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ABSTRACT: When we are able to evaluate earthquake-induced stress changes of the ground around rup-
tured faults and adjacent faults, it will be possible to improve the prediction accuracy of the magnitude and
probability of future earthquakes. Generally, the interaction between active faults is represented by static
Coulomb stress changes (ACFF) induced by fault rupturing. In most cases, ACFF is calculated based on the
elasticity theory of dislocation; there are few studies where it is calculated by 3D-FEM. In this study, we con-
ducted fault rupture simulations using 3D-FEM for simple models with a planar fault plane and homogeneous
bedrock and examined the influence of fault type and initial stress distribution. As a result, ACFF calculated
by 3D-FEM became considerably larger than that calculated by the elasticity theory of dislocation. Moreover,
even when a fault type and seismic magnitude were the same, the distribution domain and quantity of ACFF
differed greatly owing to the combination of analytical parameters.

1 INTRODUCTION

When we are able to estimate earthquake-induced
stress changes of ground around ruptured faults and
adjacent faults, it will be possible to evaluate rupture
propagation and improve the prediction accuracy
of the magnitude and probability of future earth-
quakes. Generally, the change of stress before and
after an earthquake is evaluated by static Coulomb
stress change (ACFF) (Stein et al. 1997, Toda et al.
1998, Hashimoto 1996). ACFF has been applied
to earthquake-forecasting indexes that have been
used to assess potential hazards related to earth-
quake activity. Seismic activities are enhanced by
slight ACFF increases of 0.1 MPa (Toda et al. 1998).
Examination by dynamic ACFF, i.e. Coulomb stress
change during an earthquake, has been carried out
recently, and there is a report that dynamic ACFF
distribution matches aftershock activities than static
ACFF distribution well (Kilb et al. 2002, Gomberg et
al. 2003). However, in those studies, ACFF was calcu-
lated from static or dynamic stress changes using the
assumed dislocation on the fault plane; the dynamic
destruction process was not taken into account.

The present authors have examined a series of fault
rupture simulations to estimate displacement and
strong motions in the ground surface at the same time
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using the three-dimensional finite element method
(BD-FEM) to consider the dynamic destruction pro-
cess of the fault plane. This analytical method and
modelling was proposed by Toki & Sawada (1988) and
Mizumoto et al. (2005). The fault plane is assumed
as bedrock discontinuities and is modelled by joint
elements, and shear failure occurring at hypocentre
spreads to surrounding areas with increasing shear
stress. Iwata et al. (2018, 2019) conducted a fault
rupture simulation for the 2014 Northern Nagano
Earthquake induced by the Kamishiro Fault (A 6.3)
and found that the quantity and distribution shape of
dislocation on the fault plane depended on the initial
stress distribution and stiffness of the joint elements.
Furthermore, the distribution shape of dislocation
calculated by 3D-FEM was markedly different from
the rectangle that was used for the strong motion pre-
diction based on ‘Recipe’ by Irikura (2006).

In this study, we calculated static ACFF for sim-
ple fault rupture models using two methods: (i)
elasticity theory of dislocation (Okada 1992) in a
homogeneous half-space and (ii) fault rupture sim-
ulation by 3D-FEM. We then compared the influ-
ence of analytical method and fault type. Dynamic
ACFF is also important for evaluating the influence
on neighbouring faults; however, this was not con-
sidered in the present study.
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2 OUTLINE OF ANALYTICAL METHOD

2.1 Elasticity theory of dislocation

In the elasticity theory of dislocation, stress and defor-
mation are calculated mathematically in an elastic
half-space with uniform isotropic elastic properties
(following Okada (1992)). The fault sliding is given uni-
formly in rectangular sources. The difference in fault
types is expressed by changing the input sliding direc-
tion. We used software Coulomb 3.3 (Toda et al. 2011).

2.2 Fault rupture simulation by 3D-FEM

If the equation of motion involves the rupture move-
ment of the fault plane, it is necessary to treat the
motion as a nonlinear problem. Therefore, it is
appropriate to obtain a solution for the equation of
motion not in the frequency domain but in the time
domain. The destruction process of dislocation and
the dynamic behaviour of ground are calculated by
solving the equation of motion using the stress drop
of dislocation as an external force. The equation of
motion at time step # is written as;

[M]{u3, +[Clay, +[K{ut, = {F(n.5)} @

where [M] is mass matrix, [C] is damping matrix,
[K] is stiffness matrix, {# } is acceleration vector,
{a} is velocity, {u} is displacement and {F(n,s)}
is the external force vector calculated from the
dynamic stress drop, where n and respectively, stand
for the time step and nodal pairs where fault rup-
ture takes place. The damping matrix [C] is obtained
from the linear combination of [M] and [K], which
is termed Rayleigh damping. Equation (1) is solved
using the Newmark’s f method, = 0.25, y = 0.5, at
each time interval. To solve the nonlinear equation
of motion, we employed the load transfer method
utilising the initial stiffness method (Toki & Sawada
1988, Tsuboi & Miura 1996).

