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SUMMARY 
 
We have developed a liquefaction flow analysis method by Distinct Element Method (DEM) with granular 
assemblies, in which the excess pore water pressure is taken into account to estimate the large permanent 
displacement by liquefaction, and applied that method to urban river dikes (Yodo-gawa river dike in 
Osaka and Naka-gawa river dike in Tokyo). In this analysis, DEM is composed of a constitutive model 
which based on the mechanical model of elasto-plastic body introducing shear springs and sliders repre-
senting stress-strain relationships following Masing’s rule. The buildup of excess pore water pressure 
among these shear springs is evaluated by the dissipative energy and stored elastic energy of a soil. 
 
The vertical displacement of embankment crest in Yodo-gawa river dike damaged by the 1995 Hyogoken-
Numbu earthquake obtained by DEM exhibits good agreement with the actual measured maximum verti-
cal permanent displacement. And, the vertical displacement of embankment crest in damaged model is 
larger than that of non-damaged model with a major bed. Despite different disc radii (R=30,15,7.5cm), the 
results of analysis yield no significant difference. The deformation of Naka-gawa river dike utilized the 
improved ground method (Deep Mixing Method) with steel pipe pile for the seismic resistance of earth-
structure is smaller than the deformation at the existing Naka-gawa river dike which used thin sheet piles 
only in front of the revetment. The zone occupied liquefied areas of the former expressed by excess pore 
water pressure ratio is much smaller than that of the latter. The effect of improved ground planning to 
construct at land side in the near future was observed by this analysis method. This method can indicate 
the effectively of improved ground method or steel pipe pile to prevent from liquefaction flow, and pro-
vide satisfactorily enough estimation to correlate results of real disaster. 
 

INTRODUCTION 
 
Tokyo has a number of river dikes below-sea level areas called “Tokyo lowlands” shown in Figure 1. Be-
cause the deposit in Tokyo lowlands generally exhibits a thick soft soil layer, it is very important to study 
the behavior of ground foundation for the mitigation of earthquake disaster (Mori et al. [1]). In view of the 
growing public demand for the cost-effectiveness improvement and cost reduction, the development of a 
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reasonable earthquake resistant design method is now 
strongly required. In fact, all below-sea areas dikes 
consist of a thin shaped revetment with a retaining 
structure designed to protect against high flood. Part of 
the river dike has already been constructed as the huge 
river dike (super levee) including a land side of river 
dike. In reality, however, it is impossible to take full 
advantage of a land side in Tokyo because a number of 
people live near river side. Also, it is well known that, 
the major cause of Yodo-gawa river dike damaged by 
the 1995 Hyogoken-Numbu earthquake in Osaka, was 
the liquefaction of the ground where the loose sand 
layer exists. For these reasons, Tokyo Metropolitan 
Government is implementing a high priority earth-
quake-proof project for river dikes presently. 
 
Figure 2 shows the severely damaged cross section of 
Torishima area (Damaged model) located near the 
Yodo-gawa river mouth within about 40km from the 
epicenter (Abe et al. [2]). The concrete parapet wall at 
the top of embankment slipped into the riverbed and 
the maximum vertical permanent displacement was 
about 3.0m. On the other hand, no major damage in 
Takami area (Non-damaged model) with major bed 
(flood plane) located in the upper riverside from Tor-
ishima area was not observed (Matsuo et al. [3]). Also, 
Figure 3(a) shows the existing Naka-gawa river dike 
with thin sheet piles only in front on the revetment be-
fore the seismic resistance construction. Figure 3(b) 
shows Naka-gawa river dike utilized the improved 
ground method (Deep Mixing Method; a kind of deep 
in-situ admixture stabilization of soft ground to use the 
cement slurry) with steel pipe pile for the seismic resis-
tance. 
 
