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A New Time Domain Boundary Integral Equation and
Efficient Time Domain Boundary Element Scheme of
Elastodynamics

Z. H. Yao!

Abstract:  The traditional time domain boundary integral equation (TDBIE) of
elastodynamics is formulated based on the time dependent fundamental solution
and the reciprocal theorem of elastodynamics. The time dependent fundamental
solution of the elastodynamics is the response of the infinite elastic medium under
a unit concentrate impulsive force subjected at a point and at an instant, including
not only the pressure wave and shear wave, but also the Laplace wave with speed
between that of P and S waves. In this paper, a new TDBIE is derived directly
from the initial boundary value problem of the partial differential equation of elas-
todynamics, and using the integral equation in weighted residual format. In the
new TDBIE the D’ Alembert solution of the elastodynamics, namely the spherical
convergent pressure wave and shear wave are applied as the kernel functions re-
spectively. In this way, the system of TDBIE obtained is much simpler than the
traditional one.

In the traditional time domain boundary element method (TDBEM) of elastody-
namics, the boundary solutions can be obtained in time step by step. At the first
steps, the matrix of the algebraic equation system is quite sparse, because the ele-
ments which the wave front has not reached need not be computed. But the wave
front reaches more and more elements as the computation continues step by step.
To further enhance the efficiency, the impulsive waves of spherical convergent pres-
sure and shear waves are applied as the kernel functions. It is not difficult in the
new TDBIE of elastodynamics, which can be realized simply by the superposi-
tion of two successive and opposite spherical convergent wave components. To
guarantee the equivalence of the TDBIE with the corresponding partial differen-
tial equation of elastodynamics, the width of the impulse should be greater than
the maximum length of the lines in the elastic domain connecting the convergent
boundary point with all other boundary points. The width of the impulse can be
optimized in future work.
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1 Introduction

Because the elastodynamic problems exist widely in different engineering fields,
the elastodynamics is an important research field of the boundary element methods
in solid mechanics. In the literature on the boundary integral equation method for
elastodynamics, the first paper (Cruse and Rizzo, 1968; Cruse, 1968) combined the
boundary integral equation with the Laplace transform and the elliptical equations
in the transformed domain are solved. Manolis and Beskos made some improve-
ment on it (Manolis and Beskos, 1988). Time domain approach of the boundary
element formulation was firstly presented in 1978 for antiplanar problems (Cole,
Kosloff and Minster, 1978), Niwa, Kobayashi and Kitahara presented its general
formulation (Niwa, Kobayashi and Kitahara, 1980). Some further improvements
can be found in literature (Mansur, 1983; Karabalis and Beskos, 1984; Antes, 1985
and so on).

The problems governed by the equations of elastodynamics include not only the
elastic wave problems, but also the vibration problems of elastic solids. For the
later, Nardini and Brebbia derived the mass matrix and stiffness matrix based on
the elastostatic formulation (Nardini and Brebbia, 1982), which has been developed
as dual reciprocal approach to transform the domain integral of inertial forces into
the boundary integrals. Some authors have applied it to the dynamic analysis of
anisotropic elastic solids (Kogl and Gaul, 2000). The boundary element methods
for elastodynamics have been widely applied in engineering design and analysis,
which attracted much attention of the researchers and engineers. The correspond-
ing methods applied in the fields of soil-structure interaction and dynamic fracture
mechanics have been developed in recent decades. In recent years, some authors
have presented the investigation on elastodynamics using local boundary integral
equation method, local Petrov-Galerkin method (Sladek et al, 2004; Sladek et al,
2009), or BEM/FEM coupling method (Soares and Mansur, 2005). In the mono-
graphs of boundary element methods (such as Aliabadi, 2002), there is at least a
separated chapter for the topics of elastodynamics.

The traditional TDBIE of elastodynamics is briefly introduced in this paper, which
is based on the reciprocal theorem of elastodynamics and using the time dependent
fundamental solution of the elastodynamics equations. This fundamental solution
is the response of the infinite elastic medium under a unit concentrated impulsive
force subjected at a point and at an instant, which includes not only the pressure
wave and shear wave, but also the Laplace wave with speed between that of P and
S waves. And then a new TDBIE is derived directly from the initial boundary
value problem of the partial differential equation of elastodynamics, and using the
integral equation in weighted residual format. In the new TDBIE the D’ Alembert
solution of the elastodynamics, namely the spherical convergent pressure wave and
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shear wave are applied as the kernel functions respectively. In this way, the system
of TDBIE obtained is much simpler than the traditional one.

