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An optimization procedure for the design seismic coefficient for gravity type quay walls is discussed
based on the risk management concept. First, seismic risk evaluation for 280 ports in Japan is conducted to
obtain the optimum design seismic coefficient. Second, the variation of the optimum seismic coefficient for
the important quay wall or the quay wall with longer service life than usual is examined. Finally, the rela-
tionship between peak ground acceleration given by seismic hazard analysis and the optimum design seis-
mic coefficient is examined. The results indicate that the current design seismic coefficient is regarded as
reasonable since it is close to or conservative of the optimum design seismic coefficient.
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1. INTRODUCTION

In current design practice for gravity type quay
walls, the pseudo-static approach with a design
seismic coefficient is utilized.” The seismic coeffi-
cient is defined as the seismic load divided by the
weight, based on the assumption that the seismic
load is proportional to the structure’s weight. The
seismic load is assumed to act as a static load in the
pseudo-static method, though the actual seismic load
is a dynamic load induced by input ground motion.
Therefore, the relation between seismic coefficient
and the level of input ground motion required the
damage to quay walls is examined.” ¥ Furthermore,
a simplified damage evaluation technique using the
seismic coefficient is developed”, and the effect of
design seismic coefficient improvement on seismic
risk reduction is examined also.”

Since all the structures must be stable against
level-1 earthquake motions whose return periods are
about 75 years in current design practice”, the de-
sign seismic coefficient represents the ground mo-
tion level for the level-1 earthquake.® Here, return
period is defined only in a probabilistic way and it
does not imply that the ground motion level of the
level-1 earthquake occurs every 75 years. For ex-
ample, the probability of a structure with a lifetime
of 50 years to encounter a ground motion level with

a return period of 75 years or more is approximately
50%.

However, probabilistic information such as the
probability of encounters for a certain level of
ground motion is quite vague for the designer. It is
simple to say, why 50% for 50 years and why not
25% for 100 years or something else? Is the opti-
mum procedure in the design of gravity type quay
walls to give the design seismic coefficient that cor-
responds to the ground motion whose occurrence
probability is only 50%, even if the quay wall will
be used for 50 years? In addition, how much should
the designer increase the design seismic coefficient.
if the quay wall is important? To answer these ques-
tions, the risk management procedure is useful. For
example, once the risk is defined in terms of cost
such as annual expected loss (AEL)”, the
cost/benefit balance of seismic retrofit (seismic per-
formance improvement) can be considered, and
hence, its optimization is possible.””® Since a risk
assessment procedure for gravity type quay walls
has already been proposed by the author”, a risk
management procedure is applied to optimize the
design seismic coefficient for gravity type quay
walls in this paper.
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Fig. 3 Effects of the width to height ratio W/H (for equivalent SPT N-value of 15)®

2. SEISMIC RISK EVALUATION
CONSIDERING REGIONAL SEISMIC
HAZARD

Gravity type quay walls are made of concrete
caissons or other retaining structures placed on a
foundation, sustaining earth pressures from backfill
soil behind the wall. The factors goveming seismic
performance of a gravity type quay wall include
wall dimensions, the thickness of soil deposit below
the wall, and the liquefaction resistances of subsoil
below and behind the wall, as well as the levels of
seismic shaking at the basement. A schematic figure
of a gravity type quay wall is shown in Fig. 1. Major
cross sectional dimensions are specified by the
width (W) and the height (H) of gravity wall, and
thickness of subsoil below the caisson (D/) and be-
hind the caisson (D2). The width to height ratio (as-
pect ratio: W/H) of a gravity type quay wall is one of
the most important parameters since it has been cor-
related with the seismic coefficient as shown in Fig.
2 using Japanese case histories.

Randomly selected 40 cases are used for this fig-
ure since there are large number of gravity type
quay walls. The reason why the data in Fig. 2 are
scattered is W/H is dependent on not only seismic
coefficient but also geotechnical condition such as
internal friction angle of backfill. Since there are
large number of cases with seismic coefficient of 0.1,
W/H for the seismic coefficient of 0.1 are scattered
in wide range. However, since the average value
of W/H is clearly dependent on seismic coefficient,
W/H was chosen as the index parameter of seismic
cocfficient in this research.

