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ABSTRACT

Seismologists acknowledged nonlinear site response during strong motion in the aftermath of the Loma Prieta earthquake. Yet, it is
the earthquake engineering community that conducts exclusively most nonlinear studies in practice. These are performed either by
using linear-equivalent approximations or using complex constitute models that require a detailed soil characterization. Indeed, the
problem of estimating nonlinear site response is the number of parameters needed to describe the dynamic material properties. For this
reason, the majority of nonlinear analyses remain to one-dimensional computations. The well-recorded Mw9 Tohoku earthquake of
March 11, 2011 shows widespread nonlinear effects on stations close to the rupture, even at sites having Vs30 larger than 400-600
m/s. Sites having lower values of Vs30 showed cyclic mobility and liquefaction. This event shows that if we want to correctly assess
the ground motion for future large earthquakes, large-scale nonlinear analyses are needed. These observations represent a constraint
when developing nonlinear constitutive models as well as a challenge for numerical computations. Furthermore, this mega-earthquake
shows the need to team together seismologists and engineers because we need simple, yet robust, soil models able to reproduce these
observations with few parameters than can be used in numerical predictions of near-field ground motion that include nonlinear site
effects.

INTRODUCTION

The near surface geological site conditions in the upper tens of meters are one of the dominant factors in controlling the amplitude and
variation of strong ground motion, and the damage patterns that result from large earthquakes. It has long been known that soft
sediments amplify the earthquake ground motion. Superficial deposits, especially alluvium type, are responsible for a remarkable
modification of the seismic waves. The amplification of the seismic ground motion basically originates from the strong contrast
between the rock and soil physical properties (e.g. Kramer, 1996). At small deformations, the soil response is linear: strain and stress
are related linearly by the rigidity modulus independently of the strain level (Hooke’s law). Mainly because most of the first strong
motion observations seemed to be consistent with linear elasticity, seismologists generally accept a linear model of ground motion
response to seismic excitation even at the strong motion level. However, according to laboratory studies (e.g. Seed and Idriss, 1969),
Hooke’s law breaks down at larger strains and the nonlinear relation between strain and stress may significantly affect the strong
ground motion at soil sites near the source of large earthquakes.

Since laboratory conditions are not the same as those in the field, several authors have tried to find field data to understand nonlinear
soil behavior. In order to isolate the local site effects, the transfer function of seismic waves in soil layers is estimated by calculating
the spectral ratio between the motion at the surface and the underlying soil layers. Variation of these spectral ratios between strong and
weak motion has actively been searched in order to detect nonlinearity. For example, Darragh and Shakal (1991) observed an
amplification reduction at the Treasure Island soft soil site in San Francisco. Beresnev and Wen (1996) also reported a decrease of
amplification factors for the array data in the Lotung valley (Taiwan). Such a decrease has also been observed at different Japanese
sites including the Port Island site (e.g. Satoh et al., 1997, Aguirre and Irikura, 1997). On the other hand, Darragh and Shakal (1991)
also reported a quasi-linear behavior for a stiff soil site in the whole range from 0.006 g to 0.43g. Following these results, there is a



need to precise the thresholds corresponding to the onset of nonlinearity and the maximum strong motions amplification factors
according to the nature and thickness of soil deposits (Field et al., 1998; Bonilla et al., 2003).

However, nonlinear effects can also directly be seen on acceleration time histories. This is the case when pore pressure takes place
during liquefaction. In addition, Iai et al., (1995), Archuleta (1998), and Bonilla et al., (2005) showed that the appearance of large
acceleration peak values riding a low frequency carrier is an indicator of soil nonlinearity known as cyclic mobility. Laboratory
studies show that the physical mechanism that produces such phenomenon is the dilatant nature of cohesionless soils, which
introduces the partial recovery of the shear strength under cyclic loads. This recovery translates into the ability to produce large
deformations followed by large and spiky shear stresses. The spikes observed in the acceleration records are directly related to these
periods of dilatancy and generation of pore pressure. These examples indicate that nonlinear soil phenomena are complex.

