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ABSTRACT 
On April 14 at 21:26 JST, an earthquake with a Japan Metrological Agency Magnitude (MJMA) of 6.5 struck the Kumamoto 
Prefecture, Kyushu, in southwestern Japan. This earthquake was followed by a larger earthquake with a MJMA of 7.3 on 
April 16, 2016 at 1:25 JST. These were the most severe earthquakes to affect Japan since the Tohoku earthquake in 2011. 
The hypocenters of the strike-slip MJMA 6.5 foreshock and MJMA7.3 main shock and its aftershocks were widely distributed 
along the Futagawa-Hinagu active fault.  
 
This paper first presents the distribution of liquefied sites during the earthquakes and their effects on the buildings and 
infrastructures. Next, the distance from the epicenter to the farthest liquefied site is compared with past Japanese 
earthquakes, followed by a discussion on the intensities of the ground motion that caused liquefaction. Finally, land 
conditions and soil profiles where severe and widespread liquefaction occurred are investigated. 
 
 
 
1 INTRODUCTION 
 
On April 14, at 21:26 JST, a Japan Metrological Agency 
Magnitude (MJMA) 6.5 earthquake struck the Kumamoto 
Prefecture, Kyushu, in southwestern Japan. This 
earthquake was followed by a larger earthquake with MJMA 
7.3 on April 16, 2016 at 1:25 JST. These were the most 
severe earthquakes to affect Japan since the Tohoku 
earthquake in 2011. The hypocenters of the strike-slip MJMA 
6.5 foreshock and MJMA7.3 main shock and its aftershocks 
were widely distributed along the Hinagu-Futagawa active 
fault. Both the earthquakes registered a reading of 7 on the 
Japan Metrological Agency seismic intensity scale (IJMA), 
which is the highest reading on the IJMA recorded in the 
town of Mashiki, approximately 6.5 and 5.5 km from the 
epicenters of the main shock and foreshock, respectively. 

The earthquakes elicited a strong response and 
significantly damaged houses and infrastructure: as of 
March 14, 2017, 8673 houses in the Kumamoto Prefecture 
were destroyed; numerous landslides occurred in the Mt. 
Aso area approximately 30 km northeast of the main shock 
hypocenter (Cabinet Office, 2016). Our liquefaction field 
reconnaissance surveys and interpretation of the high-
resolution aerial photographs taken immediately after the 
earthquakes revealed that the earthquakes induced 
liquefaction at a considerable number of locations in an 80-
km long zone, extending along the faults in the Kumamoto 
Prefecture.  

This paper presents the distribution of the liquefied sites 
and their effects on buildings and infrastructures during the 
earthquake. Additionally, the distance from the epicenter to 
the farthest liquefied site is compared with previous 
Japanese earthquakes, and intensities of ground motion 
that caused liquefaction are discussed. Finally, land 
conditions and soil profiles where severe and widespread 
liquefaction occurred are investigated. 

2 GEOLOGY AND TECTONICS OF AFFECTED AREA 
 
Figure 1 shows the geological map of Kyushu, the 
southernmost of the four major Japanese islands. The 
Kumamoto Prefecture, which was the earthquake-stricken 
area, is located at the center of Kyushu. The land features 
of the Kumamoto Prefecture are characterized by Mt. Aso 
(1592 m), an extensively active volcano located in the east, 
the pre-tertiary mountain ranges running along the SW-NE 
direction in the south, and the Holocene, extending to the 
western areas facing the Ariake inland sea. 
 

 
Figure 1. Surface geology of Kyushu (Wakamatsu et al., 
2005) and the Hinagu-Futagawa Fault (The Headquarters 
for the Earthquake Research Promotion, 2016)  

Hinagu-Futagawa Fault



 

A series of earthquakes in the Kumamoto Prefecture 
were induced by slippage of a northwestern 6-km-long 
segment of the 81-km-long Hinagu Fault and the 
northwestern 28-km-long segment of the 64-km-long 
Futagawa Fault. The source fault was estimated as a right-
lateral strike-slip fault extending in the NNE-SSW direction, 
based on the distribution of aftershocks and the focal 
mechanism of the main shock (The Headquarters for 
Earthquake Research Promotion, 2016). 
 
3 OBSERVED LIQUEFACTION DURING THE 2016 

KUMAMOTO EARTHQUAKE  
 

3.1 Distribution of liquefied sites 
 
In our investigations, occurrences of liquefaction were 
identified by observed sand and water boiling during field 
reconnaissance surveys and an interpretation of aerial 
photos taken immediately after the earthquake. In the 
investigations, the liquefaction of backfill soil (e.g., sewage 
pipelines, manholes, and levee body material) was 
excluded from this study because it was not ground-
condition related liquefaction. 

