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Abstract

To predict strong ground motions for future large earthquakes including huge subduction earthquakes, it is important to take
into account the effects of soil nonlinearity. The author has been developing a simple method to simulate strong ground
motions taking into account the effects of soil nonlinearity (e.g., Nozu and Morikawa, 2003). One of the key concepts
involved in our method is the multiple nonlinear effects. In general, a seismic ray connecting the source and the site usually
crosses the soft soil layers several times except for the direct S wave. Therefore, the seismic wave is affected by soil
nonlinearity several times during the propagation from the source to the receiver. This phenomenon is referred to as "the
multiple nonlinear effects”. The simplified method used in this study considers the multiple nonlinear effects. It uses two
parameters to represent the effects of soil nonlinearity; one representing the reduction of averaged shear wave velocity
within the sediment (v;) and the other representing the increase of averaged damping factor within the sediment (v,). The
method has been applied to the 2000 Western Tottori earthquake, etc. (e.g., Nozu and Morikawa, 2003). The method,
however, has been validated only for a limited amount of strong motion data, partly because there was only a limited
amount of strong motion data affected by soil nonlinearity. Therefore, in this article, making use of strong motion data for
the 2011 Tohoku earthquake and the source model developed for the same earthquake by the author (Nozu, 2012), strong
motion simulation with considerations of soil nonlinearity was conducted and its effectiveness was studied. In particular,
strong motion records with the evident effects of soil nonlinearity were selected and they were simulated using the source
model and taking into account empirical site amplification and phase effects (Nozu et al., 2009). Soil nonlinearity was
considered using the method of Nozu and Morikawa (2003). Among the parameters involved in the method, v, was
basically determined based on Wakai and Nozu (2013) and v, was determined so that the observed ground motion could be
simulated as accurately as possible. As a result, it was found that, the duration of strong ground motions tended to be
overestimated if the parameter v, was not used for the sites with the effect of soil nonlinearity. In each of the target sites, by
using these two parameters, the simulation result was improved. Thus, the effectiveness of strong motion simulation with
considerations of soil nonlinearity was confirmed. Based on the results, the application of the method for future earthquakes
was also discussed.
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1. Introduction

. )

To predict strong ground motions for future large earthquakes including huge subduction earthquakes, it is
important to take into account the effects of soil nonlinearity [1, 2]. The author has been developing a simple
method to simulate strong ground motions taking into account the effects of soil nonlinearity [3]. The method
considers the multiple nonlinear effects as will be explained later, and it has been applied to the 2000 Western
Tottori earthquake, etc. [3]. The method, however, has been validated only for a limited amount of strong motion
data, partly because there was only a limited amount of strong motion data affected by soil nonlinearity.
Therefore, in this article, making use of strong motion data for the 2011 Tohoku earthquake [4, 5] and the source
model developed for the same earthquake by the author [6, 7], strong motion simulation with considerations of
soil nonlinearity was conducted and its effectiveness was studied. In particular, strong motion records with the
evident effects of soil nonlinearity were selected and they were simulated using the source model and taking into
account empirical site amplification and phase effects [8, 9]. Soil nonlinearity was considered using the method
of Nozu and Morikawa [3]. The method uses two parameters to represent the effects of soil nonlinearity; one
representing the reduction of averaged shear wave velocity within the sediment (v{) and the other representing
the increase of averaged damping factor within the sediment (v). In the simulation, v, was basically determined
based on Wakai and Nozu [10] and v, was determined so that the observed ground motion could be simulated as
accurately as possible. Based on the results, the application of the method for future earthquakes was also
discussed.

2. Method

One of the key concepts involved in our method [3] is the multiple nonlinear effects (Fig. 1). Conventional
approaches for evaluating the effects of soil nonlinearity are often based on the assumption that the seismic wave
is affected by soil nonlinearity only after its incidence to the local soft soil layers. If we consider a seismic ray
connecting the source and the site, however, it usually crosses the soft soil layers several times as illustrated in
Fig. 1 except for the direct S wave. Therefore, it is more reasonable to assume that the seismic wave is affected
by soil nonlinearity several times during the propagation from the source to the receiver. In this case the incident
wave at the bottom of the local soft soil layers is already affected by soil nonlinearity. This phenomenon is
referred to as "the multiple nonlinear effects” [3]. In spite of the potential importance of the multiple nonlinear
effects, it has seldom been addressed in the literature probably because soil nonlinearity has mainly been
assessed in terms of spectral amplitude or peak acceleration rather than the time history itself. Once time history
of strong ground motion is examined, however, evidence of the multiple nonlinear effects can be clearly
recognized as described in the later sections of this article, because the multiple nonlinear effects is especially
evident in the later portions of the recorded ground motions.

