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ABSTRACT: Multiple occurrence of sand liquefaction has been reported in the past case his-
tories worldwide, including those on the 2010-2011 Christchurch Earthquakes in New Zealand
and the 2011 Off the Pacific Coast of Tohoku Earthquake in Japan. In order to reveal the mul-
tiple-liquefaction behavior, a series of 1-g shaking table tests on level ground and another series
of cyclic stacked-ring shear tests on hollow cylindrical specimen with/without initial static shear
are conducted. It is observed that, though overall densification is observed in the two types of
tests, the re-liquefaction resistance could either increase or decrease by the liquefaction history.
The response during the current liquefaction stage is more predominantly affected by the imme-
diate-past liquefaction history than by the current relative density that is averaged over the full
depth. In case of the cyclic stacked-ring shear tests with initial static shear, significant effects of
anisotropy that has been induced by the liquefaction history are also observed.

1 INTRODUCTION

Liquefaction of sandy ground has been reported to occur repeatedly in the past case histories
worldwide, including those on the 2010-2011 Christchurch Earthquakes in New Zealand
(Cubrinovski et al., 2012) and the 2011 Off the Pacific Coast of Tohoku Earthquake in Japan
(Wakamatsu, 2012).
Since the liquefied sand undergoes overall densification induced by re-consolidation or dis-

sipation of excess pore water pressure, one may expect that the resistance against re-liquefac-
tion would increase. For example, results from a series of undrained cyclic triaxial tests on
silica sand #7 (D50=0.21 mm, emax=1.243, emin=0.743) is summarized in Figure 1a (Teparaksa
and Koseki, 2017). In these tests, a cylindrical specimen with a diameter of 75 mm and a
height of 150 mm was prepared by air-pluviation and saturated by double vacuum method
(Ampadu and Tatsuoka 1993). After isotropic consolidation to an initial confining stress σ0ʹ
of 100 kPa, it was subjected to four stages of undrained cyclic loading as typically shown in
Figure 1b through 1e, each of which was followed by re-consolidation to the same value of σ0ʹ
as in the initial consolidation. For each specimen, the cyclic stress ratio CSR (=σd/2σ0ʹ, where
σd is the single amplitude of the cyclic deviator stress) was kept constant throughout the four
stages of cyclic loading, and the cyclic loading was terminated when the double amplitude of
the axial strain εa(DA) reached 5.0 %.

At the first stage of cyclic loading, as given in Figure 1a, the relative density of the speci-
mens tested was in the range of 55 to 60 %, which gradually increased by the re-consolidation
to 64 to 67, 71 to 74 and 77 to 81 % at the second, third and fourth stages, respectively. In
addition, for a given value of CSR, the number of cycles Nc to induce εa(DA)=5 % increased as
well.
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In some of the past relevant studies, on the other hand, it is also reported that the liquefac-
tion resistance may decrease after certain stress/strain histories (Finn et al., 1970; Ishihara and
Okada, 1978; Suzuki and Toki, 1984 among others).
In view of the above, a series of 1-g shaking table tests on level ground and another series of

cyclic stacked-ring shear tests on hollow cylindrical specimen were conducted to reveal the
multiple-liquefaction behavior more in details, and there results are herein reported.

2 SHAKING TABLE TESTS

2.1 Test procedures

In a rigid soil container having inner dimensions of 2600 mm times 400 mm in plan and 600
mm in height, a level ground model with a total depth of 500 mm as shown in Figure 2a was
prepared by pluviating the silica sand #7 particles through air. From the bottom of the con-
tainer, water was gradually poured until the ground water level reached the height of 400 mm,
while leaving a 100 mm-thick partially saturated sand layer above. In order to reduce the
wave reflection at the sidewalls of the container, damping sheets had been inserted in advance.

