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ABSTRACT: The authors used a three-dimensional finite element method (3D-FEM) to examine a series
of fault rupture simulations for the 2014 Northern Nagano Earthquake and simultaneously estimate the dis-
placement and strong motions. The computational results confirmed that the maximum responses of ground
motions and displacement could be simultaneously evaluated using the appropriate constitutive parameters
and fine FEM mesh. However, the duration of the acceleration response and shape of the surface displacement
waves were not well simulated. In this study, we examined the influence of the fault bend at a shallow depth
and P- and S-wave velocity structure models based on a geological survey. As a result, by taking account of
bending of the fault plane and the elastic velocity structure at a shallow depth, it was possible to perform a

seismic behaviour analysis using the 3D-FEM approach.

1 INTRODUCTION

Fault rupture simulations have been performed
mainly for the reproduction and prediction of strong
motions. After the 1999 Chi-Chi and Kocaeli earth-
quakes damaged many important structures as a
result of surface rupture, the displacement and incli-
nation of the ground surface caused by fault rupture
have become significant issues in engineering. Many
prediction methods for strong motion, displacement
and inclination of the surface ground have been sug-
gested. However, most analytical methods do not
evaluate displacement and strong motions at the same
time. Furthermore, the parameters adopted in these
methods (fault length, slip on fault, stress drop, etc.)
are empirically determined and the dynamic destruc-
tion process is not taken into account. Therefore, it
is difficult to evaluate strong motions of magnitude
nine, the seismic response around the epicentre and
surface rupture with few observed data.

The authors have examined a series of fault rupture
simulations to simultaneously estimate the displace-
ment and strong motions at the ground surface using
a three-dimensional finite element method (3D-FEM)
considering the dynamic destruction process of the
fault plane. This analytical method and modelling
of faults was proposed by Toki & Sawada (1988) and
Mizumoto et al. (2005). The fault plane was assumed
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to be discontinuities of bedrock and was modelled
by joint elements, and shear failure occurred at the
hypocentre and spread to the surrounding areas with
increasing shear stress. Iwata et al. (2018) conducted
a fault rupture simulation for the 2014 Northern
Nagano Earthquake, which was induced by the
Kamishiro Fault (M 6.3). The computational results
confirmed that the maximum responses of the ground
motion and displacement could be evaluated using the
appropriate constitutive parameters and a fine FEM
mesh with a size less than 150 m. However, the dura-
tion of the acceleration response and shape of the sur-
face displacement response were not well simulated,
partly because the fault plane was assumed to be a
straight planar feature and the bedrock was assumed
to be homogeneous.

In this study, we examined the influence of a fault
bend at a shallow depth and the S-wave velocity
structure model based on a geological survey. In
addition, we examined the influence of the initial
stress distribution on the fault plane.

2 OUTLINE OF ANALYTICAL METHOD

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
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appropriate to obtain a solution for the equation of
motion, not in the frequency domain but rather in the
time domain. The destruction process of dislocation
and the dynamic behaviour of the ground are cal-
culated by solving the equation of motion using the
stress drop of the dislocation as the external force.
The equation of motion at time step # is written as

[M]{ii3,, +[Clias, +[K]{u}, = {F(n.5)} 1

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

The fault plane was modelled by joint elements
shown in Figure 1. The shear springs K, K and nor-
mal spring K are connected between nodal points of
the solid elements, and sliding occurs according to the
Mohr—Coulomb failure criterion. When the calculated
shear stress 7 is less than the peak stress z, the stress—
deformation relationship is linear with the joint stiffness
K, K. Sliding takes place if the shear stress 7 reaches
the peak stress 7, and a stress drop occurs. The shear
stress becomes equivalent to the residual strength 7,
and the stress drop 4z, (= 7, - 7) is released and spreads
to nearby elements. In this way, the released stress drop
at the hypocentre is triggered and shear failure spreads
to the surrounding areas with increasing shear stress.