Recently, the rapid increase of computer abilities has 
drastically extended availability of DEM. In the field of 
geotechnical earthquake engineering, liquefaction is 
one of the most important, complex and necessary top-
ics (Cundall and Strack [4]; Ng and Dobry [5]; Matsu-
shima and Kanagai [6]; Ogawa et al [7]; Mori et al. 
[8]). In this study, the liquefaction analysis method 
with which DEM is used to calculate the excess pore 
water pressure, is utilized to estimate the large perma-
nent displacement caused by liquefaction. This applica-
tion is applied to Yodo-gawa river dike damaged by the 
1995 Hyogoken-Numbu earthquake in Osaka and 
Naka-gawa river dike with a thin shaped revetment in 
Tokyo. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Tokyo lowlands 
 

 
Figure 2 Damaged cross section 

of Torishima area 
 
 
 
 
 
 
 
 
 
 
 

Figure 3(a) Existing Naka-gawa river dike  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3(b) Naka-gawa river dike after con-
structing for the seismic resistance 
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DISTINCT ELEMENT METHOD BASED ON EFFECTIVE STRESS 
 
In this analysis, a calculating program of liquefaction flow 
based on the effective stress method is incorporated into the 
DEM program (Code name: PFC2D).  In this program, the inter-
action of the circular discs (Balls) is treated as a dynamic proc-
ess with states of equilibrium calculated by the internal force 
balance. The calculations performed in this program utilize an 
explicit finite-difference method alternating between the appli-
cation of Newton’s second law to the circular discs and a force-
displacement law at the contacts. The initial effective normal 
force obtained by the normal spring at the contact of circular 
discs is calculated from the static self-weight analysis in which 
gravity force and buoyancy are applied to each disc (see Figure 
4). The shear spring of DEM is composed of a constitutive 
model (Iwan parallel model) which based on the mechanical 
model of elasto-plastic body proposed by Iwan [9]. This model 
is composed of simple linear springs and Coulomb sliders of 
friction elements representing stress-strain relationships follow-
ing Masing’s rule as shown in Figure 5. The Frictional force 
based on shear work of the sliding element ( ∆τ ) is defined as 
the following equation (Ogawa et al. [10]): 
 

∆ ∆τ γ= ⋅G                                          (1) 
 
where ∆G  is the shear rigidity decrement and γ  is the strain amplitude expressed from skeleton curve. 
The accumulative excess pore water pressure caused by shear force plus the effective normal force is 
equal to the initial effective normal force. Ogawa et al. [11] have proposed the calculating method to de-
termine the dissipative energy obtained by dislocations of sliders as a continuos function, and the stored 
elastic energy is calculated as the difference between the shear work and dissipative energy. Thus, the 
buildup of excess pore water pressure of each spring of DEM is evaluated by the dissipative energy and 
stored elastic energy of a soil, and development of excess pore water pressure caused by shear force is 
simulated. The normal force ( F n ) at the contact of circular discs is expressed as follows: 
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buoyancy are applied to each disc. Also, assuming that the alteration of relative displacement in the nor-
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Figure 4 Circular discs (Balls) 

 

 
 

Figure 5 Iwan parallel model 
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where K
n
 is the stiffness of normal spring and decided to base on bulk modulus of a soil, un  is the rela-

tive displacement in the normal direction. The shear force ( F s' ) at the contact of circular discs is defined 
as; 
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where σ

ini
 is the initial effective confining stress defined by establishing Iwan model and T  is the shear 

stress calculated from Iwan parallel model at the given strain that represents histeresis loops according to 
Masing’s rule. Especially, the shear strain increment ( ∆γ ) is given as the following equation: 
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where us  is the relative displacement in the shear direction and R  is the radius of circular disc. 
Then, F s'

0
 is the initial shear force obtained by the static self-weight analysis. According as a 

decrease or increase in excess pore water pressure, F
s

n  is estimated on the assumption that the 
energy calculated from compression is proportional to the square root of the dissipative energy 
( E

l
' ) and the energy done from expansion is proportional to the stored elastic energy ( E p' ), and 

is given as the following equation: 
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where K  is the bulk modulus, ε

n
 is the compressive volumetric strain and ε p  is the expansive volumetric 

strain. Ogawa [12] has proposed the constitutive equations to consider dilatancy from these energies. ε
n
 

with negative dilatancy and ε p  with positive dilatancy are evaluated from the dissipative energy and 

stored elastic energy, respectively: 
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where m

v
 is the coefficient of volume compressibility, α  and β  are the proportionality constant based on 

negative and positive dilatancy. It is supposed that α  is less than 1.0 and β  is expected to be 1.0. 
 