The fault plane is modelled by joint elements, as
shown in Figure 1. The shear spring K, K and nor-
mal spring K are connected between nodal points of
solid elements and a sliding occurs according to the
Mohr—Coulomb failure criterion. When the calculated
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Figure 1. Schematic diagram of joint element.
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shear stress 7 is less than the peak stress 7, the stress-
deformation relation is linear with joint stiffness K, K.

Sliding takes place if the shear stress 7 reaches the
peak stress 7, and stress drop occurs. The shear stress
becomes equivalent to residual strength _and stress
drop Az, (= T, -7) s released and spread to nearby
elements. In this way, the released stress drop in the
hypocentre is triggered and the shear failure spreads
to surrounding areas with increasing shear stress.

2.3 ACFF

ACFF caused by main shock rupture effectively
explains the aftershock distributions for earthquakes
triggered by stress changes of more than 0.1 MPa.
For a given fault plane and slip vector, stress change
can be quantified as

ACFF = At + 'Ac )

where At is the shear stress change in the slip direc-
tion on the potential fault, A is the normal stress
change (positive for compression) and x’ is the effec-
tive friction coefficient that is often used with the
assumed value, e.g. 0.4 (King et al. 1994, Stein et
al. 1997). It ACFF > 0, slip potential is enhanced; if
ACFF <0, it is inhibited. ACFF for 3D-FEM is cal-
culated from stress change at the end of fault rupture.

3 ANALYTICAL CONDITIONS AND
PARAMETERS

3.1 Fault parameters

The bedrock is a uniform isotropic medium with an
elastic velocity of Vp = 6.1 km/s and Vs = 3.5 km/s. The
fault plane is 15 km in length and 10 km in depth from
surface ground and hypocentre is located at Skm depth.
We examined two fault types: (i) a strike slip fault with
left-lateral slip and (i1) a trust fault. The strike slip fault
plane dips at 90° with a rake angle of 4 = 180°. The
trust fault plane dips at 50° and we assumed two rake
angle cases: 4 =90° (trust fault) and . = 120° (trust fault
with left-lateral slip). Table 1 presents the parameters
for the strike slip fault, which were calculated from the
fault area based on Recipe for predicting strong motion
(Irikura 2006). To compare the influence of fault type,
the parameters used for the trust fault were the same as
those for the strike slip fault.

3.2 Stress conditions for 3D-FEM

It is necessary to set fault plane strength and initial
stress distribution because the amount of dislocation
on the fault plane is not an input parameter. To com-
pare the influence of the shape of the initial stress dis-
tribution, we examined two stress distribution types,
as shown in Figure 2: the mountain type and asper-
ity type. Shear stress in the asperity type was con-



Table 1. Parameters for strike slip fault.

Fault length, L x width, W 15 km » 10 km
Asperity length, L, x width, W, 1.8 km x 1.8 km
1.74 x 10" N'm

Scismic moment, M,

Dip angle, 0 90°
Average stress drop, At 2.3 MPa
Stress drop in asperity, A7, 15.6 MPa
Slippage in asperity, D, 70.3 cm
Slippage in back ground, D, 29.0 cm

centrated only at the hypocenter. Residual strength
t makes 10.0 MPa sufficiently larger than dynamic
stress drop Ar, and peak strength is set by adding
stress drop in asperity in Table 1 to residual strength.
Excess strength Az in the mountain type was 1.6
times the static stress drop Ar, (Andrew 1976), and
At, was 6.0 MPa, as shown in Figure 2. The shape of
the peak stress distribution is a square, and the area of
peak strength is calculated so that the volume of the
truncated square pyramid shown as a blue solid line
is equal to the volume of the cube shown as a dashed
line. The shear stress at the hypocentre is assumed to
be slightly larger than the peak strength T,

Seismic response in the 3D-FEM is dependent on
shear stiffness ks of the joint element (Iwata et al.
2018); therefore, we compared ACFF for the case of
ks = 1.0 GN/m? with that of &s = 1.0 x 10* kN/m°.

