 983.56

After checking the validity of the enhanced laminate theory for SFRPs with complex microstructure, this strategy has
been employed for hybrid composite microstructures. In this regard, a hybrid composite laminate made of continuous
fiber laminae and SFRPs with a stacking sequence of [UD, SFRP, UD] is selected. The thickness of each ply is chosen
as t=0.1 mm, where the directions of fibers in the continuous fiber lamina and SFRPs are specified as 0° and 90°,
respectively. The main reason for selecting rather thin ply thicknesses is the very high computational cost of the FE

modeling in the microscale level. Also, the volume fractions of the continuous fiber plies and the SFRP ply are defined
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as 60% and 13%, respectively. Due to the high volume fraction of the continuous fiber lamina, both MT and finite
element RVE are utilized to compute the elastic properties of these unidirectional plies. A 3D RVE with random packing
of continuous fibers is generated for the continuous fiber composite and 20-node quadratic brick elements are utilized
to mesh the model (see Fig. 11 (a)). Table 4 presents the evaluated homogenized response of the continuous fiber
composite lamina using the analytical and numerical approaches. As it was expected, due to the high volume fraction

of fibers, a higher difference between the MT approach and FE modeling is observed.

MT/RVE
0.1 mm

MT

(a W (b) (©)

Figure 11. Selected material for evaluating the mechanical behavior of continuous fiber lamina/SFRPs hybrid laminate;

(a) Continuous fiber RVE, (b) Homogenized hybrid laminate, (¢c) FE-Laminate RVE at the microscopic level.

Table 4: Homogenized elastic response of continuous fiber lamina with volume fraction of 60% based on MT and FE-

RVE.
Method Vil E,[MPa] E [MPa] E_[MPa] Oy [1 0. 0,1 GyMPal G, [MPa] G, [MPa]
MT 0.6  44338.1 9249.6 9249.6 02570 02570  0.4149  3741.1 3741.1 3268.7
FE-UD-RVE 06  44365.1 10884.9 10723.0 02542 02551 03544  4189.1 41002 3923.1

The obtained homogenized response of materials has been specified in the hybrid mesoscale laminate to be utilized in
the enhanced laminate theory for computing the elastic response (see Fig. 11 (b)). For the SFRPs with an aspect of 20,
only the MT approach is used to calculate the elastic response considering the same length (L) and volume (V) for the
inclusion. Finally, a microstructural laminate with the same material is generated to show the performance and validity
of the proposed strategy for complex structures. Fig. 11 (c) shows the defined FE-Laminate at the microscale level. The
results of the different homogenization approaches are summarized in Table 5. The comparison between the results of
the different approaches reveals that there is a good agreement between the ECLPT approach with FE-MT homogenized
response and the microstructural analysis of the hybrid laminate (FE-Laminate). Moreover, the ECLPT with MT-MT is
also able to predict the mechanical response with an encouraging small run-time on a Core i7 Central Processing Unit
(CPU) with 32 Gigabytes Random Access Memory (RAM) in a 64-bit operating system. However, the error increases
due to having a high volume fraction in the continuous fiber plies and this case cannot be very well predicted by the MT

approach.
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Table 5: Predicted effective elastic constants of hybrid laminate based on FE-Laminate modeling and enhanced

laminate theory.

Model E, Ey E, Uy Uy Uy Gy E xx E » O G, Run time
[MPa] [MPa] [MPa] [-] [-] [-] [MPa] [MPaxmm?|  [MPaxmm?| [ [MPaxmn]
ECLPT, (MT-MT)  30819.12 9253.18 6715.61 0.2147 03097 04207 294590 321.27 69.38 0.2523 2740 0.1 sec
ECLPT, (FE-MT) 30837.18  10338.01  7226.52 02173  0.3050 0.3793  3244.58 32147 81.19 0.2503 30.63 15 min
FE-Laminate 30656.67 10632.97 7183.91 0.2133 0.3064 0.3831 3327.58 317.56 81.22 0.2500 31.10 36 hours

In addition, the importance of the proposed strategy for obtaining the elastic response of such materials is further
investigated by comparing the individual components of the ABD matrix obtained from the developed methodology
and the Voigt approach. The Voigt approach is a widely used methodology for estimating the stiffness tensor of
laminated structures in addition to the orientation averaging. This approach relies on the summation of the stiffness
tensor considering uniform strain in all directions (equation (21)) ignoring the interaction between in-plane and out-of-
plane deformations. The corresponding results for the assumed hybrid laminate obtained from the enhanced laminate
theory, FE modeling and Voigt approach are indicated in equation (32). It can be clearly seen that the use of the Voigt
assumption might lead to considerable errors in estimating the components of the stiffness tensor when comparing to
the FE (MT-MT) approach. For the assumed geometry, the errors are in the range (0.33%-16.68%) for the different
stiffness components where the maximum errors are related to the out-of-plane components of the stiffness tensor. It
can be seen that assuming uniform strains for all loading directions (Voigt approach) will affect the in-plane components
of the stiffness tensor as well, including the interaction between the in-plane and out-of-plane properties. The variation
in the out-of-plane properties normally happens in SFRPs due to the orientation distribution of fibers (possibly oriented

in 3D directions), volume fraction fluctuation, material properties or localized damages.

