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Abstract

In this paper, we review the free terms of Lapalce and Navier equations for 2-D and 3-D problems and extend to
biharmonic equation for plate problem. We derive the free terms of the dual BEM with a smooth boundary by

means of the bump-contour technique surrounding the singularity. After using the limiting approach, the free
terms and boundary terms for the sixteen improper integrals in the dual formulation for the plate problems are
derived. The improper integrals due to the sixteen kernels with singularity or hypersingularity are interpreted as
the finite part.
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Introduction

Boundary integral equations (BIE) with strongly singular and hypersingular kernels are currently employed in
many fields of applied mechanics, most of the mathematical issues have been clarified for the evaluation of the
singular integrals. The treatment of singularities has always been a chief subject in the development of boundary

element method (BEM).
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Dual boundary integral equations (DBIES) for crack problems were derived using the limiting and trace ap-

proaches proposed by Hong and Chen [1]. Also, the DBIEs for the Laplace equation with a degenerate bound-
ary was developed by Chen and Hong [2]. The numerical implementation has been termed the dual boundary
element method by Portekt al. [11]. How to determine free terms in a hypersingular equation accurately
has received attention in the dual BEM by Guiggiani [7, 8, 9, 10]. Later, an additional free term in the hyper-
singular equation for the Laplace probelm was independently obtained by Guiggiani [10] and Chen and Hong
[3]. Since the hypersingular integral equation can provide an additional constraint for the Dirichlet problems,
the free terms must be examined. Many researchers, for example, Guiggiani has derived the free terms in the
boundary integral formulation by employing the direct method for the Laplace equation, the Navier equation
and the biharmonic equation. He also found an additional free term for the corner problem using the biharmonic
equation instead of using the “dual” formulation. In 2000, Ckeal. [4, 6] have proposed the bump-contour
technique and the limiting approach to determine the free terms of the two- or three-dimensional Laplace and
Navier equations successfully. Also, the free terms of dual BIE for the 2-D Helmholtz equation were solved [5].
In this paper, we focus on the bending of thin plates where the BEM must face the improper integrals of hy-
persingular kernel or finte-part integrals. The unnamed higher-order singularities than hypersingularity occur in
the dual formulation. We derive the free terms on a smooth boundary by means of the bump-contour technique
surrounding the singularity. After using the bump-contour technique and limiting approach, the free terms and
boundary terms for the sixteen improper integrals in the dual formulation are derived. The improper integrals
due to the sixteen kernels with weak singularity, strong singularity, hypersingularity or unnamed singularity are

interpreted as the finite parts.

Review of free terms of the dual integral formulation for 2-D and 3-D Laplace and Navier

equations with a smooth boundary

According to the papers of Chen and his students [4, 5, 6] as well as his colleagues, they derived the free terms
of the dual integral equations in conjunction with the bump-contour technique for the Laplce, Helmholtz and
Navier probelms. By adopting the bump-contour technique, we have the free terms and boundary terms. We
summarize the results for the two and three-dimensional problems in Table 1. It is found that the contributions
from both the hypersingular integrals and the strongly singular integrals for the free terms of the BIE are,
respectively, half and half for the 2-D case, one third and two thirds for 3-D problem. The dual boundary
integral equations for the 2-D and 3-D Navier equations are also considered. Similarly, we summarize the
results for the two and three-dimensional problems in Table 2. Comparing the results of the Laplace equation

with those of the Navier equation, it is found that the free coefficients are the same to half for the smooth
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boundary.

Free terms of the DBIEs with a smooth boundary for the biharmonic problems

The dual integral equations for the domain point can be derived from the Rayleigh-Green identity as follows:

%M@:Lﬁ%%wW@+GQMm@—M@JW@+V@@M$MM$er, B
8ﬂ%ﬂ:A;J%@mm@+ed&@m@%JWQJWGH4M&@MQMB@LmEQ @
SWmWPié&Uﬁ@mwﬁ+®Ma@m@%%%%awﬂ@+MA%@M@MB@LmEQ, ®)
%v@%iL{%M&mMQ+®A&@m@y—MJ&@ﬂQ+VM&@M$MB@LmeQ, @)

where B is the boundaryf? is the domain of interesty, §, m andv mean the displacement, slope, normal
moment and effective shear foreeandx are the source and field points, respectively.