With the increasing computer power, it is possible to perform large-scale (i.e. dozens of kilometers) simulations of the ground motion
that includes the complexity of the source, the propagation media, and site effects (e.g. Cui et al., 2010). Yet, it is still difficult to
assess large-scale nonlinear site response, namely due to the lack of knowledge of the dynamic properties of the media as well as the
necessity of broadband simulations so that nonlinear effects can be triggered. It is well known that 3D elastic properties are already
expensive to obtain; 3D soil characterization with dynamic parameters needed by nonlinear rheologies could easily become
prohibitive. For these reasons, large-scale 3D nonlinear simulations performed by the engineering community basically comprehends
well-characterized sites of few dozens of meters such as earth dams, bridges, wharfs, among others that may include soil-structure
interaction (e.g. Lu et al., 2011). These studies share the same name, large-scale analyses; however, they differ in several orders of
magnitude of the studied area dimensions.

On the afternoon of March 11th, 2011, an earthquake of magnitude Mw 9 occurred off the Pacific coast of Tohoku, Japan (Japan
Meterological Agency, JMA hereafter, 2011). This event is one of the largest earthquakes in the world that has been well recorded in
the near vicinity of the source (NIED, 2011). The estimated fault plane is 500 km along strike in the northeastern part of Japanese
mainland and 200 km along dip (Simons et al., 2011). This event brought devastating damages especially by the tsunami that took
place after the main shock. Yet, the recorded ground motions were also very large. The observed PGA values from K-NET and KiK-
net showed large accelerations for many sites (19 sites having PGA values larger than 1 g) and strong motion duration longer than 80 s
(time interval between 5% and 95% of the Arias intensity). This event produced a wealth of data showing different types of nonlinear
soil behavior, going from traditional high frequency deamplification to liquefaction. These phenomena could be seen on the records of
sites at soft soils over a large area along the fault's rupture including Miyagi, Chiba and Tokyo prefectures (Bonilla et al., 2011). This
event brings the necessity of studying a large area that suffered not only traditional site effects, but also strong nonlinear soil response,
with the aggravating factors of near field and finite fault effects. Therefore, we need to team seismologists and earthquake engineers to
study events like this, and eventually be able to predict, reasonably well, ground motion incorporating earthquake physics and soil
dynamics in a realistic way.

In this paper we show site-specific examples of the complexity of dynamic soil characterization that is needed to perform nonlinear
site response studies. We revisit the 1994 Northridge earthquake to see what large-scale nonlinear effects were encountered and 2D
numerical simulations that may explain the observations. Finally, we show some results from the 2011 Tohoku earthquake displaying
other nonlinear signatures. We expect to demonstrate, through these examples, the complexity of these phenomena and the need to
study them for a better seismic hazard assessment.

SITE CHARACTERIZATION TO STUDY NONLINEAR SITE RESPONSE

Site characterization studies have different goals for seismologists and earthquake engineers. Traditionally, seismologists work on
elastic and viscoelastic wave propagation in complex media. This means, that P and S wave speeds, density, Qp and Qg values
characterize the media (e.g. Magistrale et al., 2000). In addition to these parameters, earthquake engineers also need information about
the dynamic properties of the different materials. To name a few, lithology composition to see the type of material (e.g. sand, clay,
silt); water content (dry, saturated or partially saturated material); cohesion and friction angle (material strength); liquefaction
resistance laboratory tests; shear modulus reduction and damping ratio curves (e.g. Heuze et al, 2004). The type and number of
geotechnical parameters depend on the constitutive soil model used in the numerical simulations. Figure 1 shows acceleration records,
surface and down-hole, of the 1995 Kobe earthquake at Port Island (left) and the 1993 Kushiro-Oki earthquake at Kushiro Port (right).
Both sites have shear wave velocity profiles relatively close each other, except in the first 30 meters depth. Yet, their response is
completely different. Port Island is a man-made site composed of loose sands that liquefied during the Kobe event (Aguirre and
Irikura, 1995). Practically there is no energy after the S-wave train in the record at the surface. Conversely, Kushiro Port is composed
of dense sands and shows, in the accelerometer located at ground level, large acceleration spikes that are even higher than their
counterpart at depth. Iai et al. (1995) studied the Kushiro Port records and they showed that this type of behavior comes from dilatant
properties of dense sands. They used triaxial laboratory tests on frozen samples to determine the dynamic characteristics of the



