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ABSTRACT

In recent years, new demand has appeared for evaluations of earthquake fault displacement to address
the need to evaluate the soundness of underground structures. Fault displacement is caused by the rupturing
of earthquake source faults, and is investigated through the use of such methods as the finite difference
method and the finite element method (FEM). We conducted dynamic rupture simulations on the Kamishiro
Fault Earthquake using nonlinear FEM, focused on time history of fault displacement and response
displacement, and demonstrated an ability to simulate observed values to a certain extent. During these
simulations, we created models of homogeneous faults using the ground as the solid element and fault
planes as joint elements. Although we were able to roughly simulate displacement time histories, obstacles
to achieving more precise simulations still exist. In this research, we conducted investigations to model
strong motion generation areas (SMGA). We conducted a searching analysis using Bayesian optimization
with SMGA distribution within faults as parameters, and estimated the optimal parameters for simulating
time histories of displacement. In addition, we compared our results with estimations of SMGA derived
from different methods, and demonstrated that our distributions qualitatively matched. To conduct the
simulation, we introduced joint elements from Goodman et al. that had been expanded to the FEM code
FrontISTR, which makes it possible to analyze large-scale models.

INTRODUCTION

In Japan, there is a pressing need to clarify how fault displacement that occurs at nuclear power plant
properties affects the facilities, and recent years have seen spirited debate on the matter in organizations
such as the Atomic Energy Society of Japan’s Investigation Committee on the Evaluation of Fault Activity
and Industrial Risk, etc. Evaluations of fault displacement (Japan Nuclear Safety Institute On-site Fault
Assessment Method Review Committee, 2014) are required to address the need to evaluate the soundness
of critical underground structures and the like on nuclear power plant properties, but conducting these
evaluations is difficult due to their stochasticity and rare examples. Fault displacement is caused by the
rupturing of earthquake source faults, and has long been investigated through the use of finite difference
methods (Dan el al. 2007, Irie et la. 2010) and FEM (Mizumoto et al. 2001, 2005). In particular, a great
deal of research that focuses on finite difference methods has been conducted regarding dynamic
simulations that use slip-weakening models to simulate the process of the spontaneous rupture of faults.

We used three-dimensional, nonlinear FEM to conduct a simulation of the Kamishiro Fault
Earthquake (Mitsuhashi et al. 2016), which struck Nagano Prefecture on November 22, 2014, and
demonstrated the ability to simulate observational data to a certain extent through an analysis that modeled
a constant stress drop within fault planes. We created models of 40 km times 40 km times 20 km areas that
included earthquake source faults, with the ground as the solid element and fault planes as joint elements.
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We used nonlinear constitutive laws that incorporated stress drop to model the process of fault rupture,
caused the fault rupture by applying initial stress to the joint element as an initial condition, and compared
the response time histories of the ground surface that resulted from the propagation of the rupture to the
observational data from K-net. In addition, we compared fault displacement at ground surface observed
through field surveys after the earthquake to the displacement values we obtained through our analysis. We
assumed that the stress drop of a fault is uniform throughout the fault plane. We were able to simulate
observational data to a certain extent under the assumption of the uniform distribution of stress drop
throughout the fault plane, but concluded that fault structures must be modeled in greater detail to achieve
more precise results. In light of the above, we conducted this research using analyses that used more detailed
fault models in an attempt to achieve more precise results.

We conducted this research using the FEM code FrontISTR (FrontISTR Workshop HP, 2017), which
makes it possible to use parallel computing on large-scale models. This enabled us to use a relatively
detailed mesh to analyze an expansive area of ground.

KAMISHIRO FAULT EAERTHQUAKE AND ITS SIMULATON

The Kamishiro Fault Earthquake was a reverse-fault earthquake whose earthquake source fault
extended approximately 20 km along part of the Kamishiro Fault and to its north, and was approximately
10 km deep. The magnitude was 6.7, and the moment magnitude was 6.2. Fault displacement at the ground
surface of up to roughly 1 m has been confirmed along a total length of 9 km (Japan Association for
Earthquake Engineering 2015, National Research Institute for Earth Science and Disaster Prevention 2015,
National Institute of Advanced Industrial Science and Technology 2015). In addition, acceleration of up to
roughly 600 Gal was observed at the K-NET observation point near the fault.

