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In this paper, unidirectional fiber reinforced composites with periodic square array of
circular and hexagonal fibers is studied by a novel fundamental-solution-based hybrid
finite element model. Due to the periodicity of composites, a representative unit cell
containing a single fiber with circular or hexagonal cross section is taken into consid-
eration and analyzed using the proposed hybrid finite element model. In the present
numerical model, special polygonal fiber elements with arbitrary number of sides are
developed by coupling the independent element interior and frame displacement fields.
The element interior displacement fields are approximated by the combination of fun-
damental solutions to prior satisfy the governing equation of the problem, so that the
domain integral appeared in the weak-form hybrid functional in terms of dual variables is
converted into boundary integrals. Independently the element frame displacement fields
are approximated by the conventional shape functions to guarantee the continuity of
adjacent elements. Following this, special polygonal fiber elements are constructed to
reduce mesh effort in the fiber region and achieve good accuracy with fewer elements.
Finally, numerical tests are carried out for assessing the performance of the present
special elements.

Keywords: Periodic fiber reinforced composites; hybrid finite element method; funda-
mental solutions; special polygonal fiber element.

1. Introduction

In the context of composite with reinforced fiber inclusions, the simplified model
with periodic distribution of multiple inclusions is usually taken as an example
for determining the corresponding effective properties of composites. However, the
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analytical methods like Fast Fourier transform-based method and so on [Yu and
Qin (1996); Feng et al. (2003); Bonnet (2007); To et al. (2013)], are usually difficult
to deal with composites containing inclusions with complicated geometric shapes or
distributions. As alternatives to the analytical methods, numerical methods were
developed for effectively solving such problems. For example, Wiirkner et al. [2011]
evaluated effective material properties for composite structures with rhombic fiber
arrangements by the finite element method (FEM). Michel et al. [1999] compared
the two numerical methods including the FEM and the fast Fourier transform-based
numerical method in determining effective properties of composite materials with
periodic microstructure. Qin and Yang [2008] studied the effect of fiber bundling
on the effective transverse properties of unidirectional fiber composites by way of
the FEM. As one of numerical methods different to the FEM (a typical domain-
discretizing method), the boundary element method (BEM) which employs fun-
damental solutions to fulfill the boundary discretization of the domain of interest
was also carried out for analysis of periodic composites with fibers. For instance,
Dong [2006] established a boundary element formulation for predicting the effec-
tive elastic properties of composites including doubly periodic array of inclusions.
Yang and Qin [2004] extended the BEM to the micro-mechanical analysis of com-
posite materials. Kaminski [1999] employed the boundary element formulations-
based homogenization to deal with the periodic transversely isotropic linear elastic
fiber-reinforced composites. Besides, Maxwell’s methodology was combined with the
complex-variable BEM for evaluating the two-dimensional effective elastic proper-
ties of composites with periodic or random fibers, pores, or cracks, provided that
the overall behavior is isotropic, and inclusions’effects are assumed to be the same
as those of an equivalent circular inhomogeneity [Mogilevskaya and Crouch (2013)].

Unlike the works mentioned above, Wang et al. [2011b] developed a hybrid finite
element formulation based on fundamental solutions (named as HFS-FEM) for ana-
lyzing the thermal behavior of fiber-reinforced composites, in which the fiber can
be regularly or randomly distributed. In the developed hybrid FEM, fundamental
solutions satisfying the governing equation of problems or specific boundary con-
ditions were used to approximate the element interior fields and thus the present
method has shown some advantages over the FEM and the BEM [Qin and Wang
(2008); Wang and Qin (2009)]. One feature of the present method is the use of spe-
cial elements including the special hole element [Wang and Qin (2011a); Qin and
Wang (2013)], special circular inclusion element [Wang and Qin (2011b)], special
point-load element [Wang and Qin (2012)] and special graded element [Wang et al.
(2012)]. In addition to the development of special elements based on the special
fundamental solutions, another feature of the present hybrid finite element model is
to construct arbitrarily shaped elements. In the algorithm, the frame fields defined
along the element boundary is independent of the element interior fields which sat-
isfy the governing equation and can convert domain integrals in the double-variable
hybrid functional into element boundary integrals. Thus, all integrals appearing in
the hybrid model are boundary integrals along the element frame. This means that
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you can arbitrarily design the number of edges and nodes of element according to
your requirement. This feature was also found in other unconventional elements like
the Trefftz elements [Qin (2000); Qin and Wang (2008)] and the Voronoi cell finite
elements [Ghosh (2011)]. The former used Trefftz solution set to approximate the
interior fields and the latter employed Airy’s stress functions in terms of high-order
polynomial expansion to approximate the interior stress field.

