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ABSTRACT 
 
The dissipation energy consumed during cyclic loading is an index to represent the ductility performance of materials and 
structural members. This paper introduces a framework of seismic design for liquefaction based on the energy concept 
which takes the ductility performance of soils into consideration. Firstly, it is explained that the dissipation energy can be 
easily applied to the performance based design (PBD) for foundation structures subjected to liquefaction damage. 
Secondly, we show the difference in the ductility performance of brittle failure soils and ductile failure soils. In addition to 
this, we introduce a new procedure for evaluating the ductile nature and residual deformation property of soils. This new 
cyclic shear testing procedure makes it possible to evaluate the residual deformation properties of all kinds of soils from 
the small damage stage to the ultimate damage stage. Thirdly, we explain a simple method for the evaluation of the input 
seismic energy in a soil stratum. This method utilizes the relationship between elastic energy and dissipation energy 
obtained from an equivalent linear seismic response analysis. By comparing the dissipation energy obtained from a 
laboratory material test with that evaluated from the input seismic motion, it is possible to assess such design parameters 
as the subgrade reaction coefficient of soil and the loss of effective stress for the seismic design of foundation structures. 
 
 
 
1 INTORODUCTION 
 
After the Kobe earthquake, the intensity of the seismic 
ground motion for the earthquake proof design of 
structures became larger, and the seismic design of the 
structure shifted to a focus on performance-based design 
(PBD). If performance based seismic design is considered 
from the perspective of liquefaction phenomena, it is clearly 
insufficient in its present stage. 

Liquefaction is often a topic of lectures in earthquake 
engineering. An understanding of liquefaction phenomena 
leads us to the conviction that rather than aim to make 
structures and materials that never break in earthquake 
engineering, the objective should be to devise structures 
and materials that do not result in brittle failure. In 
conditions where there is huge uncertainty regarding 
seismic motion, and when the seismic motion could well be 
beyond what was expected in the design, it is crucial that 
brittle failure does not occur. The purpose of engineers 
should be to change the characteristics of the soil, 
stabilizing it by liquefaction countermeasures to avoid 
brittle failure. 

When liquefaction is understood as a brittle collapse 
type failure of the ground, the focus of the practical 
engineer tends to be only on whether liquefaction occurs 
or not. Before the Kobe earthquake, practical engineers 
considered soil improvement necessary if the soil was 
judged likely to “liquefy” without the need for any further 
consideration, since such soil was likely to be the cause of 
catastrophic damage if liquefaction occured. However, in 
the wake of the Kobe earthquake,  the focus in design 
shifted to the intensity of seismic ground motion and, the 
irrationality of the approach which had been taken became 
clear to many engineers.  This was particularly clear since 
they were judging even dense sandy and cohesive soils to 

be “liquefied”. At that time, the need to evaluate the ductility 
and the toughness of the soil to resist liquefaction became 
important for the first time (Kazama et al. 2000a). That is, 
it can be said that a second stage of research had been 
entered: interest had turned to what happens to the soil 
when liquefaction occurs as a follow up to the research on 
determining whether liquefaction would happen or not 
(refer to Figure1).  

Another feature of the liquefaction research after the 
Kobe earthquake that should be mentioned is that a wider 
type of soils were targeted due to the liquefaction of well 
graded decomposed granite soil liquefied during that 
earthquake (Kazama et al. 2000b). It should be noted that 
the fine content of soils and the long duration effects on soil 
liquefaction clearly remain problematic: a look at the 
liquefaction damage of Tokyo-bay area indicates the need 

 

Figure 1. Outline of the transition of liquefaction 
research (Kazama, 2011) 



 

for a greater understanding of fine content (i.e. Yasuda et 
al., 2012). 

