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For the integrated design of composite material and structures, it is essential to have an effective micromechanical numerical
tool to link macroscopic material properties to microstructural configurations. In this paper, 3D computational grains (CGs)
with embedded fibers are proposed for the first time, for the direct micromechanical modeling of fiber composites. The
microstructure of a unidirectional lamina with random fibers can be assembled by many CGs, and the stiffness matrix of each
CG with an embedded fiber can be directly computed by combining two new algorithms. On one hand, a new kind of Trefftz
trial displacement field based on scaled cylindrical harmonics is independently assumed, in addition to inter-elemental
displacement interpolations with surface nodal degrees of freedom (DoFs). On the other hand, a new kind of multi-field
boundary variational principle is proposed to relate independently assumed Trefftz fields to nodal DoFs and to derive the
stiffness matrix. Numerical examples demonstrate that without the traditional fine meshing, accurate distribution of micro-
stresses in a representative volume element (RVE) with thousands of fibers can be directly computed, and the equivalent
orthotropic properties of fiber composites can be predicted. This is also the first time that a three-dimensional finite element
with an embedded fiber is developed.
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1. Introduction

During the past decades, fiber composites have been widely
used in lightweight structures in mechanical, automotive,
and aerospace engineering, due to their excellent mechanical
properties (e.g., specific stiffness and specific strength) and
the strong designability [1-3]. The weight-reduction poten-
tial of fiber composite structures can be better realized by
the integrated structure-material design and optimization
[4]. In order to achieve this goal, it is necessary to have an
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accurate and efficient tool to model the micromechanical
behavior and to predict the equivalent properties of fiber
composites based on their microstructures.

Several analytical methods have been proposed for pre-
dicting the equivalent properties of fiber composites. To
name a few, Hill [5] and Hashin [6] derived the upper and
lower bounds of the five independent effective elastic
moduli of fiber composites; Hill [7] derived the expressions
of the overall moduli of fiber composites by the self-con-
sistent model; Benveniste et al. [8] proposed a micro-
mechanical model for predicting the micro stress fields and
the effective properties of fiber composites, based on the
“average stress in the matrix” concept of Mori and Tanaka
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[9] and the equivalent inclusion idea of Eshelby [10]. Such
analytical methods have advantages thanks to their explicit
or semi-expressions of the effective properties, while their
accuracies are not generally guaranteed. For example, the
moduli may be under-estimated for composites with high
volume fractions of fibers [11].

Numerical micromechanical methods have higher accu-
racy and better generality as compared to analytical meth-
ods. With a representative volume element (RVE),
microscopic stresses and overall material properties can be
computed by the finite element method (FEM) [12-16].
FEM is also employed in multi-scale analysis frameworks to
model the responses of composite structures (e.g., elastic
deformation [17], buckling [18], and damage [19-21]),
coupling the micro-, meso- and macro-scale FEM models.
However, in order to capture the fields around the interface
of the fiber and the matrix accurately, very fine FEM-dis-
cretization is needed, which necessitates considerable hu-
man-labors and leads to high computational costs [22]. Such
burden of meshing and computation will become highly
serious, when modeling a 3D RVE with a large number of
fibers [23,24].

To overcome such problems, Voronoi cell finite element
method (VCFEM) [25,26] has been proposed. VCFEMs are
based on the hybrid stress framework of Pian [27], with
independently assumed stress fields in each element. With
such an approach, a 2D RVE can be discretized into multi-
sided Voronoi cells, each of which contains one inclusion,
thus reducing the laborious FEM meshing process [28].
VCFEMs are also extended to 3D versions with embedded
inclusions, to model particulate-reinforced composites [29].
However, for fiber composites, only two-dimensional
VCFEMs are developed to simulate the transverse me-
chanical behavior [30,31], and no 3D VCFEMs with em-
bedded fibers have been reported heretofore.

Another numerical method, named computational grains
(CGs), has been developed by Dong and Atluri for the 3D
modeling of the micromechanical behaviors of particulate
composites [32,33], nanocomposites [34], three-phase ma-
terials [35], piezoelectric materials [36], and viscoelastic
behavior of composites [37]. In such a framework, in-
dependently assumed Trefftz trial displacement fields for
various physical problems are derived to satisfy the gov-
erning equations a-priori, so that the stress distribution can
be predicted more accurately. Moreover, only boundary in-
tegrals are needed to compute the stiffness matrix of each
CG, which significantly reduces the computational cost.
Based on extensive numerical experiments of various phy-
sical responses for various materials, CGs exhibit the high
computational efficiency and accuracy for the predictions of
not only homogenized moduli but also localized stress
concentrations even for RVEs with a large number of ran-
domly-distributed inclusions.
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However, no previous studies have been reported before
for developing FEMs with embedded fibers, which can be
quite useful for the micromechanical modeling of fiber
composites, based on the experiences to our previous works.
For this reason, in this study, 3D CGs with embedded fibers
are developed for the first time, and verified by a large
number of numerical examples.

