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ABSTRACT: In April, 2016, two consecutive earthquakes registering 7 on Japanese scale
occurred within 28 hours during the 2016 Kumamoto Earthquake, and caused liquefaction in
many places around Kumamoto Plain. However, considering the magnitude and the distance
from the hypocenter, the liquefaction-induced damage was not serious. Most of sand boiling was
observed in places with higher likelihood of liquefaction such as near waterfront and on old river
channels. In addition, black sand which seems to be of volcanic origin was observed as ejecta of
liquefaction in many places. Therefore, cyclic triaxial tests were conducted to understand the rela-
tively low liquefaction susceptibility on volcanic ash soil from Kumamoto by borehole sampling.
Intact specimens were tested to evaluate the ageing effect in comparison with corresponding
reconstituted specimens. Dissipated energy during cyclic loading was focused here as well as
CRR to highlight the difference of liquefaction strength between the two kinds of specimens.

1 INTRODUCTION

During the 2016 Kumamoto earthquake, a foreshock of MJ 6.5 and a main shock of MJ 7.3
happened within 28 hours near Kumamoto City, Japan, both of which registered 7 on the Japan-
ese Seismic Intensity scale. The foreshock occurred at 21:26 JST on April 14, 2016 at an epicen-
tral depth of about 11 kilometers. After some subsequent small shocks, the main shock with a
larger magnitude occurred at 01:25 JST on April 16, 2016 at an epicentral depth of about 10
kilometers. This was the strongest earthquake ever recorded in Kyushu Island since the Meteoro-
logical Agency of Japan (JMA) was established. More than 1,400 aftershocks have been recorded
by JMA. A series of the earthquakes brought serious damage to cultural heritage and infrastruc-
tures such as roads, slopes and river embankments due to earthquake-induced landslides and
debris flows, and fault-induced ground subsidence (Hazarika et al., 2017; Kayen et al., 2016).

However, considering the magnitude and distance from the hypocenter, the damage
brought by liquefaction was not significant. Most of sand boils were observed where liquefac-
tion was likely to happen such as waterfront places and old river channels (Wakamatsu et al.,
2017). One characteristic of this earthquake is that volcanic ash soil was observed as sand boil-
ing at many places (Hazarika et al., 2017, Ogo et al. 2018a).
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It is known that volcanic ash soil has different physical and mechanical properties from
other sandy soils depending on the locations of volcano and the time of eruption (Egawa
et al., 2016): fragmentation of soil particles due to their fragileness, high porosity and cemen-
tation between soil particles. Some studies were conducted regarding the effect of the ageing,
especially for soils with high fines content, investigating relationships between SPT-N value
and Cyclic Stress Ratio (CRR) and increment of liquefaction resistance due to ageing effect
(Sawada et al., 2007; Towhata et al., 2014). However, the effect of ageing on the behavior of
excess pore water pressure ratio and shear strain has not been investigated well so far.
The purpose of this research is to investigate the effect of cementation on liquefaction

behavior in terms of excess pore water pressure ratio and shear strain by comparing undis-
turbed (intact) borehole samples and disturbed (reconstituted) samples. These results were
analyzed in view of associated dissipated energy, because this method is more effective to
evaluate with uniform scale against various kind of cyclic loading than using a method based
on stress evaluation (Kazama et al., 1999; Kokusho et al., 2013). This paper provides the
results of physical and cyclic triaxial testing of volcanic pyroclastic soils in Kumamoto and
compares excess pore water pressure ratio and shear strain in undisturbed and disturbed sam-
ples to investigate the cementation effect. Dissipated energy as well as cyclic stress ratio (CSR)
is also addressed to evaluate the effect.

