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ABSTRACT: In Japan, many artificially reclaimed housing lots have been developed on hills and terraces. Because many slopes will 
be unstable during future earthquakes, an appropriate detection method that does not require a soil investigation must be developed. 
One method may be to find cracks on the slope. The usefulness of this method was shown by an analysis of a slope in Sendai City. A 
fence on the slope had a crack before the 2011 Great East Japan Earthquake, and the slope failed during the earthquake. The analyzed 
results showed that the fence had settled about 5 cm during construction, and the slope was displaced by several tens of centimeters as 
a result of the earthquake. Thus, it is concluded that a careful site investigation of the cracks in retaining walls or road pavements 
would be useful for detecting filled slopes that will be unstable during future earthquakes. 

RÉSUMÉ : Au Japon, de nombreux terrains artificiellement récupérés ont été aménagés sur des collines et des terrasses. Étant donné que 
de nombreuses pentes seront instables au cours de futurs tremblements de terre, une méthode de détection appropriée ne nécessitant pas 
de recherche de sol doit être développée. Une méthode peut être de trouver des fissures sur la pente. L'utilité de cette méthode a été 
démontrée par l'analyse d'une pente dans la ville de Sendai. Une clôture sur la pente avait une fissure avant le grand tremblement de terre 
de l'Est du Japon en 2011, et la pente a échoué pendant le tremblement de terre. Les résultats analysés montrent que la clôture s'est 
installée à environ 5 cm pendant la construction et que la pente a été déplacée de plusieurs dizaines de centimètres à la suite du séisme. 
On conclut donc qu'une étude approfondie des fissures dans les murs de soutènement ou les chaussées routières serait utile pour détecter 
les pentes chargées qui seront instables lors de futurs tremblements de terre. 
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1  INTRODUCTION 

There is insufficient flat land available for residential purposes 
in Japan because about 70% of Japan’s land area is 
mountainous. Thus, since approximately 1960, many artificially 
reclaimed housing lots have been developed on hills and 
terraces in large cities such as Tokyo and Osaka in response to 
the increase in population. In this reclamation, soil is taken 
from hills and used to fill in valleys or create terraces on slopes, 
as schematically shown in Figure 1 (1) and (2), respectively. 
Thus, both leveled hill areas and filled areas are utilized for 
housing lots. The filled zones could potentially slide or deform 
during earthquakes or heavy rains if the fill is not sufficiently 
compacted and/or the water table is shallow. New housing lots 

that have recently been constructed are stable because the fill 

has been sufficiently compacted and appropriate drainage 
systems have been installed. However, many unstable housing 
lots still exist in Japan. Thus, appropriate procedures are needed 
to evaluate the seismic stability of the existing reclaimed areas 
in relation to future earthquakes. 

In 2006, the “Act on Regulation of Residential Land 
Development” was revised by the Japanese government. In 
addition, a guideline for investigating the stability of banked 
slopes in extensively reclaimed housing lots was published in 
2007 by the Ministry of Land, Infrastructure, Transport and 
Tourism (MLIT). This guideline recommends the following 
steps in investigating unstable slopes. 
[Step 1] The first screening 
 1-1: Determination of filled housing lots based on aerial 
photographs or topographical maps  
 1-2: Confirmation of the filled zone at each housing lot by a 
site survey 
 1-3: Selection of unstable filled zones for the second screening 
based on the site survey  
[Step 2] The second screening 
 2-1: Soil investigation 
 2-2: Stability analysis 
[Step 3] Apply appropriate countermeasures 

