, 29 6 Applied Mathematics and Mechanics
2008 6 15 Vol. 29, No. 6, Jun. 15,2008
: 1006-0887(2008) 06- 06870 © , ISSN' 1006-0887
*
1 1 2
> i<
5 oM. BEAE. mR#F
(1. . 200444;
2. , ACT 0200)
(3R%9A4E )
Eshelby Eshelby ,
s Eshelby
; ; ; Eshelby ; ;
0241 A
Eshelby
[ , Eshelby
Mura (2 :
, )¢ ’ Eshelby
¢ ’ , Eshelby Eshelby
[312]
[13]
(7
[&9]
2 2
* : 200720725 2008 04-17
: (10772106)
(1951—), , R ( . E-mail: hangma@ staff. shu. edu. cn) .

687



688

(ol ( )
(- [12] [ 14]
. [15]
Eshelby
[ 16] Eshelby
Eshelby
1
( ) ’
Q , L, O
= o N Q. -
C(p)ui(p) = J-ﬁ(q)u; (p. q)dT(q) - J-Fuj(q)f} (p.q)dT(q)+ D7
u; Kelvin p 1 q J ’Tﬁ
C [17]
I = L T(q)uij(p, ¢)dl(q)- _L 5 (q) Ti(p.q)dl(q),
I : (2 .
Clpyato) = [ Bardstp mparia)- [ ) Bp. aparco).
| : (2 ; (3)
, (1) (3)
r ro, : (H (3
TR T A
2 (3 p€a : (3)
C=0. (4) (3), (2)
n=- [ o m.garc+ [ Bouo. ).
(5) 1 o -2
> Q F’
Cui+ Jrujrjdr(q) = J‘F'Eu;drz J-Q% Od Q= J-Q% Ejud ©,
0;;5 8;1; Kelvin - (6)
(6). (5

n=- [ g outp oaer [ diarduim g,

Q

B
Iy,

(2)

(3)



689

g @ ( ) : . €
(7) I
I = I &i(q) %(p, ¢)dQ(q)- (8)
(1)
Clpyutp) = | Tta)us (p. q)dr(q) -
Luj(qﬂ; (p.q)dT(q)+ ZL &i(q) %k(p. ¢) dQ(q) - (9)
(1 (3 () (9.

Eshelby 1] Mura!?

g = 0. (9) , (9)
, 2
C(p)%(p) = IFE(q)MZk(p, ¢)dl(q) - Iruk(q) Tir(p. )dU(q) +
S, étardiutn. ayacia) v &ip)oin (10
Outp.a) = lm, [ #Tutp. a)ar(q). (1)
¢ . ryo 9 MY = wq) - xip).
(10) [
Cauchy T= Gn (10)

CTi(p) = nj(p)_[ﬁ(q)u;k(p,q)dp(q)— rlj(p)Luk(q)T}?'k(p, ¢)dT(q)+
ni(p) Z_[Q el q) %u(p. )d Qq) + n(p)€u(p) Oju  (p €T).  (12)

nop : (12) . (9) (10)
( 12) [ 1819] )
2
( ) ) [ 1], &
el S , Eshelby
&S = Sjkl eh. (13)

Eshelby



(a)
(b)
(9
(d)

(¢
(1)

. (13)

Hooke , &

‘{( é;;+ 8?) + 2V 6](8k5+ Ekk)}

u{(S + & - &,)+ 2 (ng_ &y — 8)} (1)
Poisson ) B= L/ W Vi
(13)  (14) é;’ & 82-
= s (17D .
Y1 B) St (1= B) St Vo s € =
- (1- B)[l 4 8kk+ q] (i=j). (15h)
( )
( )
(9 (12)
Ax = b+ BE, (16)
. B (9 (12) b
;X €
AB b
(15)
X
V= A (b s BEY), (17)
un = max | { €= €V}, (18)
E€us <1077 o
(19), x (10)
(10)
) (19)
(16 A B b _
(15) ¢
(17 x.
(19) .
(9 (o). (0:
(10) ’



691

(i)
(i)
()

Hooke
(15) €.

