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a b s t r a c t

This work reports a new and accurate way of theoretical and numerical description of the extended 3D
fluid (electromagnetic and flow) driven crack progression in co-seismic slip under P- and S-waves. First,
based on the viscous fluid flow reciprocal work theorem, the hybrid hypersingular integral equation (HIE)
method proposed by the author was defined by combined with the coupled extended wave time-domain
HIE and the extended diffused interface phase field method. The general extended 3D fluid flow velocity
wave solutions are obtained by the extended wave time-domains Green’s function method. The 3D
extended dynamic fluid driven crack modeling under fully coupled electromagnetothermoelastic P-
and S-wave and flow field was established. Then, the problem is reduced to solving a set of extended
hybrid HIEs coupled with nonlinear boundary domain integral equations, in which the unknown func-
tions are the general extended flow velocity discontinuity waves. The behavior of the general extended
singular stress indices around the crack front terminating is analyzed by hybrid time-domain main-part
analysis. The general extended singular pore stress waves (SPSWs) and the extended dynamic stress
intensity factors (DSIFs) on the fluid driven crack surface are obtained from closed-form solutions. In
addition, a numerical method for the problem is proposed, in which the extended velocity discontinuity
waves are approximated by the product of time-domain density functions and polynomials. The
extended DSIFs and general extended SPSWs are calculated, and the results are presented toward dem-
onstrating the applicability of the proposed method.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Strong earthquakes can have catastrophic effects on society, and
therefore the precise prediction of large earthquakes is crucial for
seismic hazard reduction. The genesis and occurrence of earth-
quakes and their subsequent effects involve complex physical pro-
cesses. Studying these processes helps us understand the
mechanics of earthquakes and the future physical state of the
earth. Earthquake studies focus on the nucleation of rupture, ther-
mo- and hydro-mechanical weakening of fault zones during seis-
mic slip, fracture propagation through branched and offset fault
systems, and relations between stress, seismicity, and deformation
in or near continental and subduction fault systems.
ll rights reserved.
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Fluid driven fracture is a fundamental geophysical phenomenon
operating in planetary interious on many scales, it plays a major
role in chemical differentiation of the upper mantle and dynamic
delayed triggering of earthquakes process. Because our ability to
make direct observation of the dynamics and styles of fluid driven
fracture is quite limited, our understanding of this phenomenon re-
lies on theoretical models that use fundamental physical principles
and available field data to constrain the behavior of fluid driven
cracks at depth.

In the aspect of Green function method, Bouchon and Aki [1]
studied the radiation of elastic fields from complex seismic sources
in layered media by wave-number discretization of the source
wave field. Bouchon [2] subsequently generalized the discrete
wave number representation method into 3D elastic wave propa-
gation problems. The author later obtained Green’s functions for
an elastic layered medium by using a double integral over fre-
quency and horizontal wave number [3]. Aki and Richards [4] ob-
tained a Green’s function for infinite isotropic media. Okada [5]
obtained inclined shear and tensile fault surface displacements
for points and finite rectangular sources. Sánchez-Sesma et al. [6]
gave a compact form of a Green’s function for harmonic time
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dependence in an unbounded, homogeneous, isotropic elastic
media, and computed the diffraction of P, SV, and Rayleigh waves
in an elastic half-space. Liu and Huang [7] investigated the dy-
namic responses of a cracked elastic solid subjected to in-plane
surface loadings by a hybrid method combining the FEM with a
boundary integral equation. Fu and Bouchon [8,9] studied discrete
wave number solutions in piecewise heterogeneous media by a
discrete wave number Green’s function. Zhang [10] used Green’s
function to study the numerical simulation technique of long per-
iod strong ground motion at near-field. Using frequency domain
traction BEM and the Green’s function method, 3D Green’s func-
tions of a poroelastic half-space subjected to an arbitrary buried
loading was presented by Chen et al. [11].

In the aspect of boundary element method, Tosaka and Onishi
[12] presented 2D/3D incompressible viscous stead-state flow
problem by boundary integral equations. Bush [13] analyzed stea-
dy plane flow of an incompressible, viscous Newtonian fluid past a
cylindrical body of arbitrary cross-section by boundary element
method. Kakuda and Tosaka [14] analyzed unsteady Navier–Stokes
equations by BEM. Tosaka and Kakuda [15] presented three kinds
of boundary element approaches for an unsteady flow problem of
incompressible viscous fluid are presented. For embrittlement
crack propagation rate in liquid metal problem, Kamdar [16], Per-
rone and Liebowitz [17] and Gordon [18] suggested that the crack
propagation rates are controlled by the fluid flow characteristics of
the liquid metal in the crack. Clegg [19] consider another mecha-
nism control crack propagation rate, and he suggested that most
of the fluid losses occur in a narrow region near the crack tip.

In the field of crack propagation analysis, Iturrarán-Viveros
et al. [20] studied the 3D open model crack problem under elastic
waves based on the indirect boundary element method, and give
some numerical COD results of crack propagation under P- or S-
waves. Tadeu et al. [21,22] evaluated the 3D scattered wave field
generated by the 2D empty crack problem.

However, relatively little work has been done on 3D extended
fluid driven crack propagation. This seems to be due mainly to
the present limitations on practical methods (such as CPU time
and storage requirements) and on theoretical aspects (strongly sin-
gular domain integrals). This requires general and accurate theo-
retical method.

In this paper, a new and accurate way of theoretical and numer-
ical description of extended 3D dynamic fluid (electric, magnetic
and flow) driven crack progression in co-seismic slip under P-
and S-waves was presented.

First, based on the viscous fluid flow reciprocal work theorem,
the hybrid hypersingular integral equation (HIE) method was de-
fined by combined with coupled extended wave time-domain
HIE method [23–26,53,54] and extended diffused interface phase
field method. The general extended 3D fluid flow velocity wave
solutions are obtained by extended wave time-domains Green’s
function method. The 3D extended dynamic fluid driven crack
modeling under fully coupled electromagnetothermoelastic P-
and S-wave fields and flow field was established.

Then, based on the extended hybrid HIE method, the problem is
reduced to solving a set of extended hybrid HIEs coupled with non-
linear boundary domain integral equations, in which the unknown
functions are the general extended flow velocity discontinuity
waves. The behavior of the general extended singular stress indices
around the crack front terminating is analyzed by hybrid time-do-
main main-part analysis. The general extended singular pore stress
waves (SPSWs) and the extended dynamic stress intensity factors
(DSIFs) on the fluid driven crack surface are obtained from
closed-form solutions.

In addition, a numerical method for the problem is proposed, in
which the extended velocity discontinuity waves are approxi-
mated by the product of time-domain density functions and poly-
nomials. The extended DSIFs and general extended SPSWs are
calculated. The results are presented toward demonstrating the
applicability of the proposed method.

2. Basic equations

The extended nonlinear governing equations and constitutive
relationships can be expressed by incremental tensor forms

RIJ;I þ _FJ ¼ q€UJ: ð1Þ

In the present paper, summation from 1 to 3 over repeated lower-
case, and of 1 to 6 in uppercase subscripts is assumed, and a sub-
script comma denotes the partial differentiation with respect to
the extended coordinates (i.e., x1, x2, x3, x4, x5, x6 or x, y, z, m, n, l).
The extended displacement waves, UJ, can be written as follows:

UK ¼ uidiK þ /d4K þud5K þ �d6K : ð2Þ

In addition, the extended incremental stress displacement and the
extended dummy incremental body loads, RiJ and _FJ , are defined,
respectively, by

RIJ ¼ _rijdiIdjJ þ _Did4Id4J þ _Bid5Id5J þ _#id6Id6J ; ð3Þ
_FJ ¼ ð _f j � _rn

iJ þ f el—magÞdiJ � _f ed4J � _f md5J � _f #d6J ; ð4Þ

where the Maxwell stress tensor fel–mag is defined as

f el—mag ¼ r � ½e0ðE� E� 0:5E � EIÞ þ l�1
0 ðB� B� 0:5B � BIÞ�

� ðe0E� BÞ;t : ð5Þ

The elastoplastic creep incremental constitutive equations are writ-
ten as

RIJ ¼ EIJKL
_ZKL: ð6Þ

The description of the electromagnetic phenomena is given by the
Maxwell equation, including Gauss’ law, Faraday’s law of induction
conservation of a flux, and Ampere’s law. These are represented,
respectively, as follows:

r � D ¼ q; r� E ¼ � _B; r � B ¼ 0; r� H ¼ J þ _D: ð7Þ

The continuity equation for conservation of mass in inertial system
can be show in the following:

oq
ot
� d ln q

dc
½ðkc;iÞ;i þ q� þ quiq;i ¼ 0: ð8Þ

The conservation of momentum (Newton’s second law) can be ex-
pressed as

ðquiÞ;t þ ðquiujÞ;j ¼ sij;j þ qf b
i : ð9Þ

The Navier–Stokes equations can be written as

ðquiÞ;t þ ðquiujÞ;j � l ui;j þ uj;i �
2
3
eiidij

� �
� pdij

� �
;j
� qf b

i ¼ 0:

ð10Þ

Cahn–Hilliard–van der Waals form for the Helmoltz free energy can
be written as

Fðnaa;uaÞ ¼
Z

V

jn
2
jruaj

2 þ naaWðuaÞ þ f ðnÞ
h i

: ð11Þ

The transport equation of two phase tube can be written as

ona

ot
¼ �r � nag

q

� �
þ ð�1Þar �Krl;

og
ot
¼ �r � P �r � gg

q

� �
þ gr � g

q

� �
; ð12Þ

where other parameters EiJKl; _ZKL;W;ua; �j;liðrÞ;K and g are listed in
the Appendix B.
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3. Mathematical modeling

Consider a 3D fluid driven crack propagation problem as shown
in Fig. 1. A fixed geographic Cartesian system xi is chosen. Assume
that the slip surface S± is subjected to _pi, _p4 or _q0, _p5ð _b0Þ, and _p6ð _#0Þ.
x̂i represent the hypocenter of the coordinate systems, while the
nodal plane of P-wave x̂1x̂3 and x̂2x̂3 denote the extended slip plane
and auxiliary plane, respectively. Coordinates x/s and xk represent
the fault strike and the fault slip, respectively. wi ¼ \ðxi; x̂iÞ,
h2 ¼ d ¼ \ðx̂1x̂3; x1x2Þ, h3 ¼ k ¼ \ðx̂1x̂3; x1x2Þ.