In this work, the HFS-FEM with special polygonal fiber elements is developed
for unidirectional composites with doubly periodic polygonal fibers. In the present
algorithm, special polygonal fiber elements with more than four edges and nodes are
constructed by using two-dimensional plane strain fundamental solutions for solving
elastic problems of composites to effectively reduce mesh density in the fiber region.
For simplicity, only circular and hexagonal fibers are considered in this paper.

2. Computational Model

Consider an unidirectional composite with doubly periodic polygonal inclusions of
arbitrary shape in a plane matrix (see Fig. 1). The elastic parameters of inclusion
and matrix are respectively denoted by E(M and vV, and EM) and v,

For such periodic structures, a representative rectangular unit cell shown in
Fig. 1 with edge length of 2] and 2h along the coordinate directions x; and x5 are
chosen as an example. On the outer boundary of the unit cell, the suitable periodic
boundary conditions corresponding to remote tension along x1- and ws-directions
are given by [Dong (2006)]

lyxe) = —ur (=1, 22) = w,
= ta(—l,22) = 0,

= —uz(w1, —h) = upa,
= t1(x1,—h) =0,

2h

Q
Q
: Q \

(a) (b)

Fig. 1. Sketch of doubly periodic fibers with arbitrary shape in the infinite plane matrix and a
rectangular unit cell. (a) Periodic composites and (b) unit cell.
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Fig. 2. Periodic unit displacement boundary conditions for the case of x2-directional tension.

where u;; and upe are specified constant displacements to keep the edges of the cell
still to be straight after deformation.

For simplicity, only the square package is considered, that is [ = h. Simulta-
neously, only the sub-model related to the za-directional unit tension (see Dong
[2006]) is considered to show the efficiency of the present method. The correspond-
ing boundary conditions are shown in Fig. 2.

Usually, the FEM requires refined domain mesh to capture the interaction of
the matrix and the polygonal fiber in the composite model shown in Fig. 2, while in
the BEM, boundary discretization of the fiber and matrix subdomains is separately
required and additional equation is needed to establish the connection of the two
subdomains. In this study, special polygonal fiber elements based on the fundamen-
tal solution approximation of elastic problems are developed to avoid the domain
discretization in the fiber region. This procedure is mathematically described in the
following section.

3. Basic Formulations and Special Polygonal Fiber Elements
3.1. Basic formulations

For the fiber-reinforced composite under consideration, the weak-form of integral
formulation in a particular hybrid element e, either general element or special ele-
ment as shown in Fig. 3, can be written as follows [Qin (2003)]

1
e = —/ aTedQ—/ éTﬁdF+/ s’ (@ — u)dr, (2)
2 Ja, s .
where o = {0'11 022 0'12}T, g = {511 €92 ’712}T and u = {u1 UQ}T are
respectively stress, strain and displacement fields in the element domain €,
a = {@ 2}7 is the compatible displacement field defined on the boundary
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Special polygonal

fiber element

General
quadrilateral element

Fig. 3. Typical hybrid finite elements including special polygonal element and general quadrilateral
elements.

09, = I, with an outward normal n = {n; ns}?, s = Ao is the traction field

with
n 0 n
A l 1 2] )
0 noy nNq

and § denotes the specified traction distribution on the boundary I'S.