In the design of seismic resistant buildings, the 
ductility of the structure has long been understood to be 
the most important design issue. It is well known that the 
ductility of structural members can be represented by the 
work consumed during cyclic external forces. After the 
Kobe earthquake, many kinds of reinforcement methods 
for the improvement of the ductility performance have 
been developed to reinforce bridge foundations. As a 
result, very little damage was incurred to bridge 
foundation structures during the 2011 off the Pacific 
Coast of Tohoku Earthquake. It can be concluded, 
therefore, that structural engineers well perceived the 
importance of dissipation energy as a scalar index 
representing the ductility performance of the structure 
subjected to seismic load. In stark contrast to this success 
story is the issue of seismic design with regard to 
liquefaction damage assessment: little attention is paid to 
the ductility of soils, and this consideration has yet to be 
introduced into practical design. This is perhaps because 
the ductility nature of soils subjected to cyclic load has yet 
to be appropriately evaluated (Kazama, 2011).  

Based on the concept above, the dissipation energy 
concept is well suited to the PBD for liquefaction. This 
paper introduces a framework of seismic design for 
liquefaction based on the energy concept utilizing the 
ductility performance of soils. 
 
 
2 PBD FRAMEWORK OF LIQUEFACTION DAMAGE 

ASSESSMENT   
 

2.1 Liquefaction of ground is not consistent with the 
damage of ground and foundation structure 
system 

 
Figure 2 shows the schematic relation between acceptable 
level of damage and seismic action level in PBD to 
liquefaction. PBD procedure is the evaluation work to judge 
whether the damage level is acceptable or not when an 

object structure is subjected to the design seismic action 

and if it is not acceptable, to do countermeasures. 
Here we have to pay attention to that the purpose of 

design is to evaluate the performance of ground-foundation 
structure system not to predict the occurrence of 
liquefaction itself. If the importance (such as protection of 
human life and property, functions as an emergency base 
for transportation, protection from spilling hazardous 
materials and necessary repair work time etc.) of target 
ground-foundation structure system is different, required 
performance level is different (Iai and Tobita, 2010). 
Therefore, the evaluation method is not unique. Firstly, we 
should consider the required performance of the object 
system, and distinguish the fatal damage from acceptable 
damage from various viewpoints. To do this, we should 
study many damage case histories thoroughly, and find the 
relation between the physical damage degree such as 
residual deformation and destruction mode, and easiness 
of repair work, economical loss, and business continuity. 
Based on the above study, the organization administrating 
the facility can find the performance specification. 

 
2.2 Procedure of seismic design of ground-foundation 

structure system against to liquefaction.  
 

The procedure for the liquefaction resistance design of the 
ground and foundation structure system we considered is 
shown in Figure 3. The first step is to clearly certify the 
performance specifications for various levels of seismic 
action. With the current situation in mind, two stages were 
established for the prediction of liquefaction damage. One 

 

Figure 2. Schematic relation between acceptable level 
of damage and seismic action level in PBD to 
liquefaction.  
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Figure 3. Procedure of liquefaction resistance design of 
ground and foundation structure system. 
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is a first screening using a simple judgement method to 
predict whether liquefaction should be considered or not. 
The other one is a more detailed prediction of liquefaction 
damage. The intention is to establish a method for 
predicting the damage degree which should be improved 
upon hereafter by utilizing all the various guidelines and 
knowledge available to us. 

The off the Pacific Coast of Tohoku Earthquake caused 
widespread liquefaction in Urayasu City and in other 
reclaimed land in the Tokyo Bay area. The following are 
some of the main features of the liquefaction: (a) Although 
the tremors continued for a long period, the seismic 
intensity was only about 5, and the maximum acceleration 
recorded at monitoring locations where no sand boiling 
occurred was less than 200 Gal. (b) Sand boil sampling 
indicated that liquefaction had occurred in soils with fines 
contents of 20 to 60%, although it had been considered 
until then that liquefaction was unlikely to occur in grounds 
containing such fine fractions. (c) Although liquefaction was 
concentrated in areas that had been reclaimed relatively 
recently, the level of liquefaction damage was spatially 
non-uniform, and there were large differences in the 
amount of damage. (d) Re-liquefaction due to the 
aftershock that occurred 30 minutes after the main 
earthquake, resulted in further damage. 

