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A seismic risk assessment procedure based on the fragility curve concept is proposed in this paper.
First, damage criteria for gravity type quay walls in terms of normalized seaward displacement are pro-
posed considering the restoration cost. Second, a procedure to generate the fragility curve for each dam-
age level using Monte Carlo simulation is proposed. Third, the fragility curves are utilized for the risk
assessment of a quay wall under certain conditions based on the result of seismic hazard analysis. Fi-
nally, the proposed risk assessment procedure is examined with a case history from the 2000 Tottori-ken

seibu earthquake.
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1. INTRODUCTION

As engineering tools for the performance based
seismic design, various kinds of numerical tech-
niques have been developed for port structures. The
applicability of these methods for gravity type quay
walls has been verified with case histories. One of
the most classical methods is the Newmark type slid-
ing block model"” 9. And one of the most advanced
methods is the effective stress based FEM or FDM
analysis® 9. Furthermore, an empirical approach
and a simple charts approach based on a parametric
study have been also proposed™ ®  Thus, the de-
signer of a gravity type quay wall can choose the
most appropriate numerical technique based on the
available resources such as cost, time, and amount
and accuracy of input information.

Although these numerical methods are determinis-
tic procedures, the future strong ground motion level
is known only probabilistically. Therefore, it is diffi-
cult to evaluate the benefit of seismic retrofit such as
liquefaction countermeasures properly. No matter
how the designer wants to install the liquefaction
countermeasures in the foundation of a quay wall, it
is impossible to check the cost/benefit balance.

To overcome this problem, a seismic risk assess-
ment procedure based on the fragility curve concept
is proposed in this paper. Here, the risk is defined as
the annual expectation of loss (4EL), given as the

product of probability and loss as follows”.

AEL= [ B () {Ble )¢ Jde @

Where, Ph(x) is the hazard (annual probability of
occurrences for strong ground motion Jevel of x);
P, (cjlx) is the fragility defined as the conditional

probability of occurrence of j -th damage level for
strong ground motion level of x ; and c; is the mag-

nitude of loss for the j -th damage level. It should be
noted here that Pf(cj|x) -¢; is defined as the fragil-

ity instead of P, (c ) [x) in some paper”.

Once the risk to the quay wall is estimated, risk
reduction using seismic performance improvement
(seismic retrofit) can be regarded as the benefit, and
hence, the designer can discuss the cost/benefit bal-
ance of the improvement. Although the risk can be
defined in other ways, AEL is focused as the basis of
risk management from the viewpoint that seismic
risk should be managed not only by reduction with
retrofit but also by transferring with insurance. AEL
might be a useful index for operating earthquake
disaster insurance in future.
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Table 1 Damage criteria for gravity type quay walls®

Level of damage Degree | Degree [ Degree [II  [Degree IV
Gravity wall Ngrmahzed residual horizontal Lesos than 15~5% |5~10% [Larger than 10%
Displacement 1.5%
Residual tilting towards the sea ;f ss than 3~5° 5~8° Larger than 8°
Apron Differential settlement on apron Less than IN/A N/A IN/A
0.03~0.1m
Differential settlement between  |Less than N/A N/A N/A
apron and non-apron areas 0.3~0.7m
. - L
Residual titing towards the sea |, than A N/A N/A
Faceline after the earthquake Light-weight geomaterial
Faceline before the earthquake __!;_ e oo
/ ) ) Improved
Seaward displacement Settlement/Gap Caisson} gojf
Settelement Y Q] Backfill sand

