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Abstract

Both linear and nonlinear behaviors of soil deposits were evaluated by strong and weak motion data observed on the surface and at depths of 6,
11, 17,47 m at the Large Scale Seismic Test (LSST) array in Lotung, Taiwan. The soil properties measured by well logging and by the shear wave
velocity profile measured by uphole and cross-hole methods are available. Both one-dimensional equivalent-linear method and nonlinear method
are used for the evaluation have been used. The synthetic records at various depths are obtained by using the records at the bottom as input motion.
These synthetic records are then compared with actual records at corresponding depths. Records of 13 earthquakes are used. We find that the
synthetic records obtained from a linear model match well with actual records for small input motions, but the results obtained from a nonlinear
model match poorly. On the other hand, the synthetic records using both the nonlinear model and equivalent-linear model are in good agreement
with the observed records for large input motions. In these cases, the predicted response spectra using the linear model consistently overestimate
the observed records. The threshold distinguishing the large and small input motions is 0.04 g at depth of 47 m for the LSST data. Thus, the
nonlinearity started at 0.04 g and occurred unequivocally at 0.075 g. Furthermore, the dominant frequencies shift toward lower values when input
motions become large. Clearly, the observed records at the LSST site manifest nonlinearity of soil response. The hysteresis loops evaluated by the

nonlinear method show a permanent strain of about 0.01% in soil layers at higher ground motion input levels in this case.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

For some time, the nonlinear ground response during large
earthquakes is a controversial subject between seismologists
and geotechnical engineers. Seismologists often suppose the
propagating waves as a linear elastic behavior when earthquake
occurs [1]. When computing synthetic waves, the site effects
can be corrected by an amplification factor [2]. On the other
hand, from cyclic loading test of soil samples in geotechnical
laboratory, geotechnical engineers recognize that the relation-
ship of shear stress and shear strain of soil samples are
nonlinear [3]. Thus, the nonlinear response always has been
concerned when earthquake engineers compute seismic waves
in soil deposits. In the past, seismologists did not take seriously
for nonlinear site effects because of the lack of observed
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records that contained nonlinear response. In recent years, the
numbers of strong motion instruments are significantly
increased and the qualities of seismic records are improved.
Nonlinear response of soil deposits was convincingly analyzed
from observed records [4-10].

The observed records contain the source, path and site
effects. In order to separate the source and path effects from the
records, the spectrum ratio between the soil and reference sites
was often used to get amplification factor directly [11-13]. But
the reference site is not easy to choose. There might still be
amplification at a reference site itself [14]. By using the
downhole seismic records we can avoid this problem. The
distance between the downhole and surface stations is far less
than the distance between the source and surface stations.
Besides, the downhole records provide a true input motion. The
spectrum ratio obtained from surface to downhole records can
truly represent the site response [7]. Accordingly, in this study
we use downhole array records to analyze the nonlinear ground
response of soil deposits.

In order to examine the nonlinear response, we compute
the synthetic seismograms by one-dimensional method
including linear, equivalent-linear and nonlinear models,
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using downhole array records and the soil properties at
Lotung, Taiwan. The observed and synthetic records are
compared to evaluate the amplification of the soil, and to find
out the lower threshold of ground acceleration to induce
nonlinear ground response.

2. Data for analysis
2.1. Downhole array records

The Large Scale Seismic Test (LSST) project was jointly
sponsored by the Taiwan Power Company (TPC) and the
Electric Power Research Institute (EPRI, USA). Two model
structures were constructed at a site in Lotung in northeastern
Taiwan for soil-structure interaction research. Three surface
arms and two downhole arrays were installed at the site to
record the ground motions on the ground surface and at
different depths.

The deployment of the LSST array on the surface is
illustrated in Fig. 1a. The 1/4 scale model structure was in the
center and three arms extended out at about 120° azimuthal
separations. There were five accelerographs in each arm. The
two downhole arrays, designated as DHA and DHB, were
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Fig. 1. (a) The layout of surface instrumentation of the LSST array. (b) The
configuration of downhole instrumentation of the LSST array.

located on the northern arm approximately 3 and 46 m from the
1/4 model with accelerometers at depths of 6, 11, 17, and 47 m,
respectively, as shown in Fig. 1b.