material. A linear or equivalent-linear model will never reproduce such behavior. For this reason, nonlinear site analyses are quite
expensive. Needless to say that such kind of site characterization in two and three dimensions makes these studies prohibitive. Before
going into the details of nonlinear simulations, we can still use the “traditional” properties to detect nonlinear effects. This will be

done with examples using KiK-net stations.
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Fig 1. Surface and borehole records of the 1995 Kobe earthquake at Port Island (left), and the 1993 Kushiro-Oki earthquake at
Kushiro Port (right). The middle panel shows the shear wave velocity distribution at both sites.

The Kiban-Kyoshin Network (KIK-net), in Japan, is composed by about 700 stations with surface and borehole high sensitivity
triaxial accelerometers (Aoi et al., 2000). Most of the KiK-net sites have borehole stations 100 m or 200 m below the surface;
however, there are about 20 exceptions where depths of boreholes are deeper than a few hundred meters. In addition, geological

information and borehole logging are available.
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Fig. 2. Map showing the location of KiK-net stations that recorded a PGA greater than 50 gals (left) and the related events (right).

Figure 2 shows the location of KiK-net stations that recorded a PGA grater than 50 gals (left) and the corresponding events (right).
This figure illustrates the wealth of data that potentially could be used to study nonlinear site response. Indeed, this network is



exceptional because it has site characterization, high quality data, and the site effect can be isolated by simple surface-to-borehole
spectral ratios (Kawase, 2006). Figure 3 shows the statistics of Vs30 of KiK-net stations as a function of the maximum and minimum
shear wave speeds, Vsn, (left) and Vs, (right), respectively. The distribution of Vs30 indicates that most of stations have values less
than 500 m/s; whereas the maximum shear wave speed is almost uniformly distributed between 500 and 3000 m/s. Furthermore, the
majority of stations have a minimum shear wave speed less than 200 m/s. These two plots suggest that it is likely to find places with a
combination of strong impedance contrast and a superficial layer with low shear wave speed.
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Fig. 3. Distribution of Vs30 as a function of maximum (left) and minimum (right) shear wave speeds for the KiK-net stations.

Figure 4 shows an example of nonlinear soil behavior at station TTRHO02 (Vs;, = 340 m/s), KiK-net station that recorded the My 7.3
October 2000 Tottori in Japan. The orange shaded region represents the 95% borehole transfer function computed using events having
a PGA less than 10 cm/s>. Conversely, the solid line is the borehole transfer function obtained using the data from the Tottori main
shock. One can see the difference between these two estimates of the transfer function, namely a broadband deamplification and a
shift of resonance frequencies to lower values. The fact that the linear estimate is computed at the 95% confidence limits means that
we are confident that this site underwent nonlinear at a 95% probability level.
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Fig. 4. Borehole transfer functions computed at KiK-net station TTRHOZ2 in Japan. The orange shaded area represents the 95%
confident limits of the transfer function using weak-motion events (PGA < 10cm/s°). The solid line is the transfer function computed
using the October 2000 Tottori main shock data.



In addition, another kind of analysis is the study of the statistical distribution of recorded PGA or spectral accelerations at depth and at
the surface (Bonilla et al., 2003). The idea is that under nonlinear soil behavior, the observed acceleration at the surface will become
less and less amplified. From Fig. 4, we expect that this effect will be greater at higher frequencies. Figure 5 shows the results for two
spectral accelerations at 1 and 3 Hz and the PGA, respectively. The data corresponds to Fig. 2 and includes the 2011 Tohoku
earthquake. Figure 5 shows surface-to-borehole acceleration relation depending on event magnitude and Vs30 bins.
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Fig. 5. Observed acceleration at depth and at the surface as a function of event magnitude and Vs30 values. The accelerations are at 1
Hz (left), 3 Hz (middle), and the PGA (right).