In response to this liquefaction damage, The Ministry of 
Land, Infrastructure, Transport and Tourism set up a 
technical committee to study measures against liquefaction 
and to investigate the accuracy of the FL method, which is 
a representative method of judging liquefaction (Ministry of 
Land, Infrastructure, Transport and Tourism, 2011., see 
Table 1). The validity of the FL method was then confirmed 
based on the fact that no liquefaction had occurred at any 
of the 24 locations judged as sites where there would be 
no liquefaction occurrence. However, of the 88 locations 
that were judged to be sites where liquefaction would 
occur, as many as 35 exhibited no liquefaction. This in itself 
demonstrates that this method of prediction cannot be 
considered highly accurate: clearly better methods for 
judging liquefaction need to be developed along with 
further investigations into the liquefaction mechanism. It is 
clear that the current FL method has clear limitations and 
the method provides very conservative results. 

 
Table 1. Results of evaluation of liquefaction (Ministry of 
Land, Infrastructure, Transport and Tourism, 2011.). 

Results of evaluation 
and location of 
occurrence 

Liquefacti
on (no. of 
locations) 

No liquefaction 
(no. of 
locations) 

Total

Liquefaction ( 1
L
F ) 53 35 88

No liquefaction ( 1
L
F ) 0 24 24

 

Considering the information above, portions 1, 3, 4 and 
5 in the liquefaction resistant design in Figure 3 need to be 
improved. Of these, the improvement of the third part 
should be considered the most important because of its 
significant influence on the fourth and fifth parts. Further, 
while the current FL method is effective for hazard 
evaluation, we should realize that it is not effective for use 
in developing a detailed design for a specific structure at a 
specific site. Furthermore, we have to give design 
conditions as consistent conditions required by a design 

method. In that case, for example, when seismic action is 
given as a maximum acceleration or seismic intensity, the 
frequency content and the duration of seismic motion are 
ignored. In that sense, if the parameters of soils are 
estimated from the N-value, the accuracy never extends 
beyond that of the N-value 
 
 

3 EVALUATION OF DUCTILITY NATURE OF SOILS 

AGAINST TO LIQUEFACTION FROM CYCLIC 

SHEAR TEST 

3.1 Problem with the stress controlled cyclic shear test 
 

In its current state, the liquefaction test of the soil is 
basically a stress controlled undrained cyclic shear test. 
The behavior is commonly reported in terms of a fatigue 
model in which the number of cycles N to a particular failure 
criterion is taken as the basic result of the cyclic shear test. 
Commonly, data are presented in terms of the cyclic stress 
ratio against the number of cycles of loading to cause a 5% 
double amplitude strain. Sometimes the condition when the 
excess pore water pressure first equals the 95-100% initial 
effective stress is taken as an alternative failure criterion to 
the double amplitude of strain. 

A new problem that arose from the Kobe earthquake 
was how the soil reaches the failure state and behaves 
afterwards when the soil is subjected to large stress close 
to static shear strength with a low cycle. The soil naturally 
reaches the failure criterion state after two or three 
successions of cyclic loading when a constant stress 
amplitude near static strength is applied repeatedly. It is 
natural that the soil will liquefy easily if the design external 
load level increases. However, the question is do all types 
of soil become liquefied in the event of seismic ground 
motion as large as the Kobe earthquake, and would the 
extent of the damage be similar? 

The authors showed that the constant stress amplitude 
controlled cyclic test was an unsuitable testing method to 
the load at large amplitudes with a low cycle, and proposed 
a strain controlled testing method (Kazama et al. 1998). 
This is because it is impossible to repeatedly apply a large 
constant shear stress ratio to soils with strain softening 
behavior. Despite this, the framework of the liquefaction 
test has remained unchanged some 20 years since the 
Kobe earthquake. 

 
3.2 Difference of residual deformation property of soils 

– the degree of liquefaction 
 
In general, when we use the term "liquefaction", it is 
understood that we are talking about a phenomenon 
whereby there is a loss of shearing resistance of the 
saturated loose sandy soil when subjected to cyclic 
shearing due to seismic ground motion, with excess pore 
water pressure rising gradually, and the eventual loss of 
the effective stress. We imagine, however, that there are 
many readers who are of the impression that the term “the 
degree of liquefaction” simply indicates the level of the rise 
of the excess pore water pressure. It is, however, not the 
case that the rise in the extent of hydraulic pressure is 
equal to the degree of liquefaction when we consider the 