Figure 1. a) Summary of undrained cyclic triaxial test results on silica sand #7; and typical stress-strain

relationships during b) first, c) second, d) third and e) fourth stages of cyclic loading (Teparaksa and

Koseki, 2017)

Figure 2. a) Cross-section of level ground model (Teparaksa and Koseki, 2018); and b) evaluation of

shear stress and shear strain using vertical array records of horizontal response accelerations (modified

after Koga and Matsuo, 1990)
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As shown in Figure 2a, the ground model response during several steps of horizontal shak-
ing by inputting 20 cycles of sinusoidal waves at a frequency of 5 Hz was monitored by accel-
erometers and pore water pressure sensors installed in the model, and the settlement of the
ground surface was monitored by laser sensors (Teparaksa and Koseki, 2018).
By using the vertical array records of horizontal response accelerations and following the

computation procedures developed by Koga and Matsuo, 1990, the shear stress γ and the
shear strain γ were evaluated one-dimensionally, as schematically shown in Figure 2b. In this
paper, the response accelerations recorded at the central column as shown in Figure 2a will be
analyzed.

2.2 Test results on multiple liquefaction behavior

The shear stress-strain relationships evaluated at an elevation of 300 mm measured from the
bottom of the ground model (called hereafter as “Layer 2”, refer to Figure 2a for the defin-
ition of other layers) are shown in Figures 3a through 3f for a test case T4, where the ampli-
tude of the input acceleration was kept constant at 400 gal from the first to the sixth shaking
stages. As also indicated in these figures, the maximum double amplitude shear strain γ(DA)max

was 7.6 % in the first shaking stage, which increased to 9.8 % in the second shaking stage,
followed by gradual decrease down to 0.7 % in the sixth shaking stage.
In order to compare the multiple liquefaction property, a reference value for the double

amplitude shear strain γ(DA) was set at 1.5 % in this study, and the number of cycle Nc(1.5%) to
reach γ(DA) =1.5 % at each of the shaking steps was evaluated at the four elevations (Layers 1
through 4 shown in Figure 2a). The state of γ(DA) =1.5 % corresponds to the state where the
excess pore water pressure accumulates largely, while not yet inducing the complete liquefac-
tion with the excess pore water pressure ratio of unity (Teparaksa and Koseki, 2018).
As summarized in Figure 4, the values of Nc(1.5%) in the second shaking stage of test T4 at

Layers 1 through 3 decreased from those in the first shaking stage, while they started to
increase in the subsequent shaking stages. It should be noted that, at Layer 3, the Nc(1.5%)

value could not be evaluated in the third shaking stage since the γ(DA) value did not reach 1.5
%. These trends of behavior observed during the shaking stages at 400 gal suggest that the

Figure 3. Typical shear stress-strain relationships at Layer 2 during a) first, b) second, c) third, d)

fourth, e) fifth and f) sixth stages of horizontal shaking at input acceleration of 400 gals in test T4 (Tepar-

aksa, 2017)
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liquefaction resistance decreased by the first shaking history, while it increased in the subse-
quent shaking stages.
After these 400 gal shaking stages, the input acceleration was raised to 500 gal. Since the

γ(DA) value at 500 gal did not reach 1.5 %, the subsequent shaking stages were conducted with
an input acceleration of 600 gal. As can be seen in Figure 4, the multiple liquefaction behav-
iors observed during these 600 gal shaking stages at Layers 1 through 4 were in general similar
to those observed during the aforementioned 400 gal shaking stages.
In another test T7, the first to the eighth shaking stages were conducted at an input acceler-

ation of 300 gal, followed by two single shaking stages at 400 and 500 gal, respectively, and
subsequent 600 gal shaking stages. As summarized in Figure 5, the general trends of behaviors
observed during these shaking stages were consistent with those observed in test T4.

Figure 4. Number of cycle to reach double amplitude shear strain of 1.5 % in test T4 (modified after

Taparaksa, 2017; Taparaksa and Koseki, 2018)

Figure 5. Number of cycle to reach double amplitude shear strain of 1.5 % in test T7 (modified after

Teparaksa, 2017; Teparaksa and Koseki, 2018)
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For reference, the γ(DA)max values in each shaking stage for the four layers in the two tests
are also plotted in Figures 4 and 5, from which the following trends of behaviors could be
observed:

a. When the γ(DA)max value in a certain shaking stage increases from one in the immediate-
past stage, the Nc(1.5%) value in the next stage decreases from the one in the current stage,
suggesting that the re-liquefaction resistance is reduced by the current shaking history.

b. In contrast, when the γ(DA)max value in the current shaking stage decreases from the one in
the immediate-past stage, the Nc(1.5%) value in the next stage increase, suggesting that the
re-liquefaction resistance is raised by the current shaking history.

