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ABSTRACT

Undrained cyclic triaxial tests were performed on two kinds of sedimentary sofirocks (the
Kazusa group). Mudstone samples were retrieved from a depth of about 80 m at the Sagamihara
experimental site, and silt-sandstone samples were retrieved from a depth of about 60 m below
the seabed at an offshore site near the mouth of Tokyo Bay. A saturated cylindrical specimen of
5 cm in diameter and about 12 cm in height was isotropically re-consolidated to the in-situ
effective overburden stress. After applying an initial deviator stress under drained condition,
undrained cyclic axial loading was performed, which was followed by monotonic axial loading
while maintaining the undrained condition. Observed behaviors on the accumulation of residual
axial strains during the undrained cyclic loading and on the effects of the cyclic loading history
on the maximum deviator stress during the subsequent monotonic loading are compared between
the two kinds of samples. An attempt is also made to simulate the residual deformation behavior
of the silt-sandstone samples during the cyclic loading.

INTRODUCTION

In Japan, sedimentary softrock deposits have been considered as one of stiff subsoil layers
that can support large scaled civil engineering structures and buildings. In fact, one abutment
(1A) and another pier (3P) of Akashi Kaikyo Bridge having a central span of 1990 m are
supported by a sedimentary softrock deposit of Early Neogene Period (Kobe Group), which
survived the 1995 Hyogoken-Nanbu earthquake with exhibiting only a limited amount of
residual deformations and displacements (Yamagata et al., 1996).
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In the performance-based designs of the above subsoil-structure systems against large
earthquake loads, such as those observed during the 1995 Hyogoken-Nanbu earthquake, their
residual deformations after the earthquake need to be properly evaluated. When excessively
conservative design procedures are adopted, however, they often yield unrealistically large
residual deformations. On the other hand, it was also reported that the residual deformations of
subsoils supporting two piers of Akashi Kaikyo Bridge could be simulated to a certain extent by
modeling their residual deformation properties based on relevant laboratory test results (Koseki,
et al., 2001; Kashima et al., 2000). It is to be noted that the deformation behaviors of softrocks
under large earthquake loads are not well understood, since the number of relevant laboratory
tests is very limited (Okamura et al., 1999).

In view of the above, in the present study, a series of undrained cyclic triaxial tests was
performed on two kinds of sedimentary softrocks in order to investigate into their deformation
properties when subjected to large amplitude undrained cyclic loading. '

TESTED MATERIALS AND TESTING PROCEDURES

A series of core samples of mudstone were obtained from a layer of Kazusa group by hand-
operated direct core sampling using a 5 cm diameter diamond core barrel at a depth of about 80
m inside a deep shaft at the Sagamihara experimental site (Tatsuoka et al., 1997; Nakanishi et al,,
1998). The mean diameter was about 0.02 mm after thorough crushing, and the initial water
content was around 35 %.

Another series of core samples of silt-sandstone were retrieved from a layer of Kazusa group
by rotary core tube drilling at a depth of about 60 m below the seabed at an offshore site near the
mouth of Tokyo Bay. The mean diameter was 0.06 to 0.08 mm after thorough crushing, and the
initial water content was around 25 %. V

A cylindrical specimen of 5 ¢m in diameter and about 12 cm in height was trimmed and set on
a triaxial testing system with a gear-type axial loading device (Hayano et al., 2001). It was fully
saturated by vacuuming and back-pressurizing to 294 kPa in a triaxial cell filled with de-aired
water (Ampadu and Tatsuoka, 1993). Both ends of the specimen were capped with gypsum on-
site in the triaxial cell to ensure a good contact with the stainless platens attached to the
speciment cap and pedestal. To facilitate drainage from the specimen during saturation and
consolidation processes, a side drain of filter paper was used.

From an initial confining stress of 29.4 kPa, the specimen was isotropically re-consolidated to
the in-situ effective overburden stress (785 kPa for the mudstone samples and 589 kPa for the
silt-sandstone samples). In order to simulate qualitatively the application of vertical loads due to
construction of huge foundations, the effective vertical stress o,” was increased under drained
condition. Then, undrained cyclic axial loading was performed, and finally the axial load was
monotonically increased while maintaining the undrained condition. The initial deviator stress qo
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(=Gw’ -Ono’) before undrained cyclic shearing was set at about 50 to 60 % of the peak deviator
stress that was measured by undrained monotonic axial loading tests without cyclic loading
conducted under otherwise the same conditions. Refer to Fig. 1 for typical results and definitions
of other stress parameters. In order to measure the axial strain accurately, a set of local
deformation transducers (LDTs) were employed.