For the biharmonic equation, we can obtain the fundamental solution as follows:

Uz, s) = r2n(r), ()

wherer is the distance between the field point and the source point written=ags — x|. The other three
kernels,©(s,z), M(s,z) andV (s, x), are defined as follows:

O(s,x) = Ko,s(U(s,x)), (6)
M(s,z) = Km,s(U(s,x)), @)
V(s,z) =Kus(U(s, ), (8)

wherefCy 4(-), K s(-) andkC, (-) mean the slope, moment and shear force operators with respecespec-
tively, which are defined as follows:

Koul) = S0, ©
Kms() = w920+ 0= (10
Kor) = R+ -0 o) )

wheren andt are the normal and tangential vectors, respectively. By moving the point to the smooth boundary,
Eqgs.(1)-(4) reduce to

dru(z) = —F.P. /B U(s,z)v(s) dB(s) + F.P. /B (s, z)m(s) dB(s) — F.P. /B M(s,z)0(s) dB(s) + F.P. /B V(s,z)u(s)dB(s), = € B, 12)
4r0(z) = —F.P. /B Ug (s, z)v(s) dB(s) + F.P. /B Oy (s, z)ym(s) dB(s) — F.P. /B My (s, z)0(s) dB(s) + F.P. /B Vy(s,z)u(s) dB(s), = € B, 13)
dnm(z) = —F.P. /B Upn (s, z)v(s) dB(s) + F.P. /B O, (s, )m(s) dB(s) — F.P. /B My, (s, 2)0(s) dB(s) + F.P. /B Vin (s, z)u(s) dB(s), = € B,  (14)
dnv(z) = —F.P. /B Uy (s, z)v(s) dB(s) + F.P. /B O, (s, )m(s) dB(s) — F.P. /B M, (s, 2)0(s) dB(s) + F.P. /B Vi (s, z)u(s) dB(s), = € B, (15)

whereF. P. denotes the finite part for all the improper integrals. The free terms for the sixteen singular integrals

will be derived by using the bump-contour technique and the limiting process in the next section.
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Taylor expansion of boundary density functions

Before deriving the free terms of the improper integral equations, the density functions (displacement, slope,
moment and shear force) are needed to be expanded to series form for order analysis. Therefore, we expand the
density functions by using the Taylor series in the BIE formulation as shown in Table 3. The density functions
are the Taylor expansionsatand they should be substituted into the dual integral equations when deriving the
free terms. The simplified forms of the density functiongz), 0(z), m(x) andwv(z), under the condition of

ne = (0,1) andt, = (—1,0) are shown in Table 4 without loss of generality.
Explicit forms for the kernel functions and the order analysis for the asymptotic behavior

From the dual boundary integral equations in Egs.(1)-(4), the contour integrationBpe#im be separated

asB = B’ + B~ + B. + BT including the domair) surrounding the singularity as shown in Fig.1. For
convenience, it was assumed tliatis an arc of a semi-circle centered at the field paintith radiuse. The
integration pathB, denotes the contour integration around the singular pointind3~ + BT is the definition

of the integration region of the Cauchy principal value. By adopting the boundary integral formulations and the
sixteen kernel functions, the notations generally employed in the Kirchhoff plate theory are briefly summarized.
Without loss of generality, we have the following notations as shown in Fig.1: (1) The position of the field
point: z = (z1,z2) = (0,0). (2) The position of the source poink = (s1,s2) = (ecosf,esinf). (3)
Distance:r = |s — z|. (4) Vector componenty; = x; — s;, i = 1,2. (5) Normal vector of the field point:

n(x) = (m1,m2) = (0,1). (6) Normal vector of the source point along the ar¢s) = (n1,n2) = (cosf,sin 0).

(7) Tangential vector of the field point{x) = (¢1,¢2) = (—1,0). (8) Tangential vector of the source point:

t(s) = (t1,t2) = (—sinb, cos ). By employing the bump-contour technique and substituting the notations of
(1)~(8) in Fig.1, we can derive the explicit forms of the sixteen kernels of the dual integral formulation. From
the asymptotic analysis of the above-mentioned kernels, the order analysis for the asymptotic behavior in the

kernels can be found in Table 5.

Potential due to the sixteen kernels for the bump integral

After defining the related symbols, sixteen kernel funtions and the density functions for the bump-contour
technique, we substitute them into the boundary integral formulations in Eqgs.(1)-(4) and derive the free terms.
It is interesting to find that the order descends in a successive order for the sixteen integrals. Collecting all the
previous results after using the bump-contour technique, the finite part can be defined as

F.P. /B U(s,z)v(s)dB(s) = C.P.V. . U(s, z)v(s)dB(s), (16)