Provided that the internal displacement and stress fields satisfy the governing
equation in the element domain, applying the Gaussian divergence theorem to the
functional Iy, yields

1 - -
Me = —5 / ul'sdll — / s'adl + / sTadr. (4)
e FZ e
In the application of variational principle, the displacement field in the interior
of the element is approximated by a linear combination of fundamental solutions
centered at series of source points x° locating on the pseudo boundary similar to
the element boundary I'¢, that is,

u = Nc,, (5)
where ¢, = {cl 211}, 3,17 is a coefficient vector consisting of unknown
source intensity at M source points locating on the pseudo boundary outside the ele-
ment domain [Wang and Qin (2008, 2009)], and N is a coefficient matrix consisting
of the fundamental solution w;(x,xj ):

uiy(x,x7)  udy (%,x7) 4o ugy (X Xqy) s, (% XGy)
N= o : (6)
| |
| |

uio(X,X7)  uds(X,X7) duia(x,X3)  uds(X,X3y)
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In Eq. (5), the displacement fundamental solutions uj; and the corresponding
stress and traction fundamental solutions o7;;, sj; for the plane strain problems are
respectively given by [Brebbia and Dominguez (1992)]

* s 1 1
Uli(X,X ) = m |:(3 — 41/)6[1; In ; + TIril,
1
Ul*ij(xaxs) = m[(l —20)(r 105 — 7,0 — 1i051) — 217 57 ], (7)
* * —1 ar
s = opymy = yr g [(1—2v)d + 2T’lr’i]8_n — (1 =2v)(r n; —rng)

in which 6;; is the Kronecker delta and
r=\/rirs, rTi=wx;—x;, 7T,;=0r/0r;="ri/r (8)

Subsequently, according to the strain—displacement equations and the stress—
strain relationship, the corresponding stress components and tract components are
expressed as

o ="Tc, 9)
and
s = Qc, (10)
with
o1 (%, x7) 031 (%,%7) |- -] Ufll(xyx?\/[) U;ll(x7x?\/[)
| |
| |
T = |0792(%,X]) 0390 (X,X7) |-+ ) UT22(X7X?\/[) ‘7322(X7x?\4) (11)
| |
| |
0T12(X,X7)  0519(X,X7) |+ +] 0112(X, X5)  0315(X,X5y)
and

sTi(xx1)  sh(x,x]) 1o T (X Xhy) 85, (%, xy)
Q= L : (12)
STo(X,X1)  s5p(%,X]) |- -] sTa (X, XYy)  $3(X, Xy)
It is obvious that the induced stress fields also analytically satisfy the equilibrium
within the element, due to the characteristic of fundamental solutions.
In order to enforce the conformity of the displacement field on the common
interface of adjacent elements, the element boundary displacement field i can be
interpolated from the generalized nodal displacement d. in the form

@ = Nd,, (13)

where N denotes the matrix consisting of shape functions widely used in the stan-
dard FEM and BEM. For example, if the displacements on an element boundary
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is interpolated by using quadratic shape functions, then for the ith element side
consisting of nodes i, j, k, we have

dai—1
€19 £0+9) i

i _Tg 0 1-¢2 o oS da; 1

u= )
0 _€a-9 0 1 ¢ 0 €1+9) da;
2 2
dog—1
doy,
(14)

where £ is the local natural coordinate of the edge under consideration.
The substitution of Egs. (5), (10) and (13) into the functional (4) gives

1
Hme = _§CZH€Ce - dzge + CZGede (15)

which includes boundary integrals only, and

H, = / Q'Ndl, G. = / Q'Ndl, g.= [ NTsdr. (16)
Le L. rs
The stationarity of II,. with respect to the displacement coefficient c. and nodal
displacement d. yields the following optional relationship between c. and d.

c.=H;'G.d. (17)
and the element displacement—load equation given by
K.d.= g, (18)
with the symmetric element stiffness matrix

K.= GTH_!G.. (19)

3.2. Special polygonal fiber elements

It is known that an element with arbitrary number of sides is difficult to construct
using the conventional finite element procedure, thus in the conventional FEM, just
triangular and quadrilateral elements are used for plane problems. In contrast, with
the hybrid formulation described above, it is easy to construct n-sided polygonal ele-
ments with more nodes and edges than the conventional finite elements, due to the
fact of the independence of interior displacement and boundary displacement fields.
More importantly, because the interior approximating displacement and stress fields
analytically satisfy the elastic governing equations within the element domain, all
integrals are evaluated along the element boundary only. Thus, it is possible to
design the super elements with multiple element edges to achieve significant mesh
reduction in the inclusion region.
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(a) (b)

Fig. 4. Configuration of special polygonal fiber elements for the (a) hexagonal and (b) circular
fibers.

