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SUMMARY

In this study, on-line pseudo-dynamic response tests were conducted on the earthquake response
characteristics of alternating layers of clay and sand to precisely investigate the effects of the degree of
consolidation of clay on the vibration properties of the alternating layers. It was concluded that: (1) The
time-history deformation characteristics of clay varied depending on its degree of consolidation and stress
history. The difference affected the degree of liquefaction of overlying sand layers, and the strain
generated in the overlying layers was the smallest for the under-consolidated clay, followed by normally
consolidated clay and over consolidated clay in ascending order. (2) Tests in which the depth of a clay
layer was changed showed that there was a marked development of strain just beneath the clay layer. (3)
Cumulative energy loss was larger in clay than in sand, and was largest in the under-consolidated clay,
followed by normally consolidated and over-consolidated clays, in that order.

INTRODUCTION

The Michoacan Earthquake, which occurred in Mexico in 1985 (Mendoza and Auvinet, 1988), and
the Loma Prieta Earthquake, which occurred in 1989 in the US along the San Francisco Bay (Yasuhara,
1999;JSCE Earthquake Engineering Committee, 1990a-c), are typical examples of earthquakes in which
soft clayey layers amplified the ground motion and worsened the overall degree of damage. During the
latter earthquake, the recorded accelerations on soft ground layers were two to three times larger than
those on hard ground (JSCE Earthquake Engineering Committee, 1990c, JGS, 1994). On the other hand,
there have been cases in which soft layers acted like dampers and reduced damage, an example of which
is the small amount of damage to the Imperial Hotel in Tokyo during the Great Kanto Earthquake
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(Fukutake, 2001). Frank Lloyd Wright designed and constructed the foundation of the hotel to act as a
floating raft using the damping effects of the soft ground (Akashi, 1972; Futagawa, 1980). Since soft clay
ground layers both amplify and attenuate ground motion, the effects of the nonlinearity of their earthquake
response characteristics on the ground surface needs to be understood.

Response characteristics of the ground vary in complicated ways, depending on the layer thickness,
elastic wave velocity, damping coefficient, density, and the frequency characteristics of the input ground
motions. Furthermore, in soft ground the nonlinearity of clay may strongly influence the response
characteristics of the ground during earthquakes. Although effective stress analysis is generally applied to
saturated sandy layers, clay layers have been considered to be elastic bodies. However, it is important to
consider the nonlinear characteristics of clay to evaluate ground response characteristics of the ground
during an earthquake. We have developed an on-line dynamic testing system to investigate the earthquake
response of stratified ground. In this method, a dynamic response analysis and a pseudo-dynamic loading
test that experimentally determines the restoring force of a material are combined by a computer into an
on-line data processing system. This system was used to investigate the earthquake response of stratified
ground that includes a clay layer. In these analysis, parameters for the strata, the thickness of the layers,
and the depth of the clay layer were varied, to examine the influence of these parameters on the
amplification of earthquake movement and the liquefaction of a sand layer.

ON-LINE PSEUDO-DYNAMIC RESPONSE TEST PROCEDURE

Concepts of the on-line pseudo-dynamic response test

The principles of the on-line pseudo-dynamic response test are shown in Figure 1. This system, which
was developed by Kusakabe et al. (1990), involves the following algorithm. First, the ground to be
analyzed is converted into a lumped mass model into which earthquake motion is input at the base. Next,
the vibration equation of the mass system is solved using a computer to determine the displacement
response of each mass. The shear strain that is equivalent to the resultant displacement is applied to a
specimen under computer control. The corresponding restoring force that is then automatically monitored
is used to calculate the displacement response for the next step. This process is repeated for as long as the
earthquake motion continues in order to directly determine the constantly changing nonlinear restoring
force of the ground from the element tests. The element experiments were conducted using a simple shear
test, developed by Kusakabe et al. (1999), Figures 2(a) and 2(b). A harmonic-geared AC servo-motor
provided high precision for displacement control. Shear strain was measured by a non-contact type
displacement transducer, while the total axial stress and the shear stress on the specimen were measured
using a two-directional load cell. The effective horizontal confining pressure on the specimen was
measured by a differential pressure transducer. A 14-bit A/D converter was used for data acquisition.
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Figure 1 Conceptual diagram of on-line earthquake response test



Since testing the entire ground profile, which
consisted of a number of layers, would make
the system both expensive and complicated,
only the ground elements that were likely to
be prone to liquefaction and deformation were
tested to analyse the restoring force. The
restoring forces of other sections were
estimated numerically using modified
Ramberg-Osgood models (Desai et al., 1985).
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(1) Ground model