4. Boundary conditions

4.1. Weak coupled boundary conditions

For permeable conditions, the normal extended incremental
displacement rate and extended incremental potential rate should
be continuous across the crack surface:

_Dþ3 ¼ _D�3 ; _/þ ¼ _/�; _Bþ3 ¼ _B�3 ; _uþ ¼ _u�;
_#þ3 ¼ _#�3 ;

_�þ ¼ _��; ð13Þ

where the superscripts + and � denote the upper and lower crack
surface, respectively. The proposed impermeable conditions on
the crack faces are represented by the following relation:

_Dþ3 ¼ _D�3 ¼ 0; _/þ ¼ _/� ¼ 0; _Bþ3 ¼ _B�3 ¼ 0; _uþ ¼ _u� ¼ 0;
_#þ3 ¼ _#�3 ¼ 0; _�þ ¼ _�� ¼ 0: ð14Þ
4.2. Strong coupled boundary conditions

The strong coupled boundary conditions for crack propagation
in co-seismic slip under coupled multiple fields can be determined
as

jTnj ¼ 0; juj ¼ 0; jD � nj ¼ qs; jE� nj ¼ 0;

jB � nj ¼ 0; jn� Hj ¼ Js: ð15Þ
Fig. 1. An extended 3D fluid driven crack propagation model on co-seismic slip under mu
fluid flow model on crack surface.
The present article presents an analysis for crack propagation prob-
lems based on boundary conditions (14) and (15).
5. Boundary domain integral equations for viscous fluid flows

Based on the reciprocal work theorem for viscous fluid flow,
consequently, the following boundary domain integral equation
can be obtained,

_UI ¼
Z þ1

�1

Z þ1

�1

Z
C
ð _UIJ

_TJ � _TIJ
_UJÞdSþ

Z
X
ð _UIJ

_FJ þ _eIJk _rn
JJkÞdV

�
þ
Z

X
½ _UIJ;kqujuk þ _UIJq _FJ � _UIJðqujÞ;t þ _UIJ;Jp�dV

�
Z

C

_UIJnkujukdS
�

dsds0: ð16Þ

The above equation is a general boundary domain integral equation
valid for steady, unsteady, compressible and incompressible. The
extended incremental traction wave, _TJ , on the boundary can be de-
fined as

_TJ ¼ EkJMn
_UIM;nnk ¼ ðð _rjl � f el—magÞnl � _rn

iJ;iÞdiJdjJ þ ð _DlnlÞd4J

þ ð _BlnlÞd5J þ ð _#;JniÞd6J : ð17Þ

The extended incremental displacement discontinuity wave gradi-
ent is written as

_eUJ ¼

_~uj ¼ _uþj � _u�j ; J ¼ j ¼ 1;2;3;
_~/j ¼ _/þj � _/�j ; J ¼ 4;
_~uj ¼ _uþj � _u�j ; J ¼ 5;
_~� j ¼ _�þj � _��j ; J ¼ 6;

8>>>>>><>>>>>>:
ð18Þ

where bP and bS are the source point and the field point, respectively.
The extended incremental displacement wave solutions in Eq. (16)
can be rewritten as
ltiple fields. (a) General sketch of the slip; (b) general model of 3D fluid crack; and (c)



Table 1
Material constants for solid part [26,43,53].

Elastic (GPa) Magnetoelectric (N s/V C) Piezoelectric (C m�2)

c11 c12 c13 c33 c44 g11 g33 e15 e31 e33

286 173 170 269.5 45.3 0.005E�9 0.003E�9 11.6 �4.4 18.6

Piezomagnetic (N/A m) Magnetic (N s2 C�2) Dielectric (C2/N m2) Thermal stress

d15 d31 d33 l11 l33 211 233 i11 i22 i33

550 580.3 699.7 �590E�6 157E�6 0.08E�9 0.093E�9 0 0 0

Pyroelectric Pyromagnetic Heat conduction

111 122 133 g11 g22 g33 k11 k22 k33

0 0 0 0 0 0 0 0 0

Table 2
Material constants and initial condition for fluid part.

Peclet number Reynolds number Weber number Visocosity of rate Capillarity number Wetting number

Pe Re We kB/A Ca G
27.78 0.2525 0.0385 1.59 0.1 �0.2

Fix lattice spacing Unit time of molecule Temperature ration Flow rate (ml/h) Character velocity (mm/s) Surface tension (N/m2)

DX tBA TBA QBA VB rA

0.1 0.8 0.8 0.3 0.1 0

Unit density (kg/m3) Character unit length (mm) Time step Cell number Diffusion coefficient (mm2/s) Visocosity (mPa s)

qB L DT nAB DAB g�AB
1000 0.1 0.01 10 0.001 10

Velocity of A (ml/h) Visocosity of A (mPa s) Velocity of B (ml/h) Inlet concentrations Visocosity of B (mPa s)

VA gA VB gB

0.5 10 0.1 1 0.1

lm.
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Fig. 2. Extended remaining stress waves on the flaw surface when b/a = 1,
KK = LL = 20 � 20.
_UI ¼
Z þ1

�1

Z þ1

�1

Z
C
ð _UIJ

_TJ � _TIJ
_eUJÞdSþ

Z
X
ð _UIJ

_FJ þ _eIJk _rn
JJkÞdV

�
þ
Z

X
½ _UIJ;kqujuk þ _UIJq _FJ � _UIJðqujÞ;t

þ _UIJ;Jp�dV �
Z

C

_UIJnkujukdS
�

dsds0 ð19Þ
6. General extended displacement wave solutions

Using the method [5,26–37], the general extended displace-
ment wave solutions under P- and S-waves can be written as an ex-
plicit expression

G1JðbP; bS; t; s; s0Þ ¼X5

i¼1

½D0x�4 þ Dix�5 þ q�1ðR�1
i x�6 þ _R�1

0 x�7Þ�

þ p�1l�1R�1
i ð7dIJ þ R;iR;JÞ=32; ð20Þ

G2JðbP; bS; t; s; s0Þ ¼X5

i¼1

½D0x�4 þ Dix�5 þ q�1ðR�1
i x�6 þ _R�1

0 x�7Þ�

þ p�1l�1R�1
i ð7dIJ þ R;iR;JÞ=32; ð21Þ

GmJðbP ; bS; t; s; s0Þ ¼X5

i¼1

R�1
i ðAimx�9 þx�8q

�1Þ

þ p�1l�1R�1
i ð7dIJ þ R;iR;JÞ=32 ð22Þ

the parameters x�8 and x�9 are listed in the Appendix A.

7. Wave time-domain hypersingular integral equations

Using the boundary conditions in Eqs. (14) and (15), and the
main-part method given by Qin and Tang [25], Eq. (19) can be re-
duced toZ þ1

�1

Z þ1

�1
¼
Z

Sþ
ðr�3ðc2

44D0s2
0ðd�a�b�3r;�ar;�bÞþðdab�3r;ar;bÞ

�
X5

i¼1

q2
i t2

i Þ~ubþ3r�4r;a
X5

i¼1

k33s2
i t1

i
~u6ÞdSdsds0

þ
Z �1

�1

Z þ1

�1

Z
Sþ

r�7Kab1þ r�5Kab2þ r�3Kab3
� �

~ub dSdsds0

þ
Z �1

�1

Z þ1

�1

Z
Sþ

Kab~ub dSdsds0 ¼�pa; ð23Þ



Fig. 3. Sketch map of the crack model for Fi.
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Z þ1

�1

Z þ1

�1

Z
Sþ
ðr�2r;a

X5

i¼1

A�
i t2

i q
1
i ~ua þ r�3

X5

n¼3

X5

i¼1

qm
i tt

i ~un

þ 3r�4k3ar;a
X5

i¼1

v2
i k

#
i q

m
i ~u6ÞdSdsds0 þ

Z �1

�1

Z þ1

�1

Z
Sþ

� ðr�7KmJ1 þ r�5KmJ2 þ r�3KmJ3Þ~uJ dSdsds0

þ
Z �1

�1

Z þ1

�1

Z
Sþ

KmJ ~uJ dSdsds0 ¼ �pm; ð24Þ

Z þ1

�1

Z þ1

�1
¼
Z

Sþ
ðr�2ðdab � 3r;ar;bÞ

X5

i¼1

A�
i k3bt2

i
~ub þ 3r�4k3ar;a

�
X5

i¼1

A�
i v2

i k
#
i k33q6

i
~u6ÞdSdsds0 þ

Z �1

�1

Z þ1

�1

Z
Sþ

�
X5

i¼1

ðr�7K6J1 þ r�5K6J2 þ r�3K6J3Þ~uJ dSdsds0

þ
Z �1

�1

Z þ1

�1

Z
Sþ

X5

i¼1

K6J ~uJ dSdsds0 ¼ �p: ð25Þ

The above equations are the wave time-domain hypersingular inte-
gral equations for the 3D fluid driven crack propagation problem
under fully coupled electromagnetothermoelastic P- and S-wave
fields. _pi, _p4ð _q0Þ _p5ð _b0Þ and _p6ð _#0Þ can be obtained from the solutions
for the loads of un-cracked solids. The hypersingular kernel function
KKIJ and Cauchy kernel function KIJ are given in Appendix C. It is
shown that the time-domain hypersingular integral equations have
structures that are similar to those studied by Qin et al. [38–40]. If
the electromagnetothermoelastic weak boundary conditions are ne-
glected, the above equations can be simplified to the following
relations:
Z þ1

�1

Z þ1

�1
¼
Z

Sþ

KKI1

r7 þ
KKI2

r5 þ
KKI3

r3

� �
~uI dSdsds0

þ
Z �1

�1

Z þ1

�1

Z
Sþ

KKI ~uI dSdsds0 ¼ �4pq
l2 pK : ð26Þ
8. Crack propagation parameters

In the interest of investigating the singularity of the crack front,
consider a local coordinate system defined as x2 x3, in which the x1-
axis is the tangent line of the crack front at pointq0, the x2-axis is
the internal normal line of the crack plane, and the x3-axis is the
normal of the crack. Then the extended velocity discontinuities
gradient of the crack surface near a crack front point q̂0 can be ex-
pressed as

_eUi;J ¼ gkn
kk
2 ; 0 < ReðkkÞ < 1; ð27Þ

where gk are non-zero constants related to point q̂0, and kk repre-
sents the singular indices at the crack front. The singular index
can be determined by
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Fig. 4. Two dimensionless near-field Fi;ki
radiation distributions for P-and S-waves.

