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Introduction
The objective of present study is to develop a finite element method (FEM) software system toward a large-scale computation of following seismic processes:
1) Accumulation of the stress around active faults in the crust, which is induced by a
subduction of plates in a long time span (static deformation process);
2) Onset of an earthquake due to a dynamic sliding on the faults, which is induced by the
tangential stress component acting on the fault surface, together with propagation of
the seismic wave in a complex media (dynamic deformation process).
In order to simulate above-mentioned seismic processes, we have started to develop
two different numerical codes: a static FEM code [1] and a dynamic FEM code [2]. For the
both FEM codes, three nonlinearities are involved. They are material nonlinearity, geometrical nonlinearity and contact nonlinearity.
These nonlinearities have to be taken into account especially in the simulation of a long
term deformation process of solid earth, since the material behavior of seismic media at a
finite strain is described by nonlinear equation like elasto-visco-plasticity, and also friction
behavior on the plate interface and on the active fault surface must be expressed by a complex nonlinear equation, such as functions of sliding distance, sliding rate, temperature and
depth.
Simulation sequence of modeling processes is illustrated in Fig.1. In the static analysis,
the deformation of complex media caused by the motion of plates is simulated in a wide
range of space, in which the plate interfaces and active faults are contained. During this
process the shear stress component acting on the surface of all faults is detected, and when
the accumulated shear stress reaches the strength of fault (critical value in the friction constitutive model of fault) at any point on the fault surface, the stress and strain data of entire
domain calculated by the static FEM are transferred to the dynamic FEM code. In the dynamic analysis, the onset of earthquake and the propagation of seismic wave are simulated.
Until now, we have already developed a parallel dynamic FEM code to simulate earthquake phenomena including the dynamic sliding of faults and the seismic wave propagation. A slip-dependent friction law has been introduced into our FEM code, and the viscous boundary condition [3] has been employed as an absorbing condition to suppress the
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reflection of seismic waves against the artificial boundaries, which is introduced in order
to limit the analytical domain. As the parallel computational algorithm, the domain decomposition method is applied on both static and dynamic FEM simulation.

Eurasia - plate

Pacific plate

Static analysis
Evaluation of the stress accumulation
Fault in plate
caused by plate collisions

Stress distribution
is transferred to

Fault in plate

Dynamic analysis
Fault sliding and seismic wave
propagation

Figure 1. Modeling the process of static and dynamic analyses for earthquake initiated ground motion

FEM formulation of multi-body contact problem
The Cauchy equation of motion is described as follows. The dynamic equilibrium equation
on the crust is as following;
∇S = ρ SuinΩ ,
(1)

ρ is density, u is the displacement vector, u is the acceleration vector, S is the
stress tensor. If δ u is assumed as a virtual displacement vector, then the principle of vir-
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L=1, ….,N means that N bodies are in contact at current configuration. The part given in
the braces corresponds to usual terms and the last summation sign gives the contribution of
the contact forces. If the discreterization is made by introducing an isoparametric shape
function, then Eq. (2) can be written with a matrix form in following form, here a artificial
matrix C is introduced to describe the material damping.

{Mu + Cu + Ku} = {F s }+ F c ,

(3)
where Fs and Fc express surface force and the contact force due to friction caused by the
faults on each nodes, respectively. Since the period of stress accumulation process is of a
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long time span, this process is generally assumed as a quasi-static process, therefore, the
effect of acceleration and velocity can be ignored in static analysis.

{Ku} = {F s }+ F c ,

(4)
On the other hand, the dynamic explicit FEM formulation is obtained by using the
central difference method for time integration of Eq. (3).
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Only the surface force is included in the external force, that is F
assume that the areas Sf, on which force boundary conditions are prescribed, are not part of
the contact surface Sc. In dynamic FE code, the following relation is used instead of using
ext

Ku = F int , F int = ∫ B T σ dV ,

s

(6)

V

Now the problem is how to calculate the contact force Fc correctly.