One example of research on the Kamishiro Fault Earthquake is the fault model created by Ikeda et
al. 2016, using the forward modeling method based on the empirical Green’s function method. The
empirical Green’s function method is an analytical method in which a fault is divided into smaller faults,
and the target earthquake is expressed as superposition of smaller earthquakes generated from those smaller
faults. Ikeda et al. used aftershocks that occurred directly after the main shock to build a fault model that
simulated observational data from the main shock. They set the size of earthquakes generated from the
smaller faults as an indeterminate parameter, and searched for parameters that would enable them to
simulate observational data. The empirical Green’s function method enables researchers to express target
earthquakes as linearized superposition of smaller earthquakes, thus enabling them to use the least squares
method and other optimization methods to search for parameters that match observational data most closely
(earthquake inversion analysis). lkeda et al. pointed out that locating strong motion generation areas
(SMGA) near hypocenters makes it possible to simulate observational data. SMGA are areas within faults
that produce the most energy, and locating rectangular SMGA within faults simulate the heterogeneity of
faults.

We used three-dimensional, nonlinear FEM to conduct dynamic simulations of the Kamishiro Fault
Earthquake. The dynamic simulations modeled faults according to the relationship of nonlinear stress
distortion. We used this method to simulate the process of fault rupturing. We did so by intentionally
applying great initial stress to the hypocenter to cause the fault to slip and release stress, and to propagate
that stress throughout the fault. We used the joint elements shown in Figure 1 to model the fault. Joint
elements are finite elements that simplistically simulate contact, sliding and separation between two objects.
Many joint elements have been devised, including those developed by Goodman 1976 and those formulated
based on three-dimensional isoparametric elements. We expanded the Goodman joint elements into
arbitrary shapes (Mitsuhashi et al. 2016). We set the stress drop to a uniform 1.0 MPa as the condition in
which the moment magnitude Mw approached observed values from the actual earthquake. We calculated
Mw with variance Au of each element in the final state of the analysis in Equation (1) and Equation (2),
with fault plane X. We determined ty using Equation (3), with Andrew 1976 as a reference.
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Figure 3. Analysis model of the fault Figure 4. Stress displacement relation
Table 1. Fault parameter
Fault width W 12.2 km
Fault length L 18.0 km
Strike angle 0 12 degree
Dip angle 0 50 degree
Stress drop At 1.00 MPa
Fault shearing stiffness Ks 1.20x10* | kN/m/m?
Fault vertical stiffness ky 1.20x10* | kN/m/m?

We demonstrated an ability to simulate observational data to a certain extent by analyzing fault
plane interiors modeled with uniform structures. Then we compared the response time histories of the
ground surface that resulted from the propagation of the rupture to the observational data from K-net. In
addition, we compared ground surface fault displacement observed through field surveys after the
earthquake to the displacement values we obtained through our analysis. We were able to simulate
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observational data to a certain extent under the assumption of the uniform structure of the fault plane, but
concluded that fault structures must be modeled in detail to achieve more precise results.

SEARCH OF SMGA
Modeling SMGA

We conducted a dynamic simulation to model SMGA in an effort to conduct a dynamic simulation
using a more complex fault model. We considered SMGA as areas that generated the largest amounts of
energy within fault, and modeled SMGA by defining areas with high stress drop values. We assumed
circular SMGA and set radius and center positions (in terms of the strike and the dip) as parameters, and
searched for optimal parameters for simulating observational data. We set the radius of each search range
from 0.0 km (the case that SMGA was not modeled) to 6.0 km, and the position of each search range as all
points on each fault plane. We then divided each search range into 20 parts, and defined the resulting grids
as search areas. As for search points, there were 9,261 patterns (2*3).

When we used the fault model with uniform properties, we set the stress drop, which we had
previously set to a uniform 1.0 MPa, to 2.0 MPa in SMGA. However, doing so with the stress drop in
background areas fixed at 1.0 MPa causes the seismic moment in faults to increase, and makes it impossible
to compare individual cases. Thus, we decreased the stress drop in background areas so that the average
stress drop would stay constant. When the SMGA radius was 1 km, the ratio between the stress drop in the
SMGA and the stress drop in background areas was roughly 2.03; when the radius was 5 km, the ratio was
roughly 4.51. It is worth noting that the analytical model from the authors’ investigation is somewhat
divergent from the “recipe” of Irikura et al. 2003; according to the recipe, the average asperity area for a
typical inland earthquake is 22% of the total rupture area, and the stress drop of SMGA is roughly 4.5 times
the average stress drop. This means that, when stress drop values in SMGA are high, larger SMGA result
in negative values for stress drop in background areas. To avoid this issue, we intend to conduct analysis
with stress drop as a parameter in the future.