Between 1985 and 1990, a total of 30 earthquakes were
recorded by the LSST array. We selected 13 of the 30
earthquakes that contained clear waveforms from most
stations, and the epicentral distances were not too far. The
earthquake magnitudes ranged from 3.7 to 6.2. The epicentral
distances were from 4.6 to 69.2 km (see Table 1). We use the
records of DHB downhole array seismometers and the fifth
station of ARM-1 (FA1-5) records to study the nonlinear
response of soil deposits. Because the DHB downhole array
was farther away from the model structure than the DHA, its
ground motions are not expected to be influenced by soil-
structure interaction. The sampling rate of the records is
200 pt/s.

2.2. Soil profile

In order to simulate the response at the LSST array, we need
to know the properties of local soil deposits. The well logging
data was simplified to set 12 sand and three clay layers based
on Chen et al. [15]. The shear modulus G, at the lowest strain
was determined by Gmaxz,ov2 from the shear wave velocity
and the density profiles (see Table 2). In this study, we use the
shear wave velocity profile measured by the uphole and cross-
hole methods by HCK [16].

2.3. Shear modulus reduction curves

For one-dimensional soil response analyses, a constitutive
relation that relates stress and strain is required. The
normalized strain-dependent shear modulus and damping
ratio of soils were determined by distortional soil sample
experiments and by dynamic triaxial tests in the laboratory. In
Fig. 2, the solid line represents the normalized strain-
dependent shear modulus and damping ratio curves by
Chang et al. [17]. And the dash line represents the mean
sand curves by Seed and Idriss [18], the dotted line was the
curves derived from backbone curve of hyperbolic model.
Between 0.001 and 0.02% of shear strain, the shear modulus
curves derived from hyperbolic model and Seed and Idriss
[18] were similar with each other, but were greater than the
curve by Chang for about 0.05. When shear strain was greater
than 0.02%, the curves adopted by Chang et al. and Seed and
Idriss were similar and the curve derives from hyperbolic
model decays rapidly. We use the curves by Chang et al. and
the hyperbolic model to represent the properties of local soils
in this paper.

3. Analysis methods

Both one-dimensional equivalent-linear and nonlinear
methods are used to calculate the site response. In the
equivalent-linear method, we use the linear and equivalent-
linear models for soil properties. The linear, hyperbolic, and
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Table 1

The earthquake parameters and LSST array data used in this study

EQ no. Origin time Latitude (N) Longitude (E) Dist. Depth Magni- PGA (cm/s%) Station

(km) (km) tude (M) no.
y/m/d/h/m/s Degree Minute Degree Minute v EwW NS

1 19851107052526 24 46.68 121 49.18 14.6 73.8 4.9 —-1.9 —-9.3 6.3 DHB47
2 19860116130437 24 45.77 121 57.67 23.8 10.2 6.1 22.7 —165.0 —177.9 DHB47
3 19860329071714 24 36.15 121 48.58 8.4 10.3 3.9 14.1 15.4 15.1 DHB47
4 19860408021502 24 22.72 121 47.18 31.3 10.9 49 4.6 —11.0 13.0 DHB47
5 19860520052600 24 4.90 121 35.48 66.1 15.8 6.2 314 79.4 96.9 DHB47
6 19860520053751 24 2.88 121 37.03 69.2 21.8 5.8 —5.3 14.2 —10.9 DHB47
7 19860711182525 24 37.33 121 46.95 5.0 1.1 3.7 —5.4 —28.4 16.6 DHB47
8 19860716235032 24 36.47 121 46.33 6.0 1.0 3.7 9.5 12.6 19.2 DHB47
9 19860717000333 24 39.58 121 48.90 6.1 2.0 4.3 14.6 45.6 —60.5 DHB47
10 19860730113144 24 37.72 121 47.65 52 1.6 5.8 90.7 143.2 186.0 DHBI17
11 19860730113829 24 38.37 121 47.72 4.6 2.3 4.2 —11.1 —17.1 28.7 DHBI17
12 19860805005620 24 37.05 121 46.40 5.0 1.2 4.2 14.2 56.4 58.6 DHBI17
13 19871110043312 24 25.07 121 43.42 27.0 344 4.9 12.5 —40.9 —37.7 DHBI17

empirical models are used in the nonlinear method. The
methods are briefly described below.

3.1. The equivalent-linear method

The equivalent-linear method has been applied routinely in
engineering community to evaluate one-dimensional soil site
response using the SHAKE code [19]. This approach computes
records in the frequency domain and obtains the transfer function
for every layer. Consequently, the seismic wave in each layer can
be obtained by convolving the input motion with the transfer
function, then transforming to the time domain. We assume a trial
shear modulus and damping ratio first. Then we find a new shear
modulus and damping ratio corresponding with shear strain in
shear modulus and damping curve using effective strain as 65% of
maximum shear strain. We repeat the process until the differences
of shear modulus and damping ratio are reduced below some
tolerance levels.

