
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Proceedings of the 17th International Conference on Soil Mechanics and Geotechnical Engineering  

M. Hamza et al. (Eds.)  

© 2009 IOS Press.  

doi:10.3233/978-1-60750-031-5-1686 

1686

Estimation of earthquake-triggered flood in a subsided area 
Estimation des inondations générées par les tassements dérivés de la liquéfaction sismique des sols

S. Yasuda 
 Department of Civil and Environmental Engineering, Tokyo Denki University, JAPAN 

ABSTRACT 
Ground subsidence occurred in lowlands of Tokyo due to draw of water from wells. The maximum settlement of the ground reached
4m. The area where ground level is lower than sea level is 124 km2. The area must be protected by river dikes and canal revetments. 
Several dikes and revetments have been strengthened against earthquakes. However, not treated dikes and revetments are still 
remained. In this paper, probability of earthquake-triggered flood was discussed based on several analyses. Liquefaction potential at 7
not treated river dikes and canal revetments during future earthquakes was predicted Then deformation of river dikes and canal 
revetments was analyzed by an analytical method named “ALID”. Analyzed results showed that the dikes and the revetments will 
settle dozens of cm, and river or canal water will invade and cause severe flood during future earthquakes. 

RÉSUMÉ
Des tassements des sols causés par le pompage des eaux souterraines, à présent de jusqu’à 4 m, ont été observés dans les plaines
alluviales de Tokyo. En plus, l’extension des terres au dessous du niveau moyen de la mer est de d’environ 124km2. Celle-ci exige des 
protections par digues et canaux revêtus avec renforcements parasismiques. Quelques uns de ces ouvrages attendent encore ce
renforcement. La probabilité d’inondations générées par des séismes est discutée dans le texte à partir des résultats obtenus
moyennant plusieurs méthodologies analytiques. Le potentiel de liquéfaction sismique dans 7 ouvrages non renforcés a été prédit. La
déformation des revêtements des digues et canaux a été analysée par la méthode « ALID ». Les résultats montrent que, en cas de 
séisme, ces ouvrages et leurs revêtements auront un tassement de plusieurs douzaines de centimètres et que l’eau des rivières et des 
canaux inonderont les aires environnantes de manière importante. 
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1 INTRODUCTION 

Tokyo is divided into four areas in geomorphologic condition 
from east to west: mountain, hill, terrace and lowland areas. In 
the lowland area an alluvial loose sand layer, Yu, is deposited 
from ground surface to the depth of about 10 m. An alluvial soft 
clay layer, Yl, is underlying with a thickness of about 20 to 40 
m. And diluvial loam and gravel layers are deposited under the 
alluvial layers.  Reclaimed loose sand layers are filled in the 
reclaimed lands. The alluvial sand layer is loose and contains 
fairly much fines such as 20 to 40%. There are many canals 
retaining by river walls in the lowland area. Moreover, 
reclaimed lands are protected by sea walls and quay walls. 

The latest earthquake which caused severe damage in and 
around Tokyo was the 1923 Kanto earthquake. Liquefaction 
occurred at many sites in artificially reclaimed lands and along 
several rivers. 

In Japan, industry developed rapidly from the beginning of 
20th Century. Due to the lack of water many well were 
excavated and ground water was drawn in lowland in Tokyo. 
The wells were excavated to or more than the depth of the 
diluvial gravel layer. This abstraction caused the decrease of 
pore water pressure in the alluvial soft clay layer, and, 
consequently, induced subsidence due to the consolidation of 
the soft clay layer.  

Settlement of the ground surface has been measured at 
several sites in Tokyo. Figure 1 shows the measured 
settlements. As shown in this figure, speed of subsidence 
increased from around 1930. Subsidence reached to the 
maximum value in around 1970, then stopped. The maximum 
settlement measured was about 4.5 m. In 1964 abstraction was 

prohibited and the speed of settlement decreased as shown in 
Figure 1. 

Due to the subsidence, very low zone named “Zero Meter 
Zone” where level of ground surface is lower than sea level was 
formed as shown in Figure 2. Area of the “Zero Meter Zone” 
reached 124 km2 in Tokyo. As mentioned above, the subsidence 
started after the 1923 Kanto earthquake. Therefore, subsidence- 
related damage during earthquakes is a new problem in lowland 
of Tokyo.

Figure 1. Measured subsidence at several sites in Tokyo 
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There are many rivers and canals in lowland of Tokyo. Many 
types of dikes or revetments have been constructed against 
flood during heavy rains and Typhoons. A canal revetment at 
Edagawa and two river dikes at Higashi-tateishi and Yanagihara 
are shown in Figures 3, 4 and 5, respectively. At Edagawa, 
inland is protected by steel sheet pile walls. Ground surface 
behind the canal is about 1m lower than the level of canal water. 
At Higashi-tateisi and Yanagihara, ground surfaces behind the 
dikes are about 2 m lower than the level of the water of Naka 
River and Ayase River, respectively.   