Figure 2 shows the distribution of the liquefied sites 
during the Kumamoto earthquake; the red dots in Figure 2 
represent the sites where sand boil deposits were 
observed in our field reconnaissance surveys during April 
28 to May 1, May 11 to 12, and May 21 to 22; the green 
dots show the liquefied site induced by the foreshock of 
April 14; the blue dots show the liquefied site additionally 
generated by the main shock of April 16. The sand and 
water boiling at the green and blue dot sites were identified 
by the interpretation of satellite images from Google Earth 
taken immediately after the foreshock and high resolution 
aerial images taken immediately after the main shock of 
April 16 (Geospatial Information Authority of Japan, 2016a), 
respectively. Comparing the two sets of images taken on 
April 15 (shots of the April 14 foreshock were taken on April 
15) and April 16, the size of the sand boil deposit from the 

April 15 shots enlarged in the April 16 shots, thus implying 
that the liquefied sites during the foreshock were 
repeatedly liquefied during the main shock of April 16. 

Liquefaction occurred in an 80-km long zone extending 
along the Hinagu-Futagawa fault in 18 cities, towns, and 
villages in the Kumamoto Prefecture. The liquefaction in 
the eastern areas of the prefectures, including the Aso 
region, occurred during the main shock. Sand boiling 
occurred at more than 1300 and 5500 locations during the 
foreshock and main shock, respectively, approximately 
6800 locations in total. The occurrences of sand boiling 
were identified, and one- third of them were found to have 
occurred in the Aso region located in the outer crater of Mt. 
Aso. Counting the number of grid cells containing any site 
of liquefaction, which were determined by superimposing 
250-m grid cells, approximately 1800 grid cells were 
designated as “liquefaction grid-cells.” 

 
3.2 Farthest liquefied site from the epicenter 
 
Several investigators have analyzed the distribution of 
liquefaction during previous earthquakes and have 
compared the distance from the epicenter to the farthest 
liquefied site, R, with respect to the earthquake magnitude, 
M. (Kuribayashi and Tasuoka, 1975; Ambraseys, 1988; 
Wakamatsu, 1991 and 2011). In the case of the Kumamoto 
Earthquake, Ohama, located in Tamana City, northwest of 
Kumamoto City, was the farthest site of liquefaction from 
the epicenter of the MJMA 6.5 foreshock, whose epicentral 
distance was 29.6 km. The farthest site from the epicenter 
of the MJMA 7.3 main shock was Ichinomiya in Aso City, 
whose epicentral distance was 42.6 km.  

Figure 3 shows the empirical relationships between the 
earthquake magnitude, MJMA and epicentral distance, R, to 
farthest liquefied sites derived from 87 Japanese 
earthquakes to estimate the maximum extent of 
liquefaction susceptible area during an earthquake 
(Wakamatsu, 2011). The MJMA versus R for the sites of 
liquefaction caused by the foreshock and the main shock 
are plotted in Figure 3, respectively. Both distances are 
within the limiting boundary for significant liquefaction given 
by Wakamatsu (2011). This means that the maximum 
extents of liquefaction during the foreshock and main shock 
of the Kumamoto earthquake were not large in relation to 
the earthquake magnitude, when compared with past 
Japanese earthquakes. 

 

 
Figure 3. Epicentral distance to farthest liquefied sites, R, 
in km for Japan Metrological Agency Magnitude, MJMA 
 

 

 
Figure 2. Liquefied sites during the 2016 Kumamoto 
Earthquake 



 

3.3 Liquefaction-induced damage 
 

Considerable damage was caused to residential 
structures, agricultural land and facilities, river levees, 
roads, and lifelines because of liquefaction. Kumamoto City 
reported that approximately 2900 houses were damaged 
owing to liquefaction as of December 13, 2016 
(Kumamoto-Nichinichi Shinbun, 2016); however, no details 
were released for the other cities and towns. Figures 6 to 
16 show typical liquefaction-induced damage during the 
Kumamoto Earthquake. 

Most of the sand boil deposits appeared to be the 
secondary sediments of pyroclastic materials from Mt. Aso, 
known as “Yona,” which are carried down by the rivers. The 
typical grain size distribution of the sand boil deposit of 
Yona is shown in Figure 5; the soil sample for determining 
the grain size distribution was taken from sand boils in the 
well shown in Figure 7 in Chikami, Minami-ku, Kumamoto 
City. The soil is classified as fine sand having a soil particle 
density of 2.79 g/cm3 and a uniformity coefficient of 14.32 
with a composition containing 77.0% of sand, 13.9% of silt, 
and 9.1% of clay. 

