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ABSTRACT: Generally, an increase in excess pore water pressure in a liquefied sand layer leads to a simultaneous loss
of in-situ strength. Then, after such a transitional change of soil characteristics in the liquefied layer, it is thought that its
undrained shear strength will recover to the original strength before liquefaction, as excess pore water pressure is dissi-
pated. However, some reports based on observations after liquefaction indicated that the recovery of undrained shear
strength occurred gradually over a long period. According to ground damage caused by liquefaction during past earth-
quakes, in-situ comparison of N-values by standard penetration tests before and after the event at liquefied sites mostly
showed that N-values after an earthquake did not necessarily recover to their original states. However, although the pro-
cess of liquefaction is generally considered by numerical analysis and laboratory tests, like undrained cyclic shear tests
and model tests, this post-liquefaction behavior can seldom be seen in the field, especially when the focus is on estimation
of in-situ characteristics. Estimation of post-liquefaction behavior, as well as the process leading to liquefaction, is im-
portant for developing earthquake-resistant design methods and countermeasures against liquefaction. This paper de-
scribes observational results of post-liquefaction behavior after the 2016 Kumamoto Earthquake. After this earthquake, a
series of portable dynamic cone penetration tests was conducted periodically at the liquefied site for about 3 years. This
testing revealed that the cone penetration resistance at the same depth remained low just after liquefaction. However, it
seems that cone penetration resistance increased to more than the value before the earthquake after dissipation of excess
pore water pressure.

Keywords: liquefaction; post-liquefaction behavior; excess pore water pressure; cone penetration resistance; in-situ in-

vestigation

1. Introduction

Generally, when a large earthquake occurs, an in-
crease in excess pore water pressure due to liquefaction
in loose sand leads to a simultaneous decrease in the un-
drained shear strength and shear modulus. Then, as
shown in Fig. 1, it is thought that liquefied sand recovers
to the state that existed before the earthquake as excess
pore water pressure dissipates and the liquefied soil layer
densifies. These recovery tendencies are considered to
depend on various factors, such as deposition conditions
in the liquefied soil layer, relative density, effective over-
burden pressure, amount of excess pore water pressure
and its drainage conditions, and the initial conditions that
lead to liquefaction susceptibility.

On the other hand, in cases of ground damage due to
liquefaction by past earthquakes, as determined by com-
parison of N-values obtained from standard penetration
tests before and after the event at liquefied sites, it was
recognized that N-values after an earthquake do not nec-
essarily recover to their original states. However, alt-
hough the process of liquefaction is generally considered
by numerical analysis and in laboratory tests, such as

undrained cyclic shear and model tests, in-situ observa-
tion of post-liquefaction behavior is seldom performed.
Estimation of the post-liquefaction behavior, as well as
the process to liquefaction, is important for earthquake-
resistant designs and countermeasures against liquefac-
tion.

In a previous study, to investigate post-liquefied soil
characteristics, the N-values before and after liquefaction
were estimated based on the results of investigations at
several sites liquefied by the 1995 Hyogo-ken Nanbu
Earthquake, the 2000 Tottori-ken Seibu Earthquake, and
the 2011 Great Tohoku Earthquake, as well as a full-scale
field experiment by using the controlled blast technique.
Additionally, the Kumamoto Earthquake occurred in
April 2016 and caused serious damage due to liquefac-
tion in residential areas in Kumamoto City, Kyushu Is-
land, Japan. After this earthquake, a series of light-weight
portable dynamic cone penetration tests was conducted
periodically at the liquefied site for about 3 years. This
paper mainly describes the recovery process of liquefied
soil layers based on in-situ investigation results.
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Figure 1. Typical in-situ behavior of soil layer liquefied by an earth-
quake.

2. Previous on-site investigations of post-
liquefaction soil

The targets of past earthquakes and locations of the in-
vestigation sites in this paper are shown in Fig. 2. The
results of previous studies at three of these sites are sum-
marized in Figs. 3-5. These figures show the comparisons
of N-values obtained from standard penetration tests or
Swedish weight sounding tests (SWSTs) carried out be-
fore and after three earthquakes. Additionally, based on
these results, safety factors against liquefaction, F1, were
calculated for each N-value distribution and shown in
Figs. 3-5 along with the N-value distribution. To estimate
liquefaction susceptibility, /1 was calculated according
to the conditions [1-5] shown in Table 1 based on Japa-
nese highway bridge specifications [6]. At each site, the
calculation considered the same maximum ground sur-
face acceleration and affected stratum as in the earth-
quake.
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Figure 2. Location of study sites.

