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Abstract

Field observations on ground motions from recent earthquakes imply that current knowledge is limited with regard to relating vertical and
horizontal motions at liquefiable sites. This paper describes a study with the purpose of clarifying this emerging issue to some extent. A series
of numerical analyses is carried out on a liquefiable soil deposit with a verified, fully coupled, nonlinear procedure. It is shown that the
transformation of vertical motions in the deposit differs considerably from the transformation of horizontal motions. Both the amplitude and
frequency content of the horizontal motions are strongly dependent on the shaking level or the associated nonlinear soil behavior. The
transfer function for vertical motions is however likely to be independent of the intensity of input motions; no reduction in the amplitude
occurs even in the case of strong shaking. The results are shown to be in consistence with the laboratory observations on shaking table tests
and recent field observations that less nonlinearity exists for vertical motions. It is also shown that the possibility exists for using information
on spectral ratios between the horizontal and vertical surface motions to quickly identify in situ soil behavior and liquefaction that are not

readily covered by conventional field or laboratory experimentation procedures. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

One of the most important problems in earthquake
geotechnical engineering is the evaluation of site response
to earthquakes. Through site response analyses one may
predict ground surface motions for developing design
response spectra, determine the earthquake-induced forces
that can cause instability of earth structures, and evaluate
dynamic stresses and strains for assessment of liquefaction
potentials. So far a number of procedures for site response
analysis have been developed and extensive studies have
been conducted, e.g. see Refs. [1-6]. These studies have
produced useful understanding that advanced the practice
of earthquake geotechnical engineering. However, it is to be
realized that most of the studies have been concerned with
horizontal ground motion. In this case, site response is
usually regarded as the consequence of vertical propagation
of shear waves in a horizontally layered system. Although it
has long been recognized that in reality the ground is simul-
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taneously subjected to shaking in both horizontal and verti-
cal directions, attention to the vertical ground motion is
quite limited and hence available understanding is much
less than that for horizontal ground motion.

During the 1994 Northridge and the 1995 Kobe earth-
quakes, field observations [7,8] on vertical ground motions
showed quite different features from those of the horizontal
motions. For example, the three-dimensional downhole
array records at the reclaimed Port Island in Kobe (see
Fig. 1) showed that while the horizontal peak accelerations
were reduced as seismic waves traveled from bottom to
surface, the vertical motion was significantly amplified at
the surface, resulting in the ratio of peak vertical to hori-
zontal acceleration at the surface as large as 1.5 to 2. This
value substantially exceeded 2/3, a value commonly used in
engineering practice. In a recent North America—Japan
workshop [9], it was recognized that current knowledge is
limited with regard to relating horizontal and vertical
motions in soft soil sites, especially in liquefiable sites.

Vertical ground motion, as a first approximation, may
presumably be considered to be mainly related to P waves
although in a realistic seismic environment there exist other
contributions (e.g. surface waves and converted SV waves).

0267-7261/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.
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Fig. 1. Distribution of peak acceleration with depth: Port Island records.

Since the velocity of P waves in soil is strongly affected by
pore water saturation, it is more reasonable to treat the soil
media as a multiphase system in considering the vertical
ground motion. Yang and Sato [10,11] and Yang et al.
[12] have conducted analyses in detail drawing attention
to the typical case from the Kobe array site mentioned
earlier. The results convincingly revealed that the character-
istics of ground motions in both horizontal and vertical
components were closely associated with the surficial lique-
fied soils. Stimulated by these analyses, a research need
appears in clarifying some issues that are fundamentally
interesting in relation to vertical and horizontal ground
motions, such as (1) what is the performance of seismic

Ground Surface

X, water table W

soil element water flow

compression wave

)

impermeable

shear wave

Bedrock

Fig. 2. Physical configuration for site response analysis.

amplification in both horizontal and vertical components
at soft liquefiable sites for a broad range of shaking levels,
(2) whether or not the characteristics of vertical ground
motion are affected by the liquefaction/nonlinearity of
soils, and (3) how the horizontal ground motion is influ-
enced by the inclusion of vertical excitation. These points
would also be of interest for a technique for site evaluation
generally known as H/V, which is based on the interpreta-
tion of field observations on both horizontal and vertical
components of microtremors/ground motions [13,14] and
has increasingly drawn attention in engineering practice.

