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ABSTRACT: In this study about seismic responses, the Kita-Senju region of Tokyo, which
is a narrow area surrounded by Arakawa River and Sumida River, is the area of interest. In
addition to the considerable movement due to strong earthquake, there is a risk of soil liquefaction in a few areas. First, two representative soil-profile models (RSPMs) were constructed
from existing ground survey data: one using a 250-m and the other using a 50-m mesh.
Second, a seismic response analysis based on a wave generated by a local metropolitan earthquake was conducted using the RSPMs, and the influence of the mesh size and accompanying
micro-topography resolution were evaluated. From this, it was concluded that more detailed
modeling, facilitated by subdividing features of microtopography which cannot be reproduced
with 250-m mesh into 50-m mesh models, is more appropriate and effective for earthquake
response and liquefaction prediction.
1 INTRODUCTION
In this study about seismic responses, the Kita-Senju region of Tokyo, which is a narrow area
(about 4 km × 3 km) surrounded by Arakawa River and Sumida River, is the area of interest.
This region is crowded with pre-existing residential areas and business districts. In addition,
the Kita-Senju railway station is a centrally located strategic transportation hub serviced by
five lines from four companies. The station serves a daily-mean of approximately 1,630,000
passengers, which makes it the sixth busiest in the world in terms of the average number of
daily travelers. This region can be categorized as alluvial lowlands owing to the sedimentation
from the adjoining rivers. In addition to the considerable movement due to strong earthquakes, there is a risk of soil liquefaction in a few areas. Further, after the 1923 Great Kanto
Earthquake, damage caused by liquefaction was reported in the Yanagihara area along what
was called Furu-Sumida River in this region (ADEP, 1988). Therefore, to mitigate the effects
of a future earthquake, prior identification of the most dangerous place in this region that is
prone to considerable damage is critical.
The objective of this study was twofold. First, two representative soil-profile models
(RSPMs) were constructed from existing ground survey data, one using a 250-m and the other
using a 50-m mesh. Second, a seismic response analysis based on a wave generated by a local
metropolitan earthquake was conducted using the RSPMs, and the influence of the mesh size
the accompanying micro-topography resolution were evaluated.
2 TOPOGRAPHY OF THE KITA-SENJU REGION AND DAMAGE RESULTING
FROM THE 1923 GREAT KANTO EARTHQUAKE
The 250-m mesh (red frame) and 50-m mesh (blue frame) RSPMs, and the land classification
map for the flood control of the study region are shown in Figure 1. This region was a rice
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Figure 1. Topographical classiﬁcation of the Kita-Senju study region, and the location of the
soil-proﬁle models