The traditional TDBEM of elastodynamics is directly applied to the new TDBIE,
the boundary solutions can be obtained in time step by step. At the first several
steps, the matrix of the algebraic equation system is quite sparse, because the ele-
ments which the wave front has not reached need not be computed. But the wave
front reaches more and more elements as the computation continues step by step.
To further enhance the efficiency, the impulsive waves of spherical convergent pres-
sure and shear waves are applied as the kernel functions. It is not difficult in the
new TDBIE of elastodynamics, which can be realized simply by the superposition
of two successive and opposite spherical convergent wave components. To guar-
antee the equivalence of the TDBIE with the corresponding initial and boundary
value problem of the partial differential equation of elastodynamics, the width of
the impulse should be greater than the maximum length of the lines in the elastic
domain connecting the convergent boundary point with all other boundary points.

2 Traditional TDBIE of elastodynamics

The formulation of the traditional TDBIE is based on the reciprocal theorem of
elastodynamics, and using the time dependent fundamental solution.

2.1 The time dependent fundamental solution of elastodynamics

The time dependent fundamental solution of elastodynamics satisfies the governing
equation

P (c1 = c3) ujuij +PC3Uyj; —Piiy, = — A (P, Q) A(T, ) (1)

where the physical meaning of u; y (P, 7; Q, t)is the displacement component in
x; direction of a field point Q of the infinite elastic medium at instant ¢ resulted
by the unit concentrate force in the direction of x; subjected at the source point
P and instant 7; ¢y, ¢ are the wave speed of the pressure wave and shear wave
respectively, p the mass density of the elastic medium, &, the Kronecker &, and
A(t, t), A(P, Q) the Dirac Delta function,

] = \/)L+2G/p, C) = \/G/p,
A(T, 1) = 0T #1, /mA(T, t)dT:/OQA(T, Ndr =1,

AP, Q) =0"P#£Q. [ AP, Q)dV(Q)=1.
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The displacement fundamental solution can be written as

o) PN e S S Y PR Ry
uki s vy ) - 47'L'pr I"2 r)kr’l ki Cl C2
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Lo C1 c5 2 (o) 2

where t' =t — 7, H is the Heaviside function,

/ ¢
H(t’,a):{(l) Z;zz H(t’—a):[wA(t,a)dt

The corresponding traction fundamental solution is

s ' 1 dv or _ X . ‘8r
Tki (P’ 7; q, t) = H [(8;’ - r> (8116kl+r”nk> —2? <r,k”z—2”,k”uan>

ox or [c3 oy Ix X
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2
1 .
al [A (tg "> LA (I,’ rﬂ
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In Eq. (2) Q denotes an arbitrary field point of an elastic solid, as the source point
P of the fundamental solution, namely the subjected point of the concentrated im-
pulsive force, approaches the boundary, it will be denoted by p in lower case.

This time dependent fundamental solution includes not only pressure wave and
shear wave in the infinite elastic medium, but also the Laplace wave, which has a
speed between that of pressure and shear waves.
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2.2 The traditional TDBIE of elastodynamics

The Betti reciprocal theorem in elasticity has been generalized to the elastodynamic
case by Graf (Graff, 1975). For the two independent dynamic state of the same elas-

tic solid in same time space domain, (ul(l), t.(l), fl.(l)7 ﬂ?(l)) and (ul@, t.(z), fi(z), ﬂq(z)) ,

1 1 1
the reciprocal theorem can be written as

/()(q, t)xu'” (q,1)dS (g +/f (Q. 1) +u? (Q. 1) dV (Q)
- [ el @1 @nww>/<%J “()ﬁ@
+ [ 12 Qo= @@~ [ pi @0 (@QnavQ @)

where * denotes the convolution integral.

If the dynamic state to be solved is taken as the state (1), and the state corresponding
to the fundamental solution is taken as state (2), then

q.1) = uy (p. T2 Q1) = uly (p. @ 1 — )
2 (Qu1) = (p. 7 Q1) = u; (p. Q1 —7)
ti( )(q, H=6;(p. T qt) =13;(p, G t —17)
£2(Q.1) = 8:A(p, QA(r, 1)

i (Qu1) = il (p. 7 Qu1)
iil”) (Q.1) = iif; (p. 7: Q. 1)

(P, Q; 1 —17)
(P, Q; 1 —1)

W
Ui
i
Uy

The convolution integral in Eq. (4) should be expressed as

(1) @) _ [
;7 (q, 1) *u;” (q, t):/t u; (p, qst — 7)1 (q, T)dr, ......
0
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Therefore, the Eq. (4) can be rewritten as

Cii (p) ui (P, t)+// 1 (psq; t—7)u;i (g, T)dzdS(q)
S Jt
—// piiy; (p, Q; 1 — T)u; (Q, 7)d7dV (Q)
VJiy
= [ [ wiap. @ 1= £1(Q eV (@) + [ [ iy (p.: 1~ D)1 (0. 1) TS (g)
_/V/tpuii(P, Q:t—1)i; (Q, 7)drdV (Q) (5)

Integrating the last integrals in both sides by parts, the time domain displacement
boundary integral equation can be finally obtained,

) p.0)+ [ [ (o 1= e )73 (@)

+p [ i (p. Qi = 10)1(Q 1)V (Q)

= [ [ o, =2 @ aeav @0+ [ [ s 1= 7)1, ) dras (@)
+p [ (0. Q1= 10)i(Q )V Q) (6)

This boundary integral equation can be solved by TDBEM.

