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Abstract. Micromechanics is a technique for the analysis of composites or heterogeneous materials which focuses on the
components of the intended structure. Each one of the components can exhibit isotropic behavior, but the microstructure
characteristics of the heterogeneous material result in the anisotropic behavior of the structure. In this research, the general
mechanical properties of a 3D anisotropic and heterogeneous Representative Volume Element (RVE), have been determined by
applying periodic boundary conditions (PBCs), using the Asymptotic Homogenization Theory (AHT) and strain energy. In order to
use the homogenization theory and apply the periodic boundary conditions, the ABAQUS scripting interface (ASI) has been used
along with the Python programming language. The results have been compared with those of the Homogeneous Boundary
Conditions method, which leads to an overestimation of the effective mechanical properties. According to the results, applying
homogenous boundary conditions results in a 33% and 13% increase in the shear moduli Gz and Gy, respectively. In polymeric
composites, the fibers have linear and brittle behavior, while the resin exhibits a non-linear behavior. Therefore, the nonlinear effects
of resin on the mechanical properties of the composite material is studied using a user-defined subroutine in Fortran (USDFLD).
The non-linear shear stress-strain behavior of unidirectional composite laminates has been obtained. Results indicate that at arbitrary
constant stress as 80 MPa in-plane shear modulus, Giz, experienced a 47%, 41% and 31% reduction at the fiber volume fraction of
30%, 50% and 70%, compared to the linear assumption. The results of this study are in good agreement with the analytical and
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experimental results available in the literature
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1. Introduction

Due to their high strength and specific stiffness, fatigue
strength and better corrosion resistance than conventional
materials, composites have become an essential engineering
material. They are used in various areas such as aerospace
structures and sports, electronic, medical and construction
equipment. Therefore, the estimation of their mechanical
properties has been one of the important fields of research
in recent decades. In addition to experimental methods
which are time-consuming and often expensive, micro-
macro mechanical methods can be used to estimate the
properties of these materials.

In the micromechanical methods, the properties of the
composite materials are obtained by an RVE or RUC
analysis from the known properties of their components
(fiber and resin) (Aboudi 2013). In the macromechanical
approach, homogenous structures with anisotropic
properties have been substituted with heterogeneous
composite structures (Nemat-Nasser and Hori 2013). The
advantage of the micromechanical method lies in the fact
that not only the general properties of the composite
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materials can be obtained, but also various mechanisms
such as the initiation and growth of failure can be studied
(Xia, Chen et al. 2000, Ellyin, Xia et al. 2002). There are
multiple micromechanical methods to analyze and estimate
the mechanical behavior of composite materials. The
upper and lower limit of the modulus of elasticity has been
obtained by the principle of energy variation, and analytical
solutions have been utilized (Hashin and Shtrikman 1963,
Hashin and Rosen 1964). According to the energy balance
approach, with the help of the theory of elasticity, Whitney
and Riley (Riley and Whitney 1966) presented an analytical
method for the modulus of elasticity of composite materials.
Unfortunately, the extension of this method to viscoelastic,
elastoplastic and nonlinear composite materials is very
difficult. Aboudi (Aboudi 2013) extended the unified
micromechanical approach based on the study of the
interactions of periodic cells and used it to predict the
general behavior of composite materials and inelastic
structures. He utilized homogenous boundary conditions
applied to an RVE or the unit cell models which are only
applicable for cases where normal traction is applied on the
boundaries. For shear loading, many researchers including
Needleman and Tvergaard (1993), Sun and vaidya (1996)
and Suquet (1987) proved that the ‘plane-remains-plane’
boundary conditions are of the over-constrained type.

The micromechanical methods mentioned above can be
considered as mechanical or engineering models.
Mathematical models emerged in 1970s with the
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generalization of the Asymptotic Homogenization Theory
(AHT), opposing the engineering methods. The basis of this
theory lies in the works of Suquet (1987), Benssousan
(Bensoussan, Lions et al. 2011), Sanchez-Palencia (1980)
and Bakhvalov and Panasenko (1984). The homogenization
theory uses periodic boundary conditions explicitly in the
linear and nonlinear modeling of composite materials
(Tchalla, Belouettar et al. 2013). These results indicate that
some specific kinds of deformation do not result in a change
in planar boundaries after deformation (Suquet
1987). Guedes and Kikuchi (1990) examined composite
problems regarding the subject of the application of finite
element method based on the theory of asymptotic
homogenization. The application of the asymptotic
homogenization theory has been used in various cases of
composite materials analysis by Raghavan (Raghavan,
Moorthy et al. 2001), Moorthy and Ghosh (1998).

