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LIQUEFACTON HAZARD ZONATION OF ALLUVIAL SOIL IN
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Rama Mohan POKHREL1 Jiro KUWANO2, Shinya TACHIBANA3
ABSTRACT
Soil Liquefaction is one of the most devastating geotechnical related effects of earthquake which causes
enormous loss of life and property every year especially in cities built on young alluvial deposits. In this
paper a Kriging method of interpolation was applied, in a Geographical Information System (GIS), to
attain liquefaction potential map of the Saitama city, Japan. The objective of this paper is to evaluate the
importance of Kriging interpolation in the preparation of liquefaction potential maps especially in areas
where a limited number of borehole data were available. For the study area of Saitama city, the basic data
for evaluation of liquefaction potential such as type of soil, SPT N-values, the depth of water table, mean
grain size and unit weight of soil, and type and distance of scenario earthquake were collected and
prepared as a geotechnical database. The Saitama city has very thick (>3500m) loose alluvial deposits.
The bedrock is more then 3500m below the ground surface. This study targeted the Kanto plain NW edge
fault earthquake of magnitude 7.4 at a distance of 50 km from the city centre. The judgment of the
success of the method was evaluated with the prediction error comparing with the measured values. The
prediction error is equal to -0.04026 nearly equal to zero that is the suitability of the method for
prediction.
Keywords: liquefaction potential, GIS, Kriging method of interpolation, N-value, Saitama City.

INTRODUCTION
Liquefaction is an earthquake ground failure mechanism that occurs in loose, saturated granular
sediments (principally sand and silty sand), and has caused extensive damage to foundations especially in
cities built on young alluvial sediments. These failures ultimately affect the social and financial status of
the region. The 1964 Niigata earthquake and 1995 Kobe earthquake are the recent most devastating
liquefaction effects observed in Japan (Pokhrel et al., 2010). These seismic soil liquefaction cases have
stressed the need for assessment of liquefaction potential of seismically active sites in the world.
Liquefaction does not occur randomly, but rather is typically limited to areas underlain by saturated
recent sandy geologic deposits (Holocene alluvium), and poorly compacted granular fill deposits.
Liquefaction has occurred within Holocene sediments and artificial soil during several past historic
earthquakes in Japan, including the 1964 Niigata earthquake and 1985 Kobe earthquake.
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Flat areas along the coast and rivers generally consist of thick layers of loose sand and silt having very
shallow ground water table. During earthquakes, these soft and saturated deposits tend to liquefy
considerably. Liquefaction hazard zonation is the process of identification of an area having different
liquefaction hazard potentials. It is the process of estimating the response of soil layers under earthquake
excitations and the variation of earthquake characteristics on the ground surface. The main purpose of
liquefaction hazard zonation is to prepare a map to identify the significant possibility of severe disaster
and ground disturbances during seismic events. This map also provides the basic information of ground
properties for seismic design of structures. Information about areas with high likelihood of ground
deformation can be used for effective regional earthquake hazard planning and mitigation. Liquefaction
hazard zonation is the most important steps towards a seismic risk analysis and mitigation strategy in
the densely populated urban areas.
Japan is situated in a seismically very active zone because of its location in marginal areas of the Pacific,
Philippine Sea, North American, and Eurasian Plates thus it is struck by frequent earthquakes. Saitama
city is situated in the middle part of the great Kanto plain of Japan as in (Fig.1). Situated within the Kanto
plain it is a sedimentary basin composed of Neocene and quaternary formations surrounded by preNeocene and early Miocene formations in the Kanto mountains. The quaternary units at the Saitama city
mostly consist of silt and sand. These very loose silt and sand are favorable to liquefaction at the time of
an earthquake.

Fig.1 Location map of the study area with distribution of the borehole
A geographical information system (GIS) was used in this study for evaluating and interpolating the
liquefaction potential data for alluvial soil from the Saitama city area. The liquefaction potential at any
point was estimated by studying the geotechnical data of the associated borehole. A surface is a
continuous field of values that may vary over an infinite number of points. Visiting and studying
geotechnical data in borehole at every location in a study area to measure the liquefaction potential is
usually difficult or expensive. Instead, dispersed sample input point locations can be selected and a
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predicted value can be assigned to all other locations. For this study the Geostatistical analyst within the
ArcGIS 9.2 was used for the analysis.
The Saitama city has been affected by several destroying earthquakes of about M>8 in the past times. The
latest great earthquake that hit this area was the great Kanto Earthquake of magnitude of 8.3 in 1923. This
earthquake devastated Tokyo, the port city of Yokohama, surrounding prefectures of Saitama, Chiba,
Kanagawa, and Shizuoka, and caused widespread damage throughout the Kanto region (Hammer and
Joshua, 2006). Though the main sources of earthquakes in the study area are concentrated on the marginal
area of the plates, the faults on the Kanto Mountain are also the source of earthquakes. Being highly
urbanized, located on the very soft alluvial deposits and situated near the active seismic fault increases the
demand of liquefaction potential study of the Saitama city.