 

level of damage caused by liquefaction immediately by 
gauging the amount of the residual deformation of the 
ground. The deformation characteristic of loose sand and 
dense sand differs significantly even when both have an 
excess pore water pressure ratio of close to 100%. That is, 
in the case of dense sand, the effective stress recovers 
after a little deformation and the deformation does not 
proceed further. On the contrary, the deformation of loose 
sand is considerable until either the effective stress 
recovers or brittle failure occurs. The above-mentioned 
phenomenon is well-known. To date, the terminology 
“liquefaction” has been used as jargon by researchers 
when a loose sandy soil causes brittle failure. It should be 
distinguished from cyclic mobility, which refers to the cyclic 
softening occurs that occurs without runaway strains 
 
3.3 Review of the normalized dissipation energy 

(NDE) as an index of liquefaction potential of soils  

 
The amount of dissipation energy W is represented by the 
area covered with the hysteresis loop. It is called “shear 
work” alternatively. Dissipation energy normalized by initial 
mean effective stress w t / ′ , the so called normalised 
dissipation energy (NDE) which is sometimes referred to 
as the dissipation energy per unit volume, is represented 
by the following equation when the time histories of shear 
stress 	 t  and shear strain 	 t  are given.  

 ́ ́ ∮ ́                                (1) 

 
This index, as a liquefaction potential index, has been 

researched widely (Nemat-Nasser and Shokooh, 1979; 
Towhata and Ishihara, 1985; Yanagisawa and Sugano 
1994; Figueroa et al., 1994; Liang and Figueroa, 1995; 
Kazama et al., 2000a, 2006; Dief and Figueroa, 2007). 
Early stage researchers found that the generation process 
of the pore water pressure is consistent with that of 
dissipation energy during cyclic shear. Figueroa et al. 
(1994) also found that the dissipated energy could replace 
both the amplitude of the shear strain and the number of 
cycles to predict the onset of liquefaction. Lian et al. (1995) 
also pointed out that this concept has better applicability to 
liquefaction under random loading. 

According to previous research, it is known that the 
dissipation energy is a parameter dependent on the strain 
range level, the kind of soil and its density. The two latter 
parameters present no problem in that density is naturally 
dependent on the kind of soil. The difficult point is that 
because the strain range level is not linearly related to the 
allowable damage level, it is difficult to determine the strain 
level which should be considered. 

 
3.4 Overview of the NDE of various kind of soils under 

constant stress controlled test 
 

To evaluate the liquefaction potential, the amplitude of 
shear stress or strain has traditionally been related to the 
number of cycles to liquefaction (Seed and Idriss, 1971; 
Dobry et al.,1982). Whether it is the stress or the strain 
which has been employed, the results tend to represent a 
fatigue curve. Here we are going to pay attention to the 
NDE obtained from the constant shear stress controlled 

test data after the 2011 earthquake provided by Public 
Work Research Institute (PWRI) in Japan (Sasaki, et. al 
2016).  

The properties of samples and testing conditions 
introduced here are shown in Table 2. Figure 4 shows the 
undrained cyclic shear strength curves of three different 
sites. From the strength curves, Rl20 of soils ABC are 
obtained 0.14, 0.215 and 0.24, respectively. Here, Rl20 is 
the shear stress ratio corresponding to 20 cycles in 
undrained shear strength curve shown in Figure 4. From 

Table 2. Site condition and cyclic triaxial test data used in 
the Figures 4 and 5 (provided by PWRI). 

Sample 
No. 

Site name 

(N1-value)

Dry density 

(kN/m3) 

Stress 

 ratio 

No. of cycles 
(DA=5%) 

A1 Kasumigau
ra 

(11.3) 

 

1.482 

 

0.213 2.5 

A2 0.117 56.5 

A3 0.158 9.5 

B1 Urayasu 

Maihama

(4.1) 

 

1.420 

0.203 37 

B 2 0.254 10.5 

B 3 0.187 28 

C1 Jyoso 

Jyojya 

(3.9) 

 

1.312 

0.285 13.5 

C2 0.161 82.5 

C3 0.210 23.5 

 

 

Figure 4. Example of Undrained cyclic shear strength 
curve of soils for three different sites 

 

 
Figure 5. Relation between excess pore water pressure 
ratio and NDE of soils sampled from three different sites 
during cyclic shear up to double amplitude of strain 5%. 
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the stress strain relationships of each test, we can evaluate 
the time histories of NDE using the equation (1).  

