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ABSTRACT: A Mj6.5 earthquake shook Kumamoto prefecture Japan on April 14, 2016.
Soon thereafter, on April 16, a Mj7.3 earthquake struck Kumamoto and Oita prefectures.
Recent investigations have revealed nonlinearity of the seismic response for deposits layered
by volcanic ash cohesive soils and pumice. That nonlinearity exacerbated the devastating
damage to residences of Mashiki Town near Kumamoto city during the 2016 Kumamoto
earthquake. Given the circumstances explained above, cyclic and post-cyclic undrained tri-
axial tests were conducted on undisturbed volcanic cohesive soils taken from residential sites
in Mashiki Town of Kumamoto to clarify the mechanisms of this damage. Test results indi-
cate that decreased strength and stiffness were observed after cyclic loading, in addition to
reduction the reduction in strength parameters, cohesion, and the internal frictional angle.
Particularly for residences founded on volcanic cohesive soils, the decrease in internal friction
angle φ and cohesion c in terms of the total stress and effective stress analyses were used for
Newmark’s method, which predicts the earthquake-related residual deformation of embank-
ments and foundations.

1 INTRODUCTION

A Mj6.5 earthquake in Japan shook Kumamoto prefecture on April 14, 2016. Soon thereafter,
on April 16, a Mj7.3 earthquake struck Kumamoto and Oita prefectures. A recent investiga-
tion (Yoshimi et al. 2017) revealed that nonlinearity of the seismic response for deposits
layered by volcanic ash cohesive soils and pumice exacerbated the devastating damage to resi-
dences of Mashiki town near Kumamoto city during the 2016 Kumamoto earthquake. Based
on those findings, the authors hypothesized that the nonlinearity of seismic response for soft
deposits is associated with the cyclic degradation of strength and stiffness in deposits of cohe-
sive volcanic ash soils, which severely damaged residences. Using simplified methods proposed
by Yasuhara et al. (2001, 2004) from earlier studies of degradation characteristics of cohesive
soils, the authors and others attempted to predict the residential settlement and lateral
deformation of cohesive volcanic ash soils causing such severe destruction in residential areas
(Yasuhara et al. 2017, 2018).
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2 RESIDENTIAL SITE DAMAGE FEATURES

The devastation littering the aftermath of the 2016 Kumamoto earthquake included 8336 com-
plete residential failures. Examples of the damaged residences and retaining walls are shown
respectively in Photo 1 and Fig. 1. From a geotechnical perspective, the authors inferred at least
two reasons underlying such severe earthquake damage of residences and retaining walls.
(i) Soil embankments used as residential foundations lost strength and stiffness, leading to

collapse, severe settlement, and deformation (Yasuhara et al. 2017)
(ii) Predominant nonlinearity and amplification of the ground motion degraded the stiffness

and strength of volcanic ash cohesive soils, leading to greater degrees of lateral displacement
(Yoshimi et al. 2017).
Reason (ii) above was inferred as the mechanism damaging embankments and residences by

rocking motions of residences and retaining walls. The damage was attributable to earth-
quake-induced degradation and decreased strength and stiffness of foundation soils of resi-
dences and backfill soils of retaining walls (Yasuhara et al. 2017).

3 SUBSOIL CONDITIONS AND INDEX PROPERTIES

3.1 Subsoil conditions at the site

A site investigation was conducted by AIST after the Kumamoto earthquake in the Miyazono
district of Mashiki town in Kumamoto, which exhibited the greatest damage. It has deposits
of soft volcanic ash cohesive soils covered using a loam layer and an embankment.

3.2 Index properties of volcanic ash-cohesive soils

Before dynamic triaxial shear deformation tests and post-cyclic monotonic triaxial tests at the
laboratory, index tests were conducted of volcanic ash cohesive soils obtained at the site.

Photo 1. Example of damage features in residential areas.

Figure 1. Key sketch of the damaged embankment for residences.
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According to results from both index tests, representatively demonstrating that ρs = 2.756–
2.771 t/m3; wi = 63.3% – 74.2%; Ip = 31.1–35.0, soil specimens were classified as compressible
silt-rich (approximately 50%) cohesive soils (VH1-S or MHS-G) with low strength (Yasuhara
et al. 2017). Those are recognized respectively from plastic charts and grain size distribution
curves (Yasuhara et al. 2017). Therefore, we inferred that these volcanic-ash cohesive soils are
related to the severe residential damage shown in Mashiki town during the earthquakes.

4 TESTING AND INTERPRETATION PROCEDURES

4.1 Testing and interpretation procedures

Cyclic and post-cyclic degradation of strength and stiffness were investigated using procedures
proposed in earlier reports by Yasuhara et al. (2001, 2004, 2017). They include undrained
cyclic triaxial tests followed by undrained monotonic tests, as presented in Fig. 2. Before these
tests, dynamic deformation tests and dynamic strength tests were conducted separately, fol-
lowing procedures regulated by the Japan Geotechnical Society (JGS 1997).