Using these parameters, a parametric study with
an effective stress based finite element method is
conducted in order to prepare simple seismic per-
formance evaluation charts.” A finite element code
called FLIP'” with multi-spring model and the
ground motion observed at Kobe Port Island site
during 1995 Hyogoken-nanbu earthquake was used
in the parametric study. Fig. 3 shows an example of
the charts with an assumption that D2=H for sim-
plicity, where d/H is the normalized seaward dis-
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Fig. 5 Classification of soil layer for liquefaction prediction based on equivalent acceleration and equivalent N values”

placement at the top of the wall (seaward displace-
ment divided by the wall height). It indicates that a
larger W/H gives a smaller damage of the quay wall
if D1/H=0.0 (no sand deposit layer below the cais-
son) but not in the case if DI/H=1.0 (deep sand de-
posit layer below the caisson). It means that an in-
crease of seismic coefficient is effective for the re-
duction of seismic damage if there is no sand de-
posit layer below the caisson, but it is not effective
if there is deep sand deposit layer since the defor-
mation of the sand deposit layer is dominant in this
case.

Based on the aspect ratio (W/H) and peak accel-
eration level at the basement, a rough estimate of the
deformation level of a quay wall can be obtained
with this figure. The applicability of these charts
was verified with 55 case histories in Kobe Port
(1995 Hyogoken-nanbu earthquake) and Kushiro

Port (1993 Kushiro-oki earthquake) as shown in Fig.

4>,

It should be noted here that the equivalent SPT N
values for the sand deposit below and behind cais-
son is assumed to be 15 in Fig. 3. The equivalent

SPT N value is the corrected SPT N value for an
_effective vertical stress of 65 kPa in terms of
equivalent relative density and is commonly used
for liquefaction prediction in Japanese port areas.”
As shown in Fig. 5, the equivalent SPT N value of
15 is close to the threshold of the high possibility of
liquefaction range regardless equivalent acceleration
levels. It means that the charts in Fig. 3 are for the
case with no liquefaction occurrence and agrees
with the current design requirement, since liquefac-
tion countermeasures should be installed under the
current design code if liquefaction occurrence were
predicted.

Since the optimization of the seismic coefficient
for use in pseudo-static approach is the focus of this
paper, the assumption of pseudo-static approach is
utilized, i.e. no liquefaction and/or deformation of
sand deposit below the caisson is considered.
Therefore, Fig. 3 (a) is used in the following discus-
sion. '

Based on the seismic performance evaluation
charts, ‘a risk assessment procedure with Monte
Carlo simulation using the variance of the actual
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displacement and the estimated displacement by the
charts as the parameter of randomness is proposed
by the author”. The flow chart of the risk assess-
ment procedure is shown in Fig. 6. As a result of the
risk assessment procedure, annual expected loss is
obtained, which is defined as the product of prob-
ability and loss as follows®,

AEL = I:Ph(x)Z{Pf(cj|x)-cj}dx (1)

where, Ph(x) is the hazard (annual probability of
occurrences for strong ground motion level of
x); Pf(cjfx) -¢; is the fragility, which is defined as

the product of 'Pf(cj]x) (the probability of occur-
rence of j-th damage level for strong ground mo-
tion level of x) and ¢, (the magnitude of loss for
the j -th damage level).

The seismic hazard P,(x) can be calculated as

the results of seismic hazard analysis. For example,
Nozu et al. conducted a seismic hazard analysis for
Japancase coastal area with historical earthquake
data during 1885 to 1995%. The probability of dam-

age occurrence P, (cj|x) can be given as fragility

curves. For example, the author applied Monte
Carlo simulation to obtain fragility curves for grav-
ity type quay walls under various conditions®. The

Table 1 Damage criteria and its loss”

Damage level Ngrmalized seaward Loss
displacement (d/H) | (1000yen/m)
Degree 1 1.5~5% 500
Degree 11 5~10% 1,000
Degree 111 10~15% 5,000
Degree IV | Larger than 15% 15,000

magnitude of loss ¢; is an important parameter,

but difficult to be defined. For example, Table. 1
shows a damage level criteria based on normalized
seaward displacement and its loss per unit length of
quay wall based on restoration cost”. Although this
criteria do not consider the indirect loss such as the
economic impact on society, this damage criteria
and loss estimation was used in this paper since it
gives conservative loss estimation. Restoration cost
might be dependent on the characteristic of quay
wall. For example, since the price of the structure
designed with large seismic coefficient is higher
than that with small seismic coefficient, cost of the
damage might be higher even if the damage is the
same. However, this effect is not considered in this
research since restoration cost is dependent on many
other factors such as size of quay wall, restoration
method, etc., and the restoration cost data_scattered
too much to consider these differences™.