3 OVERVIEW OF THE 2014 NORTHERN
NAGANO EARTHQUAKE

The 2014 Northern Nagano Earthquake had a
moment magnitude of 6.3. It occurred at 22:08 JST
on November 22%, in the northern part of Nagano
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Figure 1. Schematic diagram of joint element.
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Prefecture. The slip sense was estimated as thrust
faulting with a left-lateral strike slip. There have
been many reports by various organizations about
the fault geometry and seismic moment. According
to the F-net centroid moment tensor solution cata-
logue (F-net 2014) of the National Research Institute
for Earth Science and Disaster Prevention (NIED),
the seismic moment M, was 2.76 x 10'® N-m, the fault
plane was dipping downwards at NI6E=50E, the rake
angle was 65° and the focal depth was estimated at 5
km. On the other hand, the aftershock activity indi-
cated a non-planar, bending fault plane, which con-
sisted of two planar faults: the shallow plane with a
dip angle of 40° connected to a deep plane with a dip
angle of 60° at 4 km depth (Panayotopoulos, 2016).
Figure 2 shows the acceleration records at K-NET
Hakuba station, which is one of the strong motion
stations of the dense strong motion network oper-
ated by the NIED. It is located approximately 0.5 km
from the surface rupture in the west, on the footwall
side of the earthquake fault. The maximum accel-
erations are 570 Gal horizontally and 278 Gal ver-
tically. The displacement response was calculated
using the EPS method proposed by Aydan & Ohta
(2011), which is an integration technique for obtain-
ing ground motions in consideration of device oper-
ation features, fault rupture duration and arrival time
difference of the P- and S-waves. From these results,
the residual displacement was obtained as 24 cm
horizontally and 10 cm vertically at the Hakuba site.

4 ANALYTICAL CONDITIONS AND
PARAMETERS

4.1  Analytical conditions

To investigate the influence of the initial stress
distribution in a fault plane, dip angle and velocity
structure of the bedrock, we performed a series of
fault rupture simulations under various conditions.
The validity of the parameters and modelling was
evaluated by comparison with the observed surface
ground motions recorded at K-NET Hakuba station.

In previous studies, we assumed that the initial
shear stress distribution shape was mountain type, in
which the hypocentre is highest and the shear stress
decreases towards the fault ends and becomes zero,
as shown in Figure 3. However, the asperity type,
in which the shear stress is concentrated only in
protrusions on the fault plane, is used for predicting
strong motions. Therefore, we compared the seismic
response of asperity type with that of mountain type.

As for the dip angle, according to the after-
shock activities and the results of seismic wave-
form inversion analyses (F-net 2014, JMA 2014 and
Panayotopoulos, 2016), we compared the seismic
response of the planar model with a dip angle of 50°
or 60° and the bending model; the shallow plane
with a dip angle of 40° connected the deep plane
with a dip angle of 60° at 4 km depth.
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Figure 2. Acceleration records at K-NET Hakuba station
and displacement time histories calculated by the EPS
method.

As for the velocity of bedrock, in the previous
studies we assumed that the bedrock was homoge-
neous and distributed uniformly with the ground
surface. However, the elastic wave speed decreased
as it neared ground surface at shallow depths.
We examined parametric studies using horizon-
tally layered model by the Japan Seismic Hazard
Information Station (J-SHIS 2018): S-wave velocity
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Figure 3. Schematic diagram of initial stress distribution.

Figure 4. 3D FEM mesh.

was 1.1 km/s from the ground surface to 0.7 km in
depth, 2.1 km/s at 0.7-2.6 km, 2.7 km/s at 2.6-2.7
km, 3.1 km/s at 2.7-3.0 km, 3.3 km/s at 3.0-8.0 km
and 3.5 km/s below 8.0 km.

Other parameters were set as follows: the shear
stiffness of a joint element was 1.0 x 10¢ kKN/m?, the
normal stiffness was 3.0 x 10° kN/m? and the damp-
ing ratio was 0.03.

4.2 FEM model

Figure 4 shows the FEM model with a bending fault
plane. Joint elements were set up from the north-
ern lateral boundary to the southern one, and the
strength of joint elements located out of the fault
plane was set to have a high value. The distance
from the fault edge to the boundaries was more than
the fault Iength (15 km), and viscous dampers were
introduced at the lateral and bottom boundaries to
absorb scattering wave energy.

4.3 Stress on fault plane

The average static stress drop 4z in the fault plane
was 2.3 MPa, calculated from the seismic moment
and fault area according to the Recipe for Predicting
Strong Ground Motions (Irikura 2006). In the moun-
tain type stress distribution, the peak strength 7, Was
determined based on the knowledge that the excess
strength At is 1.6 times the static stress drop Az,
(Andrew, 1976) and Az, was made 6.0 MPa, as shown
in Figure 3. In that ﬁgure 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 described by a solid blue line equals that of
the cube described by a dashed line. In the asperity
type distribution, the area of asperity was calculated
according to the ‘Recipe’, and A7, was made 15.6 MPa
by multiplying 4z, by the ratio of the fault area to the
asperity area. The residual strength t made 10.0 MPa
sufficiently larger than the dynamic stress drop Az,
The shear stress at the hypocentre was assumed to be
slightly larger than the peak strength T The rake angle
was 60° accordmg, to the results of the seismic wave-
form inversion analysis by the Japan Meteorological
Agency (JMA 2014). The behaviour of thrust faulting
with a left-lateral strike slip was reproduced by set-
ting the initial shear stress in the rake angle.