In order to extend CGs with embedded particles to ones
with embedded fibers, two problems need to be solved.
Firstly, when the Trefftz trial displacement fields in the
matrix and in each fiber are assumed in terms of Papkovich-
Neuber (P-N) solutions, the spherical harmonics or ellip-
soidal harmonics used for particulate composites are not
suitable anymore. Instead, cylindrical harmonics are em-
ployed herein as the P-N potentials for fiber composites. It
should be noticed that the cylindrical harmonics contain
severely ill-conditioned terms, such as Bessel functions,
power functions, and hyperbolic functions. In this study, a
new scheme of scaling the cylindrical harmonics is also
proposed which can effectively avoid the ill-conditioning
problems.

On the other hand, the compatibility condition between
the independent assumed fields in the CGs of fiber com-
posites is not the same as that in particulate composites. In
particulate composites, the inclusions are completely
wrapped in the matrix, thus at the matrix/inclusion inter-
faces, only the displacement continuity and the traction re-
ciprocity conditions need to be considered. However, in
fiber composites, the upper and lower surfaces of the em-
bedded fibers are not covered by the matrix. Thus, on the
upper and lower surfaces, in addition to the inter-CG dis-
placement continuity and the traction reciprocity conditions,
the prescribed displacement/traction boundary conditions
should also be satisfied. Therefore, for CGs with embedded
fibers, a new multi-field boundary variational principle has
been developed in this paper, the stationarity of which leads
to the revised interface/boundary conditions, to derive the
stiffness matrix of each CG with an embedded fiber.

Verified by several typical numerical examples, the pro-
posed CGs have been proved to be an efficient and accurate
numerical method for predicting the equivalent material
properties and the stress fields of fiber composites. More-
over, the computational efficiency of the proposed CGs is
further enhanced by using parallel computation techniques,
by which a RVE with thousands of fibers can be solved
within hours on a regular desktop PC. In the future, in a
multi-scale analysis framework, the CGs in the micro-scale
can be coupled with FEMs at the laminate and structural
scale, for the integrated modeling and design of composite
material and structures. This will be demonstrated in our
future studies.

The rest of this paper is organized as follows: Sect. 2
introduces the governing equations for both the fibers and
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the matrix in the CGs of fiber composites. In Sect. 3, Trefftz
trial displacement fields with scaled cylindrical harmonics
as P-N potentials are derived. Section 4 introduces the new
multi-field boundary variational principle developed in this
work and the element stiffness matrices derived accordingly.
In Sect. 5, the accuracy and efficiency of the proposed CGs
are discussed with comparisons with exact solutions and
experimental results. The efficiency of CGs with simple
parallelization is also discussed. In Sect. 6, this study is
completed with some conclusion remarks.

2. Governing equations for the matrix and the
fiber of a CG

For a RVE containing a large number of fibers, as shown in
Fig. 1(a), it can be discretized into CGs by Voronoi diagram,
and each of the CGs contains a fiber in its domain, as shown
in Fig. 1(b).

As shown in Fig. 1(c), an arbitrary CG Q¢ with its outer
boundary 6Q°¢ is considered. The outer boundary of the CG
can be further classified as S,;, S, p°, which represent the
displacement-prescribed boundary, the traction-prescribed

boundary, and the inter-CG boundary, respectively. Qf and

(2)

e
Su

423179-3

Q. denote the domains of the fiber and the matrix, and G.Qfe,

09, denote the boundaries of Qfe and Q,, respectively. "¢ is
the fiber/matrix interface. Thus, we have the following re-
lationship: Q7 U Q= Q°, and 0Q7 N 0Q,, =1I".