Similar trends of behaviors were observed in another series of tests with relatively small
shaking histories (Iqbal et al. 2019a), which will be briefly introduced in the next section.
The above behavior b) may be linked to the gradual densification induced by the re-consoli-

dation of the liquefied ground. As summarized in Figure 6, the relative density Dravg of the
ground model, which was evaluated as the average value over the whole depth of the ground
based on the surface settlement records, increased with the progress of the shaking stages, in
particular when ground deformation in terms of the average value γ(DA)avg, which was evalu-
ated from the γ(DA)max values at the four layers, was large in the immediate-past shaking
stage.
The Dravg values before the first shaking stage in tests T4 and T7 were 55 %, and they

increased to about 75 % and 66 %, respectively, at the end of the 400 gal and 300 gal shaking
stages. In another test T5, the Dravg value increased by lesser increments from 55 % to 59 % at
the end of 200 gal shaking stages, suggesting that liquefaction histories with smaller acceler-
ations would cause lesser densification.
Upon application of shaking histories with increased acceleration levels, gradual densifica-

tion was resumed only when liquefaction occurred (i.e., 600 gal shaking stages in tests T4 and
T7; see Figures 4 and 5, respectively). It should be noted, however, that the above behavior a)
was observed during the early stages of 600 gal shaking, as well as those of 400 gal and 300
shaking in tests T4 and T7, respectively, when significant densification was induced by the
liquefaction history.
It should be also noted that, after the 600 gal shaking stages in tests T4 and T7, no signifi-

cant densification from the Dravg values of 83 % and 80 %, respectively, was induced in the
subsequent shaking stages with increased input accelerations from 700 gal to 1000 gal. This
observation was consistent with no or only partial occurrence of liquefaction during these

Figure 6. Changes of average relative density of ground models with shaking stages (modified after

Teparaksa, 2017; Teparaksa and Koseki, 2018)
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shaking stages as shown in Figures 4 and 5. It was also the case with test T5 after the 800 gal
shaking stages. On the other hand, in test T8 where the Dravg value before the first shaking
stage was 81 %, significant and then gradual densification up to the Dravg value of about 100
% was induced in the 700 gal shaking stages. Such different responses of dense sandy ground
under large earthquake loads with/without past liquefaction histories are further studied by
Baboz and Koseki (2019) with respect to their effects on superstructure performances.

2.3 Test results on effects of relatively small shaking history

In order to investigate the effects of relatively small shaking history that may not induce lique-
faction, another series of shaking table tests (tests 1 through 4) on the level ground models
(Figure 2a) with the initial values of Dravg in the range of 50 to 55% was conducted (Iqbal
et al., 2019b). They were subjected to the first shaking with input accelerations in the range of
50 gal to 250 gal (denoted herein as “Pre-shake”) and then to several stages of 300 gal shak-
ings (“Shake 2” and “Shake 3” for the second and third shaking stages, respectively). In add-
ition, results from the aforementioned test T7 (renamed as test 5 herein) starting with 300 gal
shaking stages are also employed for comparison.
The values of Nc(1.5%) in the stages of Shakes 2 and 3 and the corresponding γ(DA)max values

are summarized in Figure 7, where the γ(DA)max values in the stage of Pre-shake are also indi-
cated. As shown in Figure 5, the Nc(1.5%) value at Layer 2 was about 3 in the first shaking stage
at 300 gal in test T7. As compared to this value without shaking history, the Nc(1.5%) value at
Layer 2 in the stage of Shake 2 was larger in test 3 with 200 gal shaking history, while it was
smaller in tests 4 and 5 with 250 to 300 gal shaking histories. Such different behaviors may be
linked to the levels of the γ(DA)max values in the Pre-shake stage: 0.21 % in test 3, and 6.2 and 4.3
% in tests 4 and 5. Similar trends could be also observed in other layers though the data variation
was large. More detailed analysis on the effects of relatively small strain history will be made in
the next chapter.
The change of Dravg values with the progress of shaking stages are summarized in Figure 8.