B.J. Zhu et al. / Comput. Methods Appl. Mech. Engrg. 198 (2009) 2446–2469 2451
cotðk1pÞ ¼ 0; cotðk2pÞ ¼ 0; cotðk3pÞ ¼ 0; cotðk4pÞ ¼ 0;
cotðk5pÞ ¼ 0; cotðk6pÞ ¼ 0: ð28Þ

The extended dynamic stress intensity factors are defined as

K1 ¼ lim
r!0

ffiffiffiffiffi
2r
p

r33jĥ¼0; K2 ¼ lim
r!0

ffiffiffiffiffi
2r
p

r31jĥ¼0; K3 ¼ lim
r!0

ffiffiffiffiffi
2r
p

r32jĥ¼0;

ð29Þ
K4 ¼ lim
r!0

ffiffiffiffiffi
2r
p

D3jĥ¼0; K5 ¼ lim
r!0

ffiffiffiffiffi
2r
p

B3jĥ¼0; K6 ¼ lim
r!0

ffiffiffiffiffi
2r
p

#3jĥ¼0:

ð30Þ
The extended singular pore stress waves field around the crack
front can be expressed as follows:
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þ ŵ2 _en
jK cos 0:5h0Þ þ l2q�1

(
�5ðx2w1

13 þ x3w1
12Þ

r7 þw6
13 þw2

12

r6

þw7
13 þw3

12

r5 þw8
13 þw4

12

r4 � 4b�5x2x3
~d003

r3

� 5ð2x3x2w1
22 þw1

23x2 þ x3w1
23Þ

r7 þ 2x3w2
22 þw2

23 þw5
23

r6
Fig. 5. 3D dimensionless near-field F1;k1
þ 2x3w3
22 þw3

23 þw6
23

r5 þ 2x3w4
22 þw4

23 þw7
23

r4

þw5
22 þ 2~d3 � ~d003ðx1 þ x2 þ x3Þðx2 þ x3Þ

r3 þ 3b�3~d03
r2

� 5ðx2w1
33 þw1

32x3Þ
r7 þw5

33 þw2
32

r6

þ b�5~d003x2½ðx1 þ x2 þ x3Þðx2 þ x3Þ � x3� þ ð3x1 þ ~d4Þð2x3 þ 3Þ
r3

þ b�3~d03
r2 þw6

33 þw3
32

r5 þw7
33 þw4

32

r4

)
; ð32Þ

�_r3n¼
X5

i¼1

qinv ipcothiððrriÞ�0:5 q̂i2g2 cos�1 _hiþ6cot _hi

X5

m¼3

q̂imgm

 !

þg6v2
i ji5j�1

i1 ðrriÞ0:5 cos _hiÞþ
X5

i¼1

pðrriÞ�0:5ŵn _en
jK cos _h0

þ2pAi4i33ððrriÞ0:5 cos _hiðg2 cothiþ
X5

m¼3

q̂imgmÞ

þðrriÞ�0:5v3
i k33ji5j�1

i1 g6 cos _hiÞ

þl2q�1 �5x3w1
13

r7 þw9
13

r6 þ
w10

13

r5 þ
w11

13

r4 þ
w12

13

r3 þ
2b�3~d03

r2

(

�5x3w1
23

r7 þw5
23

r6 þ
w6

23

r5 þ
w7

23

r4 þ
b�3~d03

r2 þb�3~d03
r2 þw8

33

r6 þ
w9

33

r5

þw10
33

r4 þ
~d3�b�5x3

~d003ðx1þx2þx3Þ
r3 �5x3w1

33

r7

þ2ðx3þ1Þð~d3�6x1�2~d4Þ�3x1�~d4�b�5x3
~d003ðx1þx2þx3Þ

r3

)
;

n¼3—5; ð33Þ
radiation distribution for P-wave.



Fig. 7. 3D dimensionless near-field F3;k3 radiation distribution for P-wave.

Fig. 6. 3D dimensionless near-field F2;k2 radiation distribution for P-wave.
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, the more detailed process are

listed in the Appendix D.
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Fig. 11. 2D dimensionless near-field F4;k4 and F5;k5 radiation distribution for P-and S-wave.

Fig. 10. 3D dimensionless near-field F3;k3 radiation distribution for S-wave.
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Fig. 12. 3D dimensionless near-field F4;k4 radiation distribution for P-wave.
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9. Numerical procedure

A method proposed by [38,41,42] can be generalized for solving
the hypersingular integral in Eqs. (23)–(25) numerically. Making
use of the behavior near the crack front, the extended incremental
displacement discontinuity gradient’s unknown functions can be
written as

_eUi;J ¼ FiJn
kJ
2 W; ð35Þ

aiJmn(t,s,s0) are unknown constants. A set of algebraic equations for
the unknown aiJmn(t,s,s0) can be obtainedXS

s¼0

XH

h¼0

alJshIi
lJsh ¼ � _pJ; ð36Þ

where IlJsh(x1,x2) are defined in the Appendix D. The non-dimen-
sional extended DSIFs around the 3D crack propagation front FI,k

and inner crack propagation front FI are defined as

F1;k ¼ K1;k=r133b1�k
; F1 ¼ Kî

1=r
1
33

ffiffiffi
b
p

; ð37Þ
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; F2 ¼ K2=r131

ffiffiffi
b
p

; ð38Þ
F3;k ¼ Ki

3;k=r
1
32b1�k

; F3 ¼ K3=r132

ffiffiffi
b
p

; ð39Þ

F4;k ¼ K4;k=D133b1�k
; F4 ¼ K4=D133

ffiffiffi
b
p

; ð40Þ
F5;k ¼ K5;k=B133b1�k

; F5 ¼ K5=B133
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b
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1
3 b1�k
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1
3
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b
p

: ð42Þ
1 For interpretation of color in Figs. 1–24, the reader is referred to the web version
of this article.
10. Numerical solutions and discussions

In this section, the numerical solutions and calculations de-
scribed in the present paper are used in analyzing a 3D rectangle
fluid driven crack propagation mechanism under he mechanical
loads _r13i , the electric loads _D133, the magnetic loads _B133 and the
thermal loads _#133 in infinity. The non-dimensional independent
material constants are listed in Tables 1 and 2.

To facility the computing and comparing, we use non-dimen-
sional quantities as follows:

�cij ¼ cij=c11; �eij ¼ eij=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
c11e11
p

; �2ij ¼ 2ij=211;

�dij ¼ dij=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c11l11

p
; �gij ¼ dij=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
211l11

p
; ð43Þ

�lij ¼ lij=l11; �u¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
211=c11

p
u; �/ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l11=c11

q
/;

Di ¼ Di=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c11211
p

; Bi ¼ Bi=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c11l11

p
; ð44Þ

L ¼ L
L
; Q ¼ Q

Q
; G ¼ G

G
; �q ¼ q

q
; �r ¼ r

r
: ð45Þ

Pe ¼ L2V
D

; V ¼ 5Q
18L2

; Re ¼
�qLV

1000g�
; We ¼

�qLV2

109 �r
;

Ca ¼ g�V
106 �r

ð46Þ
10.1. Compliance of boundary condition and convergence of numerical
solutions

Fig. 2 shows the compliance of the boundary condition along
the crack surface, it can be shown that the extended remaining
incremental stress waves on the collocation points
(KK = LL = 20 � 20) possess a stable value at the flaw surface (the
blue region),1 though they increase sharply at the corner points
(the red color region). The present numerical method for multiple
3D flaws is stable and convincing.



Fig. 14. 3D dimensionless near-field F4;k4 radiation distribution for P-wave.

Fig. 13. 3D dimensionless near-field F5;k5 radiation distribution for P-wave.
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10.2. Extended dynamic stress intensity factor

The crack shape ratio is a/b = 1, the polynomial exponents
areM = N = 13, the collocation points are KK = LL = 20 � 20, the de-
lay time arising from the hypocenter is s = 0, the delay time arising
from the seismic wave is s0 = 0, the near-field extended dynamic
stress intensity factors are FIðr; ĥ; t; s; s0Þ, and the radiation distri-
bution for P- and S-waves at the crack surface as a function of h,
/, x1/a are shown in Figs. 3–15.

10.2.1. Dynamic stress intensity factors Fi

As shown in Fig. 3, the crack is located on the ox1x2 plane, the
area surrounded by the red line is the crack surface, pi (i = 1,2,3)
represents the greatest principal tension stress (the least compres-
sive principal stress), the intermediate compressive principal
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Fig. 16. 2D dimensionless near-field F6;k6 rad

Fig. 15. 3D dimensionless near-field F5;k
stress, and the least principal tension stress (the greatest compres-
sive principal stress) on the crack surface before the crack begins to
propagate, respectively. The angle of internal friction, h

^
, is the ori-

entation of the greatest principal stress tension axis to the x3-axis,
h ¼ 0:5 tan�1 l

^

�1, and l
^

is the coefficient of internal friction.
In Fig. 3a, the crack propagation direction is perpendicular to

the crack plane ox1x2 as shown by the arrows C1 and C01 (in the
±x3-axis direction, open crack model). In Fig. 3b, the crack propaga-
tion direction is to the crack plane ox1x2 as shown by the arrows C2

and C02 (in the ±x1-axis direction, shear crack model). In Fig. 3c, the
crack propagation direction is parallel to the crack plane ox1x2 as
shown by the arrows C3 and C03 (in the ±x2-axis direction, tear crack
model).

It is well known that most earthquakes arise from mechanical
instabilities that result from the sudden failure of the rock to sus-
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iation distribution for P- and S-waves.