As mentioned above, in case of sandy soil, we take the relationship of the equation (5) into consideration. 
On the other hand, as the proportional law which the shear force varies in obedience to the effective nor-
mal stress cannot be applied to clay soil, we employ the shear force based on the following equation. 
 

F S Ts' = ⋅                                                                               (11) 
 
where S is the area of contact face between discs in clay soil. S has to be decided to change the area to oc-
cupy the distinct elements defining the shear force based on the shear spring according as the radius of 
disc is transformed. 



 
CYCLIC SIMPLE SHEAR TEST 

 
The parameters of DEM in this analysis are deter-
mined as shown in Figure 6. According to consider 
the primary wave velocity, the stiffness Kn  of nor-
mal spring at the contact for calculation of contact 
force between discs in the direction of disc center, is 
determined to base on the simulation results of the 
simple shear test and cyclic simple shear test (Me-
guro and Hakuno [13]; Igarashi and Meguro [14]). 
 
Figure 7 shows the distinct elements of the (cyclic) 
simple shear test in conditions of the different disc 
radii (R=30, 15, 7.5cm) to estimate the influences of 
radii of disc. Table 1 shows the experimental pa-
rameters on which to perform this simulation of the 
simple shear test or cyclic simple shear test (Abe and 
Kusano [15]). Table 2 shows the parameters for 
analysis determined by the flowchart shown in Fig-
ure 6. In case of R=30cm with τ σ

d ini
/  (initial shear 

stress ratio)=0.14, Figure 8 shows both the relation-
ship between εx +εy (volumetric strain) and  (σx 

+σy)/2 (mean principal stress) and the relationship 
between γ (shear strain) and τ (shear stress) by 
analysis in simple shear test. Also, Figure 9 shows 
the relationships between K (bulk modulus), G 
(shear modulus),τ(shear stress) and disc radius in 
cases of R=30, 15, 7.5cm. K and G observed from 
Figure 8 are fit in a linear shape and τ is assumed 
to treat as an average value. Despite different disc 
radii, the results of analysis for simple shear test are 
approximately identical with experimental results 
obtained by real specimen test. Figure 10(a) shows 
relationships between the excess pore water pressure 
ratio (U

ini
/ σ ) and the number of cycles (N) for the 

case of R=30cm under conditions of the different 
initial shear stress ratios (τ σ

d ini
/ ) in cyclic simple 

shear test. For the sake of convenience, it also indi-
cates the development of initial effective confining 
stress ratio (σ σ/

ini
) in the same figure. Each excess 

pore water pressure tends to coincide with the initial 
effective confining stress. The excess pore water 
pressure ratio of τ σ

d ini
/ =0.20 achieves the complete 

liquefaction faster than that of τ σ
d ini

/ =0.14. In 

cases of R=15 and 30cm with τ σ
d ini

/ =0.14, the relationships between the excess pore water pressure ratio 

and the number of cycles are shown in Figure 10(b). Although the development of excess pore water 

 
Figure 6 Flowchart for determination 

of parameters 
 

 
Figure 7 Distinct elements for (cyclic) 

simple shear test 
 

Table 1 Experimental       Table 2 Parameters 
parameters                        for analysis 

            



pressure ratio in the case of R=30cm 
expresses the smoothest perform-
ance, it is not recognized the drastic 
difference between developments of 
excess pore water pressure ratio in 
cases of R=30, 15, 7.5cm clearly. 
Moreover, Figure 11 shows the dis-
tribution of excess pore water pres-
sure ratio (0.25, 0.5, 0.75, 1.0) ob-
tained by the cyclic simple shear test 
in 2.0Hz frequency in cases of R=30, 
15, 7.5cm, respectively. According 
as the disc radii are small, it can ob-
serve the distribution of excess pore 
water pressure ratio for cyclic simple 
shear test clearly. Particularly, in the 
case of R=7.5cm, the distribution of 

excess pore water pressure ratio tends to 
coincide with the distribution of σ1 direc-
tion inclining to approximately π/4 from 
horizontal. 
 