Ground surface

E:fl;lraée"rlneound h » Cracks after the
earthquake Titing earthquake
after the

earthquake

Sand replacement foundation

Fig.1 The typical failure mode of gravity type quay wall
due to the earthquake

2. SEISMIC DAMAGE CRITERIA

Gravity type quay walls are made of a concrete
caisson or other retaining structure placed on a
foundation, sustaining earth pressures from backfill
soil behind the wall. For this type of quay wall, the
typical failure mode due to an earthquake is a sea-
ward displacement and tilting of the walls as shown
in Fig.1. Thus, the damage criteria can be defined by
many factors, such as seaward displacement, settle-
ment, tilting, etc. Table 1 is an example of damage
criteria for gravity type quay walls”. To consider the
loss, restoration case histories and their costs are ex-
amined. The typical restoration patterns after the
Kobe Port disaster in 1995 are summarized in
Fig.2”. The earth pressure reduction method is used
only when the deformation of the wall is relatively
small and the structural integrity of the caisson is
maintained. The re-installation method is for the
case that the deformation of the wall is relatively
large and sufficient reduction of earth pressure is
difficult. The detached structure method is adopted
when there is no restriction in the water space in
front of the new structure. Thus, the choice of resto-
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Fig.2 The typical restoration pattern for gravity type
quay walls”

ration method depends on not only the damage level
but also many factors such as space restrictions.

The 36 case histories with restoration cost in
Kobe Port after the 1995 Hyogoken-nanbu earth-
quake and Kushiro Port after the 1993 Kushiro-oki
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Fig.4 Proposed damage criteria based on restoration cost

earthquake are examined'” '”. Fig.3 shows the
rough estimation of restoration cost per unit length
(per meter along the face line) against the seaward
displacement and the normalized seaward displace-
ment at the top of the wall (seaward displacement
divided by the wall height). Since the restoration cost
depends on many factors such as restoration method,
quay wall scale, etc, no unique relation between
damage level and restoration cost is identified in
Fig.3. However, as a rough estimation, the author
defines four levels of damage criteria as shown in
Fig.4 and Table 2, considering the proposed criteria

Table 2 Proposed damage criteria and its loss

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

shown in Table 1. It should be noted here that the
restoration costs in Fig.3 are a very rough estimation
and sometimes include retrofit costs such as lique-
faction countermeasures after the earthquake. How-
ever, these costs do not include indirect loss such as
the economic impact on society. Since the cases for
d/H > 0.3 or cost > 20,000 are very few, only the
cases for d/H < 0.3 and cost < 20,000 are consid-
ered in Fig.4. Although these points are left for
future research, the author moves forward to
propose a risk assessment procedure.

3. FRAGILITY CURVE GENERATION
USING MONTE CARLO SIMULATION

The fragility curve is a widely practiced approach
to evaluate the seismic vulnerability of structures in
terms of probability'™. In the fragility curve ap-
proach, it is assumed that the curve is expressed in
the form of two parameter lognormal distribution
functions. Thus, the estimation of the two parame-
ters (median and log-standard deviation) is carried
out with the maximum likelihood method. The likeli-
hood function for the present purpose is expressed as
follows.

L=TTF@)[-Fa)]™ @

i=1
Where F () represents the conditional probability of
occurrence for the specific state of damage; a, is the
peak mput acceleration, commonly referred to as
PGA, however, the peak basement acceleration in
terms of rock outcrop motion (2E) is used in this pa-
per; x; =1 or 0 for the case that the quay wall sus-
tains the state of damage or not, respectively, under
the current input excitation; and N is the total
number of case histories. Under the current log-
normal assumption, F(a) takes the following ana-

lytical form:
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Fig.5 An example of the seismic performance evaluation charts (for W/H=0.9)
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Fig.6 Applicability verification results of the seismic performance evaluation charts

In(a/c
.
in which a represents the peak acceleration, and ¢
and ¢ in (3) are computed as ¢, and &, satisfying
the following equations to maximize In L and hence

dinl dinl
dc ag
Since this computation can be carried out by a
straightforward algorithm, the only remaining prob-
lem is that of how to collect or generate enough case
histories considering all of the parameters that can
be varied.