The method used in this study [3] considers the multiple nonlinear effects. One of the key assumptions in
the present method is that the delay of an arbitrary later phase found on the Green's function is caused by the
trapping of the seismic ray within the sedimentary basin as schematically illustrated in Fig 2. In other words, it is
assumed that the site effects, rather than the path effects, are predominant in the phase information of the Green's
function. Thus the difference of the arrival times of the direct-S phase and the later phase t-t, is approximately
equal to the time for which the seismic ray corresponding to the later phase is trapped within the sedimentary
basin. It is important in this discussion to recognize that the time history in Fig. 2 is a Green's function instead of
a main shock ground motion. Because the source time function for a Green's function is impulsive, different
arrivals found on the Green's function can be regarded to have started the hypocenter at the same time and,
therefore, the difference in the arrival times can be attributed to the difference of the time spent along the ray.

In case of a strong excitation, the materials within the sedimentary basin can exhibit nonlinear behavior
including the reduction in shear wave velocity and the increase in damping [2]. The nonlinear behavior is
typically most prominent near the surface of the basin as illustrated in Fig. 1. Due to the nonlinear behavior, the
arrival time of a later phase will be delayed and the amplitude of the later phase will be reduced. To consider
these effects, two parameters, v; and v,, are used to represent the deviation of material properties of the
sediments from linear status due to soil nonlinearity. The parameter v, is defined as the averaged reduction in
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Fig. 2 — Examples of the direct S phase and a later phase involved in a Green’s function

shear wave velocity along the ray in the sediments, that is, vi =V/V g, Where V is the shear wave velocity for a
strong motion and V is the shear wave velocity for a weak motion. The parameter v, is defined as the averaged
increase in damping factor along the ray in the sediments, that is, v,=h-ho, where h is the damping factor for a
strong motion and hy is the damping factor for a weak motion. Then, in case of a strong excitation, the seismic
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ray corresponding to the later phase will be trapped within the sedimentary basin 1/v; times longer than the
linear case. At the same time, the amplitude of the later phase will be reduced by a factor of exp[-v, o(t-tp)],
because t-to is approximately equal to the time for which the seismic ray corresponding to the later phase is
trapped within the sedimentary basin as discussed above. As a result, the Green's function is modified as follows:

gn(t)=9(t) for t<t, and
In(to+(t-to)/v1)=g(t) exp[-v2 o(t-to)] for t>to,

. )

)

where g(t) is the original Green's function and g,(t) is the Green's function after modification. The parameters v
and v, are referred to as "the nonlinear parameters” [3]. Because o is involved in Equation (1) the Green's
function should be, at first, decomposed into components having different frequencies and then each component
should be modified based on Equation (1). Finally, the modified components should be summed up.

3. Source model and calculation of strong ground motions

Making use of strong motion data for the 2011 Tohoku earthquake [4, 5] and the source model developed for the
same earthquake by the author [6, 7], strong motion simulation with considerations of soil nonlinearity was
conducted and its effectiveness was studied. In particular, strong motion records with the evident effects of soil
nonlinearity were selected and they were simulated using the source model and taking into account empirical site
amplification and phase effects [8, 9].

Fig. 3 shows the source model used for the study [6, 7]. The source model involves 9 SPGAs (Strong-
motion Pulse Generation Areas), located off the coast of Miyagi through Ibaraki. The model can basically
explain the time history of the observed strong ground motions at stiff sites along the coast of Miyagi through
Ibaraki, especially in the frequency range relevant to structural damage, with linear calculations [6, 7].

Fig. 3 and Table 1 show the stations used for this study. These stations were selected because the effect of
soil nonlinearity was evident at these stations.

Strong ground motions were calculated based on site amplification and phase characteristics [8, 9], to take
into account the effect of sediments for both the Fourier amplitude and phase of strong ground motions. An
outline of the method follows. The first step is to evaluate ground motions from a small event (Green’s function).
The Fourier amplitude of the Green's function is evaluated as a product of the source spectrum |S(f)|, the path
effect |P(f)| and the site amplification factor |G(f)|. The source spectrum was assumed to follow the ®? model
[11]. Geometrical spreading and non-elastic attenuation were considered for the path effect [12]. The empirical
site amplification factors [13] were used. The Fourier phase of an actual record of a small earthquake at the site
of interest was used for the Fourier phase of the Green's function. Thus, we obtained a time domain Green's
function which incorporates the effects of sediments both on the Fourier amplitude and Fourier phase. The
Green’s function in the frequency domain can be written as follows:

ISOIPEOGH] Os(F) /105D, )

where O,(f) is the Fourier transform of an actual record at the site of interest and |Os(f)|, is its Parzen-windowed
amplitude (a band width of 0.05 Hz was used). If several records are available for the site, it is preferable to
choose an event that has a similar incident angle and a similar back-azimuth to the target event. The second step
is to superpose Green's functions to obtain strong ground motions from a large event (or a subevent of a large
event) in the same way as the EGF method [14, 15]. When soil nonlinearity is considered, the time domain
Green’s function is corrected with the method described previously.