B’'+B~+B

PP /B O om()aB) =CPV. [ e(srm(s)aB), a7
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F.P./ M(s,x)0(s)dB(s) = C.P.V. M(s,x)0(s)dB(s), (18)
B B'+B—+Bt
F.P./ V(s,z)u(s)dB(s) = C.P.V. V (s, z)u(s)dB(s), 19)
B B’+B—+Bt
F.P./ Ug(s,z)v(s)dB(s) = C.P.V. Ug(s,z)v(s)dB(s), (20)
B B'+B—+B+
F.P./ O (s, z)m(s)dB(s) = C.P.V. O (s, z)m(s)dB(s), (21)
B B'+B—+B+
F.P./ My(s,2)0(s)dB(s) = C.P.V. My(s,z)0(s)dB(s), (22)
B B'+B—+B+
F.P. / Vi (s, 2)u(s)dB(s) = C.P.V. Vo (s, 2)u(s)dB(s) + 2C= (), 23)
JB JB'+B~+Bt
F.P./ Un (s, 2)v(s)dB(s) = C.P.V. U (s, 2)0(s)dB(s), 24)
JB JB'+B—+Bt
F.P./ Oum (s, 2)m(s)dB(s) = C.P.V. Oum (s, 2)m(s)dB(s), (25)
JB JB'+B~+Bt
F.P./ M (s,z)0(s)dB(s) = C.P.V. M (s,2)0(s)dB(s) —4(1 —v)(1+ 5—1/) 0(1‘)’ (26)
B B'+B—+B+ 3 €
F.P./ Vin(s,z)u(s)dB(s) = C.P.V. Vin(s, z)u(s)dB(s) + [w}m(x)
B B'+B—+B+ 3e
+ [(13:2") [37(v — 5) + 160]]0(x), @7
F.P. / Uy (s, 2)0(s)dB(s) = C.P.V. | Uy (s, 2)v(s)dB(s), 28)
JB JB'+B~+Bt
—V2 v mix
F.P./ Oy (s,z)m(s)dB(s) = C.P.V. Oy (s,z)m(s)dB(s) + [4( +ovt 7)] ( ), (29)
B B'+B—+B+ 3 €
PP, / My (s,2)0(s)dB(s) = C.P.V. / Mo (s, x)e(s)dB(s)+[W]m(z)ﬂ(lgf;) Br(v —5) + 160])0(z),  (30)
B B € €
F.P./ Vi (s, z)u(s)dB(s) :C.P.V./ Vu(s,x)u(s)dB(s)—l-[M}m(x)
B B €
—v v—1)>2
+ Bt = 5) + 160 = 30(@) + 22 ue), @

whereC.P.V. and F.P. denote the Cauchy principal value and finite part, respectively. For the biharmonic
problem, we have the kernels with higher singularity than the hypersingularity which is termed unnamed singu-
larity by Guiggiani. Therefore, we denote them as the “finite part”. The boundary terms of the kernel integration
arise from the boundary integral equations naturally and can compensate the infinity of C.P.V.. Combining the
sixteen improper integrals, we have the boundary integral equations with the free coeffidieribof smooth
boundary. The free terms may result from different kernels instead of only one Cauchy kernel. Finally, all the

results of free terms and boundary terms are summarized in Table 6.
Conclusions

In this paper, the free terms of the DBIEs for the biharmonic problem were derived successfully. We adopted
the bump-contour technique surrounding the singularity and expanded the density functions by using the Taylor
series. After collecting the sixteen improper integrals for the smooth boundary, it is interesting to find that the

sum of the free terms in the four boundary integral equationgare=inally, the order analysis and the free
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terms of the sixteen kernels of the biharmonic equation are summarized in Table 6. The potentials of the sixteen

kernels can be interpreted as finite part and Cauchy pricipal value.
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Table 1 Freeterms of dual BIE for the 2-D and 3-D L aplace problems

2-D [1,4,6] 3-D [1,4,6]
U (s, X) T(s,X) U(s, x) T(S,X)
0 7 U(X) 0 27 u(x)
L(s,x) M (s, X) L(s,x) M (s, X)
T Ve 2 2r 4z 2r
—Et(x) Et(x) +;u(x) —?t(x) ?t(x) —?u(x)
Table 2 Freeterms of dual BIE for the 2-D and 3-D elasticity problems
2-D [4,6] 3-D[46]
Uy (s, %) T, (5,%) Uy (s.¥) T (s,%)
i=Lk=1 —ui(x)
i—1k=1 40 i—2,k=1 ?
i=2k=1 : 0 i=3k=1 g
i=Lk=2 No jump 0 o o
i=2k=2 “w !:Lk=2 . —uy(x)
: -2k-2 No jump =50
i=3 k=2 0
L (5,%) My (%) S :
G-4) [y | ) ) i=2,k=3 0
i=1k=1 1&1—V){§+5§ﬁ&x a(fv);—:lsfx i3Kk=3 - uz(x)
. Gl ) {(l_v)ﬂ ”ﬂh -G ' 2
i=2k=1 ae2 | Ve w s
i=Lk=2 ce-a) oy o L (s, %) My (s, %)
i— 2 ko2 161 |as, a8 ) 81-v) o5, "
i=2,k= a5-4) {(H)ﬂw%H;x oy -2 o o), GT5) ou
1-v)A-2) Y i=Lk=1 0A-v) |os, o5 " 30L-v) as; "
0 0
i= 2, k=1 1+ 5v] au, ou,  oug v) ol
L s (2 i b
i=3k=1 ! ) o5
0 0
i=L,k=2 6(4—5v){&+g}| G(-7+5v) du,
(22 k=2 30Q-v) |os; a5 30(1-v) os, °*
—enT G(-1+5v) ou,  (du  auy (1+5v) du,
i=3 k=2 m{“’”a”[?aww - (13521+-5v) é‘”
) G(4-5v) [auy,  auy G(~7 +5v) dug
i=Lk=3 m{;+§}‘ 300-v) é”
P _ G(4-5v) [ou, dug G(-7+5v) duy
i=2, |k< =3 Sus o 2l ) ks
i=3, k=3 s oug  (ou, | auy ) -8G o
15(16—(1)(15 f)zw {(1’ )% N L? N TZJ% b 15(18_Gv) é lo=s