Instead of gathering actual case histories, Monte
Carlo simulation method is adopted in this paper to
generate case histories. Fig.5 is an example of sim-
ple seismic performance evaluation charts for grav-
ity type quay walls developed by the author®. In
these charts, the evaluation of seismic performance
is done using the aspect ratio of the caisson wall

@

(W/H), the normalized depth of the sand deposit be-
low the wall (D1/H) and the equivalent SPT N val-
ues below and behind the caisson (N65). This chart
method is verified with 55 case histories in Kobe
Port and Kushiro Port as shown in Fig.6. Though
some cases yield more than twice the observed val-
ues and some other cases yield less than half of the
observed values, there is good agreement in general.
Based on linear regression analysis on these re-
sults for the condition that the regression curve go
through the origin, a correction factor of

51 =12997 and standard error of 6 = 010914 for
error ¢ are obtained for the following equation.

d/HAabserved = b] (d/H‘esrima!ed> +é (5)

However, the error distribution for equation (5) is
uniform regardless of the calibrated damage level.
Therefore, the variability of Monte Carlo simulation
results might be relatively large for the small dam-
age level. Therefore, another equation (5)’ is also
proposed as follows.
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Fig.7 Examples of Monte Carlo simulation results

d/H_observed = (bl + 8,) (d/H_esn‘mated) (5)>

Where, the correction factor l;l =12997 is the
same as before, but the standard error of
0 =105176 is different.

Using these equations, Monte Carlo simulation of
1000 samples was carried out with the following
procedure for a specific condition.

1) Produce 1000 samples of input acceleration level
in the range of 100 to 600 Gal with a uniform
distribution.

2) Obtain estimates of the damage for each input ac-
celeration level for a specific condition based on
the charts. Since the original numerical parametric
study for charts was conducted on discrete values
of 100, 200, 300, 400 and 600 Gal, the estimation
is given by linear interpolation with these values.

3) Apply equation (5) or (5)° with a random error
distribution to the each estimation.

4) Finally, obtain 1000 case historics of damage
considering the overall variability in a specific
condition.

Fig.7 shows an example of 1000 case histories
generated by Monte Carlo simulation with both
equation (5) and (5)° for the imput of W/H=0.9,
DI1/H=0.5, N65=10. Using equation (5), the gener-
ated results are scattered over a wide range regard-
less of input acceleration level. However, using
equation (5)°, the scatter of the generated results is
much lower and the relationship between the results
and the input acceleration level can be recognized.
Thus, the procedure using equation (5)° can be re-
garded as the better procedure for the risk assess-
ment than the procedure with equation (5), implying
the importance of the choice of regression equation.
It should be noted here that if the generated dis-
placement is negative, it is regarded as zero damage
for simplicity.
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Fig.8 An example of fragility curve generation
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Fig.9 Examples of generated fragility curves

An example of fragility curve calibration is shown
in Fig.8, which is for the specific condition of
W/H=0.9, Di/H=0.5, N65=10 and for the damage
degree II. Since generated cases are too numerous,
the damage ratios of generated cases for each
100Gal are shown in this figure as a reference. Thus,
the calibrated fragility curve shows a good agree-
ment with the generated case histories. As an exam-
ple, the fragility curves for this condition are shown
in Fig.9. As a summary the calibrated parameters
for the each line in the evaluation charts are shown
in Table 3. Since the generated case histories scat-
tered much, the conditional probability of damage in
fragility curve for low-level input motion were quite
large for the strict damage criterion case (Degree I)
or extreme weak foundation case (N65=5). Thus,
applicability of proposed fragility curves for such
extreme cases should be examined in future research.
It also should be noted here that the calibrated fragil-
ity curves do not give the conditional occurrence
probability of the damage level discussed in equation
(1). For example, the conditional probability of oc-
currence for degree II can be evaluated by subtract-
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Table 3  Calibrated parameters of fragility curves
Equivalent | Aspect ratio | Normalized thickness Degree I Degree I Degree III Degree IV
SPT N values (W/H) of sand deposit (D1/H) ¢ ¢ c ¢ c 4 ¢ 4

5 0.90 0.00 160.1 1.12f 4148 0.50] 615.6 0.38] 689.7 0.25

8 0.90 0.00 246.3 0.65] 438.5 0.40[ 6119 0.33]  663.7 0.19
10 0.90 0.00 291.6 0.50[ 453.7 0.36] 607.9 028 649.2 0.17
15 0.90 0.00 3375 0.45] 505.2 0.25]  608.0 0.16] 6353 0.09
20 0.90 0.00 388.2 0.37] 545.7 0.18] 619.7 0.12] 678.6 0.11
25 0.90 0.00 412.7 0.34] 5744 0.15[ 631.9 0.09 2650.1 0.29