Once AEL to the quay wall is estimated, risk re-
duction through the improvement of initial construc-
tion can be regarded as the benefit. Hence, the de-
signer of a quay wall can discuss the optimum de-
sign seismic coefficient as an optimization of the
cost/benefit balance of the initial construction cost.

3. BACKGROUND OF REGIONAL
DESIGN SEISMIC COEFFICIENT IN
JAPAN

In current design practice, design seismic coeffi-
cient should be determined with the following equa-
tion.

Seismic coefficient
= Regional seismic coefficient
X Factor for subsoil condition
X Importance factor )

Regional seismic coefficient is given in five
categories (Region A, 0.15, to Region E, 0.08), as
shown in Fig. 7. It has been determined from the
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Fig. 8 Regional design seismic coefficient distribution

distribution of peak ground acceleration with a re-
turn period of 75 years”, based on an averaged rela-
tion between seismic coefficient and peak ground
acceleration at baserock as shown in Table 2. To
obtain the distribution of peak ground acceleration
with a return period of 75 years, a seismic hazard
analysis for the Japanese coastal area was conducted
based on historical earthquakes from 1885 to 19957,
Since the seismic hazard analysis was conducted for
each ports, an averaging procedure was conducted
to obtain a single value of seismic hazard for each
region.

It should be noted here that the peak ground ac-
celeration in Table 2 is expressed in terms of SMAC
equivalent acceleration. The SMAC equivalént ac-
celeration is the acceleration filtered by the SMAC
equivalent filter in order to get the maximum accel-

Table 3 Factor for subsoil condition"

Classification Istkind | 2nd kind | 3rd kind
Factor 0.8 1.0 1.2

Table 4 Classification of subsoil”

Thickness of
Sand or Soft
Quaternary Gravel cla round
deposit Y g
less than Sm " 1st st 2nd
5-25m 1st 2nd 3rd
more than 25m 2nd 3rd 3rd
Table 5 Importance factor”
Category Special A B C
Factor 1.5 1.2 1.0 0.8

eration value which corresponds to the virtual ac-
celeration, which might be observed if the
SMAC-B2 type accelerograph was installed at the
site'”. Since the SMAC-B2 type accelerograph is
insensitive to the high frequency component, the
SMAC equivalent acceleration is less than the actual
observed value. The relationship between regional
seismic coefficient and peak ground acceleration
(SMAC equivalent) with a return period of 75 years
is shown in Fig. 8. The data scattered since averag-
ing procedure was conducted in defining the re-
gional seismic coefficient as shown in Fig. 7, and
the local seismic hazard for each port are not identi-
cal with regional seismic hazard used for the defini-
tion of regional design seismic coefficient.

The factor for subsoil condition is given in three
categories as shown in Table 3, and these categories
are determined by the thickness of the Quaternary
deposit, as shown in Table 4. The importance factor
is given in four categories as shown in Table S,
based on the possibility of human life loss, magni-
tude of possible economic impact, difficulty of res-
toration, etc.

For 280 ports in Japan, where the results of seis-
mic hazard analysis were given®, the risks of a grav-
ity type quay wall defined as annual expected loss,
AEL in equation (1), are calculated as shown in Fig.
9. The results of seismic hazard analysis by Nozu et
al® and the fragility curves by the author” were
applied to calculate these risks. The assumptions for
Fig. 9 are that no sand deposit exists below the
caisson (D1/H=0.0): the equivalent SPT N value for
backfill is 15: and the aspect ratio of caisson (W/H)
corresponds to the regional seismic coefficient. The
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reason why the calculated seismic risks are scattered
is that seismic risk is dependent on the balance of
seismic hazard level and seismic resistant design
level, however, the regional seismic coefficients,
which defines the seismic resistant design level, are
dependent on not only seismic hazard level but also
other factors such as averaging effect. Since Fig, 9
indicates that a quay wall with larger regional seis-
mic coefficient has a larger risk, it can be concluded
that a quay wall in seismically active area have lar-
ger risk than others even though it is designed with a
larger seismic coefficient.

It should be noted here that the damage of a quay
wall is dependent on not only peak value of ground
acceleration but also other factors such as dominant
frequency. However, since peak ground acceleration
was used to define design seismic coefficient in
current design standard of port structures, the author
used peak ground acceleration as the index of input
motion level. Since Fig. 3 is the basis of the risk
analysis in this paper, peak value of the acceleration
corresponds to the input motion for Fig. 3, which
was the recorded motion in Kobe Port Island site.
Some correction factors can be introduced to con-
sider other factors such as dominant frequency,
however, it is beyond the scope of this paper.