Hori and Nemat-Naser (1999) showed that the predicted
effective modulus of elasticity could vary according to the
conditions applied at the boundaries of the unit cell where
the boundary conditions of homogeneous displacement and
homogeneous traction will yield the upper and lower limits
of the modulus of elasticity. Hollister and Kikuchi (1992)
presented a good comparison between the asymptotic
homogenization theory and mechanical methods (named the
Average Field Theory in the study of Hori and Nemat-Naser
(1999)) and concluded that the asymptotic homogenization
theory, which uses periodic boundary conditions, yields
much more accurate results. It was also proved that the
asymptotic homogenization theory and the mechanical
methods could be correlated, resulting in a useful hybrid
theory.

The finite element method has been extensively used for
the analysis of the periodic unit cell with the goal of
determining the mechanical properties and the failure
mechanisms of composite materials (Adams and Crane
1984, Pindera and Aboudi 1988, Aboudi 1990, Allen and
Boyd 1993, Bonora, Costanzi et al. 1994, Chu, Yu et al.
2015, Ma, Wriggers et al. 2016, Belkacem, Tahar et al.
2018, Liao, Tan et al. 2018, Yahia, Amar et al. 2018).
Shokrieh (Shokrieh, Nasir et al. 2012) presented a new
model to calculate longitudinal strength of unidirectional
composites exposed to sulfuric acid environment using the
micromechanics theorem and emphasized on effect of
thermal residual stresses. In most cases, the applications
were limited to unidirectional multilayered
materials. Afterward, a few researchers also used the
micromechanical analysis for cross-ply laminates to study
the residual thermal stress, crack inception and growth and
viscoplastic and viscoelastic behaviors (Bigelow 1993, Xia,
Chen et al. 2000, Chen, Xia et al. 2001, Ellyin, Xia ef al.
2002, Zhang, Xia et al. 2005, Ahmadi 2017, Ebrahimi and
Habibi 2018, Hamedi, Golestanian et al. 2018, Khodjet-
Kesba, Benkhedda ez al. 2018, Naghdinasab, Farrokhabadi
et al. 2018). Xia (Xia, Zhang et al. 2003) analyzed
unidirectional angle-ply laminates under multiaxial loading
conditions using the finite element method in
micromechanics and utilized periodic boundary conditions
applicable only for the rhombohedral RVE models. He also
showed that not only do the homogeneous boundary

conditions have extra constraints but also that they violate
the boundary traction continuity conditions. Xia (Xia, Zhou
et al. 2006) proved the uniqueness of the solution of
periodic boundary conditions problems using the
displacement difference boundary condition in the
displacement-based finite elements method. He proved that
the solution does not depend on the choice of repeated unit
cells (RUC), and using periodic boundary conditions
guarantees the boundary traction continuity conditions. The
combination of the homogenization theory with the finite
element method is a very powerful technique, capable of
analyzing complex microstructures with different shapes
and directions and even random distribution in order to
determine the effective mechanical properties of composite
materials (Xia, Ju et al. 2007, Xu and Xu 2008). ABAQUS
is a commercial software package used extensively in the
analysis of RVEs (Lubineau and Ladeveze 2008, Yuan and
Fish 2008). Wu (Wu, Owino et al. 2014) mentioned the
complexity of applying periodic boundary conditions in
finite elements software such as ABAQUS, and
demonstrated the process of applying periodic boundary
conditions via “input file” in a simple example. Also,
Python code makes it possible to leverage the advanced
finite element analysis of ABAQUS and enables the use of
ABAQUS scripting interface. ASI is, in fact, an extension
of the Python programming language used in modeling and
extraction of results. Zuo (Zuo and Xie 2015) managed to
use ASI in his work to optimize complex and 3D
topologies.