Eshelby

Eshelby ,

P

Cijil

(24)

[1819]

ui(p) = _[Q gi(q) 3k (p. q)d A ),

%(p) = j €li( q) O (p, q)d O q) + €li(p) O

(

[ 1819]
wi(p) = a%fr T (p, q)dT(q),

G%(p) = é)tljrxﬂ;k(p, q)dl'(q)-
1
€cQ p€o , (20 (21
P e
xlT;k .
: &
p € Q (23
(13) (23)
Sijgt = Cjmn L ka,*nnz(p, g)dr,
1
Eshelby Siiki

B

[ 1819]

JQ o;j.de = L

JQ Ojird Q+ O;‘k] = IF x Lppd I,
I 1

xx T dl,

[16]

(9 (10)

(9)

> Gj

Hooke

Eshelby
; (24)

B

8(; = Cju %, Eshelby

(20)

(12)

B

(9)

G =

(10)

Eshelby

(21)

Eshelby

p €D
f‘;k— %Ck

()
(21)

(21)

(2)

(2)

ES

XKLy

Eshelby

()

(%)

(26)



692

(s , 1
(b) s L/B=0.1L/R= 10, «x
R N = 150 Nr= 120 ,
X,
! X, BI C—  O)—x
L 2R ' e 2L
- ——
l T 2 J ok 28 N
(a) (b)
1
w ) () (1
() (3)
0.84
3 0.6 .
I
i% 0.4 (9
£ 02, ’ (24)
= Eshelby .2
0.0 4
SRR B= Ly L= 10,
0 20 40 60 80 100
KanttL/R LI
34 s
2 Eshelby . ,
1.5 s " 1357
—— [ 2T 4 o 372 —— BT Y S 5
S 1. S10] Lann,,, JOUINNYY
g g o"(XZ/R=2) 2 /{U,Q*G'D’D—C o o, (Xx=0)
= = o g, (xz/R=2) § 4 ( a" ‘=
o 05{50 5 o (x/R=4) = 051c® Z zz(-‘|_0)
1 A k) a,, (x=L)
v v a,(x=L)
0| SEEETZIgogmonnnasas
0.0 0s 10 s 20 2 4 6 8 10
x,/L x,/R
3 (%1 ) 4 (x2 )
5 , )
N = 150 , Np=



693

300 ,

( L/R=100)

A—D—L
0

—0—E/E —A~E/E
A —o—uy, -0,

E v v ===

ARTEBEE, 0
©
AN

o
S
) s
\

o
=)
3

100 100 10" 10 100 10° 10°
BigLL 8

L/R = 100, 2L = 3.16, N1= 100

6

Ev Er ,

MnS ,

Poisson

Poisson

L/R
4RL

2.0

—
w
I

BARTEREE
s
E

0.54

£=0.001: A=1000:
——E/E ->—-EJ/E
——E/E ——E/E

KA4te L/R
Ny= 100, 4RL = 0.079
7
120 [
V/V
- —0—N=50
1151 " —0=N;=100
/ —8—N;=200
e / —u—N;=400
g 110, . A
B -
1.05 4 A/: /O_,-o—-O—'O—_O_'O_‘“—*
e S S
1.00 : : . : j
20 40 60 80 100

K4tk L/R

B= 10, 4RL = 0.047

(2N)?



694

= 9 x10% : (1) (3 ;
(2N + N+ 4Vp)?= 1.45x 10", 1.6x10° . (19),

(1]

(7]

[10]

[11]

) 10 . ,

’ . Eshe]by

Eshelby s ,
, Eshelby

[ ]

Eshelby J D. The determination of the elastic field of an ellipsoida inclusion and related problems
[J]. Proceedin gs of the Royal Society of London , Ser A, 1957, 241( 1226) : 376-396.

Mura T, Shodja HM, Hirose Y. Inclusion problems (part 2) [J]. Applied M echanics Review , 1996, 49
(10): S118S127.

Kiris A, Inan E. Eshelby tensors for a spherical inclusion in microelongated elastic fields[ J]. Inter—
national Journal of Engineering Science, 2005, 43( 1/2) : 49-58.

Mercier S, Jacques N, Molinari A. Validation of an interaction 1aw for the Eshelby inclusion problem
in elaste viscoplasticity[ J] . Int ernational Journal of Solids and Structures, 2005,42(7): 1923-1941.

Federico S, Grilloc A, Herzog W. A transversely isotropic composite with a statistical distribution of
spheroidal inclusions: a geometrical approach to overall properties[J]. Journal of the Mechanics
and Physics of Solids, 2004, 52(10) : 2309-2327.