Design seismic coefficient

>

Minimum
(Optimum)

Total expected cost

Design seismic coefficient

.8

4. OPTIMIZATION OF DESIGN SEISMIC
COEFFICIENT

Based on the risk assessment procedure, the opti-
mum design seismic coefficient can be defined as
shown in Fig. 107®. The optimum design seismic
coefficient minimizes the total cost, which is defined
as the sum of initial construction cost and total ex-
pected loss for the duration of the facility service
life.

The initial construction cost for a gravity type
quay wall increases non-linearly with an increase in
the design seismic coefficient. This is because the
effect of the inertia force of a caisson wall becomes
major under large input level. The seismic earth
pressure also increases significantly for a large
seismic coefficient. Thus, a caisson wall is very
wide for large seismic coefficient as shown in Fig.
11, and initial construction cost increases signifi-
cantly as shown in Fig. 12'". These construction
cost were estimated for the quay walls shown in Fig,
11 based on the standard construction cost estima-
tion procedure. The caisson wall with Kh=0.0,
which corresponds to the quay wall without earth-
quake resistant design, is a virtual one and not exist
in Japanese ports. The linear correlation applied to
the relation between the aspect ratio (W/H) and
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Fig. 11 Examples of gravity type quay wall design for seismic coefficient of 0.0 to 0.25'"?

seismic coefficient shown in Fig. 2 is not correct,
and a non-linear correlation. should be applied.
However, due to the scattered data in Fig. 2, the lin-
ear correlation will still be used for simplicity. It
should be noted here that the initial construction
costs in Fig. 12 were corrected with the construction
cost index for the price in the year of 1995, when
most of the restoration cost data for the risk evalua-

tion was obtained.” Although the construction cost -

will vary regionally, Fig. 12 is used for the initial
construction cost in the following risk management
process.

If the duration of the facility service life is as-
sumed to be 50 years, which corresponds to the
probability of level-1 earthquake occurrence of ap-
proximately 50%, the total expected loss can be
given as the 50 times the annual expected loss. And
annual expected loss is estimated by equation (1).

Although there could be many ways to evaluate
cost/benefit balance, initial construction cost shown
in Fig.12 and AEL by equation (1) might be appro-
priate for gravity type quay wall case since other
cost such as maintenance cost can be neglected.
Thus the optimum design seismic coefficient can be
obtained. For example, Fig. 13 shows optimum de-
sign seismic coefficient for Kobe Port and Sakai
Port. Since linear interpolation is applied, the opti-
mum value is obtained only in discrete values. In
Kobe Port, the optimum design seismic coefficient
is given as 0.15 to minimize the total cost. However,
it is obvious from the figure that the real optimum
value is somewhere between 0.1 and 0.15. In Sakai
Port, the optimum design seismic coefficient is 0.0,
which implies that it is not necessary to do seismic
design in this port. However, these results are based
on many assumptions and simplifications, and the
author believes that we should be conservative in
our decision-making in extreme situations such as
the Sakai Port case.

It should be noted here that the calculated total
expected loss is dependent on the damage level cri-
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teria and loss definition shown in Table 1. Thus, the
robustness of the optimum seismic coefficient is
dependent on the robustness of the damage level
criteria and its loss definition. Since the effect of the
W/H increase, which related with design seismic
coefficient, is almost linear as shown in Fig, 3, total
expected loss decrease almost linearly with increase
of design seismic coefficient. Since the initial con-
struction cost increase nonlinearly in high design
seismic coefficient region, it implies that the ro-
bustness of the optimum seismic coefficient is bad
especially in small seismic coefficient region.

For 280 ports in Japan, optimum design seismic
coefficients are summarized in Table 6. For the high
seismic activity region, where regional seismic co-
efficient is large, the average of optimum design
seismic coefficient agrees the regional seismic coef-
ficient in general. The reason why the average for
area A is less than area B is that some ports with
low seismic hazard are classified as area A by the
averaging procedure as shown in Fig. 7. For the low
seismic activity region, the average of the optimum
design seismic coefficient is fairly smaller than the
regional seismic coefficient. However, from a con-
servative point of view, it is reasonable to assume a
relatively larger design seismic coefficient in a low
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Table 6 Optimum seismic coeflicient distributions for 50 years of service life
Regional seismic Optimum seismic coefficient
Area coefficient 0 005] 01 [015] 02 Jo025| Averaee Total

A 0.15 4 0 26 26 22 0 0.13974 78

B 0.13 0 0 13 12 9 0 0.14412 34

C 0.12 37 1 33 9 1 0 0.06049 81

D 0.11 52 1 5 1 0 0 0.01186 59

E 0.08 27 0 1 0 0 0 0.00357 28

seismic activity region.