A linear elastic CG is considered in the Cartesian co-
ordinates. 0y, €;, #; denote the components of the stress
tensor, strain tensor, and displacement vector, respectively.
S T, f; are the components of the body force, boundary
displacement, and boundary traction vector. C ks S jjki denote
the components of the stiffness tensor and the flexibility
tensor respectively. The equilibrium equations, constitutive
equations, strain-displacement relationship, as well as
boundary conditions, can be expressed as

ko 7k

ok A TE =0, (1)
k_ ko k k_ ok _k

0 = Cirfr1 < €5 = SO 2
k_ L ko, kY— K

e = 7(“i,j+”j,i) = Uiy 3)

u,-k =x;atS, (4)

njal-;C =7 ats,, (5)

(b)

Figure 1 Illustrations of (a) a RVE with many fibers; (b) the RVE discretized into CGs; (c) an arbitrary CG containing a fiber.
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where the superscript £ =m, f denotes the domain of the
matrix and the fiber respectively, and () ; denotes the dif-

ferentiation with respect to X;.

For 3D isotropic materials in which body force is negli-
gible, equilibrium equations (Eq. (1)) can be re-expressed as
the Navier’s equation, by combining constitutive equations
(Eq. (2)) and geometric equations (Eq. (3)):

(ﬂk +/uk)ujl,cji +ufAuf =0, (6)
k_ Ekyk k_ ok _ Ek
where 4 —(1+vk)(1—2vk)’ w=aqg 72(1“),{) denote

the Lame constants for the matrix/fiber in the CG.

It should also be noted that the displacement continuity
and traction reciprocity need to be implemented at "¢ and p°
in each CG:

u" = uif atI"°, @)
njaij'."ﬂ-njayf:OatFe, (8
) = ) ©
(”j“:y"n)+ +(n) =0atp’, (10)

where 72; is the unit outer normal vector of the surface.

3. Trefftz trial displacement fields within CGs

3.1 Papkovich-Neuber solutions

To satisfy the Navier’s equation shown in Eq. (6), the trial
displacement fields in each CG can be assumed in the form
of PN solutions [38]:

u=[4(1-vyB-V(R-B+B(]/(206), (11)
where R = x,e; denotes the position vector, and B, B, are
harmonic vectors and scalars, which are also named as PN
potentials, whose Laplace operator vanishes.

It has been proven by M. G. Slobodyansky that for a
simply-connected domain:

u=[4(1-v)B+R-VB-RV - BJ/(2G) (12)
is a complete trial displacement field for any v, without the

use of harmonic scalars.

Besides, it is also proven that
u=[4(1-v)B—VR-BJ/(2G) (13)
is complete for the external region to a closed surface for
any v, and for the simply-connected domain when v # 0.25.
Readers can refer to Ref. [38] for the detailed explanation of
the completeness of the P-N solutions.

The harmonic vector B needs to be further represented
using cylindrical harmonics for the convenience of further
calculations, which will be introduced in the next sub-
section.
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3.2  Cylindrical harmonics as Papkovich-Neuber po-
tentials

As shown in Fig. 2, consider a position vector in Cartesian
coordinate [x;,x,,x;] and the corresponding cylindrical co-
ordinate [¢',¢% ¢°]=1[r,0,z], and they have the relation-
ship as
x; = rcost, x, = rsinfd, x; =z. (14)
The base vectors €; =€, €, =€,, €3 = €_ are in the di-
rections of the radius of circles, the tangents to circles and z
axis, respectively. R = x;e; denotes the position vector. Now

we have

le _ %__ . %_

a—r—cosﬁ, 20 rsind, - =0,

% _ ing. 92 = % _

o = sind, 20 = rcos0, = =0, (15)
M _o 0% _ g 0%

or %0 "% % b

and

Oq* _ 1 Ox;

Oxy HZ20q%

JR OR (16)
6qs : W = 5ersHt5

where H=H,=1, H,=H,=r, Hy=H_=1. These para-
meters are called Lame’s coefficients. The orthonormal base
vectors of the cylindrical coordinates can be defined as

1R
as_]-lsﬁqs’ (17)

Figure 2 Schematic diagram of cylindrical coordinates.
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we have

da, , Oa, _ oa,

o %% e 0

oay . Oa, _ Oay _

> %% 0 (19
da, . Oa, . Oa,

o g %5 70

The Laplace operator of a scalar ¥ in cylindrical co-
ordinate can be obtained as

1 o0 1_ oy

2. _ —
V!//*V'V!//*Fasw'—atw
_1o( 0w, 1% 621//
_76_[ 5] 72007 "o O (19)

The above Laplace equation can be simplified with the use
of the separation of wvariables, by assuming

w(r,0,z) =f(r)g(@)h(z) with A and x as separating con-
J

423179-5

stants, the details of which can be found in Appendix. The
following three equations should be satisfied:

02h(z)

5 +ih() = 0, (20)
2

5@%@ +xg(0) = 0, 1)
2

SR P o

Equations (20)-(22) can be solved separately depending
on the values of 4 and x. By letting 4 = +m? and x = +°,
where m and n are positive integers, the general solutions of
the Laplace equation can be divided into the non-singular
form y,(r,0,z) and singular form . (7,0,z) for the pro-
gramming of CGs.