3.2. The nonlinear method

The truly nonlinear NONLI3 code was developed by Joyner
and Chen [20]. It computes in the time domain using finite
difference approach, and incorporates the soil behaviors that
were determined by experiments in laboratory. The nonlinear
response in the soil layer was obtained in each time interval. A
nonlinear explicit finite difference program DETRAN [21]
which is a modified version of the NONLI3 program is used in
this study to calculate nonlinear soil response.

3.3. Soil models

3.3.1. Linear model

Both equivalent-linear and nonlinear methods contain linear
soil model. In the equivalent-linear method, we fix the shear
modulus G, at the lowest strain level. This shear modulus is
associated with the shear wave velocity, and it does not change

Table 2

The soil profile model used in this study

Layer no. Soil type Thickness (m) Density (g/cm®) Velocity (m/s) Fs or Fc
1 Sand* 1.212 1.65 115.3 0.659
2 Sand 1.515 1.68 125.5 0.439
3 Clay 1.515 2.08 136.5 0.345
4 Sand 1.515 1.90 147.5 0.411
5 Sand” 1.515 1.81 158.6 0.396
6 Sand 1.212 1.82 166.8 0.401
7 Clay 2.424 1.97 178.7 0.527
8 Sand” 1.818 1.90 193.0 0.453
9 Sand 1.515 2.01 201.3 0.486
10 Clay 1.212 2.29 209.5 0.714
11 Sand 1.515 1.97 217.8 0.506
12 Sand” 6.06 1.97 234.3 0.627
13 Sand 6.06 1.97 244.0 0.549
14 Sand 5912 1.97 311.5 0.485
15 Sand 12.0 1.97 261.9 0.612

Half space velocity, 2000 m/s; bottom density, 1.98 gm/cm®; Fs, sand factor; Fc, clay factor.

# Means the layer with seismic sensor.
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Fig. 2. The normalized strain-dependent shear modulus and damping ratio. The dash line denotes the curve by Seed and Idriss (1970). The solid line denotes the curve
by Chang et al. (1990). The dotted line denotes the curve for the hyperbolic model.

with strain increase. The damping ratio is also fixed at the
lowest strain level. In the nonlinear method, we set the stress—
strain relation as a linear relation. Thus, its tangent line (Gy,x)
passes through the origin and its slopes was 1.0 in the
normalized relation. It does not change with strain increase
either. In summary, we set strain-independent shear modulus
and damping ratio of soil in the linear model for both the
equivalent-linear and nonlinear methods.

3.3.2. Equivalent-linear model

The equivalent-linear model is not a real nonlinear model.
We assume a trial shear modulus and damping first. It obtains
the shear modulus corresponding with the 65% of the
maximum strain, then iterates until the differences drop
below a tolerance level. At last, it gives the results that
approximate the nonlinear response, but its stress—strain
relation is still linear.

3.3.3. Nonlinear model

When the shear modulus depends on the hysteresis loops of
stress—strain relation, the nonlinear model is a truly nonlinear
model. Here, we use two models in this nonlinear model. One
is the hyperbolic model, and the other is the empirical model.
The hyperbolic model is a theoretical model in that the initial
loading curve (backbone curve) as a hyperbolic line is
developed from the hysteresis loops [22]. On the other hand,
the empirical model incorporates the normalized strain-
dependent shear modulus and damping ratio obtained from
laboratory tests to get the initial loading curve. Therefore, the
stress—strain relation will develop a hysteresis loop when input
motion increases. We use the normalized strain-dependent
shear modulus and damping ratio obtained from Chang et al.
[17] as the empirical model.

In our study, we use two models including the linear and
equivalent-linear models in the equivalent-linear method and
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three models including linear, hyperbolic and empirical models
in the nonlinear method. At first, we find that the results
obtained from linear model of these two methods are consistent
with observed data for small input motions. It can explain that
the linear models of the two methods are consistent in linear
regime. Then we compare the difference between the
equivalent-linear model of equivanlent-linear method and the
nonlinear model of nonlinear method with observed data for
large input motions.

4. Analysis results

Before the synthetic records are calculated, we need to
process the observed data first. Because of the errors generated
by baseline drift, low frequency background noise, low
frequency instrumental noise, and small initial value for
acceleration [23], we cannot get correct velocity and
displacement waveforms directly by integrating an accelera-
tion record. Here, a simple baseline correction and Chebyshev
filter are used to correct the record. The cutoff frequencies are
0.2 and 50 Hz at low and high ends, respectively.

