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Abstract

In order to investigate effects of amisotropic fiber packing on stresses in composites, a Volume Integral
Equation Method is applied to calculate the elastostatic field in an unbounded isotropic elastic medium
containing multiple orthotropic inclusions subject to remote loading, and a Mixed Volume and Boundary
Integral Equation Method is introduced for the solution of elastostatic problems in unbounded isotropic
materials containing multiple anisotropic inclusions as well as one void under uniform remote loading. A
detailed analysis of stress fields at the interface between the isotropic matrix and the central orthotropic
inclusion is carried out for square, hexagonal and random packing of orthotropic cylindrical inclusions,
respectively. Also, an analysis of stress fields at the interface between the isotropic matrix and the central
orthotropic inclusion is carried out, when it is assumed that a void is replaced with one inclusion adjacent
to the central inclusion of square, hexagonal and random packing of orthotropic cylindrical inclusions,
respectively, due to manufacturing and/or service induced defects. The effects of random orthotropic fiber
packing on stresses at the interface between the isotropic matrix and the central orthotropic inclusion are
compared with the influences of square and hexagonal orthotropic fiber packing on stresses. Through the
analysis of plane elastostatic problems in unbounded isotropic matrix with multiple orthotropic inclusions
and one void, it will be established that these new methods are very accurate and effective for
investigating effects of general anisotropic fiber packing on stresses in composites.
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Fig. 2 Geometry of the general elastostatic problem

ity oz o A8AXE Green FFE
B Agel A9 vins B o 53¢
Yehe, 53], 84598 EAdAs ol
A g Green FFE Tl Aol wj$-
e Aoz A Ao A ), @A
gl S FV|A oA B 2 &
AAAE Green FrolBE, Al FBEWAAW
e oA FFAoM Green FTE L
2 87 geve dHol At

2 ox Hu ol

i

N
-

T oo
=

o AR T %

Gabw, AW ol FRA AW AR
B A4 AW oP4 A2l U Green
g Wee A gevs PPl Y, w3
FRacwn 99, FHA NPee 22P9s

Crthetropic Inclusion

o C O

VIEM isatropic .

Fig. 3 Multiple orthotropic cylindrical inclusions in

unbounded isotropic matrix under uniform
remote tensile loading

Table 1 Material properties of the isotropic matrix

and the orthotropic inclusion for the
elastostatic problems

(Unit: | Isotropic Inclusion

GPa) | Matrix | Orthotropic #1 | Orthotropic #2
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volume integral equation method
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Fig. 17 Normalized tensile stress component
(Gx/ 00) at the interface between the
central orthotropic inclusion and the
isotropic matrix under uniform remote

tensile loading
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Fig. 18 A typical discretized model in the mixed
volume and boundary integral equation
method for arbitrarily random inclusion
packing array and a void
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central orthotropic inclusion and the
isotropic matrix under uniform remote
tensile loading

4. 2 B

=R oldtAd Ao wjdo] 2atA)
s2o) ulxE Gk e A 9
AR AR B 23 AA-BA HR
A Aolats M2 FAHM PSS HE
3, 59 @A oo FAn ol 3
A EE vge Aa ol A

ul
=
FFo) T¥Y FauAL 47 2IHF
!

S fu
£ Lk



oA Afe wdel BRAzY §Ho A= 9% 1295

AAZ, T2 717 ot An o] &
FAZF 1) BAAE wE P, 2) A&7 WE
Hel, 3) dojo wid ez x o] e A
of ate] m@a Eokeh A oY A
Wdol Ay Ex Az e 2z
Ao, gRAL ARuE 0358 o, FHA
AF7t Frtetel e Fod AAG @ oAy
FAst 34 7R AN A4
E¥7} 27 @A 2 Ae ¢ £ A/ 2
gk, A oAl FRAS uido] do Fepd
e, Y = A5y d e o
s Wokg o, Fdel AXF Am oA
AL T3 7139 %74]“101]*194 A3 H
227t AA g3AE e ¢ & A