As shown in Figure 3, the model of the
ground was prepared by assuming a (b) Expanded diagram for loading system and specimen
horizontally stratified ground of a depth of Figure 2 Simple shear testing system
18m and dividing the ground into six layers,
each of which was replaced by a one-dimensional mass system model. The restoring forces of layers were
determined by measuring the forces in element experiments for L2 to L4 (GL-3m to GL-12m) and using
modified Ramberg-Osgood models for the other layers. Layers L2 to L4 were chosen as clay or liquefiable
sand layers with relative density Dr = 50%. The configuration of the layers was varied as shown in Table
1. L1 was a liquefiable sand layer with Dr = 50% above the groundwater level and L5 to L6 were sand
layers with Dr = 80%, which were not prone to liquefaction.

(2) Element experiments

Element tests were carried out using three sets of simple shear apparatus (Kusakabe et al., 1999).
Shearing was carried out under undrained conditions with zero vertical, lateral and volumetric strains. The
loads were applied using stepping motors with a maximum rate of strain (0.3%/min.) due to equipment
limitations. The soils used for the element experiments were Onoda clay, a marine clay sampled in Onoda
City, Yamaguchi Prefecture, (Gs = 2.601, W, = 80.9%, W, = 34.9, I, = 46.0), and Toyoura Sand (Gs =
2.643, emax = 0.973, emin = 0.635). Reconstituted clay specimens were prepared by thoroughly mixing a
slurry to twice the liquid limit and pouring it into consolidation cells. A vertical consolidation pressure of
oy = 10 kPa was applied for one day and and then 20 kPa for a further day followed by a pressure of gy, =
50 kPa for two weeks. Samples were assembled in the simple shear apparatus with porous stones on the
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Table 1 Test Configurations
TEST
Layer
SSS SSCuyso SSC SSCocrs SCS CSS CCS CCC
L1 Sand (D, = 50%)
L2 Sand Sand Sand Sand Sand Clay Clay Clay
L3 Sand Sand Sand Sand Clay Sand Clay Clay
L4 Sand Clay Clay Clay Sand Sand Sand Clay
L5 Sand (D, = 80%)
L6 Sand (D, = 80%)
Table 2 Analytical Parameters
. . Shear Shear
Thickness Unit Weight strength modulus
Layer Y a p
(m) KN/m® Te Go
kPa MPa
L1 3 19.1 13.9 48.7 2.45 2.29
L2 3 19.1 On-line On-line - -
L3 3 19.1 On-line On-line - -
L4 3 19.1 On-line On-line - -
L5 3 19.6 128.5 152 2.45 2.29
L6 3 19.6 159.8 164.7 2.45 2.29

base and top platens and a latex membrane around the outside. Three different consolidation regimes were
imposed on the clay samples used in this apparatus. Normally consolidated samples were produced by
applying a negative pore water pressure to the top platen and allowing drainage for 24 hours. 50% under-
consolidated specimens were prepared using a similar technique but stopping the drainage when the top
platen displacement reached 50% of the normally consolidated value. Finally OCR=5 samples were first
subjected to consolidation and swelling regimes in an oedometer cell and then mounted in the simple
shear apparatus for on-line testing. In this case the same vertical stress o, as in the oedometer was imposed
and making the assumption that K in the oedometer was 0.4, a lateral pressure of 0.4, was applied. The
sand specimens were prepared by pluviating Toyoura sand in water to a pre-determined relative density.
The dimensions of the specimens were approximately 60 mm diameter and 40 mm height. To reduce the
consolidation period the height of the clay specimens only were reduced to 20 mm. Anisotropic
consolidation with a coefficient of earth pressure at rest Ky = 0.4, was achieved by applying o3’ and ¢, in
stages up to the predetermined values.



(3) Experimental and analytical conditions

The on-line pseudo-dynamic response tests were conducted for layers L2 to L4, and the restoring
forces were determined for varying degrees of consolidation of the clay layers, layer thicknesses, and order
of layers (Table 1). The test notation in the table indicates the soil layering. "SSC" for example, means that
L2 to L4 were sand, sand, and clay, respectively. For cases in which L4 was clay, SSCyso denotes non-
consolidated clay with a 50% degree of consolidation and SSCocrs denotes clay with an overconsolidation
ratio of 5. All other clay layers were normally consolidated. The analytical parameters chosen for the
modified Ramberg-Osgood models are shown in Table 2. The earthquake input waves were those
observed at location PI-79mNS (maximum acceleration of 570 Gal), at a depth of 79m on Kobe Port
Island during the 1995 Hyogo-ken Nanbu Earthquake(Figure 4).