In this study, one-dimensional equivalent-linear method and
nonlinear method have been used. The synthetic records on the
surface and at depths of 6, 11, and 17 m are obtained by using
the record at the bottom depth of 47 m as input motion. When
there is no record available at depth of 47 m, we substitute the
record at depth of 17 m as input motion to calculate the
synthetic records above that depth. The depths of input motion
are given in Table 1. These synthetic records are then
compared with actual records at corresponding depths. One
thing that needs to be cautioned is the recorded motion at depth
represents a superposition of the transmitted and reflected
motion from the half space. We use the recorded motion at
depth as input (transmitted) motion here, thus, the input motion
is an approximation in this analysis.

In total, 13 earthquakes are used in this study. The epicentral
locations are shown in Fig. 3. The diamond denotes the LSST
site. The source parameters are listed in Table 1. We divide
these earthquakes into four groups (i.e. A, B, C, and D)
according to epicentral locations and the peak ground
acceleration (PGA) values in the transverse component (i.e.
SH wave). Then we compare one small PGA record and one
large PGA record at bottom as a pair in each group. The pair of
large and small PGA records in each group ranked by
ascending large PGA is designated as A, B, C, and D,
respectively (see Table 3). Our purpose is to compare the site
response effects at different shaking levels when the source and
path effects are similar.

We use here the Group B as an example to explain the
results. The Group B earthquakes include EQ6 and EQS5 which
were located to the south of the LSST array at about 70 km.
The magnitudes of EQ6 and EQS are 6.2 and 5.8, respectively.
The depths of EQ6 and EQS5 are 15.8 and 21.8 km,
respectively. This group is farther away from the LSST than
the other three groups. The bottom input of EQ6 is at 47 m and
its PGA is 0.013 g in transverse component. The bottom input
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Fig. 3. Epicenters of the 13 earthquakes whose data are analyzed in this study.
A, B, C, and D shows the four groups defined according to the earthquake
location. The white and gray circles denote the epicenters of weak input motion
and strong input motion, respectively. The diamond denotes the LSST array
site.

of EQS is also at 47 m and its PGA is 0.075 g in transverse
component.

At first, we compare the difference between the calculated
records by the equivalent-linear and nonlinear method from
EQ6. The results obtained from the linear model by the
equivalent-linear method are shown in Fig. 4a. The
accelerograms and their 5%-damping response spectrums
are shown in the left hand side and right hand side of Fig. 4a,
respectively. The reason we use the response spectrum instead
of the Fourier spectrum is that the Fourier spectrum often
needs to be smoothed by trial-and-error smoothing processes.
On the other hand, the response spectrum provides a
convenient yet well-defined method to demonstrate the
results. The comparisons are for points on the surface, at
the depths of 6, 11, 17 and 47 m from top to bottom,
respectively. At each depth, the upper time history is the
calculated result and the lower time history is the observed
record. The thick line in the right side of Fig. 4a represents the
observed record and thin line represents the calculated result

Table 3
The small and large PGA pairs in the four groups, A, B, C, and D

Group Small PGA group Large PGA group

A EQ4 (PGA=0.012 g) EQ13 (PGA=0.039 g)
B EQ6 (PGA=0.013 g) EQ5 (PGA=0.075 g)
C EQ1 (PGA=0.008 g) EQ2 (PGA=0.153 g)
D EQ11 (PGA=0.029 g) EQ10 (PGA=0.228 g)
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Fig. 4. (a) The results computed by EQ6 using the linear model in the equivalent-linear method. The left hand side plot shows the observed and synthetic
seismograms at different depths. The right hand side plot shows the corresponding 5%-damping response spectra. (b) The results computed by EQ6 using the
equivalent-linear model in the equivalent-linear method. (c) The results computed by EQ6 using the hyperbolic model in the nonlinear method. (d) The results
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computed by EQ6 using the empirical model in the nonlinear method.

in response spectra. This figure shows that the calculated
results at different depths are quite similar with the
corresponding observed records.
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Fig. 4 (continued)

nonlinear methods are similar, we will only use a linear model in The results from hyperbolic model tend to slightly under-
the equivalent-linear method to present the results below. estimate in the high frequency range, and the results from

Fig. 4c and d show the results from hyperbolic and empirical model obviously underestimate above 2 Hz in
empirical model by the nonlinear method, respectively. response spectra.
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Fig. 4 (continued)

The input PGA of EQS5 is larger than that of EQ6 by  both in time histories and as well as in response spectra.
about six times. Fig. 5a shows the results from a linear On the contrary, the results from the equivalent-linear model
model by the equivalent-linear method. The calculated and the observed records are in excellent agreement
records are significantly larger than the observed records (Fig. 5b). The results from hyperbolic and empirical models
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by the nonlinear method are also consistent with the
observations (Fig. 5c and d).