Contact force calculation algorithm
The contact force Fc can be decomposed into two components referred to normal direction n and sliding direction s on Sc.

(

) ( )

F c = Fnc n + Ft c s = F c n n + F c s s ,

(7)

c

In order to calculate F , the following relations satisfied on contact surface are used, referred to Fig.2.
Geometrical condition

x (1) = x ( 2 )

and n (1) = − n ( 2) ,

(8)

Kinematics condition

u (1) .n (1) = u ( 2) .n ( 2)

and u (1) .n (1) = u ( 2) .n ( 2) ,

(9)

Kinetic condition

F c (1) + F c ( 2) = 0 ,
F c (1) .n (1) ≤ 0 and F c ( 2) .n ( 2 ) ≤ 0
F c .s = ϕ (w, x )

(10)
(11)
(12)

where ϕ ( w, x ) is friction force that depends on a friction constitutive model, and w is the
relative displacement.
In the finite element analysis, the contact condition for normal direction n is described
by the displacement condition, Eq. (8) and Eq. (9), from which the contact force is calculated. The condition of tangential direction is treated as the traction condition, Eq.(12),
from which the sliding is found. In finite element fault analysis, slip-dependent friction
law or rate- and state-dependent friction law are widely employed as friction constitutive
model.
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Penalty method for normal contact force calculation
For an explicit dynamic FE code, it is very convenient to use a so-called Penalty method
to calculate the normal contact force.

Fnc = − p n g ,

(13)

where g is penetration of the master node to the slave contact surfaces, p n is a constant
coefficient called penalty factor and defined as follows.

pn =

K A2
,
V

(14)

K is volume modulus of the fault material, A is the element area and V is the element volume.
Slip-dependent friction law for tangential contact force calculation
In the present study, a slip-dependent friction law [4] is used to compute the tangential
contact force.

τ ( w, x) = τ b ( x )


w
w 
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 ,
wc ( x )
w
x
(
)
c



(15)

where, • b(x)and 1/wc(x) indicate the peak shear stress and slip-weakening rate at point x,
respectively, which are most important parameters on slip-dependent friction law. The
relative displacement w increases very slowly like quasi-static process until it reaches the
critical value wc(x). Once the tangential component of the surface stress reaches the • b(x)
the faults slid dynamically. At this process the energy released is the shaded portion on
Fig.3 [5,6,7,8,9]. Therefore, the friction model Eq. (15) can be simplified as follow when
the seismic earthquake is calculated numerically

 5w 
 5w 
τ ( w, x) = τ b ( x)
+ 1 exp −
 ,
 Dc

 Dc 

(16)

τ b ( x) = µ s ( x)σ n .

(17)

Here,
In order to implement Eq. (16) into a FE code, we rew.ite Eq. (16) with the form of
Coulomb’s friction law as follow [10].
τ ( w, x) = µ d ( w, x)σ n ,
(18)

 5w 
 5w 
µ d ( w, x ) = µ s ( x)
+ 1 exp −
.
D
D
c
c





(19)

If we assume the tangential contact force has the same relation with shear stress, then

Ft c ( w, x) = µ d ( w, x ) Fnc .

(20)

Finally the displacement for each time step can be solved by substituting the contact condition, Eq. (13) and (20), into Eq. (5).
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Sf (Kinetic boundary condition)

A

n (2 )

n (1)
Contact surface

B

Su (Geometric
boundary condition)
Figure 2. Contact between two bodies

Dynamic simulation of fault sliding and propagation of seismic wave
The dynamic motion of fault depends on the friction laws if the active fault has already
existed.