The non-singular solution of a cylinder is shown as

00
Yin(r,0,2) = ag +agz+ Y. {er,r""cos(m0) + ey, r"sin(m0) + e,zr"cos(m0) + e, zr"sin(m0) }
m=1

i {dlm,,cos(m@)cosh(nz)Jm(nr) +d,,,,sin(m@)cosh(nz)J, (nr) + ds,,,cos(m0)sinh(nz)J, (nr)
1 m=1

clncosh(nz)JO(nr) + ¢,,sinh(nz)Jy(nr) + cy,cos(nz)ly(nr) + c4nsin(nz)lo(nr)}

(23)

+d 4, Sin(m0)sinh(nz)J, (nr) + ds,,,cos(mb)cos(nz)l,(nr) + dg,,,sin(ml)cos(nz)l,,(nr)
+d,,,cos(m0)sin(nz)I, (nr) + dg,,,sin(m0)sin(nz)I m(nr)},

where J,, and /,, are the mth order Bessel function of the
first kind and the modified Bessel function of the first kind,
J

respectively.
And the singular solution is written as

Vex (7, 0,2) = agslr + agyzlnr + ) {esnr "cos(mb) + eg,r "sin(mb) + e,zr "cos(m) + egmzrfmsin(mﬁ)}
m=1

+
lNg

+
NG
bNgC

{c5ncosh(nz) Yo(nr) + cg,sinh(nz) Yy(nr) + c4,cos(nz)Ky(nr) + cgnsin(nz)KO(nr)}

{dgmncos(mﬁ)cosh(nz) Y, (nr) +d,,,sin(mé)cosh(nz)Y, (nr) 24)

+d1 1mnC08(mO)sinh(nz)Y, (nr) +d,,,,,sin(m0)sinh(nz)Y, (nr)
+d | 3,,c08(mO)cos(nz)K , (nr) + d, 4,,sin(mb)cos(nz)K ,(nr)
+d, 5ypc08(mO)sin(nz)K ,(nr) + d\g,,,sin(m0)sin(nz)K ,(nr)},

where Y,, and K,, are the mth order Bessel function of the
second kind and the modified Bessel function of the second
kind, respectively. The Bessel functions are shown in Fig. 3.

3.3  Scaling cylindrical harmonics to avoid Ill-conditioning

Several terms in the cylindrical harmonics in Eqs. (23) and
(24), such as ™, ", sinh(nz), cosh(nz), I, (nr), K ,,(nr), will
cause the ill-conditioning of the resulting system of equa-
tions. In order to avoid solving ill-conditioned equations,

three characteristic lengths 7iax, “min, and Zg are introduced.
With a local cylindrical coordinate system with its origin
located at the mid-height on the axis of the cylindrical fiber,
Tmax and 7min denote the maximum and minimum values of
the cylindrical coordinate 7, and Z; is half of the height of
the fiber embedded in the CG, as shown in Fig. 4.

Thus, in the case of the scaled cylindrical harmonics Zio,
( r )'” (L)’ sinh(nz)
Tmax ’ " min

cosh(nz) I, (nr)
> sinh(nzg)’ and

cosh(nzgy)’ 1,,(nrnay)’
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(a) The modified Bessel function of the first kind
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(b) the modified Bessel function of the second kind
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Figure 3 Schematic diagrams of (a) the modified Bessel function of the first kind, (b) the modified Bessel function of the second kind.

z

Figure 4 Schematic diagram of the characteristic lengths in a CG.

K, (nr)

are all limited to values between 0 to 1 for any
K, (v

r N L)
point in the matrix, and (—) , Aol)
7 min 1(nTnin)
values between 0 to 1 for any point in the fiber, as shown in

Tables 1 and 2.

are limited to

3.4  Trefftz trial displacement fields within the fiber
and the matrix

Consider a CG with an embedded unidirectional fiber, with
the local cylindrical system given in Fig. 4. The displace-

ment field in the fiber can be assumed in the form of P-N
solutions:

u, =[4(1-v)B; +R- VB, ~RV - Bf]/(ZGf), (25)

where the P-N potential B, is expressed in the form of non-
singular cylindrical harmonics given in Eq. (23) and scaled
as in Table 2. And the displacement field in the matrix is a
combination of both singular and non-singular solutions:

um:umi+ume5 (26)
u,;=[4(1-v,)B,,+R-VB,,~RV-B,J(2G,). (27)
u,, =[41-v,B,.—VR-B, 1/(2G,), (28)
where B, is expressed in the form of non-singular cylind-
rical harmonics given in Eq. (23) scaled as in Table 1, and
B, is expressed in the form of singular cylindrical har-
monics given in Eq. (24) scaled as in Table 1.