Other three pairs also show similar results. From the overall
results of the four pairs, we find that the calculated records

Fig. 4 (continued)

obtained from both the linear and equivalent-linear model are
consistent with the observed records at low level of shaking.
However, the results obtained from the hyperbolic and
empirical model by the nonlinear method are underestimated.
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Fig. 5. (a) The results computed by EQS using the linear model in the equivalent-linear method. (b) The results computed by EQS5 using the equivalent-linear model
in the equivalent-linear method. (c) The results computed by EQS5 using the hyperbolic model in the nonlinear method. (d) The results computed by EQS5 using the

empirical model in the nonlinear method.

For large input motion, the calculated records obtained from
the linear model are much larger than the observed records and
are overestimating the response spectra. On the contrary, the
results obtained from the equivalent-linear, hyperbolic and
empirical models match well with the observed records.

The results obtained from linear model are affected
sensitively by the input motion level. We divide the 13
earthquakes into two groups according to the shaking level of
input motions. Seven of the 13 earthquakes with input motions
smaller than 0.04 g are classified as weak events. The other six
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MODEL BIAS: INPUT PGA < 0.04g, Equivalent Linear Method
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Fig. 6. (a) Model bias of the seven small input motions (PGA <0.04 g) using the equivalent-linear method with the linear and equivalent-linear models. (b) Model
bias of the seven small input motions (PGA <0.04 g) using the nonlinear method with the linear, hyperbolic, and empirical models. (c) Model bias of the six large
input motions (PGA>0.04 g) using the equivalent-linear method with the linear and equivalent-linear models. (d) Model bias of the six large input motions (PGA >
0.04 g) using the nonlinear method with the linear, hyperbolic, and empirical models.
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earthquakes with input motions larger than 0.04 g are classified
as strong events. We then compare the differences between the
observed records and the calculated records by different
models.

Fig. 6a shows the resultant deviation obtained by the
equivalent-linear method of seven weak motions. The left
hand side shows the deviation from the linear model and
the right hand side shows the deviation from the equivalent-
linear model. The deviation in this figure is defined as the
logarithm of the ratio between the observed and calculated
spectra. The deviation is shown for points on the surface
and at the depths 6, 11 and 17 m, respectively, from top to
bottom of this figure. The solid line represents the mean
values and the shaded band represents plus and minus one
standard deviation from mean value. The N value in each
frame represents the number of records. The N values at
17 m are less than others, because of lack of records or
using the record as input motion. In general, the results
from the two models are consistent, with the equivalent-
linear model being slightly better. The mean values are
close to the zero line and the variations are small. On the
surface, records obtained from the linear model are slightly
greater than the observed at high frequencies.

The model deviations between the observed and calculated
records at different depths using three models in the nonlinear
method for the 7 weak motions are shown in Fig. 6b. On the left
hand side, middle and right hand side are results from the linear
model, hyperbolic model and empirical model, respectively.
The mean values of the three models are close to zero for the
low frequencies, but the deviations above 10 Hz are
significantly greater than the deviations in the equivalent-
linear method (Fig. 6a). The model deviation greater than zero
means underestimation. Generally speaking, the results by the
equivalent-linear and nonlinear methods are in excellent
agreement between 0.1 and 10 Hz. The mean values are
negative at the depths 6, 11, and 17 m near 1.2 Hz. And the
mean values in both linear models are negative at the depth
17 m near 6 Hz, the depth 11 m near 8 Hz, and the depth 6 m
between 3 and 4 Hz. This shows that overestimation presented
in the same frequency band by different methods is influenced
by the soil properties.

Fig. 6c represents the result from two models of the
equivalent-linear method for the six strong input motions. The
mean values from the linear model are obviously below zero at
high frequencies in the left hand side of the figure. And the
mean value of the equivalent-linear model is still near zero.
This implies that the results from the linear model are
significantly greater than the observed, whereas the results
from the equivalent-linear model match well with the
observed.