Can nonlinear effects be seen? It is quite difficult to answer this question. For example, the PGA shows some signs of nonlinear
behavior for events having a magnitude between 5 and 9 and sites having a Vs30 between 180 and 760 m/s (2 bins of magnitude and
Vs30 combined). In addition, there is amplification for the 2011 Tohoku earthquake spectral accelerations at 1 Hz at stations having a
Vs30 less than 180 m/s. This is different for lower magnitude events, where the spectral accelerations are almost the same at surface
and depth at this particular wavelength. These two facts may suggest that nonlinear phenomena took place. Yet, the most interesting
feature is that both PGA and accelerations at 3 Hz, recorded at the surface, are always amplified with respect to the observations at
depth. Because of this, such kind of representation is not enough to clearly reveal nonlinear effects compared to the frequency domain
representation as shown in Fig. 4. Nonetheless, this kind of analyses is worthy in the sense that we still need to find a simple index of
material nonlinearity, and PGA is not very conclusive. Finally, these observations constitute empirical constraints for nonlinear
simulations.

SITE-SPECIFIC STUDIES: THE 1987 SUPERSTITION HILLS EARTHQUAKE

On 24 November 1987, the M| 6.6 Superstition Hills earthquake was recorded at the Wildlife Refuge station. This site is located in
southern California in the seismically active Imperial Valley. In 1982, the U.S. Geological Survey instrumented this site with
downhole and surface accelerometers and piezometers to record ground motions and pore water pressures during earthquakes (Holzer
et al., 1989). The Wildlife site is located in the flood plain of the Alamo River, about 20 m from the river’s western bank. In situ
investigations have shown that the site stratigraphy consists of a shallow silt layer approximately 2.5 m thick underlain by a 4.3 m
thick layer of loose silty sand, which is in turn underlain by a stiff to very stiff clay. The water table fluctuates at about 2 m depth
(Matasovic and Vucetic, 1993).

This site shows historically one direct in situ observation of nonlinearity in borehole data. The Wildlife Refuge liquefaction array



recorded acceleration at the surface and 7.5 m depth, and pore pressure on six piezometers at various depths of the Superstition Hills
earthquake (Holzer et al., 1989). Figure 6 (left) shows the acceleration time histories at GL-0 m and GL-7.5 m, respectively. Note how
the acceleration changes abruptly for the record at GL-0 m after the S wave. Several sharp peaks are observed; they are very close to
the peak acceleration for the whole record. In addition, these peaks have lower frequency than the previous part of the record (the
beginning of the S wave, for instance).

Zeghal and Elgamal (1994) used the Superstition Hills earthquake to estimate the stress and strain from borehole acceleration
recordings. They approximated the shear stress and the mean shear strain at GL-2.9 m through linear interpolation (Fig. 6). This figure
shows the large nonlinearity developed during this event. The stress-strain loops form an S-shape and the strains are as large as 1.5%.
At this depth, there is a piezometer (P5 according to Holzer et al., 1989). With this information it is also possible to reconstruct the
stress path (bottom right of Fig. 6). Note that some of the pore pressure pulses are correlated with episodes of high shear stress
development. The stress path shows a strong contractive phase followed by dilatancy when the effective mean stress is close to 15
kPa. Nowadays, there are several vertical arrays installed in different parts of the world, which couple accelerometers and pore
pressure transducers that will help to better capture nonlinear effects. Examples of these arrays are the Lotung array in Taiwan
(Abrahamson et al., 1987); Garner Valley array in Southern California (Archuleta et al., 1992), CORSSA array in the Aegean region
in Greece (Pitilakis et al., 2004), Llolleo array in Chile (Verdugo, 2009), Belleplaine array in the French Lesser Antilles (Gueguen et
al., 2011) to name a few.