After defining the displacement fields, the strain and
stress expressions can be determined from Egs. (2) and (3).
The derivations of the displacements and stresses are very
complicated, and hence are performed using the Wolfram
Mathematica 8.0.

It should be noted that the following six rigid-body modes
should be deleted in the assumed displacement field:

ag =11 0 0},
ag=1{0 1 0},
ag =10 0 1},
_ T _ T

ap=1{10 0}, e;={0 0 -1},
ap =10 1 O}T, e ={0 0 *I}T,
ep=140 1 0}, ey ={-1 0 0}, (29)
where @, Ay, €1}, €] are the coefficients of the cylindrical
harmonics shown in Eq. (23).

Moreover, the truncation orders M =3, N =1 are always

employed for the singular and non-singular solutions in this
study.
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Table 1 Scaling of the cylindrical harmonics in the matrix

423179-7

Non-scaled z Pk r" sinh(nz) cosh(nz) 1, (nr) K, (nr)
Scaled Z (L)m r " sinh(rz) cosh(nz) _Ln(nr) _Kn(r)
Zo Tmax " tmin sinh(nz) cosh(nz,) Ly (NFax) K y(hin)
Table 2 Scaling of the cylindrical harmonics in the fiber
Non-scaled z " sinh(nz) cosh(nz) 1,(nr)
z r )" sinh(nz) cosh(nz) 1,,(nr)
Scaled Z [ o ] sinh(izg) cosh(nzy) Ly (Miin)

4. A new multi-field boundary variational
principle and the derived stiffness matrices of CGs

For each CG, by dividing the surfaces into boundary ele-
ments, as shown in Fig. 5, the compatible displacement field

on 0Q,; and 02/ can be assumed using the conventional

nodal shape functions:

= Nq* (30)
Therefore, a new type of boundary variational functional

is developed for the CGs with cylindrical elastic fibers:

H(ﬁ,um,uf)=z I %tm-umdS— j tm-ﬁdS+jf-ﬁdS
e

00 o, St
1 ~
ooy cof

in which 1 is the assumed compatible displacements at 09,
and G.Q; given in Eq. (30), U, and ¢ are the independently
assumed Trefftz displacement fields in terms of the P-N
solutions given in Eqs. (25)-(28), and t,, and t; are the
surface tractions from W, and U;.

By setting the variation of the functional in Eq. (31) to
Zero, we can get

t, =T atSe (32)
t, =t atS;, (33)
u, =1 atoQ, 34
u; =1 atoQyf, (35)
t, +t,=0 atl™, (36)
ti+t =0 atp®. (37

Using a matrix and vector notation, the displacement field
u,, in Q and the traction field t, at 6Q,; can be expressed
in terms of the unknown coefficients in the P-N potentials:

Figure 5 Division of the surface by boundary elements for one CG.
u,=N_,a°inQ?;, (38)
t.=R_a atoQ’. (39)

Similarly, the displacement field U in Q;° and the traction

field t; at 0Q;° can be expressed as

tf = RfBe at ane. (41)
Substituting Egs. (38)-(41) into the boundary variational
principle Eq. (31), we have

1
H((l, B9q) — Z{EaeTHzaaeaeTquqe+quQe

1 e e e e e e
5B THB BTG la’]. (42)

where
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H¢, = jm; RIN,.dS, (43)
e _ T

H, = _[anERfodS, (44)

— TN

Gty = [, RN, (45)
e _ TRY

Gy, = I@QfeRdeS, (46)
. T

Q=] Nids. (47)

t

The vanishing of the first variation of the functional in Eq.
(42) leads to

o1 (a. p.q) = Y. {80 (B0 G,a) +80°7(Q° - GEjo

(48)
~GB)+ B (Hip - Gja)} =0,
which can be re-written as
T eT eT T

qe 0 G(xq Gﬁq qe qe Qe

oia’ *Gflq H!, 0 aft =01af 0. 49)
e e e
B*) |-G3, 0 Hy, (B B7j |0

The finite element equations are thus derived as
eTf((~eTpye —1 Trye —1
Y94 (GOHE, 'Go +GiHY, G o
=2.09°Q", (50)

where Y. denotes the assembly of stiffness matrices.
And the following equations can be used to compute the
coefficients in the matrix and in the fiber:

e_yye —le e
a _H(m Gaqqy

(5D
B G

5. Numerical examples

In this section, numerical examples are given to test the
performance of the CGs developed in this study. All the
examples were run on a desktop PC with a AMD R7 pro-
cessor and a 16G RAM.