The same results are also obtained by the nonlinear
method, as shown in Fig. 6d. In the left hand side, the
mean values from the linear model are obviously negative
and are the same as the results from linear model by
the equivalent-linear model. But the mean values are still
close to zero in hyperbolic and empirical models. We
conclude that for large input motions the results from these

Table 4
Goodness of fitting with weak and strong input motions for different models

Method Equivalent-linear Nonlinear method
method
Model Linear Equival- Linear Nonlinear
ent-linear
Hyper- Empirical
bolic
Weak (6] (6] (6] X X
motion
Strong X (6] X (6} (0}
motion

0, good fitting; X, poor fitting.

two models are consistent with the observed, and the results
from linear model clearly show overestimation. The model
deviations of nonlinear method are lager than the equivalent-
linear method in Fig. 6a—d. It may be caused by the difference
of methods. The equivalent-linear method calculated in
frequency domain is more stable than the nonlinear method
calculated in time domain.

The results from both weak and strong input motions are
summarized in Table 4. These results of all 13 earthquakes
show that the soil profile and shear modulus reduction curve
are stable and reliable. Based on above results, we can say that
the synthetic records obtained from linear model match well
with the actual records for small input motions. The computed
records obtained from the equivalent-linear model are
consistent with the observed records. But the results obtained
from the hyperbolic and empirical models by nonlinear method
show underestimation. These results prove that the computed
records are reliable in the linear regime of soil properties and
by two kinds of one-dimensional synthetic method we used.
Therefore, the synthetic records obtained from linear model
will overestimate proportionally when the input motion
increases. The results obtained from the equivalent-linear
model and nonlinear model are in good agreement with the
served records. In conclusion, nonlinear soil response has taken
place in the DHB hole of the LSST array when the recorded
PGA value exceeded 0.04 g.

5. Discussion
5.1. Transfer function

In general, the transfer function is calculated as the ratio of
one pair of Fourier spectra. Fig. 7 shows the spectral ratio of the
surface and bottom acceleration waveforms by the Fourier
spectrum (in red) and by the spectral acceleration with zero
damping (in green) and with 5% damping (in blue). The
Fourier spectral ratio (red curve) is only plotted from 0.1 to
5 Hz, because the ratio is unstable in higher frequencies (i.e.
due to small value being divided by small value). We can find
the dominant frequencies of the Fourier spectral ratio and
spectral acceleration ratio with both zero and 5% damping are
very consistent. Although the 5%-damping spectral accelera-
tion ratio is reduced in its amplification, the dominant
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Fig. 7. Comparison of the Fourier spectrum and response spectrum (SA) for EQS. The red, green, and blue curves denote the Fourier spectrum, spectral acceleration
response spectrum with zero-damping, and with 5%-damping, respectively. The upper figure shows the spectra of acceleration on the surface. The middle figure
shows the spectra of acceleration at depth of 47 m. The bottom figure shows the spectral ratio of the surface and bottom records. The Fourier spectra ratio is shown

only from 0.1 to 5 Hz.

frequency is still prominent. Therefore, the spectral accelera-
tion ratio can be used to identify the dominant frequency.

Based on above results of comparing the Fourier spectral
ratio and spectral acceleration ratio, we now proceed to use the
spectral acceleration ratio between the surface and bottom
records as the transfer function. The spectral acceleration ratios
of the surface and bottom records at the small input level of the
four pairs are shown in Fig. 8a. The black curve means the
spectral ratio of the observed surface record and observed
bottom record in transverse component. The red, green, blue,
and cyan curves represent the spectral ratio of the surface
records computed from the linear model and equivalent-linear
model by the equivalent-linear approach, from the hyperbolic
model and empirical model by the nonlinear method,
respectively, with respect to the same observed bottom records
in transverse component.

In general, the results computed by all models were
consistent with the observed record between 1 and 10 Hz.
We find that the calculated records obtained from the linear
model of equivalent-linear method significantly overestimate
in high frequency in A, B, and C of Fig. 8a. The records
obtained from the equivalent-linear model match well with

the observed record. But the results obtained from the
hyperbolic and empirical models underestimate, especially in
high frequencies. In D of the figure, the records of all models
are greater than the observed at frequencies above 3 Hz. The
dominant frequencies of the observed and calculated results are
between 1 and 2 Hz in input motion at 47 m depth of A, B, and
C. The dominant frequencies of the observed and calculated
records are about 3 Hz in the input motion at 17 m depth of D.