4 radiation distribution for P-wave.



Fig. 18. 3D dimensionless near-field F6;k6 radiation distribution for S-wave.

Fig. 17. 3D dimensionless near-field F6;k6 radiation distribution for P-wave.
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tain the shear stresses acting across a surface; the surface may be a
pre-existing fault or a new facture caused by the failure. Fig. 3
establishes a relationship between the failure model of co-seismic
slip based on the Coulomb–Navier–Mohr theory of failure and the
Anderson theory [44–46], and the fracture mechanics crack model
based on the classical fracture theory [47–51].

10.2.1.1. 2D dimensionless DSIFs for P- and S-waves. The 2D dimen-
sionless near-field DSIFs Fi;ki

radiation distribution for P- and S-
waves as a function of h, x1/a and x2/b are shown in Fig. 4. Due to
the symmetry, only the numerical results of DSIFs Fi;ki
for x1/

a P 0(�1 6 x1/a 6 1) are given. The simulated results show that
the DSIFs Fi;ki

on x2 = ±b sides decrease with increasing x1 when
�1 6 x1/a 6 0, but increase with increasing x1 when 0 6 x1/a 6 1.
DSIFs Fi;ki

reach a maximum value when x1/a = 0, and Fi;ki
reach a

minimum value when x1/a = ±1. Apart form these; there are two
other important results. First, the DSIFs Fi;ki

for �1 6 x1/a 6 1(x2/b
is fixed) follow the same distribution principle as do those for
�1 6 x2/b 6 1(x1/a is fixed). Secondly, the results of the numerical
simulation curves are consistent with the data of co-seismic slip



Fig. 19. Dimensionless _r13 radiation distribution for P- and S-waves.
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displacements for P-waves, as the Fi;ki
are symmetrically distrib-

uted about the central axis, and reach the maximum value at
h = p/4, h = 3p/4, h = 5p/4 and h = 7p/4 in quadrants I, II, III, and
IV, respectively [52].

From these figures it can be seen that the radiation of DSIFs Fi;ki

under S-waves is based on the same distribution principle as their
distribution under P-waves but with a different symmetric angle.
The DSIFs Fi;ki

reached the maximum value at h = 0, h = p/2, h = p,
and h = 3p/2 in quadrants I, II, III, and IV, respectively. The numer-
ical simulation curves are also consistent with the corresponding
results of co-seismic slip displacements for S-waves [52].

10.2.1.2. 3D dimensionless DSIFs for P-waves. The numerical results
in Figs. 5–7 show that Fi;ki

varies with h and / in the area [0, 2p] for
P-waves. The DSIFs F1;k1 (Fig. 5), F2;k2 (Fig. 6), and F3;k3 (Fig. 7) based
on the same method and the numerical/graphical representation
have the pattern of a whirl of rose petals, but with different mag-
nitudes at different locations (x1/a = 0; 0.2; 0.4; 0.6; 0.8; 1.0).

The result is a symmetrical distribution about the axis. When /
is fixed, the DSIF Fi;ki

reaches the maximum value at h = p/4, h = 3p/
4, h = 5p/4, and h = 7p/4 in quadrants I, II, III, and IV, respectively.
When h is fixed, the DSIF Fi;ki

reached the maximum value at /
= ±p/2.

The crack location parameters h and / have a stronger influence
on the DSIFs Fi;ki

than does the location parameter x1/a. Among
these parameters, h is the primary factor in determining the results
of the DSIFs Fi;ki

.

When h and / are fixed, the simulated results show that the
DSIFs F1;k1 , F2;k2 and F3;k3 on x2 = ±b sides decrease with increasing
x1 when �1 6 x1/a 6 0, but increase with increasing x1 when
0 6 x1/a 6 1. The DSIFs Fi;ki

reached the maximum value when x1/
a = 0, and Fi;ki

reached the minimum value when x1/a = ±1.

10.2.1.3. 3D dimensionless DSIFs for S-waves. The numerical results
in Figs. 8–10 show that the Fi;ki

varies with h and / in the area
[0,2p] for S-waves. The DSIFs F1;k1 (Fig. 8), F2;k2 (Fig. 9), and F3;k3

(Fig. 10) based on the same method and numerical/graphical rep-
resentation have the pattern of a whirl of rose petals, but with dif-
ferent magnitudes at different locations (x1/a = 0; 0.2; 0.4; 0.6; 0.8;
1.0).

The result is a symmetrical distribution about the axis. When /
is fixed, the DSIF Fi reached the maximum value at h = 0, h = p/2,
h = 3p/2 and h = 2p in quadrants I, II, III, and IV, respectively. When
h is fixed, the DSIF Fi reached the maximum value at / = ±p/2.

It can be generally concluded that with changes in the variable h
from 0 to 2p, the DSIFs Fi;ki

for P-waves have a symmetrical distri-
bution of h in quadrants I, II, III, and IV, and reach four peak values
at h = p/4, h = 3p/4, h = 5p/4 and h = 7p/4.

With the change of the variable h from 0 to 2p, the DSIFs Fi;ki
for

S-waves also show a symmetrical distribution of h in quadrants I,
II, III, and IV, and reach four peak values at h = 0, h = p/2, h = p
and h = 3p/2.

The DSIFs Fi;ki
for P- and S-waves show a symmetrical distribu-

tion of x1/a at x2/b = ±1 sides and x2/b at x1/a = ±1 sides,



Fig. 20. Dimensionless _r23 radiation distribution for P- and S-waves.
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respectively. It reached the maximum value at points (�1,0), (1,0),
(0,�1), and (0,1), while it reached the minimum value at points
(�1,�1), (�1,1), (1,�1) and (1,1). These means that Fi;ki

reached
maximum values at the crack side centre, while Fi;ki

reached the
minimum values at the horn of the crack.

The crack location parameters h and / have a stronger influence
on the DSIFs F1;k1 than does the location parameter x1/a. Among
these parameters, h is the primary factor in determining the results
of the DSIFs F1;k1 .

When h and / are fixed, the simulated results show that the
DSIFs F1;k1 , F2;k2 , and F3;k3 on x2 = ±b sides decrease with increasing
x1 when �1 6 x1/a 6 0, but increase with increasing x1 when
0 6 x1/a 6 1. The DSIFs Fi;ki

reached the maximum value when x1/
a = 0, and Fi;ki

reached the minimum value when x1/a = ±1.

10.2.2. Electric DSIF F4;k4 and magnetic DSIF F5;k5

10.2.2.1. 2D dimensionless electric and magnetic DSIFs for P- and
S-waves. The radiation distribution of 2D dimensionless near-field
electric DSIFs F4;k4 and magnetic DSIFs F5;k5 for P- and S- waves as a
function of h, x1/a and x2/b are shown in Fig. 11. Due to the symme-
try, only the numerical results of the DSIFs F4;k4 and F5;k5 for x1/
a P 0(�1 6 x1/a 6 1) are given. The simulated results show that
the both F4;k4 and F5;k5 decrease with increasing x1 when �1 6 x1/
a 6 0, but increase with increasing x1 when 0 6 x1/a 6 1 at
x2 = ±1 sides, when x1/a = 0, the DSIFs F4;k4 and F5;k5 reached the
maximum value. Conversely, they reached the minimum value
when x1/a = ±1. The DSIFs F4;k4 and F5;k5 for P-waves based on the
same method and the numerical representation show the pattern
of a rose curve, but with different magnitudes at different values
of x1/a. Apart form these; there are two other important results.
First, the DSIFs F4;k4 and F5;k5 for �1 6 x1/a 6 1(x2/b is fixed) follow
the same distribution principle as do those for �1 6 x2/b 6 1(x1/a is
fixed). Secondly, the results of the numerical simulation curves are
consistent with the data of co-seismic slip displacements for P-
waves. The DSIFs F4;k4 and F5;k5 are symmetrically distributed
through the central axis and reach the maximum value at h = 7p/
36, h = 29p/36, h = 43p/36 and h = 65p/36 in quadrant I, II, III, and
IV, respectively [52].

These figures show that the radiation of DSIFs F4;k4 and F5;k5 un-
der S-waves is based on a different distribution principle than its
distribution under P-waves. The DSIFs F4;k4 and F5;k5 reached the
maximum value at h = 0, h = 2p/3, and h = 4p/3 in quadrants I, II,
and IIII, respectively. The DSIFs F4;k4 and F5;k5 for S-waves based
on the same method and numerical representation show the pat-
tern of a three leaf curve, but with different magnitudes at different
values of x1/a.

10.2.2.2. 3D dimensionless electric and magnetic DSIFs for
P-waves. The numerical results show that F4;k4 and F5;k5 varying
with h and / in the area [0,2p] for P-waves are symmetrically dis-
tributed about the axis, and are based on the same method and
numerical/graphical representation as a double-wag-whirl-radar
curve have but different magnitudes at different locations (x1/
a = 0; 0.2; 0.4; 0.6; 0.8; 1.0).



Fig. 21. Dimensionless _r33 radiation distribution for P- and S-waves.
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When / is fixed, the results reached the maximum value at
h = p/4, h = 3p/4, h = 5p/4, and h = 7p/4 in quadrants I, II, III, and
IV, respectively. When h is fixed, the results reached the maximum
value at / = ±p/2.

10.2.2.3. 3D dimensionless electric and magnetic DSIFs for S-
waves. The numerical results show that the F4;k4 (Fig. 14) and
F5;k5 (Fig. 15) varying with h and / in the area [0,2p] for S-waves
are symmetrically distributed about the axis, and are based on
the same method and numerical/graphical representation as a
double-wag-whirl-radar curve, but with different magnitudes at
different locations (x1/a = 0; 0.2; 0.4; 0.6; 0.8; 1.0).

When / is fixed, the results reached the maximum value at
h = 7p/36, h = 29p/36, h = 43p/36, and h = 65p/36 in quadrants I,
II, III, and IV, respectively. When h is fixed, the results reached
the maximum value at / = ±p/2.

