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ABSTRACT: On 16th April 2016, the Kumamoto earthquake (Mw 7.0) hit the Central
Kyushu Region, Japan, following a Mw 6.2 shock on 14th of April. The earthquake sequences
caused severe liquefaction in southern Kumamoto City. For the mitigation and preparedness
over the liquefaction-induced damage, a study on the prediction of ground subsidence for
future earthquake is important. In this study, an attempt was made to extract liquefaction-
induced ground subsidence in the affected area from a set of the Digital Surface Models
(DSMs) from airborne LiDAR surveys before (2007) and after (2017) the earthquake. The
subsidence map is prepared by eliminating deep-seated tectonic displacements and systematic
errors using the template matching technique. The liquefaction assessment is carried out by
using boreholes and soil test data from Kumamoto City. The extracted values of road subsid-
ence from the DSM indicates that the liquefaction-induced road subsidence is larger for the
residential roads than that of the national roads even at the same PL value.

1 INTRODUCTION

On 16th April 2016, the Kumamoto earthquake (Mw=7.0) hit the Central Kyushu Region, fol-
lowing a Mw=6.2 foreshock on 14th April. The epicenter of the main shock was about 5 km
west of the foreshock. The casualties and damaged houses due to these earthquakes are 2981
and 8697, respectively (Japan Meteorological Agency, 2018). Following the earthquakes, evi-
dence of liquefaction was found over a wide area in the southern Kumamoto City (Kiyota
et al., 2017).
Major problems associated with liquefaction were ground subsidence, lifelines cutting, tilt-

ing of houses. It is reported that about 1300 residential houses suffered from tilting and sub-
sidence due to the liquefaction in the southern Kumamoto City (Japan Society of Civil
Engineering, 2017). Figure 1(a) shows the map of investigation area, Chikami District, one of
the most significant liquefaction-induced damaged areas, and (b) shows the typical liquefac-
tion-induced ground subsidence around the pile-supported building in the area. For the miti-
gation and preparedness over the liquefaction-induced damage, a study on the prediction of
ground subsidence for future earthquake is important.
Kiyota et al (2018) investigated the correlation between liquefaction potential, PL, and

liquefaction-induced road subsidence in Urayasu City, Chiba Prefecture, where severe lique-
faction was observed after the 2011 Off Pacific coast of Tohoku earthquake. They indicated
that the road subsidence becomes larger with a decrease in the pavement and roadbed thick-
ness at the same PL.

The purpose of this study is to investigate the correlation between PL and road subsidence
caused by the 2016 Kumamoto earthquake. First, the liquefaction-induced road subsidence
map was prepared by comparing the Digital Surface Models (DSMs) from the airborne
LiDAR (Light Detection and Ranging) surveys before (2011) and after (2017) the earthquake.
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Secondly, the values of PL were estimated by using borehole data and soil test data in the
investigation area. Finally, the extents of subsidence at the different types of the road were
extracted from the subsidence map and compared with the PL values.

2 LIQUEFACTION-INDUCED SUBSIDENCE MAP FROM LIDAR SURVEY

A LiDAR is a technique for accurate collection of ground elevation data. By using this method,
the high resolution digital maps (DSMs) before the earthquake (2011) and after the earthquake
(2017) were obtained. The DSMs are the raster graphic images of pixels having information on
their elevations. Only changes in elevation can be obtained by comparing DSMs at different
times. However, the change in the elevation includes not only liquefaction-induced ground sub-
sidence but also a system-correlated error and the effect of deep tectonic deformation caused by
the earthquake. In order to extract the liquefaction-induced subsidence, an attempt was made to
cancel out these errors by using the template matching technique.

2.1 Canceling out of vertical and lateral biases

Liquefaction-induced ground subsidence can be estimated with reference to elevations of top
ends of pile-supported building such that any horizontal and vertical biases can be eliminated.
To find the best depth for DSMs before and after the earthquake to minimize the effects of

Figure 1. (a) Map of investigation area, Chikami District and (b) ground subsidence around the pile-

supported building
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above-mentioned errors, template matching technique is used for pile-supported buildings
chosen as the template in the source images in the investigation area (Konagai et al, 2013).
However, in this study, information of the pile-supported building in the investigation area is
limited, so that we used buildings taller than 20 m as a template point.
12 buildings were chosen as the template points for the entire investigation areas (Figure 2,

Table 1). The elevation of the chosen buildings in the DSM after the earthquake is 4.01 cm
lower than those before the earthquake on average.