4.2 Testing conditions
Table 2 presents the conditions of post-cyclic undrained triaxial compression tests on undis-
turbed volcanic cohesive soil cylindrical specimens with 5 cm diameter and 10 cm length. This
test scheme can be characterized as described below.

a. Cyclic stress ratio τcy/σ’c of 0.25–0.35 and the number of load cycles from 1 through 58
were combined as testing conditions for Series I.

b. The testing program in Series I is planned to combine the normalized cyclic shear stress τcy/
σ’c and the number of cycles to obtain widely various normalized excess pore pressure Δucy/
σ’c of 0–1.0, as generated during undrained cyclic loading.

c. The double amplitude axial strain εDA generated during undrained cycling in Series I is not
large, but the maximum value of the normalized excess pore pressure becomes nearly 0.9.

d. Double amplitude axial strain was varied with 1, 3, 5, 7, and 10% for Series II under con-
stant cyclic shear stress ratio equal to cyclic strength of 0.373, which was ascertained from
the dynamic strength test results. This procedure is done following a testing method suit-
able for the modified Newmark methods proposed by Tatsuoka et al. (2014).

e. The confining pressure with 100 kPa and cyclic frequency with 0.1 Hz is the same as that
used for Series I and Series II.

Figure 2. Summary of testing and interpretation procedures
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5 CYCLIC PROPERTIES

5.1 Cyclic stiffness

Shear modulus and shear strain relations were obtained from dynamic triaxial deformation
tests (Yoshimi et al. 2017) as depicted in Fig. 3. The authors suspect that the nonlinearity of
ground response and subsequent ground motion amplification softened the volcanic ash cohe-
sive soils, causing severe damage to residences (Yasuhara et al. 2017) during the earthquakes,
and that ground motion amplification softened the volcanic ash cohesive soils, severely dam-
aging residences (Yasuhara et al. 2017).

5.1 Cyclic strength

Following procedures proposed by Japanese Geotechnical Society (JGS 1997) as well as for the
shear modulus and shear strain relations, the cyclic strength curve was obtained in the form of
cyclic shear stress vs. number of load cycles as portrayed in Fig. 4 under stress controlled with

Table 1. Conditions of undrained cyclic triaxial tests followed by monotonic undrained compression.

Figure 3. Shear modulus reduction curves. Figure 4. Cyclic shear stress ratio vs. number of

load cycles.
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0.1 Hz frequency. The cyclic shear stress ratio, τcy/σ’c, used for Newmark’s method (1968) for
residual deformation prediction, was found to be 0.376 as RL20 from this result corresponding
to the load cycle N20 and the double amplitude axial strain, εDA equal to 20 and 5%.
In series II, stress-controlled undrained triaxial compression tests were followed by

undrained monotonic shearing, as shown in Table 1, using the stress ratio of 0.373 as the
standard. The cyclic load was applied to each specimen until prescribed double amplitude
axial strains εDA of 1, 3, 7 and 10% were attained. Therefore, the load number of cycles varied
depending on the time when each prescribed εDA was attained.

6 POST-CYCLIC PROPERTIES

6.1 Post-cyclic stress–strain relations

Fig. 5 schematically portrays stress vs. strain curves with and without undrained cyclic load-
ing. The undrained strength was ascertained from half of the maximum principal stress differ-
ence, as (σ1-σ3)max/2, although the secant modulus was found from the gradient of the straight
line passing through this coordinate and the point corresponding to half of the maximum
principal stress difference, designated as (σ1-σ3)max/2.

The test scheme is characterized as described below.

i. Cyclic stress ratio τcy/σ’c of 0.25–0.35 and the number of load cycles from 1 through 58
were combined as testing conditions.

ii. The testing program is planned to combine the normalized cyclic shear stress τcy/σ’c and the
number of load cycles under the constant cyclic frequency f equal to 10 s/cycle to obtain
widely various normalized excess pore pressure Δucy/σ’c of 0 through 1.0, generated during
cyclic loading.

iii. The double amplitude axial strain εDA generated during undrained cycling is not large
(3.5% at most), but the maximum value of the normalized excess pore pressure becomes
nearly 0.9.

Stress–strain relations in post-cyclic monotonic loading are portrayed in Fig. 5. Following
the procedure explained earlier, the undrained strength su and undrained secant modulus E50

were ascertained from those stress–strain curves.