At several states in the course of the isotropic re-consolidation, a set of small amplitude
drained axial loading and unloading was conducted to evaluate the quasi-elastic vertical Young’s
moduli at a strain level of about 0.001%. Similarly, during the process of the drained monotonic
loading and the undrained cyclic loading, a set of small amplitude axial unloading and reloading
was conducted under drained and undrained conditions, respectively, at several states, for
example at state b in Fig. 1.
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Silt-sandstone a-b: drained monotonic loading
Test CS6 b-¢: undrained cyclic loading

AF  essmmenoo-- -- ¢-d: undrained monotonic loading

d

Deviator stress, q=0-Gj, (MPa)
w

Axial strain, g (%)
Fig.1. Typical stress-strain relationship and definition of stress parameters
(for test CS6 on silt-sandstone sample)

RESULTS AND DISCUSSIONS

Residual axial strains of mudstone samples during undrained cyclic loading

On the mudstone samples, seven undrained cyclic triaxial tests were performed under different
stress conditions in terms of the initial deviator stress qo and the cyclic deviator stress gq. Values
of residual axial strains €, measured at a stress state of g=qo during each cycle, which include
those accumulated during the initial application of qo under drained condition, are plotted versus
the number of cycles in Fig. 2. It should be noted that the &, values are evaluated from the
average values of axial strains measured with two LDTs. In general, accumulation of the &
values during undrained cyclic loading was to a limited extent, except for the test result of CY3
yielding a sudden large accumulation of &, after the number of cycles exceeded about 10 or.15.
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Stress-strain relationships for test CY3 are shown in Fig. 3. The sudden large accumulation of
the axial strain was measured only with one LDT (LDT1 in Fig. 3a) set in the region crossing the
shear band, which was observed at the time of reassembling the apparatus and the specimen. On
the other hand, with the other LDT (LDT2) not crossing the shear band, a much smaller amount
of accumulation of the axial strain was measured. These different behaviors suggest that the
sudden large accumulation of residual deformation took place mainly within the shear band,
which was possibly formed at the same moment as the residual deformation started to
accumulate during the undrained cyclic loading, while the other part of the specimen suffered
residual deformation to a much lesser extent. Similar behavior was also observed in test CYS
that started to yield a large value of g, after the number of cycles exceeded about 30 (Fig. 2). It
should be noted, however, that, with visual observation of the side of the specimen covered with
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Fig.2. Accumulation of residual axial strains during cyclic loading on mudstone samples

membrane, the exact moment when the shear band was formed could not be evaluated.
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Fig.3. Stress-strain relationships for test CY3 on mudstone sample
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Figure 4 shows stress-strain relationships for test CY7 that yielded gradual accumulation of &,
throughout the undrained cyclic loading with the largest qq value among all the tests. The axial
strain measured with LDT1 that crossed the observed shear band (Fig. 4a) was generally larger
than the other, while the difference in these measured values were not significant. This suggests
that the specimen suffered residual deformation relatively uniformly, while a limited extent of
strain localization may have taken place within a region corresponding to the shear band that was
formed in the subsequent monotonic loading stage. Similar behavior was also observed in the
other tests, excluding tests CY3 and CYS5 as mentioned above.
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Fig.4. Stress-strain relationships for test CY7 on mudstone sample

Residual axial strains of silt-sandstone samples during undrained cyclic loading

On the silt-sandstone samples, six undrained cyclic triaxial tests were performed with different
cyclic deviator stresses qq, while maintaining the initial deviator stress go constant at 1.96 MPa.
Values of residual axial strains €, are plotted versus the number of cycles in Fig. 5. All the tests
yielded gradual accumulation of g, throughout the undrained cyclic loading, and the rate of
accumulation increased with the qq value. Refer to Fig. 1 for results from test CS6 that showed
the highest rate of accumulation.
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Fig.5. Accumulation of residual axial strains during cyclic loading on silt-sandstone samples
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Figure 6 shows the stress-strain relationships for test CS1 that showed the lowest rate of
accumulation of &, As is similar to the case with Fig. 4, the axial strains measured with two
LDTs were not largely different from each other, but the one measured with LDT?2 that crossed
the observed shear band (Fig. 6a) was generally larger than the other. The other test results
showed similar trends within the measurable range of axial strains with LDTs (equal to about
2 %), suggesting no formation of shear band during the cyclic loading. It should be noted that,
even in test CS1 at the lowest rate of accumulation of ., the &, value approached to about 0.9 %
during the undrained cyclic loading (Fig. 5). This value is much larger than the €, values at which
the sudden large accumulation of the axial strain started in tests CY3 and CY5 on the mudstone
samples (at €, of about 0.4 %, Fig. 2).
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Fig.6. Stress-strain relationships for test CS1 on silt-sandstone sample