These canal revetments and river dikes were designed to 
protect inland from flood during heavy rains and Typhoons. 
However, recently, some revetments and river dikes have been 
reinforced against earthquakes. At Yanagihara, left side dike 
was reinforced, but right side dike has not been treated as shown 
in Figure 5. As shown in this example, many revetments and 
river dikes have been treated against earthquakes. But dozens of 
dikes and revetments have not been treated. Then “earthquake-
triggered flood” is seriously concerned at not treated sites. The 
author and his colleagues conducted several analyses to 
demonstrate the probability of the earthquake-triggered flood 
due to the deformation of not treated revetments and dikes.  

2 APPLIED ANALITICAL METHOD 

In Japan, a very strong shaking caused severe damage to 
structures during the 1995 Hyogoken-nambu (Kobe) earthquake. 
Then it became necessary to investigate new design concepts 
that could withstand very strong shaking named Level 2 
earthquake motion, which is very unlikely to strike a structure 
during the structure life time, but when it does, it is extremely 
strong. As the maximum surface acceleration of the Level 2 
shaking motion is very high, even medium-dense sand ground is 
judged to liquefy. However, the damage to structures in medium 
dense ground is not so severe. Therefore, it becomes necessary 

to evaluate not only the occurrence of liquefaction but also the 
deformation of structures. And the serviceability of the structure 
should be considered in the design procedure, based on the 
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Figure 2. Zero Meter Zone in Tokyo 
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deformation. This design concept can be called as 
“Performance-based design.” in liquefaction filed. 

In the estimation of liquefaction-induced deformation of 
structures, three grades of methods; i) empirical methods, ii) 
static analyses (residual deformation method), and iii) dynamic 
analyses, are available. (e.g. Yasuda 2005).  

In this study, a static method named ALID  (Yasuda et al. 
1999) was used to analyze the liquefaction-induced deformation 
of river dikes because the method is not so complex compare 
with dynamic analyses. Figure 6 shows schematic diagram of 
stress-strain curves of an intact soil and a liquefied soil. Shear 
strain increased with very low shear stress up to very large 
strain. Then, after a resistance transformation point, the shear 
stress increased comparatively rapidly with shear strain, 
following the decrease of pore water pressure. By considering 
this concept, a computer code “ALID/Win” was developed. In 
this code, static finite element method is applied in the 
following steps: 
(1) Step 1: In the first step, the deformation of the ground before 
earthquake is calculated by using the stress-strain relationships 
of not-liquefied soils. 
(2) Step 2: The deformation of the ground due to liquefaction is 
calculated in the second step, by using the stress-strain 
relationship of liquefied soils. Deformation of the ground due to 
the dissipation of excess pore pressure is also considered.  

Many cyclic torsional tests were conducted to obtain the 
stress-strain curves of liquefied sands and softened clays. Total 
number of tested samples and specimens were 53 and about 
400, respectively. Then test results were summarized as shown 
in Figure 7, and a new unified relationship among G1, effective 
confining pressure c’, undrained cyclic strength ratio 
(liquefaction strength ratio) RL, and safety factor against 
liquefaction FL, was proposed as follows (Yasuda et al. 2004a):   
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 where,

,98.06.23 += LFa

,806.027.138.1032.9 23
−+−= LLL FFFb

95.114.487.340.1 23
+−+−= LLL FFFc

3 SOIL CONDITIONS AND ANALYSES FOR 
LIQUEFACTION-INDUCED DEFORMATION  

Seven sites as shown in Figure 2 were selected to analyze the 
deformation of river dikes. At Higashi-tateishi site, a boring 
data shown in Figure 8 was selected from existing boring data 
(Tokyo Metropolitan 1977) for the analyses. As shown in 

Figure 8, a loose silty sand soil layer with SPT N-value of 3 to 8 
is deposited from GL-2 m to GL-8 m. A very soft clay layer 
with SPT N-value of zero is deposited from GL-8 m to GL-12 
m. Then a loose silty sand layer with SPT N-values of 1 to 4 is 
underlying up to GL-25 m. Figure 9 shows the cross section of 
analyzed dike. An old river dike at analyzed site had been 
constructed by filling soils. In 1975, a new river revetment was 
constructed by T-type concrete wall with steel piles. The steel 
piles were 700 mm in diameter and 20 m in length. In addition, 
sheet piles were driven under the concrete wall to the depth of 
13 m to protect permeance. Cross section across the river dike 
was estimated based on design diagram during construction of 
the new revetment. Moreover, the author measured depth of the 
bottom of the river and shape of the old river dike.  

