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A simple slip-weakening friction law, which is presented by a reduction of friction
coefficient with the increasing fault slip, is adopted to simulate the fault rupture
process at the initial stage of earthquake generation. It is implemented into
GeoFEM with Newmark method for dynamic analysis. The fault is modeled by
master-slave contact element. A large-scale 3-D simulation of dynamic fault
rupture of a part of Northeast Japan area with over 2 million finite element nodes is
performed on the Earth Simulator. The attempt of such a large-scale FE simulation
has been achieved and the dynamic fault rupture process is presented.
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1. Introduction

Earthquake, generated on the fault between
relative shifting plates, is one of the serious natural
disasters which have brought human beings a lot of
loss. However, up to now, there is not yet an effective
approach to predict the occurrence of earthquake so
as to minimize its damage to human society.
Currently, advanced observation techniques such as
GIS have been able to obtain the plate motion data,
from which people could qualitatively predict the
earthquake occurrence. But this is far from
sufficiency. To get more accurate prediction of future
earthquake, a very large-scale and highly accurate
simulation is indispensable. Earth Simulator [1], a
vectorized parallel supercomputer with computing
ability of 40 Tflops for its peak performance, makes
such a dream be possible.

The dynamic rupture along a fault at the initial
stage of earthquake is a highly complex process
involving many factors such as fault geometry, the:
initial stress field and the constitutive law. The
constitutive friction law is one of the important

factors of describing the fault rupture because it
represents the mechanical characteristics of a fault,
though the geometry features also significantly
influences the fault rupture process. Therefore, a
rational and applicable fault constitutive law for
earthquake behavior is required.

Several constitutive laws have been proposed to
describe the fault rupture process, among which a
slip-weakening law with constant weakening rate and
a rate-and-state-dependent friction law [2] are usually
adopted. The later one represents a more general form
to explain the stick-slip cycle on the fault, which
involves slip, slip rate, state variable on the fault and
some empirical parameters. It has been applied to a
simple one-dimension case by finite difference
method [3]. However, the attempt to implement the
rate-and-state-dependent friction law into finite
element code for 3-dimension simulation has not yet
succeeded because it is very difficult to obtain an
explicit closed displacement-driven form of due to the

highly nonlinear constitutive law and two completely
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different time scale during the stick-slip cycle, the
stick force accumulation period which is of the order
of years physically and fault rupture period which is
of the order of only seconds. Alternatively, the
slip-weakening friction law is relatively simple with a
constant weakening rate. It only deals with the fault
rupture process, but not the periodic stick-slip cycle.
Therefore, it is relatively easy to be implemented into
finite element code for 3-D simulation. To implement
the slip-weakening friction law, a master-slave
element [4], which is generally used in the simulation
of contact problem, is adopted to allow the finite
deformation on the fault surface.

Although the ultimate objective of earthquake
study is to be able to predict future earthquake
occurrence, this paper is to focus on first level study

- of realizing the 3-D large-scale dynamic fault rupture
simulation by using simple slip-weakening friction
law.

2. Slip-weakening Friction Law

The slip weakening description is originally from

the concept of cohesive friction force, and was
proposed in numerical models by Andrew [5]. The
weakening behavior of friction with the increase of
slip has been verified in laboratory experiments [6].
The original slip weakening law assumes that the
frictional strength f; is a function only of the slip 3,
where fj is the yield shear stress, f; is the ultimate
shear and L, is the
characteristic slip, also called slip weakening distance,

frictional kinetic stress
defined as the region where the fracture energy Gy is

released (see Fig.1).
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However, from the relation of f= g, it can be seen
that the f,, is not a fault property which depends on
the normal force f,. In the reality, especially in the
. case of dynamic process, f, may vary with the time.
The friction coefficient u is a more objective variable
that reflects fault mechanical property. Therefore, in
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Fig.1 Decrease of frictional force with the increase of

slip

the present study, the slip-weakening law in Eq.(1) is
modified to the form of the reduction of friction
coefficient with the increase of slip. Using a simple
linear reduction, the slip weakening friction law can
be written as