3 Derivation of a new TDBIE of elastodynamics

To derive a new TDBIE, it is directly started from the governing partial differen-
tial equation of elastodynamics, and using the weighted residual integration form.
This method is a basic method for the derivation of the boundary integral equa-
tion from the corresponding partial differential equations, which has been applied
in author’s early work on BIE-BEM started 30 years ago (Du and Yao, 1982, in
Chinese). In literature, similar approach can be found in many papers (Grannell
and Atluri, 1978; Atluri, 1984, and so on); and some papers developed this ap-
proach further to formulate more efficient boundary integral equations, for exam-
ple: which has been applied to derive a novel displacement gradient BEM for
elastic stress analysis with high accuracy (Okada, Rajiyah and Atluri, 1988), the
non-hyper-singular integral-representations for velocity (displacement) gradients
in elastic/plastic solids (Okada, Rajiyah and Atluri, 1989). It was shown that, by
using certain linearly independent combination of the first and higher-order deriva-
tives of the fundamental solutions as the test function (and their various physical
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properties), it is possible to derive more desirable and only weakly-singular forms
of integral equations (and hence BIE) for the first and higher-order derivatives of the
primary-variables (such as displacements) in the problem of elasticity and elasto-
plasticity (Chien, Rajiyah and Atluri, 1990A; Okada, Rajiyah and Atluri, 1990B;
Han and Atluri, 2003; Atluri, 2005; Han and Atluri, 2007).

3.1 The weighted residual integration form of the elastodynamics

The governing equation of the elastodynamics is wellknown,

P (c—c3) ujij (Q. 1)+ pciuijj (Q. 1)+ £;(Q. 1) — pii; (Q, 1) =0 (7a)

which is a vectorial field equation; therefore the divergence and the curl of this
equation should also be zero, namely

{ [P (cf —c3) ujoij (Q 1) +pS3uiyjj (Q. 1) + £i (Q. 1) — piii (Q, 1)] i =0
e [P (€] —€3) ujij (Q. 1) + pc3ui i (Q, 1) + fi (Q. 1) — piii (Q. 1) ] =0
(7

This equation system (7) is nearly identical with the original governing equation
(7a). The possible difference is only the solution of the following equation

P (i —c3)ujij(Q 1) +pciui,j; (Q. 1) + fi(Q, 1) — pii; (Q, t) = const

which is corresponding to a virtual static deformation state resulted by uniformly
distributed constant body forces. As the initial displacement condition is pre-
scribed, the above mentioned possible difference will be eliminated automatically.

The weighted residual integral equations corresponding to Eq. (7) can be written
as

Jv S [P (ef = €3) ujij (Q, 1) + pczui,j; (Q, 1) + i (Q, 1) — piii (Q, 1)]
w) (Q, 1)dtdV =0
Jv S ermi [P (c1 = 3) ),ij (Q. 1) + pesui ;i (Q, 1) + £ (Q, 1) — piii (Q, 1) m
wi (Q, £)drdV =0
(8)

Aswl) (Q, 1), w,(f) (Q, 1) are arbitrary weighted functions, these equations are also
identical with Eq. (7).
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These integral equations can be transformed using the generalized Gauss identities.
For example, the first equation of Eq. (8) can be finally converted to

//ttl— P(Cf—%%) wl) i (Q. 1) +pc3 (W(l)»/i/(Q, 1) +wl i (Q. t))
iV (Q, t)} w; (Q, 1) drdV

+//t 2C2 ujajl(q’ )"‘pC%(”j,ij(q’[)+Miajj(q»t))+fi(q,f)
0
—piii (q, 1)]n; ()( t)dtdS
// 202 o (q, 1) 85+ pe3 (u),i (q, ) +uiy i (g 1)) wl i (q, t)n;drdS
+ / ~2)w i (@ 1) 8+ ped (Wi (@ 1) + 0V 0. ))
fo

U; (q, ) I’ljdtdS

1=n

—/ 'ﬁf,-(Q,z)w<1),i(Q,z)dzdv+/ [pui(Q,t)w(l),,-(Q,t)} av
V Jt \%4

=ty

- [ [pw@nits@n] " \ov=0 ©

=1

In the first integral term, the integrand related to the weighted function is

p (c?—Zc%) Wmvjji (Q, f)+PC%< i (Qs t)+W 1ijj (Q, t)) W(l)ai(Q’ t)
—pet (w1,) i (P 1 Q1) = pil) (P Q1) (10)

It can be seen that w(!) is just the scalar potential function of the elastic pressure
wave, and w!) ; is the displacement component of the pressure wave. In order to
eliminate the time end terms related to instant # = ¢; in the last two integration terms
of Eq. (9), it should take the spherical convergent pressure wave as the weighted
function, which is convergent at the source point p at the instant 7.