Figure 5 shows the relation between the NDE and 
excess pore water pressure of all 9 samples. It is found that 
the soil sample with the stronger liquefaction resistance 
accumulates a much larger NDE during the undrained 
cyclic shear process. It is clear that that the liquefaction 
resistance of soils can be more clearly assessed from the 
NDE than from Rl20, because NDE is more sensitive than 
Rl20. It is also found that brittle liquefiable soils can be 
distinguished from non-liquefiable or ductile soils such as 
clay. For example in Figure 5, excess pore water pressure 
of cohesive soils did not reach 95% or more. It is clear that 
soils of a more ductile nature are capable of consuming 
more energy after reaching the initial liquefaction stage. 
This explains why the NDE represents the ductility of the 
material. It is also should be noted that the soils still have 
shear stiffness at the final state after reaching double 
amplitude of shear strain 5%. 
 
 
4 NEW LABORATOTY CYCLIC SHEAR TEST FOR 

EVALUATING DUCTILITY NATURE AND 
RESIDUAL DEFORMATION PROPERTY OF SOILS 

 
4.1 The concept of the test 
 
The concept and procedure of the proposed test method 
are shown in Figure 6. The procedure is comprised of the 
following steps: the evaluation of the accumulation 
characteristic of the excess pore water pressure by 
constant stress amplitude shear, the evaluation of the 
stiffness deterioration after initial liquefaction by constant 
strain amplitude shear, the evaluation of the behavior of 
liquefied soil by post-liquefaction monotonic loading, and 
the evaluation of the residual volumetric strain by drainage. 
The term ductility indicates the resistence of the soil to 

liquefaction. As explained in the former section, NDE 
represents the ductility of soils in energy terms.  
 
4.2 Constant stress amplitude shear test (STEP 1) 
 
A constant stress amplitude test is conducted using the 
expected stress ratio against design earthquakes of 
various magnitudes. There is an increase in excess pore 
water pressure and strain in the soil when subjected to 
cyclic loading. The potential for liquefaction is judged by the 
number of cycles required until the strain level is reached. 
However, in the case of dense soil and clay, a small 
increase in the excess pore water pressure and strain 
causes the shear stress-strain loop to converge even while 
cyclic loading continues. In that event, the soil is regarded 
as a non-liquefiable material under that stress ratio: 
drainage occurs after convergence. The test procedure is 
capable of determining whether a given material is prone 
to liquefaction under a specific level of stress ratio.  

In a typical liquefaction test conducted with constant 
stress amplitude, strain keeps increasing because the 
specimen is subjected to cyclic loading until a certain shear 
strain is reached. This step is the same as the current 
stress-controlled cyclic shear test except that it is possible 
to set any stress amplitude and any shear strain level. 
 
4.3 Constant strain amplitude shear test (STEP 2) 
 
In the next step, constant strain amplitude cyclic shear is 
applied to the specimen at the point where strain exceeds 
a specific value, instead of a constant stress amplitude 
shear test. In general, the stress-strain loop moves toward 
the x-axis during constant strain amplitude cyclic shear; in 
other words, the stiffness of the soil gradually decreases. 
Cyclic loading is applied to the specimen until the stress-
strain loop passes through an identical trace. At this time, 
the stress-strain loop is regarded as stable. The stress-
strain loop stabilizes when the apparent lower limit of the 
stiffness of the soil has been reached (stiffness does not 
change when shear strain continues to be applied), and the 
test moves to the next stage in the process, i.e., to 
monotonic shear loading. The stiffness deterioration 
characteristics of soil resulting from cyclic loading are 
examined in this process. By counting the number of cycles 
until the stress-strain loop stabilizes, the ductility of the soil 
can be estimated. When specimens reach the state of their 
apparent lower limit of stiffness, the procedure is 
terminated. Therefore, the post-liquefaction damage 
potential can be investigated and compared irrespective of 
loading history and the type of material. It should be noted 
that the loading history until the state of apparent lower limit 
of stiffness is reached varies depending on the material 
and density. 
 