In general, the crack location parameters h and / have a
stronger influence on the DSIFs F4;k4 and F5;k5 than does the loca-
tion parameter x1/a. Among these parameters, that of h is the pri-
mary factor in determining the results of DSIFs F4;k4 andF5;k5 .
When h and / are fixed, the simulated results showed that DSIFs
F4;k4 and F5;k5 on x2 = ±b sides decrease with increasing x1 when
�1 6 x1/a 6 0, but increase with increasing x1 when 0 6 x1/
a 6 1. The DSIFs F4;k4 and F5;k5 reached their maximum value
when x1/a = 0 and Fi;ki

reached its minimum value when x1/
a = ±1.
10.2.3. Thermal
10.2.3.1. 2D dimensionless thermal DSIFs for P- and S-waves. The
radiation distribution of 2D dimensionless near-field thermal DSIFs
F6;k6 for P- and S-waves as a function of h, x1/a and x2/b are shown
in Fig. 16. Due to the symmetry, only the numerical results of the
DSIFs F6;k6 for x1/a P 0 (�1 6 x1/a 6 1) are given. The simulated re-
sults show that the F6;k6 decrease with increasing x1 when �1 6 x1/
a 6 0, but increase with increasing x1 when 0 6 x1/a 6 1 at x2 = ±1
sides. When x1/a = 0, the F6;k6 reached the maximum value. Con-
versely, they reached the minimum value when x1/a = ±1. The
F6;k6 for P-waves based on the same method and the numerical rep-
resentation show the pattern of a rose curve. Apart form these;
there are two other important results. First, the F6;k6 for �1 6 x1/
a 6 1(x2/b is fixed) follow the same distribution principle as do
those for �1 6 x2/b 6 1(x1/a is fixed). Secondly, the results of the
numerical simulation curves are consistent with the data of co-
seismic slip displacements for P-waves. The F6;k6 is symmetrically
distributed through the central axis and reach the maximum value
at h = 7p/36, h = 29p/36, h = 43p/36 and h = 65p/36 in quadrant I, II,
III, and IV, respectively [52]. These figures show that the F6;k6 under
S-waves is based on a different distribution principle than its dis-
tribution under P-waves. The F6;k6 reached the maximum value at
h = 0, h = 2p/3, and h = 4p/3 in quadrants I, II, and IIII, respectively.
The F6;k6 for S-wave based on the same method and numerical rep-
resentation show the pattern of a three leaf curve, but with differ-
ent magnitudes at different values of x1/a.



Fig. 22. Dimensionless electric _D radiation distribution for P- and S-waves.
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10.2.3.2. 3D thermal DSIFs for P-waves. The numerical results show
that F6;k6 varying with h and / in the area [0,2p] for P-waves are
symmetrically distributed about the axis, and are based on the same
method and numerical/graphical representation as a double-wag-
whirl-radar curve have but different magnitudes at different loca-
tions (x1/a = 0; 0.2; 0.4; 0.6; 0.8; 1.0). When / is fixed, the results
reached the maximum value at h = p/4, h = 3p/4, h = 5p/4, and
h = 7p/4 in quadrants I, II, III, and IV, respectively. When h is fixed,
the results reached the maximum value at / = ±p/2 (see Fig. 17).

10.2.3.3. 3D thermal DSIFs for S-waves. The numerical results show
that the F6;k6 varying with h and / in the area [0,2p] for S-waves are
symmetrically distributed about the axis, and are based on the
same method and numerical/graphical representation as a dou-
ble-wag-whirl-radar curve, but with different magnitudes at dif-
ferent locations (x1/a = 0; 0.2; 0.4; 0.6; 0.8; 1.0). When / is fixed,
the results reached the maximum value at h = 7p/36, h = 29p/36,
h = 43p/36, and h = 65p/36 in quadrantsI, II, III, and IV, respectively.
When h is fixed, the results reached the maximum value at / = ±p/
2 (see Fig. 18).

In general, the crack location parameters h and / have a stron-
ger influence on the F6;k6 than does the location parameter x1/a.
Among these parameters, that of h is the primary factor in deter-
mining the results. When h and / are fixed, the simulated results
showed that the F6;k6 on x2 = ±b sides decrease with increasing x1
when �1 6 x1/a 6 0, but increase with increasing x1 when 0 6 x1/
a 6 1. The F6;k6 reached their maximum value when x1/a = 0 and
Fi;ki

reached its minimum value when x1/a = ±1.

10.3. General extended singular pore stress waves

The numerical results in Figs. 19–21 shows that dimensionless
singular pore stress waves _ri3 varieties with time for P- and S-
waves. The _ri3 decrease with increasing until the time is reached
to 10 s.

The numerical results in Figs. 22–24 show that dimensionless
extended singular pore stress waves _D, _B, _# varies with time for
P- and S-waves. They decrease with increasing until the time is
reached to 10 s.

From the figures, we can obtain that force field have strongest
influence on the pore stress, electric field and magnetic field have
a stronger influence on the pore stress than thermal field.
Although, the relationship between force field pore stress, electric
field pore stress, magnetic field pores stress and thermal field pore
stress and time compliance with the same distribution principle.

In engineering practice, we can use electric, magnetic and ther-
mal abnormal information to predict and analyze the co-seismic
slip in place of force/displace abnormal information, compared
with force field, electromagnetic and thermal is more easily de-
tected around the co-seismic slip.



Fig. 23. Dimensionless magnetic _B radiation distribution for P- and S-waves.

2464 B.J. Zhu et al. / Comput. Methods Appl. Mech. Engrg. 198 (2009) 2446–2469
11. Conclusions

In the present article, a 3D fluid driven crack propagation mech-
anism on co-seismic slips under fully coupled electromagnetother-
moelastic P- and S-wave fields was investigated by hybrid
hypersingular equation method. This method has been proposed
here for the first time. The following conclusions can be drawn
from our results:

Using the principles of extended wave time-domain finite-part
integrals and the extended wave time-domain main-part integrals
method, the 3D crack fluid driven propagation problem on co-seis-
mic slips for P- and S-waves has been analyzed through a set of hy-
brid hypersingular equations coupled with nonlinear boundary
integral equations.

Using the wave time-domain finite-part analysis method, the
behavior of the general extended singular stress indices around
the crack front terminating at the slip surface have been analyzed,
and the general extended singular pore stress waves and the ex-
tended dynamic stress intensity factors have been obtained by a
closed-form solution.

A numerical method for treating the 3D fluid driven crack prop-
agation problem subjected to extended fully coupled loads is pro-
posed, and the radiation distribution of 2D/3D dimensionless near-
field extended DSIFs and SPSWs for P- and S-waves at the crack
surface have been calculated. The results show that the extended
dynamic electric stress intensity factor F4 and the extended dy-
namic magnetic stress intensity factor F5 have different changing
rules than does Fi. The force field has strongest influence on the
pore stress; electric field and magnetic field have a stronger influ-
ence on the pore stress than thermal field, although, they compli-
ance with the same distribution principle.

In conclusion, an analysis of the type described in this paper can
be utilized to help understand the extended electromagnetic frac-
ture mechanism for any 3D crack propagation problem in co-seis-
mic slip. In engineering practice, we can use electric, magnetic and
thermal and water abnormal information to predict and analyze
the co-seismic slip in place of force/displace abnormal information,
compared with force field, electromagnetic and thermal is more
easily detected around the co-seismic slip.
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Appendix A

ui the displacement wave
/ the electric field wave
u the magnetic field wave



Fig. 24. Dimensionless thermal _# radiation distribution for P- and S-waves.
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� the thermal field wave
_piðt; s; s0Þ the mechanical load
_p4ðt; s; s0Þ; _q0ðt; s; s0Þ the electrical loads
_p5ðt; s; s0Þ; _b0ðt; s; s0Þ the magnetic loads
_p6ðt; s; s0Þ; _#0ðt; s; s0Þ the thermal loads
Q flow rate
gi viscosity of phase i
k viscosity of rate
D diffusion coefficient of molecule
L character unit length of molecule
qi unite density of phase i
ri surface tension of phase i
T temperature ration
Vi character velocity of phase i
t unit time of molecule
Pe Peclet number
Re Reynolds number
We Weber number
Ca Capillarity number
G Wetting number
DX fix lattice spacing
q(t,x) the density of the material particle at time t and position x
u velocity field of the flow
u flow potential
k the flow diffusion coefficient
q the flow source term
c the flow material property
p the flow pressure
dab the Kronecker delta
l the dynamic viscosity coefficient
eij the rate of strain tensor
f b
i the flow body force

nii the particle number density
ui the molar fraction of component i
f the sum of the free energy densities the pure components
W the free energy of mixing
�j Boltzmann’s constant
n the interface width
T the absolute temperatures
Tc the critical temperatures
li(r) chemical potentials
P11 the normal pressure
P22, P33 the transverse pressures
K ¼ Dn

�jT constant mobility with diffusion coefficient D
g the phase dependent viscosity
CIK the tensor coefficient dependent on the geometry of the

boundary
xi fixed geographic Cartesian system
S(S+ [ S�) the slip surface
_piðt; s; s0Þ the mechanical load
_p4ðt; s; s0Þ or _q0ðt; s; s0Þ the electrical loads
_p5ðt; s; s0Þ or _b0ðt; s; s0Þ the magnetic loads
_p6ðt; s; s0Þ or _#0ðt; s; s0Þ the thermal loads
x̂i the hypocenter of the coordinate systems
x̂1x̂3 the extended slip plane
x̂2x̂3 the auxiliary plane
x/s the fault strike
xk the fault slip
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q mass density
UJ the extended displacement wave
h�i the McAuley symbol
fel–mag the Maxwell stress tensor
a velocity of P-wave
b velocity of S-wavebP field point or observation pointbS epicenter point or source point
t time
s the delay times arising from hypocenter
s0 the delay times arising from the seismic wave
r the distance between the source point and observation

point
r
;̂i the direction cosine of the field point

~dI the kernel function of the general solution
KKIJ the hypersingular kernel function
KIJ the Cauchy kernel function