For the particular application to the Tohoku earthquake, the averaged radiation coefficient of 0.63 was
used. The parameter PRTITN [12], which represents the partition of S-wave energy into two horizontal
components, was determined to be compatible with the observed records. For the S-wave velocity and the
density in the source region, 3.9 km/s and 3.1x10° kg/m® were used [16, 17]. For the path effect, the Q value
estimated for the region was used (Q=114 f °%) [18].
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Fig. 3 — Target sites and the source model [6, 7]

Table 1 — The target sites and the nonlinear parameters manually determied for each site

Site V1 V2 Comments

MYGO007 0.68 0.002

MYGO010 0.71 0.020

MYGO014 0.78 0.003

MYGO15 0.67 0.011 In Nozu(2012), v 2=0.010
MYGO17 0.66 0.015

MYGHO08 0.82 0.006

MYGH10 047" 0.006 In Nozu(2012), v 2=0.008
FKS001 0.90 0.005 In Nozu(2012), v 2=0.005
FKS005 0.90 0.006 In Nozu(2012), v 2=0.005
FKSH17 0.84 0.002

IBROO1 0.78 0.006

IBR005 0.78 0.018

IBRH13 0.78 0.005

* For MYGH10, v,=0.80 was used for the former part of the waveforms for which SPGA1-3
contribute and v,=0.47 was used for the later part of the waveforms for which SPGA4-9 contribute.
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Table 2 — Small events used for the analysis

SPGAI1 SPGA2 SPGA3 SPGA4 SPGA5 SPGA6 SPGA7 SPGAS8 SPGA9
MYGO007 20051217 20051217
MYGO10 20050816 20131101
MYGO014 20051217 20051217
MYGO15 20051217(Same as left 20131101|Same as left|Same as left|Same as left|Same as left|Same as left
MYGO17 20051217 20051217
MYGHO08 20050816 20090801
MYGH10 20050816 20110309
FKSO001 20050816 20090801
FKS005 20050816[Same as left|Same as left] 20090801 Same as left[Same as left| 20091023] 20080508
FKSH17 20051217 20091023 20080508
IBROO1 20051217[Same as left|Same as left|Same as left Same as left{Same as left| 20091023| 20080508
IBRO05 20051217 20091023 20080508
IBRH13 20051218 20091023 20080508

The small events listed in Table 2 were used to determine the Fourier phase of the Green's functions.
These events were selected taking into account the similarity of the incident angle and the back-azimuth between
the small events and the SPGAs.

4. Results for manually determined nonlinear parameters

In the simulation, the nonlinear parameters were manually determined with the aim of reproducing the observed
ground motions as accurately as possible as shown in Table 1. Among the nonlinear parameters, v, was basically
determined by referring to the ratio of the peak frequencies of strong and weak motions at the same site [10],
because the parameter v, represents the ratio of the shear wave velocities within the sediments between the
linear and nonlinear cases, and thus v, represents the ratio of the resonant frequencies of the sediments between
the linear and nonlinear cases. Then, the parameter v, was determined so that the observed ground motion could
be simulated as accurately as possible, with special reference to the duration of the later phases.

Fig. 4 compares the observed and synthetic Fourier spectra at MYGO010. The synthetic spectrum in the left
panel corresponds to the linear calculation. In this case, the peak frequency of the synthetic spectrum is around
1.0 Hz and it is not consistent with the observed peak frequency. This discrepancy was caused by the nonlinear
soil behavior. Then, at first, the parameter v, was introduced to consider the reduction of shear wave velocity.
The middle panel of Fig. 4 shows the result for this case. The synthetic peak frequency approached to the
observed one. However, the amplitude was significantly overestimated. Fig. 5 compares the observed and
synthetic velocity waveforms for this case. The amplitude of the later phase was significantly overestimated.
Then, finally, the parameter v, was introduced to consider the increase in damping factor. The right panel of Fig.
4 shows the comparison of the Fourier spectra for this case. Fig. 6 shows the comparison of the velocity
waveforms for this case. It can be recognized that the result was significantly improved by introducing these
parameters. Figs. 7-9 show the same results for another station MYGO015. The same tendency can be found.

Fig. 10 shows the relations between the observed and synthetic PSI values at all the stations. Again, the
synthetic values approached to the observed ones when both v; and v, were introduced. The PSI value is defined
as the square root of the integration of the squared velocity waveforms and it correlates well with the damage to
port structures.