2 TEST METHOD

In order to investigate the mechanical property of pyroclastic soil in Kumamoto, borehole
sampling was conducted by triple tube sampling method (Ogo et al., 2018b) in Mashiki town,
Kumamoto prefecture, where liquefaction did not occur despite very high acceleration (PGA
= 1579.7 gal) during the foreshock of the Kumamoto earthquake observed there. This soil is
from 15 to 16 m in depth under the ground, where the ground water table is 5.60 m. The phys-
ical properties of the soil tested by the standard of Japanese Geotechnical Society (JGS) is
shown in Figure 1 and Table 1. This soil contains pumice with a diameter of several centi-
meters maximum.
Using this pyroclastic soil, specimens of 6.5 cm in diameter and 13 cm in height for cyclic

triaxial testing were prepared. Since the borehole sample was 1 m in length, undisturbed speci-
mens were prepared by cutting the borehole sample and trimming the surface. 4 specimens
were tested in undisturbed condition and then soils were completely remolded and reconsti-
tuted to make two specimens on disturbed soils. Reconstituted specimens were prepared by
tamping the moist soil in the mold and targeting the relative density around Dr = 75 %. How-
ever, according to the conditions of each specimen in Table 2, the targeted Dr values were not
met. This was because the density of specimen varied depending on the amount of pumice
contained in the specimen. Relatively large pumice was found from specimens with small Dr.

Figure 1. Particle size distribution of pyroclastic soil.

Table 1. Physical properties of pyroclastic

soil.

Physical properties

Particle density ρs (g/cm
3) 2.592

Maximum density ρdmax (g/cm
3) 1.209

Minimum density ρdmin (g/cm
3) 0.895

Minimum void ratio emin 1.144

Maximum void ratio emax 1.896
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The prepared specimens were set in the cyclic triaxial apparatus, and saturated by using
CO2 and degassed water. Considering in situ stress condition, effective confining pressure σc’=
135 kPa was applied in order to consolidate the specimen isotropically. Sinusoidal wave with
a frequency of 0.1 Hz was used for loading.
During the experiment, axial load, displacement and pore water pressure were measured.

The shear stress and shear strain are defined here as τd = σd/2 and γ = 3ε/2, respectively. Using
the data obtained during the experiment, time history of cumulative dissipated energy ΣΔWi

until the i-th loading cycle is calculated from the curve of shear stress and shear strain as:

X

ΔWk ¼
X

i

k¼1

I

τdγ

� �

k

ð1Þ

Thus, the dissipated energy is calculated by integrating shear stress with respect to shear
strain. The dimension of ΔWi is kJ/m

3, the same as that of pressure kN/m2. In addition, cumu-
lative dissipated energy ΣΔW corresponding to certain value of γDA tends to increase propor-
tionally to σc

0. Therefore, it is mechanically meaningful to nondimensionalize the dissipated
energy ΣΔW by σc’ (Kokusho et al., 2018).

3 THE RESULTS OF CYCLIC TRIAXIAL TESTING

Time histories of excess pore water pressure ratio and double amplitude shear strain are
shown in Figure 2. Only in (a) among the tested specimens, large increase of γDA and Δu=σc0
was not observed. In addition to the fact that CSR was low to liquefy the specimen, the low
value of relative density means that the specimen contained more amount of pumice compared
with others.That may have somehow resulted in the higher resistance to liquefaction in that
particular specimen. According to other results of undisturbed specimens in Figure 2(b), (c)
and (d), the shear strain tends to increase almost linearly with time or the number of the cycles
except the final stage of loading. However, in Figure 2(e) and (f) unlike the undisturbed speci-
mens, the increment of shear strain of disturbed specimen suddenly increased when the excess
pore water pressure ratio reaches around 80 %. This kind of inflection point is not observed in
undisturbed specimens.
Figure 3 is the relationship of CSR and number of cycles required to achieve double ampli-

tude shear strain γDA= 5, 7.5, 15 % and excess pore water pressure ratio Δu=σ0C= 95 % for
every sample in the same tests as those in Figure 2, described in a log-log graph. Approxima-
tion straight lines are drawn for each kind of plots with the following equation:

CSR ¼ a Ncð Þb ð2Þ

where constants a and b are determined by a least-squares method.

Table 2. Conditions for cyclic triaxial testing.