In order to compare the densification properties in the shaking stages with the same level of
input accelerations, the horizontal axis of Figure 8 is modified from the one employed for

Figure 7. Number of cycle to reach double amplitude shear strain of 1.5 % in tests 1 through 5 during

Shakes 2 and 3 (modified after Iqbal et al., 2019b)
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Figure 6. After the 600 gal shaking stages (denoted as 0.6a through 0.6m in Figure 8) in tests 1
and 5, the Dravg values increased up to about 80 %. After the 500 gal shaking stages (0.5a
through 0.6k) in tests 2 through 4, on the other hand, the Dravg values increased by lesser
increments to about 72 %. These behaviors may suggest that the Dravg values after multiple-
liquefaction histories depend predominantly on the input acceleration levels.
However, it was not the case with the results after the 300 gal shaking stages (0.3a through

0.3h); the Dravg values increased to about 65 % in tests 1, 2 and 5, while they stopped increas-
ing at Dravg values of about 60 % in tests 3 and 4. Future investigations are required on this
issue.

3 CYCLIC STACKED-RING SHEAR TESTS

3.1 Test apparatus and procedures

Due mainly to excessive specimen deformation induced by the liquefaction history, most of
the past experimental investigations using triaxial and torsional shear apparatuses were con-
ducted only up to two stages of liquefaction. In order to overcome such limitation, a stacked-
ring shear apparatus as shown Figure 9 was employed in this study for multiple liquefaction
tests. With this apparatus, the specimen is hollow cylindrical with outer diameter of 15 cm,
inner diameter of 9 cm and height of 5.3 cm, where their outer and inner side surfaces are
constrained by a series of vertically-stacked rigid metal rings. Thus, without changing the spe-
cimen shape, a single specimen can be subjected to a series of multiple liquefaction stages
(Wahyudi, 2014; Wahyudi et al., 2015; Aoyagi, 2019).
The specimen is prepared at an initial relative density of about 53 % by pluviating Toyoura

sand (D50=0.21 and 0.16 mm, emax=0.992 and 0.957, emin=0.632 and 0.592 for the first and
second series of tests, respectively) particles through air. It was one-dimensionally consoli-
dated by applying a vertical stress of 200 kPa at the top of the specimen. Then the first lique-
faction stage was conducted by applying cyclic shear stress with a fixed amplitude of 25 kPa,
while keeping the specimen height constant (i.e., simulating the constant volume condition).
After completing the cyclic loading by reaching the target value of the maximum double amp-
litude shear strain γ(DA)max, one-dimensional re-consolidation was conducted. By repeating

Figure 8. Changes of average relative density of ground models with relatively small shaking history

(modified after Iqbal et al., 2019b)

93



such process of liquefaction and reconsolidation stages, multiple liquefaction tests on a single
specimen was performed.
A series of tests was conducted without applying the initial static shear τini, while changing

the γ(DA)max values. Another series of tests was also conducted with applying τini, while fixing
the γ(DA)max value at 10.0 % but changing the τini values.

3.2 Test results without initial static shear

Typical results from the first series of tests conducted at τini=0 are shown in Figures 10 and 11
for the first and the second liquefaction stages, respectively. Based on the measurements using
two bi-component load cells that were installed above the top cap and below the pedestal, the
average values of shear stress τavg and vertical stress σv, avg are computed and plotted in these
figures. In addition, the values of relative density Dravg, which was evaluated as an average
value over the whole height of the specimen based on the measurements of settlement induced
during the initial and re-consolidation stages are also indicated in these figures.
After completing the cyclic loading in this series of tests, as indicated in Figure 10a, the

residual shear strain γRES at the start of the re-consolidation was resumed to be zero for com-
paring the test results under otherwise the same simplified condition. Due possibly to this test-
ing condition, the shear stress-strain relationship in the second liquefaction stage was almost
symmetric around the origin, as typically shown in Figure 11a. In addition, in order to com-
pare the multiple-liquefaction properties, the number of cycle Nc(2.0%) that is required to reach
the double amplitude shear strain γ(DA)=2.0 % is evaluated for each liquefaction stage.