Appendix B

EiJKl ¼
CiJKl �PiJ 0

0 0 �kiJ

� �
; _ZKl ¼ _UK;l

_� ;l

	 
T
; ðB:1Þ

CiJKl ¼

cijkl; J;K ¼ 1;2;3;
elij; J ¼ 1;2;3; K ¼ 4;
eikl; J ¼ 4; K ¼ 1;2;3;
dlij; J ¼ 1;2;3; K ¼ 5;
dikl; J ¼ 5; K ¼ 1;2;3;
�gil; J ¼ 4; K ¼ 5 or J ¼ 5; K ¼ 4;
�2il; J;K ¼ 4;
�lil; J;K ¼ 5;

8>>>>>>>>>>>>><>>>>>>>>>>>>>:
ðB:2Þ

PiJ ¼
iij; J ¼ 1;2;3; K ¼ 6
1il; J ¼ 4; K ¼ 6
gil; J ¼ 5; K ¼ 6

8><>: ðB:3Þ

_UK ¼

_ui; K ¼ 1;2;3;
_/; K ¼ 4;

_u; K ¼ 5;
_� ; K ¼ 6;

8>>>><>>>>: ðB:4Þ

WðuÞ ¼ 2�jTcuað1�uaÞ þ �jT½ua log ua þ ð1�uaÞ logð1�uaÞ�;
ðB:5Þ

ua ¼
na

n
; �j ¼ j

Tcn
2 ; liðrÞ ¼

dF
dniðrÞ

; K ¼ Dn
�jT

; g ¼ g � hðuÞ;

ðB:6Þ

hðuÞ ¼
k�1
2k tanh u�0:5

v

 �
þ kþ1

2k if k P 1;

k�1
2 tanh u�0:5

v

 �
þ kþ1

2 if k < 1;

8><>: ðB:7Þ

k ¼ g2

g1
; g� ¼maxfg1;g2g when v	 u2 �u1;

x�0 ¼ kw
i d3J þ k/

i d4J þ ku
i d5J ; x�i ¼ xi � ni; ðB:8Þ

x�1 ¼ ð3R;iRJ � diJÞ
Z r=a

r=b

~d1s0 ds0; x�2 ¼ a�2~d2 � b�2~d3;

x�4 ¼ x�1R�1
0

_R�2
0 x�1d2J � x�2d1J � _R�1

0 d2J ðB:9Þ
x�5 ¼ _R�1
i d2J � x�ax�2R�1

i ðdaJ
_R�2

i � _R�1
i x�0 � k#i R�2

i sid6JÞ;
x�6 ¼ R�2

i x�1 þ diJ
~d3 þ R;iR;Jx�3; ðB:10Þ

x�7 ¼ _R�2
0 x�1 þ R;iR;Jx�2 þ diJ

~d3; x�8 ¼ R�2
i x�1 þ R;iR;Jx�2 þ diJ

~d3;

x�9 ¼ _R�1
i x�adaJ þx�0 � R�2

i x�ak
#
i s2

i d6J : ðB:11Þ
Appendix C

K111 ¼ 4x3ð3x2
1x1 �x1 � x2

1
~d4Þðx3 þ 1:5Þ

þ x2ð~d4 þ 3x1Þð2x3x1 þ 2x1 þ 1Þ; ðC:1Þ

K121 ¼ �15x1ðx1 þ x2Þx1; ðC:2Þ
K131 ¼ �15x1ðx1 þ x2Þx1; ðC:3Þ

K112 ¼ 3ð~d4 þ 3x1Þ½8x3x2
1ðx3 þ 1:5Þ þ 5x1x2 þ x2

1 þ x1 þ x�2

þ x1ðb�5~d003 � a�5~d002Þð2x2
1 þ x2

2 þ x1Þ þ 6ð3x1x2
1 �x1

þ x2
1
~d4Þðx3 þ 1:5Þ � 10x2

1ðx3 þ 1Þð~d3 � 6x1 � 2~d4Þ
þ x2ð1� 3x1 þ ~d4Þ; ðC:4Þ

K122 ¼ 3x1 � 3x1ðx1 þ x2Þ~d3 þ x1ð3x2 þ x1Þð3x1 þ ~d4Þ; ðC:5Þ

K132 ¼ x1½x1ðx1 þ x2Þ~d3 þ ð9x1 þ 6x3x1 þ x2Þð3x1 þ ~d4Þ�; ðC:6Þ

K113 ¼ 2x3ðx3 þ 1Þð~d3 � 6x1 � 2~d4Þ
� 4x3b

�5x1ðx1x1 þ x1 þ 0:5x2Þ þ 1þ 2~d4; ðC:7Þ

K123 ¼ ~d3 � b�5x1ðx1 þ x2Þ~d003; ðC:8Þ

K133 ¼ ~d3�3x1�~d4�b�5x1
~d003ðx1þx2Þþ~d3ðx3þ1Þð3x1þ~d4Þ; ðC:9Þ

K11¼2x3
1
ðb�3~d03�a�5~d02Þð4x3þ3x1x2þx2Þ�8x3ðx3x1þx1þx2Þ

r6

þ2x3x1
4x2þ2x1ðx3þ1Þ�4b�3~d03ðx1x1þx1þ0:5x2Þþx1

r4

þ2x3x1
x2ðb�5~d003�a�5~d002Þþ2x2

1ðx3þ1Þð2a�5~d002�2b�5~d003�a�3~d02Þ
r4

þx2x2
2�x2

1ðb
�3~d03�a�3~d02Þ
r4 þb�3~d03ð4x3þ4x3x1þ1Þ

r2 �4x2x2
2x2

1

r6 ;

ðC:10Þ

K12 ¼ x1
x2x2 � 3b�2~d03ðx1 þ x2Þ � x2ð3x1 þ ~d4Þðb�3~d03 � a�3~d02Þ

r4 ;

ðC:11Þ

K13

¼ x1
2ðx3þ1Þðb�2~d03�2b�5~d003þ2a�5~d002Þ�ðx1þx2Þb�2~d03�x2

1ðb
�3~d03�a�3~d02Þ

r4
;

ðC:12Þ

K211 ¼ 3x1x2
2ð3x1 þ ~d4Þð2x1 þ 1Þ; ðC:13Þ

K212 ¼ x1½ð~d4 þ 3x1Þð2x1 þ 1þ 5x2Þ þ x2
2ðb

�5~d003 � a�5~d002Þ�; ðC:14Þ

K213 ¼ 0; ðC:15Þ

K21

¼ x1x2 x2
3ðb�3~d03�a�3~d02Þð2x1þ1Þ�4x2x2

r6 þ4x2þb�3~d03�a�3~d02
r4

 !
;

ðC:16Þ
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K221 ¼ 3x2½2x3ð2x3x2 þ 2x2 þ x1Þð3x1x2
2 �x1 þ x2

2
~d4Þ

þ 2x3x2ð3x1 þ ~d4Þ �x1ðx1 þ x2Þ�; ðC:17Þ

K222 ¼ 2x3 6ðx2x3 þ 1Þð3x2
2x1 �x1 þ x2

2
~d4Þ


þ 6x2ð2x3x2 þ 2x2 þ 2x1Þð3x1 þ ~d4Þ

þ x3
2ðx2 þ 2x1Þðb�5~d003 � a�5~d002Þ � x2

2ð~d3 � 6x1 � 2~d4Þ

þx1x2ð~d3 � 3x1 þ ~d4Þ
�
� 3x1 � x2

~d3ðx1 þ x2Þ

þ ðx2x1 � x2
2Þð3x1 þ ~d4Þ þ 3ð3x2

2x1 �x1 þ x2
2
~d4Þ; ðC:18Þ

K223 ¼ ~d3 � 6x1 � 2~d4 þ b�5x2ðx1 þ x2Þ~d03 þ 2~d3 � ~d003ðx1 þ x2Þ;
ðC:19Þ

K22 ¼2x3x3
2

3ð2x3x2þ2x2þ2x1þ1=3Þðb�3~d03�a�3~d02Þ�x2ðx2þ2x1Þ
r6

þx2
2x3x2ða�5~d002�b�5~d003�a�3~d02Þþx1ða�5~d002�a�3~d02�b�5~d003Þ

r4

þ3b�3~d03
r2

þx2
x1ð2x1þx2Þþx2ð2x2þx1Þ

r4

þx2
x2ðx1þx2Þ�ð3x1þ~d4Þðb�5~d003�a�5~d002Þ

r4
; ðC:20Þ

K231 ¼ �15x2x1ðx1 þ x2Þ; ðC:21Þ

K232 ¼ 2x2ð3x3x2 þ x1Þð3x1 þ ~d4Þ � x2ð~d3 þ b�3~d03Þ � 3x1

� 6x2ðx3 þ 1Þð~d3 � 6x1 � 2~d4Þ þ ðx1 þ x2Þ~d3; ðC:22Þ

K233 ¼ b�5~d003x2ðx1 þ x2Þ þ ð3x1 þ ~d4Þð2x3 þ 3Þ; ðC:23Þ

K23 ¼ �2ðx3 þ 1Þ ðx1 þ x2Þx2b
�2~d03 þ 2x1x2ðb�3~d03 � a�3~d02Þ

r4

þx2ð2x3x2 þ 2x1 þ 3x2Þ � 2x2b
�3~d03ðx1 þ x2Þ

r4 þ b�3~d03
r2 ;

ðC:24Þ

Km12 ¼ x1x2ð3x1 þ ~d4Þ � 3ðx1x2
1 �x1 � x2

1
~d4Þ; ðC:25Þ

Km13 ¼ 2ð3x1 þ ~d4Þ � ~d3; ðC:26Þ

Km1 ¼ �
4x1x2x2

2

r4 þ 2b�3~d03
r2 ; ðC:27Þ

Km22 ¼ x1x2ð3x1 þ ~d4Þ þ 3ð3x2
2x1 �x1 � x2

2
~d4Þ; ðC:28Þ

Km23 ¼ ~d3; ðC:29Þ

Km2 ¼
x2x2ðx1 þ x2Þ

r4 þ b�5~d03
r2 ; ðC:30Þ

Km32 ¼ �3x1 � 3x1½~d3ðx1 þ x2Þ � x2ð3x1 þ ~d4Þ�; ðC:31Þ

Km33 ¼ 2ðx3 þ 1Þð~d3 � 6x1 � ~d4Þ � 3x1 � ~d4; ðC:32Þ

Km3 ¼
�3b�3x1

~d03ðx1 þ x2Þ � x1x2ð3x1 þ ~d4Þðb�3~d03 � a�3~d02Þ
r4 þ b�3~d03

r2 ;