Shen L X, Yi S. An effective indusion model for effective moduli of heterogeneous materials with el-
lipsoidal inhomogeneities[J]. Internation al Journal of Solids and Structures, 2001, 38(32/ 33) : 578%-
5805.

Kakavas P A, Kontoni D N. Numerical investigation of the stress field of particulate reinforced poly
meric composites subjected to tension[ J] . International Journal for Numerical Methods in Engi—
neering, 2006, 65(7): 1145-1164.

Lee J, Choi S, Mal A. Stress analysis of an unbounded elastic solid with orthotropic inclusions and
voids using a new integra equation technique[ J] . International Journal of Solids and Structures,

2001, 38( 16) : 2789-2802.

Dong CY, Cheung YK, Lo SH. Aregularized domain integral formulation for indusion problems of
various shapes by equivalent inclusion method[J]. Com puter Methods in Applied Mechanics and
Engineering, 2002, 191(31): 341} 3421.

Dong C Y, Lee KY. Effective elastic properties of doubly periodic array of inclusions of various
shapes by the boundary element method[ J] . Intern ational Journal of Solids and Stru ctures, 2006,
43(25/26):7919-7938.

Nakasone Y, Nishiyama H, Nqjiri T. Numerical equivalent inclusion method: a new computational
method for analyzng stress fields in and around indusions of various shapes[ J] . Materials Science
and Engineering, A,2000,285(1/2):229-238.



695

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Liu Y J, Nishimura N, Tanahashi T, et al. A fast boundary element method for the analysis of fiber
reinforced composites based on a rigid inclusion model[ J] . ASME Journal of Applied Mechanics,
2005, 72(1): 115-128.
Ma H, Deng H L. Nondestructive determination of welding residual stresses by boundary element
method[ J] . Advances in Engineering Software , 1998,29(2) : 83-95.
Greengard L F, Rokhlin V. A fast algorithm for particle simulaions[ J]. Journal of Computational
Physics, 1987, 73(2) : 325-348.
Kompis V, Kompis M, Kaukic M. Method of continuous dipoles for modeling of materials reinforced
by short micre-fibers[ J] . Engineering Analysis With Boundary Elem ents, 2007, 31(5): 416-424.
MA Hang, QIN Qinghua. Solving potential problems by a boundarytype meshless method —the
boundary point method based on BIE[ J]. En gin eering An alysis With Boundary Elements, 2007, 31
(9):749-761.
Brebbia C A, Telles JC F, Wrobel L C. Boundary Elem ent Tecniques —Theory and Applications
in Engineering [M] . Berlin: Springer, 1984.
Ma H, KamiyaN, Xu S Q. Complete polynomial expansion of domain variables & boundary for twe-
dimensional elastoe-plastic problems[J]. Engineering Analysis With Boundary Elements, 1998, 21
(3): 27 275.
Ma H, Kamiya N. Boundarytype integral formulation of domain variables for three-dimensional ini-
tial strain problems| J] . JSCE Journal of Applied Mechanics, 1998, 1(1): 355 364.

Computational Model for Short- Fiber Composites With
Eigen-Strain Formulation of Boundary
Integral Equations

MA Hang', XIA Liwei', QN Qing hua’
(1.Department of Mechanics, College of Sciences, Shanghai University,
Shanghai 200444, P.R . China ;
2. Department of Engineering, Australian National University , ACT 0200, Australia)

Abstract: A computational model was proposed for short-fiber reinforced materials with the eigen
strain formulation of the boundary integral equations (BIE) and solved with the newly developed
boundary point method (BPM). The model comes intimately from the concept of the equivalent indu-
sion of Eshelby with eigenstrains to be determined in an iterative way for each short-fiber embedded in
the matrix with various properties via the Eshelby tensors, which can be readily obtained beforehand
through either analytica or numerical means. As the unknowns appear only on the boundary of the
solution domain, the solution scale of the inhomogeneity problem with the model is greatly reduced.

This feature is considered to be significant because such a traditionally time consuming problem with
inhomogeneity can be solved most cost-effectively compared with the existing numerical models of the
FEM or the BEM. The numerical examples are presented to compute the overall elastic properties for
various short-fiber reinforced composites over a representative volume element (RVE), showing the

validity and the effectiveness of the proposed computational model and the solution procedure.

Key words: short-fiber; equivalent inclusion; eigen-strain; Eshelby tensor; representative volume el
ement; boundary integral equation, boundary point method