5 ANALYSIS RESULTS

5.1 Influence of initial stress distribution

We carried out fault rupture simulations using var-
ious initial stress distributions: mountain type and
asperity type, and compared the seismic moments
and seismic response at the ground surface corre-
sponding to that at K-NET Hakuba station. The
parameters except the initial stress distribution were
the same, the dip angle of fault plane was 50° and the
bedrock was homogeneous.
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Figure 5 shows the slip distribution in the fault
plane in mountain-type case. The slip spreads from
the hypocentre at the rake angle and reaches the
ground surface. The maximum slip amount is 1.69
m, and the seismic moment is estimated as 5.93 x
10'® N-m, which is 2.1 times that of the observed
value (M = 2.76 x 10" N-m). Although the shape of
asperity-type slip distribution is similar to that of
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Figure 5. Slip distribution on the fault plane of Mountain
type.
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Figure 6. Comparison of analysed displacement waves
using different initial stress distributions.
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Figure 7. Comparison of acceleration waves using various
initial stress distribution: (a) mountain type, (b) asperity
type.
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mountain type, the maximum slip amount is 3.46 m
and the seismic moment is estimated as 9.32 x 10'8
N-m, which is 1.6 times that of mountain type.

Figure 6 compares the analysed displacement
waves at a distance of 0.5 km from the surface
rupture with the observed records. The analysed
residual displacements of mountain type are 1.3-2.0
times the observations, and those of asperity type
are 1.5-3.5 times the observations.

Figure 7 shows a comparison of the analysed accel-
eration waves. The amount of stress drop for asperity
type is so large that the destruction spreads over a
stretch of area. Then, the maximum acceleration and
residual displacement of asperity type become larger
than those of mountain type and the duration of main
shock becomes shorter. The maximum acceleration of
asperity type is 1.4 times that of mountain type in the
E-W direction and about 3.0 times in the N—S and U-D
directions. Comparing the maximum accelerations,
those of the mountain type are 1.9 times those of the
observations in the E-W direction, 0.7 times in N—S
direction and 1.5 times in U-D direction. The directiv-
ity effect of the fault rupture could not be reproduced in
the acceleration response. It was necessary to conduct
parametric studies of the rake angles. When the mesh
size becomes less than 100 m, accelerations in the U-D
direction become smaller. The vertical response could
be improved using a finer FEM mesh.

From these results, even if the amount of stress drop
in a fault plane was the same, the seismic response
varied greatly according to the difference in initial
stress distribution. When a stress drop based on the
Recipe is adopted for a fault rupture simulation using
the 3D-FEM, in some cases the analysed seismic
response becomes considerably larger than expected.

5.2 Influence of dip angle

We performed fault rupture simulations using various
dipping fault planes: a planar model with a dip angle
of 50° or 60° and a bending model, and we examined
the influence of the dip angle and shape of the fault
plane. All parameters except the geometry of the fault
plane were the same, the initial stress distribution was
mountain type and the bedrock was homogeneous.

The slip distribution shape of the planar model
with a dip angle of 60° was similar to that of the
model with a dip angle of 50°. The maximum slip
amount became 1.71 m, and the seismic moment
was estimated as 5.93 x 10 N-m, which became
slightly larger than the moment at 50°. Figure 8
shows the slip distribution with a bending fault
plane. The slip distribution becomes discontinuous
at a depth of around 4 km owing to the changing
dip angle at that depth. The maximum slip on the
shallow fault plane (dip angle of 40°) is 1.17 m and
is larger around the hypocentre. The slide amount
of the bending model is smaller than that of the pla-
nar model. The seismic moment was estimated as
4.45 x 10 N'm, which is 0.75 times that of the planar
model with a dip angle of 50°.
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Figure 9. Comparison of analysed displacement waves
using different fault geometry.
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Figure 10. Comparison of acceleration waves using

different fault geometry: (a) Planar 60°, (b) Bending 40+60°.

Figure 9 compares the analysed displacement
waves. The residual displacement of the 60° planar
model is about 1.2 times that of the 50° planar model
horizontally and 1.6 times vertically. The residual
displacement of the bending model is about 0.7
times that of the 50° planar model.