3.3 FEM model

Figure 3 shows the 3D-FEM model for the strike
slip fault. Joint elements are set up from the left-
lateral boundary to the right lateral boundary and the
strength of joint elements located inside or outside
of the fault plane have sufficient strength not to fail.
The distance from the fault edge to the boundaries
is greater than the fault length and viscous dampers
were introduced at the lateral and bottom boundaries
to absorb scattering wave energy. When acceleration
response is estimated using FEM, it is necessary to
change the mesh height according to the natural fre-
quency of object facilities, however, displacement
and stress response do not depend on the mesh height
(Iwata et al. 2018). In this study, the mesh height

Asperity type:  Asperity area29.1 km*

Peak strength
r,=256MPa Asperity type
Mountain ty pe: % .
Peak strcnyjtjh po— Mountain type
Z,=16.0MPa I
L N AL
Residual = 1.6A%
strength: "~ T[T TN T [~ Ay
7,—10.0MPg aN

Fault area 195 8km* Average stress

drop: Az,

Figure 2. Schematic diagram of initial stress distribution.
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Figure 3. 3D-FEM mesh for strike slip fault.

around the fault plane was 250 m in order to express
the changes in slippage and stress distribution.

4 ANALYSIS RESULTS BASED ON
ELASTICITY THEORY OF DISLOCATION

Figure 4 shows the ACFF distribution at 5 km depth
corresponding to the earthquake focal depth for
the strike slip fault. The fault plane slipped in the
direction indicated by white arrows in Figure 4. The
positive domain spread radially towards the outside
from the fault edge. The negative domain appeared
on both sides of fault plane. The positive domain
spreading from the asperity edge occurred because
of extreme difference between the slip amount of the
asperity area and that of background area.

Figure 5 shows the ACFF distribution at 5 km
depth for the trust fault. The positive domain spreads
from the fault edge and through the frontal domain,
as illustrated by the white arrow. The domain of
ACFF > 0.1 MPa where seismicity is enhanced
becomes smaller than that of the strike slip fault.
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Figure 4. ACFF distribution at 5 km depth for strike
slip fault.
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Figure 5. ACFF distribution at 5 km depth for the trust fault:
(a) L =90°, (b) L = 120° (trust fault with left-lateral slip).

5 ANALYSIS RESULTS BASED ON 3D-FEM

5.1 Influence of initial stress distribution

We carried out fault rupture simulations using dif-
ferent initial stress distributions: mountain type
and asperity type, and compared slip distributions
on the fault plane and ACFF distributions at 5 km
depth. The fault type was strike slip and the spring
stiffness of the joint element was 1 GN/m?. Figure
6 shows the slip distributions and Figure 7 shows
the ACFF distributions. The maximum slip amount
for the mountain type was 1.26 m and the rupture
front reached the ground surface. The maximum slip
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Figure 6. Comparison of slip distributions in different
initial stress distributions for strike slip fault: (a) mountain
type, (b) asperity type.

amount for the asperity type was 2.08 m, i.e. larger
than that of the mountain type, although the rupture
front did not reach the ground surface. The positive
domain along the extending direction of the fault
plane in the mountain type occurred from the fault
edge, whereas that of the asperity type occurred
from halfway across the fault plane because sliding
stopped in the middle of the fault plane. The ACFF >
0.1 MPa domain in the mountain type spread farther
than it did for the asperity type. The positive domain
and quantity of ACFF on both sides of the fault plane
in the asperity type were larger than that of the
mountain type because of the larger amount of slip.

5.2 Influence of spring stiffness of the joint
element

We conducted fault rupture simulations for the strike
slip fault using different spring constants: ks = 1.0 and
0.01 GN/m®. The fault type was strike slip and the ini-
tial stress distribution was mountain type. Figures 8
and 9. respectively, show the slip and ACFF distribu-
tions for ks = 0.01 GN/m’. The slipping area and max-
imum slip amount for ks = 0.01 GN/m’ were smaller
than those of ks = 1.0 GN/m?, as shown in Figures
6(b) and 7(b). If shear failure occurs in a joint element,
stress drop occurs and the released stress spreads to
nearby elements. When a shear spring constant is set to
a smaller value, the shear stress of the fault transferred
from a yield element becomes smaller, as does fault
sliding; ACFF also becomes smaller for those reasons.

5.3 Influence of fault type

We performed fault rupture simulations for differ-
ent fault types: a strike slip fault and a trust fault
with A=90° and 120°. The initial stress distribution
was mountain type and the spring stiffness of the
joint element was 1 GN/m?. Figure 10 shows the slip
distribution for the trust fault with A=90°. The max-
imum slip amount in the mountain type was 1.74 m
and the rupture front reached the ground surface.
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Figure 7. Comparison of ACFF distribution at 5 km depth
for different initial stress distributions of the stroke slip
fault: (a) mountain type, (b) asperity type.
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Figure 8. Slip distributions using joint spring constant of

ks =0.01 GN/m? for strike slip fault.