32572.1 34708 32578 0 0 0 0 32572.1 34708 32578 0 0 0 0
34708 10987.0 3589.1 0 0 0 0 34708 10987.0 3589.1 0 0 0 0

32578 3589.1 80314 0 0 0 0 32578 3589.1 8031.4 0 0 0 0

ABD ey prvir -y = 0 0 0 29459 0 0 0| ABDppyryr) = 0 0 020459 0 0 0
0 0 0 0 3257 178 0 0 0 0 0 3257 178 0

0 0 0 0 178 703 0 0 0 0 0 178 703 0

0 0 0 0 0 0 274 0 0 0 0 0 0 274

32680.8  3626.1 36394 00 033 447 1171 0

c | 36261 112087 41340 0.0 447 202 15.18 0

VOIGT(MT-MT) | 36394 41340 9370.8 00| VOIGT _Errors(%) =\ |1 71 1518 1668 0 (32)
0.0 00 00 29459 0 0 00

Finally, in order to complete the validation of the laminate analogy approach for SFRPs with through-thickness varying
microstructures, it is important to check whether the homogenization of SFRPs at different thickness coordinates and
using homogenized properties for each ply can be trusted when predicting the flexural response of SFRPs. To do so,
micro- and meso-scale FE simulations are utilized to obtain the triaxial and bending behavior of the SFRPs with an
aspect of 20. Therefore, SFRP samples with [0, 90, 0] layers are considered. The thickness of the SFRP plies for 0° and

90° layers are, respectively, 0.12 mm and 0.06 mm. Similar to the previous case, the reason to assume these small ply
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thicknesses is to reduce the computational costs of FEM modeling. Fig. 12 shows a sample of the mesh employed for
the RVE with a volume fraction of 25% at the microscale level. On the other hand, the homogenized response of SFRPs
is defined based on MT mean-field homogenization (with same L and V) for the meso-scale RVEs and ECLPT

approaches.

Figure 12. Sample of utilized mesh for FE modeling of multiply glass SFRPs with an aspect ratio of 20 and volume
fraction 25% at the microscopic level.

Fig. 13 presents the results for the triaxial and flexural properties of SFRPs in different length scales. The comparison of
the results shows a perfect agreement in the elastic constants of SFRPs based on the ECLPT and meso-scale RVEs.
Additionally, the results of micro-scale RVEs are in good agreement with those of the meso-scale analysis confirming
the validity of the laminate analogy for SFRPs with through-thickness varying microstructures. The run time (using the
previously described computer) for the micro-scale RVEs is more than 20 hours for such simple multi-ply SFRPs while

the computational cost for the MFH-ECLPT approach is less than a second.
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Figure 13. Elastic constants for multi-ply glass SFRPs with an aspect ratio of 20; (a) Normalized Young's modulus,
(b) Normalized Poisson's ratio, and (c) Normalized flexural constant.

3.2. Experimental validation

In order to demonstrate the physical relevance and applicability of the proposed multi-scale strategy for real composite
materials, the experimental investigation of short fiber reinforced polymer of Holmstrom et al. [39] is selected. Different
tensile tests were performed in the aforementioned study for injection molded samples with high-quality digital image
correlation (DIC) measurements. As discussed in the previous sections, the microstructural details of SFRPs play an
important role in the mechanical behavior of such material. Therefore, it is essential to have accurate information about
the fiber length, orientation and volume fraction distribution of the material. The details of orientation tensor and volume

fraction through the thickness were presented based on micro-CT image analysis [39]. Fig. 14 demonstrates the variation
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of the volume fraction and orientation tensor components through the thickness for glass SFRPs with the weight fraction

of 30%. The average aspect ratio of the fibers was also given as Ar = 29 based on the manual evaluation.
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Figure 14. Components of second-order orientation tensor @ (Eq. 18) and volume fraction through the thickness based

on the micro-CT image information (reported in [39]).