field prior to the Meiji Period, supporting the theory that Furu-Sumida River once meandered
through the Yanagihara area. The present topography of the region was established when
Kita-Senju was sandwiched between Arakawa River and modern Sumida River, which was
formed by the modification of Arakawa in 1910. After these changes, the micro-landform classification of the study region became slightly high land in the region surrounded by Route 4,
with the JR Joban line following a sand bar or sand dune, while the floodplain spread out on
both sides. This floodplain was used in the Meiji Period as a rice field. Following the 1923
Great Kanto Earthquake, a lot of damage was reported in this region. The main damage area
was reported along the old river channel of the Yanagihara area, indicated by the pink outline
in Figure 1. Observed conditions included damage resulting from soil liquefaction leading to
the collapse of a house and railway embankment on the Tobu line, upheaval of an irrigation
channel, and sand boiling from a ground crack. The observed liquefaction occurred in the old
river channel, and in the neighborhood of Furu-Sumida River. Interestingly, although during
the 2011 Great East Japan Earthquake there was damage due to liquefaction of the reclaimed
land of the Tokyo Bay Shore area, far from the epicenter, there was no similar damage along
Furu-Sumida River. This difference in the outcome is likely due to differences in earthquake
intensity and soil feature age. Although the seismic intensity of the Great Kanto Earthquake
in the area was approximately six on the Japanese scale, the intensity in this area was less than
six during the Great East Japan Earthquake. In addition, when evaluating the liquefaction of
the soils of this area during an earthquake, it should be considered that resistance to liquefaction increases with age, and thus, in the 90 years since the Great Kanto Earthquake, the soil
resilience will have increased.
3 CONSTRUCTION OF THE KITA-SENJU REGION RSPM
The following ground information was referred to when producing an RSPM. According to
Yasuda et al. (2011), the nationwide electric geotechnical database (red frame in Figure 1)
with a 250-m mesh resolution produced by the Japanese Geotechnical Society was used as
master data. There is a minimum of one borehole in each mesh, and there are a few places in
commercial facilities and other areas. There are 400 records in Tokyo, and a ground model of
250-m mesh was constructed using these data. However, to produce a 50-m mesh for a
detailed soil-profile model, higher density ground information was required. Therefore, we
added 440 records of the ground information collected at the time of building permit applications and confirmations in the private sector of Adachi-ku. Then, a ground model of 50-m
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mesh using these data was constructed. Practical use of this private sector data is among the
most novel characteristics of this study.
The construction of the 250-m and 50-m mesh RSPMs followed the same method as
that of Yasuda et al. (2010). The outline of the construction procedure of an RSPM was
as following:
1. A mesh resolution for the model was selected. A standard 250-m or 50-m mesh map, published by the Geographic Survey Institute of Japan, was used as a base.
2. Digital boring data were placed into the mesh coordinate system. If necessary,
boring data for neighboring meshes could also be included, although inappropriate
data must be excluded from the consideration of topography and geology. Then,
the depth of the bedrock for engineering structures was judged for each boring
instance.
3. By averaging soil types, SPT N-values, and groundwater level, the RSPM was constructed
automatically down to the depth of the bedrock.
It should be noted that the RSPM was not constructed by selecting one borehole
inside the target area. Instead, it was constructed by considering the surrounding
ground conditions. The RSPM, therefore, represents the average ground conditions in
the area, not the exact ground conditions at the center. However, although the RSPM
can be constructed automatically, judgment based on the knowledge of local geology
and soil conditions should be exercised. Furthermore, to produce an RSPM, the mesh
must contain ground information that extends all the way down to the engineering
bedrock.

4 SEISMIC RESPONSE CHARACTERISTICS OF THE RSPM
4.1 Method of seismic response analysis
A one-dimensional seismic response analysis was conducted using the DYNEQ software
package to demonstrate the effect of the difference in RSPM mesh size. Figure 2 shows the
earthquake motion predicted by the Central Disaster Prevention Council of the Japanese
Cabinet Office, which was set as the input bedrock seismic wave. The bedrock is the lower
end face of the RSPMs and is a layer in which tight soil having N-values of 50 or more is
continuously distributed. Input soil data for the analysis are presented in Table 1. The estimated fine fraction content was determined using the equation for Tokyo Lowlands from
Kamei et al. (2002). The shear wave velocity, VS, was estimated from SPT N-values using
the relationship introduced in the Specification for Highway Bridges in Japan (Japan Road
Association, 2017). The lower limit of the shear wave velocity was taken as 120 m/s. The
dynamic deformation properties for each type of soil were estimated based on the mean
diameter of the soil particles, D50, and the effective overburden pressure using the relationship proposed by Yasuda and Yamaguchi (1985). The shear wave velocity of the bedrock
was considered as 350 m/s.* Fine fraction content, Estimate equation of N-value to the
Tokyo lowlands.

Figure 2.

Input seismic wave for the Kita- Senju area, as predicted by the Japanese Cabinet Ofﬁce
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Table 1.

Sand

Clay
Gravel
Loam

Input soil data for the analysis
γt(kN/m3)

D50(mm)

Notes

16.0
16.5
18.0
18.5
19.0
20.0
16.0
17.5
20.0
16.0

0.128
0.139
0.128
0.139
0.180
0.365
0.013
0.038
0.365
0.013

35%< FC*, Unsaturated
15%< FC≦35%, Unsaturated
35%< FC, Saturation
15%< FC≦35%, Saturation
FC≦15%, Saturation
Terrace
N≦4
4<N

Figure 3. Distribution of the analyzed maximum surface acceleration (Left ﬁgure: the 250-m mesh,
Right ﬁgure: the 50-m mesh)

Figure 4. Distribution of the analyzed maximum surface velocity (Left ﬁgure: the 250-m mesh, Right
ﬁgure: the 50-m mesh)