GL-0 m (NS)

300 T T T T T —— T —
200 T I I | 0 | A

100
-100

-200
-300

GL-3.75m

TTTTTETTTTT

L L L

Acceleration (gals)
o

NN TN
LI
TR

&
-~

Shear strain (%)

T I T
Shear stress (kPa)
LI I B |
T I T I

0 -3 (2N N T I T T I T
50 ' ' ' ' L i 0 10 20 30 40 5 qo L Ll 1

10 -1 0 1

30
20 Shear strain (%)
10

0

&
~

GL-3.75m

TTTTTTTTTTT
Nrnn

Pore pressure (kPa)

10 20 30 40

I
|

=)
TTTTTTT
T I O

GL-7.5m (NS) -6 —A Accelerometer —

Dor :
300 T T - . , L LI ore pressure i
200 T T | T lmns([lum

100

Shear stress (kPa)

Shear stress (kPa)

© Estimated 20 30 40 10 20 30 40 50

-7 b stress-strain — Time () Effective mean stress (kPa)

o
S

s -100
-200
-300

- A -

8 | | 1 | 1
20 30 40 50 0 50 100 150

Time (s) Vs (m/s)
Fig. 6. Wildlife Refuge station that recorded the 1987 Superstition Hills earthquake both acceleration and pores pressure time
histories (left). Computed stress and strain time histories according to Zeghal and Elgamal (1994), stress-strain loops and stress path
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Using the stress and stress time histories at GL-2.9 m computed earlier, Bonilla et al. (2005) performed a trial-and-error procedure in
order to obtain the dilatancy parameters that best reproduce such observations. Figure 7 compares the computed shear stress time
history with the observed shear strain at GL-2.9 m. The stress-strain hysteresis loops are also shown. We observe that the computed
shear stress is well simulated; the stress-strain space also shows the same dilatant behavior (S-shape hysteresis loops) as the observed
data. Once the model parameters were determined, they proceeded to compute the acceleration time history at GL-0 m using the
north—south record at GL-7.5 m as input motion. Figure 8 shows the accelerograms (left) and the corresponding response spectra
(right). The observed data are shown with no filtering, whereas the computed data are low-pass filtered at 10 Hz. The computed
accelerogram shows the transition from high-frequency content between 0 and 15 sec to the intermittent spiky behavior after 15 sec.
The response spectra show that the computed accelerogram accurately represents the long periods; yet, the short periods are still
difficult to model accurately. This is one of the challenges of nonlinear simulations; the fit should be as broadband as possible.

EMPIRICAL EVIDENCE OF WIDESPREAD NONLINEAR RESPONSE: THE 1994 NORTHRIDGE EARTHQUAKE

The M 6.7, January 1994, Northridge earthquake in southern California stimulated studies on the extent of nonlinear soil behavior in
the epicentral area (Field ez al., 1997; Beresnev et al., 1998a,b; Field et al., 1998; Hartzell, 1998; Su et al., 1998; Cultrera et al., 1999).
These studies were facilitated by the fact that this event was well recorded by many of the permanent strong-motion stations as well as



to a rapid deployment of portable instruments after the main shock. The Northridge aftershock database allowed calculation of site-
specific weak-motion responses at the sites that also recorded strong ground motions with accelerations exceeding several hundred
gals. Therefore, accurate responses at the same soil sites to both weak and strong motions could have been compared, with
implications for ground nonlinearity. These studies suppose that weak-motion will excite linear response as opposed to strong-motion
where nonlinear effects may take place.
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Fig. 7. The top panel shows the computed strain time history at the middle of the borehole. Middle panels show the computed stress by
trial-and-error using the Iai et al. (1990) model in order to find the best dilatancy parameters. Bottom panels indicate the computed
stress time history from acceleration records (after Bonilla et al., 2005).
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Field et al. (1997) used the linear-to-nonlinear response ratio to statistically infer nonlinear effects in the sediment sites that recorded
both the main shock and aftershock data from the Northridge sequence. Since nonlinear response is usually lower than linear response,
this ratio should be greater than one. Figure 9 (left) shows their result, where the mean (red line) and the 95% confidence limits
(yellow shaded area) are displayed. As shown in previous sections, nonlinear effects deamplify high frequencies, thus we should
expect that the linear-to-nonlinear response ratio should be greater than one at higher frequencies. This is not the case, Fig. 9 shows
that the affected frequency band lies between 0.8 and 5.5 Hz. This was one of the first studies showing widespread nonlinear effects in
the epicentral area. Yet, why sediment nonlinearity was affected at such intermediate frequencies?