In this paper, an RVE and its components (fiber and
resin) have been modeled using ASI and the asymptotic
homogenization theory. By applying periodic boundary
conditions (PBCs), the mechanical properties of the
composite material were determined using strain energy.
The results were compared with those of the homogeneous
boundary conditions (HBCs) method to illustrate the
advantage of PBCs, especially in shear loading cases. Since
in reality, resin exhibits a nonlinear behavior compared to
fiber, the effects of this nonlinear behavior on the
mechanical properties of the composite materials are
considered in different fiber volume fractions using a
USDFLD subroutine. This study, in contrast with the work
of Xia (Xia, Zhang et al. 2003) is independent of the RVE
geometry or the properties of its components. Thus, it is
applicable to extract mechanical properties of complex
structures with nonlinear component behavior, any arbitrary
geometrical shape, and random distribution of the
reinforcement.

2. Periodic boundary conditions

Composite materials can be considered a periodic array
of RVEs. This is why periodic boundary conditions need to
be applied to them. This means that the deformation of all
RVE:s is the same, there is no distance between two adjacent
RVEs and that they don’t overlap. The periodic boundary
conditions are as follows (Suquet 1987)

U; (X0, X5, X5) = € X, +U; (X1,X,,X5) )
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where i is the average strain and u; (X,,X,,X;) isa

periodic function from one RVE to the next, which is
essentially unknown and dependent on the general loading.
Due to the periodic placement of RVEs in a structure,
two kinds of continuity must be satisfied in RVE
boundaries: a) the displacements must be continuous and
similar, such that no two adjacent RVEs will separate or
overlap after deformation; and b) the traction distribution in
opposite boundaries in an RVE must be the same. This will
result in a continuous configuration. Displacement field
assumption in the form of Eq. (1) can only be done
according to the above considerations. Unfortunately, this
equation cannot be directly applied to the boundaries due to
the periodic part U, (X,,X,,X;) is unknown. The boundary

surfaces of an RVE must be assumed as parallel pairs where
the displacement in both the opposing boundary surfaces
can be written as follows

ult =gux)t+u; )

ulm = gux)”+u; 3)

where the j+, j- indices denote the jth pair of parallel
opposing surfaces in an RVE. As stated before, the periodic
part of Eq. (1), U; (X,,X,,X;), is unknown but its value is
the same for a pair of parallel surfaces. Therefore the
difference between their displacements can be written as
follows:

H—U»F:;‘ik(le+—Xl(j7):z‘ikAij @)

u.

This eliminates the unknown periodic part of the
displacement field. For each parallelepiped RVE model, the

amount of AX|/ is constant, and, knowing the value of

i , the right-hand side of the equation will be constant.
This transforms Eq. (4):

ui“(X,y,Z)—uij*(X,y,Z):Cija (i,j=1273 ®)

where the constants, ¢ and ¢ denote the average

contraction and expansion of the RVE model due to normal
traction components, while the other three pairs of
constants, ¢/ =c;, ¢’ =c; and c=c. are related to
shear deformation due to the shear components.

As it is evident from Eq. (5), this relation is written
between node pairs on opposing boundary surfaces, and a
plane may not remain planar after deformation. Also, Eq.
(5) does not have the periodic part of the displacement field,
making its utilization in the finite elements process as a
constraint of the node displacement equation type, easier
compared to Eq. (1). Eq. (5) is a special type of boundary
condition of the displacement kind, which expresses the
displacement difference between node pairs on opposing
parallel surfaces, instead of the amount of displacement on
boundaries. One may imagine that a boundary condition of
the displacement difference type does not guarantee the
traction continuity condition:

olt-ol" =0 (6)

n n

gt+ —75 =0 7

7 nt

where o, and 7, denote the normal and shear

stresses in opposing parallel surfaces.

Xia (Xia, Zhou et al. 2006) proved in his works that in
displacement-based  finite elements micromechanical
analysis, using Eq. (5) guarantees the uniqueness of the
solution, and Eqs. (6)-(7) will be automatically satisfied,
thus there is no need to apply them in the analysis.

3. Homogenization

Homogenization is carried out to identify the behavior
of the RVE in response to an applied mechanical loading
and eventually, the estimation of mechanical properties. It is
assumed that the average mechanical properties of the RVE
is the same as those of composite laminates. The average
stresses and strains in an RVE are defined as follows:

pu 1 1 3k«
oij = Iv oydv = ZO‘UV (8)
RVE RVE k=1
- 1 1 N k k
gij = L 5ijdV :—Zgijv 9)
RVE RVE k=1
where V., denotes the volume of RVE, O'il; , 5;

and V¥ denote the stress, strain and volume of the kth
element, respectively. 5; and Euk denote the average stress

and strain.