The safety factor against liquefaction, FL is the ratio of 
liquefaction strength, R and cyclic shear stress ratio, L. In Japan, 
most widely used simple method to estimate R and L is the JRA 
method introduced in the specification for Highway Bridges 
(1996). In this study, L was estimated by the JRA method. 
However, R was estimated by a different formula developed by 
the author et al. (Yasuda et al. 2004b, Kamei et al. 2002), 
because the JRA method is not appropriate to apply to the 
alluvial sandy soils which contain much fines. This method, 
called Tokyo Gas method hereafter, was derived from cyclic 
triaxial tests and SPT N-values in Tokyo.  

In the existing boring datum shown in Figure 8, fines content 
of the sandy layers are not shown. Then relationship between 
SPT N-value and fines content of other boring data at and 
around Higashi-tateishi were collected and compared with the 
relationship proposed for alluvial sand in Tokyo (Yasuda et al. 
2004b). As the two relationships were coincided, fines contents 
at the analyzed site were estimated from SPT N-values by the 
proposed relationship. 

Three ranks of surface acceleration were assumed for 
seismic force: 
i) Rank A: Level 1 shaking motion designed before Kobe 
earthquake, khg=0.18 (Asmax=176 Gal) , 
ii) Rank B: Level 1 shaking motion designed after Kobe 
earthquake; khg=0.24 (Asmax=235 Gal),  and 
iii) Rank C: Level 2 shaking motion designed after Kobe 
earthquake (Type 2); khg=0.60  (Asmax=588 Gal) 

Figure 10 (a) shows distribution of estimated FL at Higashi-
tateishi for Level 2 shaking motion. As shown in the figure the 
FL in whole silty sand layers was less than 1.0. Figure 10 (b) 
shows deformation of the river dike analyzed by ALID for 
Level 2 shaking motion. Large settlement and horizontal 
displacement of 87 cm and 76 cm, respectively, were estimated 
to occur under the Level 2 shaking motion. Moreover 
embankment settles 114 cm and sheet pile bends.  

Figure 8. Soil profile at  
Higashi-tateishi 
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Figure 11 shows relationships between the maximum surface 
acceleration and the deformation of the concrete revetment at 
Higashi-tateishi. Settlement and horizontal movement increases 
with the maximum surface acceleration. For comparison, 
deformation of the revetment based on the R estimated by JRA 
method was evaluated also, and plotted on Figure 11. The 
settlement and horizontal movement of the revetment estimated 
by JRA method is very large even in Level 1 shaking motion. 
However, as mentioned above, the R of silty sand is apt to 
underestimated by JRA method. On the contrary, deformation 
of concrete revetment is not large if the R is estimated by Tokyo 
Gas method in Level 1 shaking motion. In Level 2 shaking 
motion, river embankment settles 114 cm, and an opening of 51 
cm occurred between the bottom of the slab of the revetment 
and the top of the embankment. Sheet piles which must protect 
permeance bends and joints of concrete revetments would open 
because settlement and horizontal movement of the revetment is 
large. Therefore, it is judged that river water would invade from 
the openings and causes severe flood disaster.  
  At other six sites, estimated settlements and horizontal 
displacements of river dikes and canal revetments under Level 2 
shaking motion were several ten cm. Therefore, earthquake-
triggered flood at these sites is seriously concerned also.   

4 CONCLUSIONS 

Liquefaction-induced settlement of river dikes in Tokyo during 
future earthquakes was estimated. Then possibility of flood due 
to the settlement was discussed. The following conclusions 
were derived from these studies: 

(1) Subsidence occurred due to abstraction in lowland of Tokyo. 
The area where ground level is lower than sea level is 124 km2

now. The area must be protected by river dikes and canal 
revetments. However liquefiable sandy soils are deposited under 
many dikes and revetments. Then the dikes and revetments have 
been strengthened against liquefaction. However, not treated 
dikes and revetments are still remained at dozens of sites. 
(2) Settlements of the not treated two dikes were estimated by a 
static analytical method “ALID”. Analyzed results showed that 
concrete revetments settled dozens of cm and cause flood 
during Level 2 shaking motion. Therefore early treatment is 
desired not to cause “earthquake-induced flood”. 
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(a) Distribution of FL

(b) Deformation 

Figure 10. Analyzed FL and deformation for Level 2 shaking motion at Higashi-tateishi 

Figure 11. Relationship between acceleration and displacement 
of river revetment at Higashi-tateishi 
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