An attempt to answer this question is by studying the 2D response of a small basin with inclined incident wavefield. Indeed, Fig. 9
(right) shows that the aftershocks may not necessarily arrive to the seismic stations with vertical incidence because they are quite close
to the receivers. In order to reduce the model’s size we propagate a plane wave with three angles of incidence into a relatively small



basin in Nice, France, which has a 3D velocity model and whose soil nonlinear dynamic parameters have been estimated from

literature (GEMGEP, 2000).
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From the 3D model, we extract a 2D profile of 125 m deep and 2.5 km length. The minimum and maximum shear wave velocity is
180 and 1400 m/s in the sediments (obtained from SPT-Vs correlations) and bedrock, respectively. In the absence of information
regarding P wave speed, we assume a Poisson’s coefficient of 0.4. The quality factor values Qp and Qg are estimated as one tenth of
the P and S wave speeds, respectively. The computations are carried out up to 10 Hz and the numerical spatial and time steps are 0.5
m and 10* s. We use a 2D P-SV finite differences scheme with Saenger et al. (2000) stencil. The nonlinear soil behavior is the one
proposed by Towhata and Ishihara (1985) and Iai et al. (1990). For the source, we use a synthetic accelerogram simulating a M6
earthquake located at 8 km hypocentral distance and having a PGA of 0.2 g.
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Fig. 10. 2D linear (left) and nonlinear (right) basin response of Nice, France.

Figure 10 shows the basin response for the linear (left) and nonlinear (right) cases. Top panels correspond to the basin amplification
for an incident plane wave at 35° to the right; the second panels show the results for an inclined wave at 35° to the left; the third panels
correspond to the case of vertical incidence, and the bottom panels display the S wave velocity model. The first thing that we observe



is the deamplification of the ground motion for the nonlinear case. However, nonlinear basin responses for the inclined wavefield are
not as much deamplified compared to the vertical incidence. This is due to the fact that inclined waves do not traverse the nonlinear
media as if they were impinging vertically. In other words, the effective thickness for an inclined wave is smaller than the vertically
incident case. Therefore, nonlinear effects are less pronounced.
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Fig. 11. Geometric mean and 68% confidence limits of linear-to-nonlinear response ratio for receivers within the basin. The top panel
shows individual results for each angle of incidence. Bottom panel shows the combined amplitude ratio for all angles.

Following Field et al. (1997), we compute the linear-to-nonlinear response ratio for all receivers in the basin. First, we compute the
geometric mean of these ratios for each angle of incidence. In a second time, we obtain the geometric mean of ratios for all angles
(Fig. 11). This figure shows two things. The first is that linear-to-nonlinear response ratio is almost flat for vertical incidence.
However, for the case of inclined wavefield, the linear-to-nonlinear response ratio shows two bumps at 2.5 and 4.5 Hz. When
averaging all angles, these bumps are still present at these intermediate frequencies. These numerical tests suggest that the results from
Field et al. (1997) may be due to the fact that they used aftershock data having angles of incidence different than the vertical.
Furthermore, these results imply that 3D simulations may be needed if we want to correctly take into account the effect of the incident
wavefield into the nonlinear sediments.