4.4 Undrained monotonic shear test (STEP 3) 
 
Post-liquefaction behavior is examined by applying 
undrained monotonic shear to a specimen that has 
reached its apparent lower limit of stiffness after being 
subjected to the two types of cyclic loading described in 
steps 1 and 2. In some cases, liquefied soil recovers its 
strength after it is subjected to undrained monotonic shear 

 

Figure 6 Schematic diagram of new elementary test 

proposed by Kim 2015 considering residual deformation 

properties of liquefiable soils. 
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loading. The dilation characteristic of soils after liquefaction 
can be examined on the basis of their post-liquefaction 
monotonic behavior. While dilative materials recover 
strength easily when undrained monotonic shear loading is 
applied, non-dilative materials require significantly large 
shear strain for their strength to be recoverable. Materials 
showing dilative behavior are regarded as having a low-risk 
of inducing flow-like damage. On the contrary, non-dilative 
materials are considered to have a substantially high 
potential of incurring flow-like damage. Details of the 
procedure in this part of the test can be seen in Kim (2015). 
 
4.5 Unloading of shear stress and drainage (STEP 4) 
 
To reproduce the zero shear stress condition at the end of 
an earthquake on level ground, shear stress is unloaded to 
zero. As a result, rather than flow failure, liquefaction on 
level ground results in settlement due to the volumetric 
strain. Under these conditions, shear stress is unloaded 
and drainage is carried out following the application of 
monotonic loading, and residual volumetric strain is 
obtained. Since the shear strain does not return to its 
original value even when shear stress becomes zero, 
drainage is performed while some of the residual shear 
strain remains. 
 
4.6 Example of the soil performance evaluated by the 

proposed testing procedure. 
 
Using this test procedure, it is possible to investigate such 
characteristics as liquefaction resistance up to liquefaction, 
stiffness deterioration after liquefaction, post-liquefaction 
behavior during monotonic loading, and volumetric 
compression. Typical testing data for four kinds of soils in 
Step 1 and Step 2 using hollow cylindrical torsional cyclic 
shear apparatus were ascertained, and the properties of 
the samples and stress ratio used in Step 1 are given in 
Table 3.  

Figure 7 shows the stress strain relationships obtained 
from the test series. It should be note that in the case of 
silty clay the test proceeded to Step 2 even though the 
single amplitude shear strain remained below 2.5 after 200 
cycles. From the stress strain relationships, we can 

evaluate the time histories of NDE by equation (1). Figure 
8 shows the relation between the NDE and excess pore 
water pressure. It is found that the soil sample with the 
stronger liquefaction resistance accumulates a much 
larger NDE. This nature consistent with that shown in 
Figure 5: it should be noted though that soils with a ductile 
nature accumulate at least twice the NDE during Step 2 
than that accumulated during Step 1. Figure 9 shows the 
variations in the secant shear stiffness reduction ratio 
G/G1 ,where G1 is that obtained from first cycle in Step 1. 
As shown in the figure, the stiffness reduction of the soil 
with fines in Step 2 was more gradual than that of sand 
samples. The results in Figures 7 to 9 indicate that the 
NDE is a sensitive and useful index to represent 

Table 3. Properties of samples used in the new testing 
procedure. (Kim, 2015). 

Sample name: :Soil kind Dry Density (kN/m3)

Relative density(%)

Stress 
ratio 

Sand (Dense): Quartz sand 1.36 (80%) 0.3 

Sand (loose):Quartz sand 1.45 (40%) 0.1 

Sand with loam: Quartz mixed 

with Aobayama loam (50%) 

1.53 0.2 

Silty clay: Naruse river 0.87 0.4 

 

 
 

Figure 8 Relation between the normalized dissipation 

energy and excess pore water pressure for four kinds of 

soil samples. 