Table 1. List of evaluation conditions for F

Max. Acceleration| Seismic motion Reference
Earthquake
(Gal) type No.
1995 Hyogo - ken Nanbu
341 Gal Inland
Earthquake
2000 Tottori-Ken Seibu
302 Gal Inland
Earthquake
2011 off the Pacific coast of
200 Gal Plate boundary
Tohoku Earthquake
Controlled Blast Technique 200 Gal (Plate boundary) 2]
2016 Kumamoto Earthquake | Level2 (K,=0.6) Inland

2.1. Post-earthquake liquefaction behavior
based on on-site investigation

It is well known that gravel deposits in reclaimed land
were heavily liquefied during the 1995 Hyogo-ken
Nanbu earthquake. Kobe City [7] reported the investiga-
tion results for the seismic array observation site on Port
Island before and after the earthquake. In the investiga-
tion about 5 months after the earthquake, as shown in Fig.
3, it is difficult to grasp the process of N-value changes
after liquefaction from the N-values before the earth-
quake.
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Figure 3. Comparison before and after the 1995 Hyogo-ken Nanbu
Earthquake [7].

In the 2000 Tottori-ken Seibu Earthquake, liquefac-
tion occurred over a wide area. Especially in the
Takenouchi Industrial Park, liquefaction in a reclaimed
layer of dredged non-plastic silt was confirmed [8]. In
this site, Yamamoto et al. [9] conducted SWSTs at 1 and
12 days, and the recovery of N-values estimated from Ny
in the liquefied silt layer was reported. N-values obtained
2 years after the earthquake by Nakazawa et al. [10] are
also shown in Fig. 4(a).
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Figure 4. Comparison before and after the 2000 Tottori-ken Seibu
Earthquake [9, 10].

Moreover, large-scale ground damage due to liquefac-
tion in the Kanto Plain occurred in the 2011 Great
Tohoku Earthquake. Especially, it is well known that lig-
uefaction of housing sites on reclaimed land and differ-
ential subsidence of numerous houses was confirmed in
Urayasu City. Ishii et al. [11] periodically conducted



SWSTs 1 and 6 months after this earthquake to estimate
the liquefied characteristics at four points in a housing
site and described the long-term recovery tendency of lig-
uefied soil layer by comparing the distribution of N ob-
tained by SWST. Fig. 5(a) shows typical data indicating
the recovery tendency of properties in a liquefied layer.
The F1 distribution in Fig. 5(b) was obtained based on
estimated N-values calculated from SWSTs performed
by Inada [12].
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Figure 5. Comparison before and after the 2011 Great Tohoku Earth-
quake [11].

2.2. Post-liquefaction behavior measured by
controlled blast technique

To observe actual damage to airport facilities caused
by liquefaction and related phenomena, a full-scale lig-
uefaction experiment employing the controlled blast
technique was carried out as a preliminary experiment at
Soma Port and then at Ishikari Bay New Port in Hokkaido
Island, Japan, in October 2007. In this experiment by
Nakazawa et al., the liquefaction process was studied by
estimating in detail the dissipation of excess pore water
pressure after blasting and the liquefied ground state 2
years after the experiment [5].

Fig. 6 indicates the N-value distribution at Soma Port.
Though blasting was carried out at a depth of 4 m below
ground level (GL-4m) and GL-8m in Fsl and Fs2 layers
equivalent to reclaimed deposits, no significant change in
N-value distribution occurred 113 days after blasting.
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Figure 6. Comparison before and after the experiment at Soma
Port [5].

Fig. 7 shows the results obtained from mini-ram
sounding. This test is a simple method to acquire data re-
lated to the N-values by driving a rod equipped with a
cone which top angle is 90 degrees and 36.6 mm in di-
ameter with a 30 kg hammer from a height of 350 mm
automatically. Blow counts, Nn, is usually measured
every 20 cm. Finally, the N-values are calculated as half
of N.