5.1 Verifying the effects of scaling the Trefftz functions

Firstly, the necessity for scaling the P-N potentials by using
characteristic lengths is studied. Figure 6 shows the geo-
metry of the CG. The dimension of the CG considered here
is L x Wx H =40 x40 x 60 um, and the radius of the fiber is
R =2 um. The material properties of matrix and fiber are
E,=1GPa, v, =02, E,=2GPa, v, =0.3, respectively.
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The stiffness matrix is calculated with and without the
scaling of the Trefftz trial functions by characteristic
lengths. The condition numbers of the coefficient matrices
used to relate a and B to q°, i.e., of the matrices H,, and

Hf;}ﬁ given in Egs. (43) and (44), which need to be inverted

to calculate the stiffness matrix, are listed in Table 3. It can
be noticed that the condition numbers are reduced sig-
nificantly by scaling the cylindrical harmonics with the use
of characteristic lengths.

5.2 The objectivity test and the patch test

For the same CG as given in Fig. 6, the objectivity test and
the Patch test are conducted. The objectivity of the stiffness
matrix of the derived CGs is verified by checking that the
eigenvalues of the stiffness matrices stay the same with
rotated coordinate systems. And the Patch test is performed
by specifying the same material properties for the matrix
and the fiber (£ = 1, v = 0.25), and applying a tensile/shear
load. The computed solution by the CG can reproduce the
analytical linear displacement field with a relative error of
less than 1017

5.3  Verifying the accuracy of the computed micro-
scopic stresses

Consider that an infinite domain with an infinitely long fiber
is subjected to a transverse remote tension. The exact so-

Table 3 Condition numbers of the coefficient matrices H¢  and Hj,/f

ao.

HY, Hi,
Not scaled 1.9642x10% 1.9981x10%
Scaled 8.6089x10* 3.7710x10°
Tl

/< N

Figure 6 CG used for the test of condition numbers.
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lutions can be found in Refs. [10,39]. A single CG with the Additionally, a fiber embedded in an infinite domain that
same geometry as that in Fig. 6 is used. The material is subjected to a longitudinal remote tensile strain is also
properties of matrix and fiber are E, =1 GPa, v, = 0.25, studied. The exact solutions in the fiber and the matrix are

E; =2 GPa, v, = 0.3, respectively. A remote tension is ap- given in Ref. [40]. A CG which is the same as that in the

plied in X, direction, i.c., P = 100 MPa. The computed 05, above example is used, and the radius of the fiber is

and o33 are in good agreement with those by the exact so- X = 4 Hm. A longitudinal uniform strain field &, = 0.1% is

lutions, as shown in Figs. 7 and 8. applied in ¥; direction. Figures 9 and 10 show that the CG
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Figure 7 ,,/P generated by (a) the CG and (b) the exact solutions, and (c) the errors between the CG results and the exact solutions, for a fiber embedded
in an infinite domain under remote transverse tension.
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Figure 8 ,,/P generated by (a) the CG and (b) the exact solutions, and (c) the errors between the CG results and the exact solutions, for a fiber embedded
in an infinite domain under remote transverse tension.
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Figure 9 o,, generated by (a) the CG and (b) the exact solutions, and (c) the errors between the CG results and the exact solutions, for a fiber embedded in
an infinite domain under longitudinal tension.
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gives very accurate solutions, compared with the exact so-
lutions.

Finally, by using the same model, a fiber embedded in an
infinite domain that is subjected to a longitudinal remote
shear is also studied. The exact solutions can be found in
Ref. [41]. And the same CG is used. A constant shear stress
7,5 = 100 MPa is applied to the surface of the CG. Figures

11 and 12 show that the computed results are in good
agreement with the exact solutions.