Table 3 Taylor expansionsfor the density functionsin the BIE for mulation of plate problem

u(s):u(x)ﬂ%l cosﬁ%si rﬂg%[iico%@%siﬁ@%coﬁsi rls®+

6(5):[%c099+%sin€] +[Z;co§€+i;sir?0+gszcoa93in6]g

71[@3co§e4ﬁ2co§siﬁm@coéesim@gﬁqsﬂqg“) +1[6—3‘;co§9+ a3u2cos95irF¢9+ a:“ co§99n9+@35ir?e]gz+0(53)
Iz folesy &S & 2'5y 05105, sy
n(s):%[co%é’wsir?&] +§[g‘ R0+veodd] +{%[co§0+vco§si R+ \/(s):(l-v){%%[coée—sjr%q +§%[co§9—si ey +§%cc§sin§}+

u v 2 . Foall
. [5, co§6’+(lf§ Vcogsirf g+ s

[l;si r?0+(l—§v)co§6'sin9_|+

%gﬁco@wco@sirﬂ}ﬁqéz )

[co®+(1—v)RcodH—Tcogsirt 6)]

@3[00§+(17v)(c0§97200§sir?®]+71 33“2
& 36y

1 &u
+7
375

[sir+(1-v)@sifo-T7si rﬁco§®]+%[si 9+(1-1)@sirdcod9—sirt )] +0e)
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Table 4 Simplified forms of the density functions

Displacement u(x)
ou(x) _ au(x) = (—sin9 COSH)
Slope o0 =777, = (cosd,sinb)
(0D
o V2U() + (L 82u(x) _ 2%u(x)  82u(x)
Moment m(x)=vVau(x)+@1-v) Onf 6x12 8)(%
tx( 10)
Shear force V(X )—av i +(1- )—[0 ua(f)} (- jxua(:) 05:(3)()
Table 5 Order analysisfor the sixteen kernels of bihar monic problem
U(s X) O(s,X) M (s, X) V (s, x) B,
—u(s)
0(52 Ing) Olelne) O(ng) O[%j
B‘ »
Upls) | 0,50 | Mp(s) | Vo(s0 o xR0 oundary
Singular point
1 1 4
OleIne) oline) o(;] o[?zj y VAu(x) =0
Un(s X On(s %) m(S:X) m(S,%) D
1 1 1
ang | o) | dE) | 43
Bl
Uy(s x) 0,(s,x) (s,%) Vi (s, %) Fig. 1 The considered boundary integration path for the
O[Ej O(%] O[iaj O(%j two-dimensional biharmonic problem.
& & & &
Table 6 Freeterms dueto the bump integral for the biharmonic equation
U(s,x) O(s,X) M (s, X) V (s, X)
0 0 0 [47]u(x)
Uy(s X) CHEDY) My (s, X) V, (s, X)
0 0 [- 7@+ »]om [3-v) 21000 + faa- 2
Umn(s.x) On(s,%) m (S, X) Vin(S: X)
. [* ]m(x) [%(va)} m(x)
[E(v—l)}m(x) [7[(1+ v)]m(x) . [_ a0-v)s V)} 0(x) +{B(17v;(37v)}@+%u(x)
U, (s, x) 0,(s,X) M, (s, X) V, (s, X)

E v+ - 3)]v(><)

[2z]v(%)

{ (v +6v+7)}m(x)

[ 7 1+ )2+ V)M

+[8(vfl)(v+7)}M
3 &

+ [M [32(v-5) + 1ev]]$:)
3 &

{% (-1+v)(-3+ v)} v(x)

+ o - -39

&

{(1 Y (32— 5) + 16 - 3)]}9()‘

[8(—l+ v) ]&?
&