Figure 9. a) General view of hollow cylindrical specimen and outer/inner rings of stacked-ring shear

apparatus, and b) side view of stacked outer rings (Morimoto et al., 2018)

Figure 10. Typical a) shear stress-strain relationship; and b) stress path in first liquefaction stage at

τini=0 (modified after Wahyudi et al., 2015)
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It can be seen from Figures 10b and 11b that the reduction of during cyclic shearing in the
second liquefaction stage was more significant than in the first liquefaction stage. Conse-
quently, the Nc(2.0%) value was reduced from 12.7 in the first stage to 1.6 in the second stage.
On the other hand, overall densification was induced by the re-consolidation after the first
liquefaction stage; the Dravg value increased from 51.6 % in the first stage to 58.0 % in the
second stage.
The test results conducted by keeping the γ(DA)max value constant at either 2.0, 5.0, 7.0 or

10.0 % during the whole liquefaction stages are compared in Figure 12. The Dravg values
shown in Figure 12a increased gradually with the liquefaction stage, while such densification
was less pronounced in the test with γ(DA)max=2.0 % than in the other tests with larger γ(DA)

max values. In contrast, as shown in Figure 12b, the Nc(2.0%) values in the second to fourth
liquefaction stages were highest in the test with γ(DA)max=2.0 %, and they decreased with the
increase in the γ(DA)max value.
As a result of these changes, as summarized in Figure 13a, the relationships between Dravg

and Nc(2.0%) were different from each other depending on the γ(DA)max value. In Figure 13a,
the relationship obtained from the single-stage liquefaction tests at different initial relative

Figure 11. Typical a) shear stress-strain relationship; and b) stress path in second liquefaction stage at

τini=0 (modified after Wahyudi et al., 2015)

Figure 12. Changes of a) average relative density; and b) number of cycle to reach double amplitude

shear strain of 2.0 % with liquefaction stages (Wahyudi et al., 2015)
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densities is also shown. In comparison to these single-stage liquefaction test results, the follow-
ing trends of multiple-liquefaction behavior are observed, suggesting that the strain history in
the preceding liquefaction stages affects significantly the liquefaction resistance in the next
stage:

a. The specimen sheared with γ(DA)max= 2.0 % always exhibits higher liquefaction resistance.
b. The specimen sheared with γ(DA)max= 5.0 % exhibits almost the same liquefaction resistance

as in the single-stage liquefaction test results.
c. The specimens sheared with γ(DA)max= 7.0 % and 10.0 % exhibit smaller liquefaction

resistance.

For comparison, test results on the specimens that were subjected to smaller strain history
in the range of γ(DA)max=0.20 to 1.0% in the first stage of cyclic shearing are also plotted in
Figure 13a. In order to distinguish more clearly the possible effects of smaller strain history, a
close-up of these test results is shown in Figure 13b. It should be noted that, since the Nc(2.0%)

value could not be evaluated in the first stage of these tests, the number of cycle to reach the
target γ(DA)max is plotted in these figures. Note also that the subsequent stages of cyclic shear-
ing in these tests were conducted with γ(DA)max= 2.0 %, and thus the Nc(2.0%) values could be
evaluated and plotted. Though the densification induced by re-consolidation after the first
stage of cyclic shearing in these tests was even smaller than the one in the test with γ(DA)max=
2.0 %, the liquefaction resistance in the second stage increased noticeably. These observations
are consistent with those in the shaking table tests with relatively small shaking history as
described in section 2.3. Similar effects of small strain history on the liquefaction resistance
have also been reported by Seed et al. (1977), Suzuki and Toki (1984); Tokimatsu and Hosaka
(1986) and Kiyota et al. (2009), among others.
In Figure 14, test results conducted by changing the γ(DA)max value in-between 2.0 and 10.0 %

from one liquefaction stage to another are compared those conducted by keeping the γ(DA)max

value constant at either 2.0 or 10.0 % during the whole liquefaction stages (Aoyagi and Koseki,
2017). The values of γ(DA)max in each liquefaction stage are also indicated in the figure. After
application of large strain liquefaction history of γ(DA)max=10.0 %, as illustrated by arrows in
Figure 14a, the Dravg values increased more largely. In contrast, as illustrated by arrows in
Figure 14b, the Nc(2.0%) values immediately after such large strain history decreased
significantly.
It is to be noted that the above Nc(2.0%) values shown in Figure 14b were close to those

obtained by keeping the γ(DA)max value constant at 10.0 % during the whole liquefaction
stages. On the other hand, the Nc(2.0%) values immediately after application of moderate

Figure 13. a) Relationship between average relative density and number of cycle to reach double ampli-

tude shear strain of 2.0 %; and b) its close-up (modified after Wahyudi, 2014)
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strain liquefaction history of γ(DA)max=2.0 % exhibited a tendency to resume those obtained
by keeping the γ(DA)max value constant at 2.0 %. These observations suggest that the response
of sands during the current liquefaction stage is more predominantly affected by the liquefac-
tion history in the immediate-past stage.