6.2 Post-cyclic degradation in strength and stiffness

Results of post-cyclic reduction in strength and stiffness are shown against the normalized
excess pore pressure, Δucy/σ’c generated during undrained cyclic loading in Figs. 6 and 7, where
black circles and squares respectively represent data obtained from stress–strain curves in Fig. 6.
Thick lines present results calculated using the theoretical relations given as Eqs. (1) and (2).

Figure 5. Stress–strain curves (model). Figure 6. Stress–strain curves (experimental).
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su;cy

su;NC

¼ n�0=��1
q ð1Þ

Ecy

ENC

¼
1� C=C�� ln nq

� �

nq
ð2Þ

Parameters included in Eqs. (1) and (2) are defined as shown below.

nq ¼ 1=1 1� Δucy=σ
0
c

� �

ð3Þ

�0 ¼
log su=p

0ð ÞOC= su=p
0ð ÞNC

� �

logOCR
ð4Þ

� ¼ 1� Cs=Cc ð5Þ

Furthermore, the parameter in Eq. (2) is given as described by Wroth and Houlsby (1985).

C ¼
E=p0ð ÞOC= E=p0ð ÞNC � 1

lnOCR
ð6Þ

At the moment, no data for oedometer tests or for undrained tests on undisturbed specimens
are available. Therefore, the parameters presented above were found as parameters of the plasti-
city index using Eq. (7) through Eq. (9), as shown in Table 2 (Yasuhara et al. 2001, 2017).

�0 ¼
log su=p

0ð ÞOC= su=p
0ð ÞNC

� �

logOCR

¼ 0:75� 3:49� 10�3Ip þ 4� 10�6Ip

ð7Þ

� ¼ 1� Cs=Cc� ¼ 0:815� 0:002Ip ð8Þ

CC ¼ 0:0348 þ 0:0162 Ip ð9Þ

Decreasing tendencies of post-cyclic undrained strength and stiffness with increasing excess
pore water pressure generated during undrained cyclic loading are shown in Figs. 7 and 8,
although data plots showing post-cyclic strength are more markedly scattered than those
showing stiffness. Results also demonstrate that the decrease in the post-cyclic undrained

Table 2. parameters for calculation.

Figure 7. Post-cyclic undrained strength.
Figure 8. Post-cyclic undrained secant modulus.

5751



secant modulus is more eminent than the decrease of the post-cyclic undrained strength. Dif-
ferences between observed and calculated results might be attributed to empirical relations
proposed by Yasuhara et al. (2001).

6.3 Decrease in strength parameters

A set of Mohr circles in terms of both total and effective stress analysis obtained based on
results of post-cyclic undrained triaxial tests is depicted for comparison with results from mono-
tonic triaxial tests of undisturbed specimens with no cyclic loading experience under confining
pressures of 65, 75, and 90 kPa in Series I. Results portrayed in Figs. 9 and 10 present a decrease
in strength parameters c and φ in effective stress analyses. A noteworthy characteristic is that
the decrement in cohesion is almost equal to the decrement in the internal friction angle.

7 ASSESSMENT OF INSTABILITY AND RESIDUAL DEFORMATION

Newmark’s method (Newmark 1968) was adopted for predicting earthquake-induced residual
deformation of residential foundations, as portrayed schematically in Fig. 11. The prediction
incorporates results from two series of post-cyclic triaxial tests, as described above both in
Figs. 9 and 10, in addition to seismic acceleration wave records of measurements taken at the

Figure 9. Total stress analysis basis Figure 10. Effective stress analysis basis.

Figure 11. Model ground with residence.
Figure 12. A result of analysis from Newmark’s

method (acceleration record was provided by NIED).

5752



National Research Institute for Earth Science and Disaster Resilience (NIED) station near the
boring locations in Mashiki Town in Kumamoto, which was struck successively by two strong
earthquakes in 2016.
One analytical result obtained using Newmark’s method for post-earthquake residual dis-

placement along the failure surface is presented in Fig. 12. This amount of displacement
approximately agrees with the result calculated using the simplified procedure for instability of
cohesive soil foundations proposed by Yasuhara et al. (2017). The authors expect to continue
detailed analyses using strength parameters corresponding to the respective locations, although
the results in Fig. 12 adopt values of cohesion and frictional internal angle obtained from post-
cyclic undrained triaixial tests, as shown by test results presented in insets of Figs. 9 and 10.

8 CONCLUSIONS

Based on laboratory test results showing that post-cyclic strength, stiffness, and strength
parameters of volcanic ash cohesive soils are reduced by tremors, this report has described the
analytical results for post-earthquake residual displacement of residences constructed on vol-
canic ash cohesive soils during a strong earthquake, as in the case of the 2016 Kumamoto
earthquake. The analysis employs Newmark’s method, which incorporates the results of
monotonic, cyclic, and post-cyclic undrained triaxial tests of undisturbed soil specimens.
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