 
 
Figure 9 Relation between the NDE and shear stiffness 
reduction ratio in each cycle for four kinds of soil samples
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Figure 7 Relation between shear stress and shear strain 
for four kinds of soil samples. 
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liquefaction resistance of soils, and clearly reflects the 
ductility nature of the soils. Furthermore, it is understood 
that the test in Step 2 is capable of evaluating the stiffness 
reduction up to very small stiffness, and that G/G1 can be 
used to estimate the subgrade reaction 

 
 

5. EVALUATION OF DISSIPATION ENERGY 
INDUCED BY A SEISMIC MOTION 

 
In early stage research (Berrill and Davis, 1985; Law et 
al.,1990.), the density of dissipated seismic energy was 
estimated from seismological knowledge such as 
magnitude of the earthquake and radiation property 
statistically. This kind of estimation is effective for 
estimating the liquefaction hazard.  

On the other hand, when we want to evaluate the 
dissipation energy induced by design input motion at a 
specific site as a prediction problem, a seismic response 
analysis is required to estimate the ground response. This 
is vital because the ground response varies significantly 
depending on the soil profile. Here, we introduce two 
methods suitable for use in practical design using the one-
dimensional equivalent linear analysis. (Of course, if the 
liquefaction behavior of soil is well tested using undisturbed 
soil samples and the constitutive model is well established 
for non-linear effective stress analysis, it is possible to use 
it directly.) 

One method was proposed by Kokusho. Kokusho and 
Motoyama (2002) studied energy dissipation in the surface 
layer of Kobe Port Island during the 1995 Kobe earthquake 
using the array records. They showed the method to 
evaluate the upward and downward energy flow based on 
the one–dimensional SH wave multi-reflection theory. 
Kokusho and Mimori (2015) used the method of the input 
seismic energy based on the wave propagation theory and 
applied it to an energy-based liquefaction potential 
evaluation method. They studied a uniform sand model 
shaken by strong seismic motions recorded at different 
sites. In their article, the upward SH wave is calculated by 
a one-dimensional equivalent linear response analysis 
based on wave multi-reflection theory, and then the seismic 
energy induced by the upward wave is obtained from the 
following equation: 
 

                                                       (2) 

 

Where, particle velocity of the seismic wave 
propagated in the upward direction,  the S-wave 
velocity of the layer, and ρ soil density. 

The other method that has been proposed was put 
forward by the first author of this paper and his colleagues 
(Kazama et al. 1999). It can be summarized as follows: 
Firstly, elastic energy W , can be obtained from the time 
history of shear strain  and the convergent equivalent 
shear stiffness   as follows: 

 W                                                     (3) 

 
In addition to this, there is the following relation among 

the elastic energy , the energy ∆  and the convergent 
damping ratio  during the i-th cycle. 
 ∆W 4                                                             (4) 

 
For example, when the time history of elastic shear 

strain is obtained from the response analysis, as shown in 
Figure 10, the dissipation energy consumed during a half 
cycle can be obtained for summing the elastic energy of 
each loading process multiplied by the damping ratio. 
 ∆W 2 ∑                                                (5) 

 
Kazama et al. (1999) studied the seismic wave intensity 

of various observation records from the above dissipation 
energy accumulated in certain surface ground for Kobe 
Port Island site. In addition, the energy dissipation capacity 
of reclaimed decomposed granite soil was obtained from a 
laboratory cyclic tri-axial test under strain-controlled 
condition, and inferred from an array of observation records. 
The calculated results of the equivalent linear analysis from 
a case study of Port Island during the 1995 Kobe 
earthquake were all in good agreement (Kazama et al., 
2000a). 
 

 
 

Figure 11 Framework of the PBD to soil liquefaction based 

on the dissipation energy. 

 
 
Figure 10 Example of the time history of the elastic 
energy accumulated in the soil subjected to random 
shear loading. 
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6. FRAME WORK OF SEISMIC DESIGN TO SOIL 
LIQUEFACTION BASED ON ENERGY CONCEPT 

 
By comparing the dissipation energy inferred from input 
seismic motion to design parameters such as shear 
stiffness deterioration and effective stress loss, the design 
parameters corresponding to input seismic motion at the 
specific site can be obtained. Figure 11 shows the 
framework of the concept. Using the dissipation energy, the 
duration effect of input motion can be considered as well 
as the ductility nature of soils. This method is shown to be 
suitable to PBD for liquefaction. 
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