3.3 Test results with initial static shear

Typical results from the first series of tests conducted at τini=10 kPa are shown in Figure 15
for the first and the second liquefaction stages. During cyclic shearing, as shown in
Figure 15a, the shear strain accumulated to the positive side to which the initial static shear
stress was applied. At the end of the cyclic shearing when the target γ(DA)max value of 10.0 %
was reached, the values of the residual shear strain γRES were 6.3 % and 7.5 %, respectively for
the first and the second liquefaction stages. In this series of tests with initial static shear
(denoted as “R1 test” herein), without resuming these shear strains to be zero, re-consolida-
tion was conducted while maintaining the static shear stress constant at the target value of τini
(Morimoto et al., 2018).
As shown in Figure 15b, the stress path in the second liquefaction stage was largely

different from the one in the first liquefaction stage. During the initial application of the
cyclic shear stress to the positive side in the second stage, as illustrated by an arrow in

Figure 14. Changes of a) average relative density; and b) number of cycle to reach double amplitude

shear strain of 2.0 % with liquefaction stages (Aoyagi and Koseki, 2017)

Figure 15. Typical a) shear stress-strain relationship; and b) stress path in first and second liquefaction

stages at τini=10 kPa (modified after Morimoto et al., 2018)
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the figure, the vertical stress did not change largely. Upon the reversal of the cyclic shear-
ing to the negative side, on the other hand, the vertical stress was suddenly reduced. Since
such significantly contractive behavior was not observed during the first liquefaction stage,
it may have been induced by the large strain liquefaction history with initial static shear
in the first stage.
Results from R1 tests are summarized in Figure 16a in terms of the change of the Nc(2.0%)

values with the progress of liquefaction stages. For comparison, results from the test without
initial static shear are also shown in the figure. In the first liquefaction stage, the Nc(2.0%)

values for the tests with initial static shear were larger than the one for the test without it. In
the second liquefaction stage, on the other hand, the Nc(2.0%) values for the tests with τini=5
and 10 kPa became the smallest.
As summarized in Figure 16b, all of the stress paths in the second liquefaction stage

of R1 tests exhibited the significantly contractive behavior during application of cyclic
shear stress to the negative side, showing as well the significant effect of the anisotropy
that was induced by the immediate-past liquefaction history with initial static shear.
Since the maximum values of the negative shear stress in the tests with τini=5 and 10
kPa were larger than those in the other tests with τini=15 and 20 kPa, more significant
reduction of the vertical stress occurred in the former tests; and this response may have
induced the sudden reduction of the Nc(2.0%) values in the second stage for the former
tests.
It should be noted that, in addition to analyzing the multiple-liquefaction behavior in terms

of the double amplitude shear strain, comparison of the test results in terms of the single amp-
litude shear strain that is accumulated during the cyclic shearing would be required, as has
been investigated for the behavior observed during the first liquefaction stage by Chiaro et al.
(2012) among others.
It is to be also noted that, in not only the test results with initial static shear but also

those without it, the effect of induced-anisotropy on the effective stress path in the sub-
sequent liquefaction stage can be seen. In Figure 11b, for example, the reduction of the
vertical stress during the first half cycle with an application of positive shear stress was
much smaller than that during the subsequent half cycle with an application of negative
shear stress. Such unsymmetrical response was possibly caused by the termination condi-
tion of the cyclic loading in the preceding liquefaction stage; i.e., the cyclic loading was
terminated during an application of positive shear stress at point C shown in
Figure 10a. A similar trend of behavior has already been reported by Ishihara and
Okada (1978).