4.2 Results of seismic response analysis
Figure 3 shows the distribution of the maximum surface acceleration, Amax, for the 250-m and
50-m mesh models. Figure 4 shows the distribution of the maximum surface velocity, Vmax, for
the 250-m and 50-m mesh models. The variation in Amax and Vmax for the 250-m mesh was
between 2.6 and 4.7 m/s2 and between 0.6 and 1.1 m/s, respectively; for that of the 50-m mesh,
between 2.2 and 5.0 m/s2 and between 0.6 and 1.3 m/s, respectively. From these variations, it is
clear that the 50-m mesh has a marginally larger range of fluctuation than the 250-m mesh. An
evaluation of the micro-landforms in Figure 1 together with these analysis results suggests various relationships, as follows. In the floodplain along Route 4 in northern Kita-Senju, large
values of Amax and Vmax are shown in the 50-m mesh analysis results. The same tendency can
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also be observed in the floodplain in southern Kita-Senju. Meanwhile, near the sand bar and the
sand dune of central Kita-Senju, the acceleration and the velocity are small compared with those
in the floodplain. However, it is clear that the seismic response of the sand bar and sand dune,
and those near the boundary of the floodplain, have very different characteristics owing to their
respective structures, the details of which are not reproducible using a 250-m mesh RSPMs.
5 LIQUEFACTION PREDICTION BY REPRESENTATIVE SOIL PROFILE MODELS
5.1 Method of liquefaction prediction
The safety factor against liquefaction (FL) method was used for liquefaction prediction in this
study, producing data on the safety factor against liquefaction. This method is used to generate a general liquefaction hazard map in Japan. The study conditions for the liquefaction prediction are shown in Figure 5. Case 1 consisted of a judgment method using the revised Japan
Road Association (2017) data. Case 2 consisted of a judgment using the Tokyo Lowlands
method that employs an equation, from Kamei et al. (2002), which corrects the influence of
fine fractions. Calculation conditions were as follows.
1. The STP N-value was set to the value of each RSPM depth.
2. The estimated ﬁne fraction content was determined using the equation for Tokyo lowlands
from Kamei et al. (2002).
3. The liquefaction-strength ratio was established using both the Japan Road Association
method (JRA method) and a method that considers the regionality of the Tokyo lowlands
(TG method), as in Kamei et al. (2002). The JRA method uses an estimated equation considered in relation to the whole of Japan; whereas, the TG method employs an estimated
equation speciﬁc to the region; in this case, an estimated equation speciﬁc to the alluvialsand layer of the Tokyo lowlands.
4. The weighting factor for an interpolate earthquake was set up based on the conventional
weighting factor of 1.0 given by the JRA method.
5. The aging effect of an alluvial-sand layer was set to 1.0.
6. The earthquake external force is set to shear stress, and the effective overburden pressure
of each layer is obtained from the result of the one-dimensional seismic response analysis.
5.2 Results of liquefaction prediction
From the liquefaction prediction results for each study condition, Liquefaction Potential Index
(LPI) distribution maps (shown in Figures 6 and 7) were generated. The LPI is an index, devised
by Iwasaki et al. (1978), that grades the severity of liquefaction. This index is the result of finding
the integral in the depth direction against FL, which is less than 1.0. The formula for the LPI is
shown in Figure 5. Date were classified into four ranges, A to D, as follows: LPI =0 (A-range),
for which the liquefaction hazard risk is considerably low; LPI = 1-5 (B-range), for which the
liquefaction hazard risk is low; LPI = 6-15 (C-range), for which the liquefaction hazard risk is
high; and LPI > 15 (D-range), for which the liquefaction hazard risk is extremely high.
Case 1 (Figure 6) corresponds to the decision result obtained using the JRA method, and
Case 2 (Figure 7) corresponds to the decision result obtained using the TG method. The left
figure shows the distribution for the 250-m mesh and the right figure shows the distribution
for the 50-m mesh, respectively. From the results of the 250-m mesh, it can be seen that in the
ground model corresponding to the sand bar and sand dune, LPI ≦ 5 and there is a low risk of
liquefaction (B-range). Conversely, in the ground model corresponding to the floodplain, LPI
shows a relatively large value (C-range to D-range); the risk of liquefaction is high.
Next, we compared the results obtained for the 250-m mesh and 50-m mesh. It seems that the
decision result for the floodplain does not differ considerably between the 250-m mesh and the 50m mesh. In the Yanagihara area, including the ground model corresponding to the old river channel, liquefaction occurred at the time of the Great Kanto Earthquake in 1923 as mentioned previously. The 50-m mesh corresponding to the 250-m mesh, which became the A-range in this area
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Figure 5.