Search Methodology

Approximately a few hour is required to analyze each case in these simulations; identifying the
optimal case among the total of 9,261 cases for analysis would require a massive amount of computational
resources. In addition, the only parameters for this investigation were the radius and positions of SMGA
assumed to be circular; adding more parameters such as SMGA shapes and stress drop values would
produce more cases, which would make a brute-force search unrealistic. Furthermore, in this investigation,
we sought to use linear programming and the like to derive optimal solutions. As explained previously, the
empirical Green’s function method simulate conditions in linearized superposition of smaller earthquakes.
In dynamic simulations, this method models fault slips according to nonlinear constitutive laws of the
smaller faults; thus this method cannot express conditions in simple superposition of small earthquakes.
Examples of inversion analysis used in dynamic rupture simulations include methods using the Monte Carlo
Method described by Peyrat et al. 2004 and methods based on the Walsh functions described by Goto et al.
2006. In this research, we used Bayesian optimization as the method for searching for optimal locations.

Evaluating Degree of Adaptively

In this research, we conducted a search to find the smallest difference between the displacement time
histories from observational data from the K-net Hakuba observation point, and from the results of FEM
analysis. There are many approaches as to the definition of “difference.” They include (a) the square root
of the sum of squares, (b)maximum displacement, (c)maximum displacement during time histories, and
(d)displacement at the final step. Given this, we simulated a random sample of 300 model cases from the
search areas described previously, and calculated correlation coefficients for parameters of individual errors
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in those analysis results. Table 2 shows these correlation coefficients. Each of the correlation coefficients
regarding the absolute value of the time historical maximums is low, and the absolute values of all other
correlation coefficients are high. In other words, the correlation coefficients regarding the absolute value
of the time historical maximums cannot be used to evaluate the other error values, but any of the other
correlation coefficients is sufficient to evaluate the other error values.

In light of these results, we defined error for the purposes of this investigation as the square root of
the sum of squares. Three components can be derived from displacement time histories, but we decided to
use only the Z-axis component, also due to sufficient correlativity. We defined the degree of adaptively as
the inverse of the error, and conducted a search for the parameters with the highest degrees of adaptively.

Bayesian Optimization
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Figure 6. Image of Gaussian Process

Bayesian optimization is method of searching for parameters using a Gaussian Process (GP;
Rasmussen et al. 2006). As a method of nonparametric expression that does not depend on distribution, we
speculated Bayesian optimization could also be used to express the response of the results of highly
nonlinear analysis. GP can use previous sample data to learn regression function models, and can predict
output when supplied with new sample data. In other words, GP can use the results of sequential analysis
to update prediction functions and immediately select samples for the ensuing analysis case with a higher
degree of certainty.

Figure 6 is an image of GP with an SMGA radius as the only search parameter. Assuming that points
a, b and c are points for which searches are complete, regression analysis using GP can be used to derive
predicted average values and standard deviations for the entire search range. Looking only at predicted
average values, Point A appears to be a candidate for the ensuing search. Conversely, the space between
points b and c is wider than the space between points a and b, which means that the standard deviation
between points b and c is evaluated as larger; when one standard deviation is taken into consideration, Point
B appears to be a candidate for the ensuing search. This makes points with higher predicted degrees of
adaptively more likely to be chosen, and decreases the number of points already searched, which makes
points that may have a high degree of adaptively candidates for the ensuing search.

Search Results

In searches that use GP, multiple points must be provided as initial values. Thus, we decided to use
as initial values the 300 cases used in the correlativity analysis described previously. We used a
supercomputer to conduct this analysis; this considerable computational resource enabled us to analyze
multiple cases in the same time. In contrast, GP methods can only determine one ensuing analytical model
at a time from data sets that comprise currently complete analyses. Thus, we used the following procedure
to create analytical models of 100 cases.
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1. Use the results of currently complete analyses {(xi, i), i=1~N} to create Analytical Model Amax that
corresponds to the maximum X-value Xmax from f(Xmax ) + 0.0 (Xmax ).

2. Suppose that the analysis results of Amax equal f(Xmax ). Let {(Xi, Vi), i=1~N}U (Xmax , f(Xmax )) equal
cases for which analysis is complete, and create an analytical model that corresponds to the maximum
x-value from f(Xmax ) + 00(Xmax ).

3. If the analytical models created previously include cases for which analysis is complete, let a = a * 2

and return to Step (2).
Repeat Step (2) until 200 model cases are created.
Conduct analyses on the 100 cases.
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Figure 7. Change of Adaptively

Figure 8. Analysis cases created at each stage

We repeated these five steps four times to confirm the progress of optimal analysis cases with respect
to adaptively (Figure 7). The figure 8 shows the results of the random search conducted initially and the GP
searches conducted at each stage. The cases found to have the highest degrees of adaptively among those
searched to the given stage are shown in red, and the range of adaptively found in each stage is shown by
the black line. The analyses revealed that the case with the highest degree of adaptively could be found
through the initial GP search. Figure 8 is a color-coded scatter plot of analysis cases created at each stage
for three-dimensional search areas of radius and the center positions of SMGA. The blue points represent
the initial random search, and are plotted throughout the entire area. In contrast, points from all other stages
are concentrated in specific areas. We analyzed 700 cases, which is less than 10% of the total of 9,000
analysis cases that would have to be analyzed through brute force. GP enabled us to conduct an efficient
search, and for high-Adaptively areas yielded virtually the same search results as the brute-force approach;
this method resulted in convergence at an earlier stage. This demonstrates the excellent applicability of GP.