According to this figure, the N-value distribution de-
creased slightly 1 hour after blasting because of remark-
able liquefaction from blasting, and recovery of N-values
was recognized after 1 day, when excess pore water pres-
sure dissipated completely. The recovery tendency of the
blasting layer can be confirmed more clearly in the Fi
distribution.
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Figure 7. Comparison before and after experiment at Ishikari Bay
New Port [5].

2.3. Change in liquefaction strength after
earthquake

Generally, liquefaction strength is known to depend
largely on relative density, D, and fine content, F¢, of a
specimen, but a change in D; is considered to be dominant
in the dissipation of excess pore water pressure after lig-
uefaction. Figures 8 and 9 compare the increase rate of
liquefaction strength for various undisturbed reclaimed
layers and natural deposits with respect to liquefaction
strength before an earthquake or blasting. Liquefaction
strength, Ry, is defined as ou/2 o' at 5% of the double am-
plitude, DA, after 20 cycles, N, obtained from undrained
cyclic tri-axial tests. As discussed previously, a change in
liquefaction strength is considered to be different de-
pending on factors such as the timing of the laboratory
test and physical properties such as F.. Regarding the re-
sults for the Soma and Ishikari sites, these data were ob-
tained after sufficient time had passed since liquefaction.

As shown in Fig. 9, it is difficult to confirm the ten-
dency of the increase rate in liquefaction strength with
respect to F.. However, after a certain amount of time
passes, it can be seen that rate exceeds 1.0, and Ry be-
comes larger than the original liquefaction strength in Fig.
8.
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2.4. Laboratory model test on change of S-
wave velocity in liquefied sandy soil

The results of continuous measurement of changes in
S-wave velocity, Vs, after artificial cyclic shearing to lig-
uefy model ground were reported by Kusunoki et al. [13].
In this model test, the model ground was prepared by the
air pluviation method with Soma No. 5 silica sand
(F=0%; mean particle diameter, Dsy=0.353 mm; and co-
efficient of uniformity, U.=1.6) in a small rigid soil con-
tainer measuring 545 mm in width, 461.5 mm in length,
and 708.4 mm in height. The final D, value over the
whole model ground was 33% on average. After this
model ground was liquefied, a small impact was applied
to the bottom of the soil container with a wooden hammer
to generate S waves in the model. V; was obtained by
reading the rise time of the traveling waveform with an
accelerometer installed on the ground surface. This meas-
urement was performed regularly over a long period of
about 5 months.
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Figure 10. Recovery process of S-wave velocity in testing of liquefied
sand model [13].

Figure 10 shows the change of V; during the observa-
tion period after liquefaction. It is confirmed that Vs de-
creased until 100 min after dissipation of excess pore wa-
ter pressure and became lower than the initial value
before liquefaction. After that, Vs gradually showed a re-
covery trend and attained a larger value than the initial
value before liquefaction.

3. On-site liquefaction investigations after the
2016 Kumamoto Earthquake

The Kumamoto Earthquake was preceded by a fore-
shock (Mw = 6.2) that occurred at 21:26 on April 14, and
the main shock (M, = 7.0) occurred at 1:25 on April 16,
2016. In Mashiki Town, Nishihara Village, and Minami
Aso Village near the fault, it was reported that remarka-
ble damage was caused by slope failure and collapse of
residential housing due to strong motion [14]. In addition
to this damage, other areas in Kumamoto City and Ma-
shiki Town classified as fine terrain, such as flood plains,
old river channels, and natural dikes, became extensively
liquefied. Especially, subsidence and tilting of 2-story
wooden houses in residential areas were severe, and Fig.
11 shows how a pile-supported foundation was exposed
by settlement around houses due to liquefaction. Such is-
sues threaten the life safety.

Figuré 11. Epo liquefaction.