It can be seen that there is a high variation in the components of the orientation tensor and also the volume fraction
through the thickness. Therefore, the sample has been decomposed into 10 layers and linked to the suggested multiscale
strategy for obtaining the elastic behavior of SFRP, where the closure approach is employed for considering the effects
of fiber misalignment based on the MT stiffness tensor. Additionally, the proficiency of the suggested method is
investigated using the recently published results about the elastic response of SFRPs based on the artificial neural
networks (ANN) [65] and also different FE orientation averaging approaches (OA-Voigt, OA-Reuss and OA-Self-
Consistent (SC)) [21]. It must be pointed out that the mentioned works [21, 65] are FE-based studies where the stiffness
tensors are calculated using numerical simulations. In these works [21, 65], the average orientation tensor and average
volume fraction are utilized to calculate the elastic constants instead of using the accurate through-thickness variation
of microstructures. The elastic behavior of materials is defined using the material properties selected in [65] to have a
consistent comparison which is given in Table 1 (set #2). Fig. 15 illustrates the comparison between the experimental
measurements and different numerical and analytical strategies. It should be noted that the angle of the samples was

reported clockwise based on the in-plane projection of the samples with respect to the mold flow direction (0°).

= Exp ANN [65]
= Current model (same L and V) = OA-Voigt [21]

= Current model (same Ar) = OA-SC [21]
OA-Reuss [21]

Elastic modulus [GPa]
N w = o o ~ © ©

N

o

0° 90° 45°
Reported samples’ angle with respect to the injection flow

Figure 15: Obtained elastic behavior for SFRPs with 30% weight fraction using different approaches.
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As it can be seen in Fig. 15, the obtained results from the suggested strategy are in good agreement with those measured
by high-quality experimental tests. It should be noted that the variation of the volume fraction and orientation tensor
through the thickness was easily considered in the suggested framework based on the MFH. However, it would be a
time-consuming and challenging task to consider such variations in the FE-based approaches as it would be the case for
the approaches in Ref [21, 65]. One might argue that the in-plane axial Young’s modulus obtained from the average
orientation tensor and average volume fraction [21, 65] are still in an acceptable agreement with the experimental results.
Readers should take into account that the effects of through-thickness variation of the microstructures are more
important for bending and out-of-plane properties. However, these parameters are much more difficult to be measured
experimentally and are rarely reported in the literature. The current approach does not need time-consuming FE-based
approaches for estimating stiffness tensors and at the same time incorporates the details of the microstructures in the
analysis providing a fast and robust multiscale strategy for predicting all (in-plane, out-of-plane and bending) SFRPs
effective properties.

It should be highlighted that the applicability of the suggested strategy is not limited to the elastic behavior of SFRPs
and it can be used for different types of nonlinear behaviors of SFRPs such as damage, failure, thermo-viscoelasticity
and viscoplasticity. Additionally, the suggested method has the potential assist with reverse engineering for estimating
the microstructural details such as average aspect ratio, orientation tensors and core, shell layers thicknesses and elastic

response of the matrix.

Conclusions

A hierarchical multi-scale strategy was proposed to predict the effective response of SFRPs having complex
microstructures (variation in volume fraction and orientation distribution through the thickness) under triaxial (in-plane,
out-of-plane) and flexural loading conditions. In this regard, finite element modeling and mean-field homogenization
were performed to predict the effective elastic response of completely aligned Glass/Polyamide6 SFRPs. The evaluated
results reveal that the MT approach can provide a good estimation for the homogenized behavior of glass SFRPs. It was
also demonstrated that considering equivalent ellipsoidal inclusion with the same length and volume in the mean-field
homogenization approach can provide better results for the Young’s modulus in the fiber direction. Moreover, the effects
of fiber misalignment on the effective elastic response of SFRPs were investigated using different approaches. It was
observed that the accuracy of the prediction for the stiffness tensor of SFRPs with aligned fibers has effects on the
prediction of the elastic response for microstructures with misaligned fibers. The evaluated results demonstrated that
there are no remarkable differences between two-step homogenization based on FE simulation of RVEs and MT (same
V and L) for the selected material. Furthermore, the effective elastic response of mean-field homogenization and FE

simulation were successfully linked to a 3D enhanced laminate theory where the orientation averaging can be performed
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to account for the fiber distribution effects in the homogenized response of each ply. On the other hand, the second-
order homogenization approach was fully coupled with the enhanced laminate theory by adding a uniform stress loading
condition to the upper and lower surface. The second-order homogenization approach was employed to analyze micro-
and meso-scale SFRPs and hybrid composite systems. It was proven that the enhanced laminate theory can accurately
predict the effective elastic response of materials with through-thickness varying microstructures when the homogenized
response of each ply is accurately predicted. Moreover, for the homogenized behavior of microstructures, the analytical,
numerical, as well as a combination of these two methods, can be used in the proposed multi-scale strategy. Finally, the
efficacy of the suggested strategy is validated using high-quality experimental measurements from the literature. The
current work does not attempt to predict the amount of thermal or moisture residual stresses which have important effects
on the onset of non-linear behavior. A future experimental work combined with the methodology presented here is
needed to estimate the level of residual stresses.
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