The strain energy of the applied displacement under
periodic conditions can be used to determine the
homogenized module. If the strain is not zero, the strain
energy due to displacement can be expressed as follows:

1— —
U= EGij iV qye (10)

where U denotes the total strain energy and Eij can be

obtained via the applied displacement. oij can be

calculated using the total strain energy and the average
strain from Eq. (10). This eliminates the need to use the
general relations of average stress and strain, Egs. (8)-(9).
The obtained strain energy from different boundary
conditions must satisfy the following inequality if the
average strain is the same for all boundary conditions:

U'<uf<uP® (11)

where U™, U" and U P® denote the strain energy of
homogeneous traction boundary conditions, periodic
boundary conditions, and homogenous displacement
boundary conditions, respectively. It is clear that using the
homogenous displacement boundary conditions leads to an
overestimation of effective mechanical properties while
using the homogeneous traction boundary conditions results
in an underestimation compared to ideal conditions. It is
worth noting that using the homogenous displacement
boundary conditions will not guarantee the continuity of
traction at boundaries, also using the homogeneous traction
boundary conditions will not ensure the continuity of
displacement at boundaries.
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The ratio of average stresses and strains computed as
follow:
Ojj
Cij==— (12)
Eij
where C;
In the case of pure shear deformation, the following
relation holds:

are the components of the stiffness matrix.

Yy =& +&; =2¢ (13)

where y; denotes the engineering shear strain.

If the RVE is assumed to be unidirectional and
orthotropic with a linear behavior in the elastic zone, the
constitutive equation for a 3D RVE will be:

O11 [ 7l €1
C11 C12 C13 0

022 C, Cp Cp O 0 0 &z

o Ch, C,y C,;, 0 0 0 |le

_33 _| v 23 33 _33 (14)
o122 0 0 o Cc, O 0 E12

5'13 0 0 0 0 C 55 0 213

— 0 0 0 0 0 Cgll-

o2 - < &23

Considering Egs. (10), (12) and (14), the relation
between strain energy and average strain is obtained as:

U =[] [e Ve (1s)

u 1. -2 - - - -
=—CLeu+CLenen +Cenean
Veve
1. — - - 1. -2 1. -
+§C226‘zz +C 6283 +§C336‘33 +§C44£12 (16)

1 -2 1 —2
+§CSS €13 EC 66 €23

With the average strain components, strain energy and
RVE volume, the stiffness matrix components can be
obtained from Eq. (16).

To determine the compliance matrix, the inverse of the
stiffness matrix can be used:

[s]=[c]” (17

Knowing the components of the compliance matrix, the
effective mechanical properties of the RVE can be
calculated:

1 S 1
Elz_lvlzz_ilGlzz_

Sll Sll S44

1 S 1
E :—’V :—ilG = —
Rt ()
e L, Sag 1

833 833 866

where E;, Gijj, vij and denote the modulus of Sj, elasticity,
shear modulus, Poisson’s ratio and components of the
flexibility matrix, respectively.

Fig. 1 Meshed unidirectional RVE model with unit
dimensions

4. Finite element modeling

The RVE shown in Fig. 1, has been modeled in three
dimensions, with unit dimensions ( AX =Ay =Az =1),
using 8 node hexahedral C3D8R elements. 11060 elements
have been used to create a unidirectional RVE.

4.1 Constraint Equations in ABAQUS

Periodic boundary conditions are applied as linear
constraints in ABAQUS. A large number of points can be
constrained using a linear combination of nodal variables
such as the displacement of different nodes. The sum of the
nodal variables multiplied by their coefficients must be
zero. Therefore, the linear homogenous equation in its
general form is defined as follows (Wu, Owino et al. 2014)

AU +AUT +. +AUT =0 (19)

where P, Q and R represent nodes and i, jandk
denote the directions of freedom. A,, A, andA, denote

constant coefficients underlining the share of each nodal
variable in the equation. In ABAQUS the keyword
*EQUATION is used to create linear constraints for N
nodes.