5 0.90 1.00 0.1 7.05 0.1 8.27 0.1 9.39 02] 11.68

8 0.90 1.00 113 3.27] 146.3 1.17]  276.9 0.79]  366.7 0.65
10 0.90 1.00 93.6 1.40] 268.1 0.65] 390.1 0.46]  462.6 0.39
15 0.90 1.00 209.6 0.75] 3925 0.42] 511.0 0.29] 589.9 0.22
20 0.90 1.00 353.1 0.41] 506.6 0.23]  600.5 0.16] 617.7 0.08
25 0.90 1.00 404.9 0.33] 560.5 0.19{ 617.1 0.10] 1751.9 0.49
15 0.65 0.00 262.7 0.55] 429.2 0.35] 555.1 0.28] 625.8 0.21
15 0.90 0.00 337.5 0.45] 505.2 0.25{ 608.0 0.16} 6253 0.09
15 1.05 0.00 375.4 0.38] 547.2 022} 629.6 0.14] 713.9 0.12
15 0.65 1.00 208.1 0.74{ 378.8 0.41] 4844 0.31} 568.8 0.26
15 0.90 1.00 209.6 0.75] 392.5 042} 511.0 0.29] 589.9 0.22
15 1.05 1.00 215.5 0.73} 400.0 0.41f 512.5 0.29] 5875 0.20
10 0.90 0.50 145.8 1.01} 307.9 0.53] 414.8 0.45] 499.8 0.41
20 0.90 0.50 375.2 0.37} 5232 0.19] 609.8 0.14f 638.7 0.09

ing the fragility curve for degree III from the curve
for degree II.

4. RISK ASSESMENT PROCEDURE
BASED ON FRAGILITY CURVES

Once the fragility curve for a specific condition is
obtained, it is easy to produce the relationship be-
tween the loss and the input excitation level. The
product of the loss for each damage level shown in
Table 2 and the probability of each damage level
given by the fragility curve gives the estimated loss
for each input excitation level as shown in Fig. 10,
which corresponds to the Fig. 9. Fig. 10 is the total
of expected loss for all damage level and have al-
ready considered the variance of damage level esti-
mation. Thus, seismic risk can be discussed without
considering any more variance by Fig. 10 if seismic
hazard can be evaluated properly.

The probability of occurrence for each input exci-
tation level can be obtained based on a seismic haz-
ard analysis. For example, a seismic hazard analysis
for Japanese coastal area was conducted based on
historical earthquakes from 1885 to 1995'>. Here,
the seismic hazard for each port was examined in
terms of Weibull distribution and its parameters are
summarized. The expected maximum acceleration at

E

Cost(¥1000/m)

§

[

o 100 200 300 400 500 €00 700 800 900 100D

Peak basement acceleration (Gal)

Fig. 10 An example of estimated loss for each input
excitation level

the basement layer in K/N years is evaluated as,

k
Fy(x)=1-exp -(%) ©®

where, x is the peak basement acceleration; F, X(x)

is the distribution function of x ; A, B,k are the pa-
rameters for Weibull distribution; K is the period of
historical earthquake records and N is the number of
data points.

The return period T, for a peak accelerationx or

more 18,

K -
= (1= F(x)” ™
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Fig. 12 An example of evaluated risk curves

Since the inverse of the return period gives the oc-
currence rate for a Poisson process, a rough estima-
tion of the occurrence probability of each input ac-
celeration level F,(x), which was discussed in

equation (1), can be computed based on the results
of the seismic hazard analysis mentioned above.

For example, the parameters of the Weibull distri-
bution of SMAC equivalent acceleration at the
basement layer for Sakai Port are 4=51.3, B=25.8,
£=0.75, K=110 and N=20. Thus the occurrence rate
of peak acceleration and the seismic hazard at the
base layer for Sakai Port are given as shown in
Fig.11. Since the occurrence rate from equation (7)
is given as the probability that the observed peak ac-
celeration dose not exceeds a certain value, the haz-
ard in equation (1), which is the annual probability
of occurrence, is given by differentiating the occur-
rence rate.