Figure 10 shows the analysed acceleration waves.
The waveform of the 60° planar model is similar to
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Figure 11. Slip distribution of horizontally layered model.
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Figure 12. Comparison of analysed displacement waves
using different velocity structures.
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Figure 13. Comparison of acceleration waves using
different velocity structures: (a) Homogeneous, (b)
Horizontally layer.

that of the 50° one shown in Figure 7(a). However,
in the case of the bending fault, the peak accelera-
tion becomes larger than that of the planar mode, the
peak is delayed and the duration is extended. The
maximum acceleration of the 60° planar model is at
the same level as that of the 50° one in the E-W and

U-D directions, and 1.5 times in N=S direction.
The acceleration of the bending model is 1.2 times
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that of the 50° planar model in the E-W and U-D
directions, and 2.0 times in N-S direction.

5.3 Influence of velocity structure of bedrock

To compare the influence of the velocity structure
of bedrock, we conducted fault rupture simulations
using homogeneous and horizontally layered models
of the elastic wave velocity. In both cases, the initial
stress distribution was mountain type and the fault
shape was that of the bending model.

Figure 11 shows the slip distribution on the fault
plane in the case of the horizontally layered model.
The slip distribution becomes discontinuous at 4-km
depth, like the homogeneous model shown in Figure 8.
The maximum slip amount around the hypocentre
is 1.34 m. The slippage become larger towards the
ground surface, and the maximum slip amount is 2.36
m. The slippage of the horizontally layered model is
larger than that of the homogeneous model. However,
the seismic moment of the horizontally layered model
(3.49 x 10 N'm) is smaller than that of the homoge-
neous model because the elastic wave velocity and
stiffness of the surface layer are small.

Figures 12 and 13 show a comparison of the analysed
displacement and acceleration waves at distances of
0.5 km from the surface rupture, respectively. When
an elastic wave velocity structure is adopted, the time
at which residual displacement begins to occur and
the time of peak acceleration are delayed. The dura-
tion of the acceleration wave is extended, resulting in
fluctuations. These behaviours resemble the observed
records. However, the residual displacement and max-
imum acceleration become considerably larger.

Figure 14 shows the vertical displacement dis-
tribution at the ground surface in the E-W direc-
tion (orthogonal to the surface rupture). The gap in
the surface rupture is 0.55 m in the homogeneous
model and 1.3 m in the horizontally layered model.
The distribution shape of the east side of the fault
in the homogeneous model is approximately level at
less than 1 km from the surface rupture and inclines
gently at the outside. On the other hand, the verti-
cal displacement of the east side of the fault in the
horizontally layered model decreases sharply as it
leaves the surface rupture. The inclination angle of
the ground surface in the horizontally layered model
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Figure 14. Comparison of vertical displacement
distribution at the surface ground in E-W direction using
various velocity structures.
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is steeper than that in the homogeneous model.
According to an InSAR analysis by the Geospatial
Information Authority of Japan (GSI 2014), the
incline of the ground surface on the east side of the
surface rupture is steeper than that on the west side
and the deformation occurs on the side of the sur-
face rupture. Consequently, when an elastic wave
velocity structure is adopted, the analysis result can
be brought closer to the actual deformation.

6 CONCLUSIONS

In this study, we performed a series of fault rupture
simulations using the 3D-FEM for the 2014 Northern
Nagano Earthquake and evaluated the influences of
the initial stress distribution on the fault plane, dip
angle and velocity structure of the bedrock. The find-
ings obtained from this study can be summarized as
follows:When the amount of stress drop was defined
based on the Recipe, the seismic moment, acceleration
response and residual displacement were larger than
the observed records.The analysed seismic response
using the initial stress distribution of asperity type
was larger than that of mountain type because the
stress drop was larger and more rapidly released. The
slip in the fault plane and displacement response of
the bending fault model were smaller than those of
the planar model. However, the acceleration response
was larger.As the elastic velocity of the surface layer
decreases, the seismic response and slippage became
larger. However, the seismic moment became smaller
because the stiffness of the surface layer was small.
By taking into account the bending of the fault plane
and the elastic velocity structure at a shallow depth, it
was possible to make the seismic behaviour analysed
by the 3D-FEM approach the observation. However,
the maximum acceleration and residual displacement
were greater than the observations. Therefore, it is
necessary to examine a setting method for the param-
eters and a model to reproduce the actual values.
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