(a) [ (b)
5 0.03 5
0.02 3
0.01
S = 1
=" 0 &l
-1 -1
-0.01
-3 002 3
-5 -0.03 -5
5030 -1 1 3 5 -5
x./R
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5.4 Prediction of the effective moduli of fiber composites

We also study the equivalent moduli of a fiber composite by CGs.
The material properties of the glass fiber and the polymer matrix
are £, =72.4 GPa, v, = 0.22 E, = 3.5735 GPa, v,, = 0.345,
respectively. A single CG is used and the radius of the fiber
varies with the volume fraction. Periodic boundary condi-
tions are applied. The obtained equivalent moduli
E\, By, Gy, G,3 are compared with experimental results

o -3
o3 ©) . 23 %10
2.5
0.02
3 2
0.01
SR F 1.3
C L
on ! I
002 -3 0.5
003  _s 0
=5 3 -1 1 3 5
x/R

2

Figure 10 o,; generated by (a) the CG and (b) the exact solutions, and (c) the errors between the CG results and the exact solutions, for a fiber embedded in

an infinite domain under longitudinal tension.
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Figure 11
in an infinite domain under longitudinal shear.
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in an infinite domain under longitudinal shear.
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0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

(©) /T
e 5 0.035
02 2 0.03
01 0.025
1
0 Y 0.02
S - 0.015
-0.1
0.01
o -3
e 0.005
-0.3 -5 0
-5 3 -1 1 3 5
x./R

2
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Figure 13 Variation of the (a) longitudinal Young’s modulus E|,, (b) transverse Young’s modulus E,,, (c) longitudinal shear modulus G,, (d) transverse

shear modulus G5, with the volume fraction of the glass fiber.

in Ref. [42]. Figure 13 shows that although only one CG is
employed, the computed transverse and longitudinal effec-
tive moduli all agree well with the FEM and experimental
results.

5.5 CGs with a large number of fibers with parallel
computation

A RVE with a large number of fibers is simulated. Figure 14
shows a RVE containing n randomly-distributed fibers. The
material properties of the glass fiber and the polymer matrix
are the same as the above example, and a uniform traction
P =100 MPa is applied in x; direction. Figures 15-20 show
the computed maximum principal stress and strain energy
density distribution for three RVEs containing 25 fibers,
with the volume fractions of 8%, 33%, and 63%, respec-
tively. It can be shown that while the maximum principal
stress and strain energy density distribution in fibers is re-
latively uniform, a highly varying stress and strain energy
density can be observed in the matrix.

In order to demonstrate the efficiency of the CGs when

Figure 14 A RVE containing » randomly-distributed fibers.

modeling a RVE with a large number of fibers, two RVEs
containing 250 and 2500 CGs are modeled, and parallel
computation is implemented to further accelerate the ana-
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Figure 15 Distribution of maximum principal stress in the RVE con- Figure 18 Distribution of strain energy density in the RVE containing 25
taining 25 fibers, with the fiber volume fraction of 8%. fibers, with the fiber volume fraction of 33%.
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Figure 16 Distribution of strain energy density in the RVE containing 25 Figure 19 Distribution of maximum principal stress in the RVE con-
fibers, with the fiber volume fraction of 8%. taining 25 fibers, with the fiber volume fraction of 63%.
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100 X

Figure 17 Distribution of maximum principal stress in the RVE con- Figure 20 Distribution of strain energy density in the RVE containing 25
taining 25 fibers, with the fiber volume fraction of 33%. fibers, with the fiber volume fraction of 63%.
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lysis. Detailed process of parallelization is similar to that of
Ref. [34]. Because most of the computational time is spent
on calculating the stiffness matrix of each CG, we simply
assign each of n threads to compute stiffness matrices of 1/n
of the CGs. Figures 21-24 show the computed maximum
principal stress and strain energy density distribution for the
RVEs with 250 and 2500 fibers, respectively. Using a
desktop PC with an AMD R7 processor and a 16G RAM,
the time required for solving the three RVEs with 25, 250,
2500 fibers with/without parallel algorithm is given in Table
4. It shows that parallelization can significantly reduce the

MPa
180

160
140

120

Figure 21 Distribution of maximum principal stress in the RVE con-
taining 250 fibers.

mJ/mm?
30

Figure 22 Distribution of strain energy density in the RVE containing 250 CGs.

Table 4 Time required for the CGs with/without parallel computation

25 250 2500
Without parallel computation (s) 2678.19 25561.12  254985.36
With parallel computation (s) 423.12 3778.24 34951.12

423179-13

computational time, and a RVE with 2500 fibers can be
simulated within 10 hours using a regular desktop PC.