5. Iteration scheme

In the above simulation, the nonlinear parameters were manually determined with the aim of reproducing the
observed ground motions as accurately as possible, that is, the parameters were optimized for each station.
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4 — Observed (black) and synthetic (red) Fourier spectra at MYGO010. The synthetic spectrum was obtained
with a linear calculation (left), with only v, (center), and with both v, and v, (right).
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Fig. 5 — Observed (black) and synthetic (red) velocity waveforms at MYGO010 (0.2-1 Hz). The synthetic
waveforms were obtained with only v.
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waveforms were obtained with both v, and v,.
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Fig. 7 — Observed (black) and synthetic (red) Fourier spectra at MYGO015. The synthetic spectrum was obtained
with a linear calculation (left), with only v, (center), and with both v; and v, (right).
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Fig. 8 — Observed (black) and synthetic (red) velocity waveforms at MYGO015 (0.2-1 Hz). The synthetic
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Fig. 9 — Observed (black) and synthetic (red) velocity waveforms at MYGO015 (0.2-1 Hz). The synthetic
waveforms were obtained with both v, and vs.
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Fig. 10 — Relations between the observed and synthetic PSI values at all the stations. The synthetic values were
obtained with a linear calculation (top left), with only v, (top right), and with both v; and v, (bottom left). In the
bottom right panel, the synthetic values were obtained with v, and v, determined through the iteration scheme.

However, to apply the same method to the prediction problems, it is not possible to determine the parameters by
referring to the observed records, of cause. Thus, the author proposed an iteration scheme to determine the
nonlinear parameters, referring to the “equivalent linear analysis” [19], that has been used for a long time in the
field of geotechnical earthquake engineering.

In the proposed iteration scheme, the parameter v, is determined from the peak ground velocity (PGV)
(cm/s) as follows.

v 1=1/(1+0.0082 PGV) 3)

Equation (3) is an empirical equation proposed by Wakai and Nozu [10], referring to the observed records during
the 2011 Tohoku earthquake. On the other hand, the parameter v, is determined based on the mean curve shown
in Fig. 11, which summarizes the result of the analysis described above. The mean curve can be written as

v ,=0.020 (1 - v ;9), (4)

where the functional form was determined referring to Hardin and Drenevich [20].
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Fig. 12 compares the observed and synthetic velocity waveforms at MYG010, MYGO015, FKS001 and
FKSH17, where the synthetic ones were obtained with the nonlinear parameters v, and v, determined through
the proposed iteration scheme. It can be observed that the main features of the observed waveforms can be
reproduced with the iteration scheme. Finally the bottom right panel of Fig. 10 shows the relations between the
observed and synthetic PSI values at all the stations, where the synthetic values were obtained with v, and v,
determined through the proposed iteration scheme. It can be observed that, by using the iteration scheme, the PSI
values approach to the observed ones, compared to the linear cases.

6. Concluding remarks

To predict strong ground motions for future large earthquakes including huge subduction earthquakes, it is
important to take into account the effects of soil nonlinearity [1, 2]. The author has been developing a simple
method to simulate strong ground motions taking into account the effects of soil nonlinearity [3]. The method
considers the multiple nonlinear effects as will be explained later, and it has been applied to the 2000 Western
Tottori earthquake, etc. [3]. The method, however, has been validated only for a limited amount of strong motion
data, partly because there was only a limited amount of strong motion data affected by soil nonlinearity.
Therefore, in this article, making use of strong motion data for the 2011 Tohoku earthquake [4, 5] and the source
model developed for the same earthquake by the author [6, 7], strong motion simulation with considerations of
soil nonlinearity was conducted and its effectiveness was studied. In particular, strong motion records with the
evident effects of soil nonlinearity were selected and they were simulated using the source model and taking into
account empirical site amplification and phase effects [8, 9]. Soil nonlinearity was considered using the method
of Nozu and Morikawa [3]. The method uses two parameters to represent the effects of soil nonlinearity; one
representing the reduction of averaged shear wave velocity within the sediment (v1) and the other representing
the increase of averaged damping factor within the sediment (v2). In the simulation, v1 was basically determined
based on Wakai and Nozu [10] and v2 was determined so that the observed ground motion could be simulated as
accurately as possible. As a result, it was found that, the duration of strong ground motions tended to be
overestimated if the parameter v2 was not used for the sites with the effect of soil nonlinearity. In each of the
target sites, by using these two parameters, the simulation result was improved. Thus, the effectiveness of strong
motion simulation with considerations of soil nonlinearity was confirmed. Based on the results, the application
of the method for future earthquakes was also discussed.

10
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Fig. 12 — Observed (black) and synthetic (red) velocity waveforms at MYG010, MY G015, FKS001 and
FKSH17 (0.2-1 Hz). The synthetic ones were obtained with the nonlinear parameters v, and v, determined
through the iteration scheme.
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