Effective
confining
pressure
σc′ (kPa)

Relative
density
Dr (%)

Cyclic
stress ratio
(CSR)
τd/σ′0

Numbers of cycles. NC

Double amplitude of shear strain, γDA (%)

5 7.5 15

Undisturbed 135 70.3 0.298 - - -

77.6 0.371 28.4 44.7 82.9

83.5 0.445 11.4 20.5 42.4

80.3 0.522 10.5 21.4 47.6

Disturbed 135 64.3 0.297 12.2 13.9 17.6

75.2 0.260 23.9 26.5 33.1
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Comparing results of the undisturbed specimens with those of the disturbed specimens, it is
obvious that approximation lines for disturbed specimens are close to each other.
The approximation lines for disturbed specimens were parallel to each other, and plots of

the excess pore water pressure ratio Δu=σ0
0= 95 % were recorded between γDA= 7.5 % and 15 %.

However, while the approximation lines for undisturbed soils also look parallel to each other,
the plots of Δu=σ00= 95 % shows different trend that one of them was observed before the shear
strain reached γDA= 5 % and the others were observed between γDA= 5 % and 7.5 %. It could be
considered that cementation of the soil particles due to ageing effect reduce the increment of
shear strain against the increasing excess pore water pressure.
In Figure 4(a), variations of excess pore-pressure ratio Δu=σ0c are plotted versus normalized

cumulative dissipated energies �ΔW=σ0c (hereafter abbreviated as “dissipated energy”) for the
same tests as those in Figure 3. In the figures, NL is defined as the number of cycles for initial
liquefaction, when γDA= 7.5 % was observed. The highest excess pore water pressure ratio was
observed in the specimen with Dr = 77.6 %, while the lowest was in that of Dr = 70.3 %.
Although the relative densities of these specimens were relatively low among the undisturbed

Figure 2. Time histories of excess pore water pressure ratio Δu/σc’ and double amplitude shear strain

γDA during cyclic triaxial testing.
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specimens, disturbed specimens with the similar or lower values of Dr did not reach as high
Δu=σ00 as the undisturbed specimens. Thus, the pressure-energy curves do not exhibit a system-
atic trend reflecting the difference in Dr presumably because spatial variability of soils such as
different content of pumice with a large diameter and different degree of cementation is

Figure 3. Relationship between CSR and NC, comparing undisturbed pyroclastic soils and disturbed

ones.

Figure 4. Behaviors of excess pore water pressure ratio and double amplitude shear strain under cyclic

loading in terms of dissipated energy.
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considered to affect the scattered test results. Also note that they do not exhibit clear differ-
ence between undisturbed and disturbed specimens in terms of pore-pressure build up ratio.
In Figure 4(b), variations of induced double-amplitude strain γDA are plotted versus dissi-

pated energy �ΔW=σ0c for the same tests. It is remarkable that the strain-energy curves are
quite different between undisturbed specimens and disturbed ones. Considering the dissipated
energy required to reach γDA = 7.5 %, undisturbed soil requires twice as much energy as that
of disturbed soil. Thus, the cementation effect is clearly observed in the shear strain-dissipated
energy correlations despite that the difference in relative density is not properly reflected, pre-
sumably due to spatial variability of undisturbed samples.
Also noted is that dissipated energy can serve as a key parameter to evaluate induced strain

up to not only initial liquefaction corresponding to Δu=σ0c= 100 % but also much larger post-
liquefaction stage for undisturbed soils. According to the previous research (Kokusho, et al.,
2018), there are two (1st and 2nd) inflection points in dividing the shear strain-dissipated
energy curve into 3 sections; two gentler slopes at the origin and the end, and a steep slope in
the middle. These two inflection points seem to be observed on the curves of disturbed speci-
mens, while the 2nd one is not clearly seen in undisturbed specimens probably strain cannot
grow so large due to cementation effect. Focusing near the origin point boxed with dotted line
(Figure 4(c)), the strain-energy curves tend to exhibit obviously different trends of being
convex versus linear between undisturbed and disturbed specimens, respectively, from small
strain before initial liquefaction probably reflecting the cementation effect. Thus, the test
results suggest that the cementation effect in the volcanic soils prevalent in Kumamoto attri-
butes to higher resistance to seismic liquefaction in terms of dissipated energy and hence the
damage brought by liquefaction was not significant relative to other damage despite the con-
siderable earthquake intensity.
Using the equation (2), approximation lines having the same b-value could be drawn in