)
U= ﬂo—(ﬂo_lud)L_ds 0<6<L, (2)
/’ld’ 62[‘(/

where 1 is initial static friction coefficient, g4 is the
ultimate dynamic friction coefficient. In this model
the fault begins to rupture when the friction force
exceeds the yield shear strength qf,. The fault
friction coefficient then decreases linearly to the
dynamic friction coefficient with the slip increasing
to L, The dynamic friction coefficient u, is then
retained until f; becomes less than Ha [y, as shown in
Fig.2.

M 4 Friction Coefficient

Ho Occurrence of Slip

‘ lip-weakening distance

Ha f
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Fig.2 Slip weakening friction law of friction
coefficient
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3. Plasticity Theory of Contact with Friction
3.1 Master-Slave Contact Element

To simulate the fault behavior, a master-slave
contact element is used in the present study. The
master-slave element has been widely applied to the
field of contact problem simulation such as metal
forming. Fig.3 gives a description of a 3-dimensional
master-slave element, which consists of one contact
node and 4-node surface.
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Fig.3 3-D master-slave contact element
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Different from the modified joint element, used
by ‘Tsuboi and Miura[7], who conducted a finite
element analysis of fault rupture based on rock slip
experiment, the master-slave element is designed to
allow alarge deformation simulation. With the
deformation, the contact node may move to a new
position and make up a new master-slave element
with another 4-node surface. Generally, the plate slip
during an earthquake, is of the order of centimeters.
In the state-of-art of the earthquake simulation,
although the mesh discretization is currently only.
refined to several kilometers due to the computing
ability of existing supercomputers, even for Earth
Simulator, the much more powerful supercomputers
in the future might have the ability to complete more
accurate simulation with even more refined mesh in
meters. In that case, a several centimeter slip on the
fault could no longer be treated as a small
deformation. In this sense, the master-slave element is
considered promising to deal with the fault rupture
behavior. A detailed finite element formulation of
master-slave element can be found-in [4].

3.2 Consistent Tangential Operator On Fault

Based on the penalty method, a frictional contact
problem is described following the classic Coulomb
plastic law, with a return-mapping algorithm [8].
Considering the slip weakening of the friction
coefficient on real fault surface, a new consistent
tangent operator is derived.

At a certain time step ¢+4¢, the force at one point
on the contact surface can be written as
I+Alf= 1+Alft

l+Art 1+4t fn

+ -+t n (3)

where “%f, and ""“f, are the friction force and
contact force. "“#'t is the unit vector of slip direction
and "% n is the unit vector of contact normal. By
differentiating the displacement vector u, Eq.(3) leads

T , dl 'l 4"t Al f,
- I+,lt® + l+llf + I+Jln®
du u " du du 4)
d,ll 1401 f“ 01 1+t f“
- *® +t f(l dat + H:_ll n®
du du du

For simplicity, it is assumed that on contact the
master surface is much stiffer than the slave surface,
so that the differential of contact normal ““n to du
can be ignored.

In the first term of Eq.(4)’s right side, du|

"4 |/du can be further separated to

d‘u d t+41 f“

/+Alfn
= +
du_ " du

du
. ()

H—Alf
n

According to the slip-weakening law in Eq.(2), the
friction coefficient follows -

Ho = Hg Vivar p q:+41 P
u= L, ‘ ' l (6)
Uy Q/+A/u::|>Ld)
in which ’*"'u{" =) \JAu] + Aul, |, denotes the total

inelastic length of the slip path history (see Fig.4),
where i is the number of iteration.
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Local surface »