Because the response of the concentrated impulsive force subjected at a point P
of an infinite elastic medium includes not only the spherical convergent pressure
wave, the spherical convergent pressure wave convergent to the point P in an infinite
elastic medium cannot result in a concentrated impulsive force subjected at that
point. Therefore, Eq. (9) cannot be deduced to an integral equation similar to
the Somigliana identity in elastostatic case. Perhaps this is the reason to explain,
why the more complex traditional fundamental solution of elastodynamics has been
widely applied.
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3.2 Derivation of a TDBIE related to spherical convergent pressure wave

To derive the boundary integral equation directly, let the spherical convergent pres-
sure wave is convergent to a boundary point p at the instant 7, and w(!) ; is rewritten
as uy;. For convenience, the direction of x; of the Cartesian coordinate system is
taken the outward normal direction at boundary point p. To extract the singular
point from the integral domain, a small spherical surface with the center at point p
and a radius of J is applied (Fig. 1). In this way, Eq. (9) should be rewritten as

4
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Figure 1: A small spherical surface to extract the singular point p
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-
lim/ / ! [p (c%—zc%) uik,k&j%—pc% (uﬁj,i—i—u{[,j)] (p, T; qa’t>
6—0 56 to

n;(q)u; <q5, t) drdS

o
“tim [ w6 [p (6] - 263) w8+ P (b)) (g 1)
6—0J/5-5"+5% Jiy

n;(q)deds

)
177 ) )
+ lim /S ; /t '[P (el —263) uiok 8+ P (ui jui -+t ) (o T3 G 1) ()
- - 0

u; (q, t)drdS
2
—tim [ [ Qi) f(Qu ) drav
6—0Jv-vs Jy
— lim uy; (p, 75 Q. 10) put; (Q, tp) dV
6—0.Jy—y3

+ lim puii(p, T; Q, to)ui (Q, to)dV =0 (11
6—0Jv-v$

It should be noted here that in this equation instant 7; is taken as T — & / c1 to avoid
the singularity, the first integral is removed because the kernel function of spherical
pressure wave satisfies the homogeneous wave equation of pressure wave, and the
second integral is removed because the dynamic response to be solved satisfies the
equations of motion. In this formulation, the equation of motion has been once
more differentiated in Eq. (7); therefore the requirement of its differentiability is
one order higher than conventional case, both for the domain points and boundary
points.

The limit of the integrals in Eq. (11) except the first one is quite simple; therefore
Eq. (11) can be rewritten as

5
T——
li // ”ts-<,r; 5,:) ~<5,t)dtdS
512}) 6 o 1i p q ui\q
T T
~ / / W, (p, T q 1) (q, 1) dedS + / / £ (p, 75 G, 1) i (q, 1) dedS
S Jty N
T
—A/uMthﬂﬁ@ﬁmW—A%muQmmm@wMV
4]

+ [ pits(p. 7 Q)i (Quo)aV =0 (12)



A New Time Domain Boundary Integral Equation 31

where the third integral term is a Cauchy principal value integral term.

In the spherical coordinate system shown in Fig. 1, where the point p is taken as
the origin, the scalar potential of the spherical convergent wave can be expressed
as

wh) = %H(r—cl (t—1)) = %H (r—cit) (13)
which satisfies the wave equation
peiw.ji (b, 7 Q1) —pi (p, 7 Q1) =0 (14)

The corresponding non-zero components of displacement, strain and stress can be
expressed in the spherical coordinate system as follows:

Uy = % (A (r, ert') — w) (15)

r

(16)
oo = Epgp — 4 (A (l’, Cll‘/) — 7H (r—clt’)>
O, = 4 pczA’ (r clt’) —4pc2 lA (r clt’) — lH (r—clt’)
rr - 1 ) 2 r ’ r2
Opp = Opp = % [p (c% - 2c%) A (r, clt') +2pc§ <iA (r, clt’) — rle (rcﬂ’))]
(17)
where
/ a /
A(r, cit ) = a—H (r—clt )
] (18)
A (r, eit') = ==A(r, e1t’)

or

In the Cartesian coordinate system, the displacement can be written as

i H(r—ct
uj; = % <A (r, ert’) — (rc1)> (19)

r
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and the corresponding traction is
n; = @ [p (c% - 265) A (r, oif') +2pc3 (iA (r,at') - %H (r— cﬂ’))}
+njr,jni— [chzA (r, ert’) — 6pc3 <iA (r, ert’) — rle (r—clt’)ﬂ (20)