Figure 16. a) Changes of number of cycle to reach double amplitude shear strain of 2.0 % with liquefac-

tion stages; and b) comparison of stress paths in second liquefaction stage (Morimoto et al., 2018)
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4 DISCUSSIONS

4.1 Possible mechanisms to affect multiple-liquefaction properties

In the two types of tests conducted in this study, overall densification was induced by re-consoli-
dation after each of the liquefaction stages, and it accumulated with the progress of the liquefac-
tion stages. This would in general cause an increase in the re-liquefaction resistance, as has been
observed in the undrained cyclic triaxial tests that are introduced in the first chapter (Figure 1a).
The liquefaction history would also induce a change in the soil fabric, as has been studied

by Suzuki and Suzuki (1988); Oda et al. (2001) and Yamada et al. (2010) among others,
including the induced-anisotropy that is described also in section 3.3 on the cyclic stacked-ring
shear tests with initial static shear (Figures 15b and 16b). It should be reminded that, even
without initial static shear, due possibly to the effect of residual deformation at the end of
cyclic shearing in the immediate-past liquefaction stage, similar but lesser anisotropy in terms
of the contractive response can be seen in Figure 11b.
In addition, the liquefaction history may induce void redistribution as well, including devel-

opment of a non-uniform structure (Finn et al., 1970) and/or local loosening (Boulanger and
Truman, 1996) among others. As shown in Figure 17, during the cyclic stacked-ring shear
tests, the observed shear deformation tended to localize with the increase in the shear strain
level, suggesting that local loosening may have occurred in these tests.
As a result of the above effects of soil fabric change and/or void redistribution induced by

the immediate-past liquefaction history, despite the overall densification, the re-liquefaction
resistance could be reduced, in particular after large strain history.
On the other hand, the soil fabric change, in particular after small strain history as has been

studied by Tokimatsu and Hosaka (1986) and Kiyota et al. (2009) among others, or elimin-
ation of small local instabilities in the original soil fabric (Finn et al., 1970) may positively
contribute to further increase in the re-liquefaction resistance.

4.2 Analysis of multiple-liquefaction behavior based on dissipated energy

As the threshold beyond which the liquefaction resistance starts to reduce, Ishihara and
Okada (1978) employed the phase transformation line (PTL) and reported that, by applying
“small” and “large” pre-shearing histories before and after passing PTL, respectively, the con-
tractive responses in the subsequent undrained cyclic triaxial loading stage were changed in an
opposite manner.
Accordingly, the amounts of dissipated energy, W (or plastic shear work) per unit volume of

specimen (Kokusho, 2013 among others) during pre-shearing may be decomposed into two

Figure 17. Maximum deviation of local shear strain γloc from global shear strain γ in a) first and b)

second liquefaction stages (modified after Wahyudi et al., 2015)
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components; their increments, ΔW, before and after passing the PTL would contribute to
increase and decrease of liquefaction resistance, respectively, in the subsequent liquefaction stage.
In order to confirm such contributions, analysis of the cyclic stacked-ring shear test results with-
out initial static shear, as described in 3.2, was made herein, while introducing a newly-proposed
concept of “normalized dissipated energy” (Aoyagi and Koseki, 2017; Aoyagi 2019).
A typical test result is shown in Figures 18a through 18d. As indicated in Figure 18a, the

effective stress path reached for the first time the PTL at point 1, after which shear strain
increment started to increase significantly at point 2. Then, the state of nearly-zero effective
stress (or initial liquefaction) was attained at point 3. For each liquefaction stage, the amount
of dissipated energy, W (or

P
ΔW), was computed from the shear stress-strain relationship as

shown in Figure 18b. In addition, the amount of normalized dissipated energy,
P

ΔW=p0, was
computed from the relationship of shear stress ratio (i.e., the ratio of shear stress to the cur-
rent effective mean principal stress, p’) and shear strain as shown in Figure 18c, where correc-
tions on the deviation of both γ and p’ around the origin of the effective stress path (Koseki
et al., 2005), as shown in Figure 18d, were made in obtaining a reasonable relationship. In
addition, in evaluating p’, the effective horizontal stress during cyclic shear was assumed for
simplicity to be half of the effective vertical stress.
Figures 19a and 19b show typical change of