In this paper an analytical study is described with the
purpose of clarifying the aforementioned issues to some
degree. By using a verified, fully coupled, inelastic finite
element procedure, a series of numerical analyses is carried
out on a hypothetical sand profile subjected to a variety of
levels of horizontal and vertical motions scaled from actual
near-field recordings. The results are discussed in detail and
compared with experimental observations.

2. Numerical procedure and constitutive model

The numerical procedure for earthquake ground response
analysis was formulated on the basis of vectored motion,
effective stress, transient pore fluid movement and general-
ized material stiffness [15,16]. As illustrated in Fig. 2, in this
procedure ground response is regarded as the consequence
of vertical propagation of shear and compression waves
induced by multidirectional earthquake motions originating
primarily from the underlying rock formation [17]. A
bounding surface hypoplasticity model [18] was incorpor-
ated into the procedure. The model was formulated in a
three-dimensional space within the framework of bounding
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surface hypoplasticity [19], which characterizes incremental
nonlinearity of the stress—strain rate relations based on the
postulation that the stress—strain rate relationship depends
not only on the current stress state but also on the stress rate
itself. This model is capable of realistically simulating the
soil behavior under a wide range of loading conditions such
as the compression- and dilation-induced effective stress
change; particularly, it may successfully simulate the soil
response to a class of complicated loading conditions known
as rotational shear that are the cases induced by multidirec-
tional earthquake loading. Specified by the loading condi-
tions related to the free field response, the model may take a
reduced-order form and has nine model parameters to be
determined for a particular soil as described in Appendix
A. Predictive capability of this procedure has been verified
using the three-dimensional field observations, such as the
records of moderate level of shaking due to the 1986 Lotung
earthquake [20] and, particularly, the records at the liquefied
reclaimed site subjected to the strong ground motions due to
the Kobe earthquake [12]. The predictive capability of this
procedure has also been verified using laboratory centrifuge
tests through the VELACS project [21]. A complete descrip-
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Fig. 4. Undrained cyclic behavior of sand simulated by constitutive model.

tion of the procedure and the constitutive model is beyond
the scope of this paper. Details can be found in the refer-
ences given earlier.

3. Sand deposit and input motions

A hypothetical sand deposit of thickness 18 m, as illu-
strated in Fig. 3, is used in the numerical tests. The deposit is
assumed to rest on rigid bedrock that is impermeable. The
water table is specified at 1 m depth below the ground
surface. At that depth the pore water is free draining and
below that depth the sand is fully saturated. The shear wave
velocity of the deposit is assumed to vary linearly with
depth. Fig. 4 shows the undrained behavior of the sand
under cyclic simple shear, which is simulated by the hypo-
plasticity bounding surface model described previously.
The basic properties of the sand are given in Fig. 3 and
the model parameters are listed in Table 1. It is clear that
the cyclic mobility effect and the significant reduction of
stiffness associated with large shear strain upon liquefaction
are well reproduced.

The original motions in horizontal and vertical com-
ponents employed in the analyses are shown in Fig. 5,
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Fig. 5. Horizontal and vertical acceleration records employed.

together with their response spectra at a damping of 5%.
These records are taken from the actual acceleration
histories in the east—west and vertical directions at a
depth of 32 m at the reclaimed array site during the Kobe
earthquake. The peak accelerations in the east—west and
vertical directions were about 0.471 and 0.204 g, respec-
tively. The actual recordings are considered to suitably
represent some characteristics (e.g. amplitude, frequency
content and wave forms, etc.) of near field motions. In the
numerical analyses a variety of levels of input motions in
horizontal and vertical components are produced by scaling.

4. Results of analyses
4.1. Amplification of horizontal and vertical ground motions

To investigate the seismic amplification in both the hori-
zontal and vertical directions and the influence of vertical
base excitation, a series of case studies is carried out for the
deposit subjected to, respectively, the combination of hori-
zontal and vertical input motions and the horizontal input
motion only. In Fig. 6(a), the peak horizontal acceleration at
the ground surface is presented as a function of peak hori-
zontal acceleration at the base. To illustrate the influence of
the vertical excitation, both the case of horizontal input
motion only and the case of simultaneous horizontal and
vertical input motions are included in this plot. In Fig.
6(b) the peak vertical acceleration at the surface is plotted
against the peak vertical acceleration at the base.