Figure 3 crossing individual of specimens, and therefore, CRR for NC = 20 could be calculated
individually for all the specimens corresponding to shear strains γDA = 5, 7.5 15 %. In Table 3,
CRR values thus calculated are shown. In Figure 5, the CRR values are plotted versus dissi-
pated energies for corresponding shear strains for both undisturbed and disturbed specimen.
Two parabolic curves are also superposed in Figure 5 for comparison: one obtained by cyclic
triaxial tests, and the other by cyclic torsional simple shear tests on reconstituted beach sand
(Kokusho et al., 2018). The plots of the disturbed specimens in this research are almost on the
curves. The plots of undisturbed specimens are not close to the curves but in the trend similar
to the previous research, although they cannot be evenly compared because the sands used by
Kokusho et al. (2018) showed CRR values much lower than those shown here. Considering
the fact that these empirical formulas were established without considering soils with high
CRR such as undisturbed soils in this research, it may be concluded that the results obtained
in this research are almost compatible with the previously proposed relationship between dis-
sipated energy and CRR.

Table 3. CRR calculated from the approximation line and required dissipated energy for liquefaction.

CSR
τd/σ′0

Approximation
CSR ¼ aNb

c

Calculated CRR
(NC ¼ 20) Dissipated energy �ΔW=σ00

γDA γDA

a b 5 7.5 15 5 7.5 15

Undisturbed 0.371 1.332 -0.335 0.410 0.486 0.638 0.00933 0.01916 0.06425

0.445 0.379 0.448 0.593 0.00610 0.01337 0.04620

0.522 0.435 0.534 0.726 0.00686 0.01628 0.06308

Disturbed 0.297 0.511 -0.206 0.269 0.276 0.289 0.00332 0.00485 0.01050

0.260 0.269 0.276 0.289 0.00419 0.00580 0.01335
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4 CONCLUSIONS

As a result of cyclic triaxial tests for undisturbed and disturbed pyroclastic soils, following
findings were obtained despite large spatial variability of undisturbed soil specimens:

1. In undisturbed specimens, shear strain tends to increase almost linearly as cyclic loading
continues regardless of excess pore water pressure ratio, while shear strain of disturbed spe-
cimen increases more rapidly after the excess pore water pressure ratio reached around
80 %.

2. When variations of CSR are plotted versus the number of cycles at γDA= 5, 7.5, 15 % and
Δu=σ00= 95 % in a log-log graph, approximation lines for each γDA and Δu=σ00 of disturbed
specimens are parallel to each other. On the other hand, for undisturbed specimens,
although approximation lines of strain are parallel to each other, only the curve of Δu=σ00
showed a different behavior, which may be affected by cementation of particles by prevent-
ing the sudden increase of strain against increasing of excess pore water pressure.

3. If dissipated energy is concerned, pore-pressure versus dissipated energy curves do not
exhibit clear difference between undisturbed and disturbed specimens in terms of pressure
buildup ratio, while shear strain versus dissipated energy curves clearly differentiate undis-
turbed versus disturbed, and hence the cementation effect.

4. Thus, the dissipated energy can serve as a key parameter to evaluate induced strain up to
not only initial liquefaction corresponding to Δu=σ0c= 100 % but also much larger post-
liquefaction stage for undisturbed soils, too.

5. Test results suggest particularly from the view point of dissipated energy that the cementa-
tion effect in the volcanic soils prevalent in Kumamoto attributed to higher resistance to
seismic liquefaction during the earthquake and hence the damage brought by liquefaction
was not significant compared to other damage despite the considerable earthquake
intensity.

6. Comparing with the empirical curve of the relationship between dissipated energy and
CRR, the results in this research are plotted similarly to the curve. Therefore, it is implied
that the empirical curve may still be effective to evaluate liquefaction potential of undis-
turbed volcanic soils with cementation in terms of energy.
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Figure 5. Dissipated energy-cyclic resistance ratio relationship for γDA=7.5 % compared with empirical

formula proposed by Kokusho et al. (2018).
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