Flow chart for the liquefaction judgments

Figure 6. Distribution of LPI, estimated by the JRA method (Left ﬁgure: 250-m mesh; Right ﬁgure:
50-m mesh)

was classified into B- and D-ranges in Case 1. In Case 2, it was classified into B- and C-ranges,
which would result in some liquefaction but not very serious damage. As a result, in the place
where liquefaction was actually confirmed at the time of the Great Kanto Earthquake, it was
determined by analysis of the 250-m mesh that the liquefaction damage was small. Conversely, the
risk of liquefaction in this area was judged as high in the 50-m mesh. Figure 8 is a comparison of
LPI for the 250-m mesh and 50-m mesh models of the ground corresponding to the old river
channel. From this figure, the mountainous shapes can be clearly seen between the 250-m mesh
and 50-m mesh. Figure 9 is a comparison of LPI for the 250-m mesh and 50-m mesh models of
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Figure 7.
m mesh)

Distribution of LPI, estimated by the TG method (Left ﬁgure: 250-m mesh; Right ﬁgure: 50-

the ground corresponding to the sand bar and sand dune. Similarly, we can see that the mountainous shapes are different. From this, we can see that accurate results can be obtained and expressed
by subdividing the features of the micro topography based on a 250-m mesh into 50-m mesh.
5.3 Potentiality judgment of the liquefaction damage of residential land
The new criterion to estimate the liquefaction-induced damage to wooden houses was proposed in 2014 by Ministry of Land, Infrastructure, Transport and Tourism (MLIT) based on
case studies of houses that were damaged, and those that were not damaged, during the 2011
Great East Japan Earthquake. Figure 10 shows the new criterion, in which the possibility of
damage can be estimated by LPI and the thickness, H1, of the non-liquefied layer overlaying
the liquefied layer. Most results align with a C-category judgment, and extensive liquefaction
damage in the northern part of the area is expected because the groundwater level is low.
From analysis of the 250-m mesh, in the ground model corresponding to the sand bar and
sand dune, both were judged to be in the A-category. However, looking at the result of the 50m mesh, many B1 and B3 judgments should be included. As the earthquake response differs
between the sand bar, sand dune, and floodplain, it is necessary to subdivide the ground
model near the boundary areas, because the features of the ground structure can be reproduced more effectively by subdividing it into a 50-m mesh.

Figure 8. Comparison of LPI of the model corresponding to old river channel

Figure 9. Comparison of LPI of the model
corresponding

Figure 10. Probability banks for liquefaction to
sand bar, sand dune induced damage to houses by
LPI and H1
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Figure 11. Hazard map for potential damage to wooden houses based on the new criterion proposed by
MLIT by the JRA method (Left ﬁgure: 250-m mesh; Right ﬁgure: 50-m mesh)

Figure 12. Hazard map for potential damage to wooden houses based on the new criterion proposed by
MLIT by the TG method (Left ﬁgure: 250-m mesh; Right ﬁgure: 50-m mesh)

6 CONCLUSIONS
In this study, a one-dimensional seismic response analysis was performed using 250-m and 50-m
mesh representative soil-profile models created from existing ground survey results. The difference in mesh size indicated the earthquake response and liquefaction prediction, and facilitated
the investigation of the possibility of liquefaction damage in residential areas. Results from, the
ground model corresponding to the floodplain, showed no difference in the seismic responses of
the two meshes and indicated similar liquefaction judgments, however clear differences were
observed in the sand bar, sand dune, old river channel, and boundary areas of the ground structure. Thus, it was concluded that more detailed modeling, facilitated by subdividing features of
microtopography that cannot be reproduced with a 250-m mesh into 50-m mesh models, is
more appropriate and effective for earthquake response and liquefaction prediction.
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