6. Conclusions

In this study, CGs with embedded fibers are developed for
the first time, as a power micromechanical tool for modeling
fiber composites. Different to CGs with embedded particles,
on the one hand, the trial displacement fields within the CGs
are assumed with cylindrical harmonics as P-N potentials,
and a new scaling method for the cylindrical harmonics has
been proposed to successfully avoid the problem of ill-
conditioning; on the other hand, a new multi-field boundary
variational principle has been developed to derive the

MPa
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160
140
I 120
1100
80

60

40

20

Figure 23 Distribution of maximum principal stress in the RVE con-
taining 2500 CGs.

mJ/mm?
30

Figure 24 Distribution of strain energy density in the RVE containing
2500 CGs.
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stiffness matrices of the CGs with embedded fibers.

Numerical examples demonstrate that the developed CGs
can accurately capture the localized stress distributions
under various loadings and estimate the effective material
properties of fiber reinforced composites, by comparing the
computational results with exact solutions and experi-
mental results in the literature. Moreover, with the use of
simple parallelization, the time required for CGs is sig-
nificantly decreased. It was shown that solving a RVE with
2500 randomly distributed unidirectional fibers took less
than 10 hours on an 8-core desktop PC. Thus, we consider
that the CG developed in this study is an accurate and
efficient tool for the micromechanical modeling of fiber
composites.

It is expected that such a powerful micromechanical tool
can be coupled with FEM in large-scales and employed in
the multi-scale analysis framework for the integrated design
of composite materials and structures. For example, based
on the proposed CGs and the homogenization at the micro-
scale, the equivalent moduli of fiber composites (such as
single-layer laminas) can be calculated; and then by using
the FEM at meso- and macro-scale (such as laminates and
3D braided composites), the deformation/buckling of large-
scale composite beam/shells that are typically used in
lightweight structures can be simulated. This will be de-
monstrated in our future studies.

Appendix

By assuming y = f(r)g(0)h(z) and substituting it into Eq.
(19), it can be shown that f(r), g(0), h(z) should satisfy the
following equation:

of 1 0% , 10%h _
4&[],g£fmp‘a (AD

Using / as the separating constant, the z-dependent term is
re-written as

af]+ 1 0% 1%

=), (A2)

r?ﬁ[rﬁ r2go0?  hoz?

For }112 h =1, the characteristic polynomial is >+ /, the
22

vanishing of which leads to r = ++/—A. Thus, the expression
of h(z) needs to be discussed in three cases according to the
value of 1:
(1) If 2 <0, let ) = >, and we have
h(z) = E,cosh(nz) + F,sinh(nz).
(2) If 1 =0, then h(z) = E,+ Fz.
(3)If 2 >0, let 4 = 5? , r = +in, and we have
h(z) = E_,cos(nz) +F.
Equation (A2) can be used to derive

LSin(nz).
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U210
f@r[ =g X (A3)
by using x as the separating constant.
For l%—x the characteristic polynomial is 72+ x = 0,

and » = +./=x. Considering that g(0) is periodic, the ex-
pression of g(0) needs to be discussed in two cases ac-
cording to the value of «:

(1) If k =0, then g(0) = C,,.

2) If x>0, let x=m’
g(0) = C_,cos(m0) +F ,sin(m0).

Then, the radial solution in » direction is governed by

LA ()0

whose solutions are related to the values of both 1 and «:
() If A=0and x =0, then f(r) = Ay, + Bylnr.
(2)If 2 =0 and x > 0 (x = m?), then

f(r) =Agur™+ By, ™
B)IfA<0(i=-n? and x>0 (x = m?), we have

oFf 1o, [n ’:j]f=0, (AS)

or? 7 or
which is the Bessel differential equation, and the solutions
are Bessel functions of first and second kinds:

S () =A_ )y (nr) + B, Y, (nr), (A6)

where J,, and Y,, denote as the Bessel function of the first
kind and the second kind, respectively.
(4) If A<0 and x =0, then
F() = A_oJofnr) + B Yo(nr).
6 If A>001= n2) and x> 0(x =
modified Bessel differential equation:

azf 15f 7m_
o2 Tor r?

x =+im, and we have

-m

m?), we have the

f=0, (A7)

the solutions of which are modified Bessel functions of first
and second kinds:

f(r)=A4,,1,(nr)+B,,K,(nr), (A8)

where /,, and K, denote the modified Bessel function of the

mn

first kind and the second kind, respectively.

(6) If 2>0 and k=0, we have
f(r)=A4,l(nr)+B,Kynr).

Finally, the analytical expression of ¥ can be written in
the form of Egs. (23) and (24) .
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