The investigation for step 1-1 had been conducted in 950 
cities, towns, and villages up to April, 2016. However, almost 
none of these cities, towns, and villages had proceeded to step 2 
because the list of filled housing lots is too large (for example, 
there are 3558 housing lots in Yokohama City), and selecting 
unstable zones without a soil investigation is very difficult. 
Thus, in the revised guideline of 2015, the MLIT proposed a 
new selection method based on special phenomena produced by 
the deformation of fill, as schematically illustrated in Figure 2. 
If these special phenomena are observed on a slope during a site 
investigation, it is judged that the slope will be unstable during 
future earthquakes because the fill is loose and/or the ground 
water table is shallow. 
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Figure 1. Two filling patterns. 
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Photo 1 shows the cracks observed in a fence and road at a 
housing lot near Tokyo. Because these cracks were located at 
position “A” in Figure 1 (1), the author estimated that the 
cracks were induced by the settlement of filled soil, even 
though the amount was small compared with the settlement due 
to consolidation on soft ground. Photo 2 was taken at a housing 
lot in Sendai City about two years before the 2011 Great East 
Japan Earthquake and shows a repaired crack in a fence. This 
site is located at position “B” in Figure 1 (2). The first author 
visited the site again 17 days after the earthquake and 
recognized that sliding occurred in the C-C’ and D-D’ 
directions shown in Photo 3. An inhabitant that lives near the 
fence testified that this zone was damaged during the 1978 

Miyagiken-oki Earthquake and restored. However, the restored 
fence was deformed and repaired during a heavy rain. Although 
the detailed history of the damage and repair is unclear, the 
authors estimated that the damage occurred because the 
foundation ground of the fence was loose. 

Without soil investigation data, it is difficult to predict the 
possibility of sliding during future earthquakes in filled slopes 
where the special phenomena, as shown in Figure 2, are 
observed. However, the examples shown in Photos 1 and 2 are 
useful to confirm that observations of the special phenomena 
are effective for detecting unstable slopes. Thus, an analysis of 
the deformation of the ground at the site shown in Photo 2 
before and during the earthquake was conducted.  
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Figure 2. Special phenomena that occur by deformation of fill  
(Kanto Branch of Japanese Geotechnical Society 2009). Photo 1. Example of cracks induced at boundary between fill and 

original ground near Tokyo. 

Ejected sand

Photo 2. Repaired crack found about 2 years before the 2011 Great 
East Japan Earthquake in Sendai City. 

Photo 3. Damage observed 17 days after the 2011 Great East 
Japan Earthquake.

Photo 4. Ejected sand observed at foot of C-C’ line. Photo 5. Damage along D-D’ line.
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2  ANALYSIS METHOD  

The 2011 Great East Japan Earthquake caused slope failures 
and ground deformation at many housing lots in Sendai, 
Sukagawa, and other cities. According to the soil investigation 
conducted after the earthquake, the fill was loose (e.g. Dc = 
80%), and the water table was shallow at damaged housing lots 
in Sendai City. Of these, severe damage to houses due to the 
deformation of the ground occurred in Midorigaoka District. A 
low but steep slope slid in the C-C’ direction, as shown in 
Photo 4. Ejected sand was observed at the foot of the slope, 
indicating that liquefaction occurred. A gentle slope deformed 
in the D-D’ direction, as shown in Photo 5. Two dimensional 
analyses of the deformation that occurred during the filling and 
earthquake were conducted in the following steps.  
a) Step 1: The static stress distribution in the cross section was 
analyzed using a static finite element method. 
b) Step 2: The time history of the dynamic stress distribution in 
the soil cross section was analyzed using a seismic response 
analysis (computer code: FLUSH). 
c) Step 3: The time history of the distribution of the safety 
factor against liquefaction, FL, in the section was calculated 
based on the static stress, dynamic stress, and liquefaction 
strength.  
d) Step 4-1 (Residual deformation analysis): The residual 
deformation after the earthquake was analyzed using the 
computer code ALID (Yasuda et al., 1999). 
e) Step 4-2 (Sliding displacement analysis): The time history of 
the distribution of the excess pore-water pressure was 
calculated. Then, a slip surface was assumed, and the sliding 
displacement along this slip surface was estimated using 
Newmark’s method with consideration given to the increase in 
excess pore-water pressure (detailed method is explained in the 
paper (Yasuda et al., 2017)) . 

Figures 3 and 4 show the assumed soil cross sections along 
the C-C’ line and D-D’ line, respectively. The ground surface 
levels before and after the reclamation were estimated using 
two sets of aerial photographs taken before and after the 
reclamation. The thicknesses and types of soil layers were 
assumed based on the soil investigation conducted near the site 
by Sendai City. The soil properties for the analyses were 
determined based on several laboratory tests conducted by the 
authors for the soils taken at the site.  