Although arbitrarily shaped fibers such as circular, triangular, square or hexag-
onal ones can be studied theoretically using the present hybrid finite element for-
mulation, in the paper, just the hexagonal and circular fibers are investigated for
the sake of simplicity. According to the theory of the present algorithm, the hybrid
special polygonal fiber elements with multi-edges can be constructed to model the
hexagonal and circular fibers, as displayed in Fig. 4, in which special polygonal
elements have 24 and 16 nodes, respectively. Besides, the general hybrid finite ele-
ment with four edges and eight nodes [Wang and Qin (2011a)] are used to model
the matrix to provide flexible mesh strategy implemented by the commercial finite
element software like ABAQUS.

4. Numerical Examples

The matrix material of the composite with periodic hexagonal and circular fibers is
considered to be isotropic and homogeneous, and the elastic modulus and Poisson’s
ratio of the medium are respectively taken as EM™M) = 1, v(™) = (.3. The isotropic
and homogeneous elastic fiber is assumed to have same Poisson’s ratio as the one
of matrix, and its elastic modulus is assumed to be E(/ E(M) = 10. For the sake
of convenience, the geometry size of the unit cell is taken as h/l =1 with the
assumption of h= 0.5.

Besides, in order to analyze the dependence of elastic properties of fiber com-
posites on the fiber concentration, the unit cell shown in Fig. 2 is analyzed by the
proposed special polygonal fiber element, and two different fiber concentrations are
taken into consideration: 10% and 30% for representing respectively moderate and
high fiber volume fraction.

4.1. Hexagonal fiber

For the hexagonal fiber, a moderate volume concentration 10% is firstly consid-
ered. In the analysis, the side length of the hexagonal fiber is set to be 0.1962.
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Fig. 5. lllustration of mesh divisions in the unit cell with hexagonal fiber by ABAQUS and HFS-
FEM for the case of a = 10%. (a) Coarse mesh by ABAQUS, (b) Refined mesh by ABAQUS and
(¢) Mesh by HFS-FEM.

Figure 5 displays three mesh strategies respectively produced by ABAQUS and
HFS-FEM in the unit cell with a hexagonal fiber. In order to show the advantage
of the present special polygonal fiber elements, we keep the mesh to be the same in
the matrix region for both ABAQUS with coarse mesh (named as ABAQUSI for
convenience) and HFS-FEM, while in the fiber region, the mesh strategy is distinc-
tively different. For the mesh discretization generated by ABAQUS, some typical
quadratic isoparametric elements are produced to discretize the fiber domain in
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meeting element connection and keeping reasonable the aspect ratio of element,
while in the HFS-FEM, only one special polygonal fiber element is employed to
model the fiber domain and no any nodes are put inside the fiber. In addition, the
refined mesh by ABAQUS (named as ABAQUS2) is generated to give more accu-
rate results than the coarse mesh. In ABAQUS, the total number of elements is 132
with 429 nodes (coarse mesh) and 564 elements with 1761 nodes (refined mesh). In
contrast, the total number of elements in the present approach is just 101 includ-
ing a special element with 24 edges and 48 nodes, and the total number of nodes
reduces to 356, which has 17% decrease in comparison with that of coarse mesh in
ABAQUS while the same mesh division is used outside the inclusion. It is obvious
that the mesh reduction is achieved by the present special polygonal fiber element.
Numerical results on the variation of traction components along the outer boundary
of the unit cell are plotted in Fig. 6, from which one can observe that there is a
good agreement between the numerical results of HFS-FEM and those of ABAQUS.
It is necessary to point out that the boundary length in Fig. 6 and next figures is
measured in anti-clockwise direction by starting from the lower left point in Fig. 2.
Moreover, from the local enlargement in Fig. 6, it is seen that better accuracy can
be achieved by the present special polygonal fiber element than the elements in
ABAQUS with coarse mesh. So, the accuracy and efficiency of the present special
polygonal fiber element is demonstrated for the analysis of composite embedded
with hexagonal fibers.

Besides, to illustrate the convergence of the present polygonal element, three ele-
ment meshes (the solution domain is divided with 24, 36, 48 nodes, respectively) are
used. The results of average value of the traction component ¢; which is evaluated
by trapezoidal integration are tabulated in Table 1, from which it is found that the
accuracy increases along with an increase in the number of nodes of the polygonal

et ——ABAQUS'
e ABAQUS2
 wseemll 0 [ |— ABAQUS2

HFS-FEM

o
o

Traction component t,
=)
o o
Traction component tz
o

N

0 0.5 1 15 2 25 3 35 4 0 0.5 1 15 2 25 3 3.5 4
Boundary length Boundary length

(a) (b)

Fig. 6. Traction distributions along the outer boundary of the unit cell with hexagonal fiber for
the case of @ = 10%. (a) Traction component t; and (b) traction component ts.
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Table 1. Convergent demonstration for three different special elements.