Figure 2. The locations of the buildings used as template point

Table 1. Vertical biases in the southern Kumamoto City

Point No. Change in elevation(m) Latitude Longitude

Point1 −0.055 −29302.22516 −25286.2

Point2 −0.005 −28785.04917 −25488.34084

Point3 −0.006 −29143.76393 −25865.96557

Point4 −0.077 −28477.91437 −25339.24881

Point5 −0.028 −29848.1668 −26129.44277

Point6 −0.205 −29531.47877 −26379.79697

Point7 0.191 −29507.13571 −26456.27395

Point8 0.132 −29847.39596 −26709.84162

Point9 0.039 −29576.94884 −26965.77677

Point10 −0.484 −29815.49208 −27379.62185

Point11 −0.001 −29236.21575 −27167.06837

Point12 0.018 −29514.9302 −26338.76378
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In order to cancel out the lateral biases, we need to extract Lagrangian components of dis-
placements. However, comparing DSMs at different times only allow to detect Eulerian
ground displacements. To obtain the Lagrangian components from Eulerian displacements is
to keep tracking the motions of the detected edges with a target building. As illustrated in
Figure 3, several cross-sections of a roof drawn first, and after those with outshooting objects
are excluded, they are averaged for the representative roof shape with two sloping surfaces
towards the wall on both sides.
If a roof undergoes a rigid-body-translation movement, the vertical Eulerian displacement

of the roof can be divided into two types. Therefore, the lateral Lagrangian components
fΔy ΔzgT can be obtained by solving the following simultaneous equations. From the
above, we note that fΔy ΔzgT = Lagrangian components of the two sloping surfaces.

δz1
δz2

� �

¼
�a1 1

�a2 1

� �

Δy

Δz

� �

ð1Þ

where δz1 δz2f gT=Eulerian displacements of the two sloping roof surfaces; a1; a2=the
angle of the roof.
In the present study, a building that is taller than 20 m with two sloping roofs was chosen

for correction of the lateral biases (Figure 2). The point of the template building has shifted
about 0.2 cm west and 86 cm north, and these values were used in an amendment to DSMs.

2.2 Obtained subsidence map for the southern Kumamoto City

By comparing two DSMs before and after the sequence of Kumamoto earthquake (foreshock
and main shock) and subtracting tectonic displacements and system-correlated errors using
above methods, liquefaction subsidence map was prepared as shown Figure 4(a). This map
covers the Chikami District in the southern Kumamoto City. In order to remove the effect of
artificial change of terrain, structures, vegetation and through traffic such as cars, +0.0 m and
-0.3 m were set as upper and lower threshold values of the change in elevation. In Figure 4(a),
the red color indicates the subsidence during the period of 2011 to 2017. Note that small artifi-
cial change of terrain such as road repairing may be included in the map.
Figure 4(b) shows the spatial distribution of the observed boiled sand after the earthquake

in the same area reported by Murakami et al. (2016). Red symbols indicate that a large
amount of boiled sand was found. The boiled sand was found at many places along a particu-
lar road in the residential area in Chikami District. The liquefaction subsidence map in
Figure 4(a) shows the settlement along the same road, as indicated by a broken line. In add-
ition, the boiled sand was not found in the east part of the investigation area and few settle-
ments are seen in the liquefaction subsidence map.

2.3 Verification of subsidence map

In order to verify accuracy of the liquefaction subsidence map, the difference in elevation
between ground floor of tall buildings, which are thought to have a pile-foundation, and their

Figure 3. Template building with sloping roofs
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surrounding subsided ground was measured at six locations and compared with those
extracted from the subsidence map. The ground subsidence at each point was extracted from a
circle with a radius of 2 m near the same building and averaged for the representative value of
ground subsidence. Figure 5 shows both the directly measured ground subsidence and the
extracted value from the subsidence map and indicates that the mean value errors and the
standard deviation of measured and extracted subsidence are 1.195 cm and 7.92 cm, respect-
ively. These values are thought to be small to evaluate the damage by liquefaction.

Figure 4. (a) Subsidence map and (b) location of sand boiling (Murakami et al., 2016)

Figure 5. Comparison between directly measured ground subsidence and the extracted value from the

subsidence map
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3 PREPARATION OF PL MAP

The present study used 25 borehole logs to obtain necessary geotechnical data for the liquefac-
tion potential zoning in the investigation area. Liquefaction assessment was conducted at each
borehole location according to the Specification for Highway Bridges, Japan (2012), and
liquefaction potential index, PL, defined by Iwasaki et al (1982) was calculated.

PL ¼

Z 20

0

1� FLð Þ 10� 0:5zð Þdz ð2Þ

where z is the depth below the ground surfaces in meters; FL is a safety factor for the occur-
rence of liquefaction.
Kumamoto City (2017) conducted a series of seismic response analysis for the Kumamoto

earthquake. They reported that accelerations at the ground surface of the investigation area
were 270 gals for the foreshock on 14th April and 260 gals for the main shock on 16th April. In
the present study, the input acceleration for the assessment was set to 270 gals.
Since the liquefaction potential surface is considered to change in space in a continuous

manner, it is not practical to obtain its value point by point. Therefore, a kriging method was
taken herein to predict the value of PL in the entire investigation area by computing a
weighted average of the given values.
Figure 6 shows a map of the spatial variation of the PL value in the investigation area.