 

 
Figure 8 Simple shear test by          Figure 9 Relationships between 

analysis (R=30cm,τ σ
d ini

/ =0.14)                K, G,τand disc radius 

 
                    Figure 10(a) U
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/ σ  and N (R=30cm)                        Figure 10(b) U
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/ σ  and N ( τ σ

d ini
/ =0.14) 

 
 
 
 
 
 
 
 
 
 
 
 
                Figure 11 Distributions of excess pore 
                              water pressure ratio 
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YODO-GAWA RIVER DIKE 
 
Figure 12 shows the ground 
conditions of a damaged and a 
non-damaged model at the 
Yodo-gawa river dike. The 
deposits at Torishima area 
consist of sandy layers on the 
oblique line (No.2, No.3 and 
No.5), a clay layer (No.4) and 
a bearing stratum (No.6). The 
deposits at Takamai area also 
consist of sandy layers (No.2, 
No.4 and No.6), a clay layer 
(No.5) and a bearing stratum 
(No.7), and the clay layer 
(No.3) of about 2.0m in thick-
ness is sandwiched between 
No.2 and No.4. An input 
wave of 25 second obtained 
from an accelerometer at-
tached to the bottom of bear-
ing pile located at G.L.-30m 
near the Takami area shown 
in Figure 13, has the pre-
dominant frequency of around 
0.5Hz and the maximum ac-
celeration of approximately -
138gal. Figure 14(a)(b) show 
the distinct elements (R=30cm 
and n (porosity) =0.16) of 
damaged and non-damaged 
model which are composed of 
more than ten thousand discs. 
To build up each compacted 
model, we employ the radius 
expansion method to generate 
the radii to achieve a specified 
porosity and allow them to 
move freely until they reach a 
state of equilibrium within a 
set of confining walls. Table 
3 shows the parameters of 
each layer at both sites. Each 
parameter is determined by 
considering both results of 
liquefaction analysis consider-
ing the physical property tests 
at Yodo-gawa river site calcu-

 
        Figure 12 Ground conditions of                      Figure 13 Input wave 
                Yodo-gawa river dike                             (Yodo-gawa river dike) 
 

 
Figure 14(a) Damaged model by analysis 

 

   
Figure 14(b) Non-damaged model by analysis 

 
Table 3 Parameters by analysis with Yodo-gawa river dike 
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lated by Matuo et al. [16] and 
the flowchart shown in Figure 
6 as mentioned above. Figure 
15(a)(b) show the deformation 
of damaged and non-damaged 
model of Yodo-gawa river dike 
with the distribution of excess 
pore water pressure ratio ex-
pressed by the degree of green 
color dots (0.2, 0.4, 0.6, 0.8) at 
25 second. It takes about one 
hundred hours to finish calcu-
lating in a personal computer 
of CPU500MHz/500MB. The 
vertical displacement of em-
bankment crest in the damaged 
model is larger than that of the 
non-damaged model. The for-
mer exhibits good agreement 
with the actual measured 
maximum vertical permanent 
displacement (about 3.0m). 
Furthermore, the vertical dis-
placement of embankment 
crest in the direction of river-
bed with the effect of the ma-
jor bed does not reveal any 
damage. It indicates that it is 
possible to predict the slope 
movement toward the riverbed 
by liquefaction flow realisti-
cally. The excess pore water 
pressure ratios obtained from 
the shallow sandy layers in the 
damaged model are higher 
slightly than that of non-
damaged model. The occupied 
liquefied zone area within the 
shallow sandy layers below the 
embankment are larger than 
those below the riverbed. 
 