Fig.4 Slip path on the contact surface and direction
vectors

The incremental slip at time #+A4t can be

’“”u{’l=,[Auf,+Auf2 . By

differentiating du, du/du in the second term of Eq.(5)
can be derived to

approximated as d

t+dr o p
dau__po-py @ uf|
du L, du
- 1
=t Hy . [Au,,,Au,z,O]r (7)
L, \/Au,', +Au}
- Mo —Hy /+A/t:
L,

where "““t ’ denotes the unit direction vector of slip
increment [Au,; , Au,, , 0]. The first term of Eq.(5)
can be written to

dl+ fn dl+ fn| d'*d'fn
= aw ¥ d'"f, T du
=u I+Arn./+A/ Dn (8)
=,Up,,l+d/n

in which p,, is the penalty in contact normal direction.
Since the direction of slip varies constantly, the
differentiation of "'t to u must be derived

Degrading Yield Surfa

I
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-
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n

Fig.5 Return mapping procedure to update friction
force
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)

where is the elastic trial friction force at time
t+4t, 4D, is the differentiation of “f,T to u and
can be written as

I+Alf T
t

1+41 D‘ = P, (I_I+Al n®I+AI n) (10)

in which p, the penalty along the contact surface, and
I is a unit matrix. From Eq.(5), (7), (8) and (9), Eq.(4)
can be finally obtained in form of

ammf _ p
du

r _ e A A et dl ) 1441 g ont+dl
oy Tl (l n®""n "t )+ p," " t® 0
t

1+4t 1+4t
+p, 0@ n-

1+ fni Ho —Hy st t®tnjl t
Ld
= D(’p

(11)

D? is the tangential stiffness matrix on the contact
point at time t+At. The elastic trial is always
computed at first and checked if it enters the plastic
friction condition. If it is in plasticity, a return
mapping procedure is triggered, as shown in Fig.5.
And the state-driven D? will be used to replace the
elastic one. '
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Initialize 0 ii: whenF=0, u=01i=0
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endif
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Check convergence:
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Exit to next time step
else

with return mapping.
endif

— Goto next time step
L— Goto next load step
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P
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~ Form system matrix for continuum elements '
IM = 2 IM(e)’ IK = Z IK(e)’ rC - z rC(e)’ IQ
Form matrix for active contact element: Dom=1,2,3, ...
if (the mth contact element is in contact) then
Calculate stiffness contribution ‘K" , assemble to 'K.=3 'K.”

Skip to the next contact element

Calculate global stiffness matrix and residual force (Subscript d denotes dynamic).
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L—-Goto next Newton-Raphson iteration
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., until convergence.

) then
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Fig.6 Infegration procedure of dynamic analysis with slip-weakening friction law

4. Numerical Integration Procedure

To investigate the dynamic response of the fault
rupture process, the classical Newmark method that is
one the most popular for dynamic analysis is adopted
and combined with the slip weakening friction law on
the fault surface. The displacement, velocity can be
derived as following equations,

“""u=’u+’inAt+%[(1—,_82)'ii+_/32’“"ii]A12 (12.1)

o= i - g Yiie g i pe (12.2)

where At is the time increment, superscript /+4¢ and ¢
denote time steps, and B, and 3 are two Newmark
parameters. In our case, 5=0.5, B =0.25 are for the
implicit integration algorithm.

The standard formulation of Newmark method can
be referred to the Finite Element Method [9]. By
considering the discontinuity on fault surface, the
dynamic equation evolves to

M I+Alii+C I+All:l+K I+Alu+ ’+A’Kc I+A/u - I+AIQ (13)

in whichM, C and K are mass, damping and stiffness
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matrix respectively for continuum that are considered
not to change with the variation of time, M’Q is the

external force, while "““K, is the stiffness matrix of

master-slave contact elements on the fault.
By substituting equation(12.1) and (12.2) into (1,3-)’

+A4t u

it obtains the equation to calculate u from 'u,

and ‘u

(K+a, M+a, C+"“K )" u
= Qe [ay ut @y i+ ay M (14)
+[a, ’u+a4’1’1+a5’ii]C

where a; to as are parameters that depend on i, 5

and time increment At.