ANALYSIS MODEL OF SMGA

The analytical model we derived from the process described previously was the SMGA model that
most closely simulated observational data, and we used it to examine SMGA distribution and the results of
response analysis.

SMGA Distribution
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Figure 9 shows the SMGA distributions of the 20 highest-conforming models derived from the
process described previously. These distributions are generally the same size and located in the same areas
across all 20 cases. The highest-conforming case featured an SMGA radius of 2.7 km and an area of 22.9
km?; the average radius for the 20 cases was 2.8 km, and the average area was 24.7 km?. SMGA accounted
for roughly 10% of total fault plane area, which is smaller than that of the “recipe” of Irikura et al 2003. It
is also smaller than the 70km? area found by Ikeda et al. in the hypocenter model they created using the
empirical Green’s function method. However, the Tkeda et al. model assumed that SMGA release all seismic
vibrations, and accordingly set the stress drop for background areas to zero. The Ikeda et al. SMGA model
envelops our model; as a fault model derived from a completely different analytical method, it can produce
relatively similar results.
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Response Displacement Time histories

The displacement time histories for NS, EW and UD show overlapping results using SMGA (from
the top 20 cases) obtained from the searches we conducted for this research in light of the results of
observational data and cases where fault structure was made uniform. Modeling SMGA substantially
changed displacement for the EW and UD directions, and produced results similar to observational data.
We did not observe significant differences in the NS direction. However, investigations from past years
have shown that the balance between displacement in the EW and UD directions changes with respect to a
fault’s initial stress direction. We used the results of hypocenter inversion and the like as a reference for
setting the rake angle for this investigation to 60°, but the rake angle should be discussed during
deliberations. If we focus on the timing of the appearance of the displacements, we can see that
displacements begin to appear slightly later than in the homogeneous fault model. The timing of the
appearance of displacements in the UD direction does not change much; thus, we believe the difference
originates from the timing of the appearance of displacements in each direction in the SMGA model. We
were able to confirm large differences in the displacement time histories from observational data, and
although the results of our analysis cannot fully explain the observational data, their ability to explain the
observational data in qualitative terms has improved.

Fault Rupture Timing

Figure 12 contains a contour plot of the timing of fault rupture from the analytical model that used
the highest-conforming SMGA conditions. The figure also contains a contour plot that shows the results
for the homogeneous fault model. In the homogeneous model, the fault ruptures outward from the
hypocenter in concentric circles. Our heterogeneous model shows variance in the timing of fault ruptures.
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This is likely because we set high rupture strength values to reflect high stress drop values in SMGA, and
this makes it more difficult for ruptures to occur. We believe that this is a factor in the difference in timing
of the appearance of displacement by direction as explained in Section 4.2.
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Slippage Contour Plot

Figure 13 is a contour plot of the amount of fault displacement at the end of the simulation. Although
the amount is not substantial, the SMGA model allows us to confirm an imbalance. The maximum amount
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of deformation of the ground surface plane was a particularly impressive result. This was ultimately because
we positioned SMGA in areas close to the ground surface plane.
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Figure 14. Contour plot of fault displacement

CONCLUSION

We used FEM to conduct dynamic fault simulations of the Kamishiro Fault Earthquake that struck
Nagano Prefecture. We used Bayesian optimization to search for a model SMGA that matched the
displacement time histories in observational data. The closest-matching SMGA model qualitatively
matched the SMGA model of Ikeda et al. derived from a different method.

As for the response displacement time histories, modeling SMGA highlighted the trend of the
matching of differences in the timing of the appearance of displacements in each direction and the like. We
think that this is due to the variance in the timing of fault ruptures shown in our model, which takes fault
heterogeneity into account.

In the future, we intend to conduct investigations with more parameters, and analysis that accounts
for structures that straddle faults.

Acknowledgment: We would like to express our gratitude to the National Research Institute for Earth
Science and Disaster Resilience for allowing us to use their K-net strong motion records as seismological
observation records for this research.

NOMENCLATURE
u  shear modulus Au fault displacement
M,  Seismic Moment M, Moment magnitude
Ao Stress drop Ty Yield stress
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