The response spectral ratios for large PGA values in the four
pairs are shown in Fig. 8b. The calculated results of linear
model again overestimate above 2Hz in A and D, and
obviously overestimate above 1 Hz in B and C. The calculated
records of other models match well with the observed records.
We can conclude that the results of the linear model cannot
match the observed records when input PGA value is greater
than 0.04 g. In other words, the nonlinear ground response has
taken place in the soil layers. Moreover, the nonlinear effects
are unequivocal when the PGA value reaches 0.075 g. When
the input motion is at depth 17 m in A and D, the dominant
frequency of the linear model in the equivalent-linear method
is near 3 Hz, other models are lower. The fundamental
frequency is shifted to lower frequency in the observed record
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in all models except the linear model. When the input motions
at depth 47 m in B and C groups are larger than 0.04 g, the
fundamental frequency of the linear model in the equivalent-
linear method is between 1 and 2 Hz. But the observed
dominant frequency and other calculated results clearly shift to
a lower frequency and the amplitude ratio also decreases.

5.2. The relation of stress and strain at different depths

We also calculated the relation of stress and strain at
different depths, and examine the soil behaviors in all layers.
The relations of stress and strain computed by the nonlinear
method at different depths for the low-level shaking earth-
quake, EQG6, are shown in Fig. 9a. From top to down, the
stress—strain relations are for points on the surface and at
depths of 6, 11, and 17 m, respectively. The left and right hand

(a) T COMPONENT

A. EQ: 4 PGA=0.012¢g

sides show the results generated during the time interval 1.5-5
and 5-15s, respectively. The left hand side represents the
primary portion of the record in the time history. And the right
hand side represents the coda portion of the record in the same
time history. The solid line represents stress—strain relation
computed by empirical model, and dash line represents the
result from the linear model. We can see that the difference is
not obvious between the empirical and linear models for weak
motions.

In Fig. 9b, the stress—strain relation of empirical model
develops a hysteresis loop during the primary portion of strong
motion EQS. The maximum strain was about 0.09% at depth
11 m. Then the soil returns to the linear regime right after the
primary portion of time history. But a permanent strain of
about 0.01% occurred at depth 11 and 17 m at the end of the
record. In the meantime, the hysteresis loops also deviate from
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Fig. 8 (continued)

the origin. The slope (i.e. shear modulus) of stress—strain
relation from empirical model is also decreased compared to
linear model.

The resonance frequency increases in the coda portion after
the primary portion of the record, indicating that the site
response during the weaker motion of the coda has recovered to
be linear following the primary S wave [8,24]. The hysteresis
loop of EQ5 shows similar result, because the shear modulus
Gnax 18 proportional to S wave velocity.

5.3. The observed nonlinearity in the time and frequency
domains

We can find the nonlinearity from the accelerations of LSST
array both in the time and frequency domains. By comparing
the PGA between the bottom and at different depths, we obtain
the amplification of the ground motion. The relations of PGA at
47 m bottom and PGA on the surface, 6, 11, and 17 m for nine

earthquakes are shown in Fig. 10a. In the lower right plot,
the PGA at 17 m versus the bottom PGA show a one to one
linear relation. In the lower left plot, the PGA at 11 m versus
the bottom PGA are still close to one to one linear relation,
even in the high PGA at the bottom. In the upper right plot, the
PGA values start to move to one to two relation at 6 m, and the
low PGA at 6 m in response to high PGA at the bottom shows
clearly deamplification. In the upper left plot, the two times
PGAs on the surface with respect to the bottom show the free
surface effect. The shaded zones represent the bottom PGAs
from 0.04 to 0.075 g. It marks the transition range in which
deamplification started to occur. Four earthquakes with 17 m
bottom PGA are show in Fig. 10b. In the lower left plot, the one
to one relation is shown at 11 m. Then deamplification is
shown obviously at 6 m for high bottom PGA of about 0.23 g,
as shown in the upper right plot. The doubling of PGA is also
shown on the surface for free surface effect. The nonlinearity
appears at shallow depth. From above results we can conclude
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that the free surface effect controls the amplification on the
surface. The nonlinearity begins to occur when the input PGA
exceeded 0.04 g, and is unequivocal at 0.075 g. The nonlinear
soil layer is at the depths between 6 and 17 m.