1 B, 1

Ay =% G = 2 Gg =5
B,AL B,At B,AL

et ] e a5=£[ﬁ—2j (15)
25 B 2\ B

The integration procedure of dynamic analysis with
slip weakening friction law can be described in Fig.6.
The dynamic displacement solution at a given time is
applied to the contact surface to calculate the relative
slip and friction force, following the proposed
slip-weakening friction law. This dynamic model has
been implemented into GeoFEM [10], a parallel finite
element code developed by RIST members for
purpose of very large simulation of the crust motion.

S. Simulation of Fault Dynamic Rupture of
Northeast Japan

The earthquake generation consists of two
processes: a long time of friction force accumulation
at some certain bonded zones on the fault surface due
to gravity and the constant relative shift between
plates; and an instantaneous rupture of the bonded
zones that leads to the occurrence of earthquake.
Usually, the first process takes from several years to
even over hundreds of years, while second one only
lasts a few seconds.

In Northeast Japan, there spread many bonded
zones on the fault surface, as shown in Fig.7, where
the friction force is accumulated, while the rest of the
fault has already been in the shifting status. A higher

48%

Eurasian
(or Amurian)
Plate

=

lem/yr

Selected part
for simulation

128° 132° 136° 140° 144° 148°

Fig.7 Fault location around Japan Island

friction coefficient at the bonded zones than the other
area on the fault is considered as one of the reasons
that cause the different statuses between them.

A rectangle area in Northeast Japan, marked in
Fig.7, with 620km long (west-east), 200km wide
(north-south) and 200km deep, is selected to perform
the simulation. The simulation model includes the
upper most crust, the mantle beneath and the shifting
plate. Between the mantle and the plate is the fault
with an inclined angle of 28.5°(see Fig.8).

Bonded zone with

Lower area without  higher Mo

friction

late
movement

s

Mantle

Az=32.65km

1=160km
x=520km
¥=80km

Fig.8 Geometry of selected part of Northeast Japan
for FE simulation
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Table 1 Material properties of crust, mantle and plate

Young’s modulus  Poisson  Density
(N/m?) ratio (Kg/m®)
Crust  2.69x10’ 0.226 2.7x10°
Mantle  3.82x10’ 0.273 3.3x10°
Plate 12.07x107 0.258 3.0x10°

Table 2 Fault properties for simulation
Penalty Number  Dynamic friction
coefficient zi,

5.0.x10" 0.6 1.0

Slip-weakening
distance L, (m)

The selected part is discretized by hexahedral
elements for the mantle, crust and plate respectively,
and by master-slave contact element for the inclined
fault between mantle and plate. The mesh size of
hexahedral element is about 2.5x2.5x2.5km, thus
over 2,300,000 finite element nodes are generated.
Mantle and crust are connected without specified
surface. They are only different in material properties.
The material properties of crust, mantle, plate and
fault are list in Table 1.

On the fault surface, a dark color area indicates
friction force is

the bonded zone, where the

accumulated wuntil it ruptures. As addressed
previously, it is assumed that the bonded zone has
higher friction coefficient than the other area to hold
the accumulated friction force. Herein, it is set to
#0=0.606 that is 1.00% higher than the dynamic
friction coefficient 1,=0.6. When the friction force at
a certain location on the bonded zone reaches the
shear strength the equilibrium is broken suddenly,
from which the rupture begins to propagate rapidly
The friction

coefficient of any point on the bonded zone would

through the whole bonded zone.

decrease from yyto 4y, following the slip-weakening
law. With the increasing depth, the mantle gradually
changes from solid phase to approximately fluid due
to the increasing temperature. For simplification, the
present simulation assumes the friction on the fault
surface deeper than 60km is ignored. Because it is
deeper than lower boundary of bonded zone, this
simplification assuming the friction discontinuity is
considered not to have significant influence on the
fault dynamic rupture process. Table 2 gives the fault
properties used in simulation. A large value of
penalty number is chosen to prevent the contact node
from penetrating into the contact surface. For slip-

weaken

time @ 04,20 sec

Fig.9 friction coefficient variation on bonded zone in
dynamic analysis

-ing distance L, since there is not yet unified data for
real fault, it is set as 1.0m, referred to the report by
Guatteri and Spudich [11].