4.2 Dummy node

To apply periodic boundary conditions using the
constraint equations mentioned above, the concept of
dummy nodes is introduced in ABAQUS. By substituting a
non-zero value instead of zero in the right-hand side of Eq.
(19), the following equation is obtained:

AU +AUT .+ AU =U (20)

where u is a determined value such as strain or
displacement.

This determined value of strain or displacement is
applied to the dummy node which is not connected to any
part of the created model. To this end, a reference point with
arbitrary coordinates is created to define this dummy node.
The value u is applied to this reference point as a boundary

condition in a fixed direction.
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Fig. 2 Python scripting flowchart for RVE modeling to obtain effective mechanical properties

U, Ui
+1.000e-02
+8.333e-03
+6.6672-03
+5.000e-03
+3.3332-03
+1.667e-03
-3.528e-10
-1.667e-03
-3.333e-03
-5.000e-03
-6.6672-03
-8.333e-03
-1.000e-02

(a) normal strain &, =0.01

S, 511

(Avg: 75%)
+2.267e+09
+2.124e+09
+1.980e+09
+1.836e+09
+1.693e+09
+1.549e+09
+1.406e+09
+1.262e+09
+1.118e+09
+9.746e+08
+8.310e+08
+6.874e+08
+5.437e+08

(c) normal strain &, =0.01

U, U3
+1.000e-02
+8.333e-03
+6.6672-03
+5.000e-03
+3.333e-03
+1.6670-03
-2 328e-10
-1.667e-03
-3.333e-03
-5.000e-03
-6.6678-03
-8.333e-03
-1.000e-02

s, 512
(Avg: 75%)

+1.127e+09
+1.076e+09
+1.025e+09
+9.737e+08
+9.226e+08
+8.715e+08
+8.204e+08
+7.693e+08
+7.182e+08
+6.671e+08
+6.160e+08
+5.649e+08
+5.138e+08

(d) shear strain ¢, =0.01

Fig. 3 The displacement and stress field of different loading stages

4.3 Meshing

In finite element analysis, appropriate meshing is
required to obtain meaningful results. In the RVE modeled
in this study, the constraints on meshing are more severe. To
apply periodic boundary conditions on the RVE, both the

opposing parallel surfaces must have the same meshing
pattern, so that the node pairs on the opposing faces will
have the same in-plane coordinates, and it will be possible
to apply the displacement constraint equations in the three
x, y and z direction on the RVE. This is only possible by
copying the mesh pattern of a surface on its opposing
surface.
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Table 1 Required equations to apply the periodic boundary conditions in node pairs

Face Nodes Edge Nodes Vertex Nodes
us® —uf™ —Axg, =0 u —u™ —Axe, —Aye, =0 uf —u' —Axeg, —Aye,—Azg, =0
u™e —u™ —Aye, =0 u® —u® —Axeg, +Aye, =0 uf —u’ -Axe, -Aye, +Azg, =0
u™ —u™® —Azg, =0 u* —u® —Axg, —Azg, =0 u' —ul +Axeg, —Aye,—Arg, =0

FE

u® —u™ —Axeg, +Azg, =0

us —ut —Axeg, +Aye,—Azg, =0

u —uP -Aye, -Azg, =0

u —u® -Aye, +Aze, =0

Since a constraint equation is needed for every node
pairs in each of the x, y and z directions, there will be so
many of these constraint equations that applying them
without an automatic procedure (Python script) will be
almost impossible.

4.4 Loading

For loading, six macroscopic strains &, &, , &y, & s
&5 and g, are applied individually on the RVE to find the

six components of the stiffness matrix, Cii, Ca, Cs3, Cas,
Css and Cge. Mixed loading can also be used to determine
the Ciz, Ci3 and Cy3 components of the stiffness matrix. In
other words, loading must be applied in nine stages in the
RVE model to obtain the nine components of the stiffness
matrix. Fig. 3 depicts the different stages of normal, and
shear loading applied to the RVE.

4.5 Applying the periodic boundary conditions

The procedure for applying periodic boundary
conditions on the RVE model is detailed below
(Shahzamanian, Tadepalli et al. 2014):

. First, the nodes must be divided into three groups:
face nodes, edge nodes and vertex nodes, in a way that each
node is only in one group, and the groups have no common
members so that no over-constraint happens.

. Using the keyword *EQUATION to create the
constraint equations between the node pairs on opposing
faces. These equations are detailed in Table 1 separately for
each node group in Fig. 4.