S

-0.2
-0.5
-2.0
-5.0

Figure 9. ACFF distribution at 5 km depth using joint spring
constant of ks = 0.01 GN/m? for strike slip fault.

When the rake angle was 120°, the rupture front
spread upwards diagonally and the maximum slip
amount became 1.65m: i.e. smaller than for A=90°.

Figure 11 shows the comparison of ACFF distri-
butions at 5 km depth. In case of 2=90°, the ACFF
> (0.2 MPa domain shown in orange in Figure 11(a)
distributes radially at both edges of the fault plane.

Figure 10. Slip distributions for trust slip fault (A = 90°).
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Figure 11. Comparison of ACFF distribution at Skm depth in
different rake angles for trust fault: (a) A =90°, (b) k= 120°.

A positive domain before and after the sliding direc-
tion seen in the strike slip fault did not occur because
the rupture front reached the ground surface and the
shear stress was released. The positive and negative
domain for A=120° extended to the sliding direction
and the area became smaller than that of 2=90°.

6 COMPARISON OF ANALYTICAL METHODS

In this study, we estimated fault parameters based
on Recipe. The slip amount calculated by 3D-FEM
was larger than that of Recipe and ACFF based on
3D-FEM was larger than that of the elasticity theory
of dislocation.

The shape of sliding distribution on the fault plane by
3D-FEM varied according to analysis conditions; nev-
ertheless, in all cases, the amount of sliding changed
smoothly. Unlike the assumption in Recipe, sliding
did not concentrate only on asperity. For the elastic-
ity theory of dislocation, shear stress was concentrated
around the outer circumferential portion of asperity
where the difference in slippage was large and ACFF
became large. However such a concentration was not
seen for 3D-FEM, and the shape of the ACFF distribu-
tion based on 3D-FEM differed from the discrepancy
in the elasticity theory on both sides of the fault plane.

When rupture simulation was conducted using the
initial stress distribution of the mountain type and a
joint stiffness of ks = 1.0 GN/m?®, the maximum slip
amount was more than 1.2 m and seismic moment
calculated from the slip distribution was estimated to
be greater than 3.0 x 10*¥ N-m. These values are con-



siderably larger than those assumed by Recipe. When
we used the initial stress distribution of the asperity
type, the maximum slip amount increased to 2.08 m
but the estimated seismic moment was smaller than
3.0 x 10" N'm because the sliding area was smaller.

On the other hand, with a joint stiffness of ks =
0.01 GN/m? and the initial stress distribution of the
mountain type, the maximum slip amount became
0.52 m and seismic moment was estimated as 1.43
x 10*¥ N'm. These results are slightly smaller than
those assumed by Recipe.

As a result, when the initial stress distribution was
of the asperity type and the joint stiffness ks was set to
around 0.01 GN/m’, the calculated slippage and seismic
moment values were closer to those of Recipe. In previ-
ous studies on the 2014 Northern Nagano Earthquake,
for which the shear spring constant was K = 0.01 GN/
m?, the rupture did not propagate and only the immedi-
ate vicinity of the hypocentre was ruptured (Iwata et al.
2018). Moreover, the surface displacement when using
initial stress distribution of the asperity type was mark-
edly larger than that of the observations. A challenging
future problem will be to examine what combination
of parameters best reproduces the observations.

7 CONCLUSIONS

In this study, we calculated static ACFF for simple
fault rupture models using the elasticity theory of dis-
location and 3D-FEM. We compared the distribution
shape and quantity of ACFF. The findings obtained
from this study can be summarised as follows:

1. The slippage and seismic moment calculated by
3D-FEM using fault parameters based on Recipe
become considerably larger than those assumed
by Recipe (except for a joint stiffness of ks = 0.01
GN/m?).

2. The distribution shape of ACFF in 3D-FEM is
similar to that given by the elasticity theory of
dislocation outside of the fault edge, but it is
markedly different around the asperity owing to
the difference in displace distribution.

3. The sliding domain in the initial stress distri-
bution of the asperity type is smaller than that
of the mountain type, but the amount of slide is
larger. Therefore, the distribution range of the
asperity type becomes smaller and the value of
ACFF around the fault plane becomes larger.

4. The slip amount and ACFF become smaller as
the joint stiffness is set smaller.

5. Regarding trust faults, the positive domain of
ACFF distributes radially at both edges of the fault
plane and extends towards the sliding direction.

Even if fault type and seismic magnitude such
as fault geometry and moment magnitude are the
same, the distribution domain and quantity of
ACFF differ greatly according to the combination
of analytical parameters. Therefore, it is necessary
to examine the methods used for setting parameters

in the model to reproduce actual fault movements.
We continue to examine the validity and applica-
bility of fault rupture simulations using 3D-FEM
to evaluate rupture propagation and fault activity.
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