3.1. Features of investigation site obtained
during previous study

A total of five on-site liquefaction investigations were
conducted on May 5, 2016; July 26, 2016; January 21,
2017; June 9, 2017; and August 16, 2019, at Juso Child
Park (Fig. 12). On May 5, 2016, Hara et al. investigated
the site and provided an overview of the liquefied ground
[15]. The liquefaction characteristics of the investigation
site are described below with reference to the previous
results shown in Fig. 13.

https://www.bing.com/maps =9 9c%ac&mkt=ja&FORM=HDRSC4, (June 21, 2017)
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Figure 12. Investigation site in Kumamoto City [10].
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In the previous study, surface wave exploration and
sounding tests were conducted. Among these, the results
of a portable dynamic cone penetration test show that a
loose layer had an N-value converted to less than 10 and
this low N-value distribution continued near GL-5m, be-
low the groundwater surface of GL-1m. Moreover, it was
confirmed that the post-liquefaction N-value distribution
increased deeper than GL-5m.

Additionally, according to the results of surface wave
exploration, a soil layer with a low S-wave velocity
equivalent to 100 m/s existed from the surface down to
GL-2m, and the V distribution was about 200 m/s deeper
than GL-5m. The boring log [16] displayed on the left
side of the same figure shows the results obtained before
the earthquake at Akita-Higashi Elementary School, lo-
cated about 50 m north of the investigation site (Fig. 12).
Hara et al. [15] reported that the main strata where lique-
faction occurred consisted of fine sand deposits from GL-
1 to -5m.

3.2. Sounding test used in this study

The survey method typically used in this study was the
Variable Energy Dynamic Cone Penetrometer (VEDCP),
also called as PANDA, as shown in Fig. 14. The locations
of test points were No. 1 at distance of 10 m from the
starting point and No. 2 at 28.5 m along the surface wave
exploration line shown in Figs. 12 and 13.

VEDCEP is sounding equipment developed in France,
and it has been widely used for evaluation of compacted
ground, such as embankments. However, the applicabil-
ity to natural sediments is unknown because there are few
examples of this implementation. The results obtained
from VEDCP were the dynamic penetration resistance
values represented as g4 (MPa). Therefore, to evaluate the
state of the liquefied layer as an N-value, correlation with
the mini-ram sounding conducted separately at position
No. 1 was obtained on July 26, 2016, and the g4 values at
this site were converted to N-values with Eq. (1), as pro-
posed by Nakazawa et al. [4].

N=0.644 (1)

VEDCP is described below. Figure 15 presents a sche-
matic diagram of a VEDCP test, and Fig. 16 shows its
apparatus [17].

Figure 14. Variable Energy Dynamic Cone Penetrometer.
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Figure 15. Schematic diagram of a cone penetration test with Variable
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Figure 16. VEDCP apparatus: (a) hammer, (b) extension rod, and (c)
cone.
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In a VEDCP test, extension rods with a cone having a
diameter of 16 mm and tip angle of 90° are driven into
the soil by a 2 kg-hammer blow with any energy input.
For each hammer blow, VEDCP provides the depth of
cone penetration and the speed of impact, yielding g4 at
each depth increment. VEDCP can be operated by one
man in a small space, and variable energy can be used for
cone penetration. It needs only a short period for test time,
and it shows the results immediately after the test. The
depth of cone penetration is measured by a retractable
tape, and the speed of impact is acquired by accelerome-
ters in the anvil. The g4 is calculated as

1 2
1 ,MV
' — -
A Pox
M 2

where A is the area of the cone, M is the weight of the
striking mass, P is the weight of the struck mass, V' is the
speed of impact, and x is the depth of cone penetration
for each blow.

3.3. Results of Variable Energy Dynamic Cone
Penetrometer

In previous studies, VEDCP was performed four times
on June 9, 2017 at each location (No. 1 and No. 2), and
the results were reported [11]. This paper adds the results
for the survey conducted at No. 1 on August 16, 2019, to
the previous data. Fig. 17 shows the g4 distribution ob-
tained from all five investigations. Each VEDCP result
seems to indicate almost no change in the g4 distribution,
but the result of the investigation conducted on May 5,
2016, soon after the earthquake, showed the lowest gq
distribution overall. Subsequent investigations show a
tendency for gq distribution recovery.