In Fig.11, these curves are calculated for each 10
Gal step from 10 Gal to 1000 Gal. Since the mini-
mum acceleration to be calculated is 25.8 Gal (cor-
responds to parameter B), the probability to exceed
20 Gal is given as 1.0, and the probability of occur-
rence for 10 Gal is 0.0. Thus the sharp change of
curvature at 30 Gal is due to the numerical simplifi-
cation, but it does not affect much on evaluated total

risk. It should be noted here that this example did
not consider the information of active faults in seis-
mic hazard analysis. To consider active faults in-
formation properly, some modification is necessary
for the evaluating procedure of occurrence rate,
however, it is beyond the scope of this paper.

The SMAC equivalent acceleration is the
acceleration filtered by the SMAC equivalent filter
in order to get the maximum acceleration value
which corresponds to the virtual acceleration, which
might be observed if the SMAC-B2 type accelero-
graph was installed at the site'”. Since the SMAC-
B2 type accelerograph is insensitive to the high fre-
quency component, the SMAC equivalent accelera-
tion is less than the actual observed value. However,
this difference is ignored in this paper for simplicity.

With the probability function shown in Fig.11, the
risk curve for each fragility curve can be calculated
as shown in Fig.12, which corresponds to Fig.9 and
10. The two peaks at 1000Gal and 20Gal are repre-
senting the risk for above 1000Gal and less 20Gal,
respectively. Though the existence of the risk for
20Gal input sounds nonsense, it is just because the
fragility curves give nonzero values even for small
input acceleration. The author think it represents the
damage due to inappropriate construction. The total
risk (total annual expectation of loss) for a specific
condition is given as the area under risk curve. This
risk curve is defined as the relationship between ex-
pected loss and input level, and it is different from
usual risk curve concept which was defined with oc-
currence probability or exceedance probability.
However, proposed risk curve is easy for designer to
be compared with seismic performance evaluation
results which are usually expressed as a relationship
between seismic damage and input level. Table 4
shows the summary of estimated risk corresponding
to Table 3.

5. A CASE STUDY OF SEISMIC RISK
REDUCTION

Based on the parameters shown in Table 4, the
relation between risk and seismic countermeasures
can be evaluated. Fig.13 shows the effect of geo-
technical improvement on the risk. Thus, if liquefac-
tion resistance, expressed as the equivalent SPT N
values here, is improved, the risk will be reduced
significantly. The effect of changing the seismic co-
efficient during design, which is related to the aspect
ratio W/H®, is shown in Fig.14. Though the seismic
risk will be reduced by an increase in the seismic
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Table 4  Summary of estimated seismic risk
(Sakai Port case)
Equivalent - Normalized . .
qSPT N Aspegt ratio thickness of sand Estimated risk
values (W/H) deposit (DI/H) (1000yen/year)

S 0.90 0.00 41.2

8 0.90 0.00 13.8
10 0.90 0.00 9.8
15 0.90 0.00 6.3
20 0.90 0.00 3.8
25 0.90 0.00 2.2

5 0.90 1.00 10235.5

8 0.90 1.00 476.5
10 0.90 1.00 136.6
15 0.90 1.00 229
20 0.90 1.00 6.2
25 0.90 1.00 2.7
15 0.65 0.00 13.8
15 0.90 0.00 6.5
15 1.05 0.00 3.7
15 0.65 1.00 26.3
15 0.90 1.00 22.9
15 1.05 1.00 21.6
10 0.90 0.50 69.0
20 0.90 0.50 4.4

coefficient, its effect is less than that of the equiva-

lent SPT N values. The effect of the depth of the

sand deposit below the caisson is shown in Fig.15.

For the loose deposit (N65=10), the risk will in-

crease linearly with increase in depth. However, for

the dense deposit (N65=20), the effect of the depth
on the risk is negligible.

In Sakai Port, some gravity type quay walls were
damaged in the 2000 Tottori-ken seibu earthquake.
One of the damaged gravity type quay walls is the
Showa-minami No.l1 quay wall'®. The geometric
condition of the quay walls are wall height: H=15m,
wall width: W=10m, and the depth of the sand de-
posit: D/=15m, as shown in Fig.16. Based on the
equivalent SPT N values N65=10 as shown in
Fig.17, the risk can be calculated in the following
manner.