Figure 16 shows the deforma-
tion of damaged model with 
distribution of excess pore wa-
ter pressure ratio at 25 second 
in conditions of the different 
disc radii (R=30, 15, 7.5cm) to 
check the influence of radii of 

 
Figure 15(a) Deformation of damaged model with 

excess pore water pressure ratio 
 

 
Figure 15(b) Deformation of non-damaged model with 

excess pore water pressure ratio 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16 Deformation with excess pore water pressure ratio 
in conditions of different disc radii 
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disc. As forecasted to take time to calculate them, it investigates to use the distinct elements (n=0.16) re-
ducing the scale of these models within the limits of values which is possible to compare with the result of 
Figure 15(a). In this analysis, as the area (S) of contact face shown in equation (11) is assumed to be 1.0 
for convenience’s sake, the difference of deformation at these embankment crests would appear. Accord-
ing as the disc radii are small, the vertical permanent displacement of embankment crest tends to decrease 
relatively. As considering the cost performance or calculative effectiveness and so on under the present 
condition, however, we think that it would be improbable to disturb in performing the analysis using this 
model of R=30cm. 
 

NAKA-GAWA RIVER DIKE 
 
Now, Naka-gawa river dike is advanced to plan and 
construct for the seismic resistance. Particularly, it is 
noteworthy that the Naka-gawa river dike located 
near the river mouth has a thick sandy layer on a soft 
clay layer. The method of seismic resistance for the 
liquefaction adopted by Tokyo Metropolitan Gov-
ernment is generally the improved ground method 
(Deep Mixing Method) with steel pipe piles. In fact, 
all most river dike with an embankment has been de-
signed to use the most widely accepted circular slip 
method (limit equilibrium method) based on design 
horizontal seismic coefficient (kh=0.18). Generally, 
the practicing engineering estimates the seismic resis-
tance to employ the relationships between the safety 
factor (Fs) and the crest settlement of embankment 
(H: height of embankment) shown in Table 4, for 
example. However, it is not always enough to estimate the effectiveness of seismic resistance against the 
real disaster. Also, the problem of interaction between the ground foundation and structures (For example; 
pile structure, retaining structure, tunnel structure, pipe structure, etc) is very important for numerical 
analyses. For the first time, it tries to compare, the behavior of single pile obtained from Chang’s equation 
[17] that solved a differential equation based on the elastic support beam theory, with the results of 
analaysis. In the next place, it performs analysis in Naka-gawa river dike with the seismic resistance 
method. 
 
Table 5 shows the parameters of a single pile assumed a long free-headed pile in this analysis, and Figure 
17 shows results (Bending moment and deformation) obtained by analysis and Chang’s equation in five 
cases performed a force (F) at the top of pile. The parallel-bond model which can transmit both forces and 
moments between discs is adopted by the constitutive model of pile. A parallel bond is established by a set 
of elastic springs with contact normal and shear stiffness distributed a rectangular cross-section lying on 
the contact plane in center of the contact point. Also, Chang’s equation is offered as the following equa-
tion: 
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where E is the elastic modulus, I is the moment of inertia, kh is the coefficient of horizontal subgrade reac-
tion and B is the diameter of pile. 

Table 4 Safety factor and crest settlement 

 
 

Table 5 Parameters of single pile by analysis 

 



It is difficult to compare results 
of Chang’s equation with those 
(Case-1) of analysis considered 
the parameters shown in Table 
5. Therefore, we investigate the 
suitability of Chang’s equation 
in different analytical condi-
tions to other cases for main-
taining the objectivity. In Case-
2, it is assumed that the stiff-
ness of normal and shear 
springs of distinct elements put 
at the neighborhood of surface 
existing about 2m wide is 30 
times. And, in Case-3, it is set 
up not to destroy distinct ele-
ments attached fixedly to the 
pile. Although the results of 
Case-2 resemble those of Case-
1, the results of Case-3 are 
closely identical with those of 
Chang’s equation. Also, it is set 
up not to destroy distinct ele-
ments attached fixedly around 
the pile existing about 1m wide 
in Case-4 and 2m wide in Case-
5. Especially, the bending mo-
ment of Case-4 dose not coin-
cide with that of Chang’s equa-
tion. However, The results of 
Case-5 are identical with those 
of Chang’s equation as well as 
Case-3. Thus, we utilize the 
analytical condition of Case-5 
which need not be decided by 
empirical senses to perform the 
analysis in Naka-gawa river 
dike with steel pipe pile.    
 