. Creating as many dummy nodes as the equations
in Table 1 and assigning each node to an equation.

. Applying the specified loadings on the dummy
nodes, which are outside the RVE model zone

The general procedure for Python scripting from the
beginning of RVE modeling up until extracting the results is
shown in Fig. 2.

5. Results

One simple way to find out whether the applied periodic
boundary conditions are working correctly or not, is to
subject a model with isotropic and simple geometry to the
intended procedure for applying the periodic boundary
conditions. If the procedure is indeed correct, similar strains
and stresses must be induced across the entirety of the
isotropic model, which are equal to the average strain and
stress.

y

//Z

Fig. 4 Naming the vertices, edges, and faces of the RVE
for applying the periodic boundary conditions

Table 2 The mechanical properties of fiber and resin

Material Modulus of Elasticity Poisson’s Ratio
(GPa)
Boron 379.3 0.1
Aluminum 68.3 0.3
E-glass 72.5 0.22
Epoxy 3.54 0.38

5.1 The linear elastic behavior of resin

In this part, the modeled RVE is comprised of Boron
fiber and Aluminum matrix, as a unidirectional laminate
composite, with the mechanical properties presented in
Table 2, and a fiber volume fraction of 47%, which are
individually isotropic but have different mechanical
properties.

It is worth noting that in materials with an overall
orthotropic behavior, according to Eq. (14), there are nine
independent components in the three-dimensional case, but
based on Fig. 1, the modeled unidirectional RVE has similar
behavior in the x and y directions, and is thus a transversely
isotropic material. Therefore the mechanical properties of
the two x and y directions can be written as: E1=F>, vi3=v23.
By comparison of the results of this study and those of past
analytical and experimental studies, listed in Table 3, the
validity of the present procedure is proved. Using
homogenous displacement boundary conditions, plane-
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Table 3 The results for the mechanical properties of the multi-layered composite of Boron / Aluminum

Present Numerical Numerical Analytical Analytical Analytical
. ume (Symmetric (Elastic- (Micromechanics (Energy Experimental
Mechanical (Periodic BC) . - .
Properti (Xia, Zhang et BC) Plastic) Equations) variation)  (Kenaga, Doyle
operies PBC HBC i 2003‘)5 ® (Sun and Vaidya(Sun and Chen  (Chamis 1983)  (Hashinand et al. 1987)
: 1996) 1991) Rosen 1964)
E.(GPa) 214.9 215 214 215 214 214 215 216
E, (GPa) 143.6 145 143 144 135 156 135.2 140
G,, (GPa) 54.2 71.9 542 57.2 51.1 62.6 53.9 52
G, (GPa) 45.7 51.5 45.7 459 - 43.6 523 -
Vi 0.195 0.195 0.195 0.19 0.19 0.20 0.195 0.29
Vi, 0.255 0.249 0.253 0.29 - 0.31 0.295 -
remains-plane, is acceptable when normal traction is terms as (Simulia 2013):
applied to the boundaries, while in the case of shear ,
loading, results are an overestimation of the effective gigk = (Eij‘l + a(O'igk) ) )Giﬁk w (23)

mechanical properties due to over-constrained boundary
conditions. To apply the homogenous displacement
boundary conditions, the relations suggested by Aliabadi
(Aliabadi 2015) have been utilized, which leads to the
overestimation of shear moduli according to the data in
Table 3. Compared to the periodic boundary conditions
case, each of the shear moduli G»; and Gi» increased by
33% and 13%, respectively, with the application of the
homogeneous boundary conditions. Therefore, using the
homogenous displacement boundary conditions for an RVE
subjected to shear loading is not appropriate.

5.2 The nonlinear elastic behavior of resin

In reality, resin exhibits a nonlinear behavior in the
elastic zone, which causes the unidirectional multilayered
composite to have a nonlinear shear stress-strain relation. In
this section, the effects of this nonlinear behavior on the
shear stress-strain diagram of the unidirectional composites
laminate, considering the fiber volume fraction, has been
addressed. The nonlinear constitutive equation of resin

. d
under tension has been assumed to be an 3 order

polynomial:

Jij 3
& =—+aoy

ij

(i,i=1273 (21)

where « denotes the nonlinear coefficient of resin.