 

 
Figure 6. Fissure ejecting black sand along former river 
(Kojima Park, Nishi-ku, Kumamoto City) 
 

 
Figure 7. Sandbags refilled with 25 kg sand boil deposits 
removed from a 4 meter-deep well. The number of 
sandbags reached 320 in total (8 ton in weight) (Chikami, 
Minami-ku, Kumamoto City) 
 

 
Figure 8. A five-story building constructed three years ago 
lifted because of a 1-m ground settlement (Chikami, 
Minami-ku, Kumamoto City) 

 
Figure 9. An electric pole settled by more than 1 meter 
(Chikami, Minami-ku, Kumamoto City) 
 

 
Figure 10. A three-story building settled approximately by 
50 cm (Karikusa, Minami-ku, Kumamoto City) 

 

 
Figure 5. Grain size distribution curve of sand boil deposit 
in Chikami, Minami-ku, Kumamoto City  
 



 

 

 
Figure 11. Tilted buildings (Karikusa, Kamamoto City) 

 

 
Figure 12. Sand and water ejected within the parking area 
of a shopping mall (Uejima, Kashima Town) (from The 
Asahi Shinbun, 2016) 

 
Figure 13. Sand and gravel boil deposits. Maximum 
diameter of the gravel was 15 cm (Jin, Mifune Town) 
 

 
Figure 14. Collapsed levee of the Kurokawa river and sand 
boils at the foot of the levee (Akamizu, Aso City) 

 

 
Figure 15. Sand boils in farmland (Okura, Aso City) 
 

 
Figure 16. Two-meters of settlement and lateral 
displacement of a farm road. Length of the settlement was 
approximately 50 m (Yakuinbaru, Aso City). 
 
4 GEOMORPHOLOGICAL LAND CLASSIFICATION 

OF LIQUEFIED SITES 
 
Figures 17 and 18 show the geomorphological land 
classification map for the Kumamoto Plain and Aso region 
superimposing liquefied sites, respectively. The map is 
nationally used for various kind of hazard mapping in Japan 
(Wakamatsu and Matsuoka, 2013), in which the land was 
classified into 24 geomorphological units shown in the 
legend. The occurrence of liquefaction seems to be closely 
linked to the geomorphological units; for example, that in 
the Kumamoto Plain is distributed in the flood plain 
including natural levee, back marsh and former river 
channel, and reclaimed land along the coast, and that in 
the Aso region is distributed in flood plain of Kurokawa 
River and alluvial fan located at the skirt of the Mt. Aso. 

 
5 EFFECTS OF INTENSITY OF GROUND MOTION 
 
Figures 19(a) and (b) show the distributions of the 
estimated peak ground acceleration (PGA) with 250-m 
spatial resolution for the foreshock of April 14 and the main 
shock of April 16, respectively, which were estimated by 
means of the spatial interpolation procedure (Matsuoka et 
al., 2015) using the strong ground observation records, 
superimposing liquefied sites during both shocks. Most of 
the liquefied sites during both the shocks were seemed to 
be distributed in the areas where the PGA exceeded 
approximately 100-150 cm/s2.  



 

Figures 20(a) and (b) show the distributions of the 
estimated peak ground velocity (PGV) with a spatial 
resolution of 250 m for the foreshock and main shock, 
respectively, superimposing the liquefied sites during both 
the shocks. Most of the liquefied sites during both the 
shocks were seemed to be distributed in the areas where 
the PGV exceeded approximately 20 cm/s. 

The relationship between the number of liquefaction 
grid cells and the PGA was investigated with respect to 
geomorphological land classification, as shown in Figure 
21. As shown in the Figure, liquefaction in the reclaimed 
land was induced by the lowest PGA, and liquefaction in 
the back marsh and natural levee were induced by the 
secondary lower PGA. In contrast, liquefaction in the 
alluvial fan, volcanic foot slope, and terrace was induced 
by a larger PGV. This implies that soft ground was easily 
liquefied by a lower PGA and hard ground can only be 
liquefied under a larger PGA. The number of liquefaction 

grid cells is the largest at 200 cm/s2  PGA < 300 cm/s2 for 
both the foreshock and main shock. 