Figure 18 shows the ground 
conditions consisting of 8 lay-
ers in the improved ground 
model with steel pipe pile 
(Height (H) of embankment is 
about 7m). Table 6, 7, 8 show parameters of steel pipe pile, improved ground and foundation ground of 
each layer. Figure 19 shows the distinct elements (R=30cm and n=0.16) by the improved ground model 
with steel pipe pile composed of more than eight thousand discs. Figure 20(a)(b)(c) show the deforma-
tion with excess pore water pressure ratio (0.2, 0.4, 0.6, 0.8) at 25 second of the existing model before 
constructing for the seismic resistance, steel pipe pile model and improved ground model with steel pipe 

 

 
 
 
 

 
 
 
 

 
 
 
 

 
Figure 17 Comparison between analysis and Chang’s equation 

Case-1 

Case-2･Case-3 

Case-5 

Case-4 



pile (A value in parenthesis is the maximum vertical permanent displacement of embankment crest), in 
using the input wave in Yodo-gawa river dike shown in Figure 13. The deformation of the existing model 
without the prevention work in front of the revetment moves in the direction of both riverside land and 
land side due to liquefaction flow, and about 70% of the initial height (H) of embankment settles (H×

0.7). Although the horizontal displacement at the top of pile in case of the steel pipe pile model is about 
2.0m, the vertical displacement of embankment crest (H×0.54) is smaller that by the existing model. In 
case of the improved ground model with steel pipe pile, the horizontal displacement at the top of pile is 
about 0.7m, and the vertical displacement of embankment crest (H×0.47) is less than 50% of the initial 
height of embankment. Also, the occupied liquefied zone areas in the shallow sandy layers is much 
smaller generally. However, the movement toward the land side is observed. In taking Table 4 for practic-
ing design into consideration, the safety factor (Fs(Δu)) obtained by the results of analysis is occupied 
within the limits of 0.6～0.8. As a result, Fs(Δu) would not be satisfied with the safety factor by practic-
ing design maintaining more than 1.0 at least.  

     
    Figure 18 Ground conditions of Naka-gawa river dike                 Table 7 Parameters of improved ground  

                                                                                     
Table 8 Parameters of foundation ground of 8 layers 

 
 

 
Figure 19 Improved ground model with steel pipe pile 

  Table 6 Parameters of steel pipe pile 

Steel pipe pile   
          Improved ground 

H=7m

Land side 

Riverside land 



 
There is an implied requirement that the 
reasonable earthquake resistant method 
withstands the strong ground motion of 
the near-field earthquake. Figure 21 
shows the input wave (Maximum accel-
eration: approximately 717gal) of the 
strong ground motion which were ob-
served at G.L.-83m in the Kobe Port Is-
land vertical array on reclaimed land op-
erated by Kobe city (Ejiri et al. [18]). 
Figure 22 shows the comparison of ac-
celeration response spectra with 5% 
damping which been obtained at Yodo-
gawa river dike shown in Figure 13 and 
the Kobe Port Island done in Figure 21. 
The acceleration response of the Kobe 
Port Island wave is stronger as twice or 
three times as that of Yodo-gawa river 
dike wave in the period from 0.1 to 5.0 
second. Figure 23 shows the deformation 
with excess pore water pressure ratio ex-
pressed by the degree of green color dots 
(0.2, 0.4, 0.6, 0.8) at 25 second obtained 
by the improved ground model with steel 
pipe pile in using the Kobe Port Island 
wave. Even though the horizontal dis-
placement (about 0.9m) at the top of pile 
in this case is a few larger than that 
(about 0.7m) in Figure 20(c), the vertical 
displacement (about 3.3m) of embank-
ment crest in this case is nearly identical 
with that (about 3.3m) in Figure 20(c). 
Despite the input wave with strong 
ground motions in the heavy earthquake, 
the drastic difference of deformation is 
not observed. Therefore, an input wave 
with strong ground motions in the heavy 
earthquake would exhibit the upper limit 
value for which the embankment would 
collapse.   
 