In frequency domain, the dominant frequencies of
response spectral ratios from observed records (black curves)
between surface and bottom motions for weak and strong
bottom motions in Fig. 8 show unequivocal nonlinearity.
When we compare the dominant frequencies of the B, C, and

D pairs between weak and strong motions in Fig. 8a and b,
we find the peaks shift toward lower frequencies to about
0.3, 0.3, and 1.0 Hz for the B, C, and D pairs, respectively.
The spectral ratios also decrease to about 1.7, 1.4, and 0.4
for the B, C, and D pairs, respectively. It is noted that the
dominant frequencies are different in pair A, because the two
bottom motions are at different depths. The shifted frequency
and decreased amplitude clearly show nonlinearity in the soil
layers.
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Fig. 9. (a) The hysteresis loops at different time windows and depths by EQ6. The dash and solid lines represent stress—strain relation computed by the linear and
empirical model, respectively, of the nonlinear method. (b) The hysteresis loops at different time windows and depths by EQS.
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Previous research results by other researchers also reported
the shift of spectral peaks toward longer periods progressively
with increasing ground motion. For example, Trifunac and
Todorovska [25] found the period and amplitude changes of
local peaks in the Fourier amplitude spectra of free-field strong
ground motion recorded at five stations in San Fernando
Valley, Los Angeles. The results suggest that the local peaks
reoccur during shaking by small local earthquakes with peak

ground velocity, vi.x <10-20 cm/s. The peaks shifted toward
longer periods during large strong motion amplitudes, v, >
20 cm/s. Moreover, they [2] found nonlinear response of soil
begins to distort the amplification factors determined from
small amplitude in the epicentral area of the Northridge
earthquake of 1994 when the peak ground velocities are larger
than v, =15 cm/s. The site response becomes progressively
more affected by the nonlinear soil response when moving into
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the area of near-field and strong ground motion, v,,>30 cm/s.
Trifunac and Ivanovi¢ [26,27] present the period shift and
amplitude change and the reoccurrence of local peaks in
the Fourier amplitude spectra of strong ground motion in
former Yugoslavia. The data suggest that some local peaks
reoccur during shaking by small local earthquakes with peak
ground velocity, vp.x<10-20 cm/s. During large strong-
motion amplitudes (vy.x>20 cm/s), the peaks are shifted
toward longer periods or disappear. In summary, those results
also show the presence of a threshold of ground shaking
between linear and nonlinear soil response.

6. Conclusions

The soil properties in real world are complex. The
nonlinearity of the LSST site was found previously by
analyzing the observed data [6,7] and simulating the earth-
quake series of 20 May 1986 [28-33]. In this study, we
reconstructed a simple layer model based on soil tests and well
logging data. We computed simultaneously the ground
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response in each layer by both the one-dimensional equival-
ent-linear and nonlinear methods using records of the LSST
downhole arrays from 13 earthquakes. We then compared the
synthetic with the observed records. The results of the 13
earthquakes show that the soil profile and shear modulus
reduction curve are stable and reliable.

We divide the data of 13 earthquakes into four groups
according to their epicentral locations. It is not easy to find the
difference of waves arriving from different directions because
the incident waves are almost perpendicular to the surface in
the very shallow layers. We focus on comparing the difference
of amplitude and frequency between the bottom and top layers,
because the frequency contents of input motion can affect the
soil nonlinearity.

We found that the calculated records in the linear model and
observed records match well at weak motions from seven
earthquakes. The calculated records obtained from the equival-
ent-linear model are also consistent with the observed. But the
results from hyperbolic and empirical models by the nonlinear
method tend to underestimate. These results prove that
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the calculated records are reliable in the linear regime of soil
properties and by the two kinds of one-dimensional method we
used.

For strong motions from the other six earthquakes, the
results from linear model are obviously overestimated. The
calculated records obtained from the equivalent-linear model,
hyperbolic model, and empirical model are in excellent
agreement with the observed records. This shows that the
computed records obtained from the equivalent-linear and
nonlinear models can provide good synthetic results. The
observed records from these earthquakes have shown nonlinear
soil response. By the nonlinear method, we further computed
the hysteresis loops at high level of shaking and found a
permanent strain change of about 0.01% at depth 11 and 17 m.

The soil nonlinearity can also be caused by the site
conditions [24,34]. According to previous site classification
[35], the LSST site belongs site class D. The soil condition of
LSST site is very soft. The star marks the location of seismic
sensor corresponding to the layer in Table 2. All of the layers

with seismic sensors are sand. The shear wave velocities in
the layers at depths of 6 and 11 m do not show anomalously
low values, but the density seems a little low in these layers.
From the observed results, we can find the nonlinearity began
at a bottom (47 m) PGA of 0.04 g, and became unequivocal at
the bottom PGA of 0.075 g in the LSST site. In comparison
with the amplification of the SMART1 array around the LSST
site, the results show deamplification when the PGA exceeds
40 gal [6]. Based on the results obtained in this study, we can
reliably estimate the ground motions at depth by the
equivalent-linear and nonlinear methods with the soil profile
and reduction curves in the LSST site.
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