Figure 7 shows the effective stress path for test CS6 that showed the highest rate of
accurmnulation of €. Refer to Fig. 1 for the corresponding stress-strain relationship. During
undrained cyclic loading, the excess pore water pressure did not accumulate on either the
positive or the negative side. Similar trends of behavior were also observed in other tests
including those on the mudstone samples.
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Fig.7. Effective stress path of test CS6 on silt-sandstone sample
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Maximum deviator stress during undrained monotonic loading

Figures 8 and 9 show the relationships between the maximum deviator stress qmax during the
undrained monotonic loading that was conducted after the undrained cyclic loading and the
initial void ratio e, for the mudstone and silt-sandstone samples, respectively. In these figures,
the value of qot+qq for each test was also indicated. It should be noted that, in tests CY3 and
CY5 on mudstone samples where the axial strain accumulated largely during the undrained cyclic
loading, the qm.x values were set equal to qo+qq, since residual states were achieved during the
last half cycle of undrained cyclic loading, as typically shown in Fig. 3. This behavior may be
related with the possible formation of shear band during the cyclic loading as mentioned before.

For reference, test results without undrained cyclic loading history were added in Figs. 8 and
9. On the mudstone samples, the g value was not significantly affected by the undrained cyclic
loading history, but it decreased in general with the increase in e,. On the other hand, on the silt-
sandstone samples, the qmsx value was not clearly affected by the difference in eo, while
application of the undrained cyclic loading history resulted into increase in the qmax value. This
behavior of the silt-sandstone samples seems quite peculiar, on which future investigations are
required.
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Discussion on strain increments during cyclic loading on silt-sandstone samples

On the silt-sandstone sample, an additional cyclic triaxial test (CS7) was conducted with
increasing gradually the amplitude of cylic deviator stress (Fig. 10). When the stress-strain
relationships are compared between Figs. 1 and 10, the following trends of behavior can be
observed:

1) With the contant amplitude of cyclic deviator stress (Fig. 1), the increment of the residual
axial strain was larger in the first cycle than in the subsequent cycles.

2) With the gradual increase in the amplitude of cyclic deviator stress (Fig. 10), the
increment of the residual axial strain became larger in the later cycles. In particular,
significant amount of axial strain was accumulated when the current deviator stress
exceeded the ever-largest deviator stress level (i.e., the maximum deviator stress in the
previous cycles). For example, during reloading from state e for the 7th cycle in Fig. 10,
the increment of axial strain became much larger after exceeding the state f, which
corresponds to the ever-largest deviator stress level during the preceding six cycles.

The above behaviors suggest that the increment of the residual axial strain consists of two
components; the first one is the plastic strain increment Ag® due to virgin loading that is
mobilized after exceeding the ever-largest deviator stress; and the second one is the plastic strain
increment Ae.,’ due to cyclic loading that can be mobilized even before reaching the ever-largest
deviator stress. In addition, the elastic strain increment Ag® should also be considered in
evaluating axial strains under different stress states. In the present study, these strain components
were evaluated separately as briefly described in the next section.

L | Elastic strain component |

=3.94 (MPa)

e

i ! Silt-sandstone
.| Externally || Test CS7 (e,=0.543) |

Deviator stress, g=o,-c, (MPa)

measured

-7k ber of
total strain E} numoer o

loading cycles ]

v
1
1
]
]
]
|
1
]
1
1
]
1
]
1
]
1
|
|
|
I
!
{

18,=023(%) o 5F297(%)

0 1 2 3 4
Axial strain, s, (%)

(&)

Fig.10. Stress-strain relationships for irregular cyclic loading test CS7 on silt-sandstone sample

Simulation of residual deformation behavior of silt-sandstone samples subjected to irregular
cyclic loading

An attempt was made to simulate the accumulation of residual axial strain observed during the
irregular cyclic loading test CS7 on the silt-sandstone sample.
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The elastic strain increment Ag® was evaluated based on the results from small amplitude axial
loading and unloading conducted at several states during the isotropic re-consolidation, where
the quasi-elastic vertical Young’s moduli were modeled as a function of the current vertical
effective stress. The elastic strain component evaluated by integrating the elastic strain increment
is shown in Fig. 10.

The plastic strain increment Ae.,” due to cyclic loading was evaluated by applying the strain
softening concept and the cumulative damage concept (Tatsuoka and Silver, 1981; Tatsuoka et
al., 1986). The fatigue property of the tested silt-sandstone sample was formulated based on the
results from the contant amplitude cyclic loading tests as:

log (Ae,")= a + b*log(SRa)
a=-0.712 +1.15*log(N.)
b = 2.01+1.75*log(N,)
where, Ae.,” is the plastic strain value at the state of q=qo+qa during each cycle; SRy is a cyclic
stress ratio defined as qo/(qmax-qo); and N is the number of loading cycles.