Number of edges  Number of nodes  Average value of t1  Percentage error (%)

12 24 1.2893 0.1
18 36 1.2882 0.02
24 48 1.2880 —

element. In Table 1, the percentage error is evaluated by taking the average value
from the mesh with 48-node as reference.

Next, a composite with a larger volume concentration of 30% of the hexagonal
fiber is considered. In this case, the side length of the hexagonal fiber is assumed
to be 0.398. Due to the volume increase of the hexagonal fiber, ABAQUS requires
proper partition in the hexagonal domain to produce relatively regular mesh in the
unit cell. At the same time, more elements are needed to simulate strong inter-
action of the hexagonal fiber and the cell boundary. In Fig. 7(a), a refined mesh
including 910 elements and 2825 nodes is used in ABAQUS to produce stable and
accurate numerical results, for the purpose of comparison. In contrast, the HFS-
FEM employs fewer elements including 114 general hybrid finite elements and one
special polygonal fiber element only, in which 30 edges and 60 nodes are involved.
Figure 8 plots the variation of tractions along the outer boundary of unit cell and it
is evident that the use of special hexagonal fiber element can produce almost same
accuracy as that in the ABAQUS with more elements, but the computing size is
greatly decreased by the present algorithm. Also, by comparison of the results in
Figs. 6 and 8, it is found that an increase in the volume fraction of hexagonal fiber

1.3
Lof:
Y A 3
3
] 51‘:1
- A4
=y § 7 P | ¥
238 3 e e
RN
¥ B |
F 3haE 1
L1 r 3
¥ 2
Lo dotst Fotd
22 ; oF
o Py e
o8 F I I o 3
E N N I A )
o177,
1.7
7,
]
1.1.3
1141 b

(a) (b)

Fig. 7. Illustration of mesh divisions in the unit cell with hexagonal fiber by ABAQUS and HFS-
FEM for the case of a = 30%. (a) Refined mesh by ABAQUS and (b) mesh by HFS-FEM.

1540012-11



Q. H. Qin & H. Wang

—— ABAQUS =— AB/;\QUS
* HFS-FEM * HFS-FEM

Traction component t,
Traction component t,
o

o] 0.5 1 1.5 2 25 3 3.5 4 0 0.5 1 1.5 2 25 3 3.5 4
Boundary length Boundary length

(a) (b)

Fig. 8. Traction distributions along the outer boundary of the unit cell with hexagonal fiber for
the case of o = 30%. (a) Traction component t; and (b) traction component 3.

causes dramatic increase of traction forces. This will induce larger overall elastic
properties of composites, according to Dong’s formulation [2006].

4.2. Circular fiber

When the number of sides of the polygonal fiber increases to infinity, the polygonal
fiber becomes the circular fiber. In this section, the mechanical response of the
composite with a circular inclusion is investigated.

(a) (b)

Fig. 9. Illustration of mesh divisions in the unit cell with circular fiber by ABAQUS and HFS-FEM
for the case of a = 10%. (a) Refined mesh by ABAQUS and (b) mesh by HFS-FEM.
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For a moderate fiber volume fraction, i.e., « = 10%, a typical mesh division is
shown in Fig. 9. For the sake of comparison, we use the same mesh to model the
matrix for both ABAQUS and HFS-FEM, while in the inclusion, the mesh strat-
egy is different. For the mesh discretization generated by ABAQUS, some typical
quadratic isoparametric elements are produced to discretize the inclusion domain.
The total number of elements in the ABAQUS is 124 elements with 405 nodes. In
contrast, a super element with 20 edges is employed in the developed HFS-FEM
to model the inclusion and no node is placed inside the inclusion. Thus, the total
number of elements in the present HFS-FEM is just 81 and the number of nodes
reduces to 292, which deceases in 27.9% compared to that in ABAQUS. It is obvious
that the mesh reduction is achieved using the present special polygonal element.