The results indicate that the influence of vertical motion
seems to be small on the amplification in horizontal com-

ponent, especially when the peak horizontal acceleration at
the base is below about 0.2g. In both the case of horizontal
input motion only and the case of simultaneous horizontal
and vertical input motions, almost the same amplification is
observed in the horizontal component: the amplitude of
horizontal acceleration is amplified at the surface when
the peak horizontal acceleration input is below about 0.2g,
whereas the amplitude is reduced when the peak horizontal
acceleration at the base is beyond 0.2g. It is interesting to
note that, in the range of strong excitation, a difference
exists between the case of horizontal input motion only
and the case of combined horizontal and vertical input
motions, implying a possible coupling effect might exist
between these two components in the range of strong
motion. As far as the vertical motion amplification is
concerned, the results shown in Fig. 6(b) clearly indicate
that vertical motion is significantly amplified at the surface
in all the cases of input motion. No reduction in the ampli-
tude takes place when the seismic waves travel from the
base to the surface.

The variation of the peak horizontal acceleration at the
surface with that at the base appears to be related to the
nonlinear soil behavior, being consistent with the field
observations obtained in past earthquakes [22,23] as
shown in Fig. 7. For liquefiable sites, particularly, the
nonlinear performance is directly associated with the build-
ups of pore pressure in subsoil generated by a strong shak-
ing; this has been well demonstrated by the analysis [12] for
the Port Island array site which liquefied during the Kobe
earthquake. The results on the transformation of horizontal
motions are also found to be in good agreements with the
observations on the shaking table tests performed by Mori et
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al. [24]. Fig. 8 shows the instrumented model ground in the
shaking table. The model ground is composed of a saturated
granular soil whose properties are given in Table 2. Accord-
ing to the similitude law this model ground represents a
saturated deposit of a thickness of 9 m at prototype scale.
For the sake of comparison, Fig. 9(a) shows the test data for
the peak horizontal acceleration recorded at the surface
versus the peak acceleration input at the bottom in the
case of horizontal shaking only and in the case of both
horizontal and vertical shaking.

On the other hand, the findings on the transformation of

Table 2

Physical properties of the granular soil used in shaking table tests [24]
Density of grains p, (kg/m°) 2646

Maximum void ratio e, 1.059

Minimum void ratio ey, 0.608

Maximum size of particles Dy, (mm) 4.75

Mean size of particles Ds, (mm) 0.48

Uniform coefficient U, 5.9
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Fig. 7. Relationship between maximum acceleration on rock and soft soil
sites [23].

vertical motions apparently are consistent with those
obtained from the shaking table tests shown in Fig. 9(b)
The less nonlinearity for vertical motions has also been
displayed by field observations in past earthquakes such as
the Northridge and Kobe earthquakes [7,8], although in the
meantime significant nonlinearity was noticed for horizontal
motions during these events. Moreover, it is to be noted that,
compared to the test results, a larger amplification in vertical
motions is observed in the numerical analyses. This differ-
ence is considered to be caused by the fact that the model
ground in the numerical analyses consists of a 1 m top layer
of dry soil whereas in the shaking table tests the model
ground is totally saturated.