The fixed boundary are as follows: the west
sides of mantle and crust in X direction, the north and
south sides of mantle, crust and plate in Y direction,
and the bottom of mantle in Z direction. The
displacement boundary, as an input force, is assigned
to the plate along the fault surface with a constant
velocity during the force accumulation process, which
is calculated from the observation shift velocity of
Pacific and Eurasian plates(see Fig.7), following the
formula “ ‘

u, =(8cm/ys+lcm/ys)xcos(28.5%)
=2.508x10°m/sec (16)

The loading procedure is divided into two steps.
In the first step, the gravity force of crust and mantle
is acted, creating the normal pressure on the fault
surface. Simultaneously, the motion of plate with rate
u, is assigned to have friction force accumulate on
bonded zone, and have the other area on fault be in
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frictional slipping status. This is thought as a
quasi-static process. In the second step, the dynamic
analysis is triggered when the bond zone begins to
break. An initial slip velocity and acceleration at the
beginning of the dynamic analysis is assumed by
enforcing a 4m slip over 0.1sec. It is found that the
rupture always initiates at lower boundary of the
bonded zone, and usually it occurs from a small
region, where is physically imperfect, then propagates
widely. To approximate such a possible imperfection
in reality, we specify a 20kmx5km weaker region
near the middle of the lower boundary of the bonded
zone, where a quick reduction of friction coefficient
is enforced at the beginning of dynamic analysis.

Fig.10 Variation of slip distribution on bonded zone

The simulation is carried out on the vectorized
parallel supercomputer-Earth Simulator [9], by 16
computing nodes of totally 128 processors. The time
increment for each time step is in the range from
0.1~0.2sec that is considered small enough for stable
dynamic integration. Totally 80 steps are performed,
which costs 2 hour computing time.

The simulation results of 4 and slip distributions

with variation of time are shown in Fig.9 and Fig.10
respectively. From Fig.9, the friction coefficient of
the bonded zone decreases and eventually drops to
the same level of other area that has been in shift. In
this process, a huge energy stored during friction
force accumulation is released in a short of time, thus
generating the earthquake wave to the surface of the
earth. The slip-distribution in Fig.10 shows that the
ruptured region on the bonded zone has a larger slip
in the dynamic rupture process. Its distribution is
consistent with that of slip in Fig.9.

Both figures represent that the fault rupture
develops slowly up to time=10sec and thereafter
speeds up to the whole patch area. This explains that
the dynamic rupture, at the occurrence, propagates
relatively stable because the fault can still bear
friction force. With the expansion of the ruptured area,
the stiffness of the bonded zone reduced rapidly, and
the rupture propagation speeds up until the complete
breakdown of the bonded zone. This basically reflects
the dynamic rupture process at the initial stage of
earthquake.

6. Conclusions

By implementing the slip-weakening friction law
into GeoFEM code, large scale simulation of dynamic
fault rupture in selected part of Northeast Japan is
achieved.

It is seen that the slip-weakening friction law
adopted in the present study, though being simple, is
considered to be basically applicable to describe the
fault More
large-scale finite element simulation of fault dynamic

rupture  behavior. importantly, a
rupture has been realized on Earth Simulator, and

the simulation result qualitatively reflects the
instantaneous rupture process at the initial stage of
earthquake. However, in this simulation case, some
simplifications are assumed, such as plane shape of
the fault surface, no geometry dependence on fault
properties, etc. Therefore, to improve the accuracy
and reliability of the simulation for earthquake
prediction, more intensive work should be continued
in both the fault friction modeling and the complexity

of fault geometry.
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