On the small spherical surface $°, there is only uniformly distributed normal trac-

tion applied. For a boundary point p on the smooth part of boundary, the resultant
of the traction should be in the normal direction,

-
éin})/ss/t ' t]s,- p, T; q°, t) u; (q‘s, t) drdS
- 0
:?“%/sa/t -2 oA (5, 1 (v 1)
- 0
1
4pc2(5 (8, c1(r=1) = 5sH(E—cy (r—t))ﬂ u; (qa,t) dids  (21)
where q® denotes the boundary point on the small hemisphere surface $%, and
éirr(l)/sa/ ~SpAN (8, 1 (=) ui (%, 1) deds
— to
_an; 21,
=i “pct—A(8, ¢ (t—t ( 5,t)dtdS
553)// A e (e=)u (g
5
:%irr(l)/sg/ A8, e (1) (o°, 1) deds
— fo

1 o an; )
=i _2 —lim | =782 u (d®. 71— 2 ) | =
5122)/36 5p 2l (q T c1>dS 612%[ o 6pu,<q,r Cl)] 0

€l
(22)

In the derivation, it should be noted that

Ar, c1(t—1)) = aatA(r, c1(t—1))

A c1 (v 1) =Alr—ei (:-1) =A0) = SAG) = A0) 2 =1 oA D)
=c AN (r, c1 (1))
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)

[ a e e—nu
-/ h |5 60 =00 0) -l e (- 0)sta.n)| o
:—/IOTCIA(r, e (= 1)) iig (g, £) dt

:—/CIT_EA(r, c1(T—1))di (g, 1) ld(clt) —Clu, (qﬂ—f}) (23)

1) C] 1

For the second term in Eq. (21),

K
lim / / " Hap3 A8, e (- 0)ui (1) drds
6—0.J58 Jy,
2 2
. ar; , ¢5 1 s 0 . Lan; 62 1 s 0
=1 4p—=—u;(q°, 71— — |dS=1 nd —ui(q°, T——
Sli% N ) p615u1<q Cl) 51£>n|: o c15u’ q C1

2 2
C
:—47wp nlul(p, )=—47wpﬁu1 (p,7) (24

and for the last term

. ar,, 51 5 B
lim /sa/m Pl H (8 —c1 (t—1))u (o, 1) dids =0 (25)

5—0
It should be noted that here the time integration is equal to zero before 6 — 0,

because only at one instant the integrand takes a non-zero and finite value.
Finally it is obtained
2

o)
Ly
lim/ / i (p, 7; ¢, t) u; <q6, t) dtdS = —4map c—zul (p, 7) (26)
88 Jiy €1

6—0

If we take the constant a =

47rp >, Eq. (12) can be rewritten as

(P, 7) = _/s/t uy; (p, 75 4, 1)t (q, 1) nj (q) drdS
+/s/,0 1 (p, 75 q, t)n;(q) u;i (q, 1) drdS
_/V/t s (p, T; Q. 1) £ (Q, t)dth—/Vusl‘i(p’ s v 10) s (. 10)V

+ / piil (p, T; Q. 10) s (Q, 1)V (27)
%
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This is the first one of the new TDBIE, where the spherical convergent pressure

wave is applied as the kernel function,

; H(r—cit
uii C1Fi (A(}’, Clt/)— (r 1 )>

B 47rpc%r r

1i

dmr c5

2rr

|t [A’ (r i) =3 (},A(n )

cn [ (3 1 1
£, =2 [(; - ) AN (r, clt') +2 (rA (r7 clt/) - ﬁH

(r_q;')ﬂ

(r— clt’)ﬂ (29)

(28)

For the simpler cases with zero initial conditions and without body force, Eq. (27)

can be simplified as

T
u (p. 7) = — / / i (p. 75 q. 1)1 (q. 1) drdS
0

T
+ / / £ (py T g, 1) i (q, 1) ddS  (30)
SJty

3.3 TDBIE related to spherical convergent shear waves

The TDBIE related to the spherical convergent shear waves can be derived from

the second equation of Eq. (8).