Besides, the variation of traction components along the outer boundary of the
unit cell is displayed in Fig. 10, from which a good agreement is observed between
the numerical results of HFS-FEM and those of ABAQUS. So, the accuracy and
efficiency of the present super hybrid element is demonstrated again for the analysis
of periodic composite embedded with circular fibers.

When the volume fraction of the inclusion increases to 30%, for ABAQUS, more
elements are required to model the solution domain. As shown in Fig. 11, total
432 quadratic isoparametric quadrilateral elements with 1353 nodes are included in
the analysis using ABAQUS. While, for the proposed HFS-FEM, only 77 elements
including 284 nodes are used, as displayed in Fig. 11. Figure 12 shows the traction
distribution along the outer boundary of the unit cell and a good agreement between
the numerical results of HFS-FEM and those of ABAQUS is found again. Moreover,
it is seen that traction component for the case of @ = 30% has more dramatic change
than that for the case of @ = 10%. The main reason is that the interaction between

' ——ABAQUS
- HFS-FEM

o
2]

Traction component t 4
o
[l o «
Traction component 12

0.5 1 1.5 2 2.5 3 35 4 .
Boundary length Boundary length

(a) (b)

Fig. 10. Traction distributions along the outer boundary of the unit cell with circular fiber for the
case of a = 10%. (a) Traction component ¢; and (b) traction component 3.
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Fig. 11. Hlustration of mesh divisions in the unit cell with circular fiber by (a) ABAQUS and (b)
HEFS-FEM for the case of o = 30%.

——ABAQUS
| - HFS-FEM

——ABAQUS
+ HFS-FEM|]|

-~ 1 )l
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2 2
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0.5 1 1.5 2 25 3 3.5 4 0 0.5 1 1.5 2 25 3 3.5 4
Boundary length Boundary length

(a) (b)

Fig. 12. Traction distributions along the outer boundary of the unit cell with circular fiber for the
case of a = 30%. (a) Traction component ¢; and (b) traction component tz.

the inclusion and the unit cell boundary becomes strong as the volume fraction of
the inclusion increases.

Finally, in order to clearly show the variation of tractions for different fiber
types and fiber volume fractions, Figs. 13 and 14 are respectively plotted along
the right edge and bottom edge of the unit cell. It is found from these two figures
that for the case of 10% fiber volume fraction, both the hexagonal and circular
fibers produce almost same traction results. While for the case of 30% fiber volume
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25F T T T T T T T .

Traction component t1

—— Hexagonal fiber, 10%
05k —e— Hexagonal fiber, 30% | |
—— Circular fiber, 10%
—— Circular fiber, 30%

1 11 12 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

Fig. 13. Traction component ¢; along the right edge of the unit cell.

T T T
—— Hexagonal fiber, 10%
o —— Hexagonal fiber, 30%
—s— Circular fiber, 10%
—s— Circular fiber, 30%
s g

2F i

Traction component t,

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 14. Traction component t2 along the bottom edge of the unit cell.

fraction, the hexagonal fiber and the circular fiber induce a significant different
traction distributions.

5. Conclusions

The present study proposes a fundamental-solution-based hybrid finite element
model for analysing unidirectional fiber reinforced composites including hexagonal
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and circular fibers. Plane elastic fundamental solutions rather than conventional
shape functions are employed to approximate the element interior displacement
and stress fields, so that unconventional elements are made due to multiplicity in
the number of nodes and edges. By virtue of the property of the present hybrid
element, we can construct special polygonal fiber elements with multiple edges and
nodes to flexibly model the fiber region for the purpose of mesh reduction and do
not need to perform mesh discretization inside the fiber inclusion. The numerical
accuracy and efficiency on mesh reduction and convergence of the present technol-
ogy are illustrated and the numerical results show that there are good agreements
of the present results with the results available by ABAQUS. Therefore, the present
special polygonal fiber element is promising for solving composite problems with
periodic array of polygonal fibers and determining their effective elastic properties.

Acknowledgments

The work described in this paper was partially supported by the National Natural
Science Foundation of China (Nos. 11102059, 11372100, 11472099) and the Program
for Innovation Talents of Science and Technology in Universities in Henan Province
(No. 13HASTIT019).