STUDY AREA
General Setting and morphology
Saitama city, the capital and most populated city of Saitama prefecture in Japan is selected as study area.
It is situated in the south east of the prefecture and located 20 to 30 km north of central Tokyo (Fig. 1).
The geographic position of the study area extended from 35049`43.72`` north latitude to 36000`9.23``
north latitude and 139032`13.28`` east longitude to 139045`23.99`` east longitude with total area 217.49 sq
km. The general topography of the Kanto area is mountain at the west, Plateaus at the middle and
lowlands at the eastern part of the region. As the present study area is concentrated at the Saitama City,
topographically comprised of lowlands and plateaus, mostly falling below 28 m above sea level at the
middle part of Kanto plain of Japan. The general topography of the Kanto area gradually decreases from
north to south. The flat terrains of the Kanto plain were divided into two main morphologic units one is
Holocene alluvial sediment deposits and other is Pleistocene terrace sediments.
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Fig.2: Geological map of the Saitama City (Geospatial Information Authority of Japan (GSI)
Modified by Haruyoshi Fujimo and Osamu Fukuda 1974).

5th International Conference on Earthquake Geotechnical Engineering
January 2011, 10-13
Santiago, Chile
Geology of Saitama
The study area is densely populated and covered by man made infrastructure. It is very difficult to obtain
the geologic and geomorphologic information. Geologic maps of the Saitama city were prepared based on
the available literature as shown in (fig 2). Saitama city which is situated within the Kanto plain is a
sedimentary basin composed of Neocene and quaternary formations surrounded by pre-Neocene and early
Miocene formations in the Kanto mountains. The western parts of the Kanto area were composed of
Paleozoic and Mesozoic systems, whereas eastern half (about 60%) is the Kanto plains. Many major and
minor faults were presumed in the Kanto mountain areas (Arai and Kanno, 1960). The plateaus are
distributed as alluvial fans extended towards the central part of the Kanto Tectonic Basin from the eastern
margin of the Kanto Mountains (Machida 1999). Saitama city lies on top of the quaternary period
sediments and its topology is almost flat with highest elevation is about 28m above sea level and lowest
elevation is less than 3m above sea level. The quaternary units at the Saitama city mostly consist of silt
and sand. The very loose silt and sand are favorable to liquefaction at the time of an earthquake. There
were distinctly two types of plains in the study area. One is Holocene alluvial sediments plain which lies
at the two sides of the rivers flowing through the study area and other is Pleistocene terrace sediments
deposits. The Holocene alluvial sediments consist of silt and clay dominated layer at the upper part and
sand dominated layer at the depth layer. The sediments of the Omiya plateau are marine loam deposits
(Machida 1999). The terrace sediments of the study area consist of sand layer dominated at the upper
layer and silt dominated layer at the lower layer as in the sections in fig.3 (a) and (b). There was no bed
rocks found in the study area. The rocks were only observed at the Kanto Mountain west and north
direction of the study area. The depths of the bed rock in the study area were below 3500m from the
ground surface (J-SHIS).

(a

(b
Fig.3 Geological cross-section along a) North-south (A-B) in figure 2 and b)
East-West (C-D) in figure 2,
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METHODOLOGY
The basic data for evaluating the liquefaction potential such as type of soil, SPT N-values, the depth of
water table, mean grain size and unit weight of soil were collected from subsoil investigation reports that
were compiled by various government agencies, local public body and private consultants, and some of
the data were collected from the internet and digitized for the analysis in GIS. The locations of the
borehole and geotechnical data collected were shown in fig. 1.
The liquefaction potential at each borehole locations were quantified by introducing a factor called the
liquefaction potential index, PL, defined by Iwasaki et al. (1982). The liquefaction potential calculated at
each bore hole is as shown in fig 4. This method of soil liquefaction estimation, which based on the test
results of standard penetration test (SPT), is used to estimate the actual conditions at the borehole

Fig.4 Liquefaction potential at borehole locations
locations only. A surface is a continuous field of values that may vary over an infinite number of points. It
is impossible to measure and record the liquefaction potential at every point because visiting every
location in a study area to measure the liquefaction potential is usually difficult or expensive. The Kriging
methods of interpolation in GIS were used for the calculation of liquefaction Potential at the unsampled
points. Kriging weights the surrounding measured values to derive a prediction for an unsampled
location. The general equation for Kriging Interpolator is formed as a weighted sum of the data:

Z (s 0

N

) = ∑ λ i Z (s i )
i=1

In equation (1), Z(si) is the measured value at the ith location;
λi is an unknown weight for the measured value at the ith location;
SO is the prediction location;
N is the number of measured values.

(1)
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In Kriging, the weights λi are based not only on the distance between the measured points and the
prediction location but also on the overall spatial arrangement among the measured points. To use the
spatial arrangement in the weights, the spatial autocorrelation must be quantified. Spatial autocorrelation
quantifies a basic principle of things that are closer are more alike than things farther apart. Thus, in
ordinary Kriging, the weight λi; depends on a fitted model as in fig. 5. Thus pairs of locations that are
closer far left on the x-axis of the semivariogram curve should have more similar values low on the y-axis
of the semivariogram curve.