To use the nonlinear equation in the computer code, the
instantaneous (tangential) elasticity modulus must be
calculated. Differentiating Eq. (21) concerning tensile stress
yields the instantaneous (tangential) modulus:

00;; 1

6,9” i + 3a0'§

ij

(22)

To obtain the nonlinear equation between normal stress
and strain, the relation of stress and strain must be described
in a different form. In other words, at the end of an
increment, stress must be a linear function of strain. The
simplest way to achieve this is by linearizing the nonlinear

where k denotes the increment index.
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&
250 |
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2 40
<
:'75 30 r ® Experimental (Gilat, Goldberg et al. 2007)
Z 0 | s

10

0

0 0.01 0.02 0.03 0.04 0.05

Normal strain

Fig. 5 The tensile stress-strain diagram of the epoxy resin

Since using Eq. (23) results in instability with higher
levels of strain, Eq. (24) can be used, which is an optimized
algorithm obtained from the previous relation. Finally, this
relation is written in the form of Eq. (26) as a function of
the damage parameter, then it is implemented inside the
USDFLD subroutine, and the value of the damage
parameter is thus directly assigned to the field variables
required for defining the elastic properties.

2a(c))?
1+ ((ku> )
k+1) _ & (k+1) (24)

oy P = (1-d)E; & (25)
20(c*))?
(k)y2 ]
3aE; (o-ij ) —7&2” 26)
T 143aE, (1)

Fig. 5 depicts the normal stress-strain diagram obtained
from the epoxy resin tension test (Gilat, Goldberg et al.
2007), the properties of which are listed in Table 2. The.
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diagram is resulting from Eq. (21) is also presented in Fig 5,
exhibiting a good agreement with the experimental curve.
The value « is obtained by curve fitting on the experimental
curve using Eq. (21) as 4.267x10”°Pa”. This is
substituted in Eq. (26).

In this section, the modeled RVE, as a unidirectional
composite laminate, is formed from glass fiber and epoxy
resin with the mechanical properties listed in Table 2 with
fiber volume fractions of 30%, 50% and 70%. Figs. 6 and 7
depict the linear and nonlinear diagrams of o, —¢, and

0,3 — &y, curves, respectively, in the elastic zone. The effect

of fiber volume fraction on these curves is visible. Under
constant stress, the lower the fiber volume fraction, the
linear and nonlinear curves are pushed farther and farther
apart, while in high fiber volume fractions, the nonlinearity
of the shear stress-strain curve decreases.

To compare the degree of nonlinearity of the shear
behavior in composite laminates, the amount of drop in the
shear moduli G, and Gyunder arbitrary constant stress as
80 MPa has been reported. In Fig. 6 the shear modulus Gi»
G2 equals 1.94, 2.66 and 4.74 GPa in 30%, 50% and 70%
fiber volume fractions, respectively, which is decreased in
the nonlinear diagram by 47%, 41%, and 31%, respectively.
Fig. 7 depicts the shear modulus G»; having the value of
2.25, 3.51 and 6.89 GPa with 30%, 50% and 70% fiber
volume fractions, respectively, while it experiences a 45%,
39% and 27% drop under a constant 80 MPa stress, due to
nonlinear shear behavior.

6. Conclusion

Applying periodic boundary conditions guarantees the
continuity of traction, as well as the continuity of
displacement at the boundaries of the RVE and any periodic
structure made of composite laminates under multiaxial
loading. It was shown that using homogenous boundary
conditions, plane-remains-plane, under shear loading is not
appropriate and leads to an overestimation of the effective
mechanical properties of the RVE. The results indicate that
applying homogenous boundary conditions results in a 33%
and 13% increase in the shear moduli G,3 and G,
respectively.

The Python code developed in this research can be used
to extract the mechanical properties of complex structures
with random shape, direction and distribution of the
reinforcing part.

This solution does not depend on the properties of the
RVE components, which is the reason it can be used for
nonlinear analyses. The nonlinear behavior of resin in the
elastic zone was examined, and its effects on the shear
stress-strain curve of the unidirectional composite laminate
were studied. Results indicate that at arbitrary constant
stress as 80 MPa in-plane shear modulus, G1,, experienced
a 47%, 41% and 31% reduction at the fiber volume fraction
of 30%, 50% and 70%, compared to the linear assumption.
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