References

Bonnet, G. [2007] “Effective properties of elastic periodic composite media with fibers,”
J. Mech. Phys. Solid 55, 881-899.

Brebbia, C. A. and Dominguez, J. [1992] Boundary Elements: An Introductory Course
(Computational Mechanics Publications, Southampton).

Dong, C. Y. [2006] “Effective elastic properties of doubly periodic array of inclusions of
various shapes by the boundary element method,” Int. J. Solid Struct. 43, 7919-7938.

Feng, X. Q., Mai, Y. W. and Qin, Q. H. [2003] “A micromechanical model for interpene-
trating multiphase composites,” Comput. Mater. Sci. 28, 486—-493.

Ghosh, S. [2011] Micromechanical Analysis and Multi-Scale Modeling Using the Voronoi
Cell Finite Element Method (CRC Press, Boca Raton).

Kaminski, M. [1999] “Boundary element method homogenization of the periodic linear
elastic fiber composites,” Eng. Anal. Bound. Elem. 23, 815-824.

Michel, J., Moulinec, H. and Suquet, P. [1999] “Effective properties of composite materials
with periodic microstructure: A computational approach,” Comput. Meth. Appl. Mech.
Eng. 172, 109-143.

Mogilevskaya, S. G. and Crouch, S. L. [2013] “Combining Maxwell’s methodology with the
BEM for evaluating the two-dimensional effective properties of composite and micro-
cracked materials,” Comput. Mech. 51, 377-389.

Qin, Q. H. [2000] The Trefftz Finite and Boundary Element Method (WIT Press,
Southampton).

Qin, Q. H. [2003] “Variational formulations for TFEM of piezoelectricity,” Int. J. Solid
Struct. 40, 6335—-6346.

Qin, Q. H. and Wang, H. [2008] Matlab and C Programming for Trefftz Finite Element
Methods (CRC Press, New York).

Qin, Q. H. and Wang, H. [2013] “Special circular hole elements for thermal analysis in
cellular solids with multiple circular holes,” Int. J. Comput. Methods 10, 1350008.

1540012-16



Special Elements for Composites

Qin, Q. H. and Yang, Q. S. [2008] Macro-Micro Theory on Multifield Coupling Behavior
of Heterogeneous Materials (Higher Education Press and Springer, Berlin).

To, Q. D., Bonnet, G. and To, V. T. [2013] “Closed-form solutions for the effective conduc-
tivity of two-phase periodic composites with spherical inclusions,” Proc. Math. Phys.
Eng. Sci. A 469, 20120339.

Wang, H., Cao, L. L. and Qin, Q. H. [2012] “Hybrid graded element model for nonlinear
functionally graded materials,” Mech. Adv. Mater. Struct. 19, 590-602.

Wang, H. and Qin, Q. H. [2008] “Meshless approach for thermo-mechanical analysis of
functionally graded materials,” Eng. Anal. Bound. Elem. 32, 704—712.

Wang, H. and Qin, Q. H. [2009] “Hybrid FEM with fundamental solutions as trial functions
for heat conduction simulation,” Acta Mech. Solida Sin. 22, 487-498.

Wang, H. and Qin, Q. H. [2011a] “Fundamental-solution-based hybrid FEM for plane
elasticity with special elements,” Comput. Mech. 48, 515-528.

Wang, H. and Qin, Q. H. [2011b] “Special fiber elements for thermal analysis of fiber-
reinforced composites,” Eng. Comput. 28, 1079-1097.

Wang, H. and Qin, Q. H. [2012] “Numerical implementation of local effects due to two-
dimensional discontinuous loads using special elements based on boundary integrals,”
Eng. Anal. Bound. Elem. 36, 1733—-1745.

Wiirkner, M., Berger, H. and Gabbert, U. [2011] “On numerical evaluation of effective
material properties for composite structures with rhombic fiber arrangements,” Int. J.
Eng. Sci. 49, 322-332.

Yang, Q. S. and Qin, Q. H. [2004] “Micro-mechanical analysis of composite materials by
BEM,” Eng. Anal. Bound. Elem. 28, 919-926.

Yu, S. W. and Qin, Q. H. [1996] “Damage analysis of thermopiezoelectric properties:
Part 11, Effective Crack Model,” Theor. Appl. Fract. Mech. 25, 279-288.

1540012-17