The distributions of peak acceleration with depth for four
levels of input motion (with input peak horizontal accelera-
tions of 0.05, 0.1, 0.2, and 0.3g denoted as Levels 0, 1, 2,
and 3, respectively) are shown in Fig. 10. Fig. 10(a) shows
the distribution of peak horizontal acceleration for the case
of horizontal input motion only, Fig. 10(b) depicts the
distribution of peak horizontal acceleration for the case of
simultaneous action of horizontal and vertical loading, and
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Fig. 8. Instrumented model ground in shaking table tests [24].
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Fig. 10(c) shows the distribution of peak vertical accelera-
tion. A comparison of Fig. 10(a) and (b) suggests that the
trend of the distribution in the case of horizontal input
motion only is similar to that in the case of combined hori-
zontal and vertical input motions. The distribution of peak
horizontal acceleration for the strongest shaking exhibits a
different behavior from that for lower levels of shaking. This
difference is attributed to the liquefaction-induced non-
linearity as will be shown later. Whereas for the vertical
motion, for all the four levels of input motion, the distribu-
tion generally exhibits an identical manner, namely, with
decreasing depth the peak vertical acceleration increases.
A further investigation of the characteristics of the Four-
ier spectral ratios between the motions at the surface and at
the base (i.e. transfer functions) for both the horizontal and
vertical components is useful in understanding the perform-
ance of ground motion amplification described earlier. In
Fig. 11(a) the spectral ratios for horizontal motion in the
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Fig. 10. Distribution of peak acceleration with depth at four levels of
shaking.

case of horizontal input motion only are shown. Two typical
levels of shaking (i.e. Level O and Level 3), which are
considered to represent low and strong intensities, respec-
tively, are presented. The corresponding results for the case
of simultaneous action of horizontal and vertical motions
are illustrated in Fig. 11(b). Fig. 11(c) shows the spectral
ratios for vertical component of motion.

It is observed from Fig. 11(a) that when the level of input
motion is relatively low, the predominant frequency is
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located at around 2 Hz. The average shear wave velocity for
the deposit corresponding to this frequency can be identified
as about 144 m/s, a value that is almost identical with the
average initial shear wave velocity as shown in Fig. 3. This
implies that for this level of shaking the soil responds
generally in a slight nonlinear manner. When the level of
shaking is stronger (for Level 3), the spectral ratios exhibit a
significantly different behavior: high-frequency components
are now substantially reduced and the peak frequency is
shifted to the low frequency end, about 1 Hz. The evaluated
shear wave velocity is 72 m/s, showing a substantial reduc-
tion associated with the nonlinear behavior of the sand. In
addition, by comparing Fig. 11(a) with (b), it is found that
they are generally very similar, suggesting a minor influence
of vertical excitation on the amplification behavior in
horizontal component.

25
[ TITIT ‘ ‘
—Level 0
§20 — —Level3 ‘
§ ‘ No liquefaction
S5 I
g \ ’
==
2
© 10 — n” Liquefaction
E J
k3]
4 \
» 5 4 !
N LA
0

0.01 0.1 1 10 100
Frequency (Hz)

Fig. 12. Spectral ratios (H/V) at ground surface at low and high levels of
shaking.

As far as the vertical motion is concerned, a quite differ-
ent behavior from that of the horizontal component is
noticed in Fig. 11(c). The spectral ratios in both the cases
of shaking levels are almost identical, with the peak
frequency located at around 20 Hz. This frequency corre-
sponds to the average velocity of P waves in the deposit with
the value 1440 m/s, typical for the water-saturated sand
considered. This finding implies that the amplification in
vertical motion may not be affected by the nonlinear soil
behavior associated with strong shaking. It also implies that
it would be appropriate to simulate the vertical motion based
on the assumption of linear soil behavior in compression
even though the site is subjected to strong level of shaking.
The less nonlinearity in vertical motions was indeed dis-
played by field recordings at the liquefied, downhole array
site in Ref. [8].

The performance of the spectral ratios between the
horizontal and vertical components (referred to as H/V)
at the ground surface is of considerable interest, because
it may provide some useful information on soil behavior
with only one observation station such that one can make
use of it to quickly identify in situ soil behavior. In
Fig. 12 the spectral ratios H/V at the surface for the
two typical cases of shaking levels are shown. It is
clear that, when the input motion is weak (Level 0),
the peak value of the ratio is very large accompanied
by a higher peak frequency (about 2 Hz); whereas for
the strong input motion that may cause nonlinear
response of soils, the peak value is substantially reduced
with a significantly reduced peak frequency 0.7 Hz. As
will be shown later, the sand indeed exhibits quite differ-
ent stress—strain behavior and pore pressure buildup for
these two shaking levels; in the case of Level O the
deposit does not liquefy, but in the Level 3 case it com-
pletely liquefies. The finding suggests that it would be
possible to detect in situ nonlinear soil behavior or site
liquefaction through the analysis of spectral ratios H/V at
the ground surface.
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4.2. Correlation of ground motion with soil behavior