Figure 11 compares the measured and modeled relationships between the cyclic stress ratio
and the number of cycles inducing the strain increments of 0.1, 0.5, 1.0 and 1.5 %, respectively.
Within the above strain range, the modeled relationships could reflect reasonably the trend of
behavior observed in the measured ones. In analyzing the measured data, the plastic axial strain
g® was evaluated by subtracting the elastic component from the measured total strain, from
which the plastic strain increment during the first half cycle was deducted in order to exclude the
effects of the virgin loading that was applied during the first quarter cycle; i.e., the origins of the
plastic strain due to cyclic loading and the number of cycles were defined to be zero at state b’ in

Fig. 1.
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The plastic strain increment Aef due to virgin loading was evaluated based on the results from
monotonic loading tests without cyclic loading history. Figure 12 shows the relationships
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between the normalized deviator stress q/qmax and the normalized plastic axial strain e"/ef, where
ef is the plastic axial strain at q=Qmsx. Since the normalized relationship for test SL7 was
different from those for tests SL2 and SL4, two cases of prediction of Ae{ were made based the
normalized relationships obtained for tests SL4 and SL7, respectively. For example, the amount
of Aef for the 7th cycle in test CS7 was evaluated from the e¥/ef values in Fig. 12 that
correspond to the values of q/qua at states f and g in Fig. 10, and the value of &f (=er-& shown
in Fig. 10).
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The amount of total axial strain (SAe®+Aey" +Ae’) defined at peak deviator stress state during
each cycle (for example, at state g for the 7th cycle shown in Fig. 10) is compared between the
measured and computed values in Fig. 13. The values computed based on the results from the
monotonic loading test SL4 were well in accordance with the measured ones, while those based
on the results from test SL 7 were generally larger than the measured ones. This is due to the
softer response observed in the test SL7 than in the test SL4 as shown in Fig. 12. However, the
general behavior on the rate of accumulation of the computed axial strain increments during each
cycle were similar between these values and were consistent with the measured ones.
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For reference, the values computed without considering the accumulation of plastic strain
increments A due to virgin loading except for the one during the first quarter cycle are also
shown in Fig. 13. These values were generally smaller than the measured ones at later cyclic
loading stages, suggesting the importance of considering such an accumulation of plastic strain
increments Ae® due to virgin loading. With the case of test CS7, the amount of Ae® accumulated
between the first and seventh cycles were about twice as large as the amount of Ag.,’.

CONCLUSIONS

The results from cyclic triaxial tests on on two kinds of sedimentary softrocks could be
summarized as follows.

1y

2)

3)

4)

The mudstone samples generally exhibited a limited amount of accumulation of residual
axial strains during undrained cyclic loading. In such cases, it was estimated that the
specimen suffered residual deformation relatively uniformly, while a limited extent of
strain localization may have taken place within a region corresponding to the shear band
that was formed in the subsequent monotonic loading stage. On the other hand, there
were also cases where a sudden large accumulation of the axial strain was measured only
with one LDT set in the region crossing the shear band, suggesting that the residual
deformation may have taken place mainly within the shear band, which was possibly
formed during the cyclic loading.

The silt-sandstone samples exhibited a gradual accumulation of residual axial strains
during undrained cyclic loading. Even in the test that yielded the lowest rate of
accumulation, the value of the residual axial strain became much larger than the one at
which sudden large accumulation of the axial strain started in the tests on the mudstone
samples, while the axial strain values measured with two LDTs remained to be similar to
each other, suggesting no formation of shear band during the cyclic loading.

On the mudstone samples, the value of the maximum deviator stress Qua during
undrained monotonic loading that was conducted after the undrained cyclic loading was
not significantly affected by the cyclic loading history, but it decreased in general with the
increase in the void ratio. On the other hand, on the silt-sandstone samples, the qmax value
was not clearly affected by the difference in the void ratio, while application of the cyclic
loading history resulted into increase in the gmax value.

The results from the tests on the silt-sandstone sample that was conducted with
increasing gradually the amplitude of cylic deviator stress suggested that the increment of
the residual axial strain consists of several components; the plastic strain increment Aef
due to virgin loading that is mobilized after exceeding the ever-largest deviator stress; the
plastic strain increment Ag,” due to cyclic loading that can be mobilized even before
reaching the ever-largest deviator stress; and the elastic strain increment Ag®. The
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residual axial strains measured in this irregular loading test could be simulated reasonably
by evaluating the Ae.,’ component with applying the strain softening concept and the
cumulative damage concept on the fatigue property that was formulated based on the
results from contant amplitude cyclic loading tests, and by evaluating the Ae’ component
based on the results from monotonic loading tests without cyclic loading history. The
simulated amount of Ae accumulated between the first and seventh irregular loading
cycles were about twice as large as the amount of Ae.’.
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