Figure 3. Slip-dependent friction law of fault

In this case, the tectonic stress accumulated in a long time quasi-static process is not relaxed entirely during the earthquake due to the dynamic friction of the fault. Since this
residual stress affects the earthquake cycle significantly, the analysis of dynamic process is
very important not only for preceding the onset of the earthquake and propagation of seismic wave, but also for estimating the effects of dynamic sliding process to earthquake cycle. Therefore a number of analysis with FEM have been done recently [11,12]. However,
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the seismic wave propagation simulation coupled with fault sliding analysis is less found
yet.
The FEM calculation is carried out on IBM-SP2 distribute memory parallel computer
of Japan Atomic Energy Research Institute (JAERI). In order to simulate the propagation
of seismic wave during 7.2 seconds, 7.2/0.0024=300 steps, 13 min. of calculation time and
25 Mbytes of memory were necessary with 16 processes.
The material parameters used in this study are expressed in Table 1, and FEM parameters for fault analysis and wave propagation simulation [13] are as follows.

Material
S-wave velocity Vs (m/s)
P-wave velocity Vp (m/s)
Density
(Kg/m3)
Young modulus (Pa)
Poisson ratio

(i) For fault analysis
Analysis domain : 100×100×100 (mm3)
Mesh division : 10×10×10=1000
Time increment : 1.82×10-7 (s)
(ii)For wave propagation simulation
Analysis domain : 28×25×12.5 ( Km3 )
Mesh division : 35×50×25 = 43750
Time increment : 0.0024 (s )

GRANITE
3550
6230
2619
8.3148×1010
0.26

Table 1. Parameters of FEM model

Contact surface (fault)

Figure 4. Simulation results of fault sliding and propagation of seismic wave

References
[1] Makinouchi, A. and Kawka, M., Itas-3D
[2] Nakamachi, E. and Huo, T., 3-D Dynamic Explicit Finite Element Simulation of Sheet
Forming, Advanced Technology of Plasticity 1993(Beijing)Int. Academic Publishers, pp.1828-1833.

356

[3] Finite Element handbook, ed. by K. Washistu, Y. Yamata, Baifu^kan
[4] M. Matsu’ura, H. Kataoka and B. Shibazaki, Slip-dependent friction law and nucleation processes in earthquake rupture, Tectonophysics, 211(1992), 135-148
[5] Ohnaka, M., Y, Kuwahara and K, Yamamoto, Constitutive relations between dynamic
physical parameters near a tip of the propagating slip zone during stick-slip shear
failure, Techonophysics, 1987, 144, 109-125
[6] M. Onaka and Y. Kuwahara, Characteristic features of local breakdown near a cracktip in the transition zone from nucleation to unstable rupture during stick-slip shear
failure, Tectonophysics, 175(1990), 197-220
[7] Ohnaka, M., Earthquake Source Nucleation: A Physical Model for Short-term Precursors, Tectonophysics, 211(1992), 149-178
[8] Ruina, A., Slip instability and state variable friction laws, J. Geophys. Res., 1983, 88,
10359-10370
[9] Dieterich, J. H., Constitutive properties of faults with simulated gouge, in "Mechanical
Behavior of Crystal Rocks", ed. by N. L. carter, M. Freidman, J. M. Logan and D.
W. Steams, Geophys. Monogr., 24, AGU, Washington D. C., 103-120
[10] Z. Guo, A. Makinouchi, The Algorithm of Explicit FEM for Fault Dynamic Slip Behavior Analysis during Earthquake, The Proceedings of the 76th Ordinary General
Conference, JSME, (1998) (in Japanese)
[11] H. Bao, J. Bielak, etc., Earthquake Ground Motion Modeling on Parallel Computers,
Supercomputer'96
[12] J. Bielak, etc., Earthquake Ground Motion Modeling in Large Basins, International
Symposium on Parallel Computing in Engineering and Science(ISPEC’97), January
27, 1997
[13] Z. Guo, T. Fujimoto, A. Makinouchi, “3-D FEM Analysis of Earthquake Ground Motion with a Accumulated Initial Stress Around Fault”, Modeling and Simulation
Based Engineering, Vol.• , ICES’98, Atlanta, USA, (1998-10), pp.1763-1768

357