P
ΔW and

P
ΔW=p0, respectively, that are

plotted versus the accumulated shear strain,
P

γð¼
P

Δγj jÞ. The
P

ΔW and
P

γrelationship
and the

P
ΔW=p0 and

P
γ relationship were approximately tri-linear and bi-linear, respectively,

as illustrated by red lines. In both of the relationships, the first turn occurred in-between the
above-mentioned points 1 and 2, while the second turn in the former relationship occurred
around point 3. Considering the experimental observation that significant reduction of liquefac-
tion resistance in the subsequent stage was induced by the pre-shearing history even after

Figure 18. Typical cyclic stacked-ring shear test result; a) effective stress path, b) shear stress-strain rela-

tionship, c) shear stress ratio-strain relationship, and d) closed-up of effective stress path (Aoyagi, 2019)
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passing point 3 (i.e., with further increase of the double amplitude shear strain, γDA exceeding
5.0 %, as depicted in Figure 18a), the normalized dissipated energy

P
ΔW=p0 was thought here-

after to be more appropriate in evaluating quantitatively the change in the soil fabric (or
damage to the soil fabric) that was induced at extremely low effective stress states after initial
liquefaction.
Based on all of the relevant test results, Figure 20 summarizes the relationships between the

two components of the normalized dissipated energy, denoted as the positive and negative
impacts,

P
ΔW=p0ðþÞ

and
P

ΔW=p0ð�Þ
. They were evaluated by assuming that point 1, as

shown in Figure 19b, is the threshold beyond which the liquefaction resistance in the subse-
quent stage starts to reduce. In Figure 20, the number of cycle to reach γDA=2.0 % in the sub-
sequent liquefaction stage is also shown at each of the plotted data. As a general trend, this
value increased with the increase in the positive impact and/or the decrease in the negative
impact, suggesting that the above assumption of the threshold condition is acceptable.
By evaluating the positive and negative impacts of the normalized dissipated energy, mul-

tiple-liquefaction behaviors that were observed in the shaking table tests and undrained cyclic
triaxial tests as shown in the second and first chapters, respectively, have been analyzed and
reported elsewhere (Teparaksa and Koseki, 2019).

Figure 19. Typical change of a) dissipated energy and b) normalized dissipated energy with accumula-

tion of shear strain (refer to Figure 18a for stress states numbered as 1 thorough 3; Aoyagi, 2019)

Figure 20. Positive and negative impacts of normalized dissipated energy and number of cycle to reach

double amplitude shear strain of 2.0 % in subsequent liquefaction stage (Aoyagi and Koseki, 2018)
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4.3 Implications to practice

The test results reported in this paper suggest the following implications to practice:

a. Extensively-liquefied sites in the immediate-past event may re-liquefy more easily, even
under smaller earthquake loads.

b. Partially-/non-liquefied sites in the immediate-past event, such as the ground model after
Pre-shake in tests 1 through 3 described in 2.3, may exhibit larger (re-)liquefaction resist-
ance than newly-deposited/reclaimed sites

The implication a) is consistent with the field survey results reported by Yasuda and Tohno
(1988) on sites of re-liquefaction caused by the 1983 Nihonkai-Chubu earthquake, Japan, and
with the 1-g shaking table results conducted by Ha et al. (2011).
The implication b) can be also applied to the general understanding of “ageing” of sands. In

addition to development of cementation and rearrangement of soil fabric under static condi-
tion as has been studied by Towhata et al. (2015), the positive effect of soil fabric change after
small strain history as described in 4.1 may contribute to long-term increase in the liquefaction
resistance of sands in earthquake-prone regions.

5 SUMMARY

The main findings from a series of 1-g shaking table tests on level ground and another series
of cyclic stacked-ring shear tests on hollow cylindrical specimen with/without initial static
shear can be briefly summarized as follow:

a. Though overall densification was observed in the two types of tests, the re-liquefaction
resistance could either increase or decrease by the liquefaction history, where positive and
negative impacts accumulate before and after passing the phase transformation line,
respectively.

b. The response during the current liquefaction stage was more predominantly affected by the
immediate-past liquefaction history than by the current relative density that is averaged
over the full depth.

c. In case of the cyclic stacked-ring shear tests with initial static shear, significant effects of
anisotropy that had been induced by the liquefaction history were also observed.
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