EAZ, 59 71X 4 tge A ojwrAl g
FA7E 1) BAAAE wid -, 2 A5G
FH, 3) 4ol wid FeE 2 FHA e A4
o] o, gde FFol T AANG FHA
011 AREE FHA Ao wA o] EgEE 9

4ol dste] nFa Boirh o¥elE, A
01‘%"‘3 Ao o] AAAY =e 35H4Y
el Zzke] B, FHA AR 0359
w, SfAe] AFt St E Tl HAE
Au oA Ak A VXY FAHANA
o ALY BXIF AA WA Ude AL ¢
T itk Tz, A oA FhAle ol
Aol Feid we, AAAE EE 23%7—.‘33 !
FeYd g vus) RS ), Fo AAT
Al oA At T 7]X]-4 AR AN
of J4FgE BE7 AA HAE AL & F
A

ajog B ol MRES olFo
Ae Ao, agxa 4F B9, 5FAE A=z
FAolA Ago) BAsta FHA Aol FF
of ¥gEE Agol, Afe WAL ALY =
= A57Y g9d 5 IS WA ALY, unit
cell 2] vpEkg ¥ B4 Foe Axe 44
o Mol utg 4 Anet N BE shsAol

Fee ¢ F AR

o] ERRE A o)gy gRA disto)
ags) mor, AW ALPAAY 2 E¢ A
4 ARRRAES AR, N2 dEae
2 s ool ARl o4 BeA ¥ TE

o] EEL 2003 E FYstu wjdFH|
of ojste] AYHALH, old AtelE BT

ika]
o

e

(1) Al-Ostaz, A and Jasiuk, I, 1997, "The
Influence of Interface and Arrangement of
Inclusions on Local Stresses in Composite
Materials," Acta Materialia, Vol. 45, No. 10,
pp. 4131~4143.

(2) Banerjee, P.K., 1993, "The Boundary Element
Methods in Engineering,” McGraw-Hill, England.

(3) Buryachenko, V.A. and Bechel, V.T., 2000,
"A Series Solution of the Volume Integral
Equation for Multiple Inclusion Interaction
Problems," Compos. Sci. Technol., Vol. 60, pp.
2465~2469.

(4) Chen, T., 1993, "Thermoelastic Properties and
Conductivity of Composites Reinforced by
Spherically Anisotropic Particles," Mechanics of
Materials, Vol. 14, pp. 257~268.

(5) Choi, S.J., Ra, W.S. and Lee, JK. 1999,
"Elastic Analysis of Unbounded Solids with
Anisotropic Inclusions,” Trans. of KSME (4),
Vol. 23, No. 11, pp. 1993~2006.

(6) Davi, G. and Milazzo, A., 1996, “Stress
Fields in Composite Cross-Ply Laminates,”
Eleventh International Conference on Boundary
Element Technology, BETECH 96, Ertekin, R.
C., Brebbia, C. A., Tanaka, M. and Shaw, R.,
Eds.,, Computational Mechanics Publications,
pp. 175~184.

(7) Dong, CY., Lo, SH. and Cheung, YK.
2003, "Numerical Solution of 3D Elastostatic
Inclusion Problems Using the Volume Integral
Equation Method", Computer Methods in
Applied Mechanics and Engineering, Vol. 192,



1296 o] B 7] -

No. 1-2, pp. 95~106.

(8) Gusev, AA., Hine, P.J., and Ward, IM., 2000,
"Fiber Packing and Elastic Properties of a
Transversely Random Unidirectional Glass/Epoxy
Composite," Composites Science and Technology,
Vol. 60, No. 4, pp. 535~541.

(9) Han, W., Eckschlager, A., and Bohm H.J,
2001, "The Effects of Three-Dimensional
Multi-Particle Arrangements on the Mechanical
Behavior and Damage Initiation of Particle-
Reinforced MMCs," Composites Science and
Technology, Vol. 61, No. 11, pp. 1581~1590.