A seismic wave recorded at K-net Shiroishi was used for the 
seismic response analysis. The amplitude of this wave was 
adjusted to the intensity that occurred at Midorigaoka District 
during the earthquake, as shown in Figure 5.  

3  ANALYZED RESULTS 

Figures 6 and 7 show the distributions of the maximum shear 
strains estimated by the initial stress analyses in the C-C’ and 
D-D’ cross sections, respectively. The settlement and horizontal 
displacement of the fence during the construction due to the 
weight of the fence in the C-C’ cross section were estimated to 
be 4.0 cm and 1.9 cm, respectively. These values for the D-D’ 
cross section were 4.6 cm and 2.1 cm, respectively, which may 
have been enough to cause the crack in a fence after the 
construction. 

The distributions of FL estimated by seismic response 
analyses in the C-C’ and D-D’ cross sections are shown in 
Figures 8 and 9, respectively. Because the FL of the fill is less 
than 1.0, the occurrence of liquefaction was demonstrated. 

Figures 10 and 11 show the deformations of the ground 
during the earthquake estimated by residual deformation 
analyses in the C-C’ and D-D’ cross sections, respectively. A 
large deformation was estimated in the D-D’ cross section. 
However, no deformation was estimated in the upper soil layer 
in the C-C’ cross section. 
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Figure 3. Assumed cross section along C-C’ line. 

Figure 4. Assumed cross section along D-D’ line. 

Figure 5. Seismic wave input for analysis. 

Figure 6. Distribution of maximum shear strain in C-C’ cross section 
estimated by initial stress analysis. 

Figure 7. Distribution of maximum shear strain in D-D’ cross section 
estimated by initial stress analysis. 
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The time histories of the safety factor against sliding Fs and 
the sliding displacement estimated by Newmark’s method are 
shown in Figures 12 to 15. The sliding displacements along the 
slip surface were estimated to be 52 cm and 120 cm in the C-C’ 
and D-D’ cross sections, respectively. The actual displacement 
measured by the authors at the C-C’ cross section was about 44 
cm. The displacement at the D-D’ cross section was estimated 
by Sendai City to be about 100 cm. Therefore, the estimated 
displacements are fairly consistent with the actual ones.  

4  CONCLUSIONS 

In Japan many unstable slopes exist in artificially reclaimed 
housing lots. Thus, appropriate procedures are needed to 
evaluate the seismic stability of the slopes without soil 
investigation data in relation to future earthquakes. One method 
may be to find cracks on the slope. The usefulness of this 
method was studied by conducting an analysis of a slope in 
Sendai City, where a fence on the slope had a crack before the 
2011 Great East Japan Earthquake, and the slope failed during 
the earthquake. Analyzed results showed that the settlement of 
the fence during the construction due to the weight of the fence 
was about 5 cm. This value may have been enough to cause the 

crack in a fence after the construction. And estimated 
displacements during the earthquake are fairly consistent with 
the actual ones. Thus, it is concluded that a careful site 
investigation of the cracks in retaining walls or road pavements 
would be useful for detecting filled slopes that will be unstable 
during future earthquakes. 
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Figure 8. Distribution of FL in C-C’ cross section estimated by 
seismic response analysis. 

Figure 9. Distribution of FL in D-D’ cross section estimated by 
seismic response analysis. 

Figure 10. Deformation of ground of C-C’ cross section during 
earthquake estimated by residual deformation analysis. 

Figure 11. Deformation of ground of D-D’ cross section during 
earthquake estimated by residual deformation analysis. 
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Figure 12. Time history of safety factor against sliding Fs of C-C’ 
cross section.

Figure 13. Time history of sliding displacement of C-C’ cross 
section. 

Figure 14. Time history of safety factor against sliding Fs of D-D’ 
cross section. 

Figure 15. Time history of sliding displacement of D-D’ cross 
section. 
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