1) The rsk for the condition that W/H=0.9,
DI/H=1.0 and N65=10 is considered as the first
estimation: approximately 136.6*1000yen/year.

2) The first estimation is corrected by the factor of
the risk for the case of W/H=0.65, DI/H=1.0
(26.3*1000yen/year) and the case of W/H=0.9,
DI/H=1.0 (22.9*1000yen/year): approximately
156.9*1000yen/year.

After the earthquake, the quay wall moved to-
wards sea a maximum distance of approximately
15cm. Due to liquefaction of the backfill, sand boils
and cracks with approximately 50cm wide were ob-
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served. These damage costs approximately
138,025*1000yen for the restoration of the face line
length of 270m. Thus, the restoration cost per meter
is approximately 511*1000yen/meter. Compared to
the total risk of annual expected loss calculated
above, the actual loss in this case is not so big. The
author thinks the loss in this case is fortunately small
compared to the total expectation of loss of the quay
wall of 7,845*1000yen/meter for the operation of 50
years.

Although there are many assumptions and simpli-
fications in the procedure described above, the esti-
mated risk can be used as an information for the
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damage estimation. For example, if this quay wall
would be retrofitted as N65=25 before the earth-
quake, the estimated annual risk would be reduced to
3.1*¥1000yen (first estimation of 2.7¥1000 yen with
correction factor 26.3/22.9), which is approximately
1/50 of the risk before retrofit. Thus, a rough esti-
mation of the actual ‘loss might be
10.2*1000yen/meter, which is 1/50 of the actual loss,
if the loss reduction ratio is the same as the risk re-
duction ratio. Actually, a quay wall with a liquefac-
tion countermeasure in its backfill by the rod com-
paction method exists nearby (the Showa-minami
No.2 quay wall). The equivalent SPT N values were
improved to N65=25 in average as shown in Fig.17.
The restoration cost for the quay wall is
19,831¥1000yen for the face line of 187m
(106*1000yen/m) and it was approximately 1/5 of
that of the former quay wall. Since the liquefaction
countermeasures were installed only in the backfill
and the cross section of the quay wall is different
from the former one, the loss reduction ratio is less
than risk reduction ratio in this case. However, this
case history indicates that the proposed risk assess-

ment procedure can be useful information for loss
mitigation of gravity type quay walls.

6. CONCLUSION

A seismic risk assessment procedure based on the
fragility curve concept is proposed, and its applica-
bility is examined with a case history in the 2000
Tottori-ken seibu earthquake. Major conclusions ob-
tained in this paper are as follows.

1) Damage criteria for gravity type quay walls in
terms of the normalized seaward displacement
considering restoration cost are proposed. Though
there is scatter in the restoration cost, a certain re-
lation between the normalized seaward displace-
ment ratio and its restoration cost is defined.

2) A procedure to generate the fragility curve for
each damage level using Monte Carlo simulation
is proposed. The parameter of randomness in
Monte Carlo simulation is the variance of the ac-
tual displacement and the estimated displacement
using a simple chart. Though two methods are
proposed to consider the variance, the method
considering the magnitude of estimated values
showed good results.

3) The fragility curves are utilized for the risk as-

_sessment of a quay wall under a certain condition
based on the result of a seismic hazard analysis.

As the result of the risk assessment, the risk de-

fined as the annual expectation of loss (AEL) is

obtained.

4) Parameter sensitivity of the seismic risk is exam-
ined. Though increase of the thickness of the sand
deposit below the caisson and decrease of the
seismic coefficient increase the risk linearly, the
decrease of the equivalent SPT N values behind
and below the caisson increase the risk signifi-
cantly.

5) The proposed risk assessment procedure is exam-
ined with a case history in the 2000 Tottori-ken
seibu earthquake. Though the risk assessment
procedure is based on many assumptions and sim-
plifications, it shows that the risk defined as the
annual expectation of loss (AEL) can be an index
of seismic performance and be utilized in the deci-
sion making for seismic retrofit.
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