Figure 18(a) shows the converted N-value distribution
obtained by adding existing boring data giving an initial
N-value before the earthquake to the depth distribution of
N-values estimated by VEDCP at position No. 1. Com-
pared to the initial N-value, the g4 distribution 21 days
after the earthquake on May 5, 2016, is clearly decreasing,
but it can be seen that it closely approaches the initial V-
value afterward.

riable energy dynamic cone penetrometer.
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Figure 18. Comparison before and after the 2016 Kumamoto Earth-
quake.

According to the depth of the initial N-value shown in
Fig. 18(a), the average of the estimated N-values for each
meter at GL-1.3m, -2.3m, -3.3m, and -4.3m in the lique-
fied layer was calculated and Fig. 19 shows these time
histories. In the figure, (a) is the change in the estimated
N-value; (b) is the increase in N-value, AN; and (c) shows
the increase rate in N-value, AN/N, with respect to the in-
itial N-value before the earthquake. Though the plot at
GL-4.3m does not show a tendency of clear decrease in
N-value, a decrease in N-value and a subsequent recovery
trend regardless of the depth were observed 21 days after
the earthquake on May 5, 2016.

Based on these estimated N-values, Fig. 18(b) shows
the Fi distribution by liquefaction susceptibility assess-
ment assuming that the earthquake condition was Level
2 and Type II quake motion, as shown in Table 1 accord-
ing to the road bridge specification [6]. This liquefaction
susceptibility assessment allows interpretation of
changes in ground properties, as obtained by previous
studies (Section 2). Therefore, the liquefaction suscepti-
bility assessment does not necessarily reflect the actual
phenomena in the Kumamoto Earthquake. The Fy distri-
bution 282 days after the earthquake, obtained on January
21,2017, shows that most of the distribution has returned
to the initial state before the earthquake.
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Figure 19. N-value trends after the 2016 Kumamoto Earthquake.

4. Consideration of recovery process of N-
values after earthquakes

According to the investigation results for the 2016 Ku-
mamoto Earthquake, the recovery tendency of N-values
after liquefaction was not synchronized with the excess
pore water pressure dissipation. In this section, to exam-
ine the long-term recovery process of N-values and its
factors, previous investigations that could be compared
with the 2016 Kumamoto Earthquake were selected. Fi-
nally, the recovery process in the liquefied layer was con-
sidered by the liquefaction potential index, Pr, as calcu-
lated from F7.

4.1. Comparison of N-value recovery between
2016 Kumamoto and other earthquakes

The results of the Kumamoto Earthquake shown in
Figs. 17 and 18 indicate that decreased N-values contin-
ued during the dissipation of excess pore water pressure
after liquefaction, and that N-values began to recover
later. However, because the decrease and recovery ten-
dency of N-values differ depending on the type of ground
and the liquefaction state during the earthquake, Fig. 20
shows the relationship between the initial N-values be-
fore an earthquake and the N-value change, AN, after lig-
uefaction. In this figure, though all data are plotted, the
passage of time is not considered. It is confirmed that the
distribution trends of plots for each site were different.
Especially, it can be seen that values at Port Island and
Takenouchi Industrial Park were increasing, but values at
reclaimed ground in Urayasu City were decreasing. Also,
Ishikari Bay New Port and Juso Child Park have plots
ranging from negative to positive, and it can be con-
firmed that these trends differ depending on the elapsed
time.
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Figure 20. Summary of N-value changes after earthquakes.
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Based on the investigation results for Takenouchi In-

dustrial Park, Ishikari Bay New Port, and Juso Child Park,
for which enough data exist to estimate post-liquefaction



behavior, the time histories from the new investigation
are added to the AN/N values from Fig. 19(c) in Fig. 21.
After the liquefaction occurred, the N-values remained
flat or decreased for about 1 month, and thereafter in-
creased to their former level as a post-liquefaction behav-
ior.