Compared with Figure 4, the boiled sand was found at most of the places with high PL value.
However, the obtained PLzoning in the whole area is not well consistent with the reported
liquefaction-induced damage. Further examination on this point should be conducted in the
future.

Figure 6. Liquefaction potential map of the investigation area
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4 RELATION BETWEEN PL AND THE ROAD SUBSIDENCE EXTRACTED FROM
SUBSIDENCE MAP

Average values of liquefaction-induced road subsidence in the road transverse direction were
extracted from the liquefaction subsidence map (Figure 4(a)). Note that for the extraction of
road subsidence, both ends of the road were excluded to avoid a possible error due to the pres-
ence of plants lining the road. The locations of extracted subsidence were along the different
types of roads: national road, city road and residential road.
Figure 7 shows the relationship between the extracted PL and the road subsidence at the

128 extracted points. It seems that the relationship between road subsidence and PL value
depends on the type of road. The subsidence of the residential road is larger than that of the
city road and the national road at the same PL value. This is because the national roads are
well-paved entirely. This trend may imply that the thicker pavement and compacted roadbed
worked as a shallow ground improvement (Tani et al., 2015).

5 CONCLUSIONS

Kumamoto City suffered from significant liquefaction-induced damage in the 2016 Kuma-
moto earthquake. In this study, the subsidence map of Chikami District in the southern
Kumamoto City was prepared.
In order to obtain liquefaction-induced subsidence map, two sets of DSMs before and after

the earthquake were compared. To cancel out vertical and lateral biases, a template matching
technique was used with the tall buildings in the investigation area. The map shows a good
agreement with the location of the occurrence of liquefaction reported by the previous
damage surveys. In addition, the liquefaction assessment was carried out by using boreholes
and soil test data and a map of the spatial variation of PL value was prepared for the investi-
gation area. From the relationship between the PL values and road subsidence extracted at
different types of road, it was found that the subsidence of the residential road is larger than
that of both the city road and the national road even at the same PL value.

Figure 7. The relationship between PL and road subsidence

5280



ACKNOWLEDGEMENTS

The relevant borehole data used in this study were provided by Kumamoto City and Kuma-

moto Geotechnical Consultants Association.

REFERENCES

Iwasaki, T. & Tokida, K. & Tatsuoka, F. & Watanabe, S. & Yasuda, S. & Sato, H. 1982. Microzonation

for soil liquefaction potential using simplified methods. Proceeding of the 3rd International Earthquake

Microzonation Conference, Vol.32, No.1, pp. 173–188

Japan Meteorological Agency. 2018. Technical report of Japan Meteorological Agency. No. 135, pp. 3–4

Japan Road Association. 2012. Seismic designed specifications for Highway bridge volume V

Japan Society of Civil Engineers. 2017. Report on the damage Surveys and investigations following the

2016 Kumamoto Earthquakes, pp. 124–151.

Kiyota, T. & Ikeda, T. & Konagai, K. & Shiga, M. 2017. Geotechnical Damage Caused by the 2016

Kumamoto Earthquake, Japan. International Journal of Geoengineering Case Histories. Vol. 4. Issue 2,

pp. 78–95

Kiyota, T. & Kajihara, K. & Okuda, H. 2018. A hazard map for liquefaction-induced road subsidence.

16th European conference on earthquake engineering. 18–21 June

Konagai, K. & Suyama, S. & Asakura, A. & Shibuya, K. & Eto, C. 2013. Maps of soil subsidence for

Tokyo Bay shore areas liquefied in the March 11th, 2011 off the Pacific Coast of Tohoku Earthquake.

Soil Dynamics and Earthquake Engineering, No. 53, pp. 240–253

Kumamoto City. 2017. Data compiled by the Technical Committee on measures against Liquefaction.

h t t p s : / / w w w . c i t y . k u m a m o t o . j p / c o m m o n / U p l o a d F i l e D s p . a s p x ?

c_id=5&id=16165&sub_id=18&flid=132416

Murakami, T. & Nagase, H. 2016. Report on the liquefaction-induced damage. http://www.tec.fukuoka-u.

ac.jp/tc/labo/drr/gis/H28KumamotoEQ/H28KumamotoEQ20160511.pdf

Tani, K. & Kiyota, T. & Matsushita, K. & Hashimoto, T. & Yamamoto, A. & Takeuchi, H. & Noda, T.

& Kiku, H. & Obayashi, J. 2015.Liquefaction countermeasures by shallow ground improvement for

houses and their cost analysis, Soil Dynamics and Earthquake Engineering, No. 79, pp. 401–414.

5281


	Welcome page
	Table of contents
	Author index
	Search
	Help
	Shortcut keys
	Previous paper
	Next paper
	Zoom In
	Zoom Out
	Print