EFFECTS OF THE DEGREE OF CONSOLIDATION OF CLAY LAYERS ON EARTHQUAKE
RESPONSE CHARACTERISTICS

(1) Stress-strain relationships and effective stress paths

Figure 5 shows the relationships between shear stress 7 and shear strain y for layers L2 to L4. In test
SSS, in which all layers were sand, the shear stress values for layers L2 and L3 were largest at Peak A,
which is shown with a circle in the figure, and reduced thereafter. Peak A was about 3 to 4 seconds after
the start of stress input. At this point, the strain was 0.67% in L2 and was 1.4% in L3. The excess pore
water pressure ratios, u/o,’, were 0.36 and 0.34, respectively. The figure shows that reduction in shear
stress was accompanied by little change in strain amplitude. After Peak A, the reduction in stiffness
progressed, and liquefaction occurred causing the strain in these layers to jump and the shear stress to
drop to almost zero. On the other hand, L4 developed a strain of approximately 2%, softened, but did not
reach liquefaction. When layer L4 was clay, the stiffness increased in the order of non-consolidated,
normally consolidated, and over-consolidated; and the strains which were stiffness dependent, decreased
in this order. The figure shows that the time-history loops were less circular for more consolidated clay,
showing that the non-linear time dependant deformation characteristics of clay vary depending on its
stiffness. Unlike sand, clay did not show drastic drops in stiffness even at large strains, but retained a
certain degree of stiffness and did not liquefy. As for SSS, the sand layers, L.2 and L3, either liquefied or
almost liquefied. The development of the strain in these layers depended on the degree of consolidation of
the underlying clay, and was higher in more consolidated clay; and thus the more consolidated the
underlying clay the more severe the liquefaction of L2 and L3. This shows that the degree of hysteresis
and magnitude of stiffness seen in the time-history deformation characteristics of a clay layer determine
the degree of liquefaction of upper sand layers.

Figure 6 shows the effective stress paths for layers L2 to L4. For sand layers, the figure also shows the
phase transformation line (PTL) for Toyoura sand which represents the stress ratio at which loose sand
samples change from compressive to dilative behaviour (Alarcon-Guzman et al., 1988). This was derived
from the results of off-line monotonic undrained tests. In all cases, layers L2 and L3 showed rapid
deformation and liquefied or almost liquefied immediately after the stress ratio exceeded the phase
transformation line. In sandy L4, the effective stress decreased almost reaching the phase transformation
line but the mean principal effective stress did not become zero but instead reached a constant value of
approximately 50% of the initial effective confining pressure. In the case of the under-consolidated clay in
Layer 4 in the SSCys test a pore pressure equal to 50% of the consolidation pressure existed at the start of
the test as can be seen on the effective stress path in Figure 6. The reduction in effective stress in the clay
depended on the degree of consolidation. In the over-consolidated clay, the drop was only 10% of the
initial confining pressure while the drop was 90% in the under-consolidated clay. Therefore, an under-
consolidated clay would be more prone to reductions in effective stress although the degree is not as
excessive as in sand which suffers liquefaction.
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Figure 5 Relationships between shear stress 1 and shear strain y
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Figure 7 Acceleration time histories

(2) Acceleration time-history

Figure 7 shows the time-history of the acceleration a for masses ml to m6. For m2, the acceleration
was attenuated in all cases, causing the waveforms to have longer periods. This tendency was also
observed at mass point m1. Such attenuation was caused by reductions in shear modulus of layers L2 and
L3 during liquefaction, which inhibited the propagation of the earthquake motion to the upper layers. On
the other hand, for m4, the long period components were more predominant for the clay layers than for the
sand layer in the SSS configuration. This tendency was especially marked in the non-consolidated clay,
suggesting that the clay layers filtered out the high-frequency components. Since clay layers are not prone
to large reductions in stiffness leading to liquefaction, such an effect of clay was probably attributable to
the plastic hysteretic deformation of the ground consuming large amounts of energy.



EFFECTS OF LAYER CONFIGURATION AND THE THICKNESS OF CLAY LAYERS ON
THE EARTHQUAKE RESPONSE CHARACTERISTICS

(1) Stress-strain relationships and effective stress paths

Figure 8 shows the relationship between shear stress and shear strain for layers L2 to L4 for SCS,
CSS, CCS, and CCC configurations. The sand layer L2 of the SCS configuration, in which a clay layer
was between two sand layers, showed a development of strain along with a reduction in stiffness and
liquefaction. However layer L4, which was just below the clay layer, also showed markedly larger strain
development than the strain development shown in Figure 4 for SSS, the sand only configuration. Layer
L3 in CSS and layer L4 in CCS also showed a similar tendency. Thus in sand layers underlying clay there
was a relatively large hysteresis and loss of energy. The effective stress paths of these layers (Figure 9)
showed sharp drops of effective stress, and a rapid increase in deformation immediately after the stress
ratio exceeded the phase tranformation line and the layers liquefied or almost liquefied. In CCC, which
had clay layers L2 to L4, all layers showed strains of over 2% but no drastic drops in stiffness leading to
liquefaction. Their effective stress dropped by only 30 to 40% of the initial confining pressure when an
equilibrium was reached and no further changes in effective stress occurred.