The vectorial potential of the spherical convergent shear waves can be expressed as

wéz) = gH (rf czt’) , wgz) = ng (rf czt')

The corresponding displacements can be written as

br, H(r—cot
l/tij = —6ﬁ3$ (A (}’, Cztl) _ (I’Cz))

r

br,; H(r—cpt’
ugj:ele% <A(r7 Czl/)_ (r rC‘2 ))

For simplicity, it is denoted that

2A(r —cat’) N 2H (r — cat’)

¥ (r, czt/) 2 A (r, czt/) —

r r2

3D

(32)

(33)
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in the following formulae for the corresponding strain and stress components:

b b
8?52) =— r’im‘P (r, e, 8552) = r,;r,zlp (r, eat’)
b _
gi«sgz) _ 8;52) _ (r r722 1 m)w (r, eat') (34)
r
bryr, br,
i = el = 2 o) P ) P 1 o)
b b
81s§3) _ I’,il’,l\P (r, czt’) 835%3) _ I‘,;",ST (r, Czt/)
b _
£ _ g _ (r3 r,32r iR g (1, eat) (35)
S S br7 r7 S br7 r7
()_chze(), () 2p62€() (36)

The corresponding traction components can be expressed as

s s(2 zb
f = niGil( = *Pcz; (2nirary4na (rara—rir1) +nar r,s)‘P(r, Czt’)
s2) __ 2b _ ) _ P SED!
1) =Nn;Cp per (n1 (rora—rin1) = 2mar rp —nar,  r3) Y (1, cat’)
b
2
13 :”iGﬁ( )= —Pcz (mirars—nary m)‘P(F, Czt/)
s . s(3)_ b ) N /
31 = n;o; —PCr(— mrar —nmorsry —n3 (rarz—rin)) ¥ (r, cof')
13, =10,y )—pcz—( nirzro+narr) ¥ (r, et') (38)
53) b 2 ¥ (r, cof!
133 = N0 —Pcz (ny (1 r1 —r3n3) +nar ra+2n3r,1 1,3) (r, Czl)

The equations derived from the second equation of Eq. (8) are similar to Eq. (12),
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namely

s

li Czts.(, : 6,1‘) ,-( a,t)dtdS

8111’(1)/5‘5\/[0 ki \P 7. q ui\q
T T

—// uy; (p, 75 q, 1)1 (q, t)dtdS+/ / t;(p, 75 q, t)u; (q, t)drdS

SJty SJty

T

_ /V /t W, (p, 7 Qu 1) £;(Q, 1) drdV — /V i (ps 75 Q, 1) Pis (Q, 10)dV
0

+/Vpuii (p, 73 Q, t0) u; (Q, p)dV =0

k=2,3 (39

On the semispherical surface $9, in the spherical coordinate system, it can be noted
that

r,1= —cos6@, nj =cos0
rp=sinf@cos@, np = —sinBcos @ (40)
r3=sin@sing, ny = —sinOsin @

Therefore only 75, and #3; have nonzero resultant forces. The first integral in Eq.
(39) for the case of kK = 2 can be expressed in the spherical coordinate system as

2 177
. /
élrr})/ / / —PCr (n1 (rarp—rinn) —2mry ro—nar r3) ¥ (r, cot’)
-

0 (q : z) dr&%sin 0dgde

T r2n b

. 2

= hm/ / —Pcz*(nl (rara—rar1) —2nar,1 1y —n3r 13)
5—0.J0 0 6

8

=2 2A t 2H /
/ 2 (A/ (r ear’) = (r75C2 ! + (gzcz )) up <q6a f) dt8%sin0d¢de
Iy
2 5
:/0 /0 —pAb(ny (rarg—r1r) —2nar,1 Ko —n3r, 1,3)

. T_% / / / 2H (r7 Cltl) b} P
lim / N (5, ) 828 (1, ext') + == Y (%, 1) i | sin0dgde
6—0J1 0
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where
. 2H (9, cat’)
élil’(l) < 5 czt 5 —2A (5, czt') + 52) u (qa, t) dr
a1 2H (8, cot’)
= %11% i <Cz (5 cat ) 0 —2A (5, czt') + 5) u (qs, t) dr

-2

: o (1 :
= %1{)% . g <C2A (5, Czl‘,) u (qs, t) 0—2A (5, Cztl) u (q‘s, l‘)

JH(S, o)/ g 2
+Tu2(q 71‘) dr=—"w(p.7) @D

and then

21
// —pcsb(ny (rarg —r11,1) — 2mr, 1y —n3r, 13)

2H (r, cot”)

s ‘
[(%ii]%/to : (A’ (r, cat’) 8 =2A(r, cot') + 5) U (q‘s, t) dt] sin6d¢do

2 T r2n
=—up(p, 7) / pc%b (ny (rprp—r1n1) —2nar,) 1y —n3r, r,3) sin0d¢de
2 0 0

2 Z r2n

=—up(p, 7) / ’ / pcib (cos® (sin2 6 cos’ ¢ — cos? 6) — 2sin® 6 cos” ¢ cos O
&) 0o Jo