Figure 22 shows the relationship between liquefaction 
occurrence ratio (number of liquefaction grid cells divided 
by the total number of grid cells) and PGA levels for 
geomorphological units composed by Holocene deposits 
with respect to PGA for the foreshock and main shock. It 
can be seen from the figure that the ratio is very low when 
the PGA is under 100 cm/s2 but there is a sharp increase 
in the liquefaction occurrence ratio with an increase in the 
PGA, when PGA ranges between 200 cm/s2 and 800 cm/s2. 
In addition, liquefaction occurrence ratios for the main 
shock are remarkably higher than those for foreshock for 
all PGA levels. The reason behind this thought to be that 
the ground approached liquefied states during foreshock 
and was easily liquefied by the lower intensity of ground 
motion. 
 

 
Figure 17. Geomorphological land classification map in Kumamoto Plain superimposing liquefied sites 
 

 
Figure 18. Geomorphological land classification map in Aso City superimposing liquefied sites (Explanation for 
geomorphological land classification is the same as Figure 17)  
 



 

 
(a) Foreshock of April 14, 2016 

 

 
(b) Main shock of April 16, 2016 

 
Figure 19. Distribution of estimated peak horizontal ground 
acceleration and liquefied sites 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PGA cm/s2 

 

Figure 21. Relationship between the number of liquefaction 
grid cells and PGA levels for different geomorphological 
units (Colors of the bar chart represent geomorphological 
unit shown in the legend of Figure 17) 

 
(a) Foreshock of April 14, 2016 

 

 
(b) Main shock of April 16, 2016 

 
Figure 20. Distribution of estimated peak horizontal ground 
velocity and liquefied sites 

 
Figure 22. Relationship between the liquefaction 
occurrence ratio and PGA levels for the main shock and 
foreshock  



 

6 LAND CONDITIONS AND SOIL PROFILES WHERE 
WIDESPREAD LIQUEFACTION OCCURRED 

 
The land conditions and soil profiles for three areas, 
Minami-ku, Kumamoto City, and the town of Kashima-
machi and Okura, Aso City, where liquefaction densely 
occurred in Figures 17 and 18 will be discussed below. 
 
6.1 Minami-ku, Kumamoto City 
 
Minami-ku, which is in the southern district of Kumamoto 
City, is located on the left bank of the Shirakawa River as 
shown in Figure 17. A long belt-like liquefied sites 
appeared along a small irrigation stream in Minami-ku. The 
examples of the damage in the area are shown in Figures 
7 to 11. The stream appeared to be a trace of a former large 
river channel; however, no depression land feature of the 
former river course was found. In addition, no large river 
was shown on old maps compiled around 1605, 1650, 
1700, 1838, and 1901. 

Figure 23 shows the soil profiles and SPT N-value at 
point A in Figure 17, where significant sand boiling 
occurred during both the foreshock of April 14 and the main 
shock of April 16, indicating loose fine sand consisting of 
“Yona” with very high water content that existed 
continuously from near the ground surface to a depth of 8.5 
m. The ground water level is at 1.0 m below the ground 
surface.  

By using the procedures to evaluate the factor of safety 
(FL) against liquefaction [Japan Road Association. 2002], 
sand layers from a depth of 1.0 m to 17 m were found to be 
potentially liquefiable (i.e., with FL<1.0), as indicated by the 
blue and red shades in Figure 23. For the evaluation, 
maximum horizontal accelerations of 355 cm/s2 for the April 
14 shock and 394 cm/s2 for the April 16 shock at the ground 
surface (PGA), read off from Figure 19, were adopted. The 
evaluation results for both the shocks agree well with actual 
performance of the ground, i.e., the thick liquefiable layer 
under the ground surface could have caused significant 
sand boiling and liquefaction-induced house damage 
during the foreshock and main shock. 

 
6.2 Kashima-machi Town 
 
Kashima-machi lies in the center of the Kumamoto Plain, 
and liquefaction was densely concentrated in the area 
between the Kasegawa River and Midorikawa River and 
had an impact on buildings, the river bank, and agricultural 
lands as shown in Figures 12 and 17. The area between 
the rivers is known as the flood-prone zone and in fact, 
acted as a flood-control reservoir until 2004 (Kumamoto 
River and National Highway Construction Office, 2016). 

Figure 24 shows the soil profile and SPT N-value at 
point B in Figure 17. The sand beneath the ground surface 
was unexpectedly very thin with a thickness of 
approximately 1 m. The soil from 3 meters below the 
ground surface is a 6.7 m-thick gravelly soil with SPT N-
values about 20, which in turn overlie a 5.6 m-thick sandy 
soil layer with SPT N-values around 10. The ground water 
level is at 2.4 m below the ground surface.  