ðC:33Þ

where x3 ¼ 1
1�2v, x1 ¼

R r=a
r=b

~d1s0 ds0, x2 ¼ a�3~d02 � b�3~d03, m = 3 � 6
Appendix D

Consider a small semi-circular domain Seon the crack surface
that includes point q0. Using the time-domain main-part analytical
method [25], the following relations can be derived:Z �1

�1

Z þ1

�1
¼
Z

Se

r�3 _~uI;J dn1n2 dsds0

ffi �2p
Z þ1

�1

Z �1

�1
kJgJx

kJ�1
2 cotðkJpÞdsds0; ðD:1Þ

Z þ1

�1

Z þ1

�1
¼
Z

Se

3r�5ðx2 � n2Þ2 _~uI;J dn1n2 dsds0

ffi �4p
Z þ1

�1

Z þ1

�1
kJgJx

kJ�1
2 cotðkJpÞdsds0; ðD:2Þ

Z þ1

�1

Z þ1

�1
¼
Z

Se

3r�5ðx1 � n1Þ2 _~uI;J dn1n2 dsds0

ffi �2p
Z þ1

�1

Z þ1

�1
kJgJx

kJ�1
2 cotðkJpÞdsds0; ðD:3Þ

Z þ1

�1

Z þ1

�1

Z
Se

r�3ðx2 � n2Þ _~uI;J dn1n2 dsds0

ffi 2p
Z þ1

�1

Z þ1

�1
gJx

kJ
2 cotðkJpÞdsds0; ðD:4Þ

Z þ1

�1

Z þ1

�1
¼
Z

Se

r�7x2n2ðx1 � n1Þ2 _~uI;J dn1 dn2 dsds0

ffi 2
45

p
Z þ1

�1

Z þ1

�1
kJð1� k2

J ÞgJx
kJ�1
2 sinðkJpÞ�1 dsds0;

ðD:5Þ

Z þ1

�1

Z þ1

�1

Z
Se

r�7x2n2ðx2 þ n2Þ2 _~uI;J dn1 dn2 dsds0

ffi 2
45

p
Z þ1

�1

Z þ1

�1
kJð1� k2

J ÞgJx
kJ�1
2 cosðkJpÞ�1 dsds0; ðD:6Þ

where r is the distance from point bP to the dislocation front point q0.
Considering the relations in Eqs. (25)–(30), the following relations
can be obtained:Z þ1

�1

Z þ1

�1

Z
se

R�3
0 ð1� 3R�2

0 ðx2 � n2Þ2Þ _~uI;J dn1n2 dsds0

ffi
Z þ1

�1

Z þ1

�1
ðrr0Þ�0:5pgJ cos 0:5ĥ0 dsds0; ðD:7Þ

Z þ1

�1

Z þ1

�1

Z
se

R�3
0 ð1� 3R�2

0 v2
0x2

3Þ _~uI;J dn1n2 dsds0

ffi
Z þ1

�1

Z þ1

�1
ðrr0Þ�0:5pgJ cos 0:5ĥ0 dsds0; ðD:8Þ

Z þ1

�1

Z þ1

�1

Z
se

3R�5
J v Jx3ðx2 � n2Þ _~uI;J dn1n2 dsds0

ffi
Z þ1

�1

Z þ1

�1
ðrrJÞ�0:5pgJ sin 0:5ĥJ dsds0; ðD:9Þ

Z þ1

�1

Z þ1

�1

Z
se

3R�5
J x2x3

_~uI;J dn1n2 dsds0

ffi �
Z þ1

�1

Z þ1

�1
ðrrIÞ�0:54pgJ cos 0:5ĥJ dsds0; ðD:10Þ
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Z þ1

�1

Z þ1

�1

Z
se

30R�7
J x2

2x3
_~uI;J dn1n2 dsds0

ffi
Z þ1

�1

Z þ1

�1
ðrrIÞ�1:5pgJ sin�1 hIð2 cos�1 0:5ĥJ

� 3 cos 0:5ĥJ � cos 2:5ĥJÞdsds0; ðD:11Þ

Z þ1

�1

Z þ1

�1

Z
Se

r�7x3ðx2 þ n2Þ3~uJðbP ; bS; t; s; s0Þdn1 dn2 dsds0

ffi
Z þ1

�1

Z þ1

�1

2pkgJðn0Þrk�1

15 sinðkpÞ ½3 sinðkpþ h� khÞ

þ ð1� kÞ sin h cosðkpþ 2h� khÞ�dsds0; ðD:12Þ

IlJsh(x1,x2) are defined as follows:

I11sh¼
Z þ1

�1

Z þ1

�1

Z
S
ðr�7K111þ r�5K112þ r�3K113þ r�3ðK11ð1�3r2

;2Þ

þK12ð1�3r2
;1ÞÞÞn

s
1n

k1þh
2 W dn1 dn2 dsds0; ðD:13Þ

I12sh ¼
Z þ1

�1

Z þ1

�1

Z
S
ðr�7K121 þ r�5K122 þ r�3K123

þ r�3ðK11 þ K12ÞÞns
1n

k1þh
2 W dn1 dn2 dsds0; ðD:14Þ

Imnsh ¼
Z þ1

�1

Z þ1

�1

Z
S

X3

i¼1

ðr�7Kmi1 þ r�5Kmi2 þ r�3Kmi3Þ þ r�3Kmn

 !
� ns

1n
knþh
2 W dn1 dn2 dsds0; ðD:15Þ

I21sh ¼ �
Z þ1

�1

Z þ1

�1

Z
S
ðr�7K211 þ r�5K212 þ r�3K213

þ 3r�3ðK11 þ K12Þr;1r;2Þns
1n

k1þh
2 W dn1 dn2 dsds0; ðD:16Þ

I22sh ¼
Z þ1

�1

Z þ1

�1

Z
S
ðr�7K221 þ r�5K222 þ r�3K223

þ r�3ðK11ð1� 3r2
;1Þ þ K12ð1� 3r2

;2ÞÞÞn
s
1n

k2þh
2 W dn1 dn2 dsds0;

ðD:17Þ

I1KI ¼
Z þ1

�1

Z þ1

�1

Z
S

X3

i¼1

r�7K1i1 þ r�5K1i2 þ r�3K1i3

 
þr�3ðbK 11ð1� 3r2

;1Þ � bK 12r;1r;2Þ
�
ns

1n
k1þh
2 W dn1 dn2 dsds0;

ðD:18Þ

I66sh ¼
Z þ1

�1

Z þ1

�1

Z
S
ðr�7K631 þ r�5K632 þ r�3K633

þ 3r�4K66k3ar;aÞns
1n

k6þh
2 W dn1 dn2 dsds0; ðD:19Þ

Im6sh ¼
Z þ1

�1

Z þ1

�1

Z
S
ðr�7Km31 þ r�5Km32 þ r�3Km33

þ 3r�4 bK m6k3ar;aÞns
1n

k6þh
2 W dn1 dn2 dsds0; ðD:20Þ

I62sh ¼
Z þ1

�1

Z þ1

�1

Z
S
ðr�7K621 þ r�5K622 þ r�3K623

þ r�3ðbK 12ð1� 3r2
;2Þ � 3bK 11r;1r;2ÞÞns

1n
k2þh
2 W dn1 dn2 dsds0;

ðD:21Þ

Ia6sh ¼
Z þ1

�1

Z þ1

�1

Z
S
ðr�7Ka31 þ r�5Ka32 þ r�3Ka33

þ 3r�4Ka6r;aÞns
1n

k6þh
2 W dn1 dn2 dsds0; ðD:22Þ
Imash ¼
Z þ1

�1

Z þ1

�1

Z
S
ðr�7Kma1 þ r�5Kma2 þ r�3Kma3

þ r�2Km1r;aÞns
1n

kaþh
2 Wn1 dn2 dsds0: ðD:23Þ
References

[1] M. Bouchon, K. Aki, Discrete wave number representation of seismic source
wave field, Bull. Seismol. Soc. Am. 67 (2) (1977) 259–277.

[2] M. Bouchon, Discrete wave number representation of elastic wave fields in
three-space dimensions, J. Geophys. Res. – Solid Earth 84 (B7) (1979) 3609–
3614.

[3] M. Bouchon, A simple method to calculate Green’s functions for elastic layered
media, Bull. Seismol. Soc. Am. 71 (4) (1981) 959–971.

[4] K. Aki, P.G. Richards, Quantitative Seismology Theory and Methods, vols. 1–2,
Freeman, San Francisco, 1980. pp. 1–932.

[5] Y. Okada, Surface deformation due to shear and tensile faults in half-space,
Bull. Seismol. Soc. Am. 75 (4) (1985) 1135–1154.

[6] F.J. Sánchez-Sesma, M. Campillo, Diffraction of P, SV and Rayleigh waves by
topographic features: a boundary integral formulation, Bull. Seismol. Soc. Am.
81 (6) (1991) 2234–2253.

[7] S.W. Liu, J.H. Huang, Transient dynamic responses of a cracked solid subjected
to in-plane loadings, Int. J. Solids Struct. 40 (18) (2003) 4925–4940.

[8] L.Y. Fu, Seismogram synthesis for piecewise heterogeneous media, Geophys. J.
Int. 150 (3) (2002) 800–808.

[9] L.Y. Fu, M. Bouchon, Discrete wavenumber solutions to numerical wave
propagation in piecewise heterogeneous media – I. Theory of two-dimensional
SH case, Geophys. J. Int. 157 (2) (2004) 481–498.

[10] D.L. Zhang, Simulation of long period strong ground motion at near-field by
numerical Green function method, Institute of Engineering Mechanics China
Earthquake Administration, Ph.D. Dissertation, Harbin, China, 2005.

[11] S.L. Chen, L.Z. Chen, E. Pan, Three-dimensional time-harmonic Green’s
functions of saturated soil under buried loading, Soil Dynam. Earthq. Engrg.
27 (5) (2007) 448–462.