—sin O sin” ¢ cos 6) sin 6d9do

pczb 21
_ Pl 1) / 5in2646 [ dg = ~2mpcabus (b, 7) (42)
JO

2

If we take the constant b =
rewritten as

27rpc , Eq. (39) for the case of k = 2 can be finally

uz (p, T // 0y (p, 75 g, 1)t (q, ) drdS
+// 6 (p, T; q, 1) u; (q, t) dedS
SJty
T
_/V/t 1y (P 7 Q. 1) fi(Q, t)dtdv_/v’f;i (p, T3 Q 10) pii (Q, 10)dV
0
+/‘/P”§i (P, 75 Q. t0) u; (Q, t0)dV  (43)

The corresponding equation for the case of k = 3 can be derived similarly, and
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finally it can be summarized as

ue (p, T // uy; (p, 75 q, 1)1 (q, ¢)dedS
+ / / . (ps T q, 1) ui (q, 1) dedS
SJty

T
[ [ watp w0 Qv - [ o Qo) pis (@ )

0
+/Vpuii (p, 75 Q. 70) ui (Q, 10)dV

k=1,2,3 (44)

and for the simpler cases with zero initial conditions and without body force, this
equation can be simplified as

T
*// uy; (p, 5 q, 1)t (q, t) dedS
S Jty
g T
"‘// t;(p, 75 Q. t)ui(q,t)dedS  k=1,2,3 (45)
S Jty

4 An efficient scheme of TDBEM

For the solution of the new derived TDBIE, the traditional TDBEM can be applied.
Considered the characteristics of the new TDBIE, an efficient scheme of TDBEM
is then suggested.

4.1 Traditional TDBEM applied to the new derived equations

The whole boundary is divided into N. boundary elements, and the time interval
from 1y to t; is divided into M time steps. For the time discretization, the traction
and displacement can apply different shape functions as follows:

Z P (1

; (46)
ui(q, 1) = Z [&1m (1) " (@) + &om (1) "~ (q)]
where
Om (1) =H(t—(m—1)At)— H (t — mAt)
En(0) =" 0 ), ) =" 0

At
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That is, the constant approximation is applied for the time interpolation of the trac-
tion, and for the time interpolation of displacement, linear approximation is applied.

Introduced the above interpolation into the new derived TDBIE, Eq. (45) for the
simpler cases with zero initial conditions and without body force, it can be rewritten
as

//'"” i, (p. 0 At —1) 7" (q)drdS (q)

//mf[ 15 (P @3 AL —1) [Epm (1) 1] (q) + Eom (1) '~ (q) ] d2dS (q)
47)

where 1L = T/At.

For the interpolation of boundary displacement, traction, the same shape functions
can be applied, if the displacement and traction components of the ¢ node of n
element at instant mAt are denoted as u/™%, "%, and the corresponding geomet-
rical coordinates are denoted as x/'%, the TDBIE can finally be discretized as the
following system of linear algebraic equations:

e

4 N,
—-y y e [ [ o Naranan,

m=1n=1 «

U N,
LY L / / TH " T ) Nod Ay (48)

where U3; fomtl Tj‘f | A T“ "™ denote the time integration of kernel functions,
] mAt A
Ut (piq) = / w; (p, q; pAL —1)dt
(m—1)At
1 mAt )
T i) = [ 6 (b R =) & (0 “9)
(m—1)At

mAt
T " (prq) = /( o i (Ps 4 AL — 1) S (1) dt

The detailed formulae can be derived easily.

In the matrix form, Eq. (48) can be written as

n—
A et = GH + Z GHme" — A ™) (50)

m=1
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where u™ stands for the displacement array of instant mAz, t" stands for the traction
array of the time step m, and the matrices H*" | G*" are formed by integrating the
product of kernel function and shape function on boundary elements for each time
step.

Considered the boundary conditions, and moved all unknowns to the left side, this
equation can be rewritten as

u—1
AFExH = BHHyH 4+ Y (GH" —HM™™) p=1,2,..M (51)

m=1

In the practical computation starting from the time step 4 = m = 1, the matrices
AHt BHE peed to be computed only once. Actually all the matrices AXH4, BHH,
A" G*™ only depend on the difference of their two superscripts. During the
computation of a new time step, only the matrices with maximum difference of
their two superscripts, namely, H*! and G#! are new and need to be computed.

Finally, the equations can be rewritten as

Ax! =t

f* =By" + ) (G*"t" — HFu™) (52)
m=1

u=12 ..M

This equation system can be solved time step by step. During the first several steps,
the difference of two superscripts in H*”, G* are quite small, and the matrices are
quite sparse. As the time step increases, the non-zero components in the matrices,
and the computing cost per time step increases gradually and continuously.