(10) Hwu, C. and Yen, W. J, 1993 (Sep.), “On
the Anisotropic Elastic Inclusions in Plane
Elastostatics,” Transactions of ASME, Journal
of Applied Mechanics, Vol. 60, pp. 626~632.

(11) Duan, Z.P., Kienzler, R. and Herrmann, G.,
1986, "An Integral Equation Method and Its
Application to Defect Mechanics," Journal of
Mechanics and Physics of Solids, Vol. 34, pp.
539~561.

(12) Johnson, W.C., Earmme, Y.Y. and Lee JK,
1980, "Approximation of the Strain Field
Associated with an Inhomogeneous Precipitate. I:
Theory," Journal of Applied Mechanics -
Transactions of the ASME, YVol. 47, pp.
775~780.

(13) Lee, J.K. and Mal, AK., 1995, "A Volume
Integral Equation Technique for Multiple
Scattering  Problems in  Elastodynamics,"
Applied Mathematics and Computation, Vol.
67, pp. 135~159.

(14) Lee, J.K. and Mal, AK., 1997, "A Volume
Integral Equation Technique for Multiple
Inclusion and Crack Interaction Problems,"
Transactions of the ASME, Journal of Applied
Mechanics, Vol. 64, pp. 23~31.

(15) Lee, JK. and Mal, A., 1998, "Characteri-
zation of Matrix Damage in Metal Matrix
Composites under Transverse Loads,"
Computational Mechanics, Vol. 21, pp. 339~346.

(16) Lee, JK. Choi, SJ. and Mal, A., 2001,
"Stress Analysis of an Unbounded Elastic Solid

& o

(S

with Orthotropic Inclusions and Voids Using a
New Integral Equation Technique," Int. J.
Solids Struct., Vol. 38, pp. 2789~2802.

(17) Lee, KJ. and Mal, AK., 1990, "A
Boundary  Element Method for  Plane
Anisotropic Elastic Media," Journal of Applied
Mechanics, Vol. 57, pp. 600~606.

(18) Mal, AK. and Knopoff, L., 1967, "Elastic
Wave Velocities in Two Component Systems,"
J. Inst. Math. Applics., Vol. 3, pp. 376~387.

(19) McPedran, R.C. and Movchan, A.B., 1994,
"The Rayleigh Multipole Method for Linear
Elasticity," Journal of Mechanics and Physics
of Solids, Vol. 42, pp. 711~727.

(20) Moschovidis, Z.A. and Mura, T., 1975,
"Two-Ellipsoidal  Inhomogeneities by  the
Equivalent Inclusion Method," Journal of
Applied Mechanics - Transactions of the
ASME, Vol. 42, pp. 847~852.

(21) Nakamura, T. and Suresh, S., 1993, "Effects
of Thermal Residual Stresses and Fiber
Packing on Deformation of Metal-Matrix
Composites,” Acta Metall. Mater., Vol. 41, pp.
1665~1681.

(22) PATRAN User's Manual, 1998, Version 7.0,
MSC/PATRAN.

(23) Yang, H. C. and Chou, Y. T., 1976 (Sep.),
"Generalized Plane Problems of Elastic Inclusions
in Anisotropic Solidsl," Transactions of the
ASME, Journal of Applied Mechanics, Vol. 43,
pp. 424~430.

(24) Zhang, J and Katsube, N, 1995, "A Hybrid
Finite Element Method for Heterogeneous
Materials with Randomly Dispersed Elastic
Inclusions," Finite Elements In Analysis And
Design, Vol. 19, No. 1-2, pp. 45~55.

(25) Zhang, J and Katsube, N, 1997, "A
Polygonal Element Approach to Random
Heterogeneous Media with Rigid Ellipses or
Elliptical Voids," Computer Methods in Applied
Mechanics and Engineering, Vol. 148, No. 3-4,
pp. 225~234,