[12] N. Tosaka, K. Onishi, Boundary integral equation formulations for steady
Navier–Stokes equations using the Stokes fundamental solutions, Engrg. Anal.
2 (3) (1985) 128–132.

[13] M.B. Bush, Modelling two-dimensional flow past arbitrary cylindrical bodies using
boundary element formulations, Appl. Math. Modell. 7 (6) (1983) 386–394.

[14] K. Kakuda, N. Tosaka, The generalized boundary element approach for viscous
fluid flow problems, in: M. Tanaka, T.A. Cruse (Eds.), Boundary Element
Methods in Applied Mechanics, Pergamon Press, 1988, pp. 305–314.

[15] N. Tosaka, K. Kakuda, Development of BEM for convective viscous flow
problems, Int. J. Solids Struct. 31 (12–13) (1994) 1847–1859.

[16] M. Kamdar, Liquid metal embrittlement, in: C.L. Briant, S.K. Banerji (Eds.),
Embrittlement of Engineering Alloys, Academic, London, 1982, pp. 362–455.

[17] N. Perrone, H. Liebowitz, Effect of capillary action on fracture due to liquid
metal embrittlement, in: First International Conference on Fracture, Sendai,
Japan, 1965, pp. 2065–2073.

[18] P. Gordon, Metal induced embrittlement of metals – an evaluation of
embrittler transport mechanisms, Metall. Trans. A 9 (2) (1978) 267–273.

[19] R.E. Clegg, A fluid flow based model to predict liquid metal induced
embrittlement crack propagation rates, Engrg. Fracture Mech. 68 (16) (2001)
1777–1790.

[20] U. Iturrarán-Viveros, F. Sánchez-Sesma, F. Luzón, Boundary element
simulation of scattering of elastic waves by 3-D cracks, J. Appl. Geophys. 64
(3–4) (2008) 70–82.

[21] A. Tadeu, L. Godinho, J. Antonio, P. Amado Mendes, Wave propagation in
cracked elastic slabs and half-space domains–TBEM and MFS approaches,
Engrg. Anal. Bound. Elem. 31 (10) (2007) 819–835.

[22] A. Tadeu, L. Godinho, P. Santos, Performance of the BEM solution in 3D acoustic
wave scattering, Adv. Engrg. Softw. 32 (8) (2001) 629–639.

[23] F. Erdogan, Mixed boundary value problem in mechanics, in: S. Nemat-Nasser
(Ed.), Mechanics Today, vol. 4, 1978, pp. 44–84.

[24] N.I. Ioakimidis, Application of finite-part integrals to the singular integral
equations of crack problems in plane and 3-D elasticity, Acta Mech. 45 (1982)
31–47.

[25] T.Y. Qin, R.J. Tang, Finite-part integral and boundary-element method to solve
embedded planar crack problems, Int. J. Fracture 60 (4) (1993) 373–381.

[26] B.J. Zhu, T.Y. Qin, Application of hypersingular integral equation method to
three-dimensional crack in electromagnetothermoelastic multiphase
composites, Int. J. Solids Struct. 44 (18–19) (2007) 5994–6012.

[27] P.K. Banerjee, The Boundary Element Methods in Engineering, McGraw-Hill
book Company Europe, 1994.

[28] L. Hörmander, Linear Partial Differential Operators, Springer-Verlag, Berlin,
1965.

[29] N. Tosaka, Numerical methods for viscous flow problems using an integral
equation, in: S.Y. Wang, H.W. Shen, L.Z. Ding (Eds.), River Sedimentation, The
University of Mississippi, 1986, pp. 1514–1525.

[30] R.G.R. Camacho, J.R. Barbosa, The boundary element method applied to
incompressible viscous fluid flow, J. Brazil. Soc. Mech. Sci. Engrg. 27 (4) (2005)
456–462.

[31] E. Pan, Three-dimensional Green’s functions in anisotropic magneto-electro-
elastic bimaterials, Z. Angew. Math. Phys. 53 (5) (2002) 815–838.



B.J. Zhu et al. / Comput. Methods Appl. Mech. Engrg. 198 (2009) 2446–2469 2469
[32] H.J. Ding, A.M. Jiang, P.F. Hou, W.Q. Chen, Green’s functions for two-phase
transversely isotropic magneto-electro-elastic media, Engrg. Anal. Bound.
Elem. 29 (6) (2005) 551–561.

[33] W.Q. Chen, K.Y. Lee, H. Ding, General solution for transversely isotropic
magneto-electro-thermo-elasticity and the potential theory method, Int. J.
Engrg. Sci. 42 (13–14) (2004) 1361–1379.

[34] H.H. Zhu, Q.J. Chen, L.D. Yang, Boundary Element Method and Its Application in
Rock Soil Engineering, Tong ji University Publication, 1996. pp. 162–169.

[35] D. Bigoni, D. Capuani, Green’s function for incremental nonlinear elasticity:
shear bands and boundary integral formulation, J. Mech. Phys. Solids 50 (3)
(2002) 471–500.

[36] D. Bigoni, D. Capuani, Time-harmonic Green’s function and boundary integral
formulation for incremental nonlinear elasticity: dynamics of wave patterns
and shear bands, J. Mech. Phys. Solids 53 (5) (2005) 1163–1187.

[37] Y.T. Chen, Seismic Parameter_Application of Digital Seismic Method in
Earthquake Prediction, Earthquake Press, 2003.

[38] T.Y. Qin, N.A. Noda, Analysis of a three-dimensional crack terminating at an
interface using a hypersingular integral equation method, J. Appl. Mech. –
Trans. ASME 69 (5) (2002) 626–631.

[39] T.Y. Qin, N.A. Noda, Application of hypersingular integral equation method to a
three-dimensional crack in piezoelectric materials, JSME Int. J. Ser. A – Solid
Mech. Mater. Engrg. 47 (2) (2004) 173–180.

[40] T.Y. Qin, Y.S. Yu, N.A. Noda, Finite-part integral and boundary element method
to solve three-dimensional crack problems in piezoelectric materials, Int. J.
Solids Struct. 44 (14–15) (2007) 4470–4780.

[41] T.Y. Qin, N.A. Noda, Stress intensity factors of a rectangular crack meeting a
bimaterial interface, Int. J. Solids Struct. 40 (10) (2003) 2473–2486.

[42] B.J. Zhu, T.Y. Qin, 3D modeling of crack growth in electro-magneto-thermo-
elastic coupled viscoplastic multiphase composites, Appl. Math. Model. 33 (2)
(2009) 1014–1041.
[43] J.Y. Li, Magnetoelectroelastic multi-inclusion and inhomogeneity problems
and their applications in composite materials, Int. J. Engrg. Sci. 38 (18) (2000)
1993–2011.

[44] C.A. Coulomb, Sur une application des règles de Maximis et Minimis a
quelques problèmes de stratique relatifis à l’Architecture, Acad. Sci. 7 (1773)
343–382.

[45] E.M. Anderson, The Dynamics of Faultiong and Dyke Formation with
Applications to Britain, second ed., Oliver and Boyd, Edinburgh, 1951.

[46] J.C. Jagger, Elasticity, Fracture and Flow, second ed., Methuen, London, 1962.
[47] A.A. Griffith, The phenomena of rupture and flow in solids, Philos. Trans. Roy.

Soc. Lond., Ser. A, Math. Phys. Sci. 221 (587) (1920) 163–198.
[48] A.A. Griffith, The theory of rupture, in: Proceedings of the First Applied

Mechanics, Delft J Waltman Jr Publishers, Delft, 1924. pp. 55–63.
[49] G.R. Irwin, Fracture, in: S. Flügge (Ed.), Hanbuch der Physik, vol. 6, Springer-

Verlag, Berlin, 1958, pp. 551–590.
[50] M.K. Kassir, G.C. Sih, Griffith’s theory of brittle fracture in three dimensions,

Int. J. Engrg. Sci. 5 (12) (1967) 899–918.
[51] G.C. Sih, H. Liebowitz, On the Griffith energy criterion for brittle fracture, Int. J.

Solids Struct. 3 (1) (1967) 1–22.
[52] Y. Chen, H. Gu, Fundamentals of epicentre theory, Institute of Geophysics,

China Earthquake Administration; School of Earth and Space Sciences, Peking
University; Graduate University of Chinese Academy of Science 2007.

[53] B.J. Zhu, T.Y. Qin, Arbitrary 3D flaws in electromagnetothermoelastic
composites under coupled multiple fields, Smart Mater. Struct. 17 (2008)
015032.

[54] J.T. Chen, H.K. Hong, Review of dual boundary element methods with emphasis
on hypersingular integrals and divergent series, Appl. Mech. Rev. ASME 52 (1)
(1999) 17–33.


	Analysis of 3D fluid driven crack propagation problem in co-seismic slip under  P- and S-waves by hybrid hypersingular integral method
	Introduction
	Basic equations
	Mathematical modeling
	Boundary conditions
	Weak coupled boundary conditions
	Strong coupled boundary conditions

	Boundary domain integral equations for viscous fluid flows
	General extended displacement wave solutions
	Wave time-domain hypersingular integral equations
	Crack propagation parameters
	Numerical procedure
	Numerical solutions and discussions
	Compliance of boundary condition and convergence of numerical solutions
	Extended dynamic stress intensity factor
	Dynamic stress intensity factors Fi
	2D dimensionless DSIFs for P- and S-waves
	3D dimensionless DSIFs for P-waves
	3D dimensionless DSIFs for S-waves

	Electric DSIF {F}_{4,{\lambda}_{4}} and magnetic DSIF {F}_{5,{\lambda}_{5}}
	2D dimensionless electric and magnetic DSIFs for P- and 	S-waves
	3D dimensionless electric and magnetic DSIFs for 	P-waves
	3D dimensionless electric and magnetic DSIFs for S-waves

	Thermal
	2D dimensionless thermal DSIFs for P- and S-waves
	3D thermal DSIFs for P-waves
	3D thermal DSIFs for S-waves


	General extended singular pore stress waves

	Conclusions
	Acknowledgements
	Appendix A
	Appendix B
	Appendix C
	Appendix D
	References