(2) Acceleration time-history

Figure 10 shows the acceleration time history for masses m1 to m6 in the SCS, CSS, CCS, and CCC
configurations. The waveform for mass m2 in the SCS test in which L2 liquefied, showed an increase in
period and attenuation caused by the vibration, but no such attenuation was seen for masses m3 and m4
probably because L4 did not liquefy but retained a degree of stiffness. For the CSS test, the waveform for
mass m2 contained a relatively large quantity of short period components although layer L3 liquefied.
This was likely to be because short period components were relatively predominant in the waveform at
mass point m4 and increased the higher frequency response of the layer, which then affected the
earthquake response of the upper layers. In the CCS test, the response of clay layers m2 and m3 was
attenuated along with the vibration. Since normally consolidated clay does not normally attenuate
vibrations in the same way as that observed during liquefaction of sandy layers, the attenuation in the clay
layers can be attributed to L4, which liquefied and inhibited the propagation of shear waves to the upper
layers. Finally, in CCC, the long period components of the waveforms increased for all masses but the
degree of attenuation was not as drastic as that observed in liquefied sand layers.

CUMULATIVE ENERGY LOSS

Factors that cause attenuation of earthquake motion include drops in stiffness of the ground, as
described above, and increases in damping caused by hysteresis. This section discusses the cumulative
energy loss index AW, which is related to the amount of plastic strain energy absorbed in the ground, and
its relationship with the earthquake response characteristics of the ground (Katada et al. 1987, Kazama et
al. 1999). Here, cumulative energy loss AW is calculated from the area of the stress-strain loop in Figure
5. Sugano and Yanagisawa (1991, 1992) showed that the cumulative energy loss normalized by initial
confining pressure, is independant of the element testing procedure. Therefore, in this section, cumulative
energy loss AW is evaluated as the normalized cumulative energy loss AW/a,,” (hereinafter referred to as
the cumulative energy loss), determined by dividing the cumulative energy loss AW by the initial mean
effective principal stress oy, .

Figure 11 shows the depth distribution of cumulative energy loss. In Figure 11(a), which compares the
degrees of consolidation, the cumulative energy loss of L4 was larger in clay than in sand, and was the
largest in the under-consolidated clay, followed by normally consolidated and over-consolidated clays
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in that order. The larger the cumulative energy loss in L4, the smaller the cumulative energy loss in the
upper layers. This was attributable to the large consumption of earthquake energy in L4, which reduced
the earthquake motion that was propagated to the upper layers. The result suggests that clay increasingly
attenuates earthquake motion as it softens, consuming large amounts of energy and inhibiting the motion's
propagation. In Figure 11(b), which compares layer orders and layer thicknesses, the cumulative energy
loss was large in sand layers beneath clay layers in SCS, CSS, and CCS. However, in SSC, in which a clay
layer underlay sand layers, L2 had a large maximum shear strain but small cumulative energy loss, and
their distributions were not similar. This suggests that clay reduces the propagation of earthquake motion
but amplifies the long period components, thus increasing the strain in the overlying sand layer, when the
sand layer is liquefied and has a reduced natural frequency.

CONCLUSIONS

On-line pseudo-dynamic earthquake response tests have been conducted to analyze the earthquake
response characteristics of ground consisting of alternating layers of clay and sand. The study investigated
the effects on the earthquake response characteristics of the stress history, degree of consolidation, and
configuration of the clay layers. The relationship between cumulative energy loss and ground response
characteristics were also analyzed. It was found that:

(1) The time-history deformation characteristics of clay varied depending on its degree of consolidation
and stress history. The difference affected the degree of liquefaction of overlying sand layers, and the
strain generated in the overlying layers was the smallest for the under-consolidated clay, followed by
normally consolidated clay and over consolidated clay in ascending order.

(2) Tests in which the depth of a clay layer was changed showed that there was a marked development of
strain just beneath the clay layer.

(3) Cumulative energy loss was larger in clay than in sand, and was largest in the under-consolidated clay,
followed by normally consolidated and over-consolidated clays, in that order.
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