The correlation of the characteristics of ground motions
with the soil behavior such as the stress—strain history and
the pore pressure buildup is investigated in this section. The
influence of vertical motion on soil response will also be
studied. Fig. 13 shows the acceleration time histories in
horizontal and vertical components at the surface of the
deposit for the case that the peak horizontal acceleration
at the base is 0.05g. Fig. 13(a) depicts the horizontal accel-
eration in the case of horizontal input motion only, Fig. 13(b)
shows the results in the case of simultaneous action of hori-
zontal and vertical motions, and Fig. 13(c) presents the
acceleration time histories in the vertical component. The
corresponding response spectra are shown in Fig. 14(a)—(c),
respectively. The excess pore pressures at a depth of 4.5 m
for the two cases of excitation are shown in Fig. 15, and the
associated stress—strain histories at this depth are illustrated
in Fig. 16.

In general, these results suggest that the influence of
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Fig. 14. Response spectra at a damping of 5% (case of Level 0).

vertical base excitation is slight on the soil behavior. In
either the case of horizontal input motion only or the case
of horizontal and vertical input motion, the generated resi-
dual pore pressure ratio at the depth of 4.5 m is about 0.4.
The inclusion of vertical excitation only causes some high-
frequency oscillations in the response, as confirmed by the
shaking table observations [24,25]. The lack of influence of
vertical motion on the development of residual pore pres-
sure is understandable. As described previously, in the level
ground condition the soil element is not allowed to deform
in horizontal direction. As a result, the propagation of verti-
cal motion (corresponding to P waves) through saturated
soils induces almost only compression stress while the
induced deviatoric stress is nearly equal to zero. Since the
compression stress is mainly transmitted through pore
water, vertical motion can only produce changes in total
stress which in turn cause instantaneous changes in pore
pressure. This consideration is commonly accepted in
geotechnical earthquake engineering [26,27].

The stress—strain histories exhibit a very small nonlinear
manner, with a low level of shear strain (below 0.1%) and a
slight reduction of shear modulus. This observation agrees
well with the observation directly achieved on the basis of
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spectral ratio analysis as described previously. Correspond-
ing to this shaking intensity, the response spectra for the
horizontal surface motion take a peak value at a relatively
low period (about 0.5 s), as shown in Fig. 14.

The results for acceleration time histories, response
spectra, pore pressures, and stress—strain histories for
the case that the peak horizontal acceleration at the
base is 0.3g are shown in Figs. 17-20, respectively.
Even for this strong level of shaking, the influence of
vertical motion on the soil behavior is still slight,
except causing some high-frequency oscillations in the
later part of the surface horizontal motion. Because
the shaking is strong, the generated pore pressure at
the depth of 4.5 m now approaches the level of over-
burden pressure and meanwhile the level of shear strain
is as large as 2.5%. An abrupt loss of soil stiffness upon
liquefaction at 7s can be observed. This significant
nonlinear behavior is also manifested by the back-
analysis based on the spectral ratios as shown before.
Different from the case of weak shaking, long-period
waves now become dominant in the horizontal motion
in the case of strong shaking. The peak value appears at
a period over 1s in the response spectra. The correla-
tion of soil behavior with the characteristics of ground
motions described earlier has been displayed at several
well instrumented realistic sites, especially at the lique-
fied downhole array site in Ref. [12]. As far as the
vertical motions are concerned, the results imply that
they are almost not affected by the liquefaction-induced
nonlinearity, with very similar response spectra in both
cases of shaking intensity.