It should be noted here that since no sand deposit
layer below the caisson is assumed in this case study,
the factor of subsoil condition of 0.8 (1st kind sub-
soil) has to be considered for the design seismic co-
efficient. In this case, the regional seismic coeffi-
cient is smaller than the optimum coefficient in the
high seismic activity region, and it is larger than
optimum in the low seismic region. Thus, if the fac-
tor of subsoil condition is appropriate, some modi-
fication is necessary to optimize the regional seismic
coefficient. However, the effect of design seismic
coefficient improvement (increase of the aspect ra-
tio: W/H) for the quay wall with a subsoil layer be-
low caisson was not confirmed by case histories.
Furthermore, numerical results show that this effect
is minor as shown in Fig. 3 (b). Thus, the back-
ground of the factor of subsoil for seismic coeffi-
cient is not clear, and the factor of subsoil is ignored
in the following discussion.

Geotechnical condition for the optimization of
design seismic coefficient in this paper is identical
with that of Fig. 3 (a), which corresponds the
equivalent SPT N value of 15 for backfill and no
sandy deposit below the caisson. It is close to the
condition assumed in the current design practice.
For other geotechnical condition, the value of opti-
mum design seismic coefficient might be different,
however, it is beyond the scope of this paper.

As a conclusion, the current regional seismic co-
efficient definition is reasonable and close to the
optimum seismic coefficient. In other words, for the
question ‘why 50% for 50 years?’ in the first chapter,
the answer is ‘because it will give an optimum seis-
mic design for the facility, if its service life is 50
years’.

5. VARIATION OF THE OPTIMUM
SEISMIC COEFFICIENT

To answer another question in first chapter, ‘how
much should the designer increase the design seis-
mic coefficient if the quay wall is important’, a para-
metric study is conducted. The increase of impor-
tance can be represented by an increase in estimated
loss. For example, if the economic loss for each
damage level is doubled, the annual expected loss is
also doubled. Furthermore, the case of twice the to-
tal expected loss is identical to the case of twice the
duration of service life. Therefore, the variation of
optimum seismic coefficient for the service life of
100 years and 200 years is examined in this chapter.

Tables 7 and 8 show the results of optimum sets-
mic coefficient for the quay wall with service life of
100 years and 200 years, respectively. Since the ini-
tial construction cost data is available only up to a
seismic design coefficient of 0.25 and it will in-
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Table 7 Optimum seismic coefficient distributions for 100 years of service life

Area Reglona! seismic ' Optimum seismic coefficient Average Total
coefficient 0 0.05 0.1 0.15 0.2 0.25
A 0.15 1 0 3 29 33 12 0.18269 78
B 0.13 0 0 0 14 20 0 0.17941 34
C 0.12 7 0 23 46 5 0 0.12593 81
D 0.11 35 4 11 8 1 0 0.04576 59
E 0.08 22 1 4 1 0 0 0.02143 28
Table 8 Optimum seismic coefficient distributions for 200 years of service life
Regional seismic Optimum seismic coefficient
Area coefficient 0 005 [ 01 [ 015 | 02 Joz5 | Aveeee | Tow
A 0.15 0 0 0 4 33 41 0.22372 78
B 0.13 0 0 0 0 23 11 0.21618 34
C 0.12 0 0 7 31 39 4 0.17469 81
D 0.11 15 1 17 19 5 0.10339 59
E 0.08 17 1 4 5 1 0.05000 28
crease significantly for over 0.25, the maximum £ 7
seismic coefficient is given as 0.25 even if the opti- £ o2 7 oo
mum seismic coefficient will be over 0.25. The av- § ’ }.——u +0%
erage values for each seismic region are shown in 278015 ¢
Fig. 14. g5

Since the robustness of the optimum seismic co- 43 o .