By using the procedures to evaluate the FL against 
liquefaction, sandy soil layers from a depth of 9 m to 13 m 

were found to be potentially liquefiable for the April 16 
shock as indicated by the red shade, but the liquefiable 
layers for the April 14 shock were thinner than that for the 
April 16 as indicated by the blue shades in Figure 24. For 
the evaluation, the PGA of 249 cm/s2 for the April 14 shock 
and 263 cm/s2 for the April 16 shock, read off from Figure 
19, was adopted, respectively. The evaluation results for 
both the shocks agree with the actual ground performance, 
i.e., significant sand boiling occurred during the April 16 
shock but it had minor impact on the foundation of a single-
family house, and sparse sand boiling occurred during the 
April 14 shock. 

 
6.3 Okura, Aso City 
 
Aso city is located approximately 40 km northeast of the 
Kumamoto Plain and includes Mt. Aso, which is one of 
major active volcanos in Japan. The liquefaction in the city 
was only generated because of the main shock of April 16 

 
Figure 23. Soil profile and SPT N-value in Hiyoshi, Minami-
ku at Point A in Figure 17  

 

 
Figure 24 Soil profile and SPT N-value in Kashima-machi 
at point B in Figure 17 
 

 
Figure 25 Soil profile and SPT N-value in Okura, ASo Ciity 
at point C in Figure 18 
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within the caldera between Mt. Aso and the outer rim of the 
crater. In Okura, in the northern district of Aso shown in 
Figure 18, numerous sand boiling sites were observed 
along the former bent river channel. 

Figure 25 shows the soil profile and SPT N-value at 
point C in Figure 18. A loose fine sand with partially silt 
consisting of “Yona” lies from the ground surface to the 
depth of approximately 6 m. A 3.6 m-thick sand and gravel 
layer with SPT N-values around 10 lies beneath the sand. 
The ground water level is at 1.95 m below the ground 
surface.  

By using the procedures to evaluate the FL against 
liquefaction, the sand and gravel layers lied from a depth 
of 2 m to 9 m and a 1-m thick sand layer at the depth of 12 
m were found to be potentially liquefiable for the April 16 
shock as indicated by the red shades, but the liquefiable 
layers for the April 14 shock were only 2 m at the depth of 
4m as indicated by the blue shade in Figure 25. For the 
evaluation, the PGA of 183 for the April 14 shock and 669 
cm/s2 for the April 16 shock, read off from Figure 19, was 
adopted, respectively. The evaluation results for both the 
shocks agree with the actual ground performance, i.e., 
significant sand boiling occurred during the April 16 shock 
but negligible sand boiling occurred during the April 14 
shock. 

 
7 CONCLUDING REMARKS 
 
Widespread and significant liquefaction occurred within an 
80-km long zone, extending along the faults in the 
Kumamoto Prefecture during the foreshock of April 14 and 
the main shock of April 16, 2016 of the Kumamoto 
earthquake. Sand boiling occurred at more than 1300 and 
5500 locations during the foreshock and main shock, 
respectively, approximately 6800 locations in total. 

Extensive damage was caused to residential structures, 
agricultural land and facilities, river levees, roads, and 
lifelines because of liquefaction.  

The maximum extents of liquefaction during both the 
foreshock with MJMA 6.5 and main shock with MJMA 7.3 of 
the Kumamoto earthquake were not large with respect to 
the earthquake magnitude, when compared with the 
distances from the epicenter to farthest liquefied sites 
based on the empirical equation derived from the past 
Japanese earthquakes. 

Comparing the distribution of liquefied sites with the 
distribution of the PGA (peak ground acceleration) and the 
PGV (peak ground velocity), liquefaction seemed to be 
distribute in the areas where the PGA exceeded 
approximately 100-150 cm/s2 and the PGV exceeded 
approximately 20 cm/s, respectively. 

The liquefaction occurrence ratio (number of 
liquefaction grid cells divided by the total number of grid 
cells) was low when the PGA was under 100 cm/s2 but 
there was a sharp increase in the liquefaction occurrence 
ratio with an increase in the PGA, when PGA ranged 
between 200 cm/s2 and 800 cm/s2. In addition, liquefaction 
occurrence ratios for the main shock were remarkably 
higher than those for foreshock for all PGA levels. The 
reason behind this thought to be that the ground 
approached liquefied states during foreshock and was 
easily liquefied by the lower intensity of ground motion. 

To evaluate the potentially liquefiable layers at three 
locations where significant sand boiling occurred during the 
main shock, the factor of safety (FL) against liquefaction 
was evaluated for foreshock and main shock, respectively. 
The evaluation results for both the shocks agreed with the 
actual ground performance at each site. 
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