There are plans to construct an improved 
ground at land side of a river dike in the 
near future and a need to estimate the 
seismic resistance in adopting that 
method. Figure 24 shows the distinct 
elements by the improved ground model 
at land side. The parameters of improved 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 22 Acceleration response spectra 

   Figure 20(a)(b)(c) Existing model, steel pipe pile model 
and improved ground model with steel pipe pile 

(a) Existing model 

(b) Steel pipe pile model (3.8m) 

(c) Improved ground model with steel pipe pile (3.3m) 

Figure 21 Input wave (The Kobe Port Island) 
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ground model at land side is as-
sumed to be equal to the improved 
ground materials (No.4 and No.5) 
shown in Table 7. The deforma-
tion with excess pore water pres-
sure ratio at 25 second obtained by 
the input wave of Yodo-gawa river 
dike shown in Figure 13, is shown 
in Figure 25(a). And, the deforma-
tion with excess pore water pres-
sure ratio at 25 second obtained by 
the input wave of the Kobe Port 
Island shown in Figure 21, is 
shown in Figure 25(b). Despite 
the different input waves, the ver-
tical displacements (about 2.5m) at 
the embankment crest in both 
cases are approximately same 
value, and that of the improved 
ground model at land side is 
smaller than that of the unim-
proved ground model at land side 
shown in Figure 20(c) and Figure 
23. Especially, although the hori-
zontal displacement (about 1.4m) 
at the top of pile in the improved 
ground model at land side shown 
in Figure 25(b) is larger than that 
(about 0.9m) at the top of pile 
shown in Figure 23, the bending 
moment at 25 second by analysis 
exhibits less than the allowable 
limits (SKY-400 and SKY-490). 
As a result of analysis, it is impos-
sible to indicate the effectively of 
improved ground method at land 
side with steel pipe pile to prevent 
damage from liquefaction flow. 
 

CONCLUSIONS 
 
We have developed a calculating 
program for liquefaction flow by 
using DEM and introducing Iwan 
model, and the liquefaction analy-
sis method is applied to Yodo-
gawa river dike and Naka-gawa 
river. 
 

 
Figure 23 Deformation with excess pore water pressure ratio 

(The Kobe Port Island wave) 
 
 
 
 
 
 
 
 
 
 

Figure 24 Distinct elements by improved ground model 
at land side 

 
 
 
 
 
 
 
 
 
 

Figure 25(a) Deformation with excess pore water pressure ratio 
at land side (Yodo-gawa river dike wave) 

 
 
 
 
 
 
 
 
 
 

Figure 25(b) Deformation with excess pore water pressure ratio 
at land side (The Kobe Port Island wave) 
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Despite different disc radii (R=30, 15, 7.5cm) obtained by simple shear test, the results of analysis are ap-
proximately identical with the experimental results obtained by real specimen test. Particularly, in the case 
of R=7.5cm, the distribution of excess pore water pressure ratio for cyclic simple shear test obtained by 
analysis tends to coincide with σ1 direction inclining to π/4 from horizontal. 
 
The vertical displacement of embankment crest by damaged model in Yodo-gawa river dike, is larger than 
that by non-damaged model with a major bed. And, the former has good agreement with the actual meas-
ured maximum vertical permanent displacement. Although the vertical permanent displacement of em-
bankment crest tends to decrease relatively in accordance with the decrease of disc radii, it seems improb-
able to change when performing the analysis using the distinct elements of R=30cm.  
 
The vertical displacement of embankment crest in case of the improved ground model with steel pipe pile  
at riverside land in Naka-gawa river dike, is less than 50% of the initial height of embankment. And, the 
occupied liquefied zone areas in sandy layers is much smaller in comparison with both the existing model 
and steel pipe pile model. However, the movement in the direction of land side is observed. Also, the de-
formation of embankment crest obtained by the improved ground model at land side is smaller than that 
by the unimproved ground model at land side. Despite different input waves, the difference of deforma-
tion at embankment crest in employing the improved ground method, is not observed.  
 
This analysis method can indicate the effectively of improved ground method or steel pipe pile to prevent 
damage from liquefaction flow, and provide satisfactorily enough estimation to correlate results of real 
disaster. 
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