4.2 An efficient scheme of TDBEM

For some large scale problems, not only the number of boundary nodes but also the
time steps should be quite large. To make the computation more efficient, it should
be improved the kernel functions in the TDBIE. Because the kernel functions ap-
plied are spherical convergent waves, they are D’ Alembert solutions, and the wave
form of such solution could be arbitrary. Above mentioned only the simplest one,
we can adopt an efficient one to enhance the efficiency of the computation, the cor-
responding potential function is the solid line shown in Fig. 2, while the dashed
line is the above mentioned simplest one.
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The potential of the spherical convergent impulsive waves can be expressed as
a

(P(l) — ;H (r— cltl) — gH (}" —c1T — C1t/)
v = SH(r—c) = SH(r— T —cr) (53)

W == TH(r )+ TH (el — e

re

0 cT r—ct’

Figure 2: The potential of spherical convergent impulsive waves

The corresponding displacements are

j H(r—cit') H(r—caitf!—aiT
uli:a:’l<A(r, at') =A(r, it +¢iT) - (r—ci )+ (r—at'—a )>

r r

br,; H(r—cyt') H((r—cot' —coT
Uz = *eiJSTJ (A (r, Czt') *A(r, czt'+czT> - ( ) + ( 2r 2 )>
b s H(r— t, H(r— [/— T
uszi = eiﬂ% (A (r, czt’) —A(r, czt'+czT) - Y rC2 ) + r Czr © )>
4

As the spherical convergent impulsive waves are convergent to the point p, the
nonzero displacements are localized in a sphere with a radius » = ¢ T for pressure
wave, and r = ¢, T for shear wave.



42 Copyright © 2009 Tech Science Press CMES, vol.50, no.1, pp.21-45, 2009

In this way, Eq. (52) can be reduced to

Ax' =+
——
f* =By" + GHmem — A
Py ) (55)
m :max(l, u —T/At)
u=12,..M

9

TN

(a) (b)

Figure 3: The definition of the maximum length ryy,x connecting p and q

It should be mentioned here, to guarantee the equivalence of the TDBIE with the
corresponding initial and boundary value problem of the partial differential equa-
tion of elastodynamics, the width of the impulse ¢ 7, c,T should be greater than
the maximum length ry.x of the lines in the elastic domain connecting the con-
vergent boundary point p with all other boundary points q as shown in Fig. 3.
This is come from the completeness condition for the arbitrary weighted function
in weighted residual integration form. Fig. 3(a) is an inner domain problem of an
elastic sphere, ryax is just the diameter of the sphere. Fig. 3(b) is infinite elastic
medium with a cavity. If the cavity has convex surface, such as spherical or ellip-
soidal cavity, ryax is approaches zero, theoretically very short convergent impulsive
wave can be applied in the above mentioned computation.

Before the discretization, the spherical convergent pressure wave and spherical con-
vergent shear wave convergent to any boundary point p at any instant construct a
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complete function system, which can formulate arbitrary elastic waves in the elas-
tic domain without body forces. This completeness guarantees the equivalence of
the TDBIE with the partial differential equations of elastodynamics.

In some cases of the large scale problems, the computation efficiency could be
enhanced dramatically by using the impulsive waves as the kernel functions. The
width of the impulse could be optimized in detail in the future work under the
consideration of both efficiency and accuracy.

5 Concluding Remarks

Based on the general method for the derivation of boundary integral equation, a
system of new TDBIE has been derived directly from the partial differential equa-
tions of elastodynamics. The spherical convergent pressure and shear waves are
taken as the kernel functions in the derived TDBIE respectively. In comparison
with the traditional TDBIE, the new derived TDBIE is not only much simpler, but
also with clear physical meaning.

For the solution of the new TDBIE, the traditional TDBEM can be applied easily,
and the computational efficiency could be enhanced, because the kernel functions
are much simpler than traditional one. The resulted linear algebraic equation sys-
tem can be solved time step by step. During the first several steps, the matrices are
quite sparse. As the time step increases, the non-zero components in the matrices,
and the computing cost per time step increases gradually and continuously.

For some large scale problems, not only the number of boundary nodes but also the
time steps should be quite large. To further enhance the computational efficiency,
as the kernel functions in TDBIE is adopted the spherical convergent impulsive
pressure and shear waves respectively. As the spherical convergent impulsive waves
are convergent to the boundary point p, the nonzero displacements are localized in
a sphere with a prescribed radius. But it should be mentioned that to guarantee
the equivalence of the TDBIE with the corresponding partial differential equation
of elastodynamics, the width of the impulse should be greater than the maximum
length rpax of the lines in the elastic domain connecting the point p with all other
boundary points q. In some cases of the large scale problems, the computation
efficiency could expect to be enhanced dramatically by using the impulsive waves
as the kernel functions. The width of the impulse could be optimized in future
work.
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