THE 2011 TOHOKU EARTHQUAKE

On the afternoon of March 11th, 2011, an earthquake of magnitude Mw 9 occurred off the Pacific coast of Tohoku, Japan (JMA,
2011). This event is one of the largest earthquakes in the world that has been well recorded in the near field by numerous stations at
the surface (e.g. K-NET and KiK-net) and in boreholes (KiK-net). Bonilla et al. (2011) selected 73 sites for which the recorded PGA
at the surface (Euclidean norm of the horizontal components) of the Mw 9 Tohoku earthquake was higher than 50 gals (no criteria was
imposed on the shear wave velocity at the borehole). Once these sites were identified, their linear response was computed using the
data recorded between 1998 and 2009 having PGA's at the surface not exceeding 10 gals. Figure 12 (left) shows an example of four
KiK-net stations having different Vs30 values where the linear borehole transfer function is characterized at 68% (dark gray area) and
95% (light gray area) confidence limits. The red line shows the nonlinear borehole transfer function computed using the main shock.
The main shock is largely deamplified at high frequencies, and there is a shift of the predominant frequency to lower values.
Furthermore, the frequency at which deamplification increases is proportional to the station's Vs30. For example, station IBRH16
(Vs30 = 626 m/s) deamplifies around 7 Hz; whereas station MYGHO04 (Vs30 = 850 m/s) deamplifies around 12 Hz. In order to see the
average nonlinear behavior for all KiK-net stations, we followed the same procedure as Field et al. (1997) for the Northridge
earthquake. Figure 12 (right) shows the mean borehole response ratio as a function of Vs30. For this earthquake, nonlinear soil effects
increase with decreasing Vs30 values. This figure indicates a broadband nonlinear behavior for soils having Vs30 < 800 m/s, from 3-6
to 30 Hz. Another interesting result is the presence of nonlinear behavior even at sites having Vs30 > 800 m/s following NEHRP
(1994) soil classification. Their velocity profiles show that the first 10 m have a shear wave velocity ranging from 200 to 400 m/s,
which may explain these observations. These are average results; more studies are needed to assess the uncertainties related to these
observations. These results are quite different than those of Field et al. (1997). In this study the borehole transfer functions do not have
source and path effects. In addition, the linear response is obtained from hundreds of events, including aftershocks, so particular path
effects and angles of incidence are averaged and the resulting transfer functions are smoothed (Kawase, 2006). This represents an



advantage to surface arrays. Yet, we need to reconcile the Northridge and the Tohoku studies, in order to better understand the origin
of nonlinear soil behavior signature.
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Fig. 12. Example of KiK-net stations where linear borehole response is computed at 68% (dark gray area) and 95% (light gray area)
confidence limits. Red line represents the nonlinear borehole response computed using the Mw 9 Tohoku data (left). Average linear-
to-nonlinear borehole response ratios for all KiK-net sites for different Vs30 classes. Note the clear separation among classes and the
broadband nonlinear response (3 to 30 Hz) for soils having Vs30 < 400 m/s (after Bonilla et al., 2011).

CONCLUSIONS

These are exciting times to study wave propagation in nonlinear media. The advance in earthquake physics and geotechnical
earthquake engineering, plus the increasing computer power, make possible to tackle large-scale numerical simulations of realistic
wave propagation including soil nonlinear behavior. Moreover, the densification of strong motion networks around the world help
recording large events in the vicinity of the fracture zone. In some particular cases, coupled systems of accelerometers and pore
pressure transducers help monitoring liquefaction and cyclic mobility prone areas. Most importantly, there is a lot of effort to make
these data public; so various research groups could study these phenomena from different perspectives.

Nonlinear soil response depends on dynamic parameters that may be quite expensive to collect. However, in some cases they need to
be obtained, for example when pore pressure takes place. This is a fundamental problem for handling large-scale studies. The cost of
laboratory and in situ tests may become prohibitive. In addition, the number and type of test are correlated to the soil parameters
needed for a given material rheology. In this sense, the analysis of recorded data for large events such as the Northridge and the
Tohoku earthquakes is valuable to provide with empirical constraints to modelers. We advocate to the development of simple, yet
robust constitutive equations that are able to reproduce these observations. This needs to be done by a close collaboration between the
seismology and earthquake engineering communities.

Thus, what is the challenge of computing nonlinear soil response? There is no analytical solution to begin with. Indeed, every
nonlinear observation is unique. The study of nonlinear soil physics, however, reveals the mechanisms that will be repeated in future
earthquakes. This is already a major step. Second, as we have seen from the different examples presented before, soil nonlinearity has
a broadband effect. Thus, there is a need of computing broadband time histories so that nonlinear effects can be triggered, which all
seismologists know is not a trivial problem. Third, the analysis of the 2011 Tohoku records at KiK-net stations suggests that nonlinear
behavior may be shallow. This is good news because there is no need to expensive material dynamic characterization up to the
bedrock. Finally, since the resulting ground motion depends on the source and soil dynamic properties, there is a need to quantify the
uncertainty of the numerical predictions. One-dimensional studies can be easily done, but 2D and 3D analyses present a challenge and
there is still some work to be done.
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