Fig.5 Ordinary Kriging variogram model
As pairs of locations became farther apart (moving to the right on the x-axis of the semivariogram curve
they should become more dissimilar and have a higher squared difference move up on the y-axis of the
semivariogram curve. Kriging weights are based not only on the distance between the measured points
and the prediction location but also on the overall spatial relationships among the measured values around
the prediction location. The principle of Ordinary Kriging interpolation is to make the assessment value
Z(so) is unbiased estimator
N

For this condition,

∑λ
i =1

= 1.

i

Mean error of the predicted value was calculated by comparing measured value with predicted value. The
mean error is the mean of errors or the mean of the difference between the ith predicted value, Z(si), and
observed value Z(si)* as in equation 2.
n

ME =

∑ [Z ( s ) ∗ − Z ( s )]
i =1

i

i

n

(2)

Where ME is mean error, Z(si)* is observed value at ith location and Z(si) is predicted value at ith location.
The less prediction error (near to zero) indicates the suitability of the method.
LIQUEFACTION POTENTIAL MEASUREMENT AND ANALYSIS
The liquefaction potential measurements were carried out in 86 boreholes within the study area. The
variation of the liquefaction potential in Saitama city is shown in fig. 4. It can be observed that
liquefaction potential of the ground increases from north to south direction in the Omiya plateau area. The
liquefaction potential at a borehole points was calculated by the method derived by seed et al 1971.
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The liquefaction potential mappings were based on the probable source of earthquake, its magnitude and
which may cause significant ground motions in the study area. For this study the liquefaction potential
maps are prepared by considering the Kanto plain NW edge fault causing earthquake of magnitude 7.4 at
a distance of 50km from the city centre. The possible maximum horizontal ground acceleration
considered for this earthquake is 0.15g. The factor of safety for each layer from each bore log was
calculated. The liquefaction potential at each borehole locations were quantified by introducing a factor
called the liquefaction potential index, PL, defined by Iwasaki et al. (1982) as in equation (3).
20

PL =

∫

F ( z )w ( z )dz

(3)

0

Where z is the depth below the ground surface in meters, F(z) is function of the liquefaction resistance
factor FL, where F(z)= 1-FL, but if FL>1, F(z)=0, and w(z) is a depth weighting factor equal to 10-0.5z.
This equation considers just for the 20 m depth from the ground surface. The liquefaction potential (PL)
values calculated from equation 3 ranges from 0 to 100. The minimum value of 0 is obtained where
FL(z)>1 over the entire 20m depth. The maximum value of 100 is obtained where FL(z)=0 over the entire
20m depth.

Fig. 6 Liquefaction potential map of the Saitama City
In this study the soil layer above water table and layer with factor of safety greater than 1 were considered
as no liquefaction layer. The liquefaction potential at each borehole thus obtained was plotted in the fig.
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4. More then 86 boreholes in the study area were used for the analysis of the liquefaction potential by
using GIS. The liquefaction potential maps were prepared by considering all the parameters responsible
for liquefaction. Figure 6 shows the maps of the liquefaction potential against the maximum ground
acceleration of 0.15g. This is the resulting maps of predicted liquefaction potential using the Ordinary
Kriging methods in GIS. The category associated with the Liquefaction Potential Index (PL) value at each
boring location was used in the analysis. Prediction map indicates that the liquefaction hazard ranges
from very low to very high. The lower liquefaction potential exists in the middle and northern part of the
site. This is well match with the topographical and geological settings of the area. A zone of high
liquefaction potential exists at the western and eastern part of the region. The high liquefaction potential
at the western portion and eastern portion of the site is due to the presence of very loose clayey silt layer
for all the 20m depth and shallow ground water table. The middle portion of the study area has lower
liquefaction potential and is composed of sediment with Pleistocene age upper terrace sediments (also
called as Omiya plateau). The sediments of marine loom are at the surface and sand and gravel at the
depth in this plateau. The mean prediction error of the predicted value was calculated by using the
equation (2) and has mean prediction errors is equal to -0.04026. The less prediction error indicates
suitability of the method.

CONCLUSIONS
The liquefaction potentials were calculated at more than 86 boreholes in the alluvial soil of Saitama city.
A surface is a continuous field of values that may vary over an infinite number of points, but the general
methods of soil liquefaction estimation, which based on the test results of standard penetration test (SPT),
cone penetration test (CPT) and shear wave velocity (Vs) etc., can estimate the liquefaction potential at
the actual boreholes locations only. The Kriging method of interpolation in GIS is a useful method for the
estimation of liquefaction potential value at the unsampled location by using measured liquefaction
potential value at the sampled points. The predicted values were compared with the measured values at
the sampled locations and the prediction error is equal to -0.04026. Therefore, it is a suitable method to
estimate the possible seismic liquefaction range for engineering site. This study shows that in Saitama
city, the area in the southern part of the city, western part along the Arakawa River and eastern part along
the Minuma River and Shiba River have extremely high liquefaction potential. The centre of the city
along Omiya plateau has low liquefaction potential.
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