4.2. Effect of fine content on recovery
tendency

It was confirmed that the decrease and recovery ten-
dency of N-values after liquefaction were almost the
same, but the degree of liquefaction and the timing of re-
covery differed. It is thought that major factors include
the intensity of liquefaction and the Fc. The former can
be estimated to some extent from the FL calculated in ad-
vance, but in Figs. 3-7 and 17, there was little difference
between the external force during the actual earthquake
and the external force set during the FL calculation.
Therefore, because it is difficult to compare sites using
F¢ in the liquefied layer, the relationship between F. and
AN/N is shown in Fig. 22 to investigate the influence of
F. on post-liquefaction behavior. However, the reclaimed
layer at Port Island consists of Masado soil with high
gravel content, making it difficult to compare the effects
of F.. However, after excluding plots for Port Island, it
can be confirmed that AN/N increases between -1 and 2
as F. increases. In addition, Fig. 21 shows that Takenou-
chi Industrial Park with high Ft, Ishikari Bay New Port,
and Juso Child Park had an early recovery trend except
for GL-4.3m at Juso Child Park.
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Figure 22. Relationship between fine content and increase rate of N-
values.

4.3. Estimation by liquefaction potential

Based on the results of liquefaction susceptibility as-
sessment obtained from each investigation, the liquefac-
tion potential of the whole liquefied layer was evaluated
to reveal the recovery tendency of ground properties after
liquefaction. The Pr, which is an index that evaluates the
liquefaction potential easily, was calculated and summa-
rized as time histories in Fig. 23. In addition, regarding
the judgment of liquefaction according to the P, it is
evaluated as “low” at 0 to 5, “high” at 5 to 15, and

“extremely high” at more than 15. Py is expressed by the
following equation using the F1. distribution [18]:

20
PszO F+W(Z)dz

F=1-F, (F,=1.0)
F=0 (F,>1.0)
W(Z)=10—0.5Z 3)

where W(Z) is the factor according to depth and Z is the
depth from the ground surface.

At Ishikari Bay New Port, the initial value of P. was
16.2 before liquefaction, increased to 18.7 immediately
after liquefaction, and returned to the initial value of 16.2
1 day after the excess pore water pressure had dissipated
completely. At this stage, although the possibility of lig-
uefaction is “extremely high”, identical to the initial con-
dition, it seems that P gradually decreased and the eval-
uation improved to a state where the possibility of
liquefaction is “high”. Conversely, in the case of Juso
Child Park in the Kumamoto Earthquake, the initial value
of PL was 17.6 and it rose to 26.7 21 days after the earth-
quake. Then, the Pr showed a recovery trend and reached
18.9 after 1,219 days. At Takenouchi Industrial Park after
the Tottori-ken Seibu Earthquake, 10 days after the earth-
quake, the initial value of P decreased from 14.2 to 6.1.
After the 2011 Great Tohoku Earthquake, the Pr value
was slightly increased 3 months after the earthquake, in-
dicating an increased potential for liquefaction.

Based on the results of each evaluation, we focused on
changes in the Py at Ishikari Bay New Port and Juso Child
Park, which have sufficient data for discussion. The for-
mer is reclaimed ground and the latter is a natural deposit.
Differences at these sites suggest that the recovery behav-
ior of ground after liquefaction depends on conditions
such as sedimentation.

5. Conclusion

In this study, the results of continuous investigation of
ground liquefied after the 2016 Kumamoto Earthquake
were explained in detail. Also, previous severe earth-
quakes at locations where ground investigation was con-
ducted at the same site before and after liquefaction were
discussed. The study estimated the long-term recovery
process and properties of post-liquefaction behavior from
the occurrence of liquefaction to several months later.

The trends in post-liquefaction behavior obtained
from changes in the estimated N-values and Py as lique-
faction potential are as follows: 1) the recovery of ground
properties was not synchronized even during the process
of dissipation of excess pore water pressure, 2) although
there was a difference in the elapsed time after liquefac-
tion at each site, it was confirmed that the possibility of
liquefaction became lower than the initial state before the
earthquake and then took a long time to recover, and 3)
liquefied soil layers with higher fine content showed an
earlier recovery tendency.

However, it is thought that a more detailed investiga-
tion of the m echanism is required because the amount of
decrease in the N-value and its recovery tendency vary
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Figure 23. Changes in liquefaction potential.

depending on the ground type, degree of liquefaction, and
factors such as excess pore pressure.
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