20 H

Horizontal input motion only

] ]
' [ '
1 0 .
' ' 0
== - = Fmmmmm .y G === ...
' ' .
' ' '
' '
' .
' .
' '

10 [~°°°°°77

Shear stress (kPa)
o

(]
'
'
'
r

4.5m depth

(@)

-20 1
-0.004 -0.002 0 0.002 0.004
Shear strain
20 M Horizontal and vertical input motion
10 foecanann e PR
T . .
Q . .
5/ ' f
7S 1 B e LA
o ' .
@ . .
5 . . :
2 . . .
&% 10 [roommoe- ecccee- REREEEEE SRR
4.5m depth
20 . ; G
-0.004 -0.002 0 0.002 0.004

Shear strain

Fig. 16. Stress—strain histories at a depth of 4.5 m (case of Level 0).

5. Conclusions

An analytical study has been presented to identify the
characteristics of earthquake motions in both the horizontal
and vertical components at a liquefiable deposit. The results
of analyses are summarized as follows:

1. The influence of vertical motions is generally small on
the transformation of horizontal motions. In either the
case of horizontal input motion only or the case of
combined horizontal and vertical input motions, the hori-
zontal motion is amplified at the ground surface for low
levels of shaking, whereas for strong levels of input
motion, the liquefaction-induced nonlinearity often
prevents the horizontal acceleration from developing
peak values as large as those input at the base.

2. The behavior of seismic amplification in the vertical

component differs considerably from that in the
horizontal component. In all the cases of shaking
levels considered, the vertical motion is found to be
amplified significantly at the surface. No reduction
in amplitudes occurs when seismic waves traveling
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surface (case of Level 3).

from the base to the surface, even though soil liquefac-
tion takes place as the result of strong shaking. This
finding agrees well with the observations on the shak-
ing table tests.

3. The transfer function for vertical motions is likely to be
independent of the intensity of shaking or the associated
nonlinear soil behavior, implying that the approach to
simulating vertical motions based on the assumption of
linear behavior in compression would be appropriate
even in the case of strong shaking.

4. The inclusion of vertical motions produces a minor influ-
ence on stress—strain histories as well as pore pressure
buildups, aside from causing some high-frequency oscil-
lations in the response. This observation is consistent
with laboratory findings that the influence of vertical
motion on soil liquefaction is slight.

5. The spectral ratios of horizontal to vertical motions
(H/V) at the ground surface show a substantial
difference in both amplitude and frequency content
between the case of low level of shaking and the
case of strong shaking. The difference could be
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Fig. 18. Response spectra at a damping of 5% (case of Level 3).

used to identify instrumented sites that may have
liquefied but have not shown the usual surface
manifestations.

Vertical ground motion and its relation to horizontal
ground motion are beginning to appear to be important.
The study reported here represents a preliminary contri-
bution to this topic. There remain a number of issues to
be studied continuously by means of analytical and
experimental methods, for example, the effects of partial
saturation of soil [10,28], the contribution of surface
waves and the diffraction effects due to surface topo-
graphy [29]. It is hoped that the present study would
draw more attention and effort to this topic so as to
improve current understandings and engineering practice.
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Appendix A. Parameters for constitutive model

The model parameters are described as follows: (1) a
coefficient G, defining elastic shear modulus using the
following equation Gy, = Go\/PPam(2.973 — eO)Z/(l +
ey), where ¢, is the initial void ratio, p is the effective
mean normal stress and p,,, is atmospheric pressure; (2)
the slope A of the virgin compression line; (3) the slope
k of the rebounded line; (4) the ratio R,/R; between the
slope R, of the phase transformation line and the slope R
of the failure line; (5) the term A, characterizing the
relationship between shear modulus and shear strain
magnitude; (6) the term d, which characterizes the rate
of the effective mean normal stress change caused by
shear unloading; (7) the term k, which characterizes
the amount of the effective mean normal stress change
caused by shear loading; (8) b, a parameter affecting the
shape of the stress paths of the virgin shear loading; and
(9) hy, a parameter controlling the amount of the shear
strain increment due to the change of the maximum
effective mean normal stress. Among these parameters,
hy is active only when the mean normal stress exceeds its
maximum value in the loading history. During earth-
quakes the mean normal stress in soil is almost always
less than its initial value, thus A, is inactive for ground
response analyses, with a typical value of 35. The para-
meter b is also inactive in the computation, with a typi-
cal value of 2. The remaining parameters should be
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calibrated specifically for a given soil either by labora-
tory tests or from field data.
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