. . . . . . . . € ~o-for 50years
efficient is less in the small regional seismic coeffi- 2 oos / / / - for 100years| |
cient, the values for the regional seismic coefficient E ./j i for 200years
of 0.13 and 0.15 are focused. It indicates that the & 0 =

0 005 01 0.15 02 025

optimum design seismic coefficients increase ap-
proximately 20% and 50% for the service life of 100
years and 200 years, respectively. Thus, the impor-
tance factor of 1.2 (A class) and 1.5 (Special class)
correspond to approximately twice and four times of
service life, respectively.

Although it is difficult to evaluate the importance
of a quay wall, the author thinks that twice of im-
portance might be corresponds to twice of loss if it
was damaged. And twice of expected loss corre-
sponds to twice of service life if expected loss per
year is constant. Thus, the importance factor of 1.2
and 1.5, which corresponds twice and four times of
service life, corresponds to twice and four times of
importance, respectively.

To discuss the relationships between seismic haz-
ard and optimum seismic coefficient, the optimum
seismic coefficient for service life of 50, 100, and
200 years and the peak ground acceleration at the
baserock for the earthquake whose probability of
occurrence during the facility service life is ap-
proximately 50% are examined as shown in Fig. 15.
Though the results are scattered, the general rela-

tionship is the same. Therefore, regardless the length’

Regional design seismic coefficient

Fig. 14 Average of design optimum seismic coefficient

of the facility service life, it is reasonable to assume
the earthquake whose probability of occurrence is
50% as the level-1 earthquake. It should be noted
here again that the seismic coefficient in current de-
sign is determined by SMAC-B2 equivalent accel-
eration, and the acceleration in Fig. 15 is also ex-
pressed in SMAC-B2 acceleration.

For the relationship between SMAC-B2 equiva-
lent peak ground acceleration and seismic coeffi-
cient, the following equation is proposed.”

K, = Agiclg (Agyac 200 Gal)
1
1 Agpuc 3 @)
K, =5 24 | (Asnc > 200 Ga
g

Where, K, is the upper limit of equivalent seismic

coefficient acting on the quay wall for the
SMAC-B2 equivalent peak ground acceleration
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Fig. 15 Optimum design seismic coefficient
and expected PGA

of A, (Gal). Although this relation is for the peak

ground acceleration at the ground surface and gives
only a conservative relation, it is applied as a rough
evaluation for the cases shown in Fig. 15. The re-
sults are summarized in Fig. 16, and it shows that
equation (3) works well to give a conservative defi-
nition of design seismic coefficient regardless of the
duration of facility service life. Thus, the current
design seismic coefficient definition is based on a
background to minimize the total cost and reason-
able, since it is close to or conservative of the opti-
mum design seismic coefficient.
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and calibrated seismic coefficient

6. CONCLUSIONS

An optimization procedure for the design seismic
coefficient and background of current design seis-
mic coefficient for gravity type quay walls were dis-
cussed based on the risk management concept. Al-
though it has been a controversial theme to define an
optimum design seismic design for public structures,
the author believes the proposed optimization pro-
cedure works well, and in most of the case, it is suf-
ficient to determine the seismic design level of grav-

ity type quay walls if the issue of human life safety

or other sensitive factors can be neglected. Further-
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more, even for other various infrastructures, the
proposed procedure might be a good tool to discuss
the seismic design scheme, especially in the deter-
mination of level-1 ground motion level.

Major conclusions obtained in this study are as
follows.
1) Seismic risk evaluation for 280 ports in Japan
was conducted. The results show that a quay wall in
seismically active area has larger seismic risk than
others even though it was designed with larger seis-
mic coefficient.
2) An optimization procedure for design seismic
coefficient for gravity type quay walls was proposed
and applied for 280 ports in Japan. The results
showed that the current regional design seismic co-
efficient was close to the optimum design seismic
coefficient obtained by the proposed procedure.
3) Variation of the optimum seismic coefficient for
the important quay wall or the quay wall with longer
service life than usual was examined. Based on the
proposed procedure, a reasonable definition for the
importance factor becomes possible. For example,
an importance factor of 1.5 and 1.2 in the current
design procedure corresponds to four times and
twice of importance (or duration of service life),
respectively.

4) The relationship between peak ground accelera- .

tion and seismic coefficient was examined. The re-
sults indicate that the current conservative relation
works well to define conservative optimum design
seismic coefficients. Thus, the current design seis-
mic coefficient is regarded reasonable since it is